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Abstract

:

Sponges are a well-known bioresource for bioactive compounds. In this study, antibacterial activity-guided fractionation of the extract from an Indonesian marine Dactylospongia elegans sponge led to the discovery of four merosesquiterpenoids, namely, a new sesquiterpenoid aminoquinone nakijiquinone V (1), along with illimaquinone (2), smenospongine (3), and dyctioceratine C (4). The structure of compound 1 was elucidated by 1D and 2D NMR as well as by LC-HRESIMS data analysis. Compounds 2–4 showed moderate to low antimicrobial activity against Bacillus megaterium DSM32 with a minimum inhibitory concentration (MIC) of 32 μg/mL, 32 μg/mL, and 64 μg/mL, respectively. Furthermore, compounds 2 and 3 both inhibited Micrococcus luteus ATCC 4698 with a MIC of 32 μg/mL. In conclusion, the isolated merosesquiterpenoids, which are known for their cytotoxic effects, showed antibacterial activity and prompt future structure activity relationship (SAR) studies concerning the various bioactivities observed for this group of natural products.
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1. Introduction


Sponges are a prolific source of bioactive compounds [1,2,3,4,5,6,7]; in particular, the genera Dysidea, Spongia, and Dactylospongia (family Spongidae) represent a rich source of bioactive sesquiterpenoid quinones and hydroquinones [8]. Merosesquiterpenes contain a sesquiterpene unit joined to a phenolic or quinone moiety and arise from a mixed polyketide-terpenoid biosynthetic pathway. [9,10] These merosesquiterpenoids continue to attract considerable attention due to their structural diversity and intrinsic biological activities [11] including, but not limited to, antimicrobial [8,12], anti-HIV [13,14], Golgi disruptor agents [15], potent hypoxic inducers in prostate cancer cell lines [16,17], and apoptotic inducers in leukemic cells [18]. Over the years, more than 70 sesquiterpene quinones/hydroquinones have been described in the literature, mainly featuring drimane or rearranged drimane skeletons [19].



During our ongoing search for new antibiotic compounds from Indonesian marine sponges, we investigated the extract of a sponge specimen, identified as Dactylospongia elegans based on 28S rRNA gene barcoding, which was collected from Tahuna, Sangihe Islands (Figure 1a). The extract showed antimicrobial activity against Bacillus megaterium DSM32 and Micrococcus luteus ATCC 4698. The bioactivity encouraged us to further investigate the chemical diversity of the bioactive extract. Herein, we report on the isolation, structure elucidation, and biological activity of the secondary metabolites from this Indonesian marine sponge.




2. Results


When the extract was subjected to HPLC analysis, it showed the characteristic UV absorption pattern of the sesquiterpene quinone/hydroquinone system (Figure S8). Detailed chemical investigation of the extract resulted in the isolation of one new sesquiterpene aminoquinone (1), two known sesquiterpene quinones (2–3), and one known sesquiterpene hydroquinone (4). Based on the obtained NMR and MS data, a comparison with the literature led to the identification of the known compounds (2–4), illimaquinone (2) [20], smenospongine (3) [21], and dyctioceratine C (4) [22] (Figure 1b).



Compound 1 was obtained as a purple amorphous solid with an optical rotation value of [α]D24=+54 (c 0.08, MeOH). Its molecular formula was established as C26H35N3O3 based on the prominent pseudomolecular ion peaks at m/z 438.2764 [M + H]+ and 460.2575 [M + Na]+ in the LC-HRESIMS spectrum (Figure S7). The 13C NMR spectrum (Table 1, Supplementary Figure S2) showed one signal for the carbonyl group, nine olefinic/aromatic carbons—three of which were methine and one was an exo-methylene—three methyl groups, eight aliphatic methylenes, two aliphatic methines, and two aliphatic quaternary carbons.



