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Isolation and Synthesis of Misszrtine A: A Novel Indole Alkaloid From Marine Sponge-Associated Aspergillus sp. SCSIO XWS03F03
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A novel indole alkaloid, misszrtine A (1), was isolated from marine sponge-derived fungus Aspergillus sp. SCSIO XWS03F03. The planar structure of 1 was assigned by analysis of spectroscopic data, the absolute configuration of which was unambiguously determined by total synthesis. Compound 1 represents the first example of N-isopentenyl tryptophan methyl ester with a phenylpropanoic amide arm, which exhibited a potent antagonistic activity on HL60 (IC50 = 3.1 μM) and LNCaP (IC50 = 4.9 μM) cell lines. Bioactivity evaluation reveals that functional group on indole nitrogen of 1 has a great effect on its cytotoxity, which provides a mean to probe the structure-activity relationships of 1.
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INTRODUCTION

Marine-derived fungi, a rich source of structurally diverse secondary metabolites, have attracted considerable attention due to their potential for the discovery of pharmaceutically interesting molecules (Attaway and Zaborsky, 1993; Newman and Cragg, 2016). Important drugs, such as Plinabulin, sorbicillactone A, etc., are derived from Marine-derived fungi (Bringmann et al., 2003; Nogueira et al., 2010; Millward et al., 2012). The genus Aspergillus (Moniliaceae) which firstly described by Micheli in 1729 was one of the largest and mostly intensively investigated fungal genera (Saleem et al., 2007; Ebrahim et al., 2016). A wide array of bioactive secondary metabolites from marine-derived Aspergillus species have been elucidated, including polyketides, terpenoids, alkaloids sterols, and peptides (Debbab et al., 2012), most of which exhibited antibacterial, antioxidant, radical-scavenging, cytotoxic, and anti-inflammatory activities (Li et al., 2004, 2012; Almeida et al., 2010; Lee et al., 2011; Sun et al., 2011).

The secondary metabolites from the sponge-derived fungus Aspergillus usually are terpenoids and polyketides. The alkaloids with an indole unit were extremely rare from the isolated structures (Varoglu et al., 1997). Previous investigations into marine sponge-associated fungus Aspergillus sp. SCSIO XWS03F03 by our group have resulted in the isolation of three polyketides, aspergchromones A, B, and secalonic acid D, along with other four small molecules (Wang Y. et al., 2016). In the course of our ongoing research on this fungus, a novel indole alkaloid, misszrtine A (1), was isolated by further investigation of the less polar fraction of the fungus extract. Compound 1 represents the first example of N-isopentenyl tryptophan methyl ester with a phenyl propanoic amide arm (Figure 1). Herein, we report the isolation, structural elucidation, plausible biogenetic route, total synthesis, and biological evaluation of 1.
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FIGURE 1. Chemical structure of misszrtine A (1).



MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were measured by using Anton Paar MCP-500 polarimeter (Auton Paar, Graz, Austria). UV spectra were recorded on a Shimadzu UV-2600 UV–vis spectrophotometer (Shimadzu, Kyoto, Japan). The NMR spectra were measured on a Bruker Av 300 or 500 MHz NMR spectrometer (Bruker, Fallanden, Switzerland). HR-ESI-MS were recorded on a Bruker micro TOF-QII mass spectrometer (Bruker, Fallanden, Switzerland). CD spectra were measured with a Chirascan circular dichroism spectrometer (JASCO International Co. Ltd., Hachioji, Tokyo, Japan). Size exclusion chromatography was done on Sephadex LH-20 gel (GE Healthcare, Uppsala, Sweden). Semi-preparative reversed-phase HPLC [Rp-C18: 9.4. 250 mm i.d, 5 μm (Cosmosil, Nacalai, Japan)] was performed on an Agilent 1200 series apparatus (Agilent, Palo Alto, American). Column chromatography (CC) was carried out on silica gel (200–300 mesh, Qingdao Marine Chemical Factory, Qingdao, China). Thin layer chromatography was carried out with precoated silica gel plates (GF-254, Jiangyou Silica Gel Development, Inc., Yantai, China).

