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Abstract

:

Four new sesquiterpene lactones (3, 4, 6 and 7) and three known compounds, purpuride (1), berkedrimane B (2) and purpuride B (5), were isolated from the marine fungus, Talaromyces minioluteus (Penicillium minioluteum). New compounds were drimane sesquiterpenes conjugated with N-acetyl-l-valine, and their structures were elucidated by analysis of spectroscopic data, as well as by single crystal X-ray analysis. The isolated compounds could not inhibit the apoptosis-regulating enzyme, caspase-3, while three of the compounds (2, 3 and 7) exhibited weak cytotoxic activity.
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1. Introduction


Marine fungi produce a diverse array of secondary metabolites that exhibit various biological activities [1,2], and they are rich sources of antitumor agents [3]. Fungi of the genus Penicillium are rich in bioactive compounds [4,5,6,7,8], and among them, Penicillium minioluteum produces bioactive metabolites, for example, polyketide-terpenoid hybrids [9], hydrazide derivative as a potentiator of nerve growth factor [10], and antifungal tetracyclic diterpenes [11]. The fungus P. minioluteum was recently found to produce isomeric furanones through epigenetic manipulation through the addition of azacitidine, a DNA methyltransferase inhibitor [12]; it was also used in the biotransformation of clovane derivatives for the synthesis of rumphellclovane A [13]. It should be noted that the name of the fungus P. minioluteum was recently revised to “Talaromyces minioluteus” [14]. Constituents in the genus Talaromyces have been previously studied, such as nematocidal PKS-NRPS hybrid metabolites [15], nardosinane-type sesquiterpene [16], cytotoxic norsesquiterpene peroxides [17], and acetylcholinesterase inhibitors [18]. The present work reports the isolation and characterization of drimane sesquiterpene lactones (1–7) from the marine fungus T. minioluteus strain PILE 14-5 (Figure 1). Four new compounds (3, 4, 6 and 7) were sesquiterpene lactones conjugated with N-acetyl-l-valine, and such sesquiterpenes are rare in nature. So far, only five derivatives of a drimane conjugated with amino acids have been reported to date [19,20,21]. Cytotoxic activity and the inhibitory activity toward caspase-3 enzyme of 1–7 are also reported.
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Figure 1. Structure of fungal metabolites 1–7. 
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2. Results and Discussion


2.1. Structure Elucidation of New Fungal Metabolites 3, 4, 6 and 7


Separation of culture extracts of T. minioluteus by Sephadex LH-20 column chromatography and C18 reversed-phase HPLC yielded drimane sesquiterpene lactones including three know compounds, purpuride (1), berkedrimane B (2) and purpuride B (5), and four new metabolites, namely minioluteumides A–D (3, 4, 6 and 7) (Figure 1). Spectroscopic data of 1, 2 and 5 were in good agreement with those reported in the literature [19,20,21].



Minioluteumide A (3) had a molecular formula, C22H32ClNO5, as deduced from the ESITOF MS. The MS isotopic pattern (the ratio of (M + H):(M + H + 2) = 3:1) revealed the presence of one chlorine atom in 3. 1H NMR spectrum of 3 notably showed signals of six methyls (four singlets for H3-13, H3-14, H3-15 and H3-2′′ and two doublets for H3-4′ and H3-5′), three downfield methines (H-1, H-7, and H-2′), one methylene (H2-11) attached to an oxygen atom, an exchangeable NH proton, and a number of methines and methylenes at δH 1.41–2.40 (Table 1). 13C NMR spectrum of 3 showed 22 lines, and
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Table 1. 1H (600 MHz) and 13C (150 MHz) NMR data (CDCl3) for compounds 3 and 4.







Table 1. 1H (600 MHz) and 13C (150 MHz) NMR data (CDCl3) for compounds 3 and 4.







	

	
3

	
4




	
δC

	
δH, multi (J in Hz)

	
δC

	
δH, multi (J in Hz)






	
1

	
74.3

	
5.02, brs

	
74.4

	
4.97, s




	
2

	
22.4

	
1.85, dq (2.9, 15.1); 1.95–2.07, m

	
22.4

	
1.83, dq (2.7, 15.1); 1.94, m




	
3

	
34.8

	
1.42, dt (3.8, 13.8); 1.65, td (4.0, 14.0)

	
34.9

	
1.38, dt (2.5, 13.7); 1.58, td (4.2,13.9)




	
4

	
32.2

	
-

	
32.3

	
-




	
5

	
39.8

	
2.40, d (12.4)

	
39.7

	
2.20, dd (1.1,12.4)




	
6

	
28.4

	
1.95–2.07, m; 2.22, d (14.8)

	
27.2

	
1.75, td (4.4, 13.9); 2.01, brd (14.1)




	
7

	
48.6

	
4.86, t (1.8)

	
59.6

	
4.55, brd (1.6)




	
8

	
126.4

	
-

	
127.1

	
-




	
9

	
170.8

	
-

	
170.8

	
-




	
10

	
41.5

	
-

	
41.4

	
-




	
11

	
67.8

	
4.60, d (17.6); 4.72, dd (1.9,17.6)

	
68.2

	
4.60, d (17.4); 4.72, dd (1.6,17.4)




	
12

	
170.8

	
-

	
173.4

	
-




	
13

	
32.7

	
1.06, s

	
33.0

	
1.04, s




	
14

	
21.8

	
0.97, s

	
21.4

	
0.96, s




	
15

	
20.2

	
1.24, s

	
19.6

	
1.20, s




	
1′

	
170.2

	
-

	
170.8

	
-




	
2′

	
58.2

	
4.42, dd (5.3, 8.2)

