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MRSA   Methicillin-resistant Staphylococcus aureus 

MSSA   Methicillin-sensitive Staphylococcus aureus  

MTT   3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

NaCl   Sodium Chloride 

NaOH   Sodium Hydroxide 

NCBI   National Center for Biotechnology Information 

NCCS   National Center for Cell Science 

NCIM   National Collection of Industrial Microorganisms 

NMR    Nuclear Magnetic Resonance 

NOESY  Nuclear Overhauser Enhancement Spectroscopy 

NRPSs   Non-ribosomal peptide synthetases 

OD   Optical density 

OSMAC  One strain many compounds 

PCR   Polymerase chain reaction 

PEG   Polyethylene glycol 

PKSs   Polyketide synthases 

RAST   Rapid Annotation and Subsystem Technology 

Rg   Radius of gyration 

RMSD   Root Mean Square Deviation 

RMSF   Root mean square fluctuation  

ROS   Reactive oxygen species 

rRNA   Ribosomal ribonucleic acid 

SEM   Scanning Electron Microscope 
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sp.   Species 
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VWD   Variable wavelength detector 

WGS   Whole Genome Sequencing 
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Amycolatopsis: A repository of novel bioactive compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1  Introduction 

PhD Thesis Page 2 
 

General introduction 
 

1. Antimicrobial resistance 
 

Antimicrobials are drugs used to treat infections caused by microorganisms without harming 

the host. Based on the growth inhibition of respective microbes, these antimicrobials are 

further classified as antibiotics, antifungal, antiviral, and antiparasitic for treating bacterial, 

fungal, viral, and parasitic infections. Antimicrobial resistance (AMR) is the in-efficiency of 

the antimicrobials to kill them, making infections difficult to treat (Tang et al. 2023). AMR 

has resulted in the in-effectiveness of antimicrobials, making the disease persist for a longer 

duration in the patient, which raises the possibility of spreading the infection to other people. 

AMR has now developed into a significant global concern of 21
st
 century due to increase of 

AMR at an alarming rate and shortage of novel antimicrobials to tackle this problem 

(Prestinaci et al. 2015). One of the primary reasons for the current AMR issue is irresponsible 

and excessive use of antibiotics in various sectors like agriculture, clinical, animal healthcare 

and the food (Llor and Bjerrum 2014). AMR is now considered the ―Silent Pandemic‖, which 

requires prompt attention and should be controlled more effectively (Founou et al. 2021). 

Antibiotic resistance is the most challenging elements of antimicrobial resistance 

(AMR). As shown in Figure 1, there is a high rate of resistance development to various 

antibiotics used for bacterial infection treatment (Hutchings et al. 2019). In 2019, an 

estimated 4.95 million deaths were linked to bacterial AMR, of which 1.27 million deaths 

were attributed to bacterial AMR directly (Murray et al. 2022). If preventative steps are not 

taken to manage AMR, the number is expected to rise to almost ten million deaths yearly by 

2050 (de Kraker et al. 2016). The critical hospital infections and high mortality risk are 

caused by pathogens associated with ESKAPEE group which includes Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii,  Pseudomonas aeruginosa,  Enterobacter spp. and Escherichia coli (Ruekit et al. 

2022). Based on the urgency for newer antibiotics, these pathogens are categorized into 

critical and high priority. The critical priority pathogens include the Carbapenem resistant P. 

aeruginosa, A. baumannii, Enterobacter spp., K. pneumoniae and extended spectrum β-

lactamase (ESBL). High priority pathogen group includes the vancomycin and methicillin 

resistant S. aureus (VRSA and MRSA) and vancomycin resistant E. faecium (VRE) (Mulani 

et al. 2019; Santajit and Indrawattana, 2016).  
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Figure 1. The timeline of antibiotic introduction and resistance (adapted from Hutchings et 

al. 2019). 

 

1.1 Mechanism of antimicrobial resistance 

 

The bacterial resistance to the available antibiotics may be natural or acquired. The natural 

resistance can be intrinsic in which the genes are always expressed in the organism or 

induced in which the gene is present in the organism however expressed only after the 

antibiotic exposure (Zhang and Cheng, 2022). An example of intrinsic resistance is the 

presence of lipopolysaccharide in gram-negative bacteria, which reduces the outer membrane 

permeability (Cox and Wright, 2013). The induced resistance is by a multidrug efflux pump, 

which elutes the drug outside the cell. The acquired resistance towards antibiotics is 

developed majorly due to the mutations in genes associated with target of the antibiotics or 

through the acquisition of resistance coding foreign genetic material by horizontal gene 

transfer (Coculescu, 2009). The mechanism of resistance is majorly classified into four types: 

(A) limiting the drug uptake, (B) active drug efflux, (C) modification of drug target, (D) 

inactivation of drug 

 

 

 



Chapter 1  Introduction 

PhD Thesis Page 4 
 

(A) Limiting the drug uptake 

Bacteria can reduce the cell membrane permeability, making it challenging for antibiotics to 

pass through and reach target site. The lipopolysaccharides layer in Gram-negative bacteria 

provides a structural barrier to various prominent antimicrobial agents (Blair et al. 2014). The 

other important factor in reducing drug uptake is lowering the number of porins or the 

mutations, which change the porin channel selectively (Kumar and Schweizer 2005). The 

example of resistance development in the Enterobacteriaceae family is by the reduction in 

the number of porins for carbapenems or by the mutation in the porin channel, which 

selectivity inhibits the uptake of cephalosporins and imipenem (Cornaglia et al. 1996; Chow 

and Shales, 1991). The sticky and thick consistent biofilm formation by the bacterial 

community containing polysaccharides and proteins makes it difficult for the antibiotic to 

reach the bacterial population and eliminate their growth. In addition, the proximity of 

bacteria in the biofilm matrix helps in horizontal gene transfer, making it easier to transfer the 

antimicrobial resistance conferring genes (Van Acker et al. 2014). 

(B) Active drug efflux 

 

Bacteria can extrude the antibiotics through efflux pumps from inside the cell, thereby 

reducing the concentration of antibiotics before they exert their effect. There are five major 

efflux pumps family classified based on the energy source, structural conformations and the 

range of substrate they extrude: small multidrug resistance (SMR), ATP-binding cassette 

(ABC), resistance nodulation cell-division (RND), major facilitator superfamily (MFS), and 

multidrug and toxic compound extrusion (MATE),  (Piddock 2006).  The ABC transporter 

family in Gram-positive bacteria results in macrolide resistance by efflux pumps MsrA and 

MsrC. MsrA was initially found in S. epidermidis as a plasmid-borne, whereas the MsrC was 

described in E. faecalis as a chromosomally encoded protein (Poole, 2005). The Tet efflux 

pump is an example of tetracycline resistance belonging to the MFS family, which removes 

tetracycline by using the proton as an energy source. The Tet efflux pumps are more common 

in Gram-negative bacteria, except Tet K and Tet L, which predominate in Gram-positive 

bacteria (Roberts, 2005). Examples of efflux pumps that extrude macrolides like 

erythromycin are encoded by mef genes found in Gram-positive organisms, 

including Streptococcus pneumonia and Streptococcus pyogenes (Ross et al. 1990). RND 

family efflux pumps are generally present in Gram-negative bacteria and act as a proton 
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antiporter, which excludes various antibiotics like tetracycline, fluoroquinolones, some β-

lactams, novobiocin, fusidic acid and chloramphenicol (Munita and Arias 2016). 

 

(C) Modification of a drug target 

 

Bacteria can modify the target site of the antibiotics, making it difficult to interact with the 

target and resulting in the in-effectiveness of the drug. One example of such resistance occurs 

by modifying the ribosomal subunit, thereby leading to resistance to aminoglycosides and 

oxazolidinones, which interferes with drug-binding ability of ribosome (Roberts, 2004).  

The resistance mechanism to the β-lactam antibiotic used by the Gram-positive 

bacteria is by the alteration in number or structure of penicillin-binding proteins (PBPs) 

involved in peptidoglycan construction in cell wall. The structural changes like PBP2a by 

acquiring the mecA gene in S. aureus inhibit the drug binding ability (Reygaert, 2009). The 

resistance towards the nucleic acid target drugs like fluoroquinolones is by the modifications 

in topoisomerase IV encoded by gene grlA in Gram-positive bacteria or DNA gyrase encoded 

by gene gyrA in Gram-negative bacteria (Redgrave et al. 2014). 

 

  

Figure 2. Antibiotic resistance mechanism in Staphylococcus aureus (Lade and Kim, 2021) 
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(D) Inactivation of a drug 

 

The bacteria achieve the inactivation of drugs through the actual degradation of the drug or 

by the enzymatic modification of the drug. The β-lactamase is the major drug hydrolyzing 

enzyme which inactivates the β-lactam drugs. It hydrolyzes the amide bond of the β-lactam 

ring, resulting in the ring opening and loss of activity. The β-lactamase production is the 

dominant resistance mechanism of Gram-negative bacteria against penicillin and 

cephalosporins. The β-lactamase enzymes can be found on chromosomes or acquired by 

plasmid. The first chromosomally encoded β-lactamase was characterized in E. coli by 

the ampC gene and is resistant against penicillin’s and a few cephalosporins from the first 

generation (Reygaert, 2018, Blair et al. 2015). Recently, there has been an emergence of β-

lactamases in Enterobacteriaceae with activity against carbapenems known as Carbapenem-

Resistant Enterobacteriaceae (CRE) enzymes and Klebsiella pneumoniae carbapenemases 

(KPCs) (Pfeifer et al. 2010). The drug inactivation by chemical group transfer is generally by 

the acetylation, adenylation or phosphorylation of drugs. The acetylation of aminoglycosides, 

fluoroquinolones, and chloramphenicol is the most diversely used mechanism, whereas the 

adenylation and phosphorylation are also used against aminoglycosides (Ramirez and 

Tolmasky, 2010; Robicsek et al. 2006). 

1.2 Sources to tackle antimicrobial resistance 

 

To ensure the microbial infections treatment and to tackle increasing antimicrobial resistance, 

there is a need for a new class of antibiotics. There has been tremendous decline in discovery 

of novel classes of antibiotics due to the regulatory, financial and lack of scientific 

innovations (Zorzet, 2014). Since the early antibiotic era, natural products have been the 

source of antimicrobial drug discovery (Taylor, 2013). Natural products are comprised of 

antimicrobial compounds isolated from plants, animals and microorganisms. Modification 

and total chemical synthesis of natural products have also been successfully incorporated in 

drug discovery. Since the synthesis and modification are primarily based on the natural 

products or the class of antibiotics already in use, the chance of resistance towards these 

molecules is considerably high. Bacteriophages can also be utilized as an alternative to the 

antibiotics in treating bacterial diseases; however, phage therapy has certain limitations due 

to its narrow host spectrum and the lysogenic phenomenon (Lin et al. 2022).  

Several recent studies have suggested nanoparticles as an attractive therapeutic option 

for bacterial infections due to their valuable antimicrobial activities (Duval et al. 2019). 
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Nanoparticles can interfere with critical molecular pathways of pathogenic bacteria by 

penetrating the cell membrane. However, there needs to be more investigation into the 

mechanism, clearance, optimum dose for therapeutic activity and toxicity of nanoparticles. 

Translating into the clinic requires an in-depth knowledge of the pharmacokinetics and 

pharmacodynamics of nanoparticles (Lee et al. 2019). Since the emergence of resistance to 

any antibiotic is unavoidable, combination therapy with standard antibiotics is a further 

approach to minimize the development of drug resistance (Worthington et al. 2013). The 

synergistic interactions have also become a promising strategy for improving the efficacy of 

drugs by extending the therapeutic spectrum of drugs whose potential use may be constrained 

by toxicity concerns. As a result, synergistic activity might exhibit comparable effectiveness 

at lower, non-toxic levels. Additionally, using combinatorial therapy may prevent the 

emergence of resistance brought on by monotherapy (Sun et al. 2016).  

 

 

Figure 3. Different sources to tackle antimicrobial resistance 

Even with the new alternative for antimicrobial therapy, natural products remain the major 

source of approved drugs and are essential in providing chemical diversity (Monciardini et al. 

2014). Implementing novel approaches and techniques, such as culturing advances, improved 

analytical tools, genetic engineering strategies, and genome mining, has revitalized interest in 

natural products for tackling antimicrobial resistance (Atanasov et al. 2021). 

 

2. Natural products 

 

Natural products (NPs) are secondary metabolites considered non-essential for life and are 

derived from living organisms, including microorganisms, plants and animals. NPs have 

historically played a vital role in drug discovery in various therapeutic areas, especially for 

infectious diseases and cancer (Harvey et al. 2015). The relevance for infectious disease and 

cancer is explained by the evolutionary optimized structural diversity of NPs to serve specific 

biological functions, like regulating cell-to-cell communication and endogenous defence 
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mechanisms (Atanasov et al. 2021). Academic researchers and pharmaceutical companies 

have used natural products as the primary sources for novel bioactive compounds discovery. 

More than 50% of the drug leads under development are either from natural products, their 

semi-synthetic derivatives, or inspired by natural scaffolds (Veeresham 2012).  

Plant natural products have long been known to exhibit bioactivities and yielded many 

essential drugs for human use. The plant natural products have resulted in the discovery of 

antimalarial quinine or opiate morphine in the early nineteenth century, and more recently, 

anticancer paclitaxel and antimalarial artemisinin have been discovered (Wright 2019). The 

plants are also a source of many antibacterial compounds like eugenol, propolin D, 

rhodomyrtosone B, sanguinarine and thymol (Álvarez-Martínez et al. 2021). 

Animal natural products have been explored in recent years, and various novel 

bioactive molecules have been reported, especially from marine invertebrates. The isolation 

of two unusual arabinose-containing nucleosides, spongothymidine and spongouridine from 

the sponge Cryptotethya crypta led to synthesis of an antiviral drug, vidarabine (ara-A) and 

related anticancer drug cytarabine (ara-C). The anticancer ara-C was used to treat acute 

myeloid leukaemia, non-Hodgkin's lymphoma, and acute lymphocytic leukaemia (Anjum et 

al. 2016). In 2004, the FDA approved the toxic peptide ω-conotoxin MVIIA (Ziconitide), as 

an analgesic derived from venom of a predatory snail Conus magus (Jiménez, 2018). 

Antimicrobial peptides like cecropin, defensin, moricin, drosomycin, apidaecin, drosocin, 

gloverin, attacin, and lebocin have been reported from insects like worms, cockroaches and 

pests (Yi et al. 2014). 

Various novel bioactive molecules have been reported from plants and animals; 

however, there are also many challenges in researching plant and animal natural products. 

The major concerns are the availability of plants and animals, authentication of the species 

and scale-up of the isolated bioactive compounds. The different species and geographical 

locations make it difficult to consistently obtain the desired molecule (Katiyar et al. 

2012). Microbial natural products are good alternatives since they are easy to grow, 

characterize and scale up the potent bioactive compound. Since more than 90% of microbial 

sources are underexplored, natural products from microbes still need to be explored. 

Microbial secondary metabolites with diverse chemical entities can play an immense role in 

discovering novel antimicrobial and anticancer agents. 
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2.1 Microbial secondary metabolites 

 

Microbial secondary metabolites are the bioactive compounds that microorganisms like 

bacteria and fungi produce. These bioactive compounds have versatile structures with 

numerous pharmaceutical applications like antibacterial, antifungal, anticancer and anti-

inflammatory (Abdel-Razek et al. 2020). The microbial secondary metabolites in drug-

discovery came into reality after penicillin’s discovery from the fungus Penicillium 

notatum in 1928. The discovery of penicillin from a microbial source has motivated scientists 

to explore the microbial source. It has led to the golden period of antibiotics, where around 20 

classes of antibiotics were discovered from 1940 to 1962 (Coates et al. 2011). The important 

class of antimicrobials produced are the β-lactam antibiotics, like penicillin and 

cephalosporins from fungi (Keller, 2019) and the aminoglycosides, macrolides, tetracyclines, 

glycopeptides, chloramphenicol, polyenes, and ansamycins from filamentous actinobacteria 

(Selim et al. 2021).  

2.2 Biosynthesis of microbial secondary metabolites  

 

The initiation of secondary metabolite biosynthesis depends on various biotic and abiotic 

factors. The expression of secondary metabolites biosynthesis is influenced by stages of the 

organism's development, nutrient availability and stress (Chandran et al. 2020; Ruiz et al. 

2010). The chemically diverse secondary metabolites are mostly derived from primary 

metabolic pathways' intermediate and end products (Keller, 2019). The four primary 

building-block of secondary metabolism are shikimic acid, acetyl CoA, methylerythritol 4-

phosphate and mevalonic acid. The primary metabolite acetyl CoA leads to the biosynthesis 

of fatty acids and polyketides, whereas shikimic acid produces aromatic amino acids and 

phenylpropanoids. The isopentenyl diphosphate (IPP) and dimethylallyl diphosphate 

(DMAPP) formed from mevalonic acid and methylerythritol 4-phosphate, takes part in the 

biosynthesis of terpenoids and steroids (Lin et al. 2023; Zhao et al. 2013).  

Large multifunctional enzymes, such as polyketide synthases, non-ribosomal peptide 

synthetases, and ribosomally synthesized post-translationally modified peptides have a 

crucial function in biosynthesis of microbial secondary metabolites.  
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2.2.1 Polyketide synthases (PKSs) 

 

Polycyclic aromatic secondary metabolites, also known as polyketides, are bio-synthesized 

by PKSs (Das and Khosla, 2009). PKSs are categorized into 

a. Type I PKSs comprise various functional domains and are present in both fungi and 

bacteria, 

b. Type II PKSs are comprised of discrete catalytic domains and mostly present in bacteria, 

c. Type III PKSs are comprised of basic chalcone synthase type enzymes mainly present in 

bacteria and plants. 

PKSs generally use acetyl and malonyl-CoA as a substrate and, by condensation 

processes, convert them into longer carbon chains (Nivina et al. 2019). The minimal 

biosynthetic domains for one PKS module include the acyltransferase for selecting building 

blocks, an acyl carrier protein (ACP) for covalently holding and transferring extending 

polyketide chain and ketosynthase (KS) for catalyzing the formation of the carbon-carbon 

bond. The polyketide chain produced is additionally modified with tailoring enzymes, like 

cyclases and oxidoreductases, to form a final polyketide compound with structural diversity 

(Shen, 2003). PKSs are responsible for the production of numerous secondary metabolites 

that are currently used like antibiotics (erythromycin), cancer chemotherapy (doxorubicin), 

cholesterol-lowering agents (lovastatin), and antiparasitic drugs (avermectin) (Cortes et al. 

1990; Nivina et al. 2019). 

2.2.2 Non-ribosomal peptides synthetases (NRPSs) 

 

The non-ribosomal peptides (NRPs) are bio-synthesized by the non-ribosomal peptide 

synthetases using building block of amino acid and, in some cases, substrates such as amino-

benzoic acid (Süssmuth and Mainz, 2017). The NRPSs module consist of an adenylation 

domain for selecting and transfering amino acids, peptidyl carrier protein domain for 

tethering and growing peptide chain by covalent thioester bond, and a condensation domain 

possessing catalytic activity for peptide bond formation between a new bound amino acid and 

an expanding chain of peptide. The other optional domains can also be present for oxidation, 

epimerization and methylation (Wang et al. 2014). NRPSs produce many medically relevant 

secondary metabolites, including cyclosporine, β-lactam antibiotics (Gaudelli et al. 2015) and 

daptomycin (Robbel and Marahiel, 2010). In addition, a combination of NRPS and PKS 

enzymes produces hybrid secondary metabolites by incorporating acyl and amino-acid 

building blocks (Miyanaga et al. 2018). Clinically important secondary metabolites that are 
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produced by a combination of NRPS and PKS function include the antitumor drug bleomycin 

(Mizuno et al. 2013) and the immunosuppressant rapamycin (Vézina et al. 1975). 

2.2.3 Ribosomally synthesized post-translationally modified peptides (RiPPs) 

 

Another crucial biosynthetic pathway for microbial secondary metabolites is RiPPs. The 

initial step of RiPPs biosynthesis is through ribosomal machinery using amino acids; 

however, in the later stages, a number of post translational modifications leads to chemically 

distinct secondary metabolites. A modification includes disulfide bridging of two cysteine 

residues and methylation by S-adenosyl methionine (Arnison et al. 2013). There are various 

structural classes of RiPPs, like thiopeptides, lasso-peptides, and lanthipeptides (Montalbán-

López et al. 2021). The well-known RiPPS produced are nisin from Lactococcus lactis and 

thiostrepton from Streptomyces azureus (de Arauz et al. 1993; Mocek et al. 1993). 

 

 

Figure 4. Clinically significant class of antibiotics from microbial and synthetic sources 

(Hutchings et al. 2019) 

 

The different biosynthetic pathways and modifying tailoring enzymes have produced 

around 23,000 microbial secondary metabolites, of which over 10,000, i.e. 44%, are produced 

exclusively by actinobacteria. Fungal species produce 8,600, i.e., 38% of secondary 

metabolites; the remaining 4,400, i.e., 19%, are produced by non-filamentous eubacteria 

(Abdel-Razek et al. 2020). The actinobacteria group always inspires the search for novel 

molecules due to its large reservoir of diverse chemo-structural secondary metabolites. 

 

 



Chapter 1  Introduction 

PhD Thesis Page 12 
 

2.3 Actinobacteria 

 

Actinobacteria are Gram-positive, aerobic, and spore-producing filamentous bacteria having 

a considerable high levels of guanine plus cytosine (G+C) content in the genome (Ventura et 

al. 2007). They are ubiquitously distributed in natural ecosystems with a population density 

of 10
6
 to 10

9
 cells in a gram of soil. The growth of actinobacteria is initially by tip extension 

followed by branching of the hyphae, which has given name "Actinomycetes" derived from 

the Greek "atkis" (a ray) and "mykes" (fungus). It is considered as a transition between 

bacteria and fungi (Goodfellow and Williams, 1983). Although Actinobacteria forms a 

mycelium network like fungi, they are more closely assocciated to bacteria based on their cell 

morphology. The actinobacteria features closely related to bacteria are chromosome 

organized in prokaryotic nucleoid, cell wall with peptidoglycan composition and 

susceptibility to antibacterial compounds (Barka et al. 2016, Das et al. 2008).  

Actinomycetales is an order of Actinobacteria, possessing substrate hyphae and forms 

aerial mycelia. Under favourable conditions, actinobacteria’s aerial hypha produces 

sporophores with significantly distict structures. The spores are resistant to desiccation and 

can endure for prolonged period of time in the soil in a viable form (Jiang et al. 2016). This 

stage of the life cycle gives resistance to unfavorable environmental factors in soil including 

limited water and nutrient availability. Production of bioactive secondary metabolites like 

antibiotic, antifungal, anticancer, insecticidal, and antiviral compounds are linked to the 

initiation of sporulation (Barka et al. 2016, Berdy 2005). 

 

 

Figure 5. Morphology and microscopy of actinobacteria (a. Growth morphology, b. Gram-

staining of mycelia, c. SEM image of spores (adapted from present work) 
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Figure 6. Developmental life cycle of sporulating actinobacteria (Meij et al. 2017) 

 

The lifecycle of actinobacteria starts with the germination of a spore by forming germ tubes. 

The germ tubes develop into hyphae by branching and tip extension, leading to the 

establishment of a hyphal network and forming the vegetative mycelium. In case of stress, 

such as nutrient depletion, the part of mycelium is sacrificed by autolytic degradation via 

programmed cell death (PCD). The nutrients are released in surroundings through PCD and 

will be used for aerial hyphae and spores formation. The antibiotic production coincides with 

the onset of cell differentiation, which protects against competing microorganisms attracted 

by the nutrients released during PCD (Meij et al. 2017). 

Actinobacteria are particularly interesting since they are phenotypically highly diverse 

and produce various bioactive compounds (Bredholt et al. 2008). They have the potential to 

tackle the emerging multidrug-resistant pathogens since approximately two thirds of all 

reported antibiotics are produced by these actinobacteria. The Actinobacteria phylum has six 

classes, sixteen orders, 39 families and 130 genera (Ventura et al. 2007). The most 

pharmaceutically significant genera are Streptomyces (873 species), Micromonospora (120 

species), Amycolatopsis (96 species), Actinoplanes (52 species) and Saccharopolyspora (40 

species). The Streptomyces genus has produced numerous compounds that had a profound 

impact due to their use in biotechnology, medicine and agriculture. The discovery of 
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avermectins from S. avermitilis (El-Saber Batiha et al. 2020) and streptomycin from S. 

griseus (Woodruff et al. 2014) has led to the Nobel Prize. In addition, the other essential 

anticancer compound glycopeptide bleomycin, was a product of Streptomyces 

verticillus (Blum et al. 1973) and the first lipopeptide antibiotic, daptomycin, was isolated 

from Streptomyces roseosporus (Tedesco and Rybak, 2004). Of the 10,000 bioactive 

compounds produced by filamentous actinobacteria, 7600 (75%) are derived from the single 

genus of Streptomyces and 2500 (25%) are from rare actinobacteria like Actinomadura, 

Micromonospora, Saccharopolyspora and Amycolatopsis (Berdy, 2005). Actinobacteria 

produces various secondary metabolites because of the functioning of multiple biosynthetic 

gene clusters like polyketide synthase and non-ribosomal peptide synthetase (Lee et al. 2014; 

Salomon et al. 2004). In a typical actinobacteria, about 5% of the genome (23–30 gene 

clusters) is involved in biosynthesis of secondary metabolism (Ikeda et al. 2003). 

 

 

Figure 7. Microbial source of antibiotics (adapted from Ding et al. 2019) 

 

2.4 Rare Actinobacteria 

 

In recent years, it has been very crucial to discover new antibiotics because of the rising 

incidence of bacterial resistance. The continuous research and rediscovery of known 

compounds from Streptomyces species has shifted the focus of screening programs 

from Streptomyces to the non-Streptomyces group, also known as rare actinobacteria (Parra et 

al. 2023). The noteworthy capability of rare actinobacteria to produce antibiotics has drawn a 

lot of attention. Numerous effective antibiotics are produced by rare actinobacteria which 

include gentamicin by Micromonospora purpurera, teicoplanin by Actinoplanes 



Chapter 1  Introduction 

PhD Thesis Page 15 
 

teichomyceticus, erythromycin by Saccharopolyspora erythraea, and rifamycins by 

Amycolatopsis mediterranei (Table 1). In the past 20 years, the percentage of antibiotics bio-

synthesized by rare actinobacteria has risen to 25–30% of all known antibiotics (Tiwari et al. 

2012). As a result, rare actinombacteria have emerged as a possible source for isolation of 

novel molecules with higher antimicrobial activity. Compared to Streptomyces, rare 

actinomycetes have a smaller population and a slower growth rate. They also possess 

distinctive physiological properties and require unusual growth conditions. Isolating rare 

actinobacteria from soil or other sources is more challenging than Streptomyces (Ding et al. 

2019). Because of this, studies on the secondary metabolites of rare actinobacteria are less 

common compared to Streptomyces, making rare actinobacteria an important source for the 

discovery of novel antibiotics. 

 

Table 1. Clinically used antibiotics produced by rare actinobacteria  

Producing organism Antibiotics Class References 

Actinoplanes teichomyceticus Teicoplanin Glycopeptide Parenti et al. 1978 

Dactylosporangium 

aurantiacum 
Fidaxomicin Macrolide Parenti et al. 1975 

Micromonospora purpurera Gentamicin Aminoglycoside Weinstein et al. 1963 

Amycolatopsis rifamycinica Rifamycin Ansamycin Sensi et al. 1959 

Amycolatopsis orientalis Vancomycin Glycopeptide McCormick et al. 1955 

Saccharopolyspora erythraea Erythromycin Macrolide McGuire et al. 1952 

 

2.5 Amycolatopsis genus 

 

Amycolatopsis, considered a rare actinobacteria, belongs to the Pseudonocardiaceae family 

and Actinomycetia class. The Amycolatopsis genus was first mis-identified as Streptomyces, 

later named as Nocardia, and in 1986 it was recognized finally as Amycolatopsis (Lechevalier 

et al. 1986). Amycolatopsis is nocardioform Actinomycetes without mycolic acids in cell wall 

and possessing type IV cell wall composition. The species of Amycolatopsis genus are 

aerobic to facultative anaerobic. It can form branching substrate hyphae with square or rod-

shaped fragment elements (Sangal et al. 2018). So far, 96 species of Amycolatopsis have been 

identified (https://lpsn.dsmz.de/genus/amycolatopsis) from a variety of environments, 

including soils, freshwater, plants, clinical and ocean sediments. The genus Amycolatopsis is 
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well-known for the multiple commercial antibiotics production, including the medicinally 

important antibiotics rifamycin and vancomycin (Sangal et al. 2018). Vancomycin was 

isolated in 1950 from Amycolatopsis orientalis (previously classified as S. orientalis) and was 

approved in 1958 for Gram-positive bacterial infections treatment by US Food and Drug 

Administration (Levine, 2006). In 1957, the rifamycins were isolated from Amycolatopsis 

mediterranei (earlier recognized as Streptomyces mediterranei and later Nocardia 

mediterranei). Rifamycin B was the only compound from the five-compound complex 

isolated in pure form and moderately active against bacterial infections (Song et al. 2021; 

Sensi, 1983). Later, rifamycin SV was semi-synthesized from rifamycin B and was 

significantly active against M. tuberculosis. Rifamycin SV was the first antimicrobial that 

targeted RNA polymerase (Sensi, 1983). 

 

Table 2. Secondary metabolites from species of Amycolatopsis genus 

Species Novel compounds Bioactivity References 

Amycolatopsis s

p. MST-135876 
Suertides A–C Antibacterial Lacey et al. 2022 

Amycolatopsis 

sp. DEM30355 
Tatiomicin Antibacterial Kepplinger et al. 2022 

Amycolatopsis 

hippodromi 
Amycolasporins A−C Antibacterial Jin et al. 2020 

Amycolatopsis 

sp. 26–4 

Thioamycolamides A– 

E 

Bioactivity not 

reported 
Pan et al. 2020 

Amycolatopsis 

sp. IRD-009 
Pradimicin-IRD Antibacterial Bauermeister et al. 2019 

Amycolatopsis 

sp. K16-0194 
Dipyrimicin A and B  

Antifungal 

Antibacterial  
Izuta et al. 2018 

Amycolatopsis 

sp. ML1-hF4 

Valgamicin C, A,T 

and V 

Bioactivity not 

reported 
Hashizume et al. 2018 

Amycolatopsis 

sp. HCa4 

Rifamorpholines A–E 

(Bioactive 

Rifamorpholines B 

and D) 

Antibacterial Xiao et al. 2017 

Amycolatopsis Amycolamycin A- B Bioactivity not Ma et al. 2017 
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sp. HCa4 reported 

Amycolatopsis 

alba DSM 

44262. 

Two new 

sesquiterpenes and 

one new ansamycin  

Bioactivity not 

reported 
Li et al. 2017 

Amycolatopsis 

sp. M39 

Macrotermycin A–D 

(Macrotermycin A 

active) 

Antibacterial  

Antifungal 
Beemelmanns et al. 2017 

Amycolatopsis 

sp. ICBB 8242 
Apoptolidin A 

Bioactivity not 

reported 
Sheng et al. 2015 

Amycolatopsis 

sp. LZ149 

Siderochelin A  and 

D-F  

Bioactivity not 

reported 
Chun-Hua et al. 2015 

Amycolatopsis 

sp. HCa1 
Actinotetraose L 

Bioactivity not 

reported 
Guo et al. 2015 

A. alba var. nov. 

DVR D4 
pyridinium Antibacterial  Dasari et al. 2012 

Amycolatopsis 

sp. HCa1 
Amycomycin A-B 

Bioactivity not 

reported 
Guo et al. 2012 

Amycolatopsis 

sp. HCa1 
Methyltetrangomycin 

Bioactivity not 

reported 
Guo et al. 2011 

A. fastidiosa 

MA7332 

Thiazomycins and 

thiazolyl peptides 

Antibacterial  

 
Zhang et al. 2009 

Amycolatopsis 

sp. ML1-hF4 
Pargamicin-A Antibacterial  Igarashi et al. 2008 

Amycolatopsis 

strain 17128 
Mutactimycin E Antibacterial Hopp et al. 2008 

Amycolatopsis 

fastidiosa 
Thiazomycin Antibacterial  Jayasuriya et al. 2007 

Amycolatopsis 

sp. SANK 

60206 

A-102395 

Inhibitor for 

bacterial translocase 

I 

Murakami et al. 2007 

Amycolatopsis 

sp. ML630-mF1 
Kigamicins 

Antibacterial  

antitumor 
Kunimoto et al. 2003 
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Amycolatopsis 

sp. ST 101170 
Vancoresmycin Antibacterial  Hopmann et al. 2002 

Amycolatopsis 

sp. NNO 21702 
Trigloside 

Bioactivity not 

reported 
Breinholt et al. 1998 

Amycolatopsis 

sp. MJ347-81 

F4 

MJ347-81F4 A-B Antibacterial  Sasaki et al. 1998 

Amycolatopsis 

sp. MK299-

95F4 

Epoxyquinomicins A-

D 
Weak antibacterial  Matsumoto et al. 1997 

Amycolatopsis 

sp. X16735 
XR651 

Interleukin -1 

inhibitor 
Bahl et al. 1997 

Amycolatopsis 

sp. MK299-

95F4 

Epoxyguinomicins A-

B 

Moderate 

antibacterial 
Tsuchida et al. 1996 

Amycolatopsis 

sp. MJ950-89F4 
Ochracenomicins A-C Antibacterial  Igarashi et al. 1995 

Amycolatopsis 

sp. MJ126-NF4 
Azicemicins A-B 

Moderate 

antibacterial  
Tsuchida et al. 1995 

Amycolatopsis 

sp. MI481-42F4 
Amythiamicins A-D Antibacterial  Shimanaka et al. 1994 

Amycolatopsis 

sp. Y-86,21022 
Balhimycin Antibacterial  Nadkarni et al. 1994 

Amycolatopsis 

mediterranei 
Homorifamycin W 

Bioactivity not 

reported 
Wang et al. 1994 

Amycolatopsis 

sp. 
Amidenin 

Plant growth-

regulator 
Kanbe et al. 1993 

A. orientalis No. 

Q427-8 
Quartromicin Anti-viral Tsunakawa et al. 1992 

A. mediterranei 

MI710-51F6 
Dethymicin Immuno-suppressant Ueno et al. 1992 

Amycolatopsis MM 55268 and MM Antibacterial  Box et al. 1991 
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sp. NCIB 40089 55266 

A. orientalis 

NCIB 12608 

MM 47761 and MM 

47921 
Antibacterial  Box et al. 1990 

Amycolatopsis 

orientalis 
LY264826 Antibacterial  Rolston et al. 1990 

A. orientalis 

ATCC 53550 
UK-69,753 Antibacterial  Jefson et al. 1989 

Amycolatopsis 

sp. MG398 hF9 
Octacosamicins A-B Antifungal Dobashi et al. 1988 

Amycolatopsis 

sp. 
Chloroorienticins Antibacterial  Tsuji et al. 1988 

A. orientalis 

M43-05865 
M43 Antibiotics Antibacterial  Nagarajan et al. 1988 

 

More recently, other bioactive molecules like suertides A–C (Lacey et al. 2022), 

amycolasporins (Jin et al. 2020), pradimicin (Almeida et al. 2019), pargamicins B–D 

(Hashizume et al., 2017), macrotermycins A–D (Beemelmanns et al., 2017), and 

rifamorpholines A–E (Xiao et al., 2017) have been purified from various species 

of Amycolatopsis. Overall, around 159 novel compounds have been isolated in last three 

decades from species of Amycolatopsis inhabiting soil, plants, lichen, insects, and marine 

system (Table 2). The species from Amycolatopsis genus with 12 antibiotics are A. 

orientalis, followed by A. mediterranei with 5 antibiotics, and A. sulphurea with 3 antibiotics. 

These compounds are polyketides, macrolides, polyphenols, glycopeptides, cyclic peptides, 

sesquiterpenes, and glycoside derivatives. Forty-five compounds from the genus 

of Amycolatopsis displayed bioactivities like antimicrobial, anticancer, enzyme inhibition and 

antioxidant (Song et al. 2021).  

The sequencing and characterisation of bacterial genomes have increased 

exponentially in recent years with the advancements in next-generation sequencing (NGS). 

According to the publicly available genome sequences, the Amycolatopsis has relatively large 

genomes in the form of circular chromosome, ranging from approximately 5.62 Mb (A. 

granulosa) to 10.94 Mb (A. anabasis), with a median genome size of 9.08 Mb. The median 

DNA GC content of genus Amycolatopsis is 70.1%, ranging from 67.8% (A. palatopharingis) 

to 72.7% (A. arida) (Kisil et al. 2021; Adamek et al. 2018).  
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Figure 8. Structural diversity of bioactive secondary metabolites from species 

of Amycolatopsis genus (adapted from Kisil et al. 2018) 
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Based on the analysis of these genomes, the numbers of cryptic biosynthetic gene 

clusters (BGCs) present in Amycolatopsis strains are far higher than previously thought. The 

MIBiG (Minimum Information about a Biosynthetic Gene cluster) repository has a 

compilation of eleven BGCs from Amycolatopsis (Medema et al. 2015). Additionally, a more 

thorough assessment of microbial biosynthetic potential is made possible by the increased 

quantity of novel genome sequences that are accessible in public databases (Colston et al., 

2014). These strains can produce several other secondary metabolites and can be exploited 

for various biotechnological applications (Sanchez-Hidalgo et al. 2018).  

 

Conclusion 

 

Antimicrobial resistance has become a global concern and demands the immediate 

development of novel antibiotics. There are different sources to tackle the antimicrobial 

resistance like natural products, nanoparticles, bacteriophage therapy, synthetic and 

derivatized molecules. With the limitations of other therapies, natural products still remains 

the major source of antimicrobial compounds. Of all NPs, the actinobacteria group have been 

explored with the highest number of antibiotics. With the rediscovery of known molecules 

from the most common Streptomyces genus, the rare actinobacteria has gained tremendous 

interest in isolating novel molecules. The review of the Amycolatopsis genus has shown its 

potential to produce novel molecules with various biological activities. The molecule with 

structural variations produced from the species of Amycolatopsis genus includes polyketides, 

glycopeptides, macrolides, cyclic peptides, sesquiterpenes, and glycoside derivatives. The 

isolation of new bioactive compounds from species of Amycolatopsis genus and study of their 

mode of action can help discover new drugs in the healthcare sector. 
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Organization of thesis 

 

The current thesis is organized into five chapters. The first chapter includes introduction of 

antimicrobial resistance (AMR), its global impact on human health, and strategies to tackle 

this problem. The bioactive potentials of actinobacteria are discussed with more emphasis on 

rare actinobacteria, Amycolatopsis and its bioactive compounds. Further, naphthoquinones, 

its biosynthetic pathway and biological activities have been reported. At the end, the scope 

and objectives of research are discussed. The second chapter involves the screening and 

identification of the bioactive compounds producing actinobacteria. Further, the potential 

antimicrobial actinobacteria was subjected to genome sequencing, and biosynthetic gene 

cluster was analyzed for the bioactive compounds. 

