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Abstract:



Antartin (1), a new zizaane-type sesquiterpene, was isolated from Streptomyces sp. SCO736. The chemical structure of 1 was assigned from the interpretation of 1D and 2D NMR in addition to mass spectrometric data. The relative stereochemistry of 1 was determined by analysis of NOE data, while the absolute stereochemistry was decided based on a comparison of experimental and calculated electronic circular dichroism (ECD) spectra. Antartin (1) showed cytotoxicity against A549, H1299, and U87 cancer cell lines by causing cell cycle arrest at the G1 phase.
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1. Introduction


Sesquiterpenes comprise an important class of natural products with diverse bioactivities including antibacterial, antifungal, antiviral, antitumor, cytotoxic, and immunosuppressive activities [1,2,3,4,5,6]. As secondary metabolites, sesquiterpenes are commonly produced from terrestrial organisms. However, the occurrence of marine sesquiterpenes is expanding along with the growing importance of marine natural products in drug discovery.



Marine organisms are considered a fruitful source of novel chemical structures possessing a variety of biological activities [7,8]. Yet, of the more than 25,000 marine natural products [9] that have been described, less than 3% were discovered from cold-water habitats, a fact attributed to limited physical accessibility [10,11]. However, the last 10 years have seen remarkable progress in the discovery of cold-water-derived marine natural products [10,12,13]. In particular, the proportion of new marine natural products coming from cold-water-derived microbes had increased from 22% to 71% during this period [10].



As part of our investigation of novel bioactive marine natural products from cold-water-derived bacteria, a new zizaane-type sesquiterpene was isolated from Streptomyces sp. SCO-736, originating from an Antarctic marine sediment. Herein, we report the isolation and structure elucidation of antartin (1) with its biological activity (Figure 1).


Figure 1. Structure of compound 1.
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2. Results and Discussion


2.1. Isolation and Structure Elucidation


Antartin (1) was obtained as a brown solid. The high resolution fast-atom bombardment mass spectrometry (HRFABMS) spectrum of compound 1 showed an [M]+ ion peak at m/z 339.2196, which suggested the molecular formula C22H29NO2. This molecular formula accounted for nine degrees of unsaturation. The IR spectrum of 1 showed the presence of a secondary amine (3365 cm−1) and a carboxylic acid group (1660 and 2936 cm−1). The 1H NMR spectrum of 1 displayed one nitrogenated methine proton (δH 4.24 (1H, d, J = 6.1 Hz)), one doublet (δH 0.94 (3H, d, J = 6.8 Hz)), and three methyl singlets (δH 1.04 (3H, s), δH 1.10 (3H, s), δH 1.52 (3H, s)). The 1H, 13C, and heteronuclear single quantum coherence (HSQC) spectroscopic data revealed four methyl, seven methine, four methylene, one carbonyl, and six quaternary carbons (Table 1). Interpretation of 2D NMR spectroscopic data allowed us to put together the structure of 1. The 1H-1H correlation spectroscopy (COSY) crosspeaks (H-4/H-3a/H-2/H-12 and H-10/H-9/H-8/H-11) illustrated two spin systems, each composed of four carbon units (C-4/C-3/C-2/C-12 and C-10/C-9/C-8/C-11). Heteronuclear multiple-bond correlation (HMBC) correlations from H-13 to C-5/C-6/C-7, from H-14 to C-6/C-7, and from H-15 to C-7/C-8 allowed us to connect C-5/C-6/C-7/C-8. Furthermore, three-bond HMBC correlations from H-8/H-9a/H-12 to C-1, and from H-2 to C-10, as well as long-range HMBC correlations from H-4 to C-1/C-5 revealed the connectivity of C-4/C-5/C-1/C-10, which completed the construction of a zizaane-type 5/6/5 bridged sesquiterpene ring structure. The COSY crosspeaks (H-3′ (1H, dd, J = 6.9, 2.0 Hz)/H-4′ (1H, dd, J = 6.9, 6.9 Hz)/H-5′ (1H, dd, J = 6.9, 6.9 Hz)/H-6′ (1H, dd, J = 6.9, 2.0 Hz)) revealed a 1,2 disubstituted benzene ring moiety, which was connected to C-4 through NH based on the observation of an HMBC correlation from H-4 to C-1′ and on the carbon chemical shift of C-4 (δC 53.9). Thus, the planar structure of antartin (1) was determined, as shown in Figure 2.