	
58.5

	
4.32, dd (6.0, 8.0)




	
3′

	
30.8

	
2.06, m

	
30.3

	
2.07, oct (6.5)




	
4′

	
18.0

	
0.89, d (6.6)

	
18.0

	
0.92, d (6.6)




	
5′

	
19.0

	
0.94, d (6.6)

	
19.1

	
0.95, d (6.6)




	
1″

	
170.3

	
-

	
170.5

	
-




	
2″

	
22.9

	
2.00, s

	
22.7

	
1.97, s




	
NH

	
-

	
5.74, d (8.0)

	
-

	
6.16, d (7.9)




	
OMe

	
-

	
-

	
-

	
-









DEPT spectra revealed the presence of six methyl, four methylene, five methine, and seven quaternary carbons. 1H–1H COSY spectrum established partial structures of H-1/H2-2/H2-3; H-5/H2-6/H-7; and H-2′/H-3′/H3-4′/H3-5′ in 3. HMBC spectrum of 3 displayed correlations from H-1 to C-3 and C-10; H2-2 to C-4 and C-10; H2-3 to C-1, C-4, C-5, and C-14; H-5 to C-4, C-7, C-9, C-13, C-14, and C-15; H2-6 to C-4, C-8, and C-10; H-7 to C-5, C-8, C-9, and C-12; H2-11 to C-8, C-9, and C-12; both H3-13 and H3-14 to C-3, C-4, and C-5; and H3-15 to C-1, C-5, C-9, and C-10. These HMBC correlations, as well as the 1H–1H COSY correlations mentioned above, established a structure of a drimane sesquiterpene lactone, which was the same core structure as that of purpuride (1) [19]. The fragment of H-2′/H-3′/H3-4′/H3-5′ from the 1H–1H COSY spectrum, together with the HMBC correlations from H-2′ to C-1′; NH proton to C-1′, C-2′ and C-1′′; and H3-2′′ to C-1′′, established a structure of N-acetyl-valine in 3. Chemical shifts (δH 5.02; δC 74.3) of H-1 in 3 suggested that C-1 was attached to an oxygen atom, and the downfield 1H resonance (δH 5.02) implied the presence of an ester (or ether) linkage at C-1. The HMBC correlation from H-1 to C-1′ readily indicated that the drimane unit was linked, through an ester bond at C-1, with the N-acetyl-valine residue. These spectroscopic data constructed a planar structure of 3, and the assignment of 1H and 13C resonances in 3 is shown in Table 1. Small values of coupling constants for H-1 (brs) and H-7 (1.8 Hz) in 3 suggested that both H-1 and H-7 were equatorial. A single crystal of minioluteumide A (3) was subsequently subjected to an X-ray analysis, using CuKα radiation together with determining the Flack parameter [22]. It is known that an X-ray analysis using CuKα radiation with the Flack parameter provides a reliable determination of the absolute configuration [22]. Finally, the structure and absolute configuration of minioluteumide A (3) were confirmed by an X-ray analysis; the ORTEP plot is depicted in Figure 2. It should be noted that the amino acid in 3 is l-valine, which is also found in purpuride (1) and berkedrimane B (2) [19,20].
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Figure 2. ORTEP plot (20% probability level) of 3 (color codes: C = cyan, O = red, N = purple, Cl = green, H = white). The molecule is stabilized by an intermolecular O–H···O hydrogen bond (magenta) with a disordered water molecule (occupancy factor 0.25). 
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Minioluteumide B (4) exhibited a molecular formula of C22H33NO6 (by ESITOF MS), and its 1H and 13C NMR spectra shared a great deal of similarities with that of 3 (Table 1). A notable difference between 1H and 13C resonances at C-7 of 4 (δH 4.55; δC 59.6) and 3 (δH 4.86; δC 48.6) was observed. These data, as well as the molecular formula obtained from ESITOF MS, implied that a chlorine atom in 3 was replaced by a hydroxyl group in 4. Partial structures of H-1/H2-2/H2-3; H-5/H2-6/H-7; and H-2′/H-3′/H3-4′/H3-5′ in 4 were obtained from 1H–1H COSY spectrum. Key HMBC correlations in 4 were observed from H-1 to C-3, C-5, C-10, and C-15; H2-3 to C-4, C-13, and C-14; H-5 to C-3, C-4, C-10, C-13, C-14, and C-15; H2-6 to C-4, C-8, and C-10; H-7 to C-8, C-9, and C-12; H2-11 to C-8, C-9, and C-12; both H3-13 and H3-14 to C-3, C-4, and C-5; and H3-15 to C-1, C-5, C-9, and C-10; these correlations secured the drimane core structure in 4. Moreover, NMR signals of the N-acetyl-l-valine unit in 4 were almost identical to that of 3 (Table 1), and the HMBC correlation from H-1 to C-1′ established the ester linkage in 4. The coupling constant of 1.6 Hz for H-7 in 4 was similar to that (1.8 Hz) for H-7 in 3, suggesting that 4 had the same H-7 configuration as that of 3. Minioluteumide B (4) should have the same biosynthetic origin as that of 3, and therefore, they should share the same absolute configuration. Upon these spectroscopic data, the structure of 4 was established.



Minioluteumide C (6) had the same molecular formula, C22H33NO6, as that of 4, and it also had similar 1H and 13C NMR spectra to that of 4. Moreover, 6 showed similar 1H–1H COSY and HMBC correlations to that of 4, suggesting that 6 had the same sesquiterpene lactone and N-acetyl-l-valine units as that in 4. Although 6 had the same 7-OH group as that in 4, detailed analysis of NMR data revealed a marked difference between the coupling constants of H-7 for 6 (t, 8.8 Hz) and 4 (brd, 1.6 Hz); these coupling constants indicated that H-7 in 6 and 4 had axial and equatorial orientations, respectively. Therefore, minioluteumide D (6) was a 7-epimer of 4, and resonances of protons and carbons in 6 were assigned by analysis of 2D NMR spectra (Table 2).