Fungal Strain

The fungal strain SCSIO XWS03F03 was isolated from a sponge which was collected from the sea area Xuwen County, Guangdong Province, China, in August, 2013. The isolate was stored on MB agar (malt extract 15 g, sea salt 10 g, agar 15 g, distilled water 1,000 mL, pH 7.4~7.8) slants at 4°C and deposited at CAS Key Laboratory of Tropical Marine Bio-resources and Ecology.

Its Region Sequence

The strain was cultured in Sabouraud's Dextrose Broth (consisting of 40 g dextrose, 10 g peptone, 2.5 g NaCl, and 1,000 mL distilled water, pH = 5.6) for 1.5 days, and then the mycelia were collected and powdered in a mixer mill after liquid nitrogen was added. DNA was isolated through the Hpure Fungal DNA Kit (Guangzhou Genebase Bioscience Co., Guangzhou, China) according to the manufacturer's protocol. The ITS region of strain SCSIO XWS03F03 was amplified by polymerase chain reaction with the primer pair ITS1-ITS4 (ITS1: 5′-GTA GTC ATA TGC TTG TCT C-3′; ITS4: 5′-TCC GCA GGT TCA CCT ACG GA-3′). The amplified product was purified with a TIANgel mini purification kit (TianGen Biotech, Beijing, China). The recovery pure PCR product was sequenced by a commercial service (Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China). Through BLAST-Algorithmus, the derived ITS region sequence was compared against the GenBank database (NCBI). Similarity analysis was performed by using Clustal W program (Nam et al., 2001).

Nucleotide Sequence Accession Number

The nucleotide sequence of the ITS region reported in this article was assigned the GenBank accession number KU975059.

Fermentation, Extraction, and Isolation

Strain SCSIO XWS03F03 stored on MB agar slants at 4°C was cultured on MB agar plates and incubated at 25°C for 7 days. Seed medium (Melt extract 15 g, sea salt 10 g, distilled water 1,000 mL) was inoculated with strain SCSIO XWS03F03 and incubated at 25°C for 48 h on a rotating shaker (180 rpm; 25°C). Large scale fermentation in a solid rice medium of 1,000 mL flasks supplemented with 1% NaCl (rice 200 g, sea salt 2.0 g, distilled water 200 mL) (n = 45) was inoculated with 10 mL of seed solution. Flasks were incubated at 25°C under static condition and fermented for 45 days.

The fungal cultures from 45 flasks were harvested and the mycelia were cut into small pieces and soaked in acetone for 12 h, sonicated (10 min) and filtered, yielding the rice solid medium and water phases. The solid rice medium was extracted with ethyl acetate (EtOAc) (6 × 500 mL) and the water phase was extracted with EtOAc (3 × 10 L).Both EtOAc extracts were combined and partitioned with petroleum ether (PE) three times to remove the oil, then evaporated under vacuum at 42°C to yield 83 g crude extract, which was subjected to silica gel column chromatography (Φ 11 × 90 cm) eluting with PE/EtOAc in gradient eluent (90:10, 80:20, 70:30, 75:25, 65:35, 60:40, 50:50, 25:75, 0:100), to obtain 5 fractions (Fr. 1-5). Fr.2 (5.21 g) was then purified by silica gel column (PE/EtOAc, 90:10~0:100) to obtain six subfractions (Fr. 2-1~Fr. 2-6). Fr. 2-3 (256.3 mg) was further purified by semi preparative reversed-phase HPLC (2 mL/min, MeOH/H2O = 6/4) to give 1 (15 mg) (tR = 20.3 min).