The third chapter covers the fermentation and bioactivity-guided purification of the 

compounds from Amycolatopsis sp. using chromatographic techniques. The structural 

elucidations of purified compounds were determined by NMR spectroscopy, HR-MS and 

single-crystal XRD. The fourth chapter deals with the antibacterial activity, MIC 

determination and probable mode of action of Enceleamycin A. Further, the anticancer study 

and the mode of action of Enceleamycin A were evaluated. The in silico physicochemical and 

pharmacokinetics of these compounds were also examined. The fifth chapter summarises 

the overall thesis findings and covers the work's future direction. 

Statement of the problem 

 

Antimicrobial resistance has become a global threat as the rapid growth of antibiotic resistant 

bacteria endangers the efficacy of present antibiotics. Novel antibiotics are required to 

combat the high level of antimicrobial resistance. There is also a need for novel anticancer 

drugs due to the increase in the number of cancer deaths and resistance towards the known 

cancer drugs. The species of Amycolatopsis genus are considered as the repository of novel 

compounds and its exploration under different growth conditions can help in the isolation of 

novel bioactive compounds. 

Objectives 

 

1. Screening and identification of bioactive compound producing actinobacteria 

2. Production, purification and structural elucidation of the isolated purified compounds  

3. Bioactivity study of Enceleamycins A-C and N-hydroxypyrazinone acid 
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Screening and identification of bioactive compound producing actinobacteria 

 

Abstract 

 

Actinobacteria are believed to be a potential source of novel compounds to tackle the 

antimicrobial resistance challenge. The present study aimed to screen the bioactive compound 

producing actinobacteria in search of novel antimicrobial molecule. In this regard, previously 

isolated actinobacteria cultures from the Western Ghats, were screened for antimicrobial 

activity under shaking and static condition using three fermentation media. Out of 57 isolates, 

21 displayed antimicrobial bioactivity against at least one of the test strains i.e., E. coli NCIM 

2065, S. aureus NCIM 2127 or C. albicans NCIM 3102. Identification by 16S rRNA gene 

sequencing showed 20 of culture belongs to Streptomyces genus whereas one isolate was a 

rare actinobacteria from Amycolatopsis genus. Amycolatopsis sp. WGS_07 showed potent 

activity against S. aureus only under static condition and was closely related to A. silviterrae 

for which no bioactivity was reported. The genome sequencing analysis of Amycolatopsis sp. 

WGS_07 displayed presence of biosynthetic gene clusters associated with diverse secondary 

metabolites. 

 

Graphical abstract 
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1. Introduction 

 

Antimicrobial resistance (AMR) has become a significant global healthcare issue. The rise of 

antibiotic-resistant bacteria has led to a situation where antibiotics are no longer effective 

against the simplest of infections (Ventola, 2015). The resistance to antibiotics are rising by 

the overuse, misuse and lack of novel antibiotic development (Christaki et al. 2020). Due to 

the rapid spread of diseases and emergence of antibiotic-resistant pathogens spread, there is 

an urgent and significant market demand for new antibiotics. Even with the progress in the 

field of chemical synthesis, nature still remains the most diverse source for novel 

antimicrobials (Katz and Baltz, 2016). Over the past few decades, the development of 

antimicrobial drugs has been greatly aided by the use of microbial natural products 

(Schneider, 2021). Among the microbes, actinobacteria group are the excellent source for 

antibiotics. They have played a significant role in antimicrobial screening programs because 

of their diversity and demonstrated capacity to produce new metabolites of therapeutic 

significance (De Simeis and Serra, 2021; Hui et al. 2021). Actinobacteria are spore forming 

filamentous bacteria widely distributed in natural ecosystems producing approximately two-

thirds of existing antibiotics (Barka et al. 2016). Actinobacteria member Streptomyces is the 

prominent producer of bioactive compounds accounting for nearly 75% (Berdy, 2005). 

However in recent years, with rediscovery of existing compounds from Streptomyces species, 

the programs for screening antimicrobials are focused towards the non-Streptomyces group 

commoly known as rare actinobacteria. Currently, around 50 taxa of rare actinobacteria are 

known to produce about 2500 bioactive molecules. In the past two decades, the percentage of 

antibiotics produced by rare actinobacteria has risen to 25–30% of all antibiotics (Ding et al. 

2019; Ezeobiora et al. 2022). Rare actinobacteria are crucial in the battle towards multidrug 

resistant pathogens.  

The genome sequencing of actinobacteria indicates the biosynthetic potential of many 

actinobacteria strains are much higher than actual compounds isolated by fermentation. The 

cryptic biosynthetic pathways expression in actinobacteria can be elicited using cultivation 

based approaches in enhancing the chemical diversity (Pettit, 2011). One strain many 

compounds (OSMAC) approach is a simple aas well as effective method for eliciting 

metabolic pathways to maximize the secondary metabolite diversity (Romano et al. 2018). 

The basic concept of this approach is that, while each microbe has the capacity to produce 

variety of molecules, only specific compounds are produced under particular growth 
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condition. So, multiple growth conditions can be used to activate new bioactive compounds 

production by varying the growth parameters such as nutrients, incubation condition, time, 

temperature, pH, aeration (Yao et al. 2021; Pan et al. 2019; Bode et al. 2002). The cultivation 

condition of microbe including static or dynamic can directly affect their chemical metabolic 

process. There are various reports in which fungus have produced various novel metabolites 

under static condition which was not produced under standard shaking condition (Table 1). 

The static liquid condition fermentation of marine fungus strain Aspergillus versicolor ZLN-

60 led to isolation of 4 new prenylated diphenyl ethers and two novel cyclic pentapeptides 

(Gao et al. 2013; Zhou et al. 2011). The fermentation of fungus Penicillium sp. F23-2 under 

static condition in sea water based medium produced new meleagrin alkaloids, 

diketopiperazines, and terpenoids (Du et al. 2009).  

Table 1. New compounds under static condition fermentation 

Culture New compounds References 

Spicaria elegans KLA03 

Nine cytochalasins Z7-Z15, one 

spicochalasin, five aspochalasins, and three 

aspochalasin derivatives 

Pan et al. 2019; 

Liu et al. 2006 

Aspergillus terreus Lovastatins and 7-desmethylcitreoviridin 
Adpressa and 

Loesgen, 2016 

Rhytidhysteron sp. 

AS21B 
Three spironaphthalenes, rhytidones A–C 

Pudhom et al. 

2014 

Aspergillus 

versicolor ZLN-60 

Four prenylated diphenyl ethers and two 

cyclic pentapeptides 

Gao et al. 2013; 

Zhou et al. 2011 

Penicillium sp. F23-2 
Diketopiperazines, terpenoids, and 

meleagrin alkaloids 
Du et al. 2009 

Lentinus strigellus 
One indole alkaloid echinuline, two prenyl 

phenols and one anthraquinone fiscione 
Zheng et al. 2009 

Sphaeropsidales sp. F‐

24′ 707 
cladospirones  B  to  I Bode et al. 2000 

Streptomyces sp. CHQ-

64 

One hybrid isoprenoid alkaloid  drimentine 

I 
Che et al. 2016 
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There is one report in which marine-derived Streptomyces sp. CHQ-64 strain under static 

condition produced one novel hybrid isoprenoid alkaloid other than the polyene-polyols made 

in liquid shaking condition (Che et al. 2016). The actinobacteria morphologically resembles 

fungi because of their mycelium and spore forming ability (Reponen et al. 1998). Since the 

fungi growth in static condition has led to various new secondary metabolites, the screening 

of actinobacteria under static growth condition can lead to novel molecules. 

 

2. Materials and methods 

 

2.1 Reagents and Kits 

 

The media ingredients used for cultivation and fermentation were purchased from Hi-Media, 

Mumbai. Ethyl acetate HPLC grade (Hi-media, Mumbai), DNeasy Powersoil pro kit 

(Qiagen), Qubit® dsDNA HS Assay Kit (Life Technologies),  Ligation sequencing kit SQK-

LSK 109 and Native barcoding kit NBD114 (Oxford Nanopore Technologies). 

2.2 Isolation, maintenance and preservation of actinobacteria 

 

Actinobacteria cultures were previously isolated from the collected soil of Western Ghats, 

Kerala, India. For the isolation of actinobacteria, a traditional serial dilution method was 

followed (Siddharth et al. 2020). The dilutions from 10
-3

 to 10
-9

 were spread on different ISP 

(International Streptomyces Project) medium plates with 1.8% agar and incubated at 28°C for 

10-15 days. The isolates were further sub-cultured and maintained on ISP-2 (0.4% dextrose, 

1% malt extract, 0.4% yeast extract, pH 7.0) plates with 1.8% agar. The glycerol stocks of 

25% were made from the cultured actinobacteria in ISP-2 broth and stored at -80°C. 

2.3 Screening of the actinobacteria strains for antimicrobial activity 

 

2.3.1 Metabolite production 

 

Actinobacteria cultures were grown on MGYP agar plates (0.3% malt extract, 1% dextrose, 

0.3% yeast, 0.5% peptone, and 1.8% agar, pH 7.0) for 7 days at 28°C. The media used for the 

inoculum preparation i.e. LCM (liquid cultivation medium) and the metabolite production 

medium i.e. 5333, 5254 and 5294 were adapted from the Compendium of Actinobacteria 

designed by Dr. Joachim Wink at Sanofi-Aventis (Table 2). For the inoculum preparation, a 

loopful culture was inoculated in 250 mL Erlenmeyer flask with 50 mL of liquid cultivation 

medium and incubated at 28ºC for 3 days at 150 rpm on rotary shaker. The inoculum was 
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check for sterility by light microscopy and 10% v/v was transferred in a 250 mL Erlenmeyer 

flask, each with 50 ml of fermentation media. The fermentation media used were 5333, 5254 

and 5294 and the flasks were incubated in both static and shaking conditions (on a rotary 

shaker at 150 rpm) for 7 days at 28 °C. The whole broth was extracted by 100 mL of ethyl 

acetate for 1 hour and the extracted organic phase was separated. Further, it was concentrated 

under reduced pressure by rotary evaporator at 40ºC temperature. The concentrated crude 

extract was dissolved to 1.0 mL of ethyl acetate (HPLC grade) for further antimicrobial 

screening studies.  

Table 2. Media used in production of secondary metabolites 

Media Composition (g/L) in distilled water 

Liquid cultivation Soymeal 15.0, Mannitol 15.0, Glucose 4.0, pH 7.0 

Metabolite 

production 

medium 

5333 Starch 15.0, Yeast extract 4.0, MgSO4 0.5, K2HPO4 1.0, pH 7.0 

5254 
Glucose 15.0, Soymeal 15.0, Corn steep liquor 5.0, CaCO3 2.0, 

NaCl 5.0, pH 7.0 

5294 
Starch 10.0, Glucose 10.0, Glycerol 10.0, Yeast extract 2.0 , Corn 

steep liquor 2.5,  , Peptone 2.0, CaCO3 3.0, NaCl 1.0, pH 7.2 

https://www.dsmz.de/bacterial-diversity/compendium-of-actinobacteria.html 

 

2.3.2 Antimicrobial activity 

 

Antimicrobial activity of the ethyl acetate crude extract was examined by agar well diffusion 

method (Balouiri et al. 2016). The bacterial strains of Escherichia coli (NCIM 2065), 

Staphylococcus aureus (NCIM 2127) and yeast strain of Candida albicans (NCIM 3102) 

were used as test organisms for antimicrobial potential of the crude extracts. The O.D.625 of 

the test organisms were adjusted to 0.1 with respective broths and 100µl of freshly prepared 

bacterial test strains were spread on Muller Hinton agar plates and Candida albicans on 

MGYP agar plates. Wells with diameter of 6 mm were punched with sterile borer followed 

by addition of 50µl of the crude extract and 100µl of cell free supernatant. Ethyl acetate was 

used as a control. The zone of inhibition was measured after incubating the agar plates with 

bacteria for 24 hours at 37ºC and with yeast for 48 hours at 30ºC.  

2.4 Molecular identification of bioactive actinobacteria 
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Nucleic acid isolation was done by standard CTAB (Cetyltrimethylammonium bromide) 

method (Cheng et al. 2006). The culture were streak on ISP-2 agar plates and after 4-6 days 

of growth a loopful of culture was transferred in 560µl of 1X TE buffer in 2ml eppendorf 

tube and vortex for 5 minutes. After vortexing, sonication was done and 20μl of lysozyme 

added, then incubated for one hour at 37°C. Proteinase K and 10% SDS was added, then 

incubated at 55°C for 2 hours. 5M NaCl and CTAB was added and incubated at 65°C for 10 

minutes following with extraction by phenol:chloroform:isoamyl alcohol (25:24:1). 

Isopropanol used for precipitation of nucleic acid followed by washing of pellet with 70% 

ethanol. The pellet was dried after centrifugation, and resuspended in 50μl of 1X TE buffer.  

Amplification of 16S rRNA gene was performd by PCR (polymerase chain reaction) 

by universal primer of 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-

TACCTTGTTACGACTT-3’) in a final volume of 50μl, which consisted of genomic DNA: 

1μl, molecular grade water: 19μl, Taqara mastermix: 25μl and 2.5μl of forward and reverse 

primer each (concentration 3.2 picomole). The PCR was conducted with the subsequent 

cycling parameters: 5 min initial denaturation at 94°C, followed by 34 cycles of denaturation 

at 94°C for 45 s, annealing at 55°C for 60 s, extension at 72°C for 90 s, and final 10 min 

extension at 72°C. 5μl of PCR product was examined on 1% agarose gel in 1X TBE buffer. 

For the purification, equal volume of PEG-NaCl (20% PEG-8000 and 2.5 M NaCl) was 

mixed with PCR product and incubated for 30 minutes at 37ºC. The incubated PCR product 

centrifuged at 13000 rpm for 30 min and received pellet was added with 70% of ethanol, then 

centrifuged at 10000 rpm for 10 min. The pellet was dried and dissolved in 10µl of 1X TE 

buffer (Cheng et al. 2015). The DNA sequencing was performed on ABI 3500XL genetic 

analyser. The 16S rRNA gene sequence obtained was searched for closely related species 

from EzBioCloud database (Yoon et al. 2017). 

2.5 Whole genome sequencing, assembly, and annotation  

 

The genomic DNA was isolated from the freshly grown Amycolatopsis sp. WGS_07 by using 

DNeasy Power soil pro kit (Qiagen) as per the manufacturer protocol. The concentration and 

quality of isolated DNA was examined using 1% agarose gel electrophoresis and NanoDrop 

Lite spectrophotometer (ThermoFisher Scientific, Q32853) followed by Qubit®  fluorometer 

(ThermoFisher Scientific) by dsDNA high sensitivity (HS) Qubit® assay kit. Afterward, 

extracted DNA was prepared for Nanopore sequencing. A DNA library was prepared by 

using 100 ng of extracted DNA with a ligation sequencing kit SQK-LSK 109 and indexed 
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using Native barcoding kit NBD114. DNA concentration was determined during library 

preparation with Qubit® dsDNA HS Assay Kit (Life Technologies). The process includes 

enzymatic steps with minimal magnetic bead-based clean-ups. Further to create 'end-repaired, 

5'-phosphorylated, 3'-dA-tailed ds DNA fragments, end repair with A-tailing was carried out. 

Subsequently, each end-repaired DNA was given a unique identifier with the native barcodes. 

These indexed samples are then pooled to proceed with the adapter ligation step, followed by 

the library loading onto the MinION flow cell (FLO-MIN-106D) in an MK1C sequencing 

platform. The basecalling was performed with high accuracy mode by Guppy v5.0.11 in 

parallel to the sequencing. The adapters were removed by utilizing Porechop v0.2.4 

(https://github.com/rrwick/Porechop) and quality was checked by NanoPlot (De Coster et al., 

2018). The genome assembly was done by Flye v2.8.1-b1676 (Kolmogorov et al., 2019).  

The assembled genome was analysed and annotated by a PATRIC server (Davis et al. 2020) 

using RAST tool kit (Brettin et al. 2015) pipeline with default setting. Biosynthetic gene 

cluster related to secondary metabolites were identified by the antiSMASH v7.0 

(https://antismash.secondarymetabolites.org) (Blin et al. 2023).  

  

3. Result and Discussion 

 

3.1 Screening of actinobacteria strains for antimicrobial activity 

 

Actinobacteria is considered as the store house of novel antimicrobial compounds (Amaning 

Danquah et al. 2022). The growth condition like shaking or static incubation and the change 

in growth media components affects the biosynthesis of secondary metabolites in 

actinobacteria. The different growth conditions can lead to activation of cryptic biosynthetic 

gene cluster resulting in production of molecules absent in one growth condition (Romano et 

al. 2018; Begani et al. 2018). So the screening of actinobacteria plays important role in the 

selection of potential culture for the fermentation and purification of bioactive compound. In 

the present screening strategy, the actinobacteria were grown in three different liquid medium 

under static and shaking incubation condition as well as the antimicrobial activity was 

screened from both the ethyl acetate extract and the broth supernatant. The antimicrobial 

activity of the actinobacteria culture was examined by the measurement of zone of inhibition 

in millimetre (mm).  

 

https://github.com/rrwick/Porechop
https://antismash.secondarymetabolites.org/
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Table 3. Molecular identification of the isolates and antimicrobial activity of supernatant and 

crude extract in static and shaking condition fermentation by well diffusion method 

Isolate Identification 
 

S. aureus ATCC 9144 E. coli ATCC 8739 C. albicans ATCC 9028 

   
Static Shaking Static Shaking Static Shaking 

 
  

 
M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 

WGS_02 S. badius 
*S - - - - 10 - - - - - - - - - - - - - 

#E - - - - 10 - - - - - - - 22 - - - - - 

WGS_03 S. aureofaciens 
S 30 18 21 23 10 19 13 - - 11 - - - - - - - - 

E 22 16 23 26 14 22 - - - 
 

- - - - - - - - 

WGS_04 S. venetus 
S 10 + - 20 18 20 - - - - - - - - - - - - 

E 15 15 13 26 26 23 - - - - - - - - - 15 - - 

WGS_06 S. parvulus 
S 11 25 - 20 14 10 - - - - - - - - - - - - 

E 20 26 22 27 26 19 - - - - - - - - - - - - 

WGS_07 A. silviterrae 

S - 11 23 - - - - - - - - - - - - - - - 

E - 26 34 - - - - - - - - - - - - - - - 

WGS_14 S. roietensis 
S - - - - - - - - - - - - - - cover - - - 

E - - 15 - - 16 - - - - - - - - - - - - 

WGS_17 
S. 

daghestanicus 

S - - - - - - - - - - - - - 16 17 17 15 15 

E - - 15 - - - - - - - - - 15 16 17 12 
 

13 

WGS_21 S. rochei 
S 12 16 11 - 17 - 14 20 12 - 21 14 - - - - 12 - 

E - - - - - - - - - - - - - - - - - - 

WGS_27 S. ardesiacus 
S 12 15 20 - 10 19 17 17 22 - - 19 - 11 17 - - 13 

E - - - - - - - - - - - - - - - - - - 

WGS_39 S. althioticus 
S - - - - - - - - - - - - - - - - - - 

E - - - - 14 - - - - - 22 - 15 14 12 - 15 - 

WGS_44 S. roseofaciens 
S 10 10 - - - - - - - - - - 13 14 17 12 14 17 

E - - 18 - - - - - - - - - - 11 - 13 12 14 

WGS_54   S. griseus 

S 21 23 19 24 19 28 - - - - - - - - - - - - 

E 18 10 13 29 12 26 - - - - - - - - - - - - 

*S= Supernatant used for antimicrobial activity; #E=Extract used for antimicrobial activity; 

M1= 5333 media; M2= 5254 media; M3= 5294 media; the numbers in Table 3 represents the 

antimicrobial activity i.e., Zone of inhibition in millimetre (mm) 
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Out of the 57 strains screened for antimicrobial activity, 21 were showing inhibition of at 

least one of the test organisms (Table 3). The strain WGS_07 was interestingly showing 

maximum zone of inhibition against S. aureus only at static condition in 5254 (26mm) and 

5294 (34mm) medium. The antimicrobial activity or the production of bioactive compound 

from actinobacteria was displaying differences with the change in media or growth condition. 

The results of antimicrobial screening signify the use of different growth condition can elicit 

certain silent chemical biosynthetic pathways in actinobacteria. 

3.2 Molecular identification 

 

The molecular identification of the bioactive strains of actinobacteria was carried out by the 

analysis of 16S rRNA gene sequence. From 21 bioactive strains, 20 belong to Streptomyces 

genus whereas one of the strains WGS_07 was identified as a species of 

Amycolatopsis genus. The 16S rRNA gene sequence of Amycolatopsis sp. WGS_07 was 

submitted to NCBI with the GenBank No. MZ824481.  

 

 

Figure 1. Amycolatopsis sp. WGS_07 morphology (A) Amycolatopsis sp. WGS_07 growth 

on ISP-2 media (B) SEM imaging of  aerial mycelia at resolution of 50 and 2 µm. 

A 

B 
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Figure 2. Phylogeny tree by Neighbour Joining method based on 16S rRNA gene sequences 

displaying the relationship between the strain WGS_07 and species of Amycolatopsis genus. 

Micromonospora coerulea DSM 43143 was used as an outgroup. The strain WGS_07 

showed phylogenetically close relationship with Amycolatopsis silviterrae. Bootstrap values 

more than 50 % are shown at branch nodes based on 1000 replicates. Bar value 0.01 shows 

substitutions per nucleotide position. 

Amycolatopsis sp. WGS_07 showed 99.24% similarity to the strain Amycolatopsis 

silviterrae (GenBank No. KR818707) and 99.1% similarity to Amycolatopsis 

vancoresmycina (GenBank No. NR_025565). The top closest 15 cultures from the EZ-

Biocloud database were used for the phylogeny tree construction by the Neighbour-Joining 

method using 1000 bootstrap values by Mega 6.0 software. The Amycolatopsis sp. WGS_07 

was forming a clade with Amycolatopsis silviterrae, of which no antibacterial activity was 

reported so far.  

 Amycolatopsis rifamycinica DSM 46095 (AY083603) 
 

 Amycolatopsis kentuckyensis NRRL B-24129 (MUMI01000384)   

 Amycolatopsis pretoriensis DSM 44654 (jgi.1085903)   

 Amycolatopsis CABVGPs A23 (CABVGP010000002) 
  

 Amycolatopsis tolypomycina DSM 44544 (FNSO01000004) 
 
 Amycolatopsis vancoresmycina DSM 44592 (AJ508240) 
 
 Amycolatopsis bullii SF27 (HQ651730)  

 

  

 Amycolatopsis rhabdoformis SB026 (KF779477) 

  

 Amycolatopsis sp. WGS_07 
 
 Amycolatopsis silviterrae C12CA1 (KR818707)  

  

 Amycolatopsis benzoatilytica AK16/65 (ARPK01000002) 
 

 Amycolatopsis equine SE(8)3 (HQ021204) 
 

 Amycolatopsis echigonensis LC2 (AB248535) 
 
 Amycolatopsis niigatensis LC11 (AB248537) 
 
 Amycolatopsis albidoflavus IMSNU 22139 (AJ252832) 
 
 Amycolatopsis halotolerans N4-6 (DQ000196)  

 

 

 

 

  

 Micromonospora coerulea DSM 43143 (NR026277)   

 

63 

59 

98 

58 

94 

59 

73 

97 

77 

78 

0.01 
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The scanning electron microscopy of the Amycolatopsis sp. WGS_07 was also 

performed to visualize the surface of the mycelium and spore. The figure 1 shows the mesh 

of mycelium network and aerial mycelia differentiates into long straight chain of spores like 

structure with smooth surfaces. The substrate mycelia displays yellow to green colour and the 

aerial mycelia with spore mass have white which later turns to greenish on ISP2 agar plate. 

The morphological features resemble the closely related Amycolatopsis silviterrae (Jamjan et 

al. 2018). The strain Amycolatopsis sp. WGS_07 was deposited at National Centre for 

Microbial Resource, Pune, India, under accession No. MCC 0218. Amycolatopsis genus 

belongs to the group of rare actinobacteria and is a producer of well-known antibiotics 

vancomycin and rifamycin. There are many novel molecules reported from Amycolatopsis 

genus in the last few years. Exploring the bioactive potentials for isolation of novel molecules 

from the Amycolatopsis sp. WGS_07 would be of great benefit to microbial natural product 

drug discovery programs. 

3.3 Whole genome sequencing, assembly, and gene prediction 

 

To further characterize the strain Amycolatopsis sp. WGS_07 and to look for the 

biosynthetic gene cluster, whole-genome sequencing (WGS) was carried out using Oxford 

Nanopore Technology. The comprehensive genome analysis of the assembled genome by 

PATRIC server yielded 1 contigs with total genome size of 10,225,713 bp as shown in Table 

4. . The whole genome sequencing produced 573,457,618 of read length with mean coverage 

of 55.  The assembled genome GC content 69.52% was in consistency with Amycolatopsis 

genus and the read length N50 value was 10,225,713. 

Table 4. Genome summary of Amycolatopsis sp. WGS_07 

Assembly and annotation of genome 

Contig 1 

GC Content 69.52% 

Genome Length 10,225,713 bp 

Contig N50 10,225,713 

Contig L50 1 

Plasmids / Chromosomes 0 

CDS 9,952 

tRNA 55 

rRNA 12 
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The genome annotation using RAST tool kit (RASTtk) by PATRIC server identified a 

9,952 CDS (CoDing sequences) of which 4,095 are hypothetical proteins and 5,857 are 

functional assigned proteins whereas there are 55 tRNA and 12 rRNA. Among the functional 

assigned proteins 1,333 proteins were mapped to KEGG pathways, 1,476 had Gene Ontology 

assignments, and 1,678 proteins had Enzyme Commission (EC) numbers. The PATRIC 

annotation comprises two categories of protein families, and present genome possesses 8,203 

proteins with cross genus protein families (PGFams) and 7,691 proteins with genus-specific 

protein families (PLFams). This Whole Genome sequence has been submitted at NCBI 

GenBank under BioProject ID PRJNA1020392 with the biosample accession number of 

SAMN37521466. 

 

Figure 3. A circular graphical display by Circos plot representing the genome of 

Amycolatopsis sp. WGS_07 in a single contig. The genome of Amycolatopsis sp. WGS_07 is 

represented in Circos plot (Figure 3), and the outermost ring represents the contig. From the 

outermost to inner rings, the second ring represents the CDS on the forward strand followed 

by CDS on the reverse strand. The third ring represents the RNA genes followed by the CDS 

of known antimicrobial genes and CDS of known virulence factors. The last two innermost 

rings are for GC content and GC skew. 
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Table 5. Biosynthetic gene clusters of Amycolatopsis sp. WGS_07 

Most similar BGCs / Type From (bp) To (bp) Similarity 

Macrotermycins / T1PKS  522,160 637,378 96% 

Mutaxanthene / T2PKS 1,124,639 1,195,629 92% 

Lassopeptide 1,442,586 1,465,081 75% 

Ulleungdin / lassopeptide 1,582,671 1,630,496 6% 

Ectoine 1,940,005 1,950,397 75% 

Fortimicin / lanthipeptide 3,202,031 3,230,899 9% 

Geosmin / terpene 4,273,351 4,294,505 100% 

Ishigamide/ NRPS 4,374,626 4,521,306 61% 

Isorenieratene / terpene 5,288,412 5,308,622 42% 

Nactins / Siderophore 5,692,005 5,703,798 33% 

SF2575/ terpene 5,827,990 5,847,744 4% 

Hexacosalactone A / hglE-KS 6,003,717 6,051,017 9% 

Cycloserine / RRE-containing 6,143,180 6,165,428 31% 

Hopene / terpene 6,312,115 6,336,698 38% 

Mirubactin / NNRPS 6,406,759 6,493,308 78% 

Thiolutin / NRPS 6,583,166 6,622,907 32% 

2-methylisoborneol / NRPS 6,736,643 6,844,272 100% 

Ery-6-9 / lanthipeptide 6,852,832 6,875,369 75% 

Uncialamycin / T1PKS 6,960,404 7,003,942 18% 

Hormaomycins / NRPS 7,311,332 7,386,558 26% 

Rhizomide A/ B/ C / RRE-containing 7,475,917 7,491,965 100% 

Homopiloquinone  / T2PKS 7,580,655 7,651,678 52% 

Calicheamicin / T1PKS 7,937,700 7,980,021 12% 

Lankacidin C / redox-cofactor 8,508,466 8,530,505 20% 

ε-Poly-L-lysine / NAPAA 8,774,987 8,808,246 100% 

Stenothricin / NRP 9,054,984 9,089,472 13% 

Lipopolysaccharide / lanthipeptide 9,419,440 9,443,671 5% 

Chlortetracycline / T2PKS 10,127,982 10,200,533 45% 
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Microbial natural products are diverse in chemical structure; however they have 

highly conserved biosynthetic machineries.  The genomic data can be screened for the 

identification of biosynthetic genes since enzymes responsible of secondary metabolite 

biosynthesis are highly similar in amino acid sequence. The most important secondary 

metabolites synthesized from biosynthetic assembly includes polyketides, ribosomally 

synthesized and post translationally modified peptides (RiPPS), non-ribosomally synthesized 

peptides, and terpenes (Scherlach and Hertweck, 2021; Hertweck, 2009)).  

The genome analysis for the biosynthetic potential of secondary metabolites by 

Amycolatopsis sp. WGS_07 led to detection of 28 biosynthetic gene clusters (BGCs) using 

antiSMASH annotation (Table 5). The putative BGCs related to secondary metabolites 

includes 7 non-ribosomal peptide synthetases (NRPSs), 3 type 1 PKS (polyketide synthase), 3 

type 2 PKS, 4 terpenes, 3 lanthipeptide, 2 lassopeptide, 1 siderophore and 5 other types of 

BGCs. The presence of putative polyketide BGCs related to bioactive molecules like 

macrotermycins, chlortetracycline, mutaxanthene, uncialamycin and homopiloquinone 

displays the potential of Amycolatopsis sp. WGS_07 strain in isolation of novel bioactive 

compounds. 

Conclusion: 

 

Fifty seven actinobacteria isolates were screened for antimicrobial activity under shaking and 

static conditions using three fermentation media. 21 out of 57 isolates, displayed 

antimicrobial activity towards at least one of the three test strains. Twenty isolates belonged 

to Streptomyces genus whereas one isolate was a rare actinobacteria from Amycolatopsis 

genus. Amycolatopsis sp. WGS_07 was closely related to A. silviterrae of which no 

bioactivity has been reported. Amycolatopsis sp. WGS_07 showed potent activity against S. 

aureus only under static condition. Genome sequencing of Amycolatopsis sp. WGS_07 

showed diversity of secondary metabolite assocciated biosynthetic gene clusters. 
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Production, purification and structural elucidation of the purified bioactive compounds 
 

Abstract 
 

Based on the antimicrobial activity and the genomic analysis for the biosynthetic gene 

clusters, the Amycolatopsis sp. WGS_07 strain was investigated further for the production of 

bioactive molecules. The culture showed antibacterial activity under static and plate-based 

incubation condition. The major bioactive molecule was of similar type based on the TLC 

and bio-autography. The 50L fermentation of the Amycolatopsis sp. WGS_07 under static 

condition yielded 52g of crude extract. Bioactivity-guided purification by silica-gel column 

chromatography and semi-preparative HPLC resulted in isolation of four bioactive 

molecules. The chemical structure and configurations were elucidated by 1D and 2D NMR 

spectroscopy, high-resolution mass spectrometry and single-crystal X-ray crystallography. 

The isolated bioactive molecules were characterized as three new furo-naphthoquinone-

derived Enceleamycins A-C (1-3) along with one novel N-hydroxypyrazinone acid (4). 

Enceleamycin A (1) possesses a complex unprecedented pentacyclic oxeto-furo-furo-

naphthoquinone skeleton. Enceleamycin B (2) features dihydroxylated naphthoquinone 

segment, whereas Enceleamycin C (3) is a furo-furo-naphthoquinone skeleton possessing 

hydroxy-aldehyde functionalities. 

 

Graphical abstract 
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1. Introduction 

 

Natural products from plants, animals and microbes contribute to more than half of the 

pharmaceutical drugs (Sekurova et al. 2019; Newman and Cragg, 2016). Ever since 

Alexander Fleming discovered penicillin in 1928, microbes have become an important source 

for the isolation of bioactive molecules (Fleming, 1929). In recent years with the surge of 

antimicrobial resistance towards the present antibiotics, novel antibacterial chemicals are 

required. The species of Amycolatopsis genus are potential source for the isolation of novel 

secondary metabolites. They are producer of two important antibiotics rifamycin and 

vancomycin used in healthcare (Sangal et al. 2018). There have been reports of numerous 

new molecules like saalfelduracins, amycolasporins,
 

thioamycolmides, dibenzoyls,
 

thioalbamide A, and pradimicin isolated from different species of Amycolatopsis (Kisil et al. 

2021). A broad range of biosynthetic gene clusters are present in Amycolatopsis species as 

shown by the whole genome sequences data, suggesting the potential ability to produce new 

antibiotics by this genus (Adamek et al. 2018). 

The microbial natural product drug-discovery aims for novel therapeutic secondary 

metabolites with unique bioactivity for the medicinal, industrial or agricultural needs 

(Mushtaq et al. 2018). The process for microbial natural product drug-discovery involves the 

screening and identification of the bioactive compound producing strains, large scale 

production of the bioactive compound under optimal growth condition, purification of the 

desired bioactive compound, and structure elucidation of the active molecule and bioactivity 

assays for its application in healthcare sector. The present chapter deals with production, 

purification and structural elucidation of bioactive molecules. 

1.1 Production and purification of bioactive compounds 

 

Production of bioactive compounds is performed after the screening and identification of the 

potential culture. The growth parameters of microorganisms like nutrient, temperature, pH 

and oxygen levels are critical for the controlled growth and yield of the bioactive compound 

(Rusu et al. 2023; Romano et al. 2018). The purification of the bioactive compound from the 

microorganism starts from the extraction of these metabolites from the whole broth or the 

culture medium after separation from biomass. The extraction method generally used is 

solvent extraction based on the compounds polarity and the extracted and concentrated crude 

material contains mixture of compounds. These extract is fractionated by liquid-liquid 
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partitioning and column chromatography. The separation is by a liquid chromatography 

method whereby a mixture of compounds is resolved into individual components by passing 

through a stationary phase (chromatography column) and carried by a mobile phase (liquid-

water/solvent/buffer). The chromatographic separation of bioactive compound by column is 

based on the size or polarity of the molecules in the mixture (Coskun, 2016). High-

performance liquid chromatography (HPLC) and thin-layer chromatography (TLC) are 

frequently used techniques for purification and qualitative analysis of bioactive compounds. 

HPLC instruments consist of several modules, which include a pump for efficient movement 

of the mobile phase, an injector valve for the intake of sample, column for separation of 

injected sample, and a detector to record the timing and quantity of separated compound. The 

HPLC instruments in analytical and preparative mode have become an indispensable tool for 

Natural product drug discovery program (Regnier, 1983; Zhang et al. 2018). Several 

chromatographic purification steps are involved to isolate stable bioactive compound of 

sufficient purity for its structural elucidation.  

1.2 Characterization of bioactive compounds 

 

The structure elucidation of microbial secondary metabolites is a challenging task. The 

process often involves multi-disciplinary approach to obtain a comprehensive understanding 

of the bioactive compound structure. The structure elucidation can be time-consuming 

however it is essential for the identification of novel bioactive chemicals that may have 

therapeutic benefits. The nuclear magnetic resonance (NMR) is a vital tool in Natural product 

structure determination. The discovery of nuclei's magnetic characteristics served as the 

foundation for nuclear magnetic resonance. Because the nuclei have spin angular momentum 

and a corresponding magnetic moment, the atoms can absorb certain radio frequency waves 

when they are in an external magnetic field (Wang et al. 2021). NMR spectroscopy contains 

the cryogenic probes, high-field magnets and advanced two-dimensional pulse sequences. 

The structural elucidation by 2D-NMR rely on homonuclear correlation of 
1
H techniques like 

Nuclear Overhauser Enhancement Spectroscopy (NOESY) or either Correlation 

Spectroscopy (COSY) and heteronuclear correlation of 
1
H and 

13
C like Heteronuclear Single 

Quantum Coherence (HSQC) and long-range Heteronuclear Multiple-Bond Coherence 

(HMBC) (Elyashberg, 2015). In order to determine the molecular formula of a complex 

organic compound, high-resolution mass spectrometry (HRMS) is crucial. In an effort to 

complete the structure elucidation of novel molecule along with NMR multiple analytical 

tools like, ultra-violet and infrared spectra, optical rotation, Circular dichroism (CD) spectra 
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is used to assemble the structural units (Urban and Dias, 2013). In addition to NMR, X-ray 

Crystallography is the most reliable technique for structure elucidation of pure bioactive 

compound. Performing the X-ray Crystallography of crystals can yield detailed and accurate 

three dimensional molecular structures (Smyth and Martin, 2000). 

 

 

Figure 1. General flowchart for production, purification and characterization of bioactive 

compound from microorganisms. 