Figure 2. COSY and key HMBC correlations (a), and NOESY correlations (b) of antartin (1).
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Table 1. NMR spectroscopic data for antartin (1) 1 in methanol-d4.












	Position
	δc, Type 2
	δH, (J in Hz)
	COSY
	HMBC





	1
	54.2, qC
	
	
	



	2
	38.7, CH
	2.07, m
	3a, 12
	1, 3, 10, 11, 12



	3a
	41.7, CH2
	1.49, m
	2, 4
	2, 12



	3b
	
	1.83, m
	
	4, 5



	4
	53.9, CH
	4.24, d (6.1)
	3a
	1, 2, 5, 6, 1′



	5
	146.8, qC
	
	
	



	6
	136.4, qC
	
	
	



	7
	42.4, qC
	
	
	



	8
	49.1, CH
	1.90, m
	9a, 9b, 10, 11
	1, 6



	9a
	25.8, CH2
	1.67, m
	8, 10a
	1, 8, 11



	9b
	
	1.84, m
	8, 10b
	



	10a
	30.8, CH2
	1.28, br
	9a
	



	10b
	
	1.48, m
	9b
	1, 5, 8



	11
	38.6, CH2
	1.60, d (3.0)
	8
	1, 5, 7, 8, 9, 10



	12
	14.3, CH3
	0.94, d (6.8)
	2
	1, 2, 3



	13
	14.0, CH3
	1.52, s
	
	5, 6, 7



	14
	25.7, CH3
	1.04, s
	
	6, 7, 8, 15



	15
	29.6, CH3
	1.10, s
	
	6, 7, 8, 14



	1′
	152.1, qC
	
	
	



	2′
	111.9, qC
	
	
	



	3′
	133.7, CH
	7.85, dd (6.9, 2.0)
	4′
	1′, 5′, 6′, 7′



	4′
	115.3, CH
	6.51, dd (6.9, 6.9)
	3′, 5′
	2′, 3′, 5′, 6′



	5′
	135.5, CH
	7.31, dd (6.9, 6.9)
	4′, 6′
	1′, 3′, 6′



	6′
	113.0, CH
	6.69, dd (6.9, 2.0)
	5′
	2′, 4′, 7′



	7′
	172.5, qC
	
	
	







1 500 MHz for 1H NMR and 125 MHz for 13C NMR. 2 Multiplicity was determined by the analysis of 2D NMR spectroscopic data.








The relative configurations of 1 were determined by the analysis of nuclear Overhauser effect spectroscopy (NOESY) correlations. NOESY crosspeaks of H-11 and H-2 to H-4 indicated that the protons H-11, H-4, and H-2 were located on the same face of the tricycle ring.



Compound 1 is a member of the zizaane-type sesquiterpenoid family of natural products. This family caught the interest of synthetic organic chemists, and several asymmetric methods have been developed for the preparation of zizaane-type sesquiterpenoids [14,15]. However, these synthetic transformations are inherently difficult, and the absolute stereochemistry for naturally-occurring zizaane-type sesquiterpenoids was initially inferred on the basis of comparison of optical rotation values alone. In 2009, an X-ray crystal structure of albaflavenone was published, and its validated absolute configurations provided an important reference point for other members of this class of natural products [16]. In 2013, strepsesquitriol—a rearranged zizaane-type sesquiterpenoid—was the subject of a study employing quantum-chemical calculations to derive a theoretical optical rotation to reveal its stereochemistry [17].



Compound 1 possesses a strong chromophore derived from a benzene ring, thus making it possible to obtain an experimental electronic circular dichroism (ECD) spectrum. We compared the experimental ECD spectrum of 1 with the calculated ECD spectra using the density functional theory (DFT) model. The experimental ECD spectrum of 1 showed two distinct positive Cotton effects at 198 and 351 nm, as well as negative Cotton effects at 232 and 261 nm (Figure 3). While 1 contains four stereocenters (at C-1, C-2, C-4, and C-8) corresponding to 16 theoretically possible stereoisomers, the one-carbon bridge connecting C-1 to C-8 constrains the relative stereochemistry of these two stereocenters (to either 1R, 8S or 1S, 8R), leaving a total of eight possibilities. We calculated the ECD spectra for all eight stereoisomers, only one of which displayed the same patterns as the experimental ECD spectrum of 1 (Figure S1). This result supported the absolute configurations of 1R,2S,4R,8S for antartin (1, Figure 2b).


