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Abstract 

The first part deals with the isolation and purification of 2-alkyl-4-

hydroxyquinoline which possess inhibitory activity against yeast-to-hyphae 

transition derived from Streptomyces sp. MBTG13. Candida albicans, the 

opportunistic pathogenic fungus in humans, has an ability of reversible 

morphogenetic transitions between budding yeast and filamentous hyphal forms in 

response to environmental signals. Filamentous growth of cells is essential for 

pathogenicity of C. albicans. Four of 2-alkyl-4-hydroxyquinoline derivatives (1–4) 

were isolated from a semisolid rice culture of Streptomyces sp. MBTG13. 

Compound 1 is identified as an inhibitor of filamentous growth in Candida 

albicans, with an IC50 value of 11.4 μg/mL. Growth experiments show that this 

compound do not inhibit yeast cell growth, but inhibits hyphal growth inductions. 

Filamentous growth of C. albicans is mainly depended on activation of the 

mitogen-activated protein kinase or cyclic AMP-protein kinase A (cAMP-PKA) 

pathway. Based on the results of gene expression analyses, HWP1 and ALS3 

(hypha-specific genes positively regulated by Efg1, an important regulator of cell 

wall dynamics), included cAMP-PKA pathway, are inhibited by compound 1 These 

results indicate that compound 1 acts on the Efg1-mediated cAMP-PKA pathway 

and regulates hyphal growth in Candida albicans. 

The second part deals with the isolation and purification of 

diketopiperazines which possess inhibitory activity against isocitrate lyase (ICL) 

enzyme from C. albicans. ICL, the key enzyme of glyoxylate cycle, plays an 

important role in the pathogenesis of microorganisms during infection. An icl-

deletion mutant of Candida albicans exhibited reduced virulence in mice compared 

with the wild-type. Five of diketopiperazines (5-9) are isolated from Streptomyces 

puniceus Act1085. Compound 5 is identified as an C. albicans ICL inhibitor, with 

IC50 value of 27 μg/mL. Based on the growth phenotype of the icl-deletion mutants 
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and ICL expression analyses, compound 5 inhibits the ICL gene transcription in C. 

albicans under C2-carbon-utilizing conditions. 

 

Keywords: Streptomyces, Candida albicans, hydroxyquinolines, diketopiperazines, 

filamentous growth, isocitrate lyase, cAMP-PKA pathway 

Student number: 2013-31032  
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Introduction 

 

Candida albicans and pathogenicity 

C. albicans is the serious human fungal pathogenic microorganisms and a 

ubiquitous commensal of human gastrointestinal tract, mouth and skin (Ghannoum 

et al., 2010; Findley et al., 2013; Hoffmann et al., 2013). This strain becomes 

pathogenic when human host is immunocompromised or infected with candidiasis 

in bloodstream which has mortality rate of 40% approximately (Lu et al., 2014). 

Although modern medical therapies such as antibiotics, cancer chemotherapy, 

organ transplantation have been developed and applied, the number of patients 

suffering from infectious disease of C. albicans has increased (Noble et al., 2017). 

Also, several researches have shown that Candida species were ranked as the third 

or fourth most common cause of invasive bloodstream infections in hospitals 

located in United States (Wisplinghoff et al., 2004; Pfaller and Diekema, 2007). 

The important ability of C. albicans is its switch between yeast and hyphal 

growth form as dimorphism. C. albicans undergoes a reversible morphogenetic 

transformation in response to environmental signals such as serum, high 

temperature (37°C), high ratio of CO2 to O2, neutral pH, and nutrient poor media 

(Sudbery 2011). These features of C. albicans are a virulence determinant, as 

hyphal type of cells is strongly involved in the infection process. The hyphae forms 

release several hydrolytic enzymes to invade and damage epithelial and endothelial 

cells. Moreover, hyphae express various virulence factors related to cell type 

including adhesion, tissue-degrading enzymes, antioxidant defense proteins, and 

cytolytic peptide toxin (Lane et al., 2001; Nantel et al., 2002; Kadosh and Johnson, 

2005). 

In C. albicans, several signaling pathways related to yeast-to-hyphae 

morphological transition have been identified (Fig. 1.1). Among these signaling 

pathways, mitogen-activated protein kinase (MAPK) pathway and cyclic AMP 
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(cAMP)-dependent protein kinase A (PKA) pathway were reported as major 

complex network of signaling pathway for hyphae development. Yeast-to-hyphae 

morphological transition is induced by activating hypha-specific genes such as 

ALS3, ECE1, HGC1, HWP1, HYR1, RBT1 and RBT4 (Kadosh and Johnson, 2005). 

MAPK pathway is composed of the Cst20p (p21-activated kinase; PAK), 

Hst7p (MAP kinase; MEK) and Cek1p (MAPK) (Liu, 2001). Mutants of these 

genes all show a defect in filamentous growth of C. albicans (Kohler and Fink, 

1996). MAPK signaling pathway is controlled by Cph1, a transcription factor, at its 

downstream. 

In cAMP-PKA pathway, catalytic subunits are encoded by TPK1 and TPK2 

genes and regulatory subunit is encoded by BCY1 gene (Giacometti et al., 2009). 

Cyclic AMP functions as an intracellular regulator and performs many cellular 

processes in both prokaryotic and eukaryotic organisms. cAMP-PKA pathway 

regulates hyphal development in various fungi including C. albicans (Lengeler et 

al., 2000). The function of cAMP is determined by its endogenous levels that are 

controlled by phosphodiesterase enzymes and adenylate cyclase (Dhillon et al., 

2003). CYR1, a single adenylate cyclase gene in C. albicans, is necessary to only 

filamentous growth but not yeast growth. CAP1, the adenylate cyclase-associated 

protein gene, participates in process of hyphal development and germ tube 

formation for the pathogenesis of candidiasis. In mice, cap1-deletion mutants are 

not exhibit pathogenesis (Bahn et al., 2001; Bahn and Sundstrom, 2003; Zou et al., 

2010). Efg1, a transcription factor, acts on downstream of the cAMP-PKA pathway 

and induces the hyphal-specific genes in C. albicans.  

Ras1 affects upstream of two main signaling pathways, MAPK pathway 

and cAMP-PKA pathway, as a major regulator of hyphal formation (Sudbery, 

2011). Ras proteins belong to the small GTPase superfamily which regulate a wide 

variety of processes in the cell, including growth, cell differentiation, and cell 

movement. Ras proteins are controlled by cycling between the active GTP-bound 
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and inactive GTP-bound forms (Bourne et al., 1990). In C. albicans, Ras1 is not 

essential for survival (Feng et al., 1999). ras-deletion mutants showed the defect of 

filamentous growth in response to hyphal inducing conditions. 

To attenuate C. albicans virulence and treat candidiasis, researches on 

inhibition of morphogenesis has been pursued for the development of prophylaxis 

and/or therapy (Vila et al., 2017). Based on the efforts of searching the inhibitor of 

hyphae morphogenesis, azole, geldamycin, histone deacetylase inhibitors and 

propranolol were discovered but these compounds had a poor potential of further 

developments for antifungal drugs (Shareck and Belhumeur, 2011). Also, a small 

number of simple molecules possesses inhibitory activity of C. albicans 

morphological transition with moderate toxicity at concentration 1–100 mM 

(Toenjes et al., 2005). Up to date, filastatin and diazaspiro-decane were identified 

as the representative inhibitor of hyphal morphogenesis (Fazly et al., 2013; Pierce 

et al., 2015). Considering these results, it is necessary to find inhibitor of hyphae 

growth other than filastatin and diazaspiro-decane.  
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Figure 1.1 Signaling pathway leading to hyphae-associated genes in C. albicans  

 

Numerous host signals and fungal signaling pathways have been determined in the 

regulation of cell type, such as yeast and hyphae in C. albicans. (Noble et al., 2017) 
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Natural products derived from marine organisms 

Since prehistoric time, natural products have been used as medicine for alleviating 

pains caused by several diseases. Natural products have been founded in plants, 

animals, microorganisms, and recently marine microorganisms and contributing to 

development of drugs and supplying basic scaffolds of drugs until now. 

Unfortunately, the number of novel natural products that show interesting 

biological activity was steadily decreased after late 1960s. Also, researches and 

industry of drug development encountered a major problem such as reduction of 

new class compounds discovery, a wide range of resistance and inefficient drug 

discovery and development process in terms of costs. To solve problems, fresh 

strategies of drugs discovery emerged from combinatorial chemistry, example 

high-throughput screening, and computational design of drugs (Fenical et al., 2006). 

These approaches have limitation because it is based on the natural products 

derived from terrestrial organisms. 

Several researchers are interested in marine environments which cover 

approximately 75 percent of the earth planet. It is expected that marine 

environments have a different ecosystem because ocean is unexplored area until 

late 1990s. Following rapid development of technologies about collecting samples 

from deep ocean, a wide variety of marine organisms have been collected and 

investigated their biological activities. The deep ocean environments are 

recognized as quiet unique habitat, which is characterized by no light, extreme low 

temperatures (< 4°C), high pressure (up to 110 MPa) and low nutrient input 

(Nagano et al., 2010). These environments enforce that marine organisms have 

flexible bodies and sedentary life style for survival. Thus, these organisms have 

been evolved the ability to make toxic compounds or to acquire them from other 

organism (Haefner, 2003). The huge diversity of marine organisms has not been 

explored extensively. It would be expected that a wide range of organisms 

produced high diversity and unique structure of secondary metabolites. Thus, 
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marine organisms are attractive with regard to finding a new class compounds. 