The 1H NMR spectrum of 1 (Table 1, Supplementary Figure S1), particularly in the aliphatic region, resembled that of compounds 2–4, suggesting that all possessed a similar sesquiterpene skeleton. Analysis of the 1H NMR, HSQC (Supplementary Figure S4) and COSY (Supplementary Figure S3) spectra allowed for the assembly of two spin systems; one from H-10 through H-1 and H-2 to H-3, and the other from H-6 through H-7 and H-8 to H-13 (Figure 2a). Connection of the two spin systems was done through the HMBC correlations from H-11 (δ 4.42) to C-3 (δ 34.1) and C-5 (δ 41.6); from H-12 (δ 1.05) to C-4 (δ 161.7), C-5, C-6 (δ 38.1), and C-10 (δ 51.3); and from H-15 (δ 2.49 and 2.39) to C-8 (δ 39.1), C-9 (δ 43.9), and C-10 (Figure 2a, Supplementary Figure S5). Hence, a friedodrimane-type sesquiterpene skeleton functionalized by a 4,11-exo-methylene moiety was furnished. In the downfield region of the 1H NMR spectrum, two aromatic protons at δ 8.77 and 7.35 (H-26 and H-25) were observed, which were thoroughly connected through HMBC correlations (Figure 2a) with three carbons at δ 135.1, 132.5, and 117.8 (C-26, C-24, and C-25), thus forming a spin system, characteristic of an imidazole moiety. Placement of the carbons, C-21 (δ 184.1), C-20 (δ 151.8), and C-19 (δ 93.0) onto the quinone moiety were based on their characteristic chemicals shifts, and were supported by the HMBC correlations from H-19 (δ 5.38) to C-17 and C-21. The sole hydroxy group was attached to C-17 (δ 159.6) based on the low-field 13C chemical shift. According to the degree of unsaturation (unsaturation index = 11) indicated by the molecular formula, there should be one more carbonyl group (C-18, δ 179.1), which only gave a very low intensity resonance signal in the 13C NMR spectrum to establish the quinone moiety. This quinone moiety is connected to the aforementioned imidazole over an amino ethylene bridge (δ 3.54 and 3.05; H-22 and H-23; and δ 42.2 and 24.3; C-22 and C-23). The resulting histaminyl unit was connected to C-20 as indicated by the HMBC correlations from H-22 to C-20 and from H-23 to C-24, and supported by the dipolar couplings between the ethyl protons and H-19 of the quinone. The remaining HMBC correlations from H-15 to C-16 (δ 115.7), C-17 (δ 159.6), and C-21 (δ 184.1) further allowed for the connection between the friedodrimane and quinone moieties via the methylene bridge C-15. Comparison of the NMR data of compound 1 to those of nakijiquinone G [23] showed that the two compounds were nearly identical except that compound 1 had three methyl groups attached to a decalin system with an exocyclic instead of the endocyclic double bond in contrast to its counterpart nakijiquinone G [23]. Hence, compound 1 was identified as a new natural sesquiterpenoid aminoquinone for which the name nakijiquinone V was proposed.



The relative configuration of 1 was determined on the basis of the signal profile and NOESY analyses (Supplementary Figure S6). The characteristic chemical shifts of C-12 (δ 21.0), C-14 (δ 17.8), and C-4 (δ 161.7) and the coupling constant of H-10 (11.8 Hz) indicated that all three occupied the axial orientation, hence a trans-decalin system for the friedodrimane core skeleton [24], similar to the relative configuration of 2–4, was assigned. This was supported by the NOESY experiment, from which the dipolar couplings between H-12 and H-14, and among H-8, H-10, and H-15b were observed, indicating that the two methyl substituents, H-12 and H-14, resided on the same plane, whereas H-8, H-10, and all of the quinone moiety extensions were on the opposite (Figure 2b). The axial and equatorial orientation of all of the alicyclic methylene protons, except for H-7, was also assigned according to their coupling constants, and were confirmatively supported by the NOESY spectral analyses (Figure 2b).



Compounds 1–4 were investigated for their antibacterial activity toward two Gram-positive bacteria (M. luteus ATCC 4698, B. megaterium DSM32) and one Gram-negative bacterium (E. coli K12 derivative.) Although all compounds lacked antimicrobial activity against E. coli, compounds 2–4 exhibited modest antimicrobial activity against B. megaterium with MIC values of 32 μg/mL, 32 μg/mL, and 64 μg/mL, respectively, and 2–3 against M. luteus with a MIC of 32 μg/mL each (Supplementary Figure S9).



The 28S rRNA sequence of the sponge (GenBank accession number: MK554863) showed the highest homology to the Dactylospongia elegans strain SCS1. Therefore, the here reported sponge was named Dactylospongia elegans T3.




3. Materials and Methods


3.1. General Experimental Procedures


Optical rotation was measured on a Jasco P-2000 polarimeter (JASCO Deutschland GmbH, Pfungstadt, Germany). The λmax of compound 1 was measured on a Jasco V760 spectrometer spectrometer (JASCO Deutschland GmbH, Pfungstadt, Germany). NMR spectra were recorded in CD3OD (ALDRICH, St. Louis, MO, USA) using Bruker Avance II 400 MHz and Brucker Avance III HD 600 MHz NMR spectrometers for known and new compounds, respectively (all: Brucker, Ettlingen, Germany). Analysis of NMR spectra was done using the software MestReNova 10 (MESTRELAB RESEARCH SL, Santiago de Compostela, Spain). Mass spectra were recorded on a micrOTOF-Q mass spectrometer (Bruker, Billerica, MA, USA) with an ESI-source coupled with a HPLC Dionex Ultimate 3000 (Thermo Scientific, Darmstadt, Germany) using an EC10/2 Nucleoshell C18 2.7 µm column (Macherey-Nagel, Düren, Germany). Spectral analysis was done using Bruker Data Analysis (Bruker, Billerica, MA, USA). The column temperature was 25 °C. MS data were acquired over a range from 100 to 1000 m/z in positive mode. Auto MS/MS fragmentation was achieved with rising collision energy (35–50 keV over a gradient from 500 to 2000 m/z) with a frequency of 4 Hz for all of the ions over a threshold of 100. The injection volume was 2 µL with a concentration of 1 mg/mL. Fractionation was performed on the Interchim Puriflash 4125 chromatography system (Interchim, Montluçon, France) and purification on the Shimadzu HPLC (Shimadzu Deutschland GmbH, Duisburg, Germany).