Figure 3. Electronic circular dichroism (ECD) spectrum for antartin (1).
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Plausible biosynthetic pathways for this class of natural products and other related bridged sesquiterpenoids have been suggested by Li et al. [18]. Compound 1 may share a biosynthetic pathway with related natural products epi-isozizaane [19] and (4R)-albaflavenol [20]. In 2013, strepsesquitriol, a rearranged zizaane-type sesquiterpenoid, was isolated, and the determined structure showed analogous orientations for C-2, C-4, and the bridge [17].




2.2. Bioactivities


In order to explore the biological activities of 1, we performed a cellular proliferation assay using several cancer cell lines originating from diverse tumor types [21]. The results shown in Table 2 illustrate that 1 has a strong cytotoxic effect on cancer cells at a concentration of 20 μg/mL (59 μM). Among these, we selected the non-small cell lung carcinoma (NSCLC) cell lines and brain tumor cell line for further analysis based on research interests of solid tumor types, and determined the dose of 1 required for 50% growth inhibition (GI50) in those cells. GI50 values for 1 varied slightly between 4 and 8 μg/mL for different cancer cell types (Figure S8). Next, we performed a focus formation assay to determine whether 1 would inhibit the in vitro tumorigenic potential of cancer cells. A549 cells formed foci in an anchorage-dependent manner, while 1-treated cells failed to form foci (Figure 4a). This result suggests that 1 may inhibit the tumorigenesis of solid lung tumor cells.


Figure 4. Effect of compound 1 on the growth of lung cancer cells and brain tumor cells. (a) Focus-forming assay. The absence of foci in the 1-treated cells suggests that 1 suppressed lung cancer cell tumorigenic potential; (b) Cell growth assay. Cancer cell growth in real time was monitored for four days after treatment with 1, showing no cell growth (Blue dot: 0.2% DMSO, Red dot: 10 μg/mL 1); (c) Immunofluorescence staining experiment. In 1-treated cells, the expression of Ki-67, a representative proliferation marker, disappeared.
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Table 2. The effect of antartin (1) on cancer cell proliferation 1.





	

	
Lung (NSCLC2)

	
Colon

	
Prostate

	
Pancreatic




	
H1299

	
A549

	
HCT116

	
PC3

	
Mia-paca2

	
ASPC1




	
DMSO

	
100 ± 4

	
100 ± 6.4

	
100 ± 1.6

	
100 ± 3.8

	
100 ± 3.8

	
100 ± 3.5




	
1

	
24.8 ± 4.5

	
12.2 ± 0.8

	
1.6 ± 0.4

	
13.9 ± 4.1

	
14.2 ± 4

	
63.2 ± 4.9




	

	
Liver

	
Cervix

	
Brain

	
Thyroid

	
Skin




	
HepG2

	
HeLa

	
U87

	
Cal62

	
CHL-1

	
SK-Mel28




	
DMSO

	
100 ± 5.1

	
100 ± 12.9

	
100 ± 4.0

	
100 ± 2.6

	
100 ± 2.6

	
100 ± 2.4




	
1

	
20.5 ± 5.1

	
4.1 ± 3.6

	
0.8 ± 1.4

	
0.2 ± 0.0

	
0.4 ± 0.1

	
14.1 ± 2.8








1 Cell proliferation is shown as % of remaining cells after treatment of 1 at 20 μg/mL for 48 h compared with DMSO-treated cells, which is designated as % of viable cells ± STDEV. 2 Non-small-cell lung carcinoma.








We observed cancer cell growth for four days in the presence or absence of 1. As shown in Figure 4b, treated cells did not show an increase in cell numbers, instead maintaining initial cell confluency throughout the culture. Furthermore, immunofluorescence staining showed that the expression of Ki-67, an important marker of proliferation, was not detected in 1-treated cells (Figure 4c). From these results, it can be postulated that 1 inhibits cancer cell growth by suppressing cell proliferation (i.e., arrest), rather than by activating a cell death mechanism (such as apoptosis or necrosis).