Minioluteumide D (7) had a molecular formula, C22H33NO6, which was the same as that of 4 and 6. However, 1H and 13C NMR spectra of 7 (Table 2) were different from those of 4 and 6. Analysis of 2D NMR data revealed that 7 had the same sesquiterpene lactone and N-acetyl-l-valine units as that in 4 and 6. 1H NMR resonance at H-1 of 7 was notably upfield shifted (δH 3.89) when compared to those of 4 (δH 4.97) and 6 (δH 5.00), while the H-7 signal in 7 was downfield (δH 5.71) as compared to those of 4 (δH 4.55) and 6 (δH 4.61); these data suggested that compound 7 had the N-acetyl-l-valine moiety attached at C-7, not at C-1 like that in 4 and 6. The HMBC correlation from H-7 to C-1′ indicated the attachment of the N-acetyl-l-valine unit at C-7 of 7. Small coupling constants of H-1 (brs) and H-7 (2 Hz) implied that both H-1 and H-7 in 7 were equatorial, similar to that in 4. Upon these spectroscopic data, the structure of minioluteumide E (7) was established. Normally, the core structure of sesquiterpene lactones is attached to the N-acetyl-l-valine moiety at C-1 [19,20]; however, that of minioluteumide E (7) is connected to the amino acid at C-7, representing the new type of this compound class.



Although many drimane sesquiterpene lactones have been isolated to date [23,24], those conjugated with N-acetyl-l-valine are rare natural products; so far there have been only five natural derivatives, i.e., purpuride (1), purpurides B and C, and berkedrimanes A and B. In 1973, purpuride (1) was first isolated from the fungus Penicillium purpurogenum [19], and forty years later, purpurides B and C were obtained from the same fungal species [21]. Berkedrimanes A and B (e.g., 2) were isolated from the extremophilic fungus Penicillium solitum [20]. It is worth mentioning that the halogen-containing derivative, minioluteumide A (3), and the C-7 substituted amino acid, minioluteumide E (7), are the new representatives of this compound class.
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Table 2. 1H (600 MHz) and 13C (150 MHz) NMR data (CDCl3) for compounds 6 and 7.
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6

	
7




	
δC

	
δH, multi (J in Hz)

	
δC

	
δH, multi (J in Hz)






	
1

	
74.6

	
5.00, brs

	
71.0

	
3.89, brs




	
2

	
22.3

	
1.78, q (3.0); 1.96, m

	
25.7

	
1.63, dq (3.1,14.8); 2.06, m




	
3

	
34.5

	
1.36, dt (2.5, 15.2); 1.53-1.63, m

	
34.1

	
1.33, dt (3.7, 12.8); 1.74, td (4.1, 14.1)




	
4

	
32.6

	
-

	
32.5

	
-




	
5

	
44.4

	
1.81, brd (12.8)

	
39.1

	
2.06, brd (13.2)




	
6

	
27.1

	
1.53–1.63, m; 2.26, dd (6.9, 12.9)

	
25.6

	
1.86, ddd (15.0, 13.2, 4.5); 1.97, brd (15.0)




	
7

	
64.8

	
4.61, t (8.8)

	
62.9

	
5.71, t (2.0)




	
8

	
127.8

	
-

	
122.7

	
-




	
9

	
168.5

	
-

	
175.9

	
-




	
10

	
41.6

	
-

	
42.2

	
-




	
11

	
68.0

	
4.55, dd (2.7, 17.2); 4.73, d (17.2)

	
68.5

	
4.81, dd (2.0, 17.1); 5.11, d (17.1)




	
12

	
172.9

	
-

	
171.8

	
-




	
13

	
33.1

	
1.02, s

	
32.7

	
0.93, s




	
14

	
21.4

	
0.97, s

	
21.1

	
0.91, s




	
15

	
21.1

	
1.33, s

	
20.1

	
1.13, s




	
1′

	
171.2

	
-

	
170.8

	
-




	
2′

	
57.7

	
4.43, dd (4.8, 8.2)

	
57.3

	
4.56, dd (4.6, 8.7)




	
3′

	
30.6

	
1.96, m

	
31.2

	
2.17, otc (6.8)




	
4′

	
17.5

	
0.85, d (6.8)

	
17.6

	
0.90, d (6.6)




	
5′

	
19.0

	
0.92, d (6.8)

	
19.0

	
0.95, d (6.6)




	
1′′

	
170.0

	
-

	
169.7

	
-




	
2′′

	
23.0

	
2.01, s

	
23.1

	
2.02, s




	
NH

	
-

	
5.78, d (8.2)

	
-

	
6.04, d (8.6)