Actually, various marine natural products have been reported by several research 

groups. In previous review (Hu et al., 2015; Pereira and Aires-de-Sousa, 2018), 

more than 28,000 marine natural products have been reported from marine 

organisms and among them, 4,196 compounds have been reported to have diverse 

biological activities by 2015. 

Until now, four drugs derived marine organisms with US FDA approval or 

EU registrations were reported (Fig. 1.2). Cytarabine (Ara-C) which is arabinosyl 

cytosine of cytosine arabinoside was the first FDA-approved marine-derived drugs 

at 1965 (Newman et al., 2009). It was reported that this compound originally 

isolated from the Caribbean sponge Tethya crypta and used in treatment of acute 

leukemia but it has cytotoxicity. Vidarabine, which is purine nucleoside, was 

isolated from the Carribbean sponge Tethya crypta and Streptomyces antibioticus. 

This compound was received the FDA approval in 1976 as an antiviral agent 

(Montaser and Luesch, 2011). Ziconotide is composed of 25-amino acid peptide, 

originally isolated from venom of marine snail Conus magus (Olivera, 2000). This 

compound received FDA approval in 2004 and affected to several chronic pain in 

patients with cancer or AIDS. Trabectedin (ET-743) which is a 

tetrahydroisoquinoline alkaloids derived from Ecteinascidia turbinate is first 

marine natural compound registered in the European Union (EU) (Wright et al., 

1990). Patients with soft tissue sarcoma or relapsed platinum-sensitive ovarian 

cancer had been treated with this compound (Yap et al., 2009; Verweij, 2009).  

Actinomycetes which is gram-positive bacteria with high content of GC 

nucleosides, were rich source of bioactive metabolites with unique structure. Since 

terrestrial actinomycetes were screened for the purpose of searching novel 

metabolites in the early 1950s, a wide-range of metabolites have been identified 

and developed into drugs such as antimicrobial (vancomycin, amphotericin B and 

erythromycin), anticancer (bleomycin, mitoxantrone and daunorubicin), and 
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immunosuppressive (rapamycin) (Zotchev, 2012). Among marine organisms, 

actinomycetes have an advantage such as available fermentation, gene 

manipulation for high production and efficient storage as cell stocks. Also, 

development of sampling and fermentation techniques allows isolation of marine 

actinomycete producing unique compounds (Jensen et al., 2005). Overall, these 

features support that marine actinomycete is a promising resource for searching 

bioactive metabolites. 
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Figure 1.2. Marine-derived natural products approved by the FDA or 

the EMEA 

 

Cytarabine, vidarabine and ziconotide are approved by the FDA (Montaser and Luesch, 

2011; Olivera, 2000). Trabectedin is approved by the EMEA (Wright et al., 1990). 
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Quinoline derivatives as potential drugs 

Quinoline, a heterocyclic aromatic compound with the chemical formula C9H7N, is 

a double-ring structure that contains a benzene ring fused to pyridine at two 

adjacent carbon atoms. Quinoline and its derivatives derived from plants, animals, 

and microorganisms show diverse biological activities and simple structures, so 

that many researchers have been focused on developing potential applications 

related to pharmaceuticals. Also, quinolone and its derivatives are critical structures 

in medical chemistry and used as “parental” compounds to synthesize molecules. 

In microbial source, actinomycetes of the genus Streptomyces produce most of 

quinoline derivatives (Raynes et al., 1995). 

Various quinoline and its derivatives possess diverse biological activities 

such as antimalarial (Narender et al., 2005; Burnett et al., 2007; Cross et al., 2010), 

antimicrobial (Kumar et al., 2009; Maity et al., 2012; Desai et al., 2016), anti-

tuberculosis (Nayyar et al., 2006), and anticancer activities (Sharma et al., 2017). 

Recently, mechanism of quinolone and its derivatives action in tyrosine kinase, 

proteasome, tubulin polymerization topoisomerase and DNA repair are identified 

(Jain et al., 2016). Various functional groups such as nitro, halogen, and methoxy 

are a crucial role in applications of medicinal chemistry. The addition of nitro, 

halogen, oxygen and other substitution to quinolone ring lead to the significant 

alteration in optical properties, distribution of charge, biological activities and 

molecular structure (Lakshmi et al., 2011; Romano et al., 2012). In case of 

gemifloxacin and trovafloxacin, the change of C-7 position in quinolone core 

determines the potency and target preference (Domagala et al., 1998). Also, this 

substituent position controls the pharmacokinetic features of the drugs with a basic 

nitrogen. 

The quinoline derivatives have been identified as several biological agents. 

Representatively, quinololines are historically among the most important 

antimalarial drugs, such as quinine, chloroquine, bisqinoline, mefloquine, 
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amodiaquinine and primaquine. When chloroquine was first chemically 

synthesized and applied to patients suffered from malaria, the World Health 

Organization (WHO) declared a malaria war. Following resistance of chloroquine 

was steadily increased, many research groups had been tried to overcome 

resistance and developed strategies which is the addition of various length linker 

and chemical on two 4-aminoquinoline moieties. As a result, a series of 

bisquinoline screened against chloroquinine sensitive strains and resistance strains 

and determined as alternative agents of malaria (Raynes et al., 1995). Also, 

quinolines and its derivatives plays a crucial role in anticancer drugs development 

such as campothecin. Campothecin is a cytotoxic quinolone alkaloid and first 

isolated from the bark and stem of Camptotheca acuminata (Wall et al., 1996). 

This compound possesses inhibitory activities of topoisomerase by interacting with 

Asp533 at the catalytic site of the enzyme. Several modification trials to develop 

drugs based on camptothecin lead to discovering topotecan and irinotecan which 

apply to cancer chemotherapy (Srivastava et al., 2005). 8-Hydroxyquinoline 

derivatives are identified as agent of cancer and Alzheimer’s disease (AD) (Hung 

and Barnham, 2012). Because 8-hydroxyquinoline is identified as a metal chelator, 

this compound can be efficiently applied on various pharmacological applications 

such as being an iron and copper chelator for a ligand of metalloproteins, an anti-

human immunodeficiency virus (HIV) agent, an antifungal agent and 

neuroprotection. Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline), a metal-

protein-attenuating compound, has reached on phase Ⅱ clinical trial for the 

treatment of AD and leukemia, myelodysplasia (Crouch and Barnham, 2012). 

Among quinoline alkaloids, 2-alkyl-4-hydroxyquinoline is identified as 

quorum-sensing molecules, involved in cell-to-cell communication (Déziel et al., 

2004). When cell encounter specific environmental agents such as cell density, flux, 

mass transfer and spatial distribution, 2-alkyl-4-hydroxyquinolines are synthesized 

based on pqsABCD operon in P. aeruginosa. Déziel group suggests that 2-alkyl-4-
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hydroxyquinoline and 3,4-dihydroxy-2-heptylquinoline-mediated cell-to-cell 

communication model, including steps as follows: 1. 2-alkyl-4-hydroxyquinolone 

is synthesized and released by bacterial cells. 2. extracellular 2-alkyl-4-

hydroxyquinoline is absorbed by neighboring bacteria and converted to 3,4-

dihydroxy-2-heptylquinoline, possibly in the periplasm. 3. 3,4-dihydroxy-2-

heptylquinoline is released to act as a signaling molecule for other cells. 4. 3,4-

dihydroxy-2-heptylquinoline activates target gene expression, such as the phz1 

operon which play roles in the synthesis of pyocanin (Fig. 1.3). The features of this 

compound have been considered as one of noteworthy biological activities of 

quinoline derivatives. 
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Figure 1.3. Cell-to-Cell communication model mediated by HHQ and PQS  

in P. aeruginosa 

 

The pathway of cell-to-cell communication are indicated by dotted lines. AA means 

anthranillic acid. 

 

 

 

 

 

 

 

 

 

 

 



19

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20

Materials and Methods 

 

General experimental procedures 
1H, 13C, and 2D NMR (COSY, HMBC, and HSQC) spectra were measured using a 

Bruker Avance 600 MHz spectrometer at the National Center for Interuniversity 

Research Facilities (NCIRF) located in Seoul National University. Mass 

spectrometric data were obtained at the Korea Basic Science Institute (Daegu, 

Republic of Korea) and were acquired using a JMS 700 mass spectrometer (JEOL, 

Tokyo, Japan) using meta-nitrobenzyl alcohol as a matrix for fast atom 

bombardment mass spectrometry. HPLC was performed using a Spectrasystem 

p2000 (Thermo Scientific, Waltham, MA, USA) equipped with a Spectrasystem 

RI-150 refractive index detector. All organic solvents used in the experiment 

purchased from Fisher Scientific (FairLawn, NJ, USA) 

 

Taxonomic analysis of the producing bacteria 

The bacterial strain, Streptomyces sp. (strain number: MBTG13), was isolated from 

a marine sediment sample from the shoreline of Jeju Island, Republic of Korea. 