Total Synthesis of Misszrtine A (1)

Methyl ((S)-2-hydroxy-3-phenylpropanoyl)-L-tryptophanate (2)

To a solution of L-3-Phenyllactic acid (4.0 g, 24.0 mmol) in dry degassed DCM (100 mL) was added EDCI (4.56 g, 24.0 mmol), HOBt (3.24 g, 24.0 mmol), and L-tryptophan methyl ester hydrochloride (5.1 g, 20.0 mmol). After stirring for 30 h, the reaction mixture was concentrated and extracted with EtOAc (20 mL × 2). The combined organic extracts were washed with saturated aqueous NaHCO3 (20 mL × 2), dried over MgSO4, filtered, concentrated, and purified by flash chromatography over 200–400 mesh silica gel (PE/EA = 4:1) to give 2 as a light yellow oil (6.38 g, 87%). 1H NMR (300 MHz, CDCl3) δ 8.96 (s, 1H), 7.53 (d, J = 7.6 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 7.41–7.17 (m, 8H), 6.73 (s, 1H), 5.99 (dd, J = 12.9, 5.2 Hz, 1H), 4.36 (dd, J = 6.2, 3.6 Hz, 1H), 3.93 (brs, 1H), 3.61 (s), 3.36 (dd, J = 14.7, 7.2 Hz, 1H), 3.24–3.10 (m, 2H), 2.91 (dd, J = 13.7, 7.2 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 173.5, 136.9, 136.0, 129.6, 128.2, 127.1, 126.6, 123.2, 121.8, 119.2, 118.2, 111.4, 108.7, 77.4, 72.3, 52.2, 40.1, 27.5. HRESIMS m/z 367.1625 [M+H] + (calcd for C21H22N2O4 367.1652).

Methyl ((S)-2-((tert-butyldimethylsilyl)oxy)-3-phenylprop anoyl)-L-tryptophanate (3)

To a solution of 2 (1.83 g, 5.0 mmol) in dry MeCN (50 mL) was added imidazole (0.14 g, 2.0 mmol) and TBSCl (0.91 g, 6.0 mmol); After stirring for 2 h, the combined organic extracts were washed with saturated aqueous NaHCO3(10 mL × 2), dried over MgSO4, filtered, concentrated, and purified by flash chromatography over 200–400 mesh silica gel (PE/EA = 1:1) to give 3 as a yellow gum (2.30 g, 96%). 1H NMR (300 MHz, DMSO-d6) δ 10.9 (s, 1H), 7.35–7.23 (m, 5H), 7.19–7.12 (m, 2H), 7.05 (td, J = 8.1, 1.1 Hz, 1H), 6.96 (td, J = 8.1, 0.8 Hz, 1H), 6.83 (d, J = 2.3 Hz, 1H), 4.77–4.65 (m, 1H), 4.21 (dd, J = 7.5, 3.7 Hz, 1H), 3.58 (s, 3H), 3.18 (dd, J = 14.6, 5.9 Hz), 2.98 (dd, J = 14.6, 5.4 Hz, 1H), 2.88 (dd, J = 13.4, 3.6 Hz, 1H), 2.70 (dd, J = 13.4, 7.5 Hz, 1H), 0.61 (s, 9H), −0.25 (s, 3H), −0.33 (s, 3H); 13C NMR (75 MHz, DMSO-d6) δ 172.1, 171.9, 137.7, 136.6, 130.4, 128.3, 127.6, 126.8, 124.1, 121.4, 119.0, 118.4, 111.8, 108.5, 74.3, 52.4, 52.1, 41.4, 27.6, 25.8, 17.9, −5.3, −5.6.

Methyl((S)-2-((tert-butyldimethylsilyl)oxy)-3-phenylpropanoyl)-1-(3-methylbut-2-en-1-yl)-L-tryptophanate (4)