2.2. Biological Activities of the Isolated Compounds 1–7


Previously, sesquiterpene lactones conjugated with N-acetyl-l-valine were found to exhibit antifungal and antibacterial activities [21]. They also inhibited the apoptosis-regulating enzymes, caspase-1 and caspase-3, in a cell-free system [20], and such biological activity has prompted us to explore the inhibitory activity of the sesquiterpene lactones (1–7) toward the caspase-3 enzyme. The cytotoxic activity of 1–7 was evaluated via a cell viability assay using a HepG2 cancer cell line. Compounds 2, 3 and 7 exhibited cytotoxic activity with IC50 values of 193.3, 50.6 and 57.0 µM, respectively, while 1, 4, 5 and 6 did not show activity at 200 μM. The inhibitory activity of compounds 1–7 toward caspase-3 was also analyzed in a cell-free system. A crude extract of caspase-3 enzyme was obtained from a cell lysate that was prepared from apoptotic HepG2 cells treated with doxorubicin (10 µM). Normally, it is known that doxorubicin can activate caspase-3 enzyme in the cells. In the present work, the presence of active caspase-3 induced by doxorubicin was confirmed by immunoblot analysis. A known caspase-3 inhibitor, Z-DEVD-fmk, was used as a positive control. As shown in Figure 3, compounds 1–7 did not inhibit caspase-3 activity, while Z-DEVD-fmk markedly decreased the caspase-3 activity. It should be noted that berkedrimane B (2) was previously found to inhibit caspase-3 with the IC50 value of 50 μM [20]; however, in the present study, it is inactive toward caspase-3.
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Figure 3. Effect of compounds 1–7 on caspase-3 enzymatic activity. Apoptotic HepG2 cell lysates were individually incubated with various concentrations (12.5–200 μM) of purpuride (1) and 200 µM of compounds 2–7. A caspase-3 inhibitor (5 µM), Z-DEVD-fmk, was used as a positive control. Data are mean + SD of three independent experiments. Ctl = A control without compounds. 
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3. Experimental Section


3.1. General Experimental Procedures


Melting points were measured using Buchi 535 Melting Point Apparatus, and reported without correction. IR spectra were obtained from a universal attenuated total reflectance (UATR) attachment on a Perkin-Elmer Spectrum One spectrometer, while UV-Vis spectra were obtained from Shimadzu UV-1700 PharmaSpec Spectrophotometer. Optical rotations were measured using a JASCO P-1020 polarimeter. 1H and 13C NMR spectra were recorded on a Bruker Avance 600 (operating at 600 MHz for 1H and 150 MHz for 13C). ESITOF MS spectra were obtained from a Bruker MicroTOFlc spectrometer.




3.2. Fungal Material and Identification of the Fungus PILE 14-5


T. minioluteus PILE 14-5 was isolated from an unidentified marine sponge, collected in February 2009 from Pilae Bay, Phi Phi Island, Krabi Province, Thailand. The PILE 14-5 fungus was identified based on morphological characteristics and the analysis of DNA sequences of the ITS1-5.8S-ITS2 ribosomal RNA gene region.



3.2.1. Morphological Characterization


The PILE 14-5 fungus was inoculated in three-point fashion on Czapek yeast extract agar (CYA) using 90 mm plastic Petri dishes. Plates were incubated at 25, 30 and 37 °C, in darkness. Additionally, the fungus was similarly cultured on malt extract agar (MEA) at 25 and 30 °C. After 7 days of incubation, colony morphology was examined. Slide cultures on MEA were prepared for microscopic examination of sporulated fungus [14]. After 7 days incubation on CYA the PILE 14-5 fungus grew to a colony diameter of 17–18 mm at 25 °C, 20–22 mm at 30 °C and there was no growth at 37 °C. Colonies were raised at the center, sporulating area appeared greyish blue-green, with radiate groves; colony periphery were low, plane, containing white mycelia, with entire (smooth) margins, and slight production of brownish-red soluble pigment. The reverse side of the colonies was reddish brown at the center fading into brownish orange towards the dull yellow margin. Microscopically, the conidiophores were biverticillate, and the stipe wall was smooth. Conidia were smooth, ellipsoidal, 3 × 2.5 µm. Ascomata were absent. The morphological character which showed biverticillate penicilli conidial bearing structure suggested that this fungus belongs to the genus Talaromyces. Comparing with Talaromyces in the group of soluble red pigment producers, the growth rate on CYA and the inability to grow at 37 °C distinguished the PILE 14-5 from other members but were similar to those of Talaromyces minioluteus [14].




3.2.2. DNA Sequence-Based Identification


The PILE 14-5 fungus was cultivated in malt extract broth for 5 days, and the mycelium was collected and washed with sterile water. Cellular DNA was extracted from the washed fungal mycelium using the FTA® Plant Kit (Whatman®, Florham Park, New Jersey, USA) according to the manufacturer’s instructions. The ITS1-5.8S-ITS2 of the ribosomal RNA gene region was amplified from the fungal genomic DNA by PCR (GoTaq® Colorless Master Mix, Promega, Madison, WI, USA) using the ITS5 (GGAAGTAAAAGTCGTAACAAGG) and ITS4 (TCCTCCGCTTATTGATATGC) primers [25]. The thermal cycle program was as follows: 5 min at 95 °C followed by 30 cycles of 50 s at 95 °C, 40 s at 45 °C and 60 s at 72 °C, with a final extension period of 10 min at 72 °C (GeneAmp® PCR System 9700, Applied Biosystems, Foster City, CA, USA). The amplified DNA fragment was purified and subjected to DNA sequencing on both strands using primers ITS5 and ITS4. The DNA sequence of the complete ITS1-5.8S-ITS2 (508 nucleotides) was submitted to the online BLASTN 2.2.30+ [26] to search for similar sequences in GenBank. The DNA sequences from type strains were selected for alignment using the ClustalW multiple sequence alignment program in the CLC Main Workbench software package version 6.6.2 (CLC bio, Aarhus, Denmark) with manual final adjustment. Phylogenetic relationship was estimated using the neighbor-joining method. Bootstrap analysis was performed with 1000 replications to determine the support for each clade.