The strain was identified using standard molecular biological protocols by DNA 

amplification and sequencing of the internal transcribed spacer region. The 

genomic DNA extraction was performed using an i-Genomic BYF DNA Extraction 

Mini Kit (Intron Biotechnology, Seoul, Republic of Korea) according to the 

manufacturer’s protocol. The nucleotide sequence of MBTG13 has been assigned 

as accession number MK408429 in the GenBank database. 

 

Culture conditions of the producing bacteria 

Strain MBTG13 was cultivated on YPG agar plate (5 g of yeast extract, 5 g of 

peptone, 10 g of glucose, and 16.0 g of agar in 1 L of artificial seawater) for 5 days 

at 28°C. It formed brown-yellow colonies produced white spore on plates. Agar 
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plugs (1 cm × 1 cm, five pieces each) were inoculated into 100 mL of YPG media 

for 5 days to acquire seed culture. For the purpose of large-scale fermentation, seed 

cultures separately were transferred to 24 flasks, each containing 2 g of peptone, 2 

g of yeast extract, and 200 g of rice with 200 mL of artificial seawater after 

autoclave sterilization (121°C for 15 min). The fermentation in rice media was 

conducted under static conditions for 6 weeks at 28°C. 

 

Antimicrobial activity assay 

The antibacterial activity assay was carried out according to the Clinical and 

Laboratory Standards Institute (CLSI) method (CLSI, 2018). Gram-positive 

bacteria (Staphylococcus aureus ATCC25923, Enterococcus faecalis ATCC19433, 

Enterococcus faecium ATCC19434) and Gram-negative bacteria (Klebsiella 

pneumoniae ATCC10031, Salmonella enterica ATCC14028, Escherchia coli 

ATCC25922) were cultured overnight in Mueller Hinton broth (MHB) at 37°C. 

The cells collected by centrifugation, and washed two times with sterile distilled 

water. Each test compound was dissolved in dimethyl sulfoxide (DMSO) and 

diluted with MBH to prepare serial twofold dilutions in the range of 128–0.06 

μg/mL. The final DMSO concentration was maintained at 1% by adding DMSO to 

the medium as guided by the CLSI (CLSI, 2018). In each well of a 96-well plate, 

190 μL of MBH containing the test compound was mixed with 10 μL of the broth 

containing approximately 106 colony-forming units (cfu)/mL of test bacterium 

(final concentration: 5 × 104 cfu/mL) adjusted to match the turbidity of a 0.5 

MacFarland standard. The plates were incubated for 24 h at 37°C. The MIC was 

defined as the lowest concentration of test compound that prevented cell growth. 

Ampicillin and tetracycline were used as reference compounds. 

The antifungal activity assay was performed in accordance with the 

guidelines in CLSI document M38 (CLSI, 2018). C. albicans SC5314 was cultured 

on Potato dextrose agar (PDA). After incubation for 48 h at 28°C, yeast cells were 
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harvested by centrifugation and washed twice with sterile distilled water. 

Aspergillus fumigatus HIC6094, Trichophyton rubrum NBRC9185, and 

Trichophyton mentagrophytes IFM40996 were plated on PDA and incubated for 2 

weeks at 28°C. Spores were harvested and washed two times with sterile distilled 

water. Stock solutions of the compound were prepared in DMSO. Each stock 

solution was diluted in RPMI 1640 broth (Difco, Livonia, MI, USA) with the 

concentration range of 0.06–128 μg/mL. The final DMSO concentration was 

maintained at 1% by adding DMSO to the broth. Harvested cells were adjusted to 

0.5 MacFarland standard in RPMI 1640 broth and the diluted cells were added to 

each well of a 96-well plate with test compound solution. The final inoculum 

concentration was 104 cells/mL in each well. The plates were incubated for 24 h 

(for C. albicans), 48 h (for A. fumigatus), and 96 h (for T. rubrum and T. 

mentagrophytes) at 37°C. The MIC value was determined as the lowest 

concentration of test compound that fully inhibited cell growth. A culture with 

DMSO (1%) was used as a solvent control, and a culture supplemented with 

amphotericin B was used as a positive control. 

 

Candida albicans strains and culture media 

C. albicans strain SC5314 was used for most experiments. To prepare cells, C. 

albicans cultures were grown at 28°C with shaking in YPD (1% yeast extract, 2% 

peptone, and 2% dextrose) medium to the exponential phase, harvested by 

centrifugation, washed, resuspended in distilled water, and stored for 48 h at 4°C 

before use. The hypha-inducing media used in this study was composed of GS 

medium (5 g of glucose, 0.26 g of Na2HPO4·12H2O, 0.66 g of KH2PO4, 0.88 g of 

MgSO4·7H2O, 0.33 g of NH4Cl, and 16 μg of biotin per L) (Oh et al., 2001). 

 

Candida albicans growth assay 

C. albicans SC5314 cells were pregrown in YPD medium at 28°C up to the 
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exponential phase, washed, and starved in water for 48 h at 4°C. Stock solutions of 

compounds 1–4 (4 mg/mL) were prepared in DMSO and added to test media at the 

prescribed concentrations (final DMSO concentration: 1%). For the yeast cell 

growth assay, 1 × 106 cells/mL were inoculated in GS medium containing test 

compounds at different concentrations, and the cultures were incubated at 28°C for 

24 h. The number of cells at each specific time interval was determined by 

measuring the OD660 of vigorously vortexed cultures. 

 

Morphological transition inhibition assay 

For the hyphal formation assay, approximately 5 × 106 cells/mL were added to GS 

medium containing test compounds at different concentrations and incubated at 

37°C for 4 h. GS medium with 1% DMSO was used as a negative control. At each 

time point, the morphology of the cells was determined by light microscopy. A 

minimum of 200 cells were counted for each sample. Assays were carried out three 

times, each with three replicates. 

 

Oligonucleotides 

For PCR reactions, oligonucleotides were purchased from Cosmogenetech Korea 

Co. (Seoul, Korea). The sequence of oligonucleotides is shown in Table 1.1. 
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Table 1.1. List of used oligonucelotides 

Primer Name Sequence 

CPH1-For 5′-GAAATGTGGCGCCGATGCAA-3′ 

CPH1-Rev 5′-ACCCGGCATTAGCAGTAGAT-3′ 

EFG1-For 5′-ACAGGCAATGCTAGCCAACA-3′ 

EFG1-Rev 5′-GCAGCAGTAGTAGTAGCAGC-3′ 

GAP1-For 5′-TTAAGTACTGGTGGACCAGC-3′ 

GAP1- Rev 5′-CAAACCCACTTTGAGCAAC-3′ 

HWP1-For 5′-GTGACAATCCTCTCAACCT-3′ 

HWP1-Rev 5′-GAGAGGTTTCACCGGCAGGA-3′ 

ALS3-For 5′-CCACTTCACAATCCCAT-3′ 

ALS3-Rev 5′-CAGCAGTAGTAGTAACAGTAGTAGTTTCATC-3′ 

GPD1-For 5′-AGTATGTGGAGCTTTACTGGGA-3′ 

GPD1-Rev 5′-CAGAAACACCAGCAACATCTTC-3′ 
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Semi-quantitative RT-PCR 

C. albicans strain SC5314 was cultured in YPD medium at 28°C on rotary shakers 

for 24 h, harvested by centrifugation, washed, resuspended in distilled water, and 

incubated at 4°C for 48 h before use. GS medium containing compound 1 (25, 50, 

and 100 μg/mL) was added to C. albicans cells, and each sample was incubated at 

37°C for 2 h. Total RNA was isolated from the incubated cells and purified using 

an RNeasy Mini Kit (Qiagen, San Diego, CA, USA). cDNA synthesis was 

performed using a Superscript III First-Strand Synthesis System (Invitrogen, 

Carlsbad, CA, USA) for RT-PCR, and oligo [dT]20 (50 mM) was used to prime the 

cDNA synthesis reaction. Semi-quantitative RT-PCR was conducted with gene-

specific primers for major components of the signaling pathways (Table 1.1). 

Signaling pathway components are coded as follows: CPH1 (transcription factor), 

MAPK pathway; EFG1 (transcription factor), cAMP-protein kinase A complex 

(PKA) pathway; GAP1, which encodes a general amino acid permease and is 

positively regulated by Cph1; HWP1 and ALS3, which encode hyphal wall protein 

1 and agglutinin-like protein 3, respectively, and are activated by Efg1. The 

housekeeping gene GPD1 (encoding glyceraldehyde-3-phosphate dehydrogenase) 

was used as a loading control (Davis-Hanna et al. 2008). PCR was performed 

according to the manufacturer’s instructions: initial denaturation at 98°C for 5 min, 

followed by 30 cycles of denaturation at 98°C for 10 sec, annealing at 55°C for 30 

sec, and extension at 72°C for 1 min, with a final extension at 72°C for 5 min. 

ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used for 

densitometric analyses of the mRNA expression levels. 