Based on the results of the cell confluency experiment, we decided to probe the cell cycle after treatment with 1 for 24 h, when difference in cell confluence between 1-treated and DMSO-treated cells started to appear. Cell cycle arrest was analyzed by measuring DNA amounts in the G1, S, G2/M phases. Results shown in Figure 5a indicate that tested cancer cell lines induce G1 arrest by treatment with 1, as DNA contents at the G1 phase increased and DNA contents at the S phase decreased. We next evaluated the effects of 1 on the expression of cell cycle check proteins, which are exclusively observed in the G1 phase transit to the S phase. Figure 5b showed that cell cycle-regulating proteins such as CDKs and cyclins were downregulated by treatment with 1 [22].


Figure 5. Cell cycle arrest by treatment with 1. (a) Lung cancer cells (A549 and H1299) and brain tumor cells (U87) showed cell cycle arrest at the G1 phase after treatment with 1; (b) Western blot analysis of cell cycle-associated proteins revealed that 1 downregulated the expressions of cell cycle transit proteins from the G1 to S phases, resulting in G1 arrest.
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3. Materials and Methods


3.1. General Experimental Procedures


The optical rotation was measured using an Autopol III (Rudolph Research Analytical, Hackettstown, NJ, USA) polarimeter with a 5-cm cell. The UV spectrum was recorded in MeOH on a S-2100 (Scinco, Seoul, Korea). The ECD spectrum was recorded using an Applied Photophysics Chirascan-Plus circular dichroism spectrometer (Applied Photophysics Ltd., Leatherhead, Surrey, UK). The IR spectrum was collected on a Varian Scimitar Series. NMR spectra were obtained using a Varian Inova NMR spectrometer (Varian, Inc., Palo Alto, CA, USA; 500 and 125 MHz for 1H and 13C NMR, respectively), using the signals of the residual solvent as internal references (δH 3.31 and 4.78 ppm and δC 49.1 ppm for methanol-d4). High resolution mass spectrum was obtained on a JMS-700 (JEOL Ltd., Tokyo, Japan) mass spectrometer. Low-resolution LC-MS data were analyzed using an Agilent Technologies 6120 quadrupole LC/MS system with a reversed-phase column (Phenomenex Luna C18(2) 100 Å, 50 mm × 4.6 mm, 5 μm) at a flow rate of 1.0 mL/min. Column chromatography separation was performed using C18 (40–63 μm, ZEO prep 90), eluting with a gradient of methanol and water. The fractions were purified using a reversed-phase HPLC Watchers 120 ODS-BP (250 mm × 10 mm, 5 μm) column, eluting with 80% CH3CN in H2O at flow rate of 2.5 mL/min.




3.2. Strain Isolation and Fermentation


Actinomycete strain SCO736 was isolated from marine sediments collected off the coast of Antarctica. Strain SC0736 was assigned as a member of the genus Streptomyces sp., with 99.7% identity. The 16S rRNA gene sequence was deposited in GenBank (accession number F-BS033001). Actinomycete strain SC0736 was cultured in 20 × 2.5 L Ultra Yield Flasks, each containing 1 L of the medium (10 g/L soluble starch, 2 g/L yeast, 4 g/L peptone, 10 g/L CaCO3, 20 g/L KBr, 8 g/L Fe2(SO4)3·4H2O dissolved in 750 mL natural seawater and 250 mL of distilled water) at 25 °C with shaking at 150 rpm. After seven days, the broth was extracted with EtOAc (20 L overall) to afford 0.9 g of the organic extract.




3.3. Extraction and Purification


The extract was subjected to flash vacuum chromatography on C18 resin, eluting with a step gradient from 10 to 100% MeOH in H2O. The last fraction eluted with 100% MeOH (110.0 mg) was subjected to reversed-phase HPLC with 80% aqueous acetonitrile (Watchers 120 ODS-BP, 250 × 10 mm, 5 μm, 2.5 mL/min, UV = 210 nm) to afford antartin (1, 2.5 mg) with a retention time of 53 min.



Antartin (1): amorphous, brown solid; [α]23D + 177 (c 0.2, MeOH); UV (MeOH) λmax (log ε) 220 (1.80), 260 (1.43), 340 (1.13) nm; IR (KBr) νmax 3365, 2936, 2864, 2348, 1660, 1574, 1509, 1445, 1238, 910, 750 cm−1, 1H and 13C NMR data, see Table 1; HRFABMS m/z 339.2196 [M]+ (calcd for C22H29NO2, 339.2193).