3.2. Sponge Material


The sponge specimen Dactylospongia elegans T3 was collected by hand using SCUBA from Towo’e Beach Tahuna Bay, Sangihe Islands North Sulawesi Province Indonesia at the depth of ~4 m in June 2018. The sponge is greenish gray (olive) underwater but turns to a pale sandy yellowish-brown (beige) when exposed to air. The shape of the colony was amorphous with the size of 31.3 × 8.2 cm2 and the oscular of 2–3 cm in diameter. The pungent garlic odor and soft texture sponge produced slime when touched or cut with the inner part of the sponge being plum. The voucher specimen is preserved at the Institute of Insect Biotechnology Justus Liebig University of Giessen, Germany.




3.3. Extraction and Isolation


The sponge (300 g wet weight) was cut into small pieces and dried in the oven at 45 °C for two days prior to transport to Germany. The dried specimen (49.3 g dried weight) was soaked in 400 mL MeOH (gradient grade for HPLC, Chemsolute, Th. Geyer GmbH & Co. KG, Renningen, Germany) overnight (2×), filtered and the combined supernatants were dried under reduced pressure to yield 4.1 g crude extract. It was fractionated by a reverse phase flash chromatography (Interchim Puriflash 4125 chromatography system equipped with a Puriflash C18-HP30 mm Flash column, gradient elution of 5% MeOH/H2O to 100% MeOH over 1 h) to give 17 fractions. Fraction 14 (125.0 mg) was further purified by HPLC (semi preparative column, EC Gravity C18, 250 × 10 mm, gradient elution, 88% MeOH/H2O to 95% MeOH/H2O + 0.01% TFA, flow rate 3.0 mL/min., over 30 min.) to give four subfractions, of which the major subfractions 2 and 4 were already pure and identified as illimaquinone (2) (15.0 mg) and dyctioceratine C (4) (5.0 mg), respectively. Further purification by HPLC of subfraction 1 (EC Gravity C18, 250 × 10 mm, 77%MeOH/H2O isocratic + 0.01% TFA over 30 min.) and of subfraction 3 (EC Gravity C18, 250 × 10 mm, 80%MeOH isocratic + 0.01% TFA over 30 min.) resulted in nakijiquinone V (1) (1.9 mg) and smenospongine (3) (2.3 mg), respectively.



Nakijiquinone V (1): Purple amorphous solid; [α]D24=+54 (c 0.08, MeOH); UV [MeOH; λmax in nm]: λmax (log ε) 308 (5,08); 1H (600 HMz) and 13C (150 MHz) NMR (CD3OD), see Table 1; LC-HRESIMS m/z 438.2764 [M + H]+ and 460.2575 [M + Na]+ (calculated for C26H36N3O3, 438.2751).




3.4. Antimicrobial Assay


Antimicrobial-guided isolation was performed based on the disk diffusion method. LB agar plates (10 g peptone, 5 g yeast extract, 5 g NaCl, 15 g agar, mixed with 1 L distilled water) were prepared and the respective test bacteria (Bacillus megaterium DSM32, Micrococcus luteus ATCC4698, Escherichia coli K12) were spread onto it. A total of 15 µL of a methanol solution of the compound (10 mg/mL) were added to a paper disk, methanol was used as the negative control and carbenicillin (5 µL of a 50 mg/mL stock solution) (Carl Roth GmbH + Co., Karlsruhe, Germany) was used as positive control, which was subsequently positioned on the agar plate after drying. Incubation was performed at 37 °C overnight.