 

2. Materials and Method 

 

2.1 Chemical and media 

 

Growth media components, sterile disc, Silica gel (60–120 mesh and 100–200 mesh), silica 

TLC plates, Hexane, Pet ether, Ethyl acetate, Methanol, Acetonitrile, Trifluoroacetic acid, 

CD3CN, CDCl3 and DMSO-d6. The majority of the media components, solvents and 

chemicals were ordered by Hi-media and Sigma Aldrich, as aforementioned. 
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1.1 Antibacterial activity 

 

Amycolatopsis sp. WGS_07 was sub-cultured on MGYP agar plates (0.3% malt extract, 1% 

dextrose, 0.5% peptone, 0.3% yeast, and 1.8% agar, pH 7.0) for 7 days at 28 °C. A 250 mL 

Erlenmeyer flask with 50 mL of seed medium was inoculated with a loopful of culture. For 

three days, the seed culture was incubated at 28°C and 150 rpm on rotary shaker. A 5.0 mL of 

seed culture was transferred into three different fermentation media in 250 mL Erlenmeyer 

flask, each with 50 mL media. The seed culture was also streaked on plates contacting the 

medium used for fermentation with 2% agar. The fermentation media used were 5333, 5254 

and 5294. The pH of all three fermentation media was adjusted to 7.0 prior sterilization 

(autoclaved for 20 min at 121°C). The flasks were incubated in both static and shaking 

conditions (150 rpm) for 7 days at 28°C. The whole broth and two agar plate with cultures 

were extracted by 100 mL of ethyl acetate. After extraction, organic phase was separated, and 

concentrated by rotary evaporator. The extracted and concentrated crude extract was 

dissolved in 1.0 mL of ethyl acetate (HPLC grade). The antimicrobial activity was carried out 

by disc-diffusion method using 30μL crude extract against S. aureus, E. coli, and C. albicans. 

2.3 TLC and Bio-autography 

 

Bio-autography of the crude extract was done against S. aureus to check the major active 

compound zone from both the static and agar conditions. The bio-autography of crude extract 

was carried out on a pre-coated Silica Gel 60254 TLC plate plates ((8.5×1.5 cm, Merck, 

Germany). The crude extract from both shaking, static and agar was spotted on silica gel 

plate, spaced 1.0 cm from baseline. The spotted plate was developed at room temperature in a 

previously saturated glass chamber with a 5:95 mixture of methanol and dichloromethane 

(DCM). To examine the spots, the silica plates were dried and inspected at 254 nm in UV 

chamber. Bioautography of separated bands on TLC was examined against S. aureus to track 

the antibacterial compound. Further, TLC plates were placed in petri dish and UV-sterilized 

for 30 minutes. Following that, TLC plates in petri dishes were covered with 0.8% semisolid 

Mueller-Hinton agar that had been mixed with 1.0 x 10
8
 CFU/mL of S. aureus.  The plates 

were incubated for 24 hours after solidification and the inhibition zone around active bands 

were observed.  
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The day-wise activity of Amycolatopsis sp. WGS_07 was performed by using 100μL 

of cell-free supernatant and for that the fermentation was carried out in 100 ml of 5294 media 

in 500 mL flask. 

2.4 Fermentation, Extraction, and Purification 

 

The large-scale fermentation of 50 litres was carried out for Amycolatopsis sp. WGS_07 in 

100 mL of 5294 fermentation medium using 500 mL Erlenmeyer flasks. The cultures were 

incubated in static conditions for 7-8 days at 28 °C. The whole broth was extracted with equal 

volumes of ethyl acetate three times. Following extraction, organic phase was separated and 

concentrated by rotary evaporator under lower pressure to get a semi-solid crude extract.  

For the purification of bioactive compounds, the crude extract of 52g was employed 

to silica gel column chromatography. The glass column (45× 7.5 cm) was filled by 100-200 

mesh silica gel. The semi-solid crude extract was combined with 60-120 mesh silica bed and 

uniformly applied from the top of column. The gradient elution of a column was performed 

using combination of petroleum (pet) ether and ethyl acetate by gradually increasing polarity 

to give 20 fractions, CF-1 to CF-20 (Column chromatography fraction). Based on the 

bioactivity profile, CF-9, which was eluted with 70% ethyl acetate/pet ether, was further 

purified using semi-preparative HPLC by C18 column on reverse phase mode. The gradient 

elution of compound was carried out by water and acetonitrile to yield six fractions. Semi-

preparative HPLC was conducted on Thermo Scientific Ultimate 3000 equipped with VWD 

detector and YMC column (250 × 10 m i.d., 10–20 μm), using flow rate of 4.7 mL/min and 

column temperature of 28 °C. Fraction CF-9-IV is confirmed as the major compound 1, and 

fraction-CF-9-III was further fractionated by semi-preparative HPLC to isolate compound 2. 

Based on the TLC profile and bioactivity, column fractions of CF-5 to CF-8 were combined 

and silica gel CC was performed using pet ether with a gradient increase in ethyl acetate to 

get fractions I to XII. Fraction VI from CF-5–8 eluted with 30% ethyl acetate/pet ether was 

separated using semi-preparative HPLC on reverse phase with water and acetonitrile as the 

mobile phase. The semi-preparative HPLC active fraction (F 26-28) were further separated 

by preparative TLC (PTLC) on the pre-coated Silica Gel 60254 plates (20×20 cm, Merck) in 

20:80 mixture of ethyl acetate and pet ether. The desired band was examined under UV light 

(254 nm) and the silica with band was scratched off the PTLC plate with the help of razor 

blade. The scratched silica was extracted with 100 ml of ethyl acetate for 30 minutes. The 

ethyl acetate with compound was separated and concentrated by rotary evaporator. The 

concentrated compound from PTLC plate was further purified using semi-preparative HPLC 
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with chiral amylose column in normal phase with an isocratic mobile phase of 30% 

isopropanol/hexane to yield compound 3.  Fraction V from CF-5–8 eluted with 20% ethyl 

acetate/pet ether in silica gel CC was purified using semi-preparative HPLC by reversed-

phase C18 column by gradient mobile phase of acetonitrile and water to get compound 4. 

The fermentation of Amycolatopsis sp. WGS_07 was also carried out on the 5294 

medium agar plates. Around 400 plates (10L media) were streaked with the culture and 

incubated for 7-8 days at 28 °C. The plate based culture with agar was cut and extracted by 

10L of ethyl acetate for 4-5 h three times. The organic phase after extraction was separated 

and concenterated by rotary evaporator to get semi-solid crude extract of 10.2g. The crude 

extract was further purified similar to the static crude extract by silica gel chromatography 

using pet ether and ethyl acetate as a mobile phase followed by semi-preparative HPLC to get 

major compound 1 and minor compound 2. 

2.5 Analysis of purified compounds  

 

The four isolated purified compounds were analysed by analytical U-HPLC Thermo 

Scientific Ultimate 3000 equipped with a VWD detector using reverse phase C-18 Hypersil 

GOLD having 5 μm particle size with 4.6 × 250 mm dimension (Thermo Scientific, USA) 

column with the gradient mobile phase of Milli Q Water and Acetonitrile (ACN). The 

gradient starts from 5% ACN upto 4 minutes and then it increases upto 95% at 17 minutes 

and maintained at 95% upto 18 min followed by decrease of ACN to 5% at 21 minute and 

further maintained at 5% upto 25 minute run with flow rate of 1 ml/min. 

2.6 Structure elucidation of the purified bioactive compounds 

 

The structure of purified bioactive compounds was determined using nuclear magnetic 

resonance (NMR) by a Bruker Avance 300 ultra shield NMR apparatus. Using 

trimethylsilane (0.007) as an internal standard, all chemical shifts (δ) are measured in parts 

per million (ppm) downfield in CD3CN (1.94 in 
1
H and 118.7 ppm in 

13
C), CDCl3 (7.27 ppm 

in 
1
H and 77.00 in 

13
C), and DMSO-d6 (2.50 in 

1
H and 39.1 in 

13
C). The coupling constant J 

is given in hertz (Hz). Spin multiplets were denoted as singlet (s), doublet (d), triplet (t), 

quartet (q) and multiplets (m). Absorbance spectrum was recorded on ThermoScientific 

Evolution 201 UV–visible spectrophotometer. An optical rotation was measured on JASCO 

P-2000 polarimeter. A CD spectrum was obtained from JASCO J-815 CD spectrometer. The 

melting point was recorded on a Stuart SMP10 (BioCote). 
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HPLC Prime Infinity II 1260 (800 bar) system coupled to Agilent 6530 Accurate-

Mass Quadrupole Time-of-Flight (Q-TOF) mass spectrometer (Agilent, USA) was used for 

HR-ESIMS analysis. For ionizatio, a dual electrospray ionization (ESI) source was utilized. 

A Hypersil GOLD C18 (1.9 μm particle size with 2.1 × 150 mm dimension, Thermo 

Scientific, USA) column was utilized for LC-based metabolite separation. The compound 

was analysed at 40 °C over the course of 20 min with 0.3 mL/min flow rate using MS grade 

water (A) and MS grade acetonitrile (B), as a mobile phase. Both mobile phase contains 0.1% 

formic acid. In the first 0.3 minutes of the LC method, 2% B was used; in the next two 

minutes, this was increased to 30%. Upto seven minutes the B% was raised from 30% to 

45%, then to 98% for sixteen minutes, a level that was maintained for the next one minute. In 

the final three minutes, the column reached equilibrium with the initial solvent ratio of 98% 

A and 2% B. The extended dynamic range of 2 GHz was used to collect the MS data. The 

MS parameters are set to 325 °C for the gas temperature, 10 L/min for the drying gas, 35 psi 

for the nebulizer and 120 volts for the fragmentor. 

Single-crystal XRD was performed on Bruker d8 Advance. High-resolution (0.78 Å) 

Cu Kα radiation was used to gather crystal XRD data at lower temperature of 100 K. The 

APEX3 program was employed to monitor the collection of X-ray data. 

 

3. Results and Discussion 
 

3.1 Antibacterial activity 

 

The antibacterial activity of Amycolatopsis sp. WGS_07 was evaluated on different growth 

condition like liquid shaking and static as well as on the agar plate. The crude extract of 

Amycolatopsis sp. WGS_07 showed antibacterial activity in agar plate conditions with zone 

of inhibition of 20 mm in 5254 medium and 22 mm in 5294 medium, whereas in liquid static 

conditions the zone of inhibition was 22 mm in 5254 medium and 25 mm in 5294 medium 

against S. aureus. No activity was observed from cultures grown under any of the shaking 

conditions in the three fermentation media tested (Figure 2). 
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Figure 2. Bioactivity screening against S. aureus using three fermentation mediums in plate, 

static, and shaking conditions. 

3.2 TLC and Bio-autography 

 

The crude extracts of Amycolatopsis sp. WGS_07 from the three culturing condition were 

used for TLC analysis. A major yellow pigment was observed in both the static and agar 

condition whereas there was no yellow pigment band observed in the shaking condition. 

Later, bio-autography of the crude extract was done against S. aureus to check the major 

active band in the TLC. It was found that the yellow pigment band present in the static and 

agar plate based incubation showed antibacterial activity. To further confirm, the yellow 

pigment band cut and used for bio-autography also displayed the zone of inhibition. No 

yellow pigment or antimicrobial activity was produced in shaking culture conditions (Figure 

3 and 4). 

 

Figure 3. Antibactrial activity against S. aureus and TLC (mobile phase- 5:95 methanol and 

DCM) of crude extract of Amycolatopsis sp. WGS_07 from shaking, static, and plate-based 

incubation condition. 
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Figure 4. Bio-autography of crude extract in 5:95 of methanol and DCM mobile phase 

against S. aureus from shaking, static, and plate-based incubation condition. 

 

Figure 5. Day-wise activity of Amycolatopsis sp. WGS_07 supernatant against S.aureus. 

 

The day-wise activity from the culture Amycolatopsis sp. WGS_07 was demonstrated 

using 100 μL of cell-free supernatant using the fermentation media 5294 in 500 mL flask 

with 100 mL of media. The activity was observed against S. aureus from third day of 

incubation, and maximum activity measured on eighth day of incubation with 22 mm zone of 

inhibition. The activity was maintained from 5
th

 to 9
th

 day of incubation, however from 10
th

 

day there was decline in the activity (Figure 5). 

3.3 Fermentation, Purification and analysis of purified bioactive compounds 

 

The Amycolatopsis sp.WGS_07 was considered as the potential candidate for novel bioactive 

compound production. The Amycolatopsis are well known producer of antibiotics (Song et al. 

2021). Since no bioactive molecules was reported from closely related Amycolatopsis 

silviterrae (Jamjan et al. 2018), we speculated that this strain could be possible source of 

novel bioactive molecules. The large-scale fermentation of Amycolatopsis sp.WGS_07 was 



Chapter 3                                                     Production, purification and structure elucidation 

PhD Thesis Page 68 
 

carried out in both the liquid static and plate-based incubation (Figure 6). The fermentation of 

50L in 5294 media at liquid static condition yielded 52g of semi-solid crude substance after 

extraction with ethyl acetate and concentration by rotary evaporator. The plate-based 

fermentation of 10L (400 plates) in 5294 media followed by extraction and concentration 

yielded 10.2 g of crude extract. The chromatography techniques like silica gel column 

chromatography, TLC and semi-preparative HPLC were employed for bioactive compounds 

purification from the crude extract (Figure 7). The bioactivity-guided purification of semi-

solid crude extract from static incubation led to isolation of four bioactive compounds (Figure 

8). 

 

Figure 6. Schematic representation of large scale fermentation and extraction of 

Amycolatopsis sp. WGS_07. 

The antibacterial compound-1 isolated from the column fraction (CF-9) by reverse 

phase semi-preparative HPLC was major yellow solid compound with the yield of 5250 mg 

from 50L of fermentation. The isolated compounds after multiple chromatographic 

separations were analysed for the purity by analytical HPLC. The compound 1 was pure with 

retention time of 13.22 in the 25 min long run (Figure 15). The congener of compound 1 

closely eluted in fraction-3 of CF-9 from semi-preparative HPLC was later separated as 

compound 2 along with compound 1 (Figure 9 and 10). The purified compound 2 was 

obtained as a yellow solid with yield of 186 mg and eluted at retention time of 12.66 (Figure 

16). 
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Figure 7. Schematic representation for purification of the crude extract of Amycolatopsis sp. 

WGS_07. 

 

The bioactive compound 3 was isolated from the complex column fraction CF-5-8. 

Number of chromatography techniques were used to finally purify the compound 3 (Figure 

11-13). The compound 3 obtained as yellow solid was similar to compound 1 and 2 but with 

less polarity. The yield of compound 3 was obtained in least quantity of 32 mg after 

separation by preparative TLC followed by normal phase semi-preparative HPLC by chiral 

amylose column. The retention time of compound 3 was 14.55 (Figure 17). The compound-4 

was purified using semi-preparative HPLC by reverse phase mode and was less polar 

compared to compound 1-3. The compound 4 obtained as white hairy crystalline solid with 

yield of 146 mg and eluted at retention time of 15.02 (Figure 18).  

The ethyl acetate crude extract from plate-based incubation was separated with the 

similar purification strategy of column chromatography and semi-preparative HPLC. Like the 

static condition, similar major compound 1 was obtained with yield of 620 mg from 10L of 

plate-based incubation of Amycolatopsis sp. WGS_07. The compound 2 with yield of 24 mg 

was also obtained with similar properties. The compound 3 and 4 were not obtained in the 

plate-based incubation condition may be due to their lower yield. Large-scale fermentation 

under different growth conditions proved important in isolating novel molecules. Due to their 

lower yields, these molecules might not be detected under small-scale fermentation. 
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Figure 8. Schematic diagram for the purification of bioactive compounds from crude extract 

of Amycolatopsis sp. WGS_07 incubated under static condition. 
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Figure 9. Chromatogram of column fraction (CF-9) with major compound 1 (C-1) in 

fraction-4 and minor compound 2 (C-2) in fraction-3 by semi-preparative HPLC. 

 

 

Figure 10. Chromatogram of major compound 1 (C-1) and minor compound 2 (C-2) after 

separation from fraction-3 of CF-9 by semi-preparative HPLC. 



Chapter 3                                                     Production, purification and structure elucidation 

PhD Thesis Page 72 
 

 

Figure 11. Semi-preparative HPLC (reverse- phase) separation of fraction-6 of the CF 5-8, 

with bioactivity in eluted fractions 26-28. 

 

 

Figure 12. Separation of bioactive semi-preparative HPLC fraction 26-28 by preparative 

TLC using pet ether : ethyl acetate (80:20). 
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Figure 13. Chromatogram of TLC band after separation of compound 3 (C-3) by semi-

preparative HPLC using normal phase chiral amylose column. 

 

 

Figure 14. Chromatogram of compound 4 (C-4) after separation of column fraction-5 by 

semi-preparative HPLC. 
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Figure 15. HPLC chromatogram of purified compound-1 (C-1). 

 

 

Figure 16. HPLC chromatogram of purified compound-2 (C-2) 



Chapter 3                                                     Production, purification and structure elucidation 

PhD Thesis Page 75 
 

 

Figure 17. HPLC chromatogram of purified compound 3 (C-3). 

 

 

Figure 18. HPLC chromatogram of purified compound-4 (C-4). 
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3.4 Structure elucidation of the purified bioactive compounds 

 

The four isolated bioactive compounds from the fermentation broth of Amycolatopsis sp. 

WGS_07 were majorly characterized by NMR, HR-MS and X-Ray Crystallography. 

3.4.1 Structure elucidation of Compound-1 (Enceleamycin A) 

 

The compound-1 named as Enceleamycin A (1) was isolated as yellow solid. High-resolution 

mass spectrometry (HRMS) determined the molecular formula of 1 to be C17H14O7, requiring 

11 indices of H deficiency. The electronic circular dichroism (ECD) spectrum displayed 

positive Cotton effect at 249 nm (CD, 0.06 mg/mL, CH3CN), λmax (Δε) 249 (+23.51), 290 

(−8.95) nm. The IR spectrum of 1 exhibits an absorption band at 3437 cm
–1

 for the hydroxy 

group, and 1641 cm
–1

 for the conjugated enone. The 
1
H NMR spectrum of 1 in CD3CN 

displayed proton signals for two sp
3
 methyls [δH 1.34 (d, J = 6.1 Hz) and 1.59 (s)], three 

sp
3
 methines [δH 5.74 (s), 5.72 (s), and 4.50 (q, J = 6.4 Hz)], three sp

2
 methines [δH 7.25 

(d, J = 8.4 Hz), 7.73–7.65 (m), and 7.64–7.56 (m)], and a phenolic proton [δH 11.51 (br s, 1 

H)] (Table 1). The 
13

C NMR spectra of 1 in CD3CN had 17 carbon signals. Based on DEPT 

and HSQC analyses, the presence of two methyls (δC 17.9 and 19.7), six methines [three 

olefinic (δC 119.9, 124.9, and 138.6); three oxygenated sp
3
 (δC 75.9, 92.2, and 111.7)], and 

nine nonprotonated carbons [three olefinic (δC 116.3, 126.0, and 134.4), two olefinic 

oxygenated (δC 161.0 and 162.9), two oxygenated sp
3
 (δC 87.4 and 100.2), and two carbonyl 

carbons (δC 184.0 and 181.6)] was established. HMBC spectra showed correlations of H-12 

(δH 7.25 and δC 124.9) with C-9 (C═O, δC 184.0) and C-10/C-11/C-13/C-14; H-13 (δH 7.73–

7.65) with C-11/C-14/C-15; and H-14 (δH 7.64–7.56 and δC 119.9) with C-9 (C═O, 

δC 184.0)/C-10/C-11/C-12/C-13/C-15/C-16 (C═O, δC 181.6) and 
1
H–

1
H COSY cross-

correlations of H-12/H-13/H-14, suggesting the presence of a 5-hydroxy-1,4-naphthoquinone 

ring system (Figure 19). 

The HMBC correlation of H-1 [δH 5.74 (s), δC 92.2)] with C-2/C-3/C-4/C-7/C-8/C-

16/C-17; H-7 [δH 1.59 (s), δC 19.7] with C-1/C-3/C-4; and H-2 [δH 5.72 (s), δC 111.7)] with 

C-1/C-3/C-4/C-5 demonstrated presence of two fused tetrahydrofuran moieties (head-to-tail) 

(Figure 19). 
1
H–

1
H COSY cross-peaks of H-5 [δH 4.50 (q, J = 6.4 Hz)] with H-6 [δH 1.34 

(d, J = 6.1 Hz), δC 17.9] and HMBC correlation of H-5 with C-2/C-3/C-4, in combination 

with an unusual downfield shift of the C-2 signal (δH 5.72, δC 111.7, flanked by two 

oxygens), led us to assign the C-2 and C-3 fused oxetane and in turn provided the skeletal 

assignment of 1 possessing an unprecedented pentacyclic oxeto-furo-furo-naphthoquinone 
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(Figure 19, Table 1). Initially, relative stereochemistry of 1 was determined based on NOESY 

correlations between H-1/H-2/H-6/H-7, which revealed that these protons were cofacial 

(Figure 19B, Figure 24). 

 

Figure 19. (A) Key HMBC correlations, (B) key NOESY correlations, and (C) ORTEP 

diagram of compound 1. 

 

A crystal of Enceleamycin A (1) was prepared from cold DMSO and CH3CN, which 

led to the establishment of the complete structure and absolute stereochemistry. With 50% of 

probability level, the displacement ellipsoids were drawn. The hydrogen atoms are depicted 

as small spheres having arbitrary radii. Through X-ray diffraction tests using Cu radiation, 

anomalous dispersion effects (Flack parameter, 0.06(18)) determined the absolute 

configuration. Single-crystal X-ray diffraction data showed that Enceleamycin A (1) have R, 

R, R, S, and R configurations at positions C1, C2, C3, C4, and C5, respectively (Figure 19C). 

Enceleamycin A (1): yellow powder (5.25 g from 50 L, in 10.5% yield); [α]
27

D +51.60 

(c 0.64, CH3CN); UV (CH3CN) λmax (log ε) 202 (1.70), 222 (1.36), 289 (0.85), 416 (0.33) 

nm; IR (neat) (νmax) 3437, 2891, 2821, 2103, 1641, 1443, 1212, 764 cm
–1

; melting point 171–

173 °C; HR-ESI m/z [M + H]
+
 (calculaated for C17H15O7 331.0810; found 331.0812). 
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Figure 20. Structure of Compound-1. 

Table 1. 1D and 2D NMR (500 MHz) data of Enceleamycin A (1) in CD3CN. 

Position δH (J in Hz) δC DEPT NOESY COSY HMBC 

1 5.74 (s, 1H) 92.2 92.2 (CH) 
H-7, 

δ1.59 
 

(C-2, δ111.7), (C-3, δ87.4), (C-4, 

δ100.2), (C-7, δ19.7), (C-8, δ161), 

(C-16, δ181.6),(C-17, δ126.0), 

2 

 
5.72 (s, 1H) 111.7 

111.7 

(CH) 

H-6, 

δ1.34 
 

(C-1, δ92.2), (C-3, δ87.4) (C-4, 

δ100.2), (C-5, δ75.9), 

3  87.4     

4  100.2     

5 
4.50 (q, J = 

6.4 Hz, 1H) 
75.9 75.9 (CH) 

H-6, 

δ1.34 
H-6, δ1.34 

(C-2, δ111.7), (C-3, δ87.4), (C-4, 

δ100.2) 

6 
1.34 (d, J = 

6.1  Hz, 3H) 
17.9 17.9(CH3) 

H-2, 

δ5.72 
H-5, δ4.50 

C-2, δ111.7),(C-3, δ87.4), (C-4, δ 

100.2) 

7 1.59 (s, 3H) 19.7 19.7(CH3) 
H-1, 

δ5.74 
 

(C-1, δ92.2), (C-3, δ87.4), C-4, 

δ100.2) 

8  161.0     

9  184.0     

10  116.3     

11  162.9     

12 
7.25 (d, J = 

8.4  Hz  1H) 
124.9 124.9(CH)  

H-12 δ7.73-

7.65 

(C-9, δ184.0),(C-10, δ116.3), (C-

11, δ162.9), (C-13, δ138.6), (C-14, 

δ119.9) 

13 
7.73-7.65 (m, 

1H) 
138.6 138.6(CH)  

H-12, δ7.25, 

H-14, δ7.64-

7.56 

(C-11, δ162.9), (C-14, δ119.9),(C-

15, δ134.4), 

14 
7.64-7.56 (m, 

1H) 
119.9 119.9(CH)  

H-13, δ7.73-

7.65 

(C-9, δ184.0), (C-10, δ116.3), (C-

11, δ162.9), (C-12, δ124.9), (C-13, 

δ138.6),(C15, δ134.4) (C-16, 

δ181.6), 

15  134.4     

16  181.6     

17  126.0     

OH (C-

11) 

11.51 (br.s, 1 

H) 
    

(C-10, δ 116.3), (C-11, δ 162.9), 

(C-12,  δ124.9) 
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Figure 21. 
1
H NMR spectrum (500 MHz) of Compound-1 in CD3CN. 
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Figure 22. DEPT NMR spectrum (125 MHz) of Compound-1 in CD3CN. 
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Figure 23. 
13

C NMR spectrum (125 MHz) of Compound-1 in CD3CN. 

 

 

Figure 24. NOESY NMR spectrum (500 MHz) of Compound-1 in CD3CN. 
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Figure 25. COSY NMR spectrum (500 MHz) of Compound-1 in CD3CN. 

 

 

Figure 26. HSQC NMR spectrum (500 MHz) of Compound-1 in CD3CN. 
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Figure 27. HMBC NMR spectrum (500 MHz) of Compound-1 in CD3CN. 

 

 

Figure 28. HR-ESIMS of Compound -1. 
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Figure 29. UV-Visible and CD spectrum of Compound-1. 

 

 

Figure 30. ORTEP view of Compound 1. 
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3.4.2 Structure elucidation of Compound-2 (Enceleamycin B) 

 

The compound-2 named as Enceleamycin B (2) isolated as a yellow powder. The molecular 

formula was found to be C17H16O9 based on HRMS (ESI) analysis, requiring 10 indices of H 

deficiency. The ECD spectrum showed negative Cotton effect at 273 nm (CD, 0.053 mg/mL, 

CH3CN), λmax (Δε) 273 (−43.54), 243 (26.11) nm. The 1D and 2D NMR spectrum 

of compound 2 was overall close to compound 1, with few exceptions. The 
1
H NMR data 

for 2 (Table 2) in DMSO-d6 show two methyls (δH 1.01 (d, J = 6.6 Hz) and 1.58 (s)), six 

methines [three oxygen-attached sp
3
 (δH 3.94 (q, J = 6.6 Hz), 4.34 (s), and 5.01 (d, J = 4.3 

Hz) and three sp
2
 (δH 7.32 (dd, J = 0.83, 7.48 Hz), 7.56 (dd, J = 0.85, 7.48 Hz), and 7.75 (m)], 

one phenolic [δH 10.96 (br s, 1H)] proton, and three hydroxy protons [δH 6.93 (d, J = 4.3 Hz) 

for C2-OH, 5.04 (s) for C8-OH, and 7.09 (s) for C-17-OH]. The 
13

C NMR spectrum (Table 2) 

of 2 in DMSO-d6 had 17 carbon signals. Using DEPT and HSQC analyses established the 

presence of two methyls [δC 14.0 (C-6), 18.7 (C-7)], six methines [three oxygenated 

sp
3
 δC 3.94 (C-5), 86.5 (C-1), and 96.3 (C-2) and three olefinic sp

2
 δC 123.4, 136.9, and 

119.3], and four carbons [with oxygenated δC 80.1 (C-3), 82.2 (C-17), 91.2 (C-4), and 102.9 

(C-8)]. The existence of two new oxygenated carbon signals (δC 102.9 for C-8 and δC 82.2 for 

C-17) and a downfield resonance of carbonyl carbons C-9 (δC 188.5) and C-16 (δC 191.4) 

compared to compound 1 [C-9 (δC 184.0) and C-16 (δC 181.6)] led to tentative assignment of 

structure of 2 as the 8,17-dihydroxylated naphthoquinone segment of 1 (Figure 31, Table 2). 

 

 

Figure 31. (A) Key HMBC correlations; (B) key NOESY correlations of compound 2. 

The HSQC data determined all 
1
J (

1
H–

13
C) connectivities. COSY and HMBC analyses in 

DMSO-d6 confirmed the remaining skeletal connectivities. Particularly, HMBC correlation of 

H-1 (δH 4.43) with C-2/C-3/C-4/C-7/C-8/C-16 and H-7 (δH 1.58) with C-1/C-3/C-4 validated 
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the right-side furo-furan segment. In contrast to compound 1, 
1
H NMR data (in DMSO-d6) of 

compound 2 showed a doublet for H-2 (δH 5.01, J = 4.3 Hz) via coupling with the C-2-OH 

proton (δH 6.93, J = 4.3 Hz), which led to the proposition of a cyclic hemiacetal right part 

instead of a furo-oxetane fused system. The formation of a cyclic hemiacetal could be 

attributed to the enzymatic (Brønsted acid-mediated) opening of the fused furo-oxetane 

bicyclic ring system of compound 1 followed by subsequent epoxide formation involving C-3 

and C-5 hydroxy groups (vide infra). 

This proposed structure was established through HMBC correlation of C-5–H with C-

2/C-3/C-6 and of C-2–H with C-5/C-1/C-3 and subsequently by HSQC and NOESY 

analyses. NOESY correlation of H-1 with H-7 (methyl) and of H-7 (methyl) with H-1/H-5/C-

2–OH indicated the cofacial nature of all these groups. NOESY correlation of H-2 with H-6 

(methyl) revealed the trans geometry of 1,2-substituents of the right-side tetrahydrofuran 

(THF) ring. Further, the NOESY correlation of H-1 with C-17–OH indicated the cofacial 

relation of these groups, which indirectly established the trans geometry of the C-8–C-17 

vicinal diol. Based on the absolute stereochemistry of compound 1, NOESY correlations 

observed, and anticipating the same biosynthetic origin for 1 and 2, the stereochemistry of 

compound 2 was assigned as 1R, 2S, 3R, 4S, 5R, 8S, 17S (Figure 31). 

Enceleamycin B (2): yellow powder (0.186 g from 50 L, in 0.37% yield); 

[α] 
27

D +93.35 (CH3CN, c 0.53); UV (CH3CN) λmax (log ε) 232 (2.65), 345 (0.60) nm; IR 

(neat) (νmax) 3435, 2879, 2103, 1640, 1445, 1338, 1200, 1056, 769 cm
–1

 ; melting point 187–

189 °C; HR-ESI m/z [M+ Na]
+
 (calcd for C17H16O9Na 387.0683; found 387.0687). 
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Figure 32. Structure of compound-2. 

Table 2.1D and 2D NMR(500 MHz) data of Enceleamycin B (2) in DMSO-d6. 

Position δH (J in Hz) δC DEPT NOESY COSY HMBC 

1 4.43 (s, 1H), 86.5 86.5 (CH) H-7, 1.58, H-

17, 7.09 

 (C-7, δ18.7), , (C- δ4, 91.1), 

(C-8, δ102.9), (C-16, δ191.4), 

(C-17, δ82.2) 

2 

 

5.01 (d, J = 4.3 

Hz, 1H) 

96.3 96.3 (CH) H-6, 1.01 3 (OH), 6.93 (C-1, δ86.5), (C-2, δ96.3), (C-

5, δ71.0) 

3  80.1     

4  91.2     

5 3.94 (q, J = 6.6 

Hz,1H), 

71.0 71.0 (CH) H-6, 1.01, H-

7, 1.58 

H-6, 1.01 (C-2, δ96.3), (C-3, δ80.1), (C-

6, δ 14.0) 

6 1.01 (d, J = 6.6 

Hz, 3 H)) 

14.0 14.0 (CH3) H-5, 3.94, H-

2, 5.01 

H-5, 3.94,  (C-3, δ80.1), (C-5, δ71.0),  

7 1.58 (s, 3 H) 18.7 18.7 (CH3) H-1, 4.43  (C-1, δ86.5), (C-4, δ91.1) 

8  102.9     

9  188.5     

10  117.1     

11  160.9     

12 7.32 (dd, J = 

0.83, 7.48 Hz, 

1H), 

123.4 123.4 (CH)  H-13, 7.75 (dd, 

1H) 

(C-10, δ117.1), (C-11, δ160.9) 

13 7.75 (t, J = 7.91 

Hz 1H) 

136.9 136.9 (CH)  H-12, 7.32 (dd, 

1H), H-14, 7.56 

(dd, 1H), 

(C-11, δ160.9), , (C-13, 

δ136.9), (C-14, δ119.3),(C-15, 

δ136.4) 

14 7.56 (dd, J = 

0.85, 7.48 Hz 

1H), 

119.3 119.3 (CH)  H-13, 7.75 (dd, 

1H) 

(C-9, δ188.5)(C-10, δ117.1), 

(C-12, δ123.4), , (C-16, δ191.4) 

15  136.4     

16  191.4     

17  82.2     

3 (OH) 6.93 (d, J = 4.3 

Hz, 1H) 

  H-7, 1.58, H-

1, 4.43, H-

2,5.01 

H-2, 5.01 (C-3, δ80.1), (C-17, δ82.2), 

8 (OH) 5.04 (s, 1H)      

17 

(OH) 

7.09 (s, 1H)   H-7,1.58, H-

1, 4.43 

 (C-2, δ96.3), (C-8, δ102.9), (C-

9, δ188.5), (C-16, δ191.4) 

11(OH) 10.96 (s., 1H)      
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Figure 33.
1
H NMR spectrum (500 MHz) of Compound-2 in DMSO-d6. 
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Figure 34. DEPT NMR spectrum (125 MHz) of Compound-2 in DMSO-d6. 
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Figure 35. 
13

C NMR spectrum (125 MHz) of Compound-2 in DMSO-d6. 

 

 

Figure 36. NOESY NMR spectrum (500 MHz) of Compound-2 in DMSO-d6. 
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Figure 37. COSY NMR spectrum (500 MHz) of Compound-2 in DMSO-d6 

 

 

Figure 38. HSQC NMR spectrum (500 MHz) of Compound-2 in DMSO-d6.
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Figure 39. HMBC NMR spectrum (500 MHz) of Compound-2 in DMSO-d6. 

 

 

 

Figure 40. HR-ESIMS of Compound-2. 
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Figure 41. UV-Visible and CD spectrum of Compound-2. 

 

3.4.3 Structure elucidation of Compound-3 (Enceleamycin C) 

 

Compound 3 (Enceleamycin C) was purified as yellow powder. The molecular formula 

of 3 was identified as C17H14O7 through HRMS (ESI) analysis, requiring 11 indices of H 

deficiency. The ECD spectrum showed negative Cotton effect at 302 nm (CD, 0.026 mg/mL, 

CH3CN), λmax (Δε) 302 (−34.63), 276 (18.24) nm. Similar to compound 1, 

compound 3 contains a furo-naphthoquinone skeleton, with (Table 3) two methyl groups 

[δH 1.13 (d, J = 6.9 Hz) and 1.40 (s)], five methines [two oxygenated (δH 3.89 (q, J = 6.4 Hz) 

and 5.54 (s) and three olefinic hydrogens [δH 7.27 (dd, J = 1.1, 8.4 Hz), 7.72 (dd, J = 7.6, 8.4 

Hz), and 7.61 (dd, J = 1.0, 7.4 Hz)], and one phenolic proton [δH 11.51 (br s, 1H)]. 
13

C NMR 

(Table 3), DEPT, and HSQC analyses showed 17 carbon signals, including two methyls 

(δC 13.3, 17.7), six methines [three olefinic (δC 125.0, 119.9, and 138.7), two sp
3
 oxygenated 

(δC 77.7 and 84.5), one aldehyde (δC 202.3)], and nine carbons [three olefinic (δC 116.5, 

123.3, and 134.5), two olefinic oxygenated (δC 162.3 and 162.9), two sp
3
 oxygenated (δC 88.6 

and 98.7), and two carbonyl carbons (δC 184.0 and 181.8)]. A shielded H-2 signal (δ 3.89) 

and the presence of an aldehyde group (δH 9.74 and δC 202.2) led us to anticipate the 

reorganization (opening) of the strained oxetane ring system in compound 3 compared 

to 1 (Figure 42). 

Next, systematic 2D NMR analyses were performed to elucidate the complete 

structure and relative stereochemistry of compound 3. As observed for 1, HMBC correlations 

of H-12 with C-10/C-11/C-13/C-14; H-13 with C-11/C-14/C-15; and H-14 with C-10/C-

12/C-13/C-15/C-16/C-17 confirmed the presence of the naphthoquinone moiety. HMBC of 

H-1 with C-2/C-3/C-7/C-8/C-16/C-17; H-2 with C-3/C-5; H-6 with C-2/C-3; H-7 (methyl) 
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with C-1/C-3/C-4; and H-5 with C-2/C-3/C-4 suggested the furo-furo-naphthoquinone 

skeleton possessing hydroxy-aldehyde functionalities at C-3.  

 

Figure 42. Key HMBC and NOESY correlations of compound 3. 

 

The presence of NOESY correlation of H-1/H-5/H-6/H-7 revealed the relative 

stereochemistry of 3 as presented in Figure 42 (B). Based on the absolute stereochemistry of 

Enceleamycin A (1), the absolute stereochemistry for 3 was tentatively assigned as 1R, 2R, 

3R, 4S (Figure 42). 

 

Enceleamycin C (3): yellow powder (0.032 g from 50 L, in 0.064% yield); [α]
27

D +84.26 

(c 0.26, CH3CN); UV (CH3CN) λmax (log ε) 202 (1.49), 216 (1.31), 288 (0.73), 418 (0.27) 

nm; IR (neat) (νmax) 3416, 3013, 1522, 1441, 1336, 1214, 1151, 939, 765 cm
–1

 ; melting point 

194–197 °C; HR-ESI m/z [M + Na]
+
 (calcd for C17H14O7Na, 353.0630; found 353.0632). 
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Figure 43. Structure of compound-3. 

Table 3. 1D and 2D NMR(500 MHz) data of Enceleamycin C (3) in CD3CN. 