3.4. Computational Analysis


The energy-minimized modeling of eight possible isomers of 1 was performed with density functional theory (DFT) calculations using Turbomole 6.5 (basis set: def-SV(P) for all atoms; functional: B3-LYP) to obtain ground-state geometries. The ECD spectra data from the calculated structures were acquired with the basis set def-SV(P) for all atoms at the DFT level, using the B3-LYP functional. The acquired ECD data were simulated by overlapping for each transition, where σ is the width of the band at 1/e height, and ΔEi and Ri are the excitation energies and rotatory strengths for transition i. In this work, the value of σ was fixed at 0.10 eV (Table S1).
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3.5. Cell Culture and Proliferation Assay


Cancer cell lines, purchased from ATCC (Manassas, VA, USA), were cultured in media supplemented with 10% FBS and 1% penicillin/streptomycin (Life Technologies, Carlsbad, CA, USA). DMEM media was used for culturing A549, Mia-paca2, ASPC1, HepG2, HeLa, U87, Cal62, CHL-1, and SK-Mel28. H1299 was cultured in RPMI1640; HCT116 was cultured in McCoy’s 5A; and PC3 was cultured in F12K. For the proliferation assay, cells were seeded at a density of 5000 per well in 96-well plates in culture media containing 0.5% FBS. After incubating overnight, cells were treated with 1 at a concentration of 20 μg/mL for 48 h. Cell viability was measured using a multifunctional microplate reader (Tecan, Männedorf, Switzerland) after the addition of 100 μL Cell Titer Glo reagent (Promega, Madison, WI, USA). To determine GI50 values, cells were treated with various doses of 1 for 48 h before measuring cell viability. Live cell growth monitoring in real time was conducted using the IncuCyte ZOOMTM live cell imaging system (Essen BioScience, Ann Arbor, MI, USA). Briefly, 2500 cells per well were seeded in 96-well plates and cell growth after treatment with 1 was monitored for four days. Cell growth was measured by cell confluency using the IncuCyte ZOOMTM program.




3.6. Focus Formation Assay


A549 cells were seeded at a density of 500 per well in 6-well plates and cultured for three days. Then, cells were treated with 1 by exchange culture media containing 10 μg/mL of 1 every three days for seven days. Foci were fixed with cold methanol for 10 min, and stained with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO, USA) for 5 min at room temperature. After staining, the crystal violet solution was removed, washed with distilled water twice, and finally foci were visualized.




3.7. Immunofluorescence Staining


Non-small cell lung carcinoma cell lines A549 and H1299 were seeded at a density of 4 × 104 cells per well in 24-well plates and treated with 1 for 24 h. For immunostaining, cells were fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) for 10 min followed by permeabilization with 0.1% triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 10 min. Permeabilized cells were blocked with PBS containing 10% normal horse serum for 1 h at room temperature and incubated with an anti-Ki-67 antibody (Abcam, Cambridge, MA, USA) for 1 h. Then, cells were incubated with a cy3-conjugated secondary antibody to detect the primary anti-Ki-67 antibody, and 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) was added to give a concentration of 5 M for 10 min for nuclear staining. Fluorescence images were taken using a fluorescence microscope (Zeiss Axio Observer A1, Oberkochen, Germany).




3.8. Cell Cycle Analysis


First, 1 × 106 cells were cultured in a 100-mm dish overnight, followed by treatment with 1 at 10 μg/mL for 24 h. Then, cells were trypsinized and washed with PBS three times. Cells were fixed with 4% paraformaldehyde and 50 μL of 100 μg/mL Rnase I (Sigma-Aldrich, St. Louis, MO, USA) was added to fixed cells and incubated for 1 h at 37 °C. Lastly, 200 μL of 50 μg/mL propidium iodide was added and the DNA contents of the cells were analyzed using flow cytometry (Gallios, Beckman Coulter, Brea, CA, USA).