To a solution of 3 (0.96 g, 1.0 mmol) in dry DMF (50 mL) was added NaH (0.05 g, 2.0 mmol). After stirring for 1 h, 1-bromo-3-methyl-2-butene (0.3 mL, 1.5 mmol) was added dropwise to the reaction mixture. Upon stirring for 4 h, the reaction was quenched with water and extracted with EtOAc (10 mL × 3). The combined organic extracts were washed with saturated aqueous NaHCO3(10 mL × 2), dried over MgSO4, filtered, concentrated, and purified by flash chromatography over 200–400 mesh silica gel (PE/EA = 1:1) to give 4 as a yellow gum (0.99 g, 90%). 1H NMR (300 MHz, DMSO-d6) δ 7.38–7.20 (m, 6H), 7.20–7.15 (m, 2H), 7.11 (t, J = 7.9 Hz, 1H), 7.00 (t, J = 7.3 Hz, 1H), 6.73 (s, 1H), 5.24 (t, J = 6.7 Hz, 1H), 4.80–4.70 (m, 1H), 4.68–4.60 (m, 2H), 4.23 (dd, J = 7.2, 3.7 Hz, 1H), 3.58 (s, 1H), 3.20 (dd, J = 14.6, 5.8 Hz, 1H), 2.98 (dd, J = 14.6, 5.3 Hz, 1H), 2.88 (dd, J = 13.4, 3.7 Hz, 1H), 2.75 (dd, J = 13.4, 7.4 Hz, 1H), 1.79 (s, 3H), 1.68 (s, 3H), −0.23 (s, 3H), −0.31 (s, 3H).

Methyl-((S)-2-hydroxy-3-phenylpropanoyl)-1-(3-methylbut-2-en-1-yl)-L-tryptophanate (1)

To a solution of 3 (0.55 g, 1.0 mmol) in dry THF (30 mL) was added dropwise pyridine-HF (2.3 mL, 10.0 mmol). After stirring for 1 h, the reaction mixture was quenched with water and extracted with DCM (10 mL × 3). The crude product was purified by HPLC to give 1 as a white solid (0.40 g, 92%). [α][image: image] −5.35 (c 2, CH3OH); UV(MeOH) λmax (log ε) 225 (1.51) nm 275(0.25)nm; 1H NMR (300 MHz, Chloroform-d) δ 7.42 (d, J = 7.9 Hz, 1H), 7.36–7.18 (m, 7H), 7.11 (d, J = 7.5 Hz, 1H), 7.06 (d, J = 6.8 Hz, 1H), 6.70 (s, 1H), 5.34 (t, J = 6.8 Hz, 1H), 4.97–4.90 (m, 1H), 4.64 (s, 1H), 4.62 (s, 1H), 4.30 (dd, J = 7.7, 4.1 Hz, 1H), 3.30 (dd, J = 14.7, 5.6 Hz, 1H), 3.20–3.10 (m, 2H), 2.88 (d, J = 7.7 Hz, 1H), 2.83 (d, J = 7.7 Hz,1H), 1.84 (s, 3H), 1.78 (s, 3H).13C NMR (75 MHz, Chloroform-d) δ 172.5, 172.2, 136.8, 136.2, 136.2, 129.8, 128.6, 128.2, 126.95, 126.2, 121.6, 119.95, 119.1, 118.7, 109.7, 108.2, 72.6, 52.5, 52.3, 44.1, 40.5, 27.8, 25.7, 18.1.

Evaluation of General Cytotoxicity of Compound 1 and 2

Cytotoxic activity was assessed by using the CCK-8 (Dojindo, Japan) method according to established procedures (Bai et al., 2014). Eight human cancer cell lines (HepG2, HL60, Hela, A375, A549, HT29, SK-BR-3, LNCaP, and MCF-7) were used in the cytotoxicity bioassay. The cells were cultured in RPMI or DMEM medium supplemented with 10% heat-inactivated fetal bovine serum (Gibco, USA) with 5% CO2 in air at 37°C. A cell viability assay was determined with the CCK-8 (Dojindo, Japan) assay. Cells were seeded at a density of 400–800 cells/well in 384-well plates and treated with various concentrations of compounds or solvent control. After 72 h incubation, CCK-8 reagent was added, and absorbance was measured at 450 nm using an Envision 2104 multilabel reader (PerkinElmer, USA). Dose–response curves were plotted to determine the IC50 values by using Prism 5.0 (GraphPad Software Inc., USA).