Position δH (J in Hz) δC NOESY COSY HMBC 

1 5.54 (s, 1H) 84.5 (CH) H-6  δ1.40  (C-2, δ77.7),(C-3, δ88.6), 

(C-7, δ17.7),(C-8,  δ162.3),  

C-16, δ 181.8),(C-17, 

δ123.3),  

2 

 

3.89 (q,  J = 

6.4 Hz, 1H) 

77.7 (CH)  H-5,  δ 1.13 (C-3, δ88.6), (C-5, δ202.3) 

3  88.6    

4  98.7    

5 9.74 (s, 1H) 202.3 H-5,  δ 1.13, H-6,  

δ1.40, H-1,  δ 5.54 

  (C-2, δ77.7), (C-3, δ88.6), 

(C-4, δ98.7) 

6 1.13 (d,  J = 

6.9 Hz, 3H) 

13.3 (CH3) H-2 δ3.89, H-7 δ 

9.74 

H-2,  δ 3.89 (C-2, δ77.7), (C-3, δ88.6) 

7 1.40 (s, 3H) 17.7 (CH3) H-1,  δ 5.54, H-7,  δ 

9.74 

 (C-1, δ84.5), (C-3, δ88.6), 

(C-4, δ98.7) 

8  162.3    

9  184.0    

10  116.5    

11  162.9    

12 7.27 (dd,  J = 

1.1, 8.4 Hz, 

1H) 

125.0 (CH)  H-13,  δ  

7.72 

(C-10, δ116.5), (C-11, 

δ162.9), (C-13, δ138.7), (C-

14, δ119.9)   

13 7.72 (dd,  J = 

7.6, 8.4 Hz, 

1H) 

138.7 (CH)  H-12,  δ 

7.27, H-14,  

δ 7.61 

(C-11, δ162.9), (C-14, 

δ119.9)   (C-15, δ134.5),  

14 7.61 (dd,  J = 

1.0, 7.4 Hz, 

1H), 

119.9 (CH)  H-13,  δ 

7.72 

(C-10, δ116.5), (C-12, 

δ125.0), (C-13,  δ138.7), (C-

15, δ134.5), (C-16, δ181.8), 

(17,  δ123.3) 

15  134.5    

16  181.8    

17  123.3    

OH (C-

11) 

11.51 (br. s., 

1H) 
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Figure 44. 
1
H NMR spectrum (400 MHz) of Compound-3 in CD3CN. 

200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

ACETONITRILE-d3

2
0

2
.1

9

1
3

8
.5

1

1
2

4
.8

1

1
1

9
.7

3

8
4

.3
1

7
7

.5
4

1
7

.5
2

1
3

.1
3

1
.7

2
1

.5
6

1
.3

9

 

Figure 45. DEPT NMR spectrum (100 MHz) of Compound-3 in CD3CN. 
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Figure 46. 
13

C NMR spectrum (100 MHz) of Compound-3in CD3CN. 

 

Figure 47. NOESY NMR spectrum (400 MHz) of Compound-3in CD3CN. 
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Figure 48. COSY NMR spectrum (400 MHz) of Compound-3in CD3CN. 

 

Figure 49. HSQC NMR spectrum (400 MHz) of Compound-3 in CD3CN. 
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Figure 50. HMBC NMR spectrum (400 MHz) of Compound-3 in CD3CN. 

 

Figure 51. HR-ESIMS of Compound-3. 
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Figure 52. UV-Visible and CD spectrum of Compound-3. 

 

Plausible biosynthetic conversion of Enceleamycin A 

 

A plausible biosynthetic conversion of Enceleamycin A (1) into its structurally close 

congeners 2 and 3 is presented in scheme 1. The initial enzymatic (Brønsted acid-mediated) 

opening of the strained oxetane fused ketal moiety of 1 would deliver the trihydroxy 

aldehyde A, which subsequently undergoes ring-closure via two distinct pathways (paths A 

and B). 

 

Scheme 1. Plausible Biosynthetic Conversion of Compound 1 into Compounds 2 and 3. 
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Acid-mediated intramolecular 1,2-addition (5-exo-trig) of the C-1 hydroxy onto the aldehyde, 

followed by epoxide formation through C-5–OH activation (inversion at C-5), and 

dihydroxylation of the C-8–C-17 olefinic functionality of A would lead to the formation of 

Enceleamycin B (2) (Scheme 1, path A). In an alternative route, intermediate A would 

undergo epoxide formation through C-3–OH activation (inversion at C-3) to give the 

corresponding epoxy aldehyde intermediate D, which could subsequently undergo 5-exo-tet 

ring-closure with C-1–OH (via epoxide opening) to furnish Enceleamycin C (3) (Scheme 1, 

path B). 

3.4.4 Structure elucidation of Compound-4 (N-hydroxypyrazinone acid) 
 

A novel N-hydroxypyrazinone acid (compound 4) was isolated from a common ethyl acetate 

extract as a white hairy crystalline solid, in addition to Enceleamycins A–C (1–3). Molecular 

formula of 4 was determined to be C14H22N2O4 by HRMS, requiring 5 indices of H 

deficiency.  The ECD spectra displayed positive Cotton effect at 241 nm (CD, 0.054 mg/mL, 

CH3CN), λmax (Δε) 241 (55.67), 221 (−23.32) nm. 
1
H NMR analysis of 4 showed the 

presence of five methyls [δH 0.91 (s, J = 6.8 Hz), 0.93 (s, J = 6.8 Hz), 1.44 (s, J = 7.2 Hz), 

1.46 (d, J = 7.2 Hz), and 1.51 (d, J = 7.2 Hz)], three methines [δH 2.17 (m, 1H), 3.42–3.28 

(m), and 3.98 (q, J = 6.8 Hz)], and a methylene [δH 2.69 (d, J = 6.8 Hz)]. The 
13

C and DEPT 

NMR spectra showed 14 resonating signals, including five methyls (δC 17.6, 17.6, 18.9, 19.1, 

and 22.6), three sp
3
 methines (δC 28.8, 26.7, and 42.4), one methylene (δC 41.5), and five 

nonprotonated carbons [three olefinic (δC 132, 138.2, and 151.3), one amide (δC 151.1), and 

one for a carboxylic acid functionality (δC 177.9)]. Combined 
1
H and 

13
C NMR, DEPT, 

HSQC, and COSY analyses were used to establish all carbon and hydrogen connectivities 

(Figure 53, Table 4). 

COSY (
1
H–

1
H) correlations of H-5 [δH 3.42–3.28 (m, 1H)] with H-6 (methyl)/H-7 

(methyl) and HMBC correlation of H-5 with C-2/C-6/C-7 revealed the presence of an 

isopropyl group. Similarly, COSY correlations of H-11 [δH 2.69 (d, J = 6.8 Hz, 2H)] with H-

12 [δH 2.17 (m, 1H)] and of H-12 with H-13 and H-14 suggested the presence of an isobutyl 

chain. The H-8 [δH 3.89 (q, J = 6.8 Hz, 1H)] showed a COSY correlation with H-9 (methyl, 

δH 1.51 (d, J = 7.2 Hz, 3H)) and HMBC correlations with C-3/C-9/C-10, indicating presence 

of a propionic acid moiety (Figure 53A). All these correlations led us to conclude that 

isopropyl, isobutyl, and propionic acid groups were attached to the pyrazinone ring. Further, 

key NOESY cross-correlations of −OH/H-6/H-7/H-9/–CO2H and H-11/H-12/H-13/H-14 have 

strongly supported our structural assignment.  



Chapter 3                                                     Production, purification and structure elucidation 

PhD Thesis Page 100 
 

 

 

Figure 53. (A) Key HMBC correlations, (B) key NOESY correlations, and (C) ORTEP 

diagram of compound 4. 

 

Moreover, the complete structure and absolute stereochemistry of 4 were rigorously 

established using single-crystal X-ray crystallography analyses (Figure 53). The 

recrystallization of N-hydroxypyrazinone acid (4) was carried out in methanol. With the 30% 

of probability level, the displacement ellipsoids were drawn. The hydrogen atoms are 

displayed as small spheres with arbitrary radii. Single-crystal X-ray diffraction data analysis 

determined the S configurations at the C8A, C8B, C8C, and C8D positions in four different 

conformers of compound 4 (Figure 64). 

 

N-Hydroxypyrazinone acid (4): white crystalline solid (0.146 g from 50 L, in 0.29% yield); 

[α]
27

D +97.84 (c 0.6, CH3CN); UV (CH3CN) λmax (log ε) 205 (1.26), 330 (0.97), 238 (0.97) 

nm; IR (neat) (νmax) 3423, 2879, 2104, 1639, 1443, 1335, 1212, 1038, 941, 766 cm
–

1
 ; melting point 108–110 °C; HR-ESI m/z [M + H]

+
 (calcd for C14H23N2O4, 283.1651; found 

283.1652). 
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Figure 54. Structure of compound-4. 

Table 4. 1D and 2D NMR (500 MHz) data of N-Hydroxypyrazinone acid (4) in CDCl3. 

Position δH (J in Hz) δC NOESY COSY HMBC 

1  151.1    

2  138.2    

3  132    

4  151.3    

5 3.42-3.28  

(m, 1H) 

26.7 (CH) H-17,  δ 1.46,  H-

8,  δ 3.98 

H-6,  δ 1.46 C-2,  δ 138), (C-6,  δ 

19.1), (C-7,  δ 18.9) 

6 1.46 (d,  J = 7.2 Hz, 

3H)a 

19.1 (CH3) H-8,  δ 3.98 H-5,  δ 3.36 (C-2, δ138.2),(C-6, 

δ19.1), (C-12, δ28.8),  

7 1.44 (s,  J = 7.2 Hz, 

3H)a 

18.9 (CH3) H-13,  δ 0.93, H-5, 

δ 3.3,  

H-5,  δ 3.36  

8 3.98 (q,  J = 6.8 Hz, 

1H) 

42.4 (CH) H-6,  δ 1.46, H-5-

3.32,  

H-9,  δ 1.51 (C-3, δ132.0), (C-7, 

δ18.9), (C-10, 

δ177.9) 

9 1.51(d,  J = 7.2 Hz, 

3H) 

22.6 (CH3) H-8 δ 3.98,  H-8,  δ 3.98 (C-3, δ132), (C-10, 

δ177.9),(C-11, δ41.5) 

10  177.9    

11 

 

2.69 (d,  J = 6.8 Hz, 

2H) 

41.5 (CH2) H-13-0.93, H-12-

2.17 

H-12,  δ 2.17 (C-4, δ151.1), (C-5, 

δ22.6) 

12 2.17 (m, 1H) 28.8 (CH) H-13,  δ0.93, H-

11,  δ 2.69 

H-14,  δ0.9, H-

11,  δ 2.69 

(C-4, δ151.31),(C-8, 

δ42.4), (C-9, δ22.6) 

13 0.93 (d,  J = 6.8 Hz, 

3H)b 

17.6 (CH3)  H-12,  δ 2.17 (C-8, δ42.4),(C-9, 

δ22.6),  (C-12, 

δ28.8),  

14 0.91 (d,  J = 6.8 Hz, 

3H)b 

17.6 (CH3) H-7,  δ1.44, H-12  

δ2.17, H-11,  δ 

2.69,  

H-12,  δ 2.17 (C-8, δ42.4),(C-9, 

δ22.6),  (C-12,  

δ28.8),  

N-OH 10.38 (br. s; 1H)     

COOH 10.48 (br. s., 1H)     
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Figure 55. 
1
H NMR spectrum (400 MHz) of Compound-4 in CDCl3. 
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Figure 56. DEPT NMR spectrum (100 MHz) of Compound-4 inCDCl3. 
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Figure 57.
13

C NMR spectrum (100 MHz) of Compound-4 in CDCl3. 

 

Figure 58. NOESY NMR spectrum (400 MHz) of Compound-4 in CDCl3. 
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Figure 59. COSY NMR spectrum (400 MHz) of Compound-4 inCDCl3. 

 

 

Figure 60. HSQC NMR spectrum (400 MHz) of Compound-4 in CDCl3. 
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Figure 61. HMBC NMR spectrum (400 MHz) of Compound-4 in CDCl3. 

 

Figure 62. HR-ESIMS of Compound-4. 
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Figure 63. UV-Visible and CD spectrum of Compound-4. 

 

 

Figure 64. ORTEP view of Compound-4. 
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Conclusion 

 

Amycolatopsis are rich source of bioactive compounds and its exploitation under different 

growth condition can help in isolation of novel antimicrobial compounds. The screening 

under different growth condition showed that the culture produce bioactive compounds under 

liquid static and agar plate-based incubation condition. The TLC and bio-autography study 

showed the similar major bioactive yellow pigment compound was present in both the static 

and plate based crude extract. Large scale fermentation of 50 L was carried out for 

Amycolatopsis sp. WGS_07 under static condition. The bioactivity guided purification of the 

52g crude extract led to the discovery of three new furo-naphthoquinone-derived 

Enceleamycins A-C (1-3), and one novel N-hydroxypyrazinone acid (4). The major 

compound Enceleamycin A (1) along with Enceleamycin B (2) was also isolated from the 

agar plate-based incubation condition. Enceleamycin A (1) has a complex unprecedented 

pentacyclic oxeto-furo-furo-naphthoquinone skeleton. In contrast, Enceleamycins B (2) 

features dihydroxylated naphthoquinone segment, and Enceleamycins C (3) has the oxetane 

rearranged moiety with aldehyde group attached. 
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Bioactivity of Enceleamycin A-C and N-hydroxypyrazinone acid  

 

Abstract 

 

Naphthoquinones are naturally distributed compounds derived from naphthalene ring system 

containing two carbonyl groups. Naphthoquinones possess several bioactivities especially 

antibacterial and anticancer. With the rise of resistance both by the bacteria and the cancer 

cells there is a need of novel molecules to tackle the issue of drug resistance. The presence of 

bioactivity in several furo-naphthoquinone substructures prompted to examine antibacterial 

and anticancer activity of isolated compounds.  

The first section of chapter deals with antibacterial study of the isolated 

Enceleamycins A, B, C and N-hydroxypyrazinone acid. The study includes the detail 

antibacterial activity of Enceleamycin A towards methicillin resistant S. aureus (MRSA). The 

experiment includes MIC determination, growth kinetics, synergistic activity and biofilm 

inhibition in presence of Enceleamycin A. The increase in ROS level in MRSA after 

treatment with Enceleamycin A showed compounds ability of ROS formation inside the 

bacterial cells. Overall, the study presents the essential insights of Enceleamycin A for the 

antibacterial activity against MRSA. 

The second section of the chapter involves the anticancer activity of the isolated 

Enceleamycins A-C and N-hydroxypyrazinone acid. As the compound Enceleamycin A 

displayed potential anticancer activity, particularly against the MDA-MB-231 (TNBC) cells, 

the detailed anticancer properties were evaluated. The important assays like anti-migration 

inhibition ability, ROS formation and apoptosis cell death by Enceleamcin A conforms its 

anticancer potential. The in silico molecular docking and MD simulation showed that 

Enceleamycin A can be a potential AKT2 inhibitor candidate which was also proven by in 

vitro assay. Further the in silico physicochemical and ADMET studies showed good 

bioavailability and drug-likeness of Enceleamycin A. No prominent hemolytic effect showed 

by Enceleamycin A on human RBCs. Overall, the study presents the essential insights of 

Enceleamycin A for the anticancer activity particularly against TNBC cells. 
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1. Introduction 

 

1.1 Naphthoquinones 

 

Quinones represent a class of naturally distributed metabolites in animals, plants, and 

microorganisms. Quinones are involved in essential phases of living beings, mainly at the 

levels of photosynthesis (plastoquinones), respiratory chains (ubiquinones), and controlling 

the action on blood coagulation (naphthoquinones-types of Vitamin K). Interest in quinones 

has intensified for their crucial roles in energy production of the cells respiratory chain and 

their prominence in various pharmacological studies (Silva et al. 2003). The bioactivities 

reported from quinones are anticancer, antifungal, antibacterial, anti-inflammatory, antiviral, 

and antiparasitic (Sasaki et al. 2002; Huang et al. 1998). Quinones are source of many 

cytotoxic compounds of the anthracycline group used in cancer therapy, like doxorubicin, 

daunorubicin, and mitoxantrone (Pereyra et al. 2019). The cytotoxicity of quinones is 

associated with producing reactive oxygen species (ROS) and hampering human DNA 

topoisomerase I and II (Song et al. 2000). 

Quinones are chemically classified based on the different arrangements of an aromatic 

system supporting quinone ring, i.e., benzoquinones (benzene ring), naphthoquinones 

(naphthalene ring), and anthraquinones (anthracene ring, linear or angular). Naphthoquinones 

are further categorized into two groups based on configurations of carbonyl groups, 1,4-

naphthoquinones having spacing of two carbons between carbonyls or 1,2-naphthoquinones 

that have an adjacent functional group (Sieglar, 1998). The isomers differ in their 

physicochemical properties because of the difference in their pharmacological actions (Silva 

et al. 2003). 

 

Figure 1. Quinones classification based on the aromatic ring 
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1.2 Biosynthesis of naphthoquinones  

 

1.2.1 Type II polyketide synthases (PKSs) 

 

The aromatic polyketides in actinobacteria with diverse structures are generally bio-

synthesized by type II PKSs. Type II PKSs are complex of monofunctional proteins that 

contain key elements needed for biosynthesis of polyketides, namely Ketosynthases (KS), 

acyl carrier protein (ACP) and chain length factor (CLF). The term "minimal PKS" refers to 

one set of monofunctional proteins (Sattely et al. 2008; Das and Khosla, 2009). A 

heterodimer of KS and CLF are formed to catalyze the iterative decarboxylative condensation 

process between acyl-ACP and malonyl-ACP, which results in the synthesis of a polyketide 

chain. To create a final polyketide product, tailoring enzymes like cyclases and 

oxidoreductases further modify the formed polyketide chain (Sattely et al. 2008; Katsuyama 

et al. 2016).  

Katsuyama et al. have showed that Isofuranonaphthoquinones (IFNQs) like JBIR-76 

and JBIR-77 were purified from Streptomyces sp. RI-77. The analysis of genome and gene 

disruption has demonstrated that JBIR-76 and JBIR-77 are produced by the type II PKS (ifn 

gene cluster). Type II PKS integrates octaketide intermediate from precursors of malonyl 

CoA. Baeyer-Villiger monooxygenase stimulates critical C–C bond cleavage, resulting in 

distinctive scaffolds of JBIR-76 and JBIR-77 (Katsuyama et al. 2016).  

 

 

Figure 2. Biosynthesis of naphthoquinones frenolicin B and nanaomycin by PKS-II (Moore 

and Hertweck, 2002) 
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1.2.2 Type III polyketide synthases (PKSs) 

 

Meroterpenoid-type naphthoquinones are of mixed biosynthetic origin, i.e., a combination of 

terpenoid building blocks and polyketides to form various structural analogs (Geris and 

Simpson, 2009). Several actinomycete strains produce polyketide-isoprenoid hybrid 

compounds, like naphterpin, furaquinocin, napyradiomycin, flaviogeranin, and marinone, all 

of which are display various bioactivities (Shen et al. 2020; Kawasaki et al. 2006). The 

critical aromatic polyketide backbone of these natural products is 1,3,6,8-

tetrahydroxynaphthalene (THN), which is biosynthesized by THN synthase, a type III PKS 

homodimer by the condensation and aromatization of five malonyl coenzyme A subunits 

(Funa et al. 1999; Austin et al. 2004). THN synthase has been involved in various 

meroterpenoid biosynthesis, like Fur1 in furaquinocins and Mcl17 in merchlorins. 

Prenyltransferase enzymes catalyze the attachment of various prenyl groups to the THN at 

nucleophilic C-2 and C-4 positions by an electrophilic aromatic substitution reaction. The 

prenyl moieties, including prenyl, geranyl, and farnesyl pyrophosphates, play an essential 

role in naphthoquinones structural diversity and bioactivity (Tello et al. 2008). Further 

modifications like halogenation, oxidative dearomatization, hydroxylation, methylation, and 

hydroxyketone rearrangements by multiple modifying enzymes like vanadium-dependent 

haloperoxidase (VHPO) further enrich and give molecular architecture to the complex 

naphthoquinone structure (Winter and Moore, 2009). 

In 2006, Kawasaki et al. performed heterologous expression in Streptomyces 

lividans TK23 and identified biosynthetic gene cluster of Furaquinocin A, a polyketide-

isoprenoid hybrid compound. The genes function were estimated using sequence similarity 

with the translated product, fur1 (THN synthase), fur4 (C-methyltransferase), fur6 (O-

methyltransferase), fur7 (prenylation enzyme) and fur8 (P450 enzyme) (Kawasaki et 

al. 2006). Based on their chemical structure, Shen et al. revealed proposed biosynthetic 

pathway of flaviogeranin congeners isolated from Streptomyces sp. B9173. Type III PKS 

choose malonyl-coenzyme A as starting unit and four additional extensions are carried out to 

produce pentaketide which ultimately leads to naphthoquinone ring formation. The resulting 

non-reducing ketide is released, and the pentaketide cyclizes to form THN. Subsequently, 

intermediate THN oxidizes to produce 2,5,7-trihydroxy-1,4-naphthoquinone, also called 

flaviolin, and later through modification forms distict flaviogeranin congeners through 

oxidation, methylation, and prenylations (Shen et al. 2020). 
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Figure 3. Biosynthetic pathway of a natural polyketide-isoprenoid hybrid compound, 

Furaquinocin A, a potent antitumor compound, produced by Streptomyces sp. strain KO-

3988 (Kawasaki et al. 2006) 

 

1.3 Bioactive potentials of naphthoquinones from actinobacteria 

 

1.3.1 Antibacterial activity  
 

Naphthoquinones are a class of organic molecules with a promising ability to treat bacterial 

infections (Ravichandiran et al. 2019). Naphthoquinones are often isolated from 

actinobacteria and have been investigated for their significant antibacterial activity. Some 

important antibacterial naphthoquinones investigated from actinobacteria are juglomycin, 

nanaomycin, medermycin, napyradiomycin, hygrocins, griseusins and flaviogeranin (Table 

1). Napyradiomycins isolated from Streptomyces sp. SCSIO 10428, exhibited antibacterial 

activities against Gram-positive bacterial strains (MIC of 0.25 to 32 μg/mL) (Wu et al. 2013). 

Lactoquinomycins isolated from Streptomyces bacillaris strain MBTC38, possess potent 
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antibacterial activities towards Gram-positive bacteria (MIC of 0.06–4 μg/mL), including 

MRSA (MIC of 0.25–8 μg/mL) and weak activity towards Gram-negative bacteria (Chung et 

al. 2021). The antibacterial naphthoquinones' inhibitory activity depends on the structural 

variation of naphthoquinones and the target bacterial strains. There are also investigations to 

further enhance the antibacterial activity and lower antibiotic resistance by combining 

naphthoquinones and other antibiotics (Song et al. 2020). 

1.3.2 Possible mechanisms of antibacterial naphthoquinones 

 

The mechanism of action of antibacterial naphthoquinones from actinobacteria is least 

explored. Naphthoquinones exhibits antibacterial properties by distict mechanisms, which 

includes generating reactive oxygen species (ROS), disrupting bacterial cell membranes, or 

causing DNA damage. Reactive oxygen species (ROS) severely affect cell viability because 

their multiple macromolecule targets, like proteins, lipids, and DNA, are essential building 

blocks for cell survival. The accumulation of OH− radicals in an uncontrolled manner leads 

to peroxidation of essential lipids in cells, making bacterial cell survival lethal (Zhao and 

Drlica, 2014). In the recent study, stress response and mode of action of lapachol were 

evaluated in S. aureus using RNA-seq transcriptomics. The study indicates that the 

antibacterial effect of lapachol in S. aureus is caused by production of ROS, which 

compromises redox equilibrium and increases protein thiol-oxidation (Linzner et al. 2020). 

The mode of action of plant-derived 1,4-naphthoquinone, i.e., juglone, against S.aureus, 

suggested that juglone upregulated oxidoreductase, thereby enhancing the redox process and 

creating a per-oxidative environment in the cell. The per-oxidative condition significantly 

decreases cell membrane and cell wall formation, ultimately leading to cell death (Wang et 

al. 2016). The antibacterial activity of semi-synthesized derivative of lawsone was evaluated, 

and the study further revealed multifaceted modes of action mediated by disruption of cell 

membrane, intracellular ROS generation, and intracellular iron ion chelation (Song et al. 

2020). The potential use of naphthoquinones for antibacterial is in process, and further 

studies are needed for a complete understanding of mechanism of action and their efficacy as 

a drug. 

 

 

 

 

 



Chapter 4  Bioactivity of Enceleamycin A 

PhD Thesis Page 117 
 

Table 1. Antibacterial naphthoquinones from actinobacteria 

Naphthoquinones Organism Reference 

TMKS8A, a chlorinated α-lapachone Streptomyces sp. TMKS8 Zhang et al. 2021 

Vertirhodins A−F Streptomyces sp. B15-008 Sun et al. 2021 

Lactoquinomycin A  Streptomyces sp. MBTC38 Chung et al. 2021 

Flaviogeranin D and C2 Streptomyces sp. B9173 Shen et al. 2020 

Naphthomevalin Streptomyces sp. CPCC 203577 Li et al. 2020 

Napyradiomycin D1 Streptomyces sp. CA-271078 
Carretero-Molina et al. 

2019 

Juglomycin A S. achromogenes E91CS4 Ahmad et al. 2020 

Rubromycins CA1 and CA2 S. hyaluromycini MB-PO13T Harunari et al. 2019 

Beijinchromes C 
Nocardia beijingensis NBRC 

16342 
Hoshino et al. 2019 

Medermycin and G15-F S. albolongus CA-186053 Lacret et al. 2019 

Strepoxepinmycins A−D and medermycin Streptomyces sp. XMA39 Jiang et al. 2018 

Qinimycins Streptomyces sp. MBT76 Wu et al. 2017 

Isofuranonaphthoquinones IFQ A-G Streptomyces sp. CB01883 Guo et al. 2017 

4-dehydro-4a-dechloronapyradiomycin A1 

and napyradiomycin A1 

Streptomyces sp. Strain CA-

271078 
Lacret et al. 2016 

Alnumycin D and granaticin B Streptomyces sp. Oja et al. 2015 

Marfuraquinocins A, C and D S. niveus SCSIO 3406 Song et al. 2013 

Three new napyradiomycins Streptomyces sp. SCSIO 10428 Wu et al. 2013 

Compound Z-4-2 S. djakartensis NW35 Zhang et al. 2013 

Cryptosporin Streptomyces sp. SCSIO 03219 Zhang et al. 2013 

Griseusins F and G Nocardiopsis sp. YIM DT266 Ding et al. 2012 

8 Napyradiomycins S. antimycoticus NT17 Motohashi et al. 2008 

Hygrocins A and B S. hygroscopicus ATCC 25293 Cai et al. 2005 

Fumaquinone S. fumanus Charan et al. 2005 

Naphthomycins Streptomyces sp. E/784 Hooper & Rickards, 1998 

Juglomycin Z S. tendae Fiedler et al. 1994 

A80915 A, B, C, and D St. aculeolatus A80915 Fukuda et al. 1990 

SF2415A1, A2, A3, Bl, B2 and B3 S. aculeolatus Gomi et al. 1987 

Griseusins A and B S. griseus K-63 Tsuji et al. 1976 

Nanaomycins A and B S. rosa var. notoensis Omura et al. 1974 
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Figure 4. Structural variation of bioactive naphthoquinones isolated from actinobacteria 

(adapted from Murray et al. 2020) 

 

1.3.3 Anticancer activity of naphthoquinones from actinobacteria 
 

Cancer is a class of non-communicable diseases associated with uncontrollable cell growth. It 

is the major cause of mortality worldwide, leading to nearly 10 million deaths in 2020. 

Countries with low- and middle-income accounts for nearly 70% of cancer cases because of 

poor diagnostic and treatment services. Cancer treatment involves three main approaches, i.e., 

surgery, radiation, and chemotherapy. The disadvantage of the surgery and radiation is the 

damage caused to healthy tissues and cells, whereas radiotherapy also leads to fatigue during 

therapy or even months after. Chemotherapy is the only systemic method inhibiting original 

and metastasized tumors as the drug reaches through bloodstream circulation to cancer cells 

throughout the tissue. This approach also has numerous adverse effects that impacts the 

patient's way of life, and chances of cancer cells developing resistance to these 

chemotherapeutic drugs are also present (Pereyra et al. 2019, Wellington, 2015). 
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The National Cancer Institute (NCI-USA) studies showed that quinones possess 

anticancer activity (Driscoll, 1974). Quinones have been used clinically as an anticancer drug 

for a long time; some examples are anthracycline antibiotics (doxorubicin, daunorubicin, 

idarubicin, and mitoxantrone), dactinomycin and mitomycin-C (Zhang et al. 2006; 

Wellington, 2015). The naphthoquinones from actinobacteria are interesting source of 

anticancer molecules due to their versatile structural features and potential activity. Table 2 

displays the naphthoquinones isolated from actinobacteria such as naphthablin, flaviogeranin, 

napyradiomycins, griseorhodins, furaquinocins and medermycin have showed significant 

anticancer activity and are still a source of novel cancer therapeutics. 

1.3.4 Possible mechanism of anticancer naphthoquinones 

 

Reactive oxygen species (ROS) are formed as a by-product in mitochondrial metabolism and 

are necessary in low concentrations for certain functions to generally take place, like folding 

new proteins in the Endoplasmic reticulum and controlling caspase activity during apoptosis 

(Veskoukis et al. 2012). ROS also has deleterious effects on cells if found in higher 

concentrations, leading to oxidative stress and damaging lipids, proteins, DNA, and RNA. 

DNA damage occurs mainly by strand breakage, base modification, and DNA–protein cross-

linkage. Modifying base 2-deoxyguanosine by hydroxyl radical is one of the significant 

damages that occur, and 8-hydroxy-2-deoxyguanosine derivative is suggested as an oxidative 

stress biomarker (Valavanidis et al. 2009). 

Cancer cells generally have a higher concentration of ROS than normal cells due to 

the higher metabolic demands. This non-lethal but higher concentration of ROS promotes 

tumor growth even by damaging DNA, as some damage is beneficial for cancer cells (Poljsak 

and Fink, 2016). This concentration difference of ROS could be the chemotherapy target 

since producing even more amount of ROS can lead to cell death. So, this might be the 

reason for naphthoquinone's actions as an anticancer agent and selectivity towards cancer 

cells over normal cells (Wellington, 2015). It has been reported that the cytotoxicity of a 

naturally occurring 2-methoxy-1,4-naphthoquinone in A549 lung cancer cells is stimulated 

through the generation of ROS, which leads to action on MAPK and JNK signalling 

pathways (Ong et al. 2015). 

 

 

 



Chapter 4  Bioactivity of Enceleamycin A 

PhD Thesis Page 120 
 

Table 2. Anticancer naphthoquinones isolated from actinobacteria 

Naphthoquinones Organism Reference 

Phytohabinone Phytohabitans sp. RD003013 Harunari et al. 2022 

Sarubicin A, B, B1 and B2 Streptomyces sp. Hu186 Wang et al. 2022 

TMKS8A Streptomyces sp. TMKS8 Zhang et al. 2021 

Bluemomycin Streptomyces sp. ERINLG-201 Balachandran et al. 2021 

Flaviogeranin D and flaviogeranin C2 Streptomyces sp. B9173 Shen et al. 2020 

Napyradiomycin D1 Streptomyces sp. CA-271078 
Carretero-Molina et al. 

2019 

Naquihexcins C, E, and I Streptomyces sp. KIB3133 He et al. 2019 

Sekgranaticin, granaticins A, B and 

methyl granaticinate 
Streptomyces sp. 166# Lv et al. 2019 

Naphthalenone derivative (C-2) Micromonospora sp. NEAU-gq13 Li et al. 2018 

Strepoxepinmycins C-D Streptomyces sp. XMA39 Jiang et al. 2018 

Medermycin Streptomyces sp. ZS-A45 Huang et al. 2018 

Naphthablin A-C Streptomyces sp. CP26-58 Martucci et al. 2017 

Naquihexcins A and BE-52440A Streptomyces sp. HDN-10-293 Che et al. 2016 

PM100117 and PM100118 S. caniferus GUA-06-05-006A Pérez et al. 2016 

Hygrocins C, D, and F Streptomyces sp. LZ35 Lu et al. 2013 

Marfuraquinocins A and C Streptomyces niveus SCSIO 3406 Song et al. 2013 

Napyradiomycins Streptomyces sp. SCSIO 10428 Wu et al. 2013 

Sacchathridine A Saccharothrix sp. MI559-46F5. Nakae et al. 2013 

Griseusins F and G Nocardiopsis sp. YIM DT266. Ding et al. 2012 

langkolide Streptomyces sp. Acta 3062 Helaly et al. 2012 

Four new pyranonaphthoquinones Streptomyces sp. IFM 11307 Abdelfattah et al. 2011 

Furaquinocins H Streptomyces sp. SN-593 Panthee et al. 2011 

Prechrysophanol glucuronide Streptomyces sp. AK 671 Fiedler et al. 2008 

Griseusin D Nocardiopsis sp. YIM 80133 Li et al. 2007 

4-Dehydro-deacetylgriseusin Nocardiopsis sp. DSM1664 He et al. 2007 

Naphthomycins Streptomyces sp. E/784 Hooper & Rickards, 1998 

Naphthablin Streptomyces aculeolatus Umezawa et al. 1995 

Griseorhodins A and C Streptomyces griseus (FCRC-57) Stroshane et al. 1979 
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 1.3.5 Other biological activity 

 

Along with anticancer and antibacterial activity, naphthoquinones possess various biological 

activities like antifungal, antiparasitic, antivirus, and antioxidant. As shown in Table 3, the 

naphthoquinones from actinobacteria, such as konamycins and naphterpins possess radical 

scavenging activity whereas naphthomycins and juglomycins  shows antifungal activity.  

 

Table 3. Biological activity of naphthoquinones from actinobacteria other than antibacterial 

and anticancer 

Naphthoquinones Organism Bioactivity Reference 

Naquihexcins C, E, I 
Streptomyces sp. 

KIB3133 
anti-HIV-1 activity  He et al. 2019 

Konamycins A 
Streptomyces sp. 

MB-PO13T 
radical scavenging activity Harunari et al. 2019 

Strepoxepinmycins 

A−D and 

medermycin 

Streptomyces sp. 

XMA39 
Antifungal Jiang et al. 2018 

Naphterpins 
Streptomyces sp. 

CNQ-509 
Radical scavenging activities Park and kwon, 2018 

Coprisidins A and B 
Streptomyces sp. 

SNU607 

Coprisidin A inhibit Na+/K+-ATPase 

activity,  coprisidin B induces 

NAD(P)H:quinone oxidoreductase 1 

Um et al. 2016 

Langkolide 
Streptomyces sp. 

Acta 3062 

Antifungal, Inhibition of human 

recombinant phosphodiesterase-4 
Helaly et al. 2012 

JBIR-85 
Streptomyces sp. 

RI-77 

antioxidative activity, DPPH radical 

scavenging activity 

Izumikawa et al. 

2011 

Naphterpins B and C 
Streptomyces sp. 

CL190 

lipid peroxidation is suppressed in rat 

homogenate system 
Motohashi et al. 2008 

Naphthoquinones 1-4 Streptomyces sp. 
weak activity against cdc25A 

phosphatase 

Kulanthaivel et al. 

1999 

Naphthomycins 
Streptomyces sp. 

E/784 
Antifungal 

Hooper & Rickards, 

1998 

Juglomycin Z 
Streptomyces 

tendae 
Antifungal Fiedler et al. 1994 

WS-5995 A, B and C S. auranticolor Anti-coccidial activity Ikushia et al. 1980 
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Conclusion 

 

The naphthoquinones are interesting chemical structure identified as conjugated cyclic 

diketones with various biological activities. The review deals with the characterization, 

biosynthetic pathways and bioactivities of the naphthoquinones isolated from actinobacteria 

which includes particularly antibacterial and anticancer with its mode of action. 

Naphthoquinones are surely one of the invaluable chemical entities which should be look 

upon to tackle the present and future challenges of the drug resistance. 
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Section 4A: Antibacterial study of Enceleamycins A-C and N-hydroxypyrazinone acid 

 

Abstract 

Antimicrobial resistance has become a global threat as rapid emergence of antibiotic-resistant 

bacteria is endangering the efficacy of present antibiotics. Novel antibiotics are required to 

combat the high level of antimicrobial resistance. In present study, we have explored the 

antibacterial activity of Enceleamycins A, B, C and N-hydroxypyrazinone acid isolated from 

Amycolatopsis sp. WGS_07. Enceleamycin displayed potential antibacterial activity towards 

clinically isolated MRSA. Enceleamycin A was having a bacteriostatic effect on the growth 

of MSSA and MRSA. Further we also evaluated the synergistic effect of antibiotics with 

Enceleamycin A and found that erythromycin was showing a synergistic effect on MRSA. 

The purified molecule Enceleamycin A also showed significant biofilm inhibition and 

disruption. Enceleamycin A inhibits the growth of S. aureus by the production of intracellular 

ROS. Altogether, this study presents essential insights into Enceleamycin A possessing 

potential for bacterial treatment against MRSA. 

Graphical abstract 
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1. Introduction 

 

Antimicrobial resistance (AMR) develops when microorganisms evolve overtime and no 

longer respond to antimicrobial medications making infections more difficult to cure (Tang et 

al. 2023). Antibiotic resistance is one of most challenging elements in terms of AMR due to 

the high rate of resistance towards various antibiotics that were used for bacterial infection 

treatment. Antibiotic resistance makes infections more difficult to treat, causing treatment 

delays that could result in prolong sickness and death (Llor and Bjerrum 2014). In 2019, there 

were estimated 4.95 million deaths linked to bacterial AMR, of which 1.27 million deaths 

were directly attributed to bacterial AMR (Murray et al. 2022). The second most common 

bacteria associated with AMR is Staphylococcus aureus (S. aureus) and it has become one of 

greatest threats to human health. S. aureus is both a commensal bacterium and a human 

pathogen (Tong et al. 2015; Wertheim et al. 2005). It is one of the major causes of healthcare 

associated bacteraemia. It leads to skin and soft tissue infections, infective endocarditis, 

osteoarticular infection and device-related infections (Tong et al. 2015). Treating these 

infections has become challenging due to rise of multidrug resistance strains over past few 

decades. MRSA (methicillin-resistant S. aureus) is one of the most prevalent antimicrobial-

resistant organisms found in nearly every region of the world. Hospital-associated MRSA is 

associated with increased risk of morbidity and mortality (Loomba et al. 2010).  

To successfully treat bacterial infections in the near future, novel class of antibiotics 

are urgently needed. Since the emergence of resistance to any antibiotic is unavoidable, in 

addition to discovering new antibiotics, combination antibiotic therapy is a further approach 

to minimize the drug resistance development (Worthington et al. 2013). Synergistic activity 

might exhibit comparable effectiveness at lower, non-toxic levels and combinatorial therapy 

may prevent the emergence of resistance brought on by monotherapy (Sun et al. 2016).  

Naphthoquinones comprise a naphthalene ring system bearing two carbonyl groups, naturally 

distributed in bacteria, fungi, and plants. They display various biological activities, like 

antibacterial, antifungal, anticancer, antimalarial, antiviral, antitrypanosomal, and anti-

inflammatory (Rahmoun et al. 2012; Leyva et al. 2017; Inagaki et al. 2015, Rahman et al. 