3.9. Western Blot Analysis


Antibodies of CDK2, CDK4, CDK6, cyclin D1, and cyclin D3 were purchased from Cell Signaling Technologies (Danvers, MA, USA), and GAPDH antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Cells were treated with 1 or DMSO for 24 h, then lysed with RIPA (radioimmunoprecipitation assay) buffer (Roche, Basel, Switzerland) containing protease and phosphatase inhibitors (Roche, Basel, Switzerland). Protein concentrations extracted from cell lysates were measured using BCA reagents (Pierce Biotechnology, Waltham, MA, USA) and 30 μg of the proteins were electrophoresed in 15% sodium dodecyl sulfate polyacrylamide gel and transferred to polyvinylidene fluoride (PVDF) membranes (EDM Millipore, Burlington, MA, USA). The membranes were blocked with 5% skim milk for 1 h, and incubated with primary antibodies against CDK2, CDK4, CDK6, cyclin D1, cyclin D3, and GAPDH at 4 °C overnight. Primary antibodies were detected by incubation with a horseradish peroxidase-conjugated secondary antibody (Bethyl Laboratories, Montgomery, TX, USA) for 1 h. Binding of antibodies was visualized using an ImageQuant LAS4000 imager (GE Healthcare, Chicago, IL, USA) after incubation with an enhanced chemiluminescence (ECL) substrate (Bio-Rad, Hercules, CA, USA).





4. Conclusions


In conclusion, a new tricyclic zizaane-type sesquiterpene with a phenyl group, antartin (1), was isolated from an Antarctic marine sediment-derived Streptomyces sp. Tricyclic sesquiterpenes are proving to be an especially fertile class of marine natural products [23]. However, the phenyl group in antartin (1) is unusual within this class of natural products. Antartin (1) showed moderate cytotoxicity against a wide range of cancer cell lines. Specifically, 1 appears to induce cell cycle arrest by downregulating cell cycle check proteins.








Supplementary Materials


The following are available online at http://www.mdpi.com/1660-3397/16/4/130/s1, Figure S1: Calculated ECD spectra of the stereo-isomers for 1, Figure S2: 1H NMR spectrum (500 MHz) of antartin (1) in CD3OD, Figure S3: 13C NMR spectrum (125 MHz) of antartin (1) in CD3OD, Figure S4: COSY spectrum (500 MHz) of antartin A (1) in CD3OD, Figure S5: HSQC spectrum (500 MHz) of antartin A (1) in CD3OD, Figure S6: HMBC spectrum (500 MHz) of antartin A (1) in CD3OD, Figure S7: NOESY spectrum (500 MHz) of antartin A (1) in CD3OD, Figure S8: GI50 values for antartin (1), Table S1: ECD calculation of isomer A1 (1R, 2R, 4S, 8S) for antartin (1), Table S2: ECD calculation of isomer A2 (1S, 2S, 4S, 8R) for antartin (1), Table S3: ECD calculation of isomer A3 (1R, 2S, 4S, 8S) for antartin (1), Table S4: ECD calculation of isomer A4 (1S, 2R, 4S, 8R) for antartin (1), Table S5: ECD calculation of isomer B1 (1R, 2R, 4R, 8S) for antartin (1), Table S6: ECD calculation of isomer B2 (1S, 2S, 4R, 8R) for antartin (1), Table S7: ECD calculation of isomer B3 (1R, 2S, 4R, 8S) for antartin (1), Table S8: ECD calculation of isomer B4 (1S, 2R, 4R, 8R) for antartin (1).





Acknowledgments


The present study was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT, and Future Planning under grant NRF-2017R1D1A1B03028172.




Author Contributions


D.K., J.L., and A.S.L. isolated the compounds, elucidated the chemical structure, and wrote the manuscript. E.J.L., J.S.H., J.C., S.J.C., and Y.D.H. performed bioassays. Y.-H.S. and D.-C.O. calculated the ECD spectra. B.C. performed large cultures and extraction. D.H., H.C., J.K., and C.N.S. contributed the NMR analysis and surveyed the literature. K.N.M. contributed to writing the manuscript. I.Y. was the project leader for structure elucidation and contributed to writing the manuscript. H.H. was the project leader for the bioassay and analysis, and contributed to writing the manuscript. S.-J.N. was the project leader for guiding the experiments of chemical analysis, contributed microbial strain, and helped in writing the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Spivey, A.C.; Weston, M.; Woodhead, S. Celastraceae sesquiterpenoids: Biological activity and synthesis. Chem. Soc. Rev. 2002, 31, 43–59. [Google Scholar] [CrossRef] [PubMed]