 



26

Results 
 

Identification of MBTG13 by phylogenetic analysis 

The complete sequence of the 16S rDNA of MBTG13 were determined by 

polymerase chain reaction (PCR). This sequence was aligned and compared in 

basic logic alignment search tool (BLAST). As a result of sequence comparison, 

this sequence was matched to Streptomyces species with high similarity. Among 

them, Streptomyces luridiscabiei (GenBank accession number: NR_025155) 

showed the highest similarity (sequence identity 99%). Thus, this strain was named 

as Streptomyces sp. MBTG13 (GenBank accession number: MK408429). The 

phylogenetic tree constructed by neighbor-joining and maximum likelihood 

methods based on the 16S rDNA sequence data showed the evolutionary 

relationships of strain MBTG13 with a group of known Streptoymyces species (Fig 

1.4). 
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Figure 1.4. Neighbor-joining phylogenetic tree generated by 16S rDNA 

sequence analysis 

 

The phylogenetic tree was constructed using the neighbor-joining program of MEGA X 

software. Bootstrap was carried out with 1,000 replicates. The Kimura two-parameter 

model was used for measuring distance. Bar indicates 0.5% sequence divergence. 
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Isolation and structure determination of compounds 1-4 

A total of 510 g of rice fermentation culture was repeatedly extracted by MeOH (1 

L × 3) and dichloromethane (1 L × 3). The organic solvents were evaporated to 

dryness under reduced pressure to gain 8.5 g of total extracts. A total extract was 

successively partitioned between n-butanol (1.6 g) and H2O (6.2 g). The n-butanol 

fraction was repartitioned using H2O-MeOH (15:85) (1.1 g) and n-hexane. The 

H2O-MeOH fraction was subjected to C18 reverse-phase vacuum flash 

chromatography using a gradient of MeOH and H2O to give seven fractions (five 

fractions in the gradient, H2O-MeOH, from 0:100 to 100:0, acetone, and finally 

EtOAc). On the basis of the results of biological analyses, the fraction eluted with 

H2O-MeOH (20:80) (1.1 g) was separated and purified by semi-preparative 

reverse-phase HPLC (Agilient C18 column, 10.0 × 250 mm; H2O-MeOH, 30:70 

with 0.1% trifluoroacetic acid; 2.0 mL/min) to obtain compounds 1 (tR: 16 min, 

24.2 mg), 2 (tR: 24 min, 3.5 mg), 3 (tR: 26 min, 2.5 mg), and 4 (tR: 31 min, 2.7 mg) 

(Fig. 1.5). By combined spectroscopic analyses, including 1H, 13C NMR, two-

dimensional (2D) NMR spectral analyses (COSY, HSQC, and HMBC), and UV 

data, compounds 1–4 were identified as 2-n-heptyl-4-hydroxyquinoline (1) (Hays 

et al., 1945; Kitamura et al., 1986), 2-n-heptyl-4-hydroxyquinoline-N-oxide (2) 

(Hays et al., 1945), 2-n-octyl-4-hydroxyquinoline (3) (Supong et al., 2016), and 3-

n-heptyl-3-hydroxy-1,2,3,4-tetrahydroquinoline-2,4-dione (4) (Kitamura et al., 

1986) (Fig. 1.6). The spectroscopic data for these compounds were in good 

agreement with previous reports. 
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Figure 1.5. Flow chart of compounds 1-4 isolation 
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Figure 1.6. Structures of compounds 1-4 isolated from Streptomyces sp. 

MBTG13 
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Effects of compounds 1-4 on pathogenic microorganism growth 

Because compound 1 was initially reported as an antibacterial compound (Hays et 

al., 1945), the antimicrobial activities of the isolated compounds were first 

evaluated against phylogenetically diverse pathogenic bacterial strains, including S. 

aureus ATCC25923, E. faecalis ATCC19433, E. faecium ATCC19434, S. enterica 

ATCC14028, K. pneumoniae ATCC10031, and E. coli ATCC25922, using 

ampicillin and tetracycline as positive control compounds. Compound 1 displayed 

weak antibacterial activity against S. aureus ATCC 25923, E. faecalis ATCC19433, 

and E. coli ATCC25922, with minimum inhibitory concentration (MIC) values of 

128, 128, and 64 μg/mL, respectively. Compound 2 broadly inhibited most of the 

tested bacterial pathogens, except K. pneumoniae and E. coli, with MIC values in 

the range of 16–32 μg/mL (Table 1.2). The antifungal activities of compounds 1–4 

were also evaluated against pathogenic fungal strains, including C. albicans 

SC5314, A. fumigatus HIC6094, T. rubrum NBRC9185, and T. mentagrophytes 

IFM40996, using amphotericin B as a positive control compound. However, 

compounds 1–4 did not exhibit inhibitory activity against the tested fungi (MIC > 

128 μg/mL) (Table 1.3). 
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Table 1.2. Antibacterial activity assay 

Compound 

Minimum Inhibitory Concentration (MIC) (μg/mL) 

Gram(+) Bacteria  Gram(-) Bacteria 

A B C  D E F 

1 >128 128 >128  >128 64 >128 

2 16 32 32  >128 >128 >128 

3 >128 >128 >128  >128 >128 >128 

4 128 >128 >128  >128 >128 >128 

Ampicillin 0.07 0.13 0.13  0.13 >128 16 

Tetracycline      0.5  

 

A: Staphylococcus aureus ATCC25923, B: Enterococcus faecalis ATCC19433, C: 

Enterococcus faecium ATCC19434, D: Salmonella enterica ATCC14028, E: Klebsiella 

pneumoniae ATCC10031, F: Escherichia coli ATCC25922. Ampicillin and tetracycline 

were used as control compounds. 
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Table 1.3. Antifungal activity assay 

Compound 
Minimum Inhibitory Concentration (MIC) (μg/mL) 

A B C D 

1 >128 >128 >128 >128 

2 >128 >128 >128 >128 

3 >128 >128 >128 >128 

4 >128 >128 >128 >128 

Amphotericin B 0.5 1 1 1 

 

A: Candida albicans SC5314, B: Aspergillus fumigatus HIC6094, C: Trichophyton rubrum 

NBRC9185, D: Trichophyton mentagrophytes IFM40996. Amphotericin B was used as 

positive control. 
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Effects of compounds 1-4 on C. albicans proliferation 

To evaluate the effects of compounds 1-4 on C. albicans yeast growth, the cells 

were grown in glucose salt (GS) medium supplemented with 100 μg/mL of test 

compound at 28°C, and the optical density at 660 nm (OD660) of each sample was 

measured at each specific time interval. Tested cell were normally grown 

independent upon compounds 1–4. These results shown that compounds 1–4 at 100 

μg/mL did not inhibit yeast cell growth in C. albicans (Fig. 1.6). 
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Figure 1.7. Effects of compounds 1-4 on C. albicans SC5314 growth 

 

Effects of compounds 1–4 (each 100 μg/mL) on yeast cell growth in C. albicans. Glucose 

salt (GS) medium with 1% dimethyl sulfoxide (DMSO) was used as control. The number of 

cells at each specific time point at 28°C was assessed by measuring the optical density 

absorption at 660 nm (OD660). 
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Inhibitory activity of yeast-to-hyphae transition in C. albicans 

To evaluate the effects of compounds 1–4 on the hyphal growth of C. albicans, 

approximately 5 × 106 cells/mL were added to GS medium supplemented with the 

test compounds at different concentrations and incubated at 37°C. At each time 

point, the morphology of approximately 200 cells was determined by light 

microscopy (Fig. 1.8). Under these conditions, >90% of C. albicans cells are 

converted to the hyphal form after 4 h of incubation. Cultures treated with 

compounds 1–4 exhibited concentration-dependent inhibition of the hyphal form of 

C. albicans. Among these compounds, compound 1 exhibited inhibitory activity, 

with an IC50 of 11.4 μg/mL. Oxidation of 4-hydroxyquinoline moiety (2) led to a 

loss of inhibitory activity compared to compound 1 (Fig. 1.6). With regard to the 

effect of alkyl chain length, for a given compound 1, extension of the chain by one 

methyl unit (3) resulted in a dramatic decrease in inhibitory effect upon hyphal 

formation at the highest concentration tested (50% at 100 μg/mL). 
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Figure 1.8. Effects of compounds 1-4 on yeast-to-hyphae transition of SC5314 

 

Effects of compounds 1–4 on hyphal formation in C. albicans. Cells (5 × 106 cells/mL) 

were grown in GS medium containing different concentrations of test compound at 37°C. 