BLAST search of the ITS1-5.8S-ITS2 DNA sequence revealed that the PILE 14-5 was related to fungi in the genus Talaromyces. Highly similar ITS1-5.8S-ITS2 DNA sequences from 12 reference fungal strains having 5.8S identical to that of the PILE 14-5 were retrieved for constructing a phylogenetic tree. The PILE 14-5 fungus formed a cluster with Talaromyces minioluteus CBS 642.68, a type strain fungus, with 96.85% ITS1-5.8S-ITS2 sequence identity. The next closely related fungus was T. udagawae CBS 579.72 with 94.69% sequence identity. Ten other related fungi had 84%–86% sequence identity with the PILE 14-5. Based on morphological characteristics and phylogenetic analysis with reference to current fungal taxonomy [14], this fungus was identified as Talaromyces minioluteus PILE 14-5 in its anamorphic form. DNA sequence data of ITS1-5.8S-ITS2 rRNA gene region of the PILE 14-5 fungus has been deposited in GenBank with an accession number of KF471124. A culture of the PILE 14-5 has been deposited at Chulabhorn Research Institute.





3.3. Fungal Cultivation, Extraction and Isolation of Metabolites


The fungus T. minioluteus was cultivated in potato dextrose broth (PDB), which was prepared in seawater instead of distilled H2O. The fungus was grown in a 1 L Erlenmeyer flask, each containing 250 mL of PDB; the total volume of culture broth was 5 L. Fungal culture was incubated at room temperature for 30 days (under static conditions), and culture broth was separated from cells by filtration. A broth was extracted three times, each with an equal volume of EtOAc, yielding a crude broth extract (1.8 g). A broth extract was subjected to Sephadex LH-20 column chromatography (CC) (4 × 45 cm, eluted with MeOH), to yield 20 fractions (A1–A20). Fractions from Sephadex LH-20 CC were combined by comparison of the 1H NMR profile of an individual fraction. Fractions A4 (428.0 mg) and A5 (391.3 mg) were combined, and this material was purified by Sephadex LH-20 CC (4 × 45 cm, eluted with MeOH), to give 10 fractions (B1–B10). Fraction B5 (523.6 mg) was further purified by Sephadex LH-20 CC (2 × 125 cm, eluted with MeOH), to yield 5 fractions (C1–C5). Fraction C1 (156.6 mg) was separated by C18 reversed-phase HPLC, eluted with a mixture of MeOH:H2O (6:4, v/v) with a flow rate of 8.5 mL/min, yielding 2.2 mg of 6 (tR 18.4 min), 5.7 mg of 7 (tR 20.8 min), 9.1 mg of 4 (tR 26.0 min), 13.5 mg of 2 (tR 29.0 min), 1.8 mg of 3 (tR 33.0 min), 3.3 mg of 5 (tR 35.7 min), and 45.7 mg of purpuride (1) (tR 38.1 min). Fraction C2 (346.1 mg) was further purified by Sephadex LH-20 CC (2 × 125 cm), eluted with MeOH, to yield 3 fractions (D1–D3). Fraction D2 (181.9 mg) was further separated by C18 reversed-phase HPLC, using a mixture of MeOH:H2O (6:4, v/v) as an eluent (a flow rate of 8.5 mL/min), giving 5.6 mg of 7 (tR 20.8 min), 15.8 mg of 4 (tR 26.0 min), 35.6 mg of berkedrimane B (2) (tR 29.0 min), 2.9 mg of 3 (tR 33.0 min), 2.4 mg of 5 (tR 35.7 min), and 48.6 mg of purpuride (1) (tR 38.1 min). The 1H and 13C NMR spectra for new metabolites 3–7 can be found as supplemental material.




3.4. Spectroscopic Data of Compounds


Purpuride (1): [α]28D +77.1 (c 0.86, CHCl3), Lit. [19,21] +79.3 (c 0.1, CHCl3).



Berkedrimane B (2): [α]28D −42.5 (c 0.42, CHCl3), Lit. [20] −15.3 (c 0.0145, CHCl3).



Minioluteumide A (3): Needle-like crystals; m. p. 176.9−177.0 °C; [α]28D −12.0 (c 0.36, CHCl3); UV (MeOH) λmax (log ε) 214 (3.4); IR νmax 3335, 2925, 1733, 1661, 1536, 1462, 1374, 1256, 1158, 1092, 1027, 1006, 734 cm−1; 1H and 13C NMR data, see Table 1; ESITOF MS: m/z 426.2063 [M + H]+ (calcd for C22H33ClNO5, 426.2047).



Minioluteumide B (4): Off-white amorphous solid; [α]28D +19.3 (c 0.44, CHCl3); UV (MeOH) λmax (log ε) 211 (3.5); IR νmax 3336, 2961, 2933, 1733, 1661, 1532, 1461, 1373, 1254, 1142, 1092, 1039, 1004, 893, 735 cm−1; 1H and 13C NMR data, see Table 1; ESITOF MS: m/z 408.2401 [M + H]+ (calcd for C22H34NO6, 408.2386).



Purpuride B (5): Off-white amorphous solid; [α]28D +20.3 (c 0.32, CHCl3), Lit. [21] +3.8 (c 0.07, CHCl3).



Minioluteumide D (6): Off-white amorphous solid; [α]28D +14.5 (c 0.14, CHCl3); UV (MeOH) λmax (log ε) 202 (3.4), 213(3.3); IR νmax 336, 2924, 2854, 1734, 1661, 1541, 1463, 1373, 1240, 1160, 1032, 1007, 803 cm−1; 1H and 13C NMR data, see Table 2; ESITOF MS: m/z 408.2394 [M + H]+ (calcd for C22H34NO6, 408.2386).