2022; de Sena Pereira et al. 2018; Khraiwesh et al. 2012). The presence of a furo-

naphthoquinone substructure in several bioactive natural products isolated from terrestrial 

and marine organisms prompted to study antibacterial activity of the isolated compounds. 

The bioactivity of naphthoquinones is associated with reactive oxygen species (ROS) 
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production (Ravichandiran et al.2019) and it would be interesting to study the antibacterial 

activity and its mechanisms of action of novel furo-naphthoquinone structure.  

In the present section of the chapter we have displayed the antibacterial activity of 

Enceleamycins A-C and N-hydroxypyrazinone acid. Based on the potential antibacterial 

activity, further the MIC of Enceleamycin A towards the MSSA and MRSA was evaluated 

and compared with standard antibiotics. The Enceleamycin A activity in combination with 

standard antibiotics was determined to identify potential synergistic activity against MRSA. 

The mechanism of Enceleamycin A was studied based on the growth inhibition, time kill 

assay, cell leakage assay and ROS detection. The biofilm inhibition and disruption was also 

evaluated for Enceleamycin A. 

2. Materials and method 

 

2.1 General materials 

 

The test strains were obtained from NCIM resource centre, Pune. The clinical strains of 

MRSA were obtained from Hospital, Dharwad, Karnataka. Antibiotics and sterile disc were 

purchased from Hi-Media, Mumbai. H2-DCFDA dye obtained from Sigma. Media 

components used for growth and bioactivity were obtained from Hi-Media, Mumbai. 

2.2 Anti-bacterial activity of purified compounds 1-4 against MSSA and MRSA 

 

The anti-bacterial activity of the novel furano-naphthoquinones, Enceleamycin A-C and N-

hydroxypyrazinone acid was evaluated against Methicillin-sensitive S. aureus (MSSA) and 

clinically isolated Methicillin-resistant S. aureus (MRSA) by disc diffusion method. In brief, 

the overnight grown culture of test bacteria was adjusted to 0.5 McF in 0.85% saline and 100 

μL of suspension was spread on Mueller-Hinton agar plates. The compounds were loaded in 

three different concentrations (50, 100, and 150 μg) on a sterile disc along with DMSO as a 

control. To determine the antibiotic susceptibility and resistance in MSSA and MRSA, 

antibiotics like ampicillin, kanamycin, vancomycin, and Enceleamycin-A were loaded at a 

concentration of 50 and 100μg per disc. The zone of inhibition was observed after 20 hours 

of incubation at 37°C. 
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2.3 Determination of minimum inhibitory concentration (MIC) 

 

After the preliminary anti-bacterial activity, the MICs of the purified compounds were 

performed according to CLSI guidelines (Humphries et al. 2021) using Mueller Hinton broth 

(Hi-media, Mumbai) against a panel of six Gram-positive bacteria, S. aureus, B. cereus, S. 

epidermidis, B. subtilis, L. monocytogenes, and M. luteus, two Gram-negative bacteria, P. 

aeruginosa, and E. coli and four MRSA clinical strains. The stock solution of compounds 

was made at 10 mg/mL in DMSO. The compounds (highest concentration 128 μg/mL) were 

serially diluted in 50 μL of Mueller-Hinton broth, and 50 μL bacterial suspensions were 

added to reach final desired cell density of 5 × 10
5 

CFU mL
–1

 in each well of 96-well 

microtiter plate except for media control. Media, untreated culture, DMSO, ampicillin, and 

kanamycin were used as controls. The plates were observed for MIC after an incubation of 18 

h at 37 °C in shaking conditions. The MIC for M. smegmatis was examined following above 

method in Middlebrook 7H9 medium, and the growth inhibition was observed after 48 h. The 

MICs were defined as lowest concentration of molecule that inhibited the visible growth of 

bacteria. 

2.4 Effect of purified compounds on the growth of MSSA and MRSA 

 

The growth curve of MSSA and MRSA was observed in compound's presence. The bacterial 

culture with a cell density of 5 × 10
5
 CFU/mL

 
was grown in MHB in a compound at different 

concentrations. The 96-well microtitre plate was incubated at 37°C in shaking condition for 

24 hours in Synergy Microtek H1, and absorbance at 600 nm was measured every 2 hours. 

2.5 Time kill assay  

 

The Time-kill assay was conducted on MSSA and MRSA_CS1. The bacterial culture in the 

early exponential phase (1×10
5
 CFU/mL) was treated with C-1 at different concentrations 

(1/2×MIC, 1×MIC, 2×MIC, 4×MIC, and 8×MIC) and standard antibiotics ampicillin, 

vancomycin, and kanamycin (16 μg/ml). The culture was incubated at 37 °C and 180 rpm of 

shaking. Number of viable bacteria (CFU/mL) was counted at predetermined intervals of 4, 8, 

12, 16, 20, and 24 hours, by serially diluting treated suspension of bacterial cells and plating 

it on a tryptic soy agar (Song et al. 2020). 
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2.6 Checkerboard assay 

 

To determine the additive or synergistic impact of C-1 (Enceleamycin A) with common 

antibiotics, the checkerboard experiment was performed. In brief, along the row-axis, C-1 

was serially diluted two-fold. To generate a matrix where each well combines at a distinct 

concentration, the antibiotics were serially diluted two-fold along the column axis. 

MRSA_CS1 was added to each well to yield around 5 × 10
5
 CFU/mL with final volume of 

100µL. The wells were then incubated for 20 hours at 37 °C, and MIC was determined by 

looking for visibility. The fractional inhibitory concentration (FIC) of the C-1 was 

determined by dividing the MIC of C-1 in presence of antibiotic by the MIC of the C-1 alone. 

Similarly, the fractional inhibitory concentration (FIC) of the antibiotic was determined by 

dividing the MIC of antibiotics in the presence of C-1 by MIC when antibiotic was employed 

alone. The summation of the FIC value of C-1 and antibiotic was used to compute the FIC 

index. The FIC index was defined as indifferent, additive, or synergistic for values of 1 < x 

≥4, 0.5 < x < 1, and x ≤ 0.5, respectively. 

2.7 Cell leakage analysis 

 

The bacterial culture was grown to the logarithmic stage (10
8
 CFU/mL) and splitted into six 

aliquots of 5 mL each. These samples were centrifuged and suspended in 5 ml of Phosphate 

buffer saline. The suspension was added with PBS, 8X MIC C-1, and 0.05% Triton X-100 

respectively. The aliquots were then cultivated at 37°C with shaking and sampled after 2, 4, 

and 6 hours, respectively. Next, using an ultra-micro UV-Vis spectrophotometer 

(ThermoFisher Scientific), supernatant's absorbance was measured at 260/280 nm and the 

quantities of leaked nucleic acids and proteins from bacterial cells was determined (Tao et al., 

2023). 

2.8 Biofilm inhibition and Biofilm disruption assay 

 

The biofilm inhibition assay was examined in six-well plate. A culture of S. aureus was 

incubated with the compound in a six-well plate containing a sterile coverslip for 24 hours at 

37 °C. After incubation, coverslip was washed with 0.85% saline twice and stained with 0.5% 

crystal violet for 5 min. The coverslip was washed with saline, and ethanol was used to 

destain the coverslip. 100μL of the destained solution was used for reading at 570 nm. For the 
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biofilm disruption, the culture was grown initially for 24 hours to form a biofilm, followed by 

treatment with a compound (Rogers et al. 2005).          

2.9 Measurements of intracellular ROS 

 

The production of intracellular levels of ROS in bacterial cells was evaluated by the 2′,7′-

dichlorofluorescein diacetate (H2-DCFDA) method. In brief, the culture of S. aureus and 

6B_MRSA (2 × 10
8
 CFU/mL) solution was prepared in MHB medium. Enceleamycin A (1× 

MIC, 2× MIC, and 4× MIC) was added to the culture at different concentrations and left for 

one hour at 37 °C with 180 rpm of agitation. After centrifuging the bacterial solution for 10 

minutes at 5000 rpm, it was resuspended in PBS. After adding the H2-DCFDA (20 μM) in 

suspension, the mixture was incubated for 30 minutes at 37 °C in the dark. The solutions of 

100 μL were then transferred to a 96-well microtitre plate. A microplate reader was used to 

measure the relative fluorescence units (RFU) of the 100 μL of solutions at 495/529 

(excitation/emission). Using the agar plate counting method, the number of viable bacteria 

(CFU/ml) in the solution was determined. Number of viable bacteria was used to normalize 

the RFU value (Po et al. 2021). 

3. Result and discussion 

 

3.1 Anti-bacterial activity of purified compounds 1-4 against MSSA and MRSA 

 

The antibacterial activity of Enceleamycin A-C and N-hydroxypyrazinone acid was 

determined with disc diffusion method by measuring zone of inhibition (ZOI) against S. 

aureus. Enceleamycin A displayed maximum activity followed by the Enceleamycin C 

whereas Enceleamycin B and N-hydroxypyrazinone acid showed weak activity against Gram 

positive S. aureus bacteria (Figure 1 and Table 1). Further the antibacterial activity was 

performed against clinically isolated strain of MRSA. Similar results were observed with 

Enceleamycin A and C displaying potent activity whereas Enceleamycin B and N-

hydroxypyrazinone acid showed weak activity against MRSA.  

To determine the activity and resistance of MRSA_CS1 the bioactivity was performed 

using standard antibiotics ampicillin, vancomycin and kanamycin along with compound 1. 

There was clear reduction in the bioactivity of ampicillin against MRSA (ZOI: 15mm) 

compared to MSSA (ZOI: 40mm). In case of kanamycin no activity was observed against 
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MRSA_CS1. Vancomyin and compound 1 (C-1) was not showing much difference in the 

activity against MRSA compared to MSSA (Figure 2 and Table 2). 

 

 

Figure 1. Antibacterial activity of purified compounds C1-C4 performed by disc diffusion 

method against methicillin-sensitive S. aureus (MSSA) and methicillin-resistant S. aureus 

(MRSA) MRSA at different concentrations (150, 100 and 50 μg per disc) 

 

Table 1. Antibacterial activity of compounds 1-4 performed by disc diffusion method against 

methicillin-sensitive S. aureus (MSSA) and methicillin-resistant S. aureus (MRSA) 

Concentration 

(μg) 
Zone of inhibition (in mm) 

 C1 C2 C3 C4 

 MSSA MRSA MSSA MRSA MSSA MRSA MSSA MRSA 

150 29 27 14 11 28 26 12 10 

100 28 26 11 10 27 25 10 - 

50 24 23 10 - 24 23 - - 
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Figure 2. Antibacterial activity of C-1 and antibiotics performed by disc diffusion method 

against MSSA and MRSA at concentration of 50 μg per disc 

 

Table 2. Antibacterial activity of C-1 and antibiotics performed by disc diffusion method 

against MSSA and MRSA 

Test strain Concentration (μg ) Zone of inhibition (in mm) 

  Amp Kan Vanco C-1 

MSSA 50 40 18 18 24 

MRSA 50 15 - 17 23 

MSSA 100 40 19 19 28 

MRSA 100 19 - 19 26 

a
Ampicillin (Amp), 

b
Kanamycin (Kan), 

c 
Vancomycin (Van) used as a reference standard,  

C-1 refers to compound-1 (Enceleamycin A) 

 

3.2 Determination of minimum inhibitory concentration (MIC) 

 

The isolated compounds showed selective inhibition toward the Gram-positive bacteria 

(Table 3). Compounds 1 and 3 have antibacterial activity against tested Gram-positive 

bacteria (MIC values of 2 to 32 μg/mL), whereas compounds 2 and 4 were less active (MIC 

value of 64 to 128 μg/mL). These compounds also inhibited the growth of four different 

clinically isolated methicillin-resistant S. aureus. 
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Table 3. MIC determination of Compounds 1–4 

 Bacterial strain MIC (μg/mL) 

 C-1 C-2 C-3 C-4 Amp 
a
 Kan 

b
 

S. aureus ATCC 9144 2 128 8 128 0.03 8 

S. epidermidis ATCC 12228 2 64 8 64 1 1 

B. cereus ATCC 11778 8 >128 16 128 16 2 

B. subtilis ATCC 6633 4 >128 16 128 0.03 0.5 

M. luteus ATCC 9341 8 >128 32 64 0.03 8 

L. monocytogenes ATCC19111 2 128 8 128 0.03 1 

M. smegmatis ATCC 607 64 >128 64 >128 64 0.25 

MRSA_CS1 4 >128 16 128 8 >128 

MRSA_CS2 4 >128 8 128 8 >128 

MRSA_CS2 4 >128 16 128 16 128 

MRSA_CS4 4 128 8 128 4 >128 

E. coli ATCC 8739 >128 >128 >128 >128 2 8 

P. aeruginosa ATCC 9027 >128 >128 >128 >128 2 8 

a
Ampicillin (Amp) used as a reference standard. 

b
Kanamycin (Kan) used as a reference standard. C refers to the compounds. 

 

The MIC was determined for both the MSSA and MRSA against different class of 

antibiotics and Enceleamycin A (Table 4). The MIC fold difference was evaluated between 

the MSSA and MRSA strain and was found that all the class of antibiotics showed higher 

MIC value except the vancomycin. The beta lactam class of antibiotic ampicillin and 

amoxicillin displayed around >1000 times MIC value against MRSA compared to the MSSA. 

Other than this the antibiotic kanamycin, gentamycin and nalidixic acid did not show 

inhibition upto 128 µg/mL. In the MIC determination, the C-1 displayed 2 and 4 μg/mL MIC 

value against MSSA and MRSA respectively, better than all other compounds. The 2 fold 

increase in MIC of Enceleamycin A (C-1) value might be because of difference in strain 

level. 
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Table 4. Comparison of MIC for antibiotics and compounds against MSSA and MRSA_CS1 

 

Figure 3. MIC of Ampicillin and Amoxicillin against MSSA and MRSA_CS1 

Antibiotics MIC (µg/mL) MIC difference 

 
MSSA MRSA_CS1 fold increase 

Ampicillin 0.03 32 1066 

Amoxicillin 0.03 32 1066 

Vancomycin 1.0 1.0 1.0 

Bacitracin 64 128 2.0 

Kanamycin 8.0 >128             >16 

Gentamycin 2.0 >128             >64 

Erythromycin  0.5 128 256 

Chloramphenicol 2.0 8.0 4.0 

Ciprofloxacin 0.125 16 128 

Nalidixic acid 32 >128             >2.0 

Tetracycline  0.06 0.125 2.0 

Trimethoptrin  0.5 2.0 4.0 

Enceleamycin A (C1) 2.0 4.0 2.0 

Enceleamycin B (C2) 128 >128             >1.0 

Enceleamycin C (C3) 8.0 16.0 2.0 

N-hydroxypyrazinone acid (C4) 128 128 1.0 

Ab conc. Ab conc. 
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3.3 Effect of the purified Compounds on the growth of MRSA  

 

The effect of Enceleamycin A-C and N-hydroxypyrazinone on the growth of MSSA and 

MRSA was determined for 24 hours. Enceleamycin A showed complete growth inhibition of 

S. aureus (MRSA and MSSA) at 4 μg/mL in 24 hours. However, at lower concentrations of 2 

μg/mL the culture was showing growth at the later stage of incubation which shows its 

bacteriostatic effect (Figure 4). Similar results were observed for Enceleamycin C at 8 

μg/mL. Enceleamycin B inhibits the growth of MSSA at 128 μg/mL but in MRSA case 

growth was observed after 8-10 hours. The compound 4 completely inhibited the growth of 

MSSA at 128 μg/mL but against MRSA slight growth was found only after 20 hours of 

incubation. 

3.4 Time kill assay  

 

Upon identifying Enceleamycin A as the most potent antibacterial candidate against MSSA 

and MRSA, antibacterial activity of Enceleamycin A was evaluated using time-kill assay 

against MSSA and MRSA. The time-kill assay determines the interaction between the 

antimicrobial agents and the microbes. It displays the time or concentration-dependent effect 

of antibiotics on the growth of bacteria and determines its bacteriostatic or bactericidal nature 

(Balouiri et al. 2016, Adusei et al. 2019).  Bactericidal activity is considered when the 

CFU/ml of bacteria is decreased by greater than 3 log10 –fold which corresponds to 99.9% of 

the inoculum being killed. To confirm the bacteriostatic nature of Enceleamycin A, time-kill 

assay was evaluated against MSSA and MRSA_CS1 at MIC values of 0.5X, 1X, 2X, 4X and 

8X. It was found that in the presence of Enceleamycin A, the CFU/ml of both the MSSA and 

MRSA was not completely reduced even at concentration of 8X MIC which shows a 

bacteriostatic effect against both MSSA and MRSA (Figure 5). All the three antibiotics were 

bactericidal against MSSA however against MRSA only vancomycin was active and showing 

bactericidal effect.  
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Figure 4. The effect on the growth of S. aureus (MSSA and MRSA) at different 

concentrations of compound C1, C2, C3 and C4  
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 Figure 5. Time kill assay against MSSA and MRSA_CS1 in presence of C-1 and antibiotics 

 

3.5 Checkerboard assay 

 

The checkerboard assay was used to investigate the synergistic or additive effect of 

Enceleamycin A in combination with standard antibiotics. The combination antibiotic therapy 

is used for better inhibitory activity at non-toxic lower concentration and also to minimize the 
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development of drug resistance (Worthington et al. 2013, Sun et al. 2016). In the 

checkerboard assay, MIC of erythromycin alone was determined to be 128 μg/mL and 

combined treatment of 1/4 MIC of Enceleamycin A resulted in reduced MIC of erythromycin 

to 32 μg/mL against MRSA_CS1 (Figure 6).  The fractional inhibitory concentration (FIC) 

index for erythromycin and Enceleamycin A was 0.5, suggesting the synergistic effect of 

erythromycin and Enceleamycin A (Table 5). In addition, Enceleamycin A also displayed 

additive effect in combination with ampicillin, vancomycin and ciprofloxacin with FIC index 

of 1, 0.625 and 0.725 respectively. The synergistic and additive effect of Enceleamycin A 

could result in a shorter course of antibiotic treatment, a quicker clearance of the illness, and 

consequently less dose-related toxicity. 

 

Figure 6. Effect of erythromycin and C-1 (Enceleamycin A) in combination against 

MRSA_CS1 

Table 5. Effect of antibiotics and C-1 (Enceleamycin A) in combination against MRSA_CS1 

Antibiotic FIC Antibiotic FIC C-1 FIC index Interpretation 

Ampicillin 0.5 0.5 1 Additive 

Vancomycin 0.5 0.125 0.625 Additive 

Erythromycin 0.25 0.25 0.5 Synergistic 

Ciprofloxacin 0.25 0.5 0.725 Additive 

Trimethoptrin 1 1 2 Indifference 
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3.6 Cell leakage analysis 

 

To determine the cell leakage of MRSA by detecting the contents of nucleic acids and 

proteins leaked after treatment with Enceleamycin A, absorbance of cell-free supernatant was 

measured at 260 and 280 nm. Significant cell leakage was observed only after 4 and 6 hours 

of treatment compared to untreated. The leakage of nucleic acid and proteins were 

comparatively less than the positive control Triton-X.  

 

 

 Figure 8. Nucleic acid leakage analysis after treatment with Enceleamycin A 

3.7 Biofilm inhibition and Biofilm disruption assay 

The bacterial infections caused by the biofilm formation are challenging to eradicate and can 

cause major complications. The bacterial biofilm structures adhere to living or inert surfaces 

and comprised of extracellular polymeric matrix made up of proteins, polysaccharides and 

various organic components (Di Ciccio et al. 2015). Most common biofilm associated 

infections are caused by S. aureus. They adhere to various surfaces to form biofilms like 

human tissues or medical devices (Arciola et al. 2018). The biofilms are more resistant to 
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antimicrobial compounds compared to planktonic cells resulting in immune system evading 

and prolonged infection (Koo et al. 2017). The naphthoquinone and their derivatives have 

displayed inhibitory activity against wide range of bacterial biofilm and can be vital in 

dealing with biofilm related infections (Novais et al. 2020, Song et al. 2020, Novais et al. 

2018). Considering this, in addition to the inhibitory activity of Enceleamycin A towards 

planktonic bacterial cells, the biofilm inhibition and its disruption was also performed. The 

inhibition and disruption of the biofilm formed by S. aureus was clearly visible in the 

microscopic images (Figure 7A and 7B). The biofilm formation by S. aureus was 

significantly inhibited by Enceleamycin A at all concentration tested starting from 1/2X MIC 

i.e. 1μg/ml or above (Figure 7C). However, Enceleamycin A required higher concentration of 

1X MIC i.e. 2 μg/ml or above for the significant disruption of already formed biofilm (Figure 

7D).  

 

Figure 7. Biofilm inhibition and biofilm disruption of S.aureus in presence of C-1 

(Enceleamycin A), (A) Microscopic image of biofilm inhibition (B) Microscopic image of 

biofilm disruption (C) Percentage of biofilm inhibition (D) Percentage of biofilm disruption 
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3.8 Measurements of the intracellular ROS  

 

The presence of quinone moiety in naphthoquinones is known for producing intracellular 

ROS and is responsible for the antibacterial activity (Paul et al. 2021). We examined the 

intracellular ROS production in MRSA after treatment with Enceleamycin A by 2′,7′-

dichlorofluorescein diacetate (H2-DCFDA). As shown in Figure 9A, the cellular esterase 

deacetylates the cell-permeable dye (H2-DCFDA) to a non-fluorescent molecule, which upon 

oxidation by ROS, transforms into highly fluorescent 2',7'-dichlorofluorescein (DCF) (Ng 

and Ooi 2021). The intracellular ROS formation after treatment with Enceleamycin A was 

detected after 1 hour and analysed by normalizing the RFU and number of viable bacteria 

(CFU/mL). The graph in Figure 9B displayed concentration-dependent significant increase in 

the ROS production after treatment with Enceleamycin A at all concentration starting from 

1X MIC i.e. 2 μg/mL or above. It is well-known that excessive ROS formation within the cell 

leads to growth inhibition of bacteria and is one of the primary reasons of the 

naphthoquinones bioactivity against bacteria.  

              

Figure 9. ROS detection by H2DCF-DA dye (A) Process of cell permeable H2-DCFDA 

conversion  to a highly fluorescent 2',7'-dichlorofluorescein (DCF), (B) ROS production in S. 

aureus after treatment with Enceleamycin A at concentration of 1X, 2X and 4X MIC 

Contro
l

1X 2X 4X

50

250

450

650

R
O

S
 p

ro
d

u
ct

io
n

 p
er

 c
o

n
tr

o
l Control

1X

2X

4X

****

****

****

A 

B 



Chapter 4  Bioactivity of Enceleamycin A 

PhD Thesis Page 149 
 

Conclusion 

 

The isolated compounds showed antibacterial activity against various Gram-positive bacteria 

including clinically isolated MRSA. The novel Enceleamycin A (1) and C (3) displayed 

potent antibacterial activity whereas Enceleamycin B and N-hydroxypyrazinone acid were 

weakly active. Enceleamycin A showed bacteriostatic inhibition of MSSA and MRSA. It also 

displayed synergistic activity against MRSA in combination with erythromycin. 

Enceleamycin A displayed significant inhibition of biofilm formation by MRSA and also 

disrupt the formed MRSA biofilm. The preliminary study shows that ROS produced by 

Enceleamycin A (1) might be the reason for inhibition of bacterial growth. Considering 

activity of Enceleamycin A, it can be a candidate molecule to tackle the antimicrobial 

resistance related to MRSA. 
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Section 4B: Anticancer study of Enceleamycins A-C and N-hydroxypyrazinone acid 

 

Abstract 

 

It has become more crucial than ever to find novel anticancer compounds due to the rise in 

cancer mortality and resistance to the present chemotherapeutic drugs. The isolated novel 

molecules Enceleamycins A-C and N-hydroxypyrazinone were examined for their anti-cancer 

potential. Enceleamycin A demonstrated considerable cytotoxicity for triple-negative breast 

cancer (TNBC) MDA-MB-231 cells with an IC50 value of 1.25 μg/mL (3.78 μM). It also 

showed its ability to inhibit MDA-MB-231 cell migration. Enceleamycin A raises 

intracellular ROS levels in TNBC cells, ultimately leading to apoptotic cell death, as 

demonstrated by Annexin V/PI staining. The molecular docking and simulation investigation 

revealed better binding affinity of Enceleamycin A with AKT2, which plays a vital role in 

breast cancer's invasiveness and chemo-resistance. Enceleamycin A inhibits the AKT2 

enzyme in vitro with an IC50 value of 0.736 µg/ml, further validating the docking study. The 

in silico physicochemical and pharmacokinetics characteristics of Enceleamycin A 

demonstrated its drug-likeness. Intriguingly, Enceleamycin A was non-hemolytic in nature. 

Taken together, Enceleamycin A could be a candidate molecule for treating TNBC cells by 

targeting the AKT2 signaling pathway.  

Graphical Abstract 
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1. Introduction 

 

Cancer is a non-communicable disease and is associated with a rapid and uncontrolled cell 

growth (Wellington 2015). Cancer is the second largest cause of mortality globally, with 

approximately twenty million new cases and ten million fatalities in the year 2020. With a 

projected 2.3 million new cases, breast cancer has now surpassed lung cancer, as the most 

frequently detected cancer (Rashid et al. 2019; Sung et al. 2021). Among all breast cancer, 

triple-negative breast cancer (TNBC) counts for 10–15% of cases and is considered more 

aggressive with a low survival rate. TNBCs does not express the three receptors, namely, 

progesterone (PR), estrogen (ER), and human epidermal growth factor receptor-2 (HER2) 

(Karakaş et al. 2019; yin et al. 2020). There are limited options for specific and effective 

therapy against TNBC due to the absence of validated biomarkers. So, chemotherapy is 

generally considered as the standard TNBC treatment, however prognosis remains poor (Yao 

et al. 2017; Le et al. 2022; Mock et al. 2015). Considering this, developing new anticancer 

molecules with increased potency and high specificity is essential.  

In several kinds of human cancer, an aberration in the PI3K-AKT-mTOR signaling 

pathway promotes development of tumor (Testa and Bellacosa 2001). AKT, also referred as 

protein kinase B (PKB), belongs to a serine-threonine kinase family and is essential for the 

smooth functioning of this pathway. Among the three AKT isomers, AKT2 is closely 

associated with cancer cell metabolism, metastasis, proliferation, angiogenesis, and drug 

resistance (Rychahou et al. 2008; Liu et al. 2020). Elevated AKT2 expression is frequently 

detected in various human tumors, including breast, lung, pancreatic, colorectal, prostate, and 

ovarian. Overexpression of AKT2 is correlated with cancer aggressiveness and poor survival 

rates (Rychahou et al. 2008; Riggio et al. 2017; Bellacosa et al. 1995). Inhibition of AKT2 in 

breast cancer effectively reduces the colony formation abilities and invasion of non-cancer 

stem cells and Cancer Stem Cells (Gener et al. 2019). All these vital PI3K-AKT-mTOR 

signalling function, makes AKT2 signaling molecule a promising target for cancer therapy. 

Naphthoquinone-like structures have been approved by FDA and are used in various 

cancer chemotherapy (Figure 1). Mitomycin (a benzoquinone) is used to treat bladder and 

anal cancer (Milla et al. 2014; Vinayan et al. 2016). Anthraquinones, such as Doxorubicin, 

daunorubicin, idarubicin, mitoxantrone, and epirubicin, are commonly used to treat various 

solid and hematologic cancers (Hortobagyi, 1997). Thus, these molecules continue to attract 

in developing new drugs for cancer therapy.  
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Figure 1. Structure of anticancer drugs with quinone moiety (adapted from Vinayan et al. 

2016;  Hortobagyi, 1997) 

The primary mechanism of the naphthoquinones is suggested to be Reactive oxygen 

species (ROS) formation in the cell. Cancer cells often have a higher concentration of ROS 

than normal cells because of the higher metabolic demands; producing even higher amounts 

of ROS by naphthoquinones in cells can lead to cell death (Wellington 2015; Kumagai et al. 

1997). Also, the pyrano-naphthoquinone molecules like lactoquinomycin,  frenolicin B, and 

kalafungin were found to have selective inhibition towards the serine-threonine kinase AKT 

(Salaski et al. 2009). Therefore, the dual-action molecule with the ability to produce ROS and 

inhibit the AKT2 signaling pathway would result in potent anticancer drug with higher 

specificity and low resistance. 

In present study, anticancer activity of the isolated compounds was demonstrated. 

With the potent activity, Enceleamycin A was considered for the ROS formation ability and 

apoptosis assay in the MDA-MB-231 cells. Moreover, Enceleamycin A displayed binding 

affinity to the serine-threonine kinase AKT2, determined by the molecular docking and 

molecular dynamic (MD) simulation, which was further validated in vitro. The molecule's 

physicochemical and pharmacokinetic characteristics were examined in silico, and its 

hemolytic effect was also established. The findings from our research can stimulate interest in 

exploring the microbial naphthoquinones as potential anticancer medication by targeting 

AKT2 kinase signalling pathway. 
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2. Materials and method 

 

2.1 Materials  

 

Heat-inactivated FBS (Fetal bovine serum) and DMEM (Dulbecco's modified eagle's 

medium) were obtained from GIBCO. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT), and Trypsin EDTA were purchased from Hi-media. Standard Doxorubicin 

and H2-DCFDA dye was purchased from Sigma. MDA-MB-231, A549, HeLa, HFF and Vero 

cells were procured from NCCS (National Center for Cell Science), Pune. 

2.2 Cell viability assay 

 

The MTT assay, which measures cellular metabolic activity, was used to examine cell 

viability (Mosmann 1983). The cell lines used for the study were MDA-MB-231, A549, 

HeLa, HFF and Vero. DMEM with 10% FBS was the media used for the growth and assay of 

all the cells. The seeding of 10,000 cells/well was done of these cells in 96-well plate and 

incubated at 37⁰ C with 5% CO2 for 20 hours. Stock solution of 20 mg/ml was made of 

compounds Enceleamycin A, B, C and N-hydroxy pyrazinone acid in Dimethyl sulfoxide 

(HiMedia). Stock solution of compounds were diluted to 1 mg/ml in complete medium 

(DMEM + 10% FBS) and was again diluted to 100 µg/ml and 10 µg/ml working solution in 

DMEM media. The final DMSO concentration at the highest concentration tested at 100 

µg/ml was 0.5% i.e. below toxicity level and was used as a negative control. The stock 

solution of 20 mg/mL of the standard drug doxorubicin was made in MQ water, filter 

sterilized and further diluted to working solution in complete media. The adhered cells were 

treated with various concentration of compounds in range of 0.1 to 100 µg/mL for 48 hours. 

100 µL of MTT solution (0.5 mg/mL) was added after media was removed, and solution was 

incubated for 4h at 37 °C in dark. Subsequently, the MTT solution was decanted, and the 

solubilization of formazan crystals was done by adding 100 µl DMSO. Biotek synergy H1 

microplate reader was used to capture the reading at 570 nm. In addition, inhibition of MDA-

MB-231 cells was examined for Enceleamycin A at 4, 24, and 48h for the time point study. 

2.3 Anti-migration Assay 

 

To estimate the anti-migration impact of Enceleamycin A on MDA-MB-231 cells, a scratch 

assay was conducted (Justus et al. 2014; Luo et al. 2020). In a 24-well plate, 1.5 × 10
5
 

cells/well were seeded in DMEM (10% FBS). After the confluency, linear gaps were 
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scratched at the bottom of the plate by a sterile micropipette tip (200 μL), and detached cells 

were subsequently eliminated by 1X phosphate buffer saline (PBS). The adherent cells were 

incubated with Enceleamycin A (0.5, 1, and 2 µg/ml) in serum-free DMEM media for 24 

hours at 37⁰ C with 5% CO2 to eliminate interference of cell proliferation. The wound images 

were obtained using an inverted microscope at 0 and 24 h, respectively, and the % of cell 

migration was calculated with reference to scratch width (SW) at 0 h and 24 h : (SW at 0 h – 

SW at 24 h/SW at 0 h) × 100.     

2.4 Measurement of intracellular ROS  

 

The intracellular level of ROS production was assessed by 2′,7′-dichlorofluorescein diacetate 

(H2-DCFDA) dye (Ng and Ooi 2021). In brief, seeding 1 × 10
4
 cells/well of MDA-MB-231 

cells was done in 96-well plate and kept for 24 hours. After being washed with DPBS, cells 

were incubated at 37 °C in dark for 30 minutes with H2-DCFDA (20 μM) in DMEM 

complete media. The culture was treated with a varying concentration of Enceleamycin A (2, 

10, 20, and 50 μg/mL) in DMEM complete media for 24 and 48 h. After incubation, RFU 

was measured at 485/535 (Excitation/Emission) in a micro-plate reader. 

2.5 Apoptosis detection in MDA-MB-231 cell line 

 

The apoptotic-like features in MDA-MB-231 cells after treatment with Enceleamycin A were 

estimated by Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit (ThermoFisher 

Scientific) (Worsley et al. 2022). In brief, seeding of 3.5 × 10
5 

cells/well of MDA-MB-231 

cells was done in a 6-well plate and enable to grow overnight. The culture was treated with 

Enceleamycin A (2, 4, and 8 μg/mL) for 48 h. After being washed with binding buffer (1X), 

the cells were stained for 30 min by Alexa Flour Annexin V and Propidium iodide at 37 °C in 

dark. Stained cells were assessed for percentage of apoptotic cells relative to the untreated 

and unstained cells by flow cytometry.  

2.6 Docking analysis 

 

Canonical Smiles of the novel ligand, Enceleamycin A, were converted to protein data bank 

format using Open Babel software. The 3-dimensional structure of the PI3K-AKT-mTOR 

pathway receptors was obtained from Protein Data Bank. Native ligands, water molecules, 

and other heteroatoms from protein were removed using PyMOL (v.1.74) before docking. 

Molecular docking was performed using Autodock 4.2.6 (Azam and Abbasi 2013; Morris et 

al. 2009). The final DLG file contained important details, viz., top ten conformations for 
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every run consisting of rank, free binding energy (Kcal/mol), mean RMSD, and inhibitory 

constant (µM). The docking parameter was analyzed based on the lowest binding energy of 

the ligand-protein complex. Autodock tools 4.2.6, Discover Studio v20.1.0.19295 from 

Biovia, and PyMOL v.1.74 were used in molecular docking to visualize and study the two-

dimensional, three-dimensional and surface annotation of Enceleamycin A interaction with 

the protein (Umar et al. 2022; Gao and Huang 2011). The docked complex was validated by 

redocking of AKT2 with native ligand, and the RMSD value was calculated from the 

DockRMSD (Bell and Zhang 2019) and LS-align web tool (Hu et al. 2018).  

2.7 Molecular dynamics simulations   

 

MD simulation of the docking complex was carried out with reading biomolecular 

coordinates, solvation of desired protein, setting periodic boundary conditions, and 

generating the input files for equilibration and production using the Gromacs v 2020.6 and 

visualization and analysis using VMD v 1.9.3 and PyMOL v 1.7.4.5 software. The novel 

ligand bound to the AKT2 receptor was analyzed using the GROMOS 54A7 force field of the 

GROMACS simulation software. With the help of MODELLER9 v 14, (Webb and Sali 

2016)  the missing residues from the crystal structure's 1O6L (Ile450, Thr451, Pro452, 

Pro453, Asp454, Arg455, Tyr456, Asp457, Ser458, Leu459, Gly460, Leu461, Leu462, 

Glu463, Leu464, Asp464, Gln464, Arg464, Glu465, Glu466) were put back together. By 

using the Automated Topology Builder (ATB) repository, force fields of ligand were created 

(Malde et al. 2011). Hydrogen was added to heavy atoms using the GROMACS module 

pdb2gmx. The structure were then solvated within cubic periodic box by water stretching 2 Å 

on all sides outside protein by applying the simple point charge (SPCE) water model 

(Clifford and Wight 1976). After that, system was maintained with a suitable 0.15 M salt 

concentration by introducing sufficient concentration of Na
+
 and Cl

-
 ions to the system for 

neutralization. The steepest descent method was subsequently employed to minimize the 

energy of all systems in the solvated state over a time frame of 2000 steps.  

To carry out equilibrium in NVT (No. of atoms, Volume, and Temperature) ensemble, 

system was then heated gradually to temperature of 310 K by a V-rescale thermostat having 

0.1 ps coupling constant (Gangadharappa et al. 2020). Further to achieve equilibration in the 

NPT (No. of atoms, pressure, and temperature) ensemble, the Parrinello-Rahman barostat 

was implemented to maintain solvent density at 1 bar and 310 K having 0.1 ps coupling 

constant. To check the stability of protein and ligand complex, each structure generated from 
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equilibration phase of NPT was utilized for final NPT ensemble production run for 100 ns 

simulation (Chandan et al. 2022). 

Molecular mechanics Poisson–Boltzmann surface area (MM-PBSA), is an approach 

for determining binding free energy of protein–ligand complexes. MM-PBSA technique was 

employed via g_mmpbsa (Kumari et al. 2014) tool. For the evaluation of stability of the 

simulated systems, trajectories produced after simulations were analysed to determine RMSD 

for backbone atom, Root mean square fluctuation (RMSF) for C-alpha, Radius of gyration 

(Rg) and interacting hydrogen bonds. 

2.8 ADP-Glo Kinase Assay 

 

AKT2 kinase activity was measured in presence of Enceleamycin A by employing ADP-Glo 

kinase assay and the AKT2 Kinase enzyme system (Promega). The assay is based on 

quantifying ADP produced during the kinase reaction. The reaction was done in 96-well 

plates in which 10 μL of AKT2 (10 ng), 5 μL of Modified AKT substrate (1μg), 5 μL of ATP 

(50 μM), and 5 μL of inhibitor was added followed by an hour-long incubation at ambient 

temperature. To terminate the kinase reaction, 5 μL of the ADP-Glo reagent was applied for 

40 min. At last, 10 μL of kinase detection reagent was added and left for 30 min. Biotek 

synergy H1 microplate reader detected the luminescence. The relative activity (%) of kinase 

was calculated compared to control without an inhibitor (Zegzouti et al. 2009). 