At least 200 cells were counted for each sample after 4 h of cultivation. Data are presented 

as the mean fold changes ± SD of three independent experiments. 
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Effects of compound 1 on gene expression related to hypha-inducing signaling 

pathways 

In C. albicans, hyphal development is mainly regulated by the mitogen-activated 

protein kinase (MAPK) and cyclic AMP-protein kinase A (cAMP-PKA) pathways, 

and active form of Ras1 is required for the regulation of both pathways (Sudbery, 

2011). The transcription factors Efg1 and Cph1 are activated by distinct upstream 

signaling pathways. In the case of Efg1, the pathway is based on cAMP, while in 

the case of Cph1 the pathway depends on a MAPK signaling pathway, with Ras1 

stimulating both pathways. To investigate the effect of compound 1 on hypha-

inducing signaling pathways in C. albicans, the mRNA expression levels of CPH1, 

EFG1, GAP1, and HWP1 were examined. Semi-quantitative reverse transcription 

(RT)-PCR showed that the mRNA expression of CPH1 and EFG1 was constant 

independent on treatment of compound 1 in cells (Fig. 1.9a). The transcript level of 

GAP1, which encodes a general amino acid permease and is positively regulated by 

the transcription factor Cph1 (Biswas et al., 2007) was also unchanged. Importantly, 

a complete loss of HWP1 mRNA expression occurred with 100 μg/mL of 

compound 1. HWP1, which encodes a glycosylphosphatidylinositol-anchored cell 

wall protein (Staab et al., 1999), is a downstream component of the cAMP-

dependent PKA pathway and is positively regulated by the transcription factor 

Efg1, which is an important regulator of cell wall dynamics (Sharkey et al., 1999).  

Fig. 1.8b shows the relationship between HWP1 transcript levels and hypha 

formation in C. albicans were grown in GS medium treated with increasing 

concentrations of compound 1. The level of HWP1 transcript was undetectable in 

yeast cells grown in GS medium at 28°C for 2 h. In contrast, under hyphal growth-

inducing conditions, the HWP1 transcript level was increased with a decrease in 

concentration of compound 1, mainly due to the predominant growth of the hyphal 

population. (Fig. 1.9b) These results suggest that compound 1 affects to the cAMP-

Efg1 pathway, but not the MAPK-Cph1 pathway. 
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Figure 1.9. Semi-quantitative RT-PCR analysis of mRNAs related to the 

hyphal-inducing signaling pathway in C. albicans SC5314 cells 

 

(a) Relative expression of mRNAs related to the hyphal-inducing signaling pathway in C. 

albicans. Cells were incubated in the absence or presence of compound 1 at 37 ℃ for 2 h, 

followed by RNA isolation and cDNA synthesis. (b) Relationship between HWP1 transcript 

level and hyphal formation in C. albicans cultures grown in GS medium treated with 

increasing concentrations of compound 1 at 37 ℃ for 2 h. C. albicans yeast cells were 

grown in GS medium without compound 1 at 28 ℃ for 2 h. 
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Expression of hyphae-specific HWP1 and ALS3 in cAMP-PKA pathway 

Gene-specific studies and genome-wide analyses have revealed only a small 

number of hypha-specific genes in C. albicans (Kadosh and Johnson, 2005). These 

include ALS3, ECE1, HGC1, HWP1, HYR1, RBT1, and RBT4. The most highly 

expressed gene encodes HWP1, which is one of a small set of hypha-specific genes 

in C. albicans that include ALS3 (encoding agglutinin-like protein 3) and ECE1 

(encoding cell elongation protein 1). Among them, HWP1 and ALS3 encode 

adhesins and are activated by the transcription regulator Efg1 during hypha 

formation (Argimón et al., 2007). Thus, we investigated whether compound 1 also 

affected HWP1 and ALS3 mRNA levels (Fig. 1.10). In the absence of compound 1, 

HWP1 and ALS3 transcripts were undetectable at time zero, but they were strongly 

expressed from 20 to 80 min. Importantly, compound 1 (100 μg/mL) reduced the 

magnitude of HWP1 and ALS3 mRNA expression in compound 1-treated cells, 

when compared with untreated cells. 
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Figure 1.10. Kinetic analysis of hypha-specific HWP1 and ALS3 mRNA levels 

 

C. albicans cells were incubated in the absence or presence of 100 μg/mL compound 1 at 

37 ℃ in GS medium. Cells were then harvested at 0-, 20-, 40-, and 80-min post-incubation. 

ImageJ software was used for densitometric analysis of mRNA expression level. 
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Discussion 
A chemical investigation of a semisolid rice culture extract of the marine-derived 

actinomycete Streptomyces sp. MBTG13 led to the isolation of 2-alkyl-4-

hydroxyquinoline derivatives (1–4). Their structures were determined based on 

measured spectroscopic data and were consistent with previous reports. 

Compounds 1 and 2 exhibited weak to moderate antibacterial activity against 

pathogenic bacteria with MIC value of 128 and 16–32 μg/mL. Compound 1 was 

earlier isolated from Pseudomonas aeruginosa and had antibacterial activity (Hays 

et al., 1945). In addition, compounds 1, 2, and 4 were isolated from Pseudomonas 

methanica KY4634 as 5-lipoxygenase inhibitors (Kitamura et al., 1986). Recently, 

it was reported that compounds 1–3 exhibited antimalarial activity against 

Plasmodium falciparum (Supong et al., 2016). In first part of this study, it was 

identified that compounds 1 and 3 reduced the pathogenicity of C. albicans by 

inhibiting hyphal growth, without inhibiting yeast cell growth. Interestingly, 

structures of these compounds were similar to quorum sensing signal molecules, 

such as farnesoic acid and farnesol (Hornby et al., 2001; Oh et al., 2001). Therefore, 

these compounds were analyzed to confirm that they are inhibitors of hyphal 

growth induction in C. albicans. These molecules are secreted into the medium as 

the cells proliferate and are involved in morphogenesis. Therefore, it was 

confirmed that these compounds function on inhibition of the morphological 

transition in C. albicans under hypha-inducing conditions. Based on the results of 

growth curves and hypha inhibition analyses, 2-alkyl-4-hydroxyquinoline 

derivatives regulate the hyphal formation process of C. albicans without interfering 

with its yeast form proliferation. The inhibitory potency and selectivity of these 

compounds are sensitively dependent upon the chain length and to substitutions on 

the 4-hydroxyquinoline template. Compound 3 and 4 have unstable structures 

compared to compound 1 and 2 because these compounds have charged residues at 

oxygen in 4-hydroxyquinoline template. This may have affected the inhibitory 
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activity of hyphal growth.  

In C. albicans, the positive regulation of hypha-specific gene expression is 

mainly mediated through the MAPK and cAMP-PKA signaling pathways (Sudbery, 

2011; Noble et al., 2017). Transcription factors Efg1 and Cph1 are activated by 

distinct upstream signaling pathways. In the case of Efg1, the pathway is based on 

cAMP, while in the case of Cph1 the pathway depends on MAPK signaling. To 

investigate the networks by which the morphogenesis of C. albicans is controlled 

by compound 1, the expression levels of these major hypha-inducing signaling 

pathway components in compound 1-treated cells with untreated control cells were 

compared. When cells were exposed to compound 1, the mRNA expression of 

HWP1 and ALS3, hypha-specific genes that are positively regulated by an 

important regulator of cell wall dynamics (Efg1), were significantly inhibited by 

the addition of compound 1. However, the transcription of CPH1, EFG1, and 

GAP1 mRNA was unchanged. 

Efg1 and Cph1 are transcription factors whose activity is regulated on a 

post-transcriptional level. Threonine-206, a phosphorylation site for protein kinase 

A (PKA) within an Efg1p domain, is essential to promote hyphal induction by 

environmental factors (Bockmühl et al., 2001). Previous studies have examined the 

role of Efg1 and Cph1 in the repression of hyphal growth by farnesol, a related 

compound. It has been found that even though these proteins are clearly involved 

in mediating the farnesol effect, there is no significant change in EFG1 or CPH1 

mRNA (Kebaara et al., 2008; Langford et al., 2013). In my results, EFG1 mRNA 

levels are regulated during hyphal development, but they were not affected by 

compound 1, since the magnitude of the changes were similar in the presence and 

absence of compound 1 (Fig. 1.9). These results are consistent with the previous 

study (Kebaara et al., 2008). Together with these results, compound 1 does not 

regulate EFG1 mRNA levels, but at this time, the possibility that post-translational 

regulation of Efg1 is affected by compound 1 was not concluded (Fig. 1.11). First 
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part of this study is the first report demonstrating inhibitory activity of C. albicans 

filamentation by compounds 1–4, and suggests that the 2-alkyl-4-hydroxyquinoline 

class of compounds may be valuable as antifungal agents to suppress virulence in 

C. albicans. 
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Figure 1.11. Proposed model underlying the mechanism by which compound 1 

inhibits hyphal growth in C. albicans 

 

HWP1 and ALS3 mRNA which are regulated by transcription factor Efg1-mediated cAMP-

PKA pathway are inhibited by compound 1. Not only MAPK pathway but also upstream of 

Efg1-mediated cAMP-PKA pathway are not affected by compound 1. TF means 

transcription factor. 
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Part Ⅱ 

Diketopiperazines from Marine-Derived Streptomyces 

puniceus Inhibit Isocitrate Lyase of Candida albicans 
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Introduction 

 

Importance of isocitrate lyase as antifungal target 

The glyoxylate cycle, present in archaea, bacteria, fungi, plants and nematodes, 

functions on cell metabolic process as anaplerotic pathway for the tricarboxylic 

acid (TCA) cycle (Vanni et al., 1990). This cycle consists of citrate synthase, 

aconitase which are initial steps of TCA cycle, followed isocitrate lyase (ICL), 

malate synthase (MLS) and malate dehydrogenease (Fig. 2.1). In glyoxylate cycle, 

ICL cleaves isocitrate to glyoxylate and succinate, and then MLS convert acetyl-

CoA and cleaved glyoxylate to malate. These enzymes are the key components of 

the glyoxylate cycle which is able to bypass the CO2-generating steps of the TCA 

cycle and supply the TCA cycle intermediates for gluconeogenesis or other 

biosynthetic process by assimilating carbon from C2 compounds which is non-

fermentable carbon source, such as acetate, ethanol and fatty acids (Dunn et al., 

2009). 