Minioluteumide E (7): Off-white amorphous solid; [α]28D +28.1 (c 0.45, CHCl3); UV (MeOH) λmax (log ε) 203 (3.5); IR νmax 3356, 2960, 2930, 1745, 1660, 1538, 1459, 1374, 1264, 1147, 1093, 1072, 1027, 968 cm−1; 1H and 13C NMR data, see Table 2; ESITOF MS: m/z 408.2399 [M + H]+ (calcd for C22H34NO6, 408.2386).




3.5. Single Crystal X-Ray Analysis


Single crystal X-ray diffraction data were collected at 296(2) K on a Bruker X8 PROSPECTOR KAPPA CCD diffractometer using an IμS X-ray microfocus source with multilayer mirrors, yielding intense monochromatic Cu-Kα radiation (λ = 1.54178 Å). The structure was solved using SHELXS-97 [27] and refined using full-matrix least squares on F2 with SHELXL-97 [27]. A water site with occupancy factor 0.25 is a trace impurity in the crystallization solvents; its H-atoms could not be located.



Crystal Data of 3: C22H32ClNO5·0.25H2O, MW = 430.44, light yellow, long needle-like crystal: 0.08 × 0.08 × 0.45 mm3, orthorhombic space group P212121, a = 9.9172(3) Å, b = 14.7327(4) Å, c = 15.4578(4) Å, V = 2258.49(11) Å3, Z = 4, Dx = 1.264 g cm−3, μ(Cu-Kα) = 1.772 mm−1, F(000) = 920. Unique reflections: 3180 (Rint = 0.0213). The final R1(F2) = 0.0396 and wR(F2) = 0.1129 for 2838 reflections with F2 > 2σ(F2). Flack parameter [22]: 0.05(2). CCDC-1041970 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre [28].




3.6. Bioassays


3.6.1. Cell Culture


Human hepatocellular carcinoma cell line, HepG2, was obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). HepG2 cell line was cultured in DMEM supplemented with 10% fetal bovine serum and antibiotics, and maintained at 37 °C in a humidified atmosphere of 5% CO2.




3.6.2. Cell Viability Assay


Viability of cells after treatment with compounds was determined by MTT assay as previously described by Chiablaem et al. [29]. HepG2 cells were seeded at 1 × 104 cells/100 μL/well in 96-well plates, and incubated for 24 h. HepG2 cells were treated with media containing test compounds (100 μL) and further incubated for 72 h. The media in each well were then replaced with media (100 μL) containing MTT (0.5 mg/mL) and incubated for 2 h. Subsequently, the media containing MTT were removed, and DMSO was added (100 μL/well). An absorbance was measured at 550 nm and subtracted with an absorbance at 650 nm, using a microplate reader. Experiments were performed in triplicate wells. Data are expressed as percent viability compared with a control. Doxorubicin (Doxo) and galactosamine (GalN) were used as reference compounds, showing the cytotoxic activity with respective IC50 values of 0.52 µM and 13.17 mM.




3.6.3. Caspase-3 Activity Assay


Caspase-Glo 3/7 Assay kit (Promega, Madison, WI, USA) was used to measure caspase-3 activity, and the assay was performed according to the manufacturer’s instructions. Lysate of HepG2 cells treated with a standard drug, doxorubicin, was used as a source of caspase-3 enzyme. To prepare a crude caspase-3 enzyme, HepG2 cells were seeded at 6 × 105 cells in 6 well plates (2 mL/well), and incubated for 24 h at 37 °C in a CO2 incubator. Subsequently, caspase-3 enzyme was activated by treating the cells with 10 µM of doxorubicin for 48 h. After that, media were removed and the cells were washed twice with phosphate buffer saline and lysed in 500 μL/well passive lysis buffer (PLB, Promega) containing protease inhibitor cocktail (Sigma, St. Louis, MO, USA). The plates were gently agitated on ice for 20 min, then cell lysate was collected and centrifuged at 10,000× g, at 4 °C for 5 min, supernatant was collected and kept at −80 °C until use. To detect caspase-3 activity, 100 μL of a reaction mixture composing of 50 μL of PLB containing the cell lysate (5 μg protein/mL) and test compounds, and 50 μL of Caspase-Glo 3/7 reagent, was incubated at room temperature for 1 h. The peptide (5 µM), Z-DEVD-fmk, a known caspase-3 inhibitor, was used as a positive control. Luminescence was measured by using a luminometer (ATTO, Tokyo, Japan). Data are expressed as percentage of caspase-3 activity compared with a control.






4. Conclusions


Chemical investigation of a broth extract of the marine fungus T. minioluteus led to the isolation of four new sesquiterpene lactones 3, 4, 6 and 7, together with three known compounds, purpuride (1), berkedrimane B (2) and purpuride B (5). The isolated compounds were sesquiterpene lactones conjugated with N-acetyl-l-valine, which are rarely found in nature. Among the isolated fungal metabolites, compounds 2, 3 and 7 showed cytotoxic activity with IC50 ranges of 50.6–193.3 µM, but all compounds (1–7) did not inhibit caspase-3 activity. New bioactive secondary metabolites with diverse chemical skeletons have recently been isolated from marine fungi [30,31,32]. The present work underscores that marine fungi are important sources of bioactive natural products.








Supplementary Files

Supplementary File 1



Acknowledgments


This work is partially supported by the Center of Excellence on Environmental Health and Toxicology (EHT), Science & Technology Postgraduate Education and Research Development Office (PERDO), Ministry of Education. T. Aree is thankful for financial support from the Ratchadapisek Sompoch Endowment Fund, Chulalongkorn University (CU-56-007-FC) and the National Research University Project of Thailand (WCU-58-013-FW). This research is also partially supported by Mahidol University.