	2. 
Kreuger, M.R.O.; Grootjans, S.; Biavatti, M.W.; Vandenabeele, P.; D’Herde, K. Sesquiterpene lactones as drugs with multiple targets in cancer treatment: Focus on parthenolide. Anticancer Drugs 2012, 23, 883–896. [Google Scholar] [PubMed]

	3. 
Gliszczyńska, A.; Brodelius, P.E. Sesquiterpene coumarins. Phytochem. Rev. 2012, 11, 77–96. [Google Scholar] [CrossRef]

	4. 
Durán-Peña, M.J.; Botubol Ares, J.M.; Hanson, J.R.; Collado, I.G.; Hernández-Galán, R. Biological activity of natural sesquiterpenoids containing a gem-dimethylcyclopropane unit. Nat. Prod. Rep. 2015, 32, 1236–1248. [Google Scholar] [CrossRef] [PubMed]

	5. 
Elissawy, A.M.; El-Shazly, M.; Ebada, S.S.; Singab, A.B.; Proksch, P. Bioactive terpenes from marine-derived fungi. Mar. Drugs 2015, 13, 1966–1992. [Google Scholar] [CrossRef] [PubMed]

	6. 
Bartikova, H.; Hanusova, V.; Skalova, L.; Ambroz, M.; Bousova, I. Antioxidant, pro-oxidant and other biological activities of sesquiterpenes. Curr. Top. Med. Chem. 2014, 14, 2478–2494. [Google Scholar] [CrossRef] [PubMed]

	7. 
Manivasagan, P.; Kang, K.-H.; Sivakumar, K.; Li-Chan, E.C.Y.; Oh, H.-M.; Kim, S.-K. Marine actinobacteria: An important source of bioactive natural products. Environ. Toxicol. Pharmacol. 2014, 38, 172–188. [Google Scholar] [CrossRef] [PubMed]

	8. 
Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the last 25 years. J. Nat. Prod. 2007, 70, 461–477. [Google Scholar] [CrossRef] [PubMed]

	9. 
Kornprobst, J.-M. Encyclopedia of Marine Natural Products; Wiley-Blackwell: Oxford, UK, 2010. [Google Scholar]

	10. 
Soldatou, S.; Baker, B.J. Cold-water marine natural products, 2006 to 2016. Nat. Prod. Rep. 2017, 34, 585–626. [Google Scholar] [CrossRef] [PubMed]

	11. 
Lebar, M.D.; Heimbegner, J.L.; Baker, B.J. Cold-water marine natural products. Nat. Prod. Rep. 2007, 24, 774–797. [Google Scholar] [CrossRef] [PubMed]

	12. 
Skropeta, D. Deep-sea natural products. Nat. Prod. Rep. 2008, 25, 1131–1166. [Google Scholar] [CrossRef] [PubMed]

	13. 
Skropeta, D.; Wei, L. Recent advances in deep-sea natural products. Nat. Prod. Rep. 2014, 31, 999–1025. [Google Scholar] [CrossRef] [PubMed]

	14. 
Vettel, P.R.; Coates, R.M. Total synthesis of (-)-prezizaene and (-)-prezizanol. J. Org. Chem. 1980, 45, 5430–5432. [Google Scholar] [CrossRef]

	15. 
Kido, F.; Uda, H.; Yoshikoshi, A. Total synthesis of zizaane-type sesquiterpenoids. J. Chem. Soc. D Chem. Commun. 1969, 1335–1336. [Google Scholar] [CrossRef]

	16. 
Zhao, B.; Lei, L.; Vassylyev, D.G.; Lin, X.; Cane, D.E.; Kelly, S.L.; Yuan, H.; Lamb, D.C.; Waterman, M.R. Crystal structure of albaflavenone monooxygenase containing a moonlighting terpene synthase active site. J. Biol. Chem. 2009, 284, 36711–36719. [Google Scholar] [CrossRef] [PubMed]

	17. 
Yang, X.-W.; Peng, K.; Liu, Z.; Zhang, G.-Y.; Li, J.; Wang, N.; Steinmetz, A.; Liu, Y. Strepsesquitriol, a rearranged zizaane-type sesquiterpenoid from the deep-sea-derived actinomycete Streptomyces sp. SCSIO 10355. J. Nat. Prod. 2013, 76, 2360–2363. [Google Scholar] [CrossRef] [PubMed]