RESULTS AND DISCUSSION

Identification of (S, S)-Misszrtine A

Misszrtine A (1) was obtained as a light yellow powder, which showed a molecular ion cluster [M+H]+ at 435.2284, revealing a molecular formula C26H30N2O4, indicating thirteen degrees of unsaturation. The UV absorption maximum at 225 and 290 nm implied the presence of an indole chromophore in 1 (Sangster and Stuart, 1995). The IR bands implied the presence of amino group (3380 cm−1) hydroxyl group (3262 cm−1), carbonyl groups (1745 and 1731 cm−1), and aromatic ring (1645 and 1535 cm−1). The analysis of NMR spectra revealed the presence of two carbonyls (δC 172.2 and 172.1), a monosubstituted benzene ring [δH 7.29 (2H), 7.26 (1H), and 7.23 (2H); δC 136.6, 129.7, 128.7, and 127.0], a disubstituted benzene ring [δH 7.37 (1H, dd, J = 7.8, 1.2 Hz), 7.27 (1H), 7.18 (1H, ddd, J = 7.2, 6.9, 1.2 Hz), and 7.06 (1H, ddd, J = 7.8, 6.9, 1.2 Hz); δC 136.2, 128.2, 121.6, 119.1, 118.7, and 109.6], two trisubstituted double bonds [δH 5.30 (1H, m) and 6.69 (1H, s); δC 136.3, 126.1, 119.9, and 108.2), two methines [δH 4.92 (1H, ddd, J = 8.4, 5.4, 5.1 Hz) and 4.29 (1H, dd, J = 7.8, 4.2 Hz); δC 72.7 and 52.5], three methenes [δH 4.60 (2H, d, J = 6.9 Hz), 3.28 (1H, dd, J = 14.7, 5.4 Hz), 3.17 (1H, dd, J = 14.7, 5.1 Hz), 3.13 (1H, dd, J = 13.8, 4.2 Hz), and 2.83 (1H, dd, J = 13.8, 7.8 Hz); δC 44.0, 40.5, and 27.8], a methoxyl [δH 3.66 (1H, s); δC 52.3] and two methyls [δH 1.80 (3H, d, J = 1.2Hz) and 1.74 (3H, d, J = 1.2Hz); δC 25.6 and 18.0]. The above spectral data suggested that misszrtine A (1) might be an indole alkaloid (Estevão et al., 2010; Khalil et al., 2014). A comprehensive analysis of the 1H-1H COSY, HSQC, and HMBC spectra allowed the full assignment of all proton and carbon resonances of 1 as shown in Table 1.


Table 1. 1H and 13C NMR spectral data of 1 (J in Hz, in CDCl3)a.

[image: image]



The 1H-1H COSY data of misszrtine A (1) revealed the presence of five spin coupling systems in bold as shown in Figure 2. In the HMBC spectrum, correlations between H-4/H-9 and C-3, between H-5/H-7/H-8 and C-3a, between H-6 and C-7a, between H-8 and C-2/C-10 as well as between H-11 and C-10 allowed the establishment of tryptophanmethyl ester moiety (1A). Furthermore, the HMBC correlations from H-3′ to C-1′/C-5′/C-9′ as well as from H-2′ to C-4′ validated the presence of phenylpropanoic acid unit. Additionally, according to the molecular formula information and the obvious downfield shifts at C-2′, a hydroxyl group should be attached to C-2′. Thus, the structure of α-hydroxy-phenylpropanoic acid residue (1B) was deduced. Moreover, the HMBC correlations between H-1″ and C-3″ as well as between H-4″/H-5″ and C-2″ verified the skeleton of isopentene group (1C). In addition, the HMBC correlations between H-9 and C-1′ suggested that 1A and 1B were connected via N-C-1′ bond. The HMBC correlations from H-1″ to C-2/C-7a indicated that 1C was linked to N-1. Therefore, the planar structure of 1 was identified (Figure 2).


[image: image]

FIGURE 2. Key 1H-1H COSY and HMBC correlations of 1.