The role of glyoxylate cycle is demonstrated by analyzing icl-deletion 

mutants. In Magnaporthe grisea which is the rice blast pathogen, strongly 

expressed ICL gene was detected during infection. When the icl-deletion mutant of 

M. grisea exposed to rice, rice blast symptoms such as appressorium formation, 

conidiogenesis and cuticle penetration were reduced (Wang et al., 2003). 

Mycobacterium tuberculosis is one of the most pathogenic actinobacterium in 

humans and kills more than three million people annually via tuberculosis. During 

intracellular infection by M. tuberculosis, its express ICL protein (Sturgill‐

Koszycki et al., 1997). When M. tuberculosis infected the lungs of mice, icl-mutant 

of M. tuberculosis had no effect on their growth for 2 weeks. After 16 weeks, icl-

mutant of M. tuberculosis reveal a reduced ability to sustain the infection 

(McKinney et al., 2000). Also, icl or aceA deletion mutant had no effect on 

bacterial growth in C2-carbon-utilizing conditions, while an icl aceA double-



63

deletion mutant did not grow on same condition. When icl aceA double-deletion 

mutant inoculated into mice, this mutant did not infect the lungs and spleen 

(Muñoz-Elías and McKinney, 2005). Therefore, ICL activity is essential for M. 

tuberculosis survival of the host such as mice.  

In immunocompromised patients, C. albicans is responsible for life-

threatening systemic infection and human muscosal infection by surviving in 

macrophage. All steps of the glyoxylate cycle in C. albicans which grow in 

macrophage were induced (Lorenz et al., 2004). ICL and MLS were strongly 

induced in C. albicans during phagocytosis (Lorenz and Fink, 2001). In C. albicans 

obtained from patients suffering from candidiasis, ICL and MLS enzymes had high 

activity (Lattif et al., 2006). Furthermore, several reports provide evidences that 

ICL and MLS-deficient mutant of pathogenic microorganisms were significantly 

less virulent (McKinney et al., 2000; Muñoz-Elías and McKinney, 2005; Dunn et 

al., 2009). This cycle is involved in microbial pathogenesis by allowing the growth 

of pathogenic microorganisms on C2 substrates. Also, C. albicans utilizes the 

glyoxylate cycle for pathogenesis in response to glucose-deficient environment. 

Regardingly, several reports demonstrated an important role of ICL in fungal 

virulence (Lorenz and Fink, 2001; Ramirez and Lorenz, 2007). In mice, an icl-

deletion of C. albicans was unable to to utilize C2 carbon substrates and had 

diminished virulence compared with wild-type strain. As this cycle does not exist 

in mammalian cells, ICL appears to be a prospective target for the development of 

antifungal drugs (Lorenz and Fink, 2001). 

Up to date, several potent ICL inhibitor such as itaconate, bromopyruvate, 

nitropropionate, and malate have been identified (McFadden and Purohit (1977); 

Greene et al., 1998; Ko et al., 2004). Because these inhibitors detected toxicity and 

no specific effect, it is unsuitable for pharmacological utilization. For example, 

itaconate causes hypertonicity of blood pressure in cats and inhibits the growth or 

rats (Finkelstein et al., 1947; Booth et al., 1952). Nitropropionate shows 
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neurotoxicity and non-specific effects which inhibited ICL but also succinate 

dehydrogenase, a crucial enzyme of TCA cycle (Alston et al., 1977). 

Bromopyruvate inhibits glycolysis which is major metabolic process (Shoshan, 

2012). For identification of more effective ICL inhibitors, numerous studies have 

been conducted (Ansari et al., 2014; Cheah et al., 2018; Shukla et al., 2018). 
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Figure 2.1. Schematic model of the glyoxylate cycle and TCA cycle. 

 

Glyoxylate-specific process and enzymes are indicated in red (Lorenz and Fink, 2001). 
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Biological activities of diketopiperazines 

Diketopiperazines are small cyclic dipeptides, consist of two amino acids with or 

without additional modification. As a result of 2 cis-amid bonds between two rings, 

2 H-bond acceptor and 2 H-bond donor sites is generated, which is important for 

binding to enzymes and receptors. The cis-amide functional group of the 

diketopiperazine ring forms an intermolecular hydrogen bonds (N−H...O) between 

adjacent molecules, so that diketopiperazines can be formed and regulated higher-

ordered super molecular structures that are important in crystal engineering and as 

liquid gelators (Palacin et al., 1997; McBride, 1998; Xie et al., 2009). 

Diketopiperazines are semi-rigid molecules with conformationally constrained 

heterocycle. Nevertheless, this compounds are flexible because the six-membered 

ring can exist in an essentially flat conformation or a slightly puckered boat form 

(Borthwick, 2012). Six positions to add substituents and four positions to control 

their stereochemistry increase the structural diversity of diketopiperazines. This 

compounds are produced by a variety of organisms, such as bacteria (Bacillus sp. 

and Streptomyces sp.), fungi (Alternaria alternate and Penicillium sp.) and marine 

sponges (e.g., Dysidea fragilis) (Huang et al., 2010). This class compounds have 

been focused on the development of new drugs because it shows a common 

scaffold which easily modify to adapt effective pharmacological characteristics, 

and relatively easy acquirement via conventional procedures (Martins and 

Carvalho, 2007).  

Diketopiperazines possess a number of diverse biological properties, such 

as antimicrobial activity, antitumor activity antiviral activity, inhibition of quorum-

sensing signaling, plant-growth promotion, and inhibition of aflatoxin production. 

For instance, cyclo(indole-N-isoprenyl-Trp-Val), isolated from marine-derived 

Ascomycota, inhibited the growth of Pyricularia oryzae, a pathogen of monocot 

plants (Byun et al., 2003). Cyclo(L-His-L-Phe) showed antitumor activity by 

causing significantly reduction of the viability of HeLa and MCF-7 (McCleland et 
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al., 2004). Cyclo(L-Pro-L-Tyr) and cyclo (L-Phe-L-Val) regulate the LuxR-based 

quorum-sensing system by interacting to LuxR-binding site (Holden et al., 1999). 

The C-C chemokine receptor type 5 (CCR5) is a target protein as antiviral agents 

because human immunodeficiency virus type 1 (HIV-1) used this protein as 

receptor to enter target immunological cells (Murphy, 2001). Aplaviroc is a CCR5 

inhibitor that belongs to a class of diketopiperazines as a drug of HIV infection 

(Nakata et al., 2005). Tryptostatins A is a diketopiperazine, produced by the marine 

fungal strain of Aspergillus fumigatus. Tryptostatins A have attracted attention as 

potential anticancer drugs because this compound is an inhibitor of BCRP/ABCG2 

which is the breast cancer resistance protein (Woehlecke et al., 2003) 
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Material and methods 
 

General experimental procedures 
1H, 13C, and 2D NMR (COSY, HMBC, and HSQC) spectra were measured using a 

Bruker Avance 600 MHz spectrometer at the National Center for Interuniversity 

Research Facilities (NCIRF) located in Seoul National University. Mass 

spectrometric data were obtained at the Korea Basic Science Institute (Daegu, 

Republic of Korea) and were acquired using a JMS 700 mass spectrometer (JEOL, 

Tokyo, Japan) using meta-nitrobenzyl alcohol as a matrix for fast atom 

bombardment mass spectrometry. HPLC analysis was carried out by Shimadzu 

SCL-10A control system connected with a RID-10A refractive index detector 

(Shimadzu, Japan) and UV-Vis SPD-10A detector (Shimadzu, Japan). All organic 

solvents were analytical reagent grade and purchased from Fisher Scientific 

(FairLawn, NJ, USA). 

 

Bacterial and fungal strains 

S. puniceus Act1085, isolated from seafloor sediment from the shoreline of Jeju 

Island, Republic of Korea, was used as a diketopiperazine producing strain (Park et 

al., 2017). C. albicans SC5314 (ATCC MYA-2876) (wild-type), MRC10 (Δicl), 

MRC11 (Δicl + ICL), ATCC10261, ATCC18804, and ATCC11006 were used for 

growth assay. C. albicans ATCC10231 was the source or ICL gene. The icl mutant 

strains were provided by Prof. Michael C. Lorenz (The University of Texas Health 

Science Center at Houston, USA) (Ramirez MA and Lorenz MC, 2007). These 

fungal strains were cultured in yeast nitrogen base (YNB) medium (Difco 

Laboratories, Detroit, MI, USA) containing 2% glucose at 28°C shaking incubator. 