Author Contributions


S.N., W.S. and S.S. performed experiments and analyzed the data; K.L. designed experiments and analyzed the data; T.A. and S.W. performed experiments and wrote the manuscript; C.M. and S.R. analyzed the data; P.K. designed experiments, analyzed the data, wrote and edited the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bugni, T.S.; Ireland, C.M. Marine-derived fungi: A chemically and biologically diverse group of microorganisms. Nat. Prod. Rep. 2004, 21, 143–163. [Google Scholar] [CrossRef] [PubMed]

	



Trisuwan, K.; Rukachaisirikul, V.; Sukpondma, Y.; Preedanon, S.; Phongpaichit, S.; Sakayaroj, J. Pyrone derivatives from the marine-derived fungus Nigrospora sp. PSU-F18. Phytochemistry 2009, 70, 554–557. [Google Scholar] [CrossRef] [PubMed]

	



Pejin, B.; Jovanovic, K.K.; Mojovic, M.; Savic, A.G. New and highly potent antitumor natural products from marine-derived fungi: Covering the period from 2003 to 2012. Curr. Top. Med. Chem. 2013, 13, 2745–2766. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, W.H.; Wei, Z.W.; Dai, P.; Wu, H.; Zhao, Y.X.; Zhang, M.M.; Jiang, N.; Zheng, W.F. Halogenated metabolites isolated from Penicillium citreonigrum. Chem. Biodivers. 2014, 11, 1078–1087. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.L.; Bao, J.; Liu, K.S.; Zhang, X.Y.; He, F.; Wang, Y.F.; Nong, X.H.; Qi, S.H. Cytotoxic dihydrothiophene-condensed chromones from the marine-derived fungus Penicillium oxalicum. Planta Med. 2013, 79, 1474–1479. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Zhang, X.; Du, L.; Wang, W.; Zhu, T.; Gu, Q.; Li, D. Sorbicatechols A and B, antiviral sorbicillinoids from the marine-derived fungus Penicillium chrysogenum PJX-17. J. Nat. Prod. 2014, 77, 424–428. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, S.W.; Mordhorst, T.F.; Lee, C.; Jensen, P.R.; Fenical, W.; Kock, M. Penilumamide, a novel lumazine peptide isolated from the marine-derived fungus, Penicillium sp. CNL-338. Org. Biomol. Chem. 2010, 8, 2158–2163. [Google Scholar] [CrossRef] [PubMed]

	



Guimaraes, D.O.; Borges, W.S.; Vieira, N.J.; de Oliveira, L.F.; da Silva, C.H.; Lopes, N.P.; Dias, L.G.; Duran-Patron, R.; Collado, I.G.; Pupo, M.T. Diketopiperazines produced by endophytic fungi found in association with two asteraceae species. Phytochemistry 2010, 71, 1423–1429. [Google Scholar] [CrossRef] [PubMed]

	



Iida, M.; Ooi, T.; Kito, K.; Yoshida, S.; Kanoh, K.; Shizuri, Y.; Kusumi, T. Three new polyketide-terpenoid hybrids from Penicillium sp. Org. Lett. 2008, 10, 845–848. [Google Scholar] [CrossRef] [PubMed]

	



Bhandari, R.; Eguchi, T.; Sekine, A.; Ohashi, Y.; Kakinuma, K.; Ito, M.; Mizoue, K. Structure of NG-061, a novel potentiator of nerve growth factor (NGF) isolated from Penicillium minioluteum F-4627. J. Antibiot. 1999, 52, 231–234. [Google Scholar] [CrossRef] [PubMed]

	



Okada, H.; Kamiya, S.; Shiina, Y.; Suwa, H.; Nagashima, M.; Nakajima, S.; Shimokawa, H.; Sugiyama, E.; Kondo, H.; Kojiri, K.; et al. BE-31405, a new antifungal antibiotic produced by Penicillium minioluteum. I. Description of producing organism, fermentation, isolation, physico-chemical and biological properties. J. Antibiot. 1998, 51, 1081–1086. [Google Scholar] [CrossRef] [PubMed]

	



Tang, H.Y.; Zhang, Q.; Gao, Y.Q.; Zhang, A.L.; Gao, J.M. Miniolins A–C, novel isomeric furanones induced by epigenetic manipulation of Penicillium minioluteum. RSC Adv. 2015, 5, 2185–2190. [Google Scholar] [CrossRef]

	



De Souza, G.G.; Oliveira, T.S.; Takahashi, J.A.; Collado, I.G.; Macias-Sanchez, A.J.; Hernandez-Galan, R. Biotransformation of clovane derivatives. Whole cell fungi mediated domino synthesis of rumphellclovane A. Org. Biomol. Chem. 2012, 10, 3315–3320. [Google Scholar] [CrossRef] [PubMed]

	



Yilmaz, N.; Visagie, C.M.; Houbraken, J.; Frisvad, J.C.; Samson, R.A. Polyphasic taxonomy of the genus Talaromyces. Stud. Mycol. 2014, 78, 175–341. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Guo, J.P.; Zhu, C.Y.; Zhang, C.P.; Chu, Y.S.; Wang, Y.L.; Zhang, J.X.; Wu, D.K.; Zhang, K.Q.; Niu, X.M. Thermolides, potent nematocidal PKS-NRPS hybrid metabolites from thermophilic fungus Talaromyces thermophilus. J. Am. Chem. Soc. 2012, 134, 20306–20309. [Google Scholar] [CrossRef] [PubMed]

	