	18. 
Li, R.; Chou, W.K.W.; Himmelberger, J.A.; Litwin, K.M.; Harris, G.G.; Cane, D.E.; Christianson, D.W. Reprogramming the chemodiversity of terpenoid cyclization by remolding the active site contour of epi-isozizaene synthase. Biochemistry 2014, 53, 1155–1168. [Google Scholar] [CrossRef] [PubMed]

	19. 
Takamatsu, S.; Lin, X.; Nara, A.; Komatsu, M.; Cane, D.E.; Ikeda, H. Characterization of a silent sesquiterpenoid biosynthetic pathway in Streptomyces avermitilis controlling epi-isozizaene albaflavenone biosynthesis and isolation of a new oxidized epi-isozizaene metabolite. Microb. Biotechnol. 2011, 4, 184–191. [Google Scholar] [CrossRef] [PubMed]

	20. 
Lin, X.; Cane, D.E. Biosynthesis of the sesquiterpene antibiotic albaflavenone in Streptomyces coelicolor. Mechanism and stereochemistry of the enzymatic formation of epi-isozizaene. J. Am. Chem. Soc. 2009, 131, 6332–6333. [Google Scholar] [CrossRef] [PubMed]

	21. 
Mei, C.; Zhou, S.; Zhu, L.; Ming, J.; Zeng, F.; Xu, R. Antitumor effects of Laminaria extract fucoxanthin on lung cancer. Mar. Drugs 2017, 15. [Google Scholar] [CrossRef] [PubMed]

	22. 
Han, M.; Cheng, X.; Gao, Z.; Zhao, R.; Zhang, S. Inhibition of tumor cell growth by adenine is mediated by apoptosis induction and cell cycle S phase arrest. Oncotarget 2017, 8, 94286–94296. [Google Scholar] [CrossRef] [PubMed]

	23. 
Le Bideau, F.; Kousara, M.; Chen, L.; Wei, L.; Dumas, F. Tricyclic sesquiterpenes from marine origin. Chem. Rev. 2017, 117, 6110–6159. [Google Scholar] [CrossRef] [PubMed]























© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
2 COOH

< --> NOESY






nav.xhtml


  marinedrugs-16-00130


  
    		
      marinedrugs-16-00130
    


  




  





media/file11.png





media/file2.png





media/file5.jpg
90

440

390

310

240

190






media/file3.jpg
- NOESY






media/file1.jpg





media/file7.jpg
Control 1 (10pgimL) b

549

Control 1(10pgimL)






media/file10.png
1

20

00

80

60

40

A549

Control 1

1
80 -
60 4
40 A
20 1
0 4

H1299
120 - 1

1

Control 1

- G1 phase
. S phase

. G2/M phase

00 A

us7

Control 1

A549 H1299 us7

1(10pg/mL) - + - + - #
CDK2 |----.-|
CDK4 I----..I
CDK6 l--.. - S |
Cyclin D1 I--. -.-|
Cyclin D3 l. -i: ” |

GAPDH |-—----I






media/file9.jpg
Asig W29 [ b AS49 W29 ueT

1opgmy) -+ -+ - ¢

; o [Em———
. . - ==
x crein0r [ e ——

mon o eeeee
=

B campmase






media/file0.png





media/file8.png
Control

1 (10 pg/mL)

Control

1 (10 pg/mL)

1 (10 pg/mL)

AS549_2500

$

$

- 0.2% DMSO
-+ 1(10 pg/mL)

AS549 Confluency(percent)
8 8

o

o

Y 60 80 100

234

Time (hour)
H1299_2500

- <  0.2%DMSO
s 804 ~« 1(10 pg/mL)
g
2 60
<
>
- —
§ 401
~
& 2.
-

0 20 0 60 80 100
Time (hour)
U87_2500celis/well

80+
T 404
S
g -~ 0.2% DMSO
= 304
.‘5 =+ 1 (10 pg/mL)
£ 21
S
~ e e )
2 104

"o 20 40 60 80 100

Time (hour)





media/file6.png
490

440

390

340

290

240

190