Bacterial and fungal strains were maintained as frozen cell glycerol stocks prior to 

use. 
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Fermentation of the producing bacteria 

Frozen stock of S. puniceus Act1085 was pre-cultured on a GTYB agar plate (2 g 

of tryptone, 1 g of yeast extract, 1 g of beef extract, 10 g of glucose, and 16 g of 

agar in 1 L of artificial seawater) for 5 days at 28°C. The bacteria produced brown 

color colonies with white spores. Spores of Act1085 were harvested according to 

the methods described reference and put into 2 L flasks containing 300 mL MTYB 

medium (2 g of tryptone, 1 g of yeast extract, 1 g of beef extract, 10 g of mannitol 

in 1 L distilled water) after autoclave sterilization (121°C for 15 min). These 

cultures were incubated at 28°C under static conditions. 

 

Preparation of recombinant isocitrate lyase of C. albicans 

Expression and purification of recombinant ICL protein from the genomic DNA of 

C. albicans ATCC10231 was carried out using a method described previously (Shin, 

2005). Briefly, the gene for ICL was amplified by PCR using two synthetic primers: 

5′-AGAATTCCTACCATGCCTTACACTCC-3′ (forward) and 5′-CTTCGTCGA 

CTCAAAATTAAGCCTTG-3′ (reverse). The PCR product was cloned into the 

pBAD/Thio-TOPO vector (Invitrogen, Carlsbad, CA, USA) and transformed into 

Escherichia coli TOP10 (Invitrogen). After induction of protein expression with 

0.02% arabinose at 25°C for 8 h, cells were lysed by lysozyme treatment and 

sonication, and the recombinant protein was purified using a Ni-NTA affinity 

column (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. 

Protein concentration was determined by the method of Bradford using the Bio-

Rad protein assay kit (Bio-Rad, Hercules, CA, USA) and bovine serum albumin as 

a standard (Bradford, 1976). 

 

ICL inhibitory activity assay 

The ICL inhibitory activity of test compounds was evaluated according to a 

procedure documented previously (Dixon and Kornberg, 1959; Lee et al., 2014). 
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The principle of ICL inhibition assay is the formation of glyoxylate 

phenylhydrazone in the reaction solution with treatment of isocitrate and 

phenylhydrazine. Each test compound was dissolved in DMSO. The reaction 

solution containing 20 mM sodium phosphate buffer (pH 7.0), 1.27 mM threo-DL 

(+) isocitrate, 3.75 mM MgCl2, 4.1 mM phenylhydrazine and 2.5 μg/mL purified 

ICL was incubated at 37°C for 30 min with/without a prescribed concentration of 

the compound dissolved in DMSO (final concentration, 0.5%). The increase of 

intensity by formation of glyoxylate phenylhydrazone was recorded by a 

spectrophotometer (Shimadzu, Japan) using wavelength of 324 nm. The ICL 

inhibitory activity was calculated as a percentage relative to the solvent-treated 

control with three times. The concentration ranges of 256 to 1 μg/mL of compound 

in the reaction mixture. IC50 values were calculated by non-linear regression 

analysis (Graph Pad ver. 8.0, Prism) (Miller et al., 2014). 3-Nitropropionate, a 

known ICL inhibitor, was used as a positive control (Sharma et al., 2000). 

 

Kinetic analysis 

Dixon plot was used to determine the type of enzyme inhibition. The kinetic 

analysis was performed at designated concentration of phenylhydrazine (0.13, 0.26, 

0.53, 1.05 and 2.10 mM) and ICL as substrate and inhibitor, respectively. 

Michaelis-Menten constant (Km) and maximum velocity (Vmax) of inhibitor were 

determined by non-linear regression analysis (Graph Pad ver. 8.0, Prism). The 

inhibition constants (Ki) was determined via interpretation of the Dixon plots. 

 

MIC assay 

C. albicans strains were cultured in YNB broth containing 2% glucose at 28°C for 

24 h, centrifuged at 12,000 rpm for 1 min, and washed twice with sterile distilled 

water. Each test compound was dissolved in DMSO and diluted into each YNB 

broth containing 2% glucose or 2% potassium acetate to make a dilution series of 
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256 μg/mL to 1 μg/mL. Additional DMSO added to the medium so that its final 

concentration was 0.5%. The 20 μL of fungus culture was poured into a 96-well 

assay plate to give a final concentration of 1 × 104 cells/mL and reach a final 

volume of 100 μL. Culture plates were placed on the 28°C incubator for 3 days. 

Positive control was amphotericin B which is a known antifungal compound. 

 

Growth phenotype 

C. albicans SC5314 (wild-type), MRC10 (Δicl) and MRC11 (Δicl + ICL) was 

cultured in YNB broth (2% glucose) at 28°C on rotary shakers for 24 h, harvested 

by centrifugation, and washed twice with sterile distilled water. Cells were added to 

YNB media containing 2% glucose, 2% potassium acetate, or 2% potassium 

acetate plus cyclo(L-Phe-L-Val) (8, 16, and 32 μg/mL) and incubated for 4 h at 

28°C. 

 

Semi-quantitative RT-PCR 

The total RNA was extracted by the RNase mini kit (Qiagen, Germany) with 

manufacturer’s manual. Complementary DNA (cDNA) synthesis was carried out 

by the Superscript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, 

USA) with oligo[dT]20 (50 μM) primers. Semi-quantitative RT-PCR was conducted 

with ICL primers. The housekeeping gene GPDH (glycerol-3-phosphate 

dehydrogenase) was served as loading control. The reversely transcribed cDNA 

was subject to PCR under the following conditions: an initial denaturation at 98°C 

for 5 min, followed by 35 cycles of denaturation at 98°C for 10 s, annealing 

temperature at 55°C for 30 s and elongation at 72°C for 1 min, with a final 

extension at 72°C for 5 min. 
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Oligonucleotides 

For PCR reactions, oligonucleotides were purchased from Cosmogenetech Korea 

Co. (Seoul, Korea). The sequence of used oligonucleotides is shown in Table 2.1. 
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Table 2.1. Lists of used oligonucleotides. 

Primer Name Sequence 

ICL-For 5′- ATGCCTTACACTCCTATTGACATTCAAAA-3′ 

ICL-Rev 5′- TAGATTCAGCTTCAGCCATCAAAGC-3′ 

GPDH-For 5′-ATCACCATCTTCCAGGAG-3′ 

GPDH-Rev 5′- ATGGACTGTGGTCATGAG-3′ 
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Results 

 

Isolation and structure elucidation of compounds 5-9 

The culture broth (40 L) was filtered with filter paper to remove mycelia and the 

filtered culture broth was sequentially fractionated with equal volumes of n-hexane, 

EtOAc, and n-butanol. On the basis of results from ICL activity assay, the EtOAc 

extract (1.7 g) was chosen for further separation. The EtOAc extract subjected to 

reverse-phase flash column chromatography packed with YMC Gel ODS-A (S-75 

μm) and eluted with MeOH-H2O (gradient from 0:100 to 100:0), acetone and 

EtOAc, affording seven fractions. Based on the bioactivity analyses, the H2O-

MeOH (60:40) (325 mg) fraction was isolated by semi-preparative reverse-phase 

HPLC (Agilent C18 column, 10.0 × 250 mm; 2 mL/min flow rate; UV 254, 365 nm 

detection; H2O-MeOH = 40:60 in 50 min) to yield compound 5 (tR = 37.2 min, 6.4 

mg), 6 (tR = 10.7 min, 5.2 mg), 7 (tR= 21.3 min, 10.3 mg), 8 (tR = 28.5 min, 7.4 mg), 

and 9 (tR = 8.3 min, 7.2 mg) (Fig. 2.2). 

Using combined spectroscopic analyses, including 1H, 13C nuclear magnetic 

resonance (NMR), 2D NMR spectral analyses (COSY, HMQC, and HMBC), and 

UV data, the isolated compounds 5-9 were identified as diketopiperazines: cyclo(L-

Phe-L-Val) (5) (Schmidtz et al., 1983), cyclo(L-Pro-L-Val) (6) (Huang et al., 1995), 

cyclo(L-Pro-L-Leu) (7) (Huang et al., 1995), cyclo(L-Pro-L-Tyr) (8) (Barrow and 

Sun, 1994), and cyclo(L-Phe-L-Pro) (9) (Barrow and Sun, 1994) (Fig. 2.3). The 

spectroscopic data obtained from the isolated compounds were consistent with the 

previously reported values. 
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Figure 2.2. Flow chart of compounds 5-9 isolation 
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Figure 2.3. Structures of compounds 5-9 
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ICL inhibitory activity of compounds 5-9 

To investigate whether isolated diketopiperazines possess ICL inhibitory activity, 

compounds 5-9 were evaluated for ICL inhibitory activity according to methods 

reported previously (Shin et al., 2005). The inhibitory concentrations (IC50) values 

of the isolated compounds 5-9 are represented in Table 2.2. Among these, 

compound 6 and 7 exhibited weak inhibitory activity toward ICL enzyme, with 

IC50 values of 516.28 and 533.79 μM, respectively (Table 2.2). Compound 5 

exhibited the strongest inhibitory activity of the test compounds but weaker than 

nitropropionate, with IC50 values of 109.50 and 15.95 μM, respectively (Fig. 2.4). 

The others were inactive under given condition. 
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Table 2.2. Inhibitory activity of isolated diketopiperazines toward the ICL 

enzyme and growth of C. albicans SC5314. 