He, J.W.; Liang, H.X.; Gao, H.; Kuang, R.Q.; Chen, G.D.; Hu, D.; Wang, C.X.; Liu, X.Z.; Li, Y.; Yao, X.S. Talaflavuterpenoid A, a new nardosinane-type sesquiterpene from Talaromyces flavus. J. Asian Nat. Prod. Res. 2014, 16, 1029–1034. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Huang, H.; Shao, C.; Jiang, J.; Zhu, X.; Liu, Y.; Liu, L.; Lu, Y.; Li, M.; Lin, Y.; et al. Cytotoxic norsesquiterpene peroxides from the endophytic fungus Talaromyces flavus isolated from the mangrove plant Sonneratia apetala. J. Nat. Prod. 2011, 74, 1230–1235. [Google Scholar] [CrossRef] [PubMed]

	



Wu, B.; Ohlendorf, B.; Oesker, V.; Wiese, J.; Malien, S.; Schmaljohann, R.; Imhoff, J.F. Acetylcholinesterase inhibitors from a marine fungus Talaromyces sp. Strain LF458. Mar. Biotechnol. 2015, 17, 110–119. [Google Scholar] [CrossRef] [PubMed]

	



King, T.J.; Roberts, J.C.; Thompson, D.J. Studies in mycological chemistry. Part XXX and last. Isolation and structure of purpuride, a metabolite of Penicillium purpurogenum Stoll. J. Chem. Soc. Perkin Trans. 1973, 1, 78–80. [Google Scholar] [CrossRef]

	



Stierle, D.B.; Stierle, A.A.; Girtsman, T.; McIntyre, K.; Nichols, J. Caspase-1 and -3 inhibiting drimane sesquiterpenoids from the extremophilic fungus Penicillium solitum. J. Nat. Prod. 2012, 75, 262–266. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wang, Y.; Liu, P.; Wang, W.; Fan, Y.; Zhu, W. Purpurides B and C, two new sesquiterpene esters from the aciduric fungus Penicillium purpurogenum JS03-21. Chem. Biodivers. 2013, 10, 1185–1192. [Google Scholar] [CrossRef] [PubMed]

	



Parsons, S.; Flack, H.D.; Wagner, T. Use of intensity quotients and differences in absolute structure refinement. Acta Cryst. 2013, B69, 249–259. [Google Scholar] [CrossRef] [PubMed]

	



Maurs, M.; Azerad, R.; Cortes, M.; Aranda, G.; Delahaye, M.B.; Ricard, L. Microbial hydroxylation of natural drimenic lactones. Phytochemistry 1999, 52, 291–296. [Google Scholar] [CrossRef]

	



Zang, L.Y.; Wei, W.; Guo, Y.; Wang, T.; Jiao, R.H.; Ng, S.W.; Tan, R.X.; Ge, H.M. Sesquiterpenoids from the mangrove-derived endophytic fungus Diaporthe sp. J. Nat. Prod. 2012, 75, 1744–1749. [Google Scholar] [CrossRef] [PubMed]

	



White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H., Sninsky, J.J., White, T.J., Eds.; Academic Press: San Diego, CA, USA, 1990; Volume 18, pp. 315–322. [Google Scholar]

	



Zhang, Z.; Schwartz, S.; Wagner, L.; Miller, W. A greedy algorithm for aligning DNA sequences. J. Comput. Biol. 2000, 7, 203–214. [Google Scholar] [CrossRef] [PubMed]

	



Sheldrick, G.M. A short history of shelx. Acta Cryst. 2008, A64, 112–122. [Google Scholar] [CrossRef] [PubMed]

	



The Cambridge Crystallographic Data Centre. Available online: http://www.ccdc.cam.ac.uk/data_request/cif (accessed on 29 May 2015).

	



Chiablaem, K.; Lirdprapamongkol, K.; Keeratichamroen, S.; Surarit, R.; Svasti, J. Curcumin suppresses vasculogenic mimicry capacity of hepatocellular carcinoma cells through STAT3 and PI3K/AKT inhibition. Anticancer Res. 2014, 34, 1857–1864. [Google Scholar] [PubMed]

	



Zhuravleva, O.I.; Afiyatullov, S.; Denisenko, V.A.; Ermakova, S.P.; Slinkina, N.N.; Dmitrenok, P.S.; Kim, N.Y. Secondary metabolites from a marine-derived fungus Aspergillus carneus Blochwitz. Phytochemistry 2012, 80, 123–131. [Google Scholar] [CrossRef] [PubMed]

	



Haga, A.; Tamoto, H.; Ishino, M.; Kimura, E.; Sugita, T.; Kinoshita, K.; Takahashi, K.; Shiro, M.; Koyama, K. Pyridone alkaloids from a marine-derived fungus, Stagonosporopsis cucurbitacearum, and their activities against azole-resistant Candida albicans. J. Nat. Prod. 2013, 76, 750–754. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Wang, Z.; Ju, Z.; Wan, J.; Liao, S.; Lin, X.; Zhang, T.; Zhou, X.; Chen, H.; Tu, Z.; et al. Cytotoxic cytochalasins from marine-derived fungus Arthrinium arundinis. Planta Med. 2015, 81, 160–166. [Google Scholar] [PubMed]





© 2015 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 license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
12






nav.xhtml


  marinedrugs-13-03567


  
    		
      marinedrugs-13-03567
    


  




  





media/file5.png
Caspase-3 activity (%)

100

8

3

8

[N
o

0

\4

& & 0

0’
c\
"y





media/file3.png





media/file0.png





media/file1.png





media/file6.png
120

I

0
0

S m 3 g
(%) Apanode g-asedse)

2

%@Hw@
« @
&

$

s

&

&

%

v

% -
o

G

0