Unfortunately, no helpful NOE correlation was observed in the NOESY spectrum to determine the relative stereochemistry of 1. However, the biogenetic route of 1 could be proposed, which was plausibly traced back to tryptophan, phenylalanine, and isopentene. First, tryptophan was methylated to form tryptophan methyl ester (a). Meanwhile, phenylalanine was oxidized to α-hydroxy-3-phenylpropanoic acid (b) (Winitz et al., 1956; Khelifa et al., 1998; Senkpeil et al., 2002; Busto et al., 2014). Intermediates a and b were dehydrated to give compound c, which took a nucleophilic substitution reaction with isopentene to produce 1 (Scheme 1). Accordingly, a total synthesis of 1 was carried out to confirm the absolute configurations of C-9 and C-2′ (Scheme 2). Since the L configuration of α-amino acids are more common in nature, L-tryptophan methyl ester hydrochloride and (S)-α-hydroxy-3-phenylpropanoic acid were selectively chosen as substrates to undergo an amidation coupling, yielding compound 2 (87% yield) with two chiral centers (Airiau et al., 2008). The hydroxyl group was chemo-selectively protected by TBSCl to give compound 3 in 96% yield. After removing N-H proton of 3 with NaH at 0°C, bromo-3-methyl-2-butene was injected to the reaction mixture, furnishing a protected indole 4 in 90% yield without any racemic counterparts (Estevão et al., 2010). Pyridine-HF reagent (Ohshima et al., 2003; Shiozaki et al., 2013) was employed to remove TBS group under slightly acidic condition for delivering compound 1 which was then fully characterized.


[image: image]

Scheme 1. Plausible biogenetic route of 1.
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Scheme 2. Synthetic route of misszrtine A (1).



The UV spectrum, NMR data, optical rotations, and CD profiles of the natural misszrtine A (1) were compared with those of synthesized (S, S)-1. As shown in supporting information, the UV spectrum, 1H and 13C NMR data for natural 1 were essentially identical to those of synthesized (S, S)-1. As for specific optical rotation, the value of natural Misszrtion A ([α][image: image]-6.13 (C 0.10, CH3OH)) was in good agreement with that of the synthesized (S, S)-1 ([α][image: image]-5.35 (C 2.0, CH3OH)), indicating that the absolute configuration at both C-9 and C-2″of natural misszrtine A (1) were S. In addition, the results from CD profiles showed that natural misszrtine A (1) had identical pattern as that of synthesized (S, S)-1 (Figure 3).


[image: image]

FIGURE 3. CD spectrum of synthesized (S,S)-1 and natural 1.



Biological Evaluation of Misszrtine A (1) and Compound 2

The synthesized key intermediate 2 and misszrtine A (1) were selected for the evaluation of general cytotoxicity toward nine human cancer cell lines (HepG2, HL60, Hela, A375, A549, HT29, SK-BR-3, LNCaP, and MCF-7) (Table 2). Misszrtine A (1) exhibited cytotoxic activity against HL-60 and LNCap cells with IC50 values of 3.1 and 4.9 μM, respectively, but with no cytotoxicity against the rest of tested cell lines. Interestingly, compound 2, without protecting group on the indole nitrogen, showed a lost cytotoxicity toward HL-60 and LNCap cell lines, indicating that the nitrogen protecting group may be a key factor for tuning biological activities of misszrtine A (1) derivatives. Misszrtine A (1) was also tested for inhabitation against H3N2 influenza, antituberculous activity, anti-inflammatory activity using COX-1 and COX-2 as molecular targets (Wang J. et al., 2016). However, no positive results were obtained thus far.


Table 2. Biological evaluation of misszrtine A (1) and compound 2a.
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CONCLUSION

In summary, a novel indole alkaloid (misszrtine A, 1), with two chiral centers, was isolated and characterized from the marine sponge-derived Aspergillus sp. SCSIO XWS03F03. The planar structure of 1 was assigned by analysis of UV, IR, and NMR spectroscopic data, and its absolute configuration was unambiguously determined by total synthesis and specific optical rotation, CD spectrum comparison. Bioactivity evaluation results showed that compound 1 exhibited a potent antagonistic activity on HL60 (IC50 = 3.1 μM) and LNCaP (IC50 = 4.9 μM) cell lines, while compound 2 was inactive to those cell lines. The findings indicated that functional group on indole nitrogen of 1 has a great effect on its cytotoxity, which provides a mean to probe the structure-activity relationships of 1.
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