The minimum inhibitory concentration (MIC) was determined in a liquid medium. Therefore, compounds 2–4 were dissolved in dimethyl sulfoxide (DMSO, Carl Roth GmbH + Co., Karlsruhe, Germany) and diluted to the following final concentrations: 128, 64, 32, 16, 8, 4, 2, 1, 0.5, and 0.25 μg/mL. The compound was added into each well of the 96-well plate, filled previously with a Bacillus megaterium DSM32, Micrococcus luteus ATCC4698, or Escherichia coli K12 solution with an optical density (OD600) of 0.1 in Luria Bertani broth (final volume: 200 μL per well). Pure DMSO was used as the negative control, and carbenicillin as the positive control (2 µg/mL). The OD600 was immediately measured as the initial optical density value. The plates were incubated at 30 °C with 160 rpm for 24 h. Then, the OD600 was measured to check the culture growth in the wells in comparison to the positive control, i.e., the OD600 value of the initial measurement was subtracted from the 24 h value, and divided by the OD600 value of the negative control.




3.5. Sponge Identification


A small piece of the sponge specimen was added into 400 µL lysis mix (100 mM NaCl, 50 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 0.5% SDS, 2 mg/mL Proteinase K) and incubated at 56 °C overnight [25]. Thereafter, the genomic DNA was isolated using the innuPREP Bacteria DNA Kit (Analytik Jena, Jena, Germany) and dialyzed using a 0.025 µm nitrocellulose membrane (MerckkGaA, Darmstadt, Germany). Prior to PCR, the sponge genomic DNA was diluted 1:10.



The following barcoding primers were used [26]: C2: 5′-GAAAAGAACTTTGRARAGAGAGT-3′ and D2: 5′-TCCGTGTTTCAAGACGGG-3′ to amplify the 28S rRNA fragment from the isolated sponge. Q5® High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) was used for PCR using the following program: initial denaturation at 95 °C for 2 min; 34 cycles of 95 °C for 45 s, 56 °C for 45 s, 72 °C for 45 s; final elongation at 72 °C for 5 min.



The 28S rRNA amplificate was sent to Microsynth Seqlab, Göttingen, Germany, for Sanger sequencing. Sequence reads were assembled in Clone Manager 9 (Scientific & Educational Software, Denver, CO, USA) and aligned by BLAST (NCBI) to determine the sponge identity.





4. Conclusions


In conclusion, by applying bioassay-guided fractionation, four merosesquiterpenes were obtained from an Indonesian marine Dactylospongia elegans sponge. Compounds 2–4 exhibited modest antimicrobial activity against Gram-positive test strains. However, the class of isolated compounds, which is known for their cytotoxic effects, deserves future SAR-studies to obtain more insights into their potential as anti-cancer molecules.
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NMR spectra for compound 1 are available online at https://www.mdpi.com/1660-3397/17/3/158/s1, Figures S1–S6: NMR data of compound 1. Figure S7: LC-HRESIMS of compound 1. Figure S8: UV spectra of compounds 1–4. Figure S9: Diagrams for MIC determination of compounds 2–4.
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Figure 1. (a) Underwater picture of the sponge Dactylospongia elegans T3; (b) Structures of the isolated compounds 1–4. 
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Figure 2. (a) Selected COSY, HMBC correlations for compound 1; (b) Selected NOESY correlations for compound 1. 
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Table 1. 1H (600 MHz) and 13C (150 MHz) NMR data of 1 (CD3OD; δ in ppm).






Table 1. 1H (600 MHz) and 13C (150 MHz) NMR data of 1 (CD3OD; δ in ppm).













	Position
	δH, Mult. (J in Hz)
	δC, Type
	Position
	δH, Mult. (J in Hz)
	δC, Type





	1ax
	1.45, m
	24.3, CH2
	13
	0.98, d (6.4)
	18.5, CH3



	eq
	2.15, br d (14.0)
	
	14
	0.84, s
	17.8, CH3



	2ax
	1.17, m
	29.9, CH2
	15a
	2.49, d (13.7)
	33.2, CH2



	eq
	1.82, dd (12.7, 2.7)
	
	b
	2.39, d (13.7)
	



	3ax
	2.34, ddd (13.9, 13.5, 5.3)
	34.1, CH2
	16
	-
	115.7, C



	eq
	2.04, br dd, (13.5, 4.5)
	
	17
	-
	159.6, C



	4
	-
	161.7, C
	18
	-
	179.1, C



	5
	-
	41.6, C
	19
	5.38, s
	93.0, CH



	6ax
	1.30, ddd (12.7, 12.4, 3.7)
	38.1, CH2
	20
	-
	151.8, C



	eq
	1.51, br d (12.4)
	
	21
	-
	184.1, C



	7
	1.38, m (2H)
	29.1, CH2
	22
	3.54, t (6.9)
	42.2, CH2



	8
	1.21, m
	39.1, CH
	23
	3.05, t (6.9)
	24.3, CH2



	9
	-
	43.9, C
	24
	-
	132.5, C



	10
	0.78, dd (11.8, 1.5)
	51.3, CH
	25
	7.35, s
	117.8, CH



	