2.9 Physicochemical and Pharmacokinetics Analysis  

 

In silico physicochemical and pharmacokinetic properties were detected for Enceleamycins 

using the SwissADME online program (Daina and Zoete 2017). The SMILES notations 

generated from ChemDraw 20.0 was submitted as an input file to the SwissADME web tool, 

which provides a reliable prediction of physicochemical (TPSA, number of hydrogen bond 

acceptor and donor, and Solubility), pharmacokinetics (GI absorption, BBB permeability, and 

CYP inhibitor) and drug-likeness (Lipinski's rule of five and Veber's rule) properties. In 

addition, toxicity profile, like the Ames test, skin sensitivity, and hepatotoxicity, was 

generated by the pkCSM web tool (Pires et al. 2015). 

2.10 Hemolysis assay 

 

Hemolytic activity of Enceleamycin A was performed on the RBCs of human blood sample. 

The blood sample of 5 ml was decanted after being centrifuged at 5000 rpm for 10 min. 

RBCs were suspended in Phosphate buffer saline (PBS), then washed three times by 
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centrifugation for 10 min at 5000 rpm, and the pelleted RBCs were resuspended in 25 ml of 

PBS. The compound was twofold diluted in PBS and mixed with RBCs suspension to 

achieve concentrations varying from 1 to 512 μg/mL. Triton X-100 (1% v/v) and DMSO 

(0.5%) in PBS were considered positive and negative controls, respectively. The treated 

suspensions were kept for 60 min at 37 °C and centrifuged at 5000 rpm for 10 minutes. The 

resultant supernatant was added to 96-well plate with a flat bottom. At 570 nm, absorbance 

was measured, and relative percent of hemolysis was estimated compared to suspension 

treated with 1% Triton X-100. The following equation calculates the percent of hemolysis: % 

hemolysis = [absorbance of the sample (treated with Enceleamycin A)] ÷ [absorbance of the 

positive control (treated with 1% Triton X-100)] × 100 (Ali et al. 2014; Sæbø et al. 2023).  

3. Results and discussion 

3.1 Cell Viability Assay 

Previous studies have shown that naphthoquinones exhibit anticancer effects on different 

types of cancer (Inagaki et al. 2015; Rahman et al. 2022; Leyva et al. 2017). In order to 

investigate anticancer activity of furo-naphthoquinones, the cytotoxicity of Enceleamycins 

along with N-hydroxy pyrazinone was evaluated against triple-negative breast cancer cells 

(MDA-MB-231), cervical cancer cells (HeLa), lung cancer cells (A549), HFF cells (non-

cancer human Foreskin Fibroblasts) and Vero (non-cancer monkey kidney epithelial cells) by 

the MTT assay (Mosmann 1983). 

The results indicated that Enceleamycin A has potential activity towards the MDA-

MB-231 (TNBC cells) with an EC50 value of 1.25 μg/mL (3.78 μM), followed by HeLa and 

A549 cells with an EC50 value of 1.51 (4.57 μM), and 1.98 μg/mL (5.99 μM), respectively. 

The EC50 value of Enceleamycin A was better than the standard anticancer drug doxorubicin 

in all the cell lines tested. Furthermore, Enceleamycin A displayed better inhibitory activity 

towards the cancer cells compared to the non-cancer HFF cells with selectivity index (SI) in 

the range of 2.0 to 3.17. The selectivity index of Enceleamycin A against cancer cells with 

respect to non-cancer Vero cells was in range of 2.35 to 3.73 (Figure 2 and Table 1). 

Enceleamycin A exhibited strong anticancer activity, followed by Enceleamycin C, whereas 

Enceleamycin B and N-hydroxy pyrazinone acid showed moderate activity. The potential 

bioactivity of Enceleamycin A and C may be due to the presence of double bond in the 

second naphthalene ring, which acts as an electron acceptor and results in formation of 

semiquinone or hydroquinone. The subsequent reduction of Enceleamycin A and C may 
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result in ROS formation and thereby leading to cell death (Wellington et al. 2015; Kumagai et 

al. 1997).  

 

Table 1. The viability  of cancer and non-cancer cells in presence of Enceleamycin A, B, C, 

N-hydroxypyrazinone acid and doxorubicin by MTT method and their selectivity index (SI) 

with respect to non-cancer cells. 

 HFF Vero MDA-MB-231 A549 HeLa 

 CC50  
a
 CC50 

 a 
EC50 

b
 SI 

c
 SI 

d
 EC50

 b
 SI 

c
 SI 

d
 EC50 

 b
 SI 

c
 SI 

d
 

A 3.97 

±0.41 

4.66 

±0.66 

1.25 

±0.31 
3.1 3.7 

1.98 

±0.27 
2.0 2.3 

1.51 

±0.14 
2.6 3.0 

B 70.95 

±6.85 

27.05 

±5.8 

23.49 

±3.13 
3.0 1.1 

46.68 

±3.29 
1.5 0.5 

30.53 

±3.84 
2.3 0.8 

C 7.60 

±0.7 

6.93 

±0.34 

2.59 

±0.26 
2.9 2.6 

3.51 

±0.35 
2.1 1.9 

7.27 

±1.8 
1.0 0.9 

D 91.30 

±10.33 

64.97 

±7.15 

44.77 

±5.1 
2.0 1.4 

97.69 

±8.85 
0.9 0.6 

60.67 

±7.85 
1.5 1.0 

Std 8.96 

±0.57 

2.96 

±0.54 

3.28 

±0.59 
2.7 0.9 

2.68 

±0.87 
2.8 1.1 

1.69 

±0.27 
4.4 1.7 

A, B, C : Enceleamycin A, B, C; D : N-hydroxy pyrazinone acid; Std. : Doxorubicin 

a 
CC50 is the concentration that achieved 50% cytotoxicity;  

b 
EC50 is effective concentration that achieved 50% inhibition 

c 
SI is the selectivity index for the cancer  cells with respect to the non-cancer HFF cells 

d 
SI is the selectivity index for the cancer  cells with respect to the non-cancer Vero cells 

 

With the selectivity and maximum activity of Enceleamycin A against the MDA-MB-

231 cells, the dose-response viability at 4h, 24h, and 48h was determined as shown in Figure 

3. Interestingly, the MDA-MB-231 cell growth was inhibited within 4 hours of treatment by 

Enceleamycin A with an EC50 value of 7.7 μg/mL. The difference in inhibition after 24 and 

48 h of treatment was not much at lower concentrations upto 2 μg/mL; however, at 4 μg/mL 

and above, maximum inhibition was observed at 48 hours of treatment.  
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Figure 2. Dose-dependent viability of cancer cells (MDA-MB-231, A549 and HeLa) and 

non-cancer (Vero and HFF) cells in presence of Enceleamycin A-C, N-hydroxy pyrazinone 

acid and doxorubicin at concentrations varying from 0.1 to 100 µg/ml. 
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Figure 3. Cell viability of MDA-MB-231 cells at 4, 24 and 48 h treatment with 

Enceleamycin A 

 

Enceleamycin A was isolated in reasonable quantity compared to other compounds 

and was further used for the in vitro anticancer activity by Anticancer Drug screening facility 

(ACDSF) at ACTREC, Navi Mumbai, India. The anticancer activity was performed by the 

Sulforhodamine B (SRB) assay at one dose of 10 μg/ml against nine human cancer cell lines 

originating from breast, liver, colon, oral, cervical, lung, prostate, ovarian, and leukemia 

(Figure 4). The data analysis (Table 2) was based on growth percent (GP), where a lower GP 

value displays a higher growth inhibition percentage (GI%) calculated as (GI% =100-GP). 

The GP value in negative corresponds to lethal activity, whereas the increased negative value 

corresponds to the higher activity of the tested compound.  

Enceleamycin A displayed lethal activity to all tested cancer cell lines and showed 

maximum cytotoxicity towards breast cancer cells with GP value of -90.6, followed by lung 

cancer. Similar to the results of MTT assay, Enceleamycin A showed better lethal activity 

than the anticancer drug adriamycin against most cancer cell lines tested. Furthermore, we 

selected Enceleamycin A for the evaluation of the probable mode of action against MDA-

MB-231 cells and its drug-likeness because of its specific potent activity towards the MDA-

MB-231 cells, high yield compared to Enceleamycin C, (Khan et al. 2022) and lack of 

treatment options for TNBC cells (Yin et al. 2020; Yao et al. 2017). 
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Figure 4. Morphological change in various cancer cell lines after treatment with 

Enceleamycin A and Adriamycin at 10 µg/ml. 
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Table 2. The percentage growth inhibition (%GI) or lethality of Enceleamycin A and 

Adriamycin against cancer cell line at 10 μg/ml  

Human cancer 
type 

Cell line name Enceleamycin A Adriamycin 

Breast MCF-7 -90.6 -81.3 

Liver Hep-G2 -64.6 -39.1 

Colon HT-29 -32.0 97.1 
a
 

Oral SCC-40 -32.5 -73.7 

Cervical SiHa -31.2 -59.4 

Lung Hop-62 -85.5 98.9 
a
 

Prostate PC-3 -76.4 -25.3 

Ovarian SK-OV-3 -78.7 -25.5 

Leukemia HL-60 -36.7 -9.3 

a 
Percentage growth inhibition (%GI) = 100 - GP (Growth percentage).

  b
 Negative 

values correspond to the lethality of respective cancer cell line. 

 

3.2 Anti-migration Assay 

 

Cell migration is crucial during the whole process of cancer development. Cancer cells have 

the ability to migrate, which is essential to invade surrounding tissues and cause tumor 

metastasis. The study of cell migration inhibition is appealing as metastatic progression is 

considered the major cause of death in cancer patients (Justus et al. 2014). To examine the 

inhibitory impact of Enceleamycin A on MDA-MB-231 cell migration, an in vitro anti-

migration assay was conducted by a scratch/wound healing assay (Luo et al. 2020). The 

images of cell migration (Figure 5A) were recorded in Olympus CKX53 inverted microscope 

at 0 and 24 hours of treatment and the migration of cells was measured in micrometers using 

MagVision software. The rate of relative migration for MDA-MB-231 cells treated with 

Enceleamycin A was 45.25%, 43.01%, 25.55%, and 6.99% at 0 µg/mL, 0.5 µg/mL, 1.0 

µg/mL and 2.0 µg/mL respectively. The migration ability of MDA-MB-231 cells was 

significantly inhibited with 1.0 and 2.0 µg/mL concentrations of Enceleamycin A (Figure 
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5B). These results demonstrated that Enceleamycin A suppresses the MDA-MB-231 cell's 

ability to migrate in a concentration-dependent manner. 

 

 

Figure 5. Enceleamycin A effect on the migration and ROS formation ability in MDA-MB-

231 cells (A) Migration of MDA-MB-231 cells in presence of Enceleamycin A at  0, 0.5, 1 

and 2 µg/mL after 24 hours (B) Statistical data analyses for MDA-MB-231 cells mobility in 

presence of Enceleamycin A at 0 (control), 0.5, 1 and 2 µg/mL after 24 hours. One-way 

ANOVA Dunnett test was used to determine statistical significance; ****p < 0.0001 (C) 

Statistical data analyses of ROS formation by MDA-MB-231 cells after treatment with 

Enceleamycin A (EA) at 24 and 48 hours. Two-way ANOVA Dunnett test was used to 

determine statistical significance; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

 

 

3.3 Measurements of intracellular reactive oxygen species (ROS)  

 

Since naphthoquinones are known for producing intracellular ROS, we quantified the ROS 

production after treatment with Enceleamycin A by 2′,7′-dichlorofluorescein diacetate (H2-

DCFDA). The ROS at lower concentration plays a vital role in the homeostasis of cells; 

however, when in excess, it leads to the death of cells through apoptosis (Sun et al. 2014; 

Redza-Dutordoir and Averill-Bates 2016). In the ROS assay, the MDA-MB-231 cells in 
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presence of Enceleamycin A demonstrated a relative increase in fluorescence intensity at 24 

and 48 hours as the concentration was raised from 2 to 50 µg/ml compared to the untreated 

control. The graph (Figure 5C) displayed MDA-MB-231 cells after treatment with 

Enceleamycin A resulted in concentration and time-dependent increase in intracellular levels 

of ROS. It is known that excessive ROS formation within the cell can induce apoptosis and 

results in cell death.  

3.4 Apoptosis detection in MDA-MB-231 cells 

 

To examine whether the ROS production by Enceleamycin A in MDA-MB-231 cells results 

in apoptotic cell death, we perform the apoptosis assay using flow cytometry. The apoptotic 

analysis in cancer cells is based on the movement of phosphatidylserine from inner 

membrane to outer membrane, which eventually recognizes by Annexin V. The scatter plot 

(Figure 6A) for control and treated cells was demonstrated with four distinct populations of 

unstained for viable cells, Annexin V-Alexa flour for early apoptotic cells, and for late 

apoptotic cells dual stained with Annexin V/Propidium iodide (Worsley et al. 2022).
 
The 

early/late apoptosis ratio was 25.8%/2.45%, 49.7%/10.7%, 58.4%/14.85, and 60.65%/ 19.2% 

at the concentration 0, 2, 4, and 8 µg/mL respectively, after 48 hours of treatment with 

Enceleamycin A (Figure 6B). These observations demonstrated the concentration-dependent 

apoptosis in the MDA-MB-231 cells by Enceleamycin A.  

3.5 Molecular Docking  

 

The inhibitory activity of the novel ligand Enceleamycin A against the intended protein target 

of the PI3K-AKT-mTOR pathway was examined using molecular docking. The protein target 

considered for molecular docking were PI3Kα (4TV3), AKT1 (3O96), AKT2 (1O6L), mTOR 

(1E7U), and S6K1 (3A62). The top rank from the cluster of a receptor with the lowest 

binding energy and 0 RMSD was considered appropriate for visualizing the interactions 

between the protein and ligand complex. The details of the best molecular fit conformations 

were displayed by Autodock 4.2.6 (Azam and Abbasi 2013) and the best molecular fit pose 

was visualized by Biovia discovery studio v20.1.0.19295 (Umar et al. 2022). 
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Figure 6. Apoptosis detection in MDA-MB-231 cells in presence of Enceleamycin A. (A) 

Enceleamycin A effect on apoptosis of MDA-MB-231 cells using Annexin V-Alexa flour-

488 and PI staining. The cell stages were given as viable-Q3, early apoptotic-Q4 and late 

apoptotic-Q2 (B) Percentage of viable, early and late apoptotic cells in the population based 

on Flow cytometry data analysis. 

 

Enceleamycin A displayed better binding affinity with AKT2 compared to the other 

proteins of PI3K-AKT pathway shown in Table 3 and Figure 7. The binding energy 

calculated was -7.14 Kcal/mol for the docked complex. The non-bond interactions gave us 

information about active sites, the nature of bonding, the distance between the native ligand 

and the protein, and the donor and acceptor atoms. The active sites of the interacting 

Enceleamycin A and AKT2 displayed in Figure 7C and Table 4, were Lys 181, Glu 200, Gly 

295, Asp 293, Glu 193, Phe 163, Leu 183, Lys 191, which signifies that the novel ligand is 

interacting with the A polypeptide chain of AKT2 protein. The interaction distance of active 

site Lys 181 and Glu 200 was of 2.2 and 2.0 Å, respectively (Figure 8D) by conventional 
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hydrogen bonding. The other interactions include the carbon hydrogen bond for Gly 295 and 

Asp 293, electrostatic pi-anion for Glu 193, hydrophobic pi-pi stacked for Phe 163, 

hydrophobic alkyl for Leu 183 and hydrophobic pi-alkyl for Lys 191. Figure 7E and Table 4 

displays the H-bond donor and acceptor details of interacting complex of Enceleamycin A 

and AKT2 in which Lys 181 acts as a H-bond donor and Glu 200 as an H-bond acceptor. 

 

Table 3. Binding affinity of Enceleamycin A with proteins associated with PI3K-AKT-

mTOR pathway using molecular docking 

Receptor PDB ID Receptor Name 
Binding affinity 

(Kcal/mol) 

4TV3 PI3Kα -6.87 

3O96 AKT1 -6.58 

1O6L AKT2 -7.14 

1E7U mTOR -6.65 

3A62 S6K1 -6.34 

 

 

 

Figure 7. Conformation of the best molecular fit of Enceleamycin A and AKT2 (PDB 

ID1O6L) 
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Figure 8. Molecular docking of Enceleamycin A with AKT2 protein and docking validation 

(A) Enceleamycin A in protein databank (pdb) format where red indicates oxygen atom, light 

grey represents hydrogen atom and dark grey represents carbon atom, (B) AKT2 (1O6L) 

receptor, where α-helices are denoted in red, β-sheets in yellow, and turns & loops in green. 

(C) Two-dimensional diagram of the docked complex (AKT2 and Enceleamycin A) showing 

the active sites and the type of interactions (D) Three-dimensional diagram displaying the 

interaction of active site Lys 181 and Glu 200 with distance of 2.2 and 2.0 Å, respectively (E) 

Three-dimensional diagram with H-bond display of the interacting complex, where the pink 

shade represent H-bond donor and green shade represents H-bond acceptor (F)  Docking 

validation of native ligand AMP-PNP to AKT2 (1O6L) and displaying the super-imposition 

of the redocked native ligand protein complex. 

A B 

C D 

E 
F 
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Table 4. Non-bond interactions between AKT2 protein and Enceleamycin A (EA) 

Name Distanc

e (Å) 

Category Types From 

(Donor) 

To 

(Acceptor) 

LYS A: 181: 

HZ1 - EA: O 

2.20784 Hydrogen 

Bond 

Conventional 

Hydrogen Bond 

LYS 

A:181: 

HZ1 

EA: O 

EA: H - GLU 

A: 200: OE1 

2.04415 Hydrogen 

Bond 

Conventional 

Hydrogen Bond 

EA: H GLU A: 

200: OE1 

EA: C – GLY 

A: 295: O 

3.41985 Hydrogen 

Bond 

Carbon 

Hydrogen Bond 

EA: C GLY A: 

295: O 

EA: C – ASP 

A: 293: OD1 

3.69348 Hydrogen 

Bond 

Carbon 

Hydrogen Bond 

EA: C ASP A: 293: 

OD1 

GLU A: 193: 

OE1 - EA 

4.00257 Electrostatic Pi-Anion GLU A: 

193: OE1 

EA 

PHE A: 163 - 

EA 

3.61776 Hydrophobic Pi-Pi Stacked PHE A: 

163 

EA 

EA:C – LEU 

A: 183 

4.55503 Hydrophobic Alkyl EA: C LEU A: 183 

EA – LYS A: 

191 

5.27434 Hydrophobic Pi-Alkyl EA LYS A: 191 

 

To further validate the docking method, the AKT2 (1O6L) protein was re-docked 

with the native ligand AMP-PNP (Phosphoaminophosphonic Acid-Adenylate Ester). Both re-

docked, and native ligands interacted with the protein AKT2 with significant overlap and 

resemblance (Figure 8F). The RMSD (root mean square deviation) value of the interactions 

was computed by the DockRMSD and found to be 1.262 Å, considered a reliable docking 

procedure since the value was <2.0 Å (Bell and Zhang 2019). The RMSD value calculated 

for the superimposed ligand conformation using LS-align was 0.684 Å, which is <1 Å 

denotes strongly aligned atom pairs (Hu et al. 2018). 

3.6 Molecular dynamics (MD) simulation analysis  

 

Molecular dynamics (MD) is commonly used computational simulation technique for 

predicting mode of interactions in drug development. It is extensively used to investigate how 

the molecules shift their form and interact with species of other molecules in variety of 

environment (De Vivo et al. 2016). To confirm the structural stability of docked complex of 

Enceleamycin A and AKT2, MD simulations were run for 100 ns using GROMACS package. 
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Molecular mechanics Poisson–Boltzmann surface area (MM-PBSA), technique displays the 

binding energy of -10.481 ± 3.398 Kcal/mol during the run of 100 ns demonstrating the 

potential affinity between the Enceleamycin A and AKT2. 

 

Figure 9. Plots displaying the MD simulation data of simulated complex (Enceleamycin A 

with AKT2 protein) for the 100 ns simulation (A) Plot displaying the RMSD values of 

simulated complex for 100 ns (B) Plot displaying the RMSF value of simulated complex for 

100 ns where labeling in the residue index region ranging from 150-170 and 305-325 

correlates with the designated A and B loop in pink colour. These loops contain serine and 

threonine residues responsible for phosphorylation that shows the higher fluctuation (C) Plot 

displaying the radius of gyration (Rg) of simulated complex for 100 ns (D) Plot displaying 

number of H-bonds interacting within simulated complex for 100 ns 

RMSD calculates the variation between the protein's starting location and final 

structure. The RMSD values displayed low fluctuation throughout the 100 ns period, and 

were almost constant from around 70 to 100 ns demonstrating the structural stability of 

protein-ligand complex in Figure 9A. The interactions of protein-ligand appear energetically 

advantageous and contribute to complexes' stability based on low RMSD values. RMSF 

evaluates flexibility of each residue over-time and used to determine the variations in the 

protein residues. The RMSF score estimates protein-ligand complexes stability with larger 

values suggesting less stability and greater flexibility. The major fluctuation was observed 

only in the designated A (150-170) and B (305-325) region of protein loop which is 

conserved structurally and functionally for the serine and threonine kinase family (Yang et al. 
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2002)
 
shown in Figure 9B. This major fluctuation might be due to the inhibition of AKT2 by 

Enceleamycin A affecting the phosphorylation responsible for protein functionality. The 

understanding of radius of gyration (Rg) of protein complex is essential to comprehend effect 

of inhibitors on the compactness of protein. In our simulation, the radius of gyration was 

found to be 2.17 and displayed lesser deviation throughout the 100 ns run as depicted in 

Figure 9C. The intermolecular H-bonds between interacting atom pairs impacts molecular 

recognition process and stability of protein-ligand complex's. To ascertain dynamic stability 

of complex, H-bonds interacting with the ligand and receptor protein were measured over the 

100 ns run. In Figure 9D, Hydrogen bond interaction was observed throughout the 100 ns run 

and the interaction was increased from 70 ns onwards. Hydrogen bond occupancy was similar 

to results inferred from molecular docking, with Lys 181 occupying 16.08%, followed by Glu 

200 occupying 10.79% during the MD run. Thus, it appears that predicted system is stable.  

3.7 ADP-Glo Kinase Assay 
 

 

An in vitro assay using the AKT2 kinase enzyme system was  conducted to confirm further 

the in silico binding affinity and stability of the docked complex of Enceleamycin A and 

AKT2 (Zegzouti et al. 2009). The ADP generated during the reaction is measured by the 

ADP-GloTM Kinase. In the subsequent luciferase reaction, the newly produced ADP is 

transformed into ATP and generates light. The light generated correlates with the kinase 

activity. A concentration of less than 1 μg/mL of Enceleamycin A proved efficient in 

inhibiting the AKT2 enzyme. Enceleamycin A displayed an IC50 value of 0.736 μg/mL for 

AKT2 as displayed in Figure 10, consistent with a prior study showing that pyrano-

naphthoquinones specifically inhibit the AKT kinase enzyme. However, the potential enzyme 

inhibition activity was comparatively less compared to pyrano-naphthoquinones (Salaski et 

al. 2009). With further in-depth research, Enceleamycin A can be used as a dual-action 

anticancer molecule with ROS formation and AKT2 inhibition to reduce the metastasis and 

invasiveness of cancer. 
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Figure 10. AKT2 kinase inhibition by Enceleamycin A with IC50 value of 0.736 μg/ml 

 

3.8 Pharmacokinetics and Physiochemical Properties  

 

The anticancer candidate molecule should have an approving biopharmaceutical property 

since it will interact with various cells and macromolecules inside the body. A molecule's 

acceptable ADMET (absorption, distribution, metabolism, excretion, and toxicity) 

characteristics are necessary for its consideration as a lead molecule for therapeutic 

application. The physicochemical and ADMET of Enceleamycin A was evaluated by the 

swissADME and pkCSM webtool (Daina and Zoete 2017; Pires et al. 2015). The 

bioavailability radar in Figure 11A, displays that the molecule falls under the optimum 

physicochemical properties (lipophilicity, size, polarity, insolubility, saturation, and 

flexibility). A molecule should follow Lipinski's
 
and Veber's  rules for drug-like properties 

(Lipinski et al. 2012; Veber et al. 2002). Enceleamycin A comes under all the designated 

Lipinski's rule of five (Mol. Wt. < 500 Daltons, No. of H-bond acceptors < 10, No. of H-bond 

donors < 5, octanol–water partition coefficients log P < 5 and molar refractivity < 140) and 

Veber's rule (topological polar surface area < 140 Å and No. of rotatable bonds < 10) which 

signifies its drug likeliness property. The pharmacokinetics displayed in the boiled-egg 

ADME profile in Figure 11B shows that gastro-intestinal tract effectively absorbs molecule 

and did not penetrate blood-brain barrier (BBB). The non-permeability of BBB signifies that 

molecule theoretically does not have side effects on the central nervous system (Ates-Alagoz 

et al. 2021). 
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Table 5. Physicochemical and pharmacokinetics property of Enceleamycin A using 

SwissADME and pkCSM webtool 

 

 

 

Figure 11. ADME property of Enceleamycin A. (A) Bioavailability radar of Enceleamycin A 

(B) Boiled-egg ADME profile where white egg part shows the gastro-intestinal absorption 

and yellow yolk part shows the Blood-brain barrier permeability, whereas the horizontal axis 

displays TPSA value and vertical axis shows the LogP value. The blue dot represents 

Enceleamycin A 

 

B A 

Physicochemical properties Pharmacokinetic properties 

Formula C17H1407 Gastro-Intestinal absorption Yes 

Molecular weight 330.29 g/mol BBB permeation No 

Rotatable bonds 0 P-Glycoprotein Inhibitor No 

Heavy atoms 24 P-Glycoprotein substrate Yes 

Aromatic heavy atoms 6 CYP-450 class enzyme inhibitor No 

H-bond donors 2 hERG I and II  inhibitor No 

H-bond acceptors 7 Log Kp (skin permeation)  -7.79 cm/s 

Log P 2.05 AMES toxicity No 

Molar refractivity 78.07 Hepatotoxicity No 

TPSA 102.29 Å Skin sensitisation No 
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Furthermore, the molecule did not inhibit the P-glycoprotein and CYP-450 class of 

enzymes, thus having a lower chance of corresponding drug interaction (Ates-Alagoz et al. 

2021). The toxicity of molecules can damage organs and fail in late-stage drug development. 

So the toxicity of Enceleamycin A was evaluated by the pkCSM web tool, where the 

compound was negative to the Ames test, which assesses the carcinogenic effect. The 

molecule was non-hepatotoxic, not sensitive to skin, and a non-inhibitor of hERG I and II 

(Table 5). Based on these in silico findings, Enceleamycin A displayed desirable drug-

likeness properties for a potential therapeutic candidate.  

 

 

Figure 12. Hemolysis of Enceleamycin A (A) Hemolysis assay of Enceleamycin A 

demonstrating the intact pellet of red blood cells (B) Percentage of hemolysis of RBCs after 

treatment with Enceleamycin A 

 

3.9 Hemolysis assay 

 

The biocompatibility of Enceleamycin A was investigated by hemolysis assay for the in vivo 

applications. Hemolysis assay is one of the critical screening aspects for determining drug 

toxicity since these drugs interact with the blood components, mainly red blood cells (RBCs), 

during entry in humans (Ali et al. 2014).
 
In vitro, hemolysis of Enceleamycin A was 

determined compared to 1% Triton X-100. The RBCs were found to be intact after treatment 

with Enceleamycin A. In contrast, they got dissolve in the presence of 1% of Triton X-100 as 
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shown in Figure 12A. As displayed in Figure 12B, Enceleamycin A showed negligible 

hemolytic effect on the human RBCs even at a concentration of 512 μg/mL, i.e., more than 

400 times its IC50 against MDA-MB-231 cancer cells. Thus the reported anticancer 

compound is not toxic to human RBCs and can be further evaluated for in vivo animal 

studies. 

Conclusion 

 

The anticancer potential of Enceleamycins A, B, C and N-hydroxypyrazinone acid was 

investigated. Of the four compounds, Enceleamycin A showed prominent anticancer 

properties, particularly towards MDA-MB-231 (TNBC) cells with IC50 of 1.25 μg/mL. It also 

inhibits cell migration ability of TNBC cells at 1 μg/mL and above. The treatment of MDA-

MB-231 cells by Enceleamycin A increases intracellular ROS formation, leading to apoptotic 

cell death, demonstrated by flow cytometry analysis. Molecular docking and MD simulation 

showed that Enceleamycin A can be a potential AKT2 inhibitor candidate. The in silico 

investigation was validated by the in vitro AKT2 enzyme assay, in which Enceleamycin A 

exhibited IC50 value of 0.73 μg/mL. According to in silico physicochemical and ADMET 

studies, Enceleamycin A showed good bioavailability and did not violate Lipinski's rule of 

five, making it a candidate drug-like molecule. The compound showed no prominent 

hemolytic effect on human RBCs. Altogether, this study presents essential insights about 

Enceleamycin A possessing therapeutic potential for cancer treatment, particularly triple-

negative breast cancer cells by targeting AKT2 kinase signalling pathway. 
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1. Overall summary 
 

Historically, natural products have been essential to pharmacotherapy, especially for 

infectious diseases and cancer. Nonetheless, the need for novel bioactive compound is critical 

due to drug resistance, lack of new class of antibiotics, limitations of existing treatments, and 

evolving diseases. The Actinobacteria group is an excellent source of bioactive molecules 

because of their diversity and demonstrated capability to produce new metabolites. 

The Streptomyces genus of actinobacteria is a prominent producer of bioactive secondary 

metabolites and has been explored to a large extent. In recent years, due to rediscovery of 

existing compounds from Streptomyces genus, the screening for novel compounds has 

focused on the non-Streptomyces group, commonly known as rare actinobacteria. 

The Amycolatopsis genus belonging to rare actinobacteria has shown its potential to produce 

novel molecules with various structural and biological activities. The genome sequencing 

technology has revealed the unexplored biosynthetic potential of the Amycolatopsis genus. 

Approaches like one strain many compounds (OSMAC) can effectively elicit biosynthetic 

metabolic pathways to maximize the secondary metabolite diversity. The various studies have 

shown that the cultivation condition of microbes, including static or dynamic, can directly 

affect their chemical metabolic process and produce novel molecules. 

In search of novel antimicrobial molecules, present study aimed to screen bioactive 

compound producing actinobacteria previously isolated from Western Ghats of India. The 

screening for antimicrobial activity was performed under shaking and static conditions using 

three fermentation media. From the 57 isolates screened, 21 displayed activity towards at 

least one of the test strains, i.e., S. aureus, E. coli, or C. albicans. The 16S rRNA gene 

sequences showed 20 isolates belong to the Streptomyces genus, whereas one isolate was a 

rare actinobacteria from the Amycolatopsis genus. Amycolatopsis sp. WGS_07 displayed 

potent activity against S. aureus only under static conditions with zone of inhibition of 34 

mm. The strain was closely related to A. silviterrae of which no bioactivity was reported. The 

whole genome sequencing analysis of Amycolatopsis sp. WGS_07 yielded a genome size of 

10,225,713 bp and showed 28 biosynthetic gene clusters associated with diverse secondary 

metabolites. The Amycolatopsis sp. WGS_07 was further investigated for large-scale 

production of bioactive molecules. The fermentation of 50L under static conditions yielded 

52 g of crude extract and further purified based on bioactivity by silica-gel column 

chromatography followed by semi-preparative HPLC. The purification led to the isolating of 

four bioactive molecules, and their chemical structure was elucidated using NMR 
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spectroscopy, HR-MS and single crystal XRD. The purified compounds were characterized 

as three new furo-naphthoquinones, Enceleamycins A, B, C and one novel N-

hydroxypyrazinone acid. Enceleamycin A possesses an unprecedented pentacyclic oxeto-

furo-furo-naphthoquinone structure. Enceleamycin B contains a dihydroxylated 

naphthoquinone group, and Enceleamycin C has the furo-furo-naphthoquinone skeleton with 

hydroxy-aldehyde functionalities. 

Naphthoquinones are naturally present in bacteria, fungi, and plants. They comprise a 

naphthalene ring system with two carbonyl groups and display various biological activities, 

like antibacterial, anticancer, antifungal, antimalarial, antitrypanosomal, and antiviral. The 

antibacterial studies of Enceleamycins A-C and N-hydroxypyrazinone acid showed that 

Enceleamycin A possesses potent antibacterial (MIC range of 2-8 μg/mL) activity towards 

various Gram-positive bacteria, including clinically isolated methicillin-resistant S. aureus. 

The MIC against Gram-positive bacteria of Enceleamycin C was 8-32 μg/mL, whereas MIC 

of Enceleamycin B and N-hydroxypyrazinone acid was 64 to >128 μg/mL. With maximum 

activity and yield, Enceleamycin A was further studied and found to have a bacteriostatic 

effect on the growth of MSSA and MRSA. Enceleamycin A displayed the synergistic effect 

with erythromycin against MRSA and additive effect in combination with ampicillin, 

vancomycin and ciprofloxacin. Enceleamycin A also showed significant biofilm inhibition 

and disruption at 1 and 2 μg/mL concentrations. The preliminary study indicates that MRSA 

treatment with Enceleamycin A results in the increase of intracellular ROS levels and results 

in the inhibition of bacterial growth. Altogether, the antibacterial study presents 

Enceleamycin A as a candidate therapeutic molecule for treating MRSA. 

Cancer is among the most significant cause of mortality globally and there has been 

several cases of resistance towards the present anticancer drug. The Breast cancer, especially 

triple negative breast cancer (TNBC) is among most aggressive cancer type with low survival 

rate. The standard TNBC treatment is generally chemotherapy because absence of specific 

biomarkers. Since the FDA has approved several compounds with quinone moiety for various 

cancer chemotherapy, the present study investigated the anticancer potential of three novel 

furo-naphthoquinones, Enceleamycin A-C along with N-hydroxy pyrazinone acid. 

Enceleamycin A showed prominent anticancer properties, particularly against MDA-MB-231 

(TNBC) cells with IC50 value of 1.25 μg/mL. It also demonstrated its ability to significantly 

inhibit MDA-MB-231 cell migration at 1 μg/mL and above. The primary mechanism of the 

naphthoquinones is forming reactive oxygen species (ROS) in cells. The intracellular ROS 

level increased in MDA-MB-231 cells after treatment with Enceleamycin A, leading to 
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apoptotic cell death, as demonstrated by flow cytometry analysis using Annexin V/PI 

staining. The early apoptosis percentage increased from 25% to 60.65%, and late apoptosis 

from 2.45% to 19.2% at 8 µg/mL. 

The naphthoquinone molecules in previous studies have shown selective inhibition 

towards the serine-threonine kinase AKT, which plays essential role in chemo-resistance and 

invasiveness of breast cancer. The molecular docking of Enceleamycin A with AKT2 

revealed a binding affinity of -7.14 Kcal/mol. Further, in vitro AKT2 enzyme assay was also 

performed to validate in silico investigation. Enceleamycin A inhibits the AKT2 enzyme in 

vitro with IC50 value of 0.736 µg/ml. Molecular docking, MD simulation, and in vitro AKT2 

enzyme assay showed that Enceleamycin A can be a potential AKT2 inhibitor 

candidate. According to in silico physicochemical and ADMET studies, Enceleamycin A 

showed good bioavailability and did not violate Lipinski's rule of five. The compound is non-

hepatotoxic, not sensitive to skin, and a non-inhibitor of hERG I and II and was negative in 

the Ames test. Enceleamycin A showed a negligible hemolytic effect on the human RBCs 

even at a 512 μg/mL concentration, i.e., more than 400 times its IC50 against MDA-MB-231 

cancer cells. The anticancer study presents Enceleamycin A's therapeutic potential for cancer 

treatment, particularly TNBC cells, by targeting the AKT2 kinase signaling pathway. 

2. Future Perspective 

 

The species of the Amycolatopsis genus possess the potential to produce a high number of 

valuable pharmaceutical molecules. With the advances in genomics and metabolomics, it is 

found that the culture has potential to biosynthesize more secondary metabolites than 

reported. In the present study, the fermentation of Amycolatopsis sp. WGS_07 under static 

conditions has led to the isolation of four new molecules Enceleamycins A, B, C, and N-

hydroxypyrazinone acid. The fermentation of Amycolatopsis sp. WGS_07 under different 

growth conditions and using various metabolite elicitors can help isolate even more new 

molecules. The whole genome of Amycolatopsis sp. WGS_07 showed the presence of various 

biosynthetic gene clusters, including the type II polyketide synthases (PKSs) gene clusters, 

which are generally responsible for synthesizing naphthoquinones. The biosynthetic gene 

cluster analysis and gene knockout study can help to predict and validate the pathway and 

genes responsible for the synthesis of Enceleamycins. It will help isolate other intermediates 

in Enceleamycin's biosynthetic pathways that might have more potent activity. 

Enceleamycin A displayed significant antibacterial and anticancer activity; further, it can also 

be explored for other bioactivities like antiparasitic and antiviral. Enceleamycin A can also be 
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screened for treating theileriosis for cattle infected with Theileria since the resistance towards 

the marketed drug buparvaquone is increasing. For better solubility, stability, and efficacy, 

Enceleamycin A can be derivatized by incorporating other chemical groups, like hydroxyl, 

halogens, and amides. In addition to the in silico pharmacokinetics and toxicity, the in 

vivo study can further establish the pharmacokinetics, pharmacodynamics, and therapeutic 

potential of Enceleamycins A. Further, the study of expression of the marker genes for 

apoptotic pathway would be interesting and will give more clarity about the anticancer 

mechanism of enceleamycin A. 

The discovery of Enceleamycin A and its antibacterial and anticancer properties, 

mechanism of action, and computational predictions opens further research and development 

avenues. This novel compound can be valuable in addressing critical medical needs in 

infectious disease treatment and cancer therapy. 
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The need for novel bioactive compounds is crucial due to the challenges posed by 

antimicrobial resistance and existing drug limitations. In this regard, actinobacteria cultures 

from the Western Ghats were screened for antimicrobial activity under shaking and static 

conditions. Amycolatopsis sp. WGS_07 showed potent activity against S. aureus only under 

static condition and was closely related to A. silviterrae. The genome sequencing analysis 

of Amycolatopsis sp. WGS_07 displayed the presence of biosynthetic gene clusters associated 

with diverse secondary metabolites. The large-scale fermentation of 50L and bioactivity-

guided multiple chromatography purification resulted in isolating four bioactive molecules. 