Compound ICL IC50, μM (μg/mL) 
MIC (μg/mL) 

Glucose 

5 109.50 ± 4.17 (27.74 ± 2.24) >256 

6 516.28 ± 9.18 (101.32± 4.22) >256 

7 533.79 ± 3.12 (112.24 ± 1.94) >256 

8 >1048.75 (>256) >256 

9 >984.16 (>256) >256 

3-Nitropropionate 15.94 ± 2.13(1.90 ± 1.57) >256 

Amphotericin B ND 1 1 

 

3-Nitropropionate was used as a reference inhibitor of ICL. Amphotericin B was used as a 

standard antifungal drug. 
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Figure 2.4. Dose-dependent curves of the compound 5 and 3-nitropropionate 

 

ICL source was C. albicans ATCC10231. 3-nitropropionate was used as reference 

compound. The data were analyzed using non-linear regression curve fitting in GraphPad 

software ver 8.0 (Prism). The vertical bars indicate the standard errors (n=3) 
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Determination of inhibition type 

To determine the kinetic parameters (Kmax and Vmax), reaction mixtures including 

ICL was incubated with designated concentrations and times of compound 5 at 

37°C. Kinetic constants (Kmax and Vmax) were calculated from Michaelis-Menten 

plot and calculated kinetic constants were used for determining inhibitor constant 

(Ki) value in Lineweaver-Burk plot. The inhibitor constant (Ki) calculated as 64.86 

μM. Based on the result of the Lineweaver-Burk plot, compound 5 behaved as 

mixed inhibitor (Fig. 2.5). 
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Figure 2.5. Dixon plot for ICL inhibition of compound 5 

 

S and V represent the substrate concentration (mM) and reaction velocity (ΔA324nm/min), 

respectively. Each data point represents the mean of three experiments. 
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Growth assay of C. albicans strains under C2 substrate use 

To determine whether compound 5 affects C2 substrate use, C. albicans strains 

SC5314, ATCC10231, ATCC10259, ATCC11006, and ATCC18804 were grown in 

YNB liquid broth containing either 2% glucose or 2% acetate as the sole carbon 

source. Compound 5 exhibited the inhibitory effect on C. albicans in acetate 

(minimum inhibitory concentration of 32–64 μg/mL) but no inhibitory effect on C. 

albicans in glucose (Table 2.3). These results showed that compound 5 affects ICL-

mediated proliferation of the fungus under C2-carbon-utilizing conditions. 
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Table 2.3. Effect of compound 5 on C. albicans strains grown in glucose or 

acetate as sole carbon source. 

Strain 

MIC (μg/mL) 

Glucose  Acetate 

Compound 5 Amph B  Compound 5 Amph B 

SC5314 >256 1  32 0.5 

ATCC10231 >256 1  32 0.5 

ATCC10259 >256 1  64 0.5 

ATCC11006 >256 0.5  32 0.5 

ATCC18804 >256 1  64 0.5 

 

C. albicans cells (1 × 104 cells/mL) were incubated with varying concentrations of 

compound 5 for 72 h at 28°C in YNB medium containing 2% glucose or 2% potassium 

acetate. Amphotericin B (Amph B) was used as a standard antifungal drug. 
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Effects of compound 5 on growth phenotype and ICL gene expression 

To determine whether the cell phenotype of the icl-deletion mutant is affected by 

the presence of compound 5, a growth assay was conducted using C. albicans 

SC5314 (wild-type) and two icl-deletion mutants (MRC10 and MRC11). After pre-

culture, these strains were streaked onto YNB agar containing 2% glucose or 2% 

potassium acetate with or without 32 μg/mL of compound 5. All strains grew 

normally on both the plates with glucose and those with glucose plus the 

compound. However, MRC10 did not grow when acetate was the sole carbon 

source. Furthermore, none of the tested strains exhibited growth on the YNB agar 

plate with compound 5 (Fig. 2.6a). 

The effect of compound 5 on ICL expression were examined by semi-quantitative 

reverse-transcription (RT)-PCR. No ICL-specific PCR product was detected in the 

cultures when SC5314 and MRC11 were grown in YNB liquid broth containing 

glucose. However, ICL was strongly induced when these cells were cultured in 

YNB broth containing acetate. The intensity of the PCR band corresponding to the 

ICL product decreased with increasing compound 5 concentrations in the cells 

grown under ICL expression conditions (Fig. 2.6b). GPDH expression was 

detected in all treatments regardless of compound 5 exposure. These results 

indicate that compound 5 inhibits ICL expression in C. albicans under C2-carbon-

utilizing conditions. 
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Figure 2.6. Analysis of growth phenotypes and ICL mRNA expression. 

 

(a) C. albicans SC5314 (wild-type), MRC10 (Δicl), and MRC11 (Δicl + ICL) were cultured 

on YNB agar plates containing the indicated carbon source (2% glucose or 2% potassium 

acetate) with or without 32 μg/mL of compound 5 for 2 days at 28 °C. (b) Strains were 

grown until the mid-log phase in minimal YNB liquid medium containing 2% glucose. 

Cells were collected by centrifugation and transferred to the same medium containing 2% 

glucose (Glu), 2% potassium acetate (Ace), or 2% potassium acetate (Ace) plus compound 

5 (C1: 8 μg/mL; C2: 16 μg/mL; and C3: 32 μg/mL) and cultured for 4 h at 28 °C. Total 

RNA was prepared from these cells, and ICL mRNA expression was analyzed by semi-

quantitative RT-PCR. The GPDH housekeeping gene was evaluated as a loading control. 
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Discussion 
The glyoxylate cycle, an anaplerotic pathway of the TCA cycle, is well 

documented in prokaryotes and eukaryotes. Diverse pathogenic fungus utilized 

glyoxylate cycle during host infection. The function of this cycle has been 

confirmed by analyzing mutants of pathogenic microorganisms that lack ICL and 

MLS, key components of glyoxylate cycle. Research on candidiasis in mice has 

shown that Candida albicans, the most serious human pathogenic fungus, requires 

ICL to be fully virulent. As this cycle does not operate in mammalian cells, ICL is 

an attractive target for the development of antimicrobial drugs. In this study, five 

diketopiperazine compounds were isolated from the culture of marine-derived S. 

puniceus Act1085 and evaluated their inhibitory activities toward ICL enzyme 

from C. albicans. These studies led to the identification of cyclo(L-Phe-L-Val) as a 

potent ICL inhibitor. The growth phenotype of ICL deletion mutants and semi-

quantitative RT-PCR analyses indicated that this compound inhibits the ICL gene 

expression in C. albicans under C2-carbon-utilizing conditions.   

It is well known that diketopiperazines possess a broad range of biological 

activities (Degrassi et al., 2002; Yan et al., 2004; Mccleland et al., 2004; Mas et al., 

2006; Park et al., 2006; Borthwick, 2012). Many research group have been focused 

on the pharmacological potential of diketopiperazine because it has advantage for 

medical chemistry such as resistance of proteolysis, mimicking of peptidic 

pharmacophoric groups, conformational rigidity, substituent group stereochemistry, 

and existence of donor and acceptor groups for hydrogen bonding (favoring 

interactions with targets) (Martins and Carvalho, 2007). Above all things, 

diketopiperazines can be easily synthesized and isolated from natural products. In 

this work, as a result of activity-guided separation processing, five 

diketopiperazines, cyclo(L-Phe-L-Pro), cyclo(L-Pro-L-Leu), cyclo(L-Pro-L-Tyr), 

cyclo(L-Pro-L-Val), and cyclo(L-Phe-L-Val), were obtained from a marine 

actinomycete S. puniceus. Among them, cyclo(L-Pro-L-Leu), cyclo(L-Pro-L-Val) 
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and cyclo(L-Phe-L-Val) were exhibited ICL inhibitory activities, with IC50 in the 

range 27 – 106 μg/mL (Table 2.2). It is observed that the structures of isolated 

diketopiperazines with ICL inhibition activity possess an isopropyl moiety, 

suggesting that isopropyl moiety plays a role in inhibiting ICL activity. 

Bacterium (M. tuberculosis) and fungus (C. albicans) can be virulent, 

causing expression of ICL gene which is a component of the glyoxylate cycle 

during the persistence infection in macrophages (McKinney et al., 2000; Ramirez 

and Lorenz, 2007). It was expected that inhibitors of the glyoxylate cycle block the 

nutrient availability and lead to the death of these pathogens in the macrophage. 

Based on these findings, the effect of cyclo(L-Phe-L-Val) on C. albicans ICL was 

investigated through the observation of growth phenotype and ICL transcript levels 

using C. albicans SC5314 (wild-type), MRC10 (Δicl) and MRC11 (Δicl +ICL) 

(Ramirez and Lorenz, 2007). Based on the growth assay, cyclo(L-Phe-L-Val) 

specifically inhibits ICL enzyme by identifying no growth of SC5314 and MRC11 

on the YNB agar plates containing acetate plus 32 μg/mL of compound. Moreover, 

it is observed that icl transcript levels were reduced depend on the concentration of 

cyclo(L-Phe-L-Val). Taken together, second part of this study indicated that 

diketopiperazine class compound shows antifungal agent in terms of suppressing C. 

albicans virulence. 
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