The isolated compounds were identified as three novel furo-naphthoquinones, Enceleamycins 

A-C (1-3), and one new N-hydroxypyrazinone acid (4). Enceleamycin A displayed potent 

antibacterial activity against Gram-positive bacteria, followed by Enceleamycin C, whereas 

Enceleamycin B and N-hydroxypyrazinone acid were weakly active. Enceleamycin A 

revealed a bacteriostatic effect on the growth of MSSA and MRSA. It showed synergistic 

activity with erythromycin against MRSA. Enceleamycin A inhibits the growth of S. 

aureus by producing intracellular ROS. Overall, Enceleamycin A possesses therapeutic 

potential for bacterial treatment against MRSA. In addition, the anticancer activity of 

Enceleamycins A-C and N-hydroxypyrazinone demonstrated considerable inhibition of triple-

negative breast cancer (TNBC) MDA-MB-231 cells by Enceleamycin A with an IC50 value 

of 1.25 μg/mL. Enceleamycin A raises intracellular ROS levels in TNBC cells, leading to 

apoptotic cell death, as demonstrated by Annexin V/PI staining. The molecular docking and 

simulation investigation revealed a better binding affinity of Enceleamycin A with AKT2. 

The in silico physicochemical and pharmacokinetics characteristics of Enceleamycin A 

demonstrated its drug-likeness. The hemolysis assay showed the non-hemolytic nature of 

Enceleamycin A. Altogether, the anticancer study presents essential insights about 

Enceleamycin A’s therapeutic potential for cancer treatment, particularly against triple-

negative breast cancer cells. 
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Abstract: 

 

The demand for new bioactive compounds are critical due to the rapid spread of 

antimicrobial resistance worldwide. The microbial natural products have played a pivotal 

role in the development of antimicrobial drugs over the past several decades. 

Amycolatopsis genus, so called rare Actinobacteria are known to produce novel 

secondary metabolites with various biological activities. The present study underscores 

the antimicrobial screening of actinobacteria using three different fermentation medium 

under static and shaking condition considering OSMAC (One Strain Many Compounds) 

strategy. Amycolatopsis sp. WGS_07 was found to be active against S. aureus under 

static condition only. Further, isolation of its major bioactive compound along with their 

derivatives was assessed using a large scale fermentation of 50 litres under static 

condition. Bioactivity guided purification using silica gel column chromatography 

coupled with semi-preparative HPLC led to the isolation of four compounds. After 

intensive characterization by 1D NMR, 2D NMR, XRD and Mass spectroscopy, three 

novel unprecedented Naphthoquinones along with one new pyrazinone acid derivative 

were probably identified. The compounds C-1 and C-3 were found to be active against 

Gram positive bacteria, against both susceptible and methicillin resistant  S. aureus (MIC 

2-32 µg/mL). Besides, these compounds were also screened for their antimalarial activity 

against P. falciparum (C-1 and C-3, IC50>1µM), suggesting it as a potential antimalarial 

molecule. This study reveals that rare actinobacteria Amycolatopsis sp. can be a source of 

novel bioactive compounds under static condition and the isolated compounds can be 

used as a scaffold for antibacterial or antimalarial drug. 
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Conference: International Workshop on ―Biology and applications of Actinomycetes‖ at 
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Conference date: 31
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st
 November, 2019 

Title: Rare Actinobacteria: A potential source for bioactive compounds 

Authors: Abujunaid Khan, Syed Dastager
 

Abstract:  

 

The demand for new antibiotics with broad-spectrum activity are increasing due to the rapid 

spread of antibiotic-resistant pathogens causing numerous infectious diseases. Considering 

the need of the society for a new antibiotic, the present work focuses on the screening of 

actinobacteria from the unexplored region of Western Ghats and North-East India for the 

antimicrobial compounds. Around 200 actinobacteria cultures were isolated from both the 

sites using different media and were identified by the 16S rRNA gene sequencing which 

reveals that majority of the isolates were of Streptomyces genera, the most common among 

the actinobacteria genera. The extraction of secondary metabolites from actinobacteria using 

different media and their antimicrobial study was carried out by agar well diffusion 

method against three test organisms i.e., Escherichia coli (NCIM 2065), Staphylococcus 

aureus (NCIM 2127) and yeast strain Candida albicans (NCIM 3102). 121 isolates were 

having activity against one of the test organism. Streptomyces sp. MS21 was targeted as it 

was showing broad-spectrum antimicrobial activity and there were no antimicrobial 

compounds reported from the closest strain of MS21. Fermentation of 30 litres was done and 

the broth was extracted thrice by an equal volume of ethyl acetate. The crude extract was 

partially purified by silica gel column chromatography. Further identification and 

characterization of the active compounds will be done with the help of preparative HPLC 

followed by NMR and LC-MS. The study reveals that the exploitation of actinobacteria from 

the unexplored region can still be a source for the novel antimicrobial compound. 
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ABSTRACT: Three novel furo-naphthoquinones, enceleamycins A−C (1−3), and a new N-hydroxypyrazinone acid (4) were
identified from the strain Amycolatopsis sp. MCC 0218, isolated from a soil sample collected from the Western Ghats of India. Their
chemical structure and absolute and relative configurations were established by 1D and 2D NMR spectroscopy, single-crystal X-ray
crystallography, and high-resolution mass spectrometry. Compounds 1 and 3 were active against methicillin-susceptible and
-resistant Staphylococcus aureus with MIC values of 2−16 μg/mL.

The increase in antibiotic resistance is a big challenge to
human health management. This crisis has been

epitomized by the spread of multi-drug-resistant “ESKAPE”
organisms (Enterococcus spp., Staphylococcus aureus, Klebsiella
spp., Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.).1,2 Natural products from microbial sources
have played a pivotal role in developing antimicrobial drugs over
several decades.3−5 The bacterial genus Amycolatopsis, rare
actinobacteria, belongs to the Pseudonocardiaceae family and
are producers of the important clinical antibiotics rifamycin and
vancomycin.6,7 The saalfelduracins,8 thioamycolmides,9 amyco-
lasporins,10 dibenzoyls,10 thioalbamide A,11 and pradimicin12

have been isolated from different species of Amycolatopsis.
Multiple growth conditions have been employed to maximize
the secondary metabolite diversity by varying the parameters
such as nutrients, time, temperature, pH, and aereation.13−15

Following a search for novel bioactive secondary metabolites
from various bacteria and plants,16−20 herein, we report the
isolation, structure determination, and bioactivity evaluation of
novel furo-naphthoquinone derivatives and the new N-
hydroxypyrazinone acid from the Amycolatopsis sp. MCC 0218
strain, which was isolated from a soil sample collected from the
Western Ghats of India (see the Supporting Information). The
bacterial strain was cultured on a fermentation medium (50 L)
in static conditions for 7 days at 28 °C, and the whole broth was
extracted with EtOAc, which yielded about 52 g of extract.
Bioactivity-guided purification by silica gel column chromatog-

raphy and semipreparative reversed-phase HPLC resulted in the
isolation of three novel furo-naphthoquinones (1−3, encelea-
mycins A−C) along with N-hydroxypyrazinone acid 4.

Received: December 17, 2021

Articlepubs.acs.org/jnp

© XXXX American Chemical Society and
American Society of Pharmacognosy

A
https://doi.org/10.1021/acs.jnatprod.1c01160

J. Nat. Prod. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 C
H

E
M

IC
A

L
 L

A
B

O
R

A
T

O
R

Y
 o

n 
A

pr
il 

30
, 2

02
2 

at
 0

2:
59

:2
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abujunaid+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madhukar+S.+Said"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Balasaheb+R.+Borade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajesh+Gonnade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vitthal+Barvkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ravindar+Kontham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ravindar+Kontham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Syed+G.+Dastager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jnatprod.1c01160&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.1c01160/suppl_file/np1c01160_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.1c01160?fig=&ref=pdf
pubs.acs.org/jnp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jnatprod.1c01160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jnp?ref=pdf
https://pubs.acs.org/jnp?ref=pdf


■ RESULTS AND DISCUSSION
Enceleamycin A (1) was obtained as a yellow solid. The
molecular formula of 1 was determined to be C17H14O7 by high-
resolution mass spectrometry (HRMS), requiring 11 indices of
hydrogen deficiency. The IR spectrum of 1 exhibits an
absorption band at 3437 cm−1 for the hydroxy group and
1641 cm−1 for the conjugated enone. The electronic circular
dichroism (ECD) spectrum showed a positive Cotton effect at
249 nm (CD, 0.06 mg/mL, CH3CN), λmax (Δε) 249 (+23.51),
290 (−8.95) nm. The 1H NMR spectrum of 1 in CD3CN
displayed proton signals for two sp3 methyls [δH 1.34 (d, J = 6.1
Hz) and 1.59 (s)], three sp3 methines [δH 5.74 (s), 5.72 (s), and
4.50 (q, J = 6.4 Hz)], three sp2 methines [δH 7.25 (d, J = 8.4 Hz),
7.73−7.65 (m), and 7.64−7.56 (m)], and a phenolic proton [δH
11.51 (br s, 1 H)] (Table S1). The 13C NMR spectrum of 1 in
CD3CN had 17 carbon signals. Based on DEPT and HSQC
analyses, the presence of two methyls (δC 17.9 and 19.7), six
methines [three olefinic (δC 119.9, 124.9, and 138.6); three
oxygenated sp3 (δC 75.9, 92.2, and 111.7)], and nine
nonprotonated carbons [three olefinic (δC 116.3, 126.0, and
134.4), two olefinic oxygenated (δC 161.0 and 162.9), two
oxygenated sp3 (δC 87.4 and 100.2), and two carbonyl carbons
(δC 184.0 and 181.6)] was established. The HMBC spectra
showed correlations of H-12 (δH 7.25 and δC 124.9) with C-9
(CO, δC 184.0) and C-10/C-11/C-13/C-14; H-13 (δH 7.73−
7.65) with C-11/C-14/C-15; and H-14 (δH 7.64−7.56 and δC
119.9) with C-9 (CO, δC 184.0)/C-10/C-11/C-12/C-13/C-
15/C-16 (CO, δC 181.6) and 1H−1H COSY cross-

correlations of H-12/H-13/H-14, suggesting the presence of a
5-hydroxy-1,4-naphthoquinone ring system (Figure 1, see the
Supporting Information).
The HMBC correlations of H-1 [δH 5.74 (s), δC 92.2)] with

C-2/C-3/C-4/C-7/C-8/C-16/C-17; H-7 [δH 1.59 (s), δC 19.7]
with C-1/C-3/C-4; and H-2 [δH 5.72 (s), δC 111.7)] with C-1/
C-3/C-4/C-5 suggested the presence of two fused tetrahy-
drofuran moieties (head-to-tail) (Figure 1). 1H−1H COSY
cross-peaks of H-5 [δH 4.50 (q, J = 6.4 Hz)] with H-6 [δH 1.34
(d, J = 6.1 Hz), δC 17.9] and HMBC correlations of H-5 with C-
2/C-3/C-4, in combination with an unusual downfield shift of
the C-2 signal (δH 5.72, δC 111.7, flanked by two oxygens), led us
to assign the C-2 and C-3 fused oxetane and in turn provided the
skeletal assignment of 1 possessing an unprecedented
pentacyclic oxeto-furo-furo-naphthoquinone (Figure 1, Table
S2, see the Supporting Information). Initially, the relative
stereochemistry of 1was assigned based on NOESY correlations
between H-1/H-2/H-6/H-7, which revealed that these protons
were cofacial (Figure 1B, Figure S9). A crystal of enceleamycin A
(1) was prepared from cold DMSO and CH3CN, which led to
the establishment of the complete structure and absolute
stereochemistry (1R, 2R, 3R, 4S, 5R) with the aid of signal-
crystal X-ray diffraction analyses (Figure 1C).
Enceleamycins B and C (2 and 3) are congeners of

enceleamycin A (1). Enceleamycin B (2) was isolated as a
yellow powder. The ECD spectrum showed a negative Cotton
effect at 273 nm (CD, 0.053 mg/mL, CH3CN), λmax (Δε) 273
(−43.54), 243 (26.11) nm. The molecular formula of 2 was

Figure 1. (A) Key HMBC correlations, (B) key NOESY correlations, and (C) ORTEP diagram of compound 1.

Figure 2. (A) Key HMBC correlations; (B) key NOESY correlations of compound 2.
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determined as C17H16O9 based on HRMS (ESI) analysis,
requiring 10 indices of hydrogen deficiency. The 1D and 2D
NMR spectra of 2 are close overall to those of compound 1, with
a few exceptions in both the 1H and 13C NMR data. The 1H
NMR data for 2 (Table S1) in DMSO-d6 show two methyls (δH
1.01 (d, J = 6.6 Hz) and 1.58 (s)), six methines [three oxygen-
attached sp3 (δH 3.94 (q, J = 6.6 Hz), 4.34 (s), and 5.01 (d, J =
4.3Hz) and three sp2 (δH 7.32 (dd, J = 0.83, 7.48Hz), 7.56 (dd, J
= 0.85, 7.48 Hz), and 7.75 (m)], one phenolic [δH 10.96 (br s,
1H)] proton, and three hydroxy protons [δH 6.93 (d, J = 4.3 Hz)
for C2-OH, 5.04 (s) for C8-OH, and 7.09 (s) for C-17-OH].
The 13C NMR spectrum (Table S1) of 2 in DMSO-d6 had 17
carbon signals. Using DEPT andHSQC analyses established the
presence of two methyls [δC 14.0 (C-6), 18.7 (C-7)], six
methines [three oxygenated sp3 δC 3.94 (C-5), 86.5 (C-1), and
96.3 (C-2) and three olefinic sp2 δC 123.4, 136.9, and 119.3],
and four carbons [with oxygenated δC 80.1 (C-3), 82.2 (C-17),
91.2 (C-4), and 102.9 (C-8)]. The presence of two new
oxygenated carbon signals (δC 102.9 for C-8 and δC 82.2 for C-
17) and a downfield resonance of carbonyl carbons C-9 (δC
188.5) and C-16 (δC 191.4) compared to compound 1 [C-9 (δC
184.0) and C-16 (δC 181.6)] led to the tentative assignment of
the structure of 2 as the 8,17-dihydroxylated naphthoquinone

segment of 1 (Figure 2, Table S1, see the Supporting
Information).
The HSQC data established all 1J(1H−13C) connectivities;

the remaining skeletal connectivities were confirmed by COSY
and HMBC analyses in DMSO-d6. Particularly, HMBC
correlations of H-1 (δH 4.43) with C-2/C-3/C-4/C-7/C-8/C-
16 and H-7 (δH 1.58) with C-1/C-3/C-4 confirmed the right-
side furo-furan segment. In contrast to compound 1, 1H NMR
data (in DMSO-d6) of compound 2 showed a doublet for H-2
(δH 5.01, J = 4.3 Hz) via coupling with the C-2-OH proton (δH
6.93, J = 4.3 Hz), which led to the proposition of a cyclic
hemiacetal right part instead of a furo-oxetane fused system. The
formation of a cyclic hemiacetal could be attributed to the
enzymatic (Brønsted acid-mediated) opening of the fused furo-
oxetane bicyclic ring system of compound 1 followed by
subsequent epoxide formation involving C-3 and C-5 hydroxy
groups (vide inf ra).
This proposed structure was established through HMBC

correlations of C-5−H with C-2/C-3/C-6 and of C-2−H with
C-5/C-1/C-3 and subsequently by HSQC and NOESY
analyses. NOESY correlations of H-1 with H-7 (methyl) and
of H-7 (methyl) with H-1/H-5/C-2−OH indicated the cofacial
nature of all these groups. NOESY correlation of H-2 with H-6

Figure 3. Key HMBC and NOESY correlations of compound 3.

Scheme 1. Plausible Biosynthetic Conversion of Compound 1 into Compounds 2 and 3
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(methyl) revealed the trans geometry of 1,2-substituents of the
right-side tetrahydrofuran (THF) ring. Further, the NOESY
correlation of H-1 with C-17−OH indicated the cofacial relation
of these groups, which indirectly established the trans geometry
of the C-8−C-17 vicinal diol. Based on the absolute stereo-
chemistry of compound 1, NOESY correlations observed, and
anticipating the same biosynthetic origin for 1 and 2, the
stereochemistry of compound 2 was assigned as 1R, 2S, 3R, 4S,
5R, 8S, 17S (Figure 2).
Compound 3 (enceleamycin C) was isolated as a yellow

powder. The molecular formula of 3 was identified as C17H14O7
through HRMS (ESI) analysis, requiring 11 indices of hydrogen
deficiency. The ECD spectrum showed a negative Cotton effect
at 302 nm (CD, 0.026 mg/mL, CH3CN), λmax (Δε) 302
(−34.63), 276 (18.24) nm. Similar to compound 1, compound 3
contains a furo-naphthoquinone skeleton, with (Table S1) two
methyl groups [δH 1.13 (d, J = 6.9 Hz) and 1.40 (s)], five
methines [two oxygenated (δH 3.89 (q, J = 6.4 Hz) and 5.54 (s)
and three olefinic hydrogens [δH 7.27 (dd, J = 1.1, 8.4 Hz), 7.72
(dd, J = 7.6, 8.4 Hz), and 7.61 (dd, J = 1.0, 7.4 Hz)], and one
phenolic proton [δH 11.51 (br s, 1H)]. 13C NMR (Table S1),
DEPT, and HSQC analyses showed 17 carbon signals, including
two methyls (δC 13.3, 17.7), six methines [three olefinic (δC
125.0, 119.9, and 138.7), two sp3 oxygenated (δC 77.7 and 84.5),
one aldehyde (δC 202.3)], and nine carbons [three olefinic (δC
116.5, 123.3, and 134.5), two olefinic oxygenated (δC 162.3 and
162.9), two sp3 oxygenated (δC 88.6 and 98.7), and two carbonyl
carbons (δC 184.0 and 181.8)]. A shielded H-2 signal (δ 3.89)
and the presence of an aldehyde group (δH 9.74 and δC 202.2)
led us to anticipate the reorganization (opening) of the strained
oxetane ring system in compound 3 compared to 1 (Figure 3).
Next, systematic 2D NMR analyses were performed to

elucidate the complete structure and relative stereochemistry of
compound 3. As observed for 1, HMBC correlations of H-12
with C-10/C-11/C-13/C-14; H-13 with C-11/C-14/C-15; and
H-14 with C-10/C-12/C-13/C-15/C-16/C-17 confirmed the
presence of the naphthoquinone moiety. HMBC of H-1 with C-
2/C-3/C-7/C-8/C-16/C-17; H-2 with C-3/C-5; H-6 with C-2/
C-3; H-7 (methyl) with C-1/C-3/C-4; and H-5 with C-2/C-3/
C-4 suggested the furo-furo-naphthoquinone skeleton possess-
ing hydroxy-aldehyde functionalities at C-3. The presence of
NOESY correlations of H-1/H-5/H-6/H-7 revealed the relative
stereochemistry of 3 as presented in Figure 3 (entry B). Based on
the absolute stereochemistry of C-1 and C-4 of enceleamycin A
(1), the absolute stereochemistry for 3 was tentatively assigned
as 1R, 2R, 3R, 4S (Figure 3).
A plausible biosynthetic conversion of enceleamycin A (1)

into its structurally close congeners 2 and 3 is presented in

Scheme 1. The initial enzymatic (Brønsted acid-mediated)
opening of the strained oxetane fused ketal moiety of 1 would
deliver the trihydroxy aldehyde A, which subsequently under-
goes ring-closure via two distinct pathways (paths A and B).
Acid-mediated intramolecular 1,2-addition (5-exo-trig) of the C-
1 hydroxy onto the aldehyde, followed by epoxide formation
through C-5−OH activation (inversion at C-5), and dihydrox-
ylation of the C-8−C-17 olefinic functionality ofAwould lead to
the formation of enceleamycin B (2) (Scheme 1, path A). In an
alternative route, intermediate A would undergo epoxide
formation through C-3−OH activation (inversion at C-3) to
give the corresponding epoxy aldehyde intermediate D, which
could subsequently undergo 5-exo-tet ring-closure with C-1−
OH (via epoxide opening) to furnish enceleamycin C (3)
(Scheme 1, path B).
In addition to enceleamycins A−C (1−3), novel N-

hydroxypyrazinone acid 4 was isolated from a common EtOAc
extract as a white hairy crystalline solid. The ECD spectrum
showed a positive Cotton effect at 241 nm (CD, 0.054 mg/mL,
CH3CN), λmax (Δε) 241 (55.67), 221 (−23.32) nm. The
molecular formula of 4 was determined to be C14H22N2O4 by
HRMS, requiring 5 indices of hydrogen deficiency. 1H NMR
analysis of 4 revealed the presence of five methyls [δH 0.91 (s, J =
6.8 Hz), 0.93 (s, J = 6.8 Hz), 1.44 (s, J = 7.2 Hz), 1.46 (d, J = 7.2
Hz), and 1.51 (d, J = 7.2 Hz)], three methines [δH 2.17 (m, 1H),
3.42−3.28 (m), and 3.98 (q, J = 6.8 Hz)], and a methylene [δH
2.69 (d, J = 6.8 Hz)]. The 13C and DEPT NMR spectra showed
14 resonating signals, including five methyls (δC 17.6, 17.6, 18.9,
19.1, and 22.6), three sp3 methines (δC 28.8, 26.7, and 42.4), one
methylene (δC 41.5), and five nonprotonated carbons [three
olefinic (δC 132, 138.2, and 151.3), one amide (δC 151.1), and
one for a carboxylic acid functionality (δC 177.9)]. Combined
1H and 13CNMR, DEPT, HSQC, and COSY analyses were used
to establish all carbon and hydrogen connectivities (Figure 4,
Table S1, see the Supporting Information).
COSY (1H−1H) correlations of H-5 [δH 3.42−3.28 (m, 1H)]

with H-6 (methyl)/H-7 (methyl) and HMBC correlations of H-
5 with C-2/C-6/C-7 revealed the presence of an isopropyl
group. Similarly, COSY correlations of H-11 [δH 2.69 (d, J = 6.8
Hz, 2H)] with H-12 [δH 2.17 (m, 1H)] and of H-12 with H-13
and H-14 suggested the presence of an isobutyl chain. The H-8
[δH 3.89 (q, J = 6.8 Hz, 1H)] showed a COSY correlation with
H-9 (methyl, δH 1.51 (d, J = 7.2 Hz, 3H)) and HMBC
correlations with C-3/C-9/C-10, indicating the presence of a
propionic acid moiety (Figure 4A). All these correlations led us
to conclude that isopropyl, isobutyl, and propionic acid groups
were attached to the pyrazinone ring. Further, key NOESY
cross-correlations of −OH/H-6/H-7/H-9/−CO2H and H-11/

Figure 4. (A) Key HMBC correlations, (B) key NOESY correlations, and (C) ORTEP diagram of compound 4.
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H-12/H-13/H-14 have strongly supported our structural
assignment. Moreover, the complete structure and absolute
stereochemistry (S configurations at C-8) of 4 were rigorously
established using single-crystal X-ray crystallography analyses
(Figure 4).

The presence of a furo-naphthoquinone substructure in
several bioactive natural products isolated from terrestrial and
marine organisms,21−23 along with the potential biological
activity of the secondary metabolites obtained from the
Amycolatopsis genus, prompted us to screen the bioactive
potentials of compounds 1−4.
The isolated compounds showed selective inhibition toward

the Gram-positive bacteria. Compounds 1 and 3 have
antibacterial activity against tested Gram-positive bacteria
(with MIC values ranging from 2 to 32 μg/mL), whereas

compounds 2 and 4 were less active (MIC values ranging from
64 to 128 μg/mL). These compounds also inhibited the growth
of four different clinically isolated methicillin-resistant S. aureus.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were

measured on a JASCO P-2000 polarimeter. Ultraviolet−visible spectra
were obtained on a Thermo Scientific Evolution 201 UV−visible
spectrophotometer. CD spectra were obtained using a JASCO J-815
CD spectrometer. IR spectra were measured on a Bruker FTIR
spectrometer. NMR spectra were recorded in CD3CN or CDCl3 using
Bruker AV400 or 500 MHz spectrometers with tetramethylsilane
(TMS) as an internal standard. HR-ESIMS analysis was carried out on
an Agilent 6530 Q-TOF (Agilent, USA) mass spectrometer connected
to an HPLC Prime Infinity II 1260 system (800 bar), and a dual
electrospray ionization (ESI) source was used for ionization. For LC-
based metabolite separation, a Hypersil GOLD C18 (2.1 × 150 mm, 1.9
μm particle size, Thermo Scientific, USA) column was used at 40 °C
with a flow rate of 0.3 mL/min. Silica gel (60−100 mesh and 100−200
mesh, Hi-media, India) was used for the chromatography column
(CC). Semipreparative HPLC was conducted on a Thermo Scientific
Ultimate 3000 equipped with a DAD detector and a YMC column (250
× 10 m i.d., 10−20 μm), using a flow rate of 4.7 mL/min at a column
temperature of 28 °C. The melting point was recorded on a Stuart
SMP10 (BioCote). The single-crystal XRD was recorded on a Bruker
d8 Advance, and crystal XRD data were collected using high-resolution
(0.78 Å) Cu Kα radiation at low temperature (100 K).

Isolation and Identification of the Organism (Amycolatopsis
sp. MCC 0218). Amycolatopsis sp. MCC 0218 was isolated from soil
collected from the Western Ghats of Kerala, India. For the isolation of
bacteria, a serial dilution method was followed and 100 μL dilutions
were spread on ISP-2 (1% malt extract, 0.4% yeast extract, 0.4%
dextrose, pH 7.0) agar plates and incubated for 10 days at 28 °C. The
isolated culture was further subcultured on ISP-2 agar plates, 25%
glycerol stocks were made for short-term storage, and lyophilized vials
were made for long-term storage. The molecular identification of the
strain was carried out by 16S rRNA gene sequence analysis and
identified as Amycolatopsis sp. (GenBank No. MZ824481), showing
99.24% similarity to the strain Amycolatopsis silviterrae (GenBank No.
KR818707) and 99.1% similarity to Amycolatopsis vancoresmycina
(GenBank No. NR_025565). The top closest 15 cultures from the EZ-
Biocloud database were used for the phylogeny tree construction by the
neighbor joining method using Mega 6.0 software with 1000 bootstrap
values. The Amycolatopsis sp. MCC 0218 was forming a clade with
Amycolatopsis silviterrae. The strain Amycolatopsis sp. MCC 0218 was
deposited at National Centre for Microbial Resource, Pune, India,
under accession No. MCC 0218.

Culture and Antimicrobial Screening of Amycolatopsis sp.
MCC 0218. Strain Amycolatopsis sp. MCC 0218 was subcultured on
MGYP agar plates (0.3% malt extract, 1% dextrose, 0.3% yeast, 0.5%
peptone, and 1.8% agar, pH 7.0) for 7 days at 28 °C. A loopful of culture
was inoculated into a 250 mL Erlenmeyer flask containing 50 mL of
seed medium, composed of 2% soy meal, 2% mannitol, and 0.4%
dextrose, with the pH adjusted to 7 before sterilization. The seed
culture was incubated at 28 °C on a rotary shaker at 150 rpm for 3 days.
A 5 mL amount of the seed culture was used to inoculate into three
different fermentation media in a 250 mL Erlenmeyer flask, each
containing 50mL ofmedia. The seed culture was also streaked on plates
contacting the medium used for fermentation with 2% agar. The
fermentation media used were 5333 (composed of 1.5% starch, 0.4%
yeast extract, 0.1% K2HPO4, and 0.05% MgSO4), 5254 (composed of
2% soy meal, 2% glucose, 0.5% corn steep liquor, 0.1%NaCl, and 0.02%
CaCO3), and 5294 (composed of 1% starch, 1% glycerol, 1% dextrose,
0.2% yeast extract, 0.2% peptone, 0.25% corn steep liquor, 0.1% NaCl,
and 0.3% CaCO3). The pH of all three fermentation media was
adjusted to 7.0 prior to sterilization (autoclaved at 121 °C for 20 min).
The flasks were incubated in both static and shaking conditions (on a
rotary shaker at 150 rpm) for 7 days at 28 °C. The whole broth and agar
plate with cultures were extracted by 100 mL of ethyl acetate, and the

Figure 5. ECD spectra of compounds 1−4. C-1 to C-4 refer to
compounds 1−4.

Table 1. Antibacterial Activity of Compounds 1−4

MIC (μg/mL)

bacterial strain C-1 C-2 C-3 C-4 Apa Knb

S. aureus ATCC
9144

2 128 8 128 0.03 8

S. epidermidis
ATCC 12228

2 64 8 64 1 1

B. cereus ATCC
11778

8 >128 16 128 16 2

B. subtilis ATCC
6633

4 >128 16 128 0.03 0.5

M. luteus ATCC
9341

8 >128 32 64 0.03 8

L. monocytogenes
ATCC19111

2 128 8 128 0.03 1

M. smegmatis
ATCC 607

64 >128 64 >128 64 0.25

MRSA_3B 4 >128 16 128 8 >128
MRSA_6B 4 >128 8 128 8 >128
MRSA_9B 4 >128 16 128 16 128
MRSA_10B 4 128 8 128 4 >128
E. coli ATCC
8739

>128 >128 >128 >128 2 8

P. aeruginosa
ATCC 9027

>128 >128 >128 >128 2 8

aAmpicillin (Ap) used as a reference standard. bKanamycin (Kn)
used as a reference standard. C refers to the compounds.
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organic phase was separated and concentrated by a rotary evaporator.
The crude extract was dissolved in 1.0 mL of HPLC grade ethyl acetate.
For the bioactivity screening, 30 μL of crude extract was used against S.
aureus, E. coli, and C. albicans by the disc diffusion method.
The crude extract of Amycolatopsis sp. MCC 0218 was found to be

active in agar plate conditions with a zone of inhibition of 20 mm in
5254medium and 22mm in 5294medium, whereas in static conditions
the zone of inhibition was 22 mm in 5254 medium and 25 mm in 5294
medium against S. aureus. No activity was observed from cultures grown
under any of the shaking conditions in the three fermentation media
tested (Figure S3). Bioautography of the crude extract was done using
S. aureus to check the major active compound zone from both the static
and agar conditions, and it was found that the major active compound
produced in both conditions appeared to be the same. No yellow
pigment or antimicrobial activity was produced in shaking culture
conditions (Figure S4). The time course of activity produced in the
supernatant of the culture was performed by using 100 μL of cell-free
supernatant using the fermentation media 5294 in a 500 mL flask
containing 100 mL of media. Activity against S. aureus was observed
from the third day of incubation, and maximum activity was observed
on the eighth day of incubation (Figure S5).
Fermentation, Extraction, and Purification. The large-scale

fermentation was carried out by using 500 mL Erlenmeyer flasks each
containing 100 mL of 5294 fermentation medium. The cultures were
incubated in static conditions for 7 days at 28 °C. The whole broth was
extracted three times with an equal volume of ethyl acetate. The organic
phase was separated and concentrated under reduced pressure to get a
semisolid extract of about 52 g. The extract was subjected to silica gel
column chromatography using petroleum (pet) ether with a gradient
increase in ethyl acetate to give 20 fractions, AME-1 to AME-20
(Amycolatopsis ethyl acetate extract). Based on the bioactivity profile,
AME-9, which was eluted with 70% ethyl acetate/pet ether, was further
purified by semipreparative HPLC on a C18 column using gradient
elution by water and acetonitrile to yield six fractions. Fraction AME-9-
IV is confirmed as the major compound 1, and fraction-AME-9-III was
further fractionated by semipreparative HPLC to isolate compound 2.
Based on the TLC profile and bioactivity, column fractions of AME-5

to AME-8 were combined and silica gel CC was performed using pet
ether with a gradient increase in ethyl acetate to get fractions I to XII.
Fraction VI from AME-5−8 eluted with 30% ethyl acetate/pet ether
was further separated by semipreparative TLC in 20% ethyl acetate/pet
ether followed by semipreparative HPLC with a chiral amylose column
in normal phase with an isocratic mobile phase of 30% isopropanol/
hexane to yield compound 3. Fraction V from AME-5−8 eluted with
20% ethyl acetate/pet ether in silica gel CC was purified by
semipreparative HPLC by a reversed-phase C18 column using a
gradient mobile phase of acetonitrile and water to get compound 4.
Enceleamycin A (1): yellow powder (5.25 g from 50 L, in 10.5%

yield); [α]27D +51.60 (c 0.64, CH3CN); UV (CH3CN) λmax (log ε) 202
(1.70), 222 (1.36), 289 (0.85), 416 (0.33) nm; IR (neat) (νmax) 3437,
2891, 2821, 2103, 1641, 1443, 1212, 764 cm−1 (IR spectrum Figure
S16); 1H and 13C NMR data (CD3CN, 400.00 and 100.00 MHz,
respectively), Table S1; melting point 171−173 °C; HR-ESIm/z [M +
H]+ (calcd for C17H15O7 331.0810; found 331.0812).
Enceleamycin B (2): yellow powder (0.186 g from 50 L, in 0.37%

yield); [α] 27
D +93.35 (CH3CN, c 0.53); UV (CH3CN) λmax (log ε) 232

(2.65), 345 (0.60) nm; IR (neat) (νmax) 3435, 2879, 2103, 1640, 1445,
1338, 1200, 1056, 769 cm−1 (IR spectrum Figure S28); 1H and 13C
NMR data (DMSO-d6, 400.00 and 100.00 MHz, respectively), Table
S1; melting point 187−189 °C; HR-ESI m/z [M+ Na]+ (calcd for
C17H16O9Na 387.0683; found 387.0687).
Enceleamycin C (3): yellow powder (0.032 g from 50 L, in 0.064%

yield); [α]27D +84.26 (c 0.26, CH3CN); UV (CH3CN) λmax (log ε) 202
(1.49), 216 (1.31), 288 (0.73), 418 (0.27) nm; IR (neat) (νmax) 3416,
3013, 1522, 1441, 1336, 1214, 1151, 939, 765 cm−1 (IR spectrum
Figure S39); 1H and 13CNMR data (CD3CN, 400.00 and 100.00MHz,
respectively), Table S1; melting point 194−197 °C; HR-ESIm/z [M +
Na]+ (calcd for C17H14O7Na, 353.0630; found 353.0632).
N-Hydroxypyrazinone acid (4): white crystalline solid (0.146 g

from 50 L, in 0.29% yield); [α]27D +97.84 (c 0.6, CH3CN); UV

(CH3CN) λmax (log ε) 205 (1.26), 330 (0.97), 238 (0.97) nm; IR
(neat) (νmax) 3423, 2879, 2104, 1639, 1443, 1335, 1212, 1038, 941, 766
cm−1 (IR spectrum Figure S50); 1H and 13CNMR data (CDCl3, 400.00
and 100.00 MHz, respectively), Table S1; melting point 108−110 °C;
HR-ESI m/z [M + H]+ (calcd for C14H23N2O4, 283.1651; found
283.1652).

Single-Crystal XRD Analysis. The recrystallization of enceleamy-
cin A (1) was carried out in cold DMSO and CH3CN solvent. The
ORTEP view of compound 1 shows the atom-numbering scheme. The
displacement ellipsoids, at the 50% probability level, and H atoms are
shown as small spheres with arbitrary radii. The absolute configuration
was established by anomalous dispersion effects (Flack parameter,
0.06(18)) in X-ray diffraction measurements carried out with Cu
radiation. The single-crystal X-ray diffraction data analysis established
that the compound has R, R, R, S, and R configurations at the C1, C2,
C3, C4, and C5 positions, respectively (see the Supporting
Information).

The recrystallization of N-hydroxypyrazinone acid (4) was carried
out in methanol. The ORTEP view of compound 4 shows the atom-
numbering scheme. The displacement ellipsoids are drawn at the 30%
probability level, and H atoms are shown as small spheres with arbitrary
radii. The single-crystal X-ray diffraction data analysis established the
compound has S configurations at the C8A, C8B, C8C, and C8D
positions in four different conformers of compound 4.

Antibacterial Activity. TheMICs of the purified compounds were
carried out according to CLSI guidelines using Mueller Hinton broth
(Hi-media, Mumbai) against a panel of six Gram-positive bacteria, S.
aureus, S. epidermidis, B. cereus, B. subtilis, M. luteus, and L.
monocytogenes, two Gram-negative bacteria, E. coli and P. aeruginosa,
and four MRSA (methicillin-resistant S. aureus) clinical strains. The
stock solution of compounds was made at 10 mg/mL in DMSO. The
compounds (highest concentration 128 μg/mL) were serially diluted in
50 μL of Mueller Hinton broth, and 50 μL bacterial suspensions were
added to reach the final desired cell density of 5 × 105 CFU mL−1 in
each well of a 96-well microtiter plate except for the media control. The
medium, untreated culture, DMSO, ampicillin, and kanamycin were
used as controls. The plates were observed for MIC after an incubation
of 18 h at 37 °C in shaking conditions. The MIC forM. smegmatis was
determined following the above method in Middlebrook 7H9 medium,
and the growth was observed after 48 h. The MICs were defined as the
lowest concentration that inhibited the visible growth of bacteria.
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In vitro anticancer evaluation of Enceleamycin A
and its underlying mechanism†

Abujunaid Khan,ab S. Pradeepab and Syed G. Dastager *ab

It has become more crucial than ever to find novel anticancer compounds due to the rise in cancer

mortality and resistance to the present chemotherapeutic drugs. Naphthoquinones are regarded as

privileged structures for their ability to inhibit various cancers. The current study examined three novel

furo-naphthoquinones (Enceleamycins A–C) previously isolated from Amycolatopsis sp. MCC 0218 for

their anticancer potential. Enceleamycin A demonstrated considerable cytotoxicity for triple-negative

breast cancer (TNBC) MDA-MB-231 cells with an IC50 value of 1.25 mg mL−1 (3.78 mM). It also showed the

ability to inhibit MDA-MB-231 cell migration. Enceleamycin A raises intracellular ROS levels in TNBC

cells, ultimately leading to apoptotic cell death, as demonstrated by Annexin V/PI staining. The molecular

docking and simulation investigation revealed better binding affinity of Enceleamycin A with AKT2, which

plays a vital role in breast cancer's invasiveness and chemo-resistance. Enceleamycin A inhibits the AKT2

enzyme in vitro with an IC50 value of 0.736 mg mL−1 (2.22 mM), further validating the docking study. The

in silico physicochemical and pharmacokinetics characteristics of Enceleamycin A demonstrated its

drug-likeness. Intriguingly, Enceleamycin A is non-hemolytic in nature. Taken together, Enceleamycin A

could be a candidate molecule for treating TNBC cells by targeting the AKT2 signaling pathway.

1. Introduction

Cancer is a non-communicable disease and is associated with
rapid and uncontrolled cell growth.1 With approximately twenty
million new cases and ten million fatalities in the year 2020, it's
the second largest cause of mortality globally. With an esti-
mated 2.3 million new cases, breast cancer has surpassed lung
cancer as the most frequently detected cancer.2,3 Among breast
cancer, 10–15% of all cases are from triple-negative breast
cancer (TNBC), which is considered more aggressive with a low
survival rate. It does not express the three receptors, namely,
progesterone (PR), estrogen (ER), and human epidermal growth
factor receptor-2 (HER2).4,5 There are limited options for
specic and effective therapy against TNBC due to the absence
of validated biomarkers. So chemotherapy is generally used as
the standard TNBC treatment, but the prognosis remains
poor.6–8 Considering this, developing new anticancer agents
with increased potency and high specicity is essential.

In several kinds of human cancer, an aberration in the PI3K-
AKT-mTOR signaling pathway contributes to tumor develop-
ment.9 AKT, also known as protein kinase B (PKB), belongs to

a serine–threonine kinase family and is essential for the smooth
functioning of this pathway.

In several kinds of human cancer, an aberration in the PI3K-
AKT-mTOR signaling pathway contributes to tumor develop-
ment.9 AKT, also known as protein kinase B (PKB), belongs to
a serine–threonine kinase family and is essential for the smooth
functioning of this pathway. Among the three AKT isomers,
AKT2 is closely associated with cancer cell metabolism, angio-
genesis, proliferation, metastasis, and drug resistance.10,11

The elevated AKT2 expression is frequently detected in
various human tumors, including breast, lung, prostate,
pancreatic, colorectal, and ovarian. Overexpression of AKT2 is
correlated with cancer aggressiveness and poor survival
rates.10,12,13 The AKT2 inhibition in breast cancer effectively
reduces the colony formation abilities and invasion of non-
cancer stem cells (non-CSC) and CSCs.14 All these functions of
AKT2 make this signaling molecule a promising target for
cancer therapy.

Naphthoquinones comprise a naphthalene ring system
bearing two carbonyl groups, naturally distributed in bacteria,
fungi, and plants. They display various biological activities, like
anticancer, antibacterial, antifungal, antimalarial, antiviral,
antitrypanosomal, and antiinammatory.15–20 Naphthoquinone
like structures as in Fig. 1 have been approved by FDA and are
used in various cancer chemotherapy. Mitomycin (a benzoqui-
none) is used to treat bladder and anal cancer.21,22 Anthraqui-
nones, such as doxorubicin, daunorubicin, idarubicin,
mitoxantrone, and epirubicin, are commonly used to treat
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various solid and hematologic cancers.23 Thus, these molecules
continue to attract in developing new drugs for cancer therapy.

The primary mechanism of the naphthoquinones is sug-
gested to be reactive oxygen species (ROS) formation in the cell.
Cancer cells oen have a higher concentration of ROS than
normal cells because of the higher metabolic demands;
producing even higher amounts of ROS by naphthoquinones in
the cell can lead to cell death.1,24 Also, the pyrano-
naphthoquinone molecules like lactoquinomycin, frenolicin
B, and kalafungin were found to have selective inhibition
towards the serine–threonine kinase AKT.25 Therefore, the dual-
action molecule with the ability to produce ROS and inhibit the
AKT2 signaling pathway would result in potent anticancer drug
with higher specicity and low resistance.

In our previous study, three novel furo-naphthoquinones,
Enceleamycin A–C, were isolated and characterized from rare
actinobacteria, Amycolatopsis sp. MCC0218 produced under
static incubation.26 As depicted in Fig. 2, Enceleamycin A and B
possess an unprecedented pentacyclic oxeto-furo-furo-
naphthoquinone structure, with the latter containing a dihy-
droxylated group, whereas Enceleamycin C has the furo-furo-
naphthoquinone skeleton with hydroxy-aldehyde functional-
ities. The isolated Enceleamycins displayed selective inhibition
towards the Gram-positive bacteria.26

Based on the anticancer potential of naphthoquinones and
the need for novel antineoplastic drug, we have demonstrated
the anticancer activity of Enceleamycins against MDA-MB-231,
A549, and HeLA cell lines. With the maximum activity, Ence-
leamycin A was further considered for the ROS formation ability
and apoptosis assay in the MDA-MB-231 cells. Moreover,
Enceleamycin A displayed binding affinity to the serine–threo-
nine kinase AKT2, determined by the molecular docking and

molecular dynamic (MD) simulation, which was further vali-
dated in vitro. The molecule's physicochemical and pharmaco-
kinetic characteristics were examined in silico, and its hemolytic
effect was also established. The ndings from our research can
stimulate interest in exploring the microbial naphthoquinones
as potential anticancer medication by targeting AKT2 kinase
signalling pathway.

2. Results and discussion
2.1 Cell viability assay

Previous studies have shown that naphthoquinones exhibit
anticancer effects on different types of cancer.15–17 In order to
investigate and compare the anticancer activity of novel furo-
naphthoquinones, Enceleamycins A–C, the cytotoxicity was
evaluated against triple-negative breast cancer cells (MDA-MB-
231), lung cancer cells (A549), cervical cancer cells (HeLa) and
HFF cells (non-cancer human foreskin broblasts) and Vero
(non-cancer monkey kidney epithelial cells) by the MTT assay.27

Tables 1 and S2† lists the half maximum inhibitory concentra-
tion values whereas, the Fig. 3 and S8† shows the dose–response
viability in presence of Enceleamycins and doxorubicin at
concentrations varying from 0.1 to 100 mg mL−1.

The Enceleamycins displayed strong to moderate inhibitory
activity towards these cell lines. The results indicated that
Enceleamycin A has potential activity towards the MDA-MB-231
(TNBC cells) with an EC50 value of 1.25 mg mL−1 (3.78 mM),
followed by HeLa and A549 cells with an EC50 value of 1.51 (4.57
mM), and 1.98 mg mL−1 (5.99 mM), respectively. The EC50 value of
Enceleamycin A was better than the standard anticancer drug
doxorubicin in all the cell lines tested. Furthermore,

Fig. 1 Structure of anticancer drugs with quinone moiety.21–23

Fig. 2 Structure of Enceleamycin A, B and C isolated from Amycolatopsis sp. MCC0218.26

Table 1 The IC50 (mg mL−1) of Enceleamycin A, B, C and doxorubicin
against cancer cells and normal cells by MTT methodd

HFF MDA-MB-231 A549 HeLa

CC50
a EC50

b SIc EC50
b SIc EC50

b SI

A 3.97 1.25 3.17 1.98 2.0 1.51 2.62
B 70.95 23.49 3.02 46.68 1.51 30.53 2.32
C 7.60 2.59 2.93 3.51 2.16 7.27 1.04
Std 8.96 3.28 2.73 2.68 2.83 1.69 4.49

a CC50 is the concentration that achieved 50% cytotoxicity. b EC50 is
effective concentration that achieved 50% inhibition. c SI is the
selectivity index for the cancer cells with respect to the non-cancer
human foreskin broblasts (HFF) cells. d A, B, C: Enceleamycin A, B,
C, Std: doxorubicin.

34184 | RSC Adv., 2023, 13, 34183–34193 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Enceleamycin A displayed better inhibitory activity towards the
cancer cells compared to the non-cancer HFF cells with selec-
tivity index (SI) in the range of 2.0 to 3.17. The selectivity index
of Enceleamycin A against cancer cells with respect to non-
cancer Vero cells was in the range of 2.35 to 3.73 (Table S2†).
Enceleamycin A exhibited strong anticancer activity, followed by
Enceleamycin C, whereas Enceleamycin B showed moderate
activity. The potential bioactivity of Enceleamycin A and C may
be due to the presence of double bond in the second naph-
thalene ring, which acts as an electron acceptor and results in
formation of semiquinone or hydroquinone. The subsequent
reduction of Enceleamycin A and Cmay result in ROS formation
and thereby leading to cell death.1,24

With the maximum activity of Enceleamycin A against the
MDA-MB-231 cells, the dose–response viability at 4 h, 24 h, and
48 h was determined as shown in Fig. 4. Interestingly, the MDA-
MB-231 cell growth was inhibited within 4 hours of treatment by
Enceleamycin A with an IC50 value of 7.7 mgmL−1 (23.3 mM). The
difference in inhibition aer 24 and 48 h of treatment was not
much at lower concentrations up to 2 mg mL−1; however, at 4 mg
mL−1 and above, maximum inhibition was observed at 48 hours

of treatment. The sulforhodamine B (SRB) assay of Encelea-
mycin A in Table S1 and Fig. S7† demonstrated lethal activity
against nine human cancer cells lines originating from breast,
liver, colon, oral, cervical, lung, prostate, ovarian, and leukemia.
Similar to the results of MTT assay, Enceleamycin A showed
better lethal activity than the anticancer drug adriamycin
against most cancer cell lines tested. Furthermore, we selected
Enceleamycin A for the evaluation of the probable mode of
action against MDA-MB-231 cells and its drug-likeness because
of its specic potent activity towards the MDA-MB-231 cells,
high yield compared to Enceleamycin B and C,26 and lack of
treatment options for TNBC cells.5,6

2.2 Anti-migration assay

Cell migration is crucial during the whole process of cancer
development. Cancer cells have the ability to migrate, which is
essential to invade surrounding tissues and cause tumor
metastasis. The study of cell migration inhibition is appealing
as metastatic progression is considered the leading cause of
death in cancer patients.28

To examine the inhibitory impact of Enceleamycin A on the
MDA-MB-231 cell migration, an in vitro anti-migration assay
was conducted by a scratch/wound healing assay.29 The images
of cell migration in Fig. 5A were recorded in Olympus CKX53
inverted microscope at 0 and 24 hours of treatment and the
migration of cells was measured in micrometers using MagVi-
sion soware. The rate of relative migration for MDA-MB-231
cells treated with Enceleamycin A was 45.25%, 43.01%,
25.55%, and 6.99% at 0 mg mL−1, 0.5 mg mL−1, 1.0 mg mL−1 and
2.0 mg mL−1 respectively. The migration ability of MDA-MB-231
cells was signicantly inhibited with 1.0 and 2.0 mg mL−1

concentrations of Enceleamycin A as shown in Fig. 5B. These
results demonstrated that Enceleamycin A suppresses the MDA-
MB-231 cell's ability to migrate in a concentration-dependent
manner.

2.3 Measurements of intracellular reactive oxygen species
(ROS)

Since naphthoquinones are known for producing intracellular
ROS, we quantied the ROS production aer treatment with
Enceleamycin A by 2′,7′-dichlorouorescein diacetate (H2-
DCFDA). Cellular esterases deacetylate the cell-permeable dye
to a non-uorescent molecule, which upon oxidation by ROS,
transforms into highly uorescent 2′,7′-dichlorouorescein
(DCF).30 These ROS at lower concentration plays a vital role in
the homeostasis of cells; however, when in excess, it leads to the
death of cells through apoptosis.31,32 In the ROS assay, the MDA-
MB-231 cells in the presence of Enceleamycin A demonstrated
a relative increase in uorescence intensity at 24 and 48 hours
as the concentration was raised from 2 to 50 mg mL−1 compared
to the untreated control. The graph in Fig. 5C displayed MDA-
MB-231 cells aer treatment with Enceleamycin A resulted in
concentration and time-dependent increase in intracellular
levels of ROS. It is known that excessive ROS formation within
the cell can induce apoptosis and results in cell death.

Fig. 3 Viability of MDA-MB-231, A549, HeLa and Vero cells after
treatment with Enceleamycin A at different concentration from 0.1 to
100 mg mL−1. Data are presented as mean of ±SEM (standard error of
the mean), n = 3.

Fig. 4 Dose dependent cell viability of MDA-MB-231 cells at 4, 24 and
48 h treatment with Enceleamycin A. Cell growth inhibition was
observedwithin 4 h treatment with IC50 value of 7.7 mgmL−1 (23.3 mM).
Data are presented as mean of ±SEM (standard error of the mean), n=

3.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34183–34193 | 34185

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

3 
10

:4
5:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06204j


2.4 Apoptosis detection in MDA-MB-231 cells

To determine whether the ROS production by Enceleamycin A
in MDA-MB-231 cells results in apoptotic cell death, we perform
the apoptosis assay using ow cytometry. The apoptotic analysis
in cancer cells is based on the movement of phosphatidylserine
from the inner membrane to the outer membrane, which
eventually recognizes by Annexin V. In Fig. 6A, the scatter plot
for control and treated cells was demonstrated with four
distinct populations of unstained for viable cells, Annexin V-
Alexa our for early apoptotic cells, and Annexin V/propidium
iodide dual stained for late apoptotic cells.33 The early/late
apoptosis ratio shown in Fig. 6B was 25.8%/2.45%, 49.7%/
10.7%, 58.4%/14.85, and 60.65%/19.2% at the concentration 0,
2, 4, and 8 mg mL−1 respectively, aer 48 hours of treatment
with Enceleamycin A. These observations demonstrated the
concentration-dependent apoptosis in the MDA-MB-231 cells by
Enceleamycin A.

2.5 Molecular docking

The inhibitory activity of the novel ligand Enceleamycin A
against the intended protein target of the PI3K-AKT-mTOR
pathway was examined using molecular docking. The
protein target considered for molecular docking were PI3Ka
(4TV3), AKT1 (3O96), AKT2 (1O6L), mTOR (1E7U), and S6K1
(3A62). The top rank from the cluster of a receptor with the
lowest binding energy and 0 RMSD was considered appro-
priate for visualizing the interactions between the protein and
ligand complex. The details of the best molecular t confor-
mations were displayed by Autodock 4.2.6 (ref. 34 and 35) and
the best molecular t pose was visualized by Biovia discovery
studio v20.1.0.19295.36,37 Enceleamycin A displayed better
binding affinity with AKT2 compared to the other proteins of
PI3K-AKT pathway shown in Tables S3, S4 and Fig. S10.† The
binding energy calculated was −7.14 kcal mol−1 for the

docked complex. The non-bond interactions gave us infor-
mation about active sites, the nature of bonding, the distance
between the native ligand and the protein, and the donor and
acceptor atoms. The active sites of the interacting Encelea-
mycin A and AKT2 displayed in Fig. 7C and Table S5,† were
Lys 181, Glu 200, Gly 295, Asp 293, Glu 193, Phe 163, Leu 183,
Lys 191, which signies that the novel ligand is interacting
with the A polypeptide chain of AKT2 protein. The interaction
distance of active site Lys 181 and Glu 200 was of 2.2 and 2.0
Å, respectively in Fig. 7D by conventional hydrogen bonding.
The other interactions include the carbon hydrogen bond for
Gly 295 and Asp 293, electrostatic pi–anion for Glu 193,
hydrophobic pi–pi stacked for Phe 163, hydrophobic alkyl for
Leu 183 and hydrophobic pi–alkyl for Lys 191. Fig. 7E and
Table S5† displays the hydrogen bond donor and acceptor
details of the interacting complex of Enceleamycin A and
AKT2 in which Lys 181 acts as a H-bond donor and Glu 200 as
an H-bond acceptor.

To further validate the docking method, the AKT2 (1O6L)
protein was re-docked with the native ligand AMP-PNP (phos-
phoaminophosphonic acid-adenylate ester). Both re-docked,
and native ligands interacted with the protein AKT2 with
signicant overlap and resemblance as shown in Fig. 7F. The
RMSD (root mean square deviation) value of the interactions
was computed by the DockRMSD and found to be 1.262 Å,
considered a reliable docking procedure since the value was
<2.0 Å.38 The RMSD value calculated for the superimposed
ligand conformation using LS-align was 0.684 Å, which is <1 Å
denotes strongly aligned atom pairs.39

2.6 MD simulation analysis

Molecular dynamics (MD) simulation is a computational tool
for drug development. It is extensively used to investigate how
the molecules shi their form and interact with other
molecular species in a variety of environments.40 To conrm

Fig. 5 Enceleamycin A effect on themigration and ROS formation ability in MDA-MB-231 cells. (A) Migration of MDA-MB-231 cells in presence of
Enceleamycin A at 0, 0.5, 1 and 2 mg mL−1 after 24 hours. (B) Statistical data analyses for MDA-MB-231 cells mobility in presence of Enceleamycin
A at 0 (control), 0.5, 1 and 2 mgmL−1 after 24 hours. One-way ANOVADunnett test was used to determine statistical significance; ****p < 0.0001.
Data are presented asmean of±SEM (standard error of themean), n= 3. (C) Statistical data analyses of ROS formation byMDA-MB-231 cells after
treatment with Enceleamycin A (EA) at 24 and 48 hours. Two-way ANOVA Dunnett test was used to determine statistical significance; *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Data are presented as mean of ±SEM (standard error of the mean), n = 3.
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the structural stability of the docked complex of Enceleamy-
cin A and AKT2, MD simulations were run for 100 ns using
GROMACS package. Molecular mechanics Poisson–Boltz-
mann surface area (MM-PBSA), a technique for determining
binding free energy of protein–ligand complexes, has become
more popular. The MM-PBSA technique was implemented via
the g_mmpbsa tool41 by which the binding energy of −10.481
± 3.398 kcal mol−1 was observed as shown in Table S6†
during the run of 100 ns demonstrating the potential affinity
between the Enceleamycin A and AKT2. For the evaluation of
stability of the simulated systems, the trajectories produced
aer the simulations were analyzed to determine RMSD for
backbone atom, Root mean square uctuation (RMSF) for C-
alpha, radius of gyration (Rg) and interacting hydrogen bonds.

RMSD calculates the variation between the protein's
starting location and nal structure. The RMSD values dis-
played low uctuation throughout the 100 ns period, and
were almost constant from around 70 to 100 ns demon-
strating the structural stability of the protein–ligand complex

in Fig. 8A. The protein–ligand interactions appear energeti-
cally advantageous and contribute to the complexes' stability
based on the low RMSD values. RMSF, which evaluates the
exibility of each residue over time, may be used to determine
the variations in the protein residues. The RMSF score esti-
mates the stability of protein–ligand complexes, with larger
values suggesting less stability and greater exibility. The
major uctuation was observed only in the designated A (150–
170) and B (305–325) region of protein loop which is
conserved structurally and functionally for the serine and
threonine kinase family42 shown in Fig. 8B. This major uc-
tuation might be due to the inhibition of AKT2 by Encelea-
mycin A affecting the phosphorylation responsible for protein
functionality.

The understanding of protein's radius of gyration (Rg) is
essential to comprehend the effect of inhibitors on the
compactness of protein. In our simulation, the radius of
gyration was found to be 2.17 and displayed lesser deviation
throughout the 100 ns run as depicted in Fig. 8C. The inter-
molecular H-bonds between interacting atom pairs impacts
the stability and molecular recognition process of protein–
ligand complex's. To ascertain the dynamic stability of
complex, the number of H-bonds interacting with the ligand
and receptor protein was measured over the 100 ns run. In
Fig. 8D, the hydrogen bond interaction was observed
throughout the 100 ns run and the interaction was increased
from 70 ns onwards. Hydrogen bond occupancy was similar to
the results inferred from molecular docking, with Lys 181
occupying 16.08%, followed by Glu 200 occupying 10.79%
during the MD run. Thus, it appears that the predicted system
is stable.

2.7 ADP-Glo kinase assay

An in vitro assay using the AKT2 kinase enzyme system was
conducted to conrm further the in silico binding affinity and
stability of the docked complex of Enceleamycin A and AKT2.43

The ADP generated during the reaction is measured by the ADP-
GloTM Kinase. In the subsequent luciferase reaction, the newly
produced ADP is transformed into ATP and generates light. The
light generated correlates with the kinase activity. A concen-
tration of less than 1 mg mL−1 of Enceleamycin A proved effi-
cient in inhibiting the AKT2 enzyme. Enceleamycin A displayed
an IC50 value of 0.736 mg mL−1 (2.22 mM) for AKT2 as shown in
Fig. 9, consistent with a prior study showing that pyrano-
naphthoquinones specically inhibit the AKT kinase enzyme.
However, the potential enzyme inhibition activity was compar-
atively less compared to pyrano-naphthoquinones.25 With
further in-depth research, Enceleamycin A can be used as
a dual-action anticancer molecule with ROS formation and
AKT2 inhibition to reduce the metastasis and invasiveness of
cancer.

2.8 Pharmacokinetics and physicochemical properties

The anticancer candidate molecule should have an approving
biopharmaceutical property since it will interact with various
cells and macromolecules inside the body. A molecule's

Fig. 6 Apoptosis detection in MDA-MB-231 cells after treatment with
Enceleamycin A. (A) Enceleamycin A effect on apoptosis of MDA-MB-
231 cells based on Annexin V-Alexa flour-488 and PI staining. The cell
stages were given as viable-Q3, early apoptotic-Q4 and late
apoptotic-Q2. (B) Percentage of viable, early and late apoptotic cells in
the population based on flow cytometry data analysis. Data are pre-
sented as mean of ±SEM (standard error of the mean), n = 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34183–34193 | 34187
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acceptable ADMET (absorption, distribution, metabolism,
excretion, and toxicity) characteristics are necessary for its
consideration as a lead molecule for therapeutic application.
The physicochemical and ADMET of Enceleamycin A was
evaluated by the SwissADME44 and pkCSM45 webtool. The
bioavailability radar in Fig. 10A, displays that the molecule
falls under the optimum physicochemical properties

(lipophilicity, size, polarity, insolubility, saturation, and
exibility). A molecule should follow Lipinski's46 and Veb-
er's47 rules for drug-like properties. Enceleamycin A comes
under all the designated Lipinski's rule of ve (mol. wt < 500
Daltons, no. of hydrogen H-bond acceptors < 10, no. of H-
bond donors < 5, octanol–water partition coefficients log P <
5 and molar refractivity < 140) and Veber's rule (topological

Fig. 7 Molecular docking of Enceleamycin A with AKT2 protein and docking validation. (A) Enceleamycin A in protein databank (pdb) format
where red indicates oxygen atom, light grey represents hydrogen atom and dark grey represents carbon atom, (B) AKT2 (1O6L) receptor, where
a-helices are denoted in red, b-sheets in yellow, and turns & loops in green. (C) Two-dimensional diagram of the docked complex (AKT2 and
Enceleamycin A) showing the active sites and the type of interactions. (D) Three-dimensional diagram displaying the interaction of active site Lys
181 and Glu 200 with distance of 2.2 and 2.0 Å, respectively. (E) Three-dimensional diagram with hydrogen bond display of the interacting
complex, where the pink shade represents the H-bond donor and green shade represents the H-bond acceptor. (F) Docking validation of native
ligand AMP-PNP to AKT2 (1O6L) and displaying the super-imposition of the redocked native ligand protein complex.

Fig. 8 Plots displaying the MD simulation data of simulated complex (Enceleamycin A with AKT2 protein) for the 100 ns simulation. (A) Plot
displaying the RMSD values of simulated complex for 100 ns. (B) Plot displaying the RMSF value of simulated complex for 100 ns where labeling in
the residue index region ranging from 150 to 170 and 305 to 325 correlates with the designated A and B loop in pink colour. These loops contain
serine and threonine residues responsible for phosphorylation that shows the higher fluctuation. (C) Plot displaying the radius of gyration (Rg) of
simulated complex for 100 ns. (D) Plot displaying the number of hydrogen bonds interacting within the simulated complex for 100 ns.

34188 | RSC Adv., 2023, 13, 34183–34193 © 2023 The Author(s). Published by the Royal Society of Chemistry
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polar surface area < 140 Å and no. of rotatable bonds < 10) as
displayed in Table 2, which signies its drug likeliness
property. The pharmacokinetics displayed in the boiled-egg
ADME prole in Fig. 10B and Table 3 shows that the gastro-
intestinal tract effectively absorbed the molecule and did not
penetrate the blood–brain barrier (BBB). The non-
permeability of BBB signies the molecule theoretically
does not have side effects on the central nervous system.48

Furthermore, the molecule did not inhibit the P-glycoprotein
and CYP-450 class of enzymes, thus having a lower chance of
corresponding drug interaction.48 The toxicity of molecules can
damage organs and fail in late-stage drug development. So the
toxicity of Enceleamycin A was evaluated by the pkCSM web
tool, where the compound was negative to the Ames test, which
assesses the carcinogenic effect. The molecule was non-
hepatotoxic, not sensitive to skin, and a non-inhibitor of
hERG I and II.

In addition to Enceleamycin A, the physicochemical and
pharmacokinetics of Enceleamycin B and C was also evaluated
as shown in Fig. S11, S12 and Tables S7–S14.† The Encelea-
mycin A displayed most acceptable physicochemical properties

and lowest toxicity followed by Enceleamycin C and B. Based on
these in silico ndings, Enceleamycin A displayed desirable
drug-likeness properties for a potential therapeutic candidate.

Fig. 9 AKT2 kinase inhibition by Enceleamycin A with IC50 value of
0.736 mg mL−1 (2.22 mM). Data are presented as mean of ±SEM
(standard error of the mean), n = 3.

Fig. 10 ADME property and hemolysis of Enceleamycin A. (A) Bioavailability radar of Enceleamycin A. (B) Boiled-egg ADME profile where white
egg part shows the gastro-intestinal absorption and yellow yolk part shows the blood–brain barrier permeability, whereas the horizontal axis
displays TPSA value and vertical axis shows the log P value. The blue dot represents Enceleamycin A. (C) Hemolysis assay of Enceleamycin A
demonstrating the intact pellet of red blood cells. (D) Percentage of hemolysis of RBCs by Enceleamycin A displaying less than 2% hemolysis at
highest tested concentration of 512 mg mL−1 (1550.15 mM). Data are presented as mean of ±SEM (standard error of the mean), n = 3.

Table 2 Physicochemical property of Enceleamycin A using
SwissADME

Physicochemical properties

Formula C17H1407
Molecular weight 330.29 g mol−1

Number of heavy atoms 24
Number of aromatic heavy
atoms

6

Number of rotatable bonds 0
Number H-bond acceptors 7
Number of H-bond donors 2
log P 2.05
Molar refractivity 78.07
TPSA 102.29 Å

Table 3 Pharmacokinetics property of Enceleamycin A using Swis-
sADME and pkCSM webtool

Pharmacokinetic properties

GI absorption Yes
BBB permeation No
P-Glycoprotein substrate Yes
P-Glycoprotein inhibitor No
CYP-450 class enzyme inhibitor No
hERG I and II inhibitor No
log Kp (skin permeation) −7.79 cm s−1

AMES toxicity No
Hepatotoxicity No
Skin sensitisation No

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34183–34193 | 34189
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3. Conclusions

The present study investigated the anticancer potential of three
novel furo-naphthoquinones, Enceleamycin A, B and C previ-
ously isolated by our group from Amycolatopsis sp. Of the three,
Enceleamycin A showed prominent anticancer properties,
particularly against the MDA-MB-231 (TNBC) cells with an IC50

value of 1.25 mg mL−1 (3.78 mM). It also inhibits the cell
migration ability of TNBC cells. The treatment of MDA-MB-231
cells by Enceleamycin A increases intracellular ROS formation,
leading to apoptotic cell death, demonstrated by ow cytometry
analysis. Molecular docking and MD simulation showed that
Enceleamycin A can be a potential AKT2 inhibitor candidate.
The in silico investigation was validated by the in vitro AKT2
enzyme assay, in which Enceleamycin A exhibited IC50 value of
0.73 mg mL−1 (2.22 mM). According to in silico physicochemical
and ADMET studies, Enceleamycin A showed good bioavail-
ability and did not violate Lipinski's rule of ve, making it
a candidate drug-like molecule. The compound showed no
prominent hemolytic effect on human RBCs. Altogether, this
study presents essential insights about Enceleamycin A pos-
sessing therapeutic potential for cancer treatment, particularly
triple-negative breast cancer cells.

4. Experimental
4.1 Materials

Enceleamycin A (C17H14O7), B (C17H16O9) and C (C17H14O7),
used in the experiments were isolated in our previous study
from Amycolatopsis sp. MCC 0218.26 Heat-inactivated FBS (Fetal
bovine serum) and DMEM (Dulbecco's modied eagle's
medium) were obtained from GIBCO. Trypsin EDTA and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
were purchased from Himedia. Standard doxorubicin and H2-
DCFDA dye was purchased from Sigma. MDA-MB-231, A549,
HeLa, HFF and Vero cells were obtained from NCCS (National
Center for Cell Science), Pune.

4.2 Cell viability assay

The MTT assay, which measures cellular metabolic activity, was
used to examine cell viability.27 The cell lines used for the study
wereMDA-MB-231, A549, HeLa, HFF and Vero. DMEMwith 10%
FBS was the media used for the growth and assay of all the cells.
The seeding of 10 000 cells per well was done of these cells in 96-
well plate and incubated at 37 °C with 5% CO2 for 20 hours. The
stock solution of 20 mg mL−1 was made of compounds Ence-
leamycin A, B and C in dimethyl sulfoxide (Hi-Media, Mumbai).
The stock solution of the compounds were diluted to 1mgmL−1

in complete medium (DMEM + 10% FBS) and was further
diluted to 100 mg mL−1 and 10 mg mL−1 working solution in
DMEM media. The nal DMSO concentration at the highest
concentration tested at 100 mg mL−1 was 0.5% i.e. below toxicity
level and was used as a negative control. The stock solution of
20 mg mL−1 of the standard drug doxorubicin was made in MQ
water, lter sterilized and further diluted to working solution in
complete media similar to the Enceleamycins. The cells were

treated with different concentrations of compound in the range
of 0.1 to 100 mg mL−1 for 48 hours. 100 mL of MTT solution
(0.5 mg mL−1) was added aer the media was removed, and the
solution was incubated for 4 h at 37 °C in the dark. Subse-
quently, the MTT solution was decanted, and the solubilization
of formazan crystals was done by adding 100 ml DMSO. Biotek
synergy H1microplate reader was used to capture the reading at
570 nm. In addition, inhibition of MDA-MB-231 cells was
determined for Enceleamycin A at 4, 24, and 48 h for the time
point study.

4.3 Anti-migration assay

To estimate the anti-migration impact of Enceleamycin A on
MDA-MB-231 cells, a scratch/wound healing assay was con-
ducted.28,29 In a 24-well plate, 1.5 × 105 cells per well were
seeded in DMEM (10% FBS). Aer the conuency, linear gaps
were scratched at the bottom of the plate by a sterile micropi-
pette tip (200 mL), and the detached cells were subsequently
eliminated with 1× phosphate buffer saline (PBS). The adherent
cells on the plate were incubated with Enceleamycin A (0.5, 1,
and 2 mg mL−1) in serum-free DMEMmedia for 24 hours at 37 °
C with 5% CO2 to eliminate the interference of cell prolifera-
tion. The wound images were obtained using an inverted
microscope at 0 and 24 h, respectively, and the % of cell
migration was calculated with reference to scratch width (SW) at
0 h and 24 h: (SW at 0 h − SW at 24 h/SW at 0 h) × 100.

4.4 Measurement of intracellular ROS

The intracellular ROS production level was assessed by the 2′,7′-
dichlorouorescein diacetate (H2-DCFDA) dye.30 In brief, seed-
ing 1 × 104 cells per well of MDA-MB-231 cells was done in 96-
well plate and kept for 24 hours. Aer being washed with DPBS,
the cells were incubated at 37 °C in the dark for 30 minutes with
H2-DCFDA (20 mM) in DMEM complete media. The culture was
treated with a varying concentration of Enceleamycin A (2, 10,
20, and 50 mg mL−1) in DMEM complete media for 24 and 48 h.
Aer incubation, RFU was measured at 485/535 (excitation/
emission) in a micro-plate reader.

4.5 Apoptosis detection in MDA-MB-231 cell line

The apoptotic-like features in MDA-MB-231 cells aer treatment
with Enceleamycin A were estimated by Alexa Fluor® 488
Annexin V/Dead Cell Apoptosis Kit (ThermoFisher Scientic).33

In brief, seeding of 3.5 × 105 cells per well of MDA-MB-231 cells
was done in a 6-well plate and enable to grow overnight. The
culture was treated with Enceleamycin A (2, 4, and 8 mg mL−1)
for 48 h. Aer being washed with binding buffer (1×), the cells
were stained for 30 min by Alexa Flour Annexin V and propi-
dium iodide at 37 °C in the dark. Stained cells were assessed for
the percentage of apoptotic cells relative to untreated and
unstained cells by ow cytometry.

4.6 Docking analysis

Canonical SMILES of the novel ligand, Enceleamycin A, were
converted to protein data bank format using Open Babel

34190 | RSC Adv., 2023, 13, 34183–34193 © 2023 The Author(s). Published by the Royal Society of Chemistry
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soware. The 3-dimensional structure of the PI3K-AKT-mTOR
pathway receptors was retrieved from the Protein Data Bank.
Water molecules, native ligands, and other heteroatoms from
the protein were removed using PyMOL (v.1.74) before docking.
Molecular docking was performed using Autodock 4.2.6.34,35 The
nal DLG le contained important details, viz., top ten
conformations for every run consisting of rank, free binding
energy (kcal mol−1), mean RMSD, and inhibitory constant (mM).
The docking parameter was analyzed based on the lowest
binding energy of the ligand–protein complex. Autodock tools
4.2.6, Discover Studio v20.1.0.19295 from Biovia, and PyMOL
v.1.74 were used in molecular docking to visualize and study the
two-dimensional, three-dimensional and surface annotation of
Enceleamycin A interaction with the protein.36,37 The docked
complex was validated by redocking of AKT2 with native ligand,
and the RMSD value was calculated from the DockRMSD38 and
LS-align web tool.39

4.7 Molecular dynamics simulations

MD simulation of the docking complex was carried out with
reading biomolecular coordinates, solvation of desired protein,
setting periodic boundary conditions, and generating the input
les for equilibration and production using the Gromacs v
2020.6 and visualization and analysis using VMD v 1.9.3 and
PyMOL v 1.7.4.5 soware. The ligand Protein interaction,
having the lowest binding energy, from molecular docking is
considered for MD simulation. The novel ligand bound to the
AKT2 receptor was analyzed using the GROMOS 54A7 force eld
of the GROMACS simulation soware. With the help of MOD-
ELLER9 v 14,51 the missing residues from the crystal structure's
1O6L (Ile450, Thr451, Pro452, Pro453, Asp454, Arg455, Tyr456,
Asp457, Ser458, Leu459, Gly460, Leu461, Leu462, Glu463,
Leu464, Asp464, Gln464, Arg464, Glu465, Glu466) were put back
together. By using the Automated Topology Builder (ATB)
repository, the force elds of the ligand was created.52 Hydrogen
was added to the heavy atoms using the GROMACS module
pdb2gmx. The structures were then solvated within cubic peri-
odic box with water stretching 2 Å on all sides outside the
protein by applying the simple point charge (SPCE) water
model.53 Aer that, systems were maintained with an appro-
priate salt concentration of 0.15 M by introducing suitable
amount of Na+ and Cl− ions to neutralize the system. The
steepest descent method was subsequently employed to mini-
mize the energy of all systems in the solvated state over a time
frame of 2000 steps. To perform equilibration in the NVT (no. of
atoms, volume, and temperature) ensemble, the systems were
then gradually heated to a temperature of 310 K by a V-rescale
thermostat with a 0.1 ps coupling constant.54 Further to ach-
ieve equilibration in the NPT (no. of atoms, pressure, and
temperature) ensemble, the Parrinello–Rahman barostat was
implemented to keep solvent density at 1 bar and 310 K with 0.1
ps coupling constant. To check the stability of protein and
ligand complex, the resultant each structure generated from
NPT equilibration phase was utilized for nal NPT ensemble
production run for 100 ns simulation.55

4.8 ADP-Glo kinase assay

The AKT2 kinase activity was measured in the presence of
Enceleamycin A by employing ADP-Glo kinase assay and the
AKT2 Kinase enzyme system (Promega). The assay is based on
quantifying ADP produced during the kinase reaction. The
reaction was done in 96-well plates in which 10 mL of AKT2 (10
ng), 5 mL of modied AKT substrate (1 mg), 5 mL of ATP (50 mM),
and 5 mL of inhibitor was added followed by an hour-long
incubation at ambient temperature. To terminate the kinase
reaction, 5 mL of the ADP-Glo reagent was applied for 40 min. At
last, 10 mL of kinase detection reagent was added and le for
30 min. Biotek synergy H1 microplate reader detected the
luminescence. The relative activity (%) of kinase was calculated
compared to the control without an inhibitor.43

4.9 Physicochemical and pharmacokinetics analysis

In silico physicochemical and pharmacokinetic properties were
detected for Enceleamycins using the SwissADME online
program.44 The SMILES notations generated from ChemDraw
20.0 was submitted as an input le to the SwissADME web tool,
which provides a reliable prediction of physicochemical (TPSA,
number of hydrogen bond acceptor and donor, and solubility),
pharmacokinetics (GI absorption, BBB permeability, and CYP
inhibitor) and drug-likeness (Lipinski's rule of ve and Veber's
rule) properties. In addition, the toxicity prole, like the Ames
test, skin sensitivity, and hepatotoxicity, was generated by the
pkCSM web tool.45

4.10 Hemolysis assay

Hemolytic activity of Enceleamycin A was performed on the
RBCs of human blood sample. The blood sample of 5 mL was
decanted aer being centrifuged at 5000 rpm for 10 min. The
RBCs were suspended in Phosphate buffer saline (PBS) and
washed three times by centrifugation for 10 min at 5000 rpm,
and the pelleted RBCs were resuspended in 25 mL of PBS. The
compound was twofold diluted in PBS and added to RBCs
suspension to achieve concentrations varying from 1 to 512 mg
mL−1. Triton X-100 (1% v/v) and DMSO (0.5%) in PBS were
considered positive and negative controls, respectively. The
treated suspensions were kept for 60 min at 37 °C and centri-
fuged at 5000 rpm for 10 minutes. The resultant supernatant
was added to the 96-well plate with a at bottom. At 570 nm, the
absorbance was measured, and the relative percentage of
hemolysis was estimated compared to the suspension treated
with 1% Triton X-100. The following equation calculates the
percent of hemolysis: % hemolysis = [absorbance of the sample
(treated with Enceleamycin A)] O [absorbance of the positive
control (treated with 1% Triton X-100)] × 100.49,50
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17 E. Leyva, L. I. López, R. F. G. de la Cruz and C. G. Espinosa-
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T. S. Doğan and P. Mutlu, New J. Chem., 2021, 45, 18025–
18038.

49 I. Ali, W. A. Wani, K. Saleem andM. F. Hsieh, RSC Adv., 2014,
4, 29629–29641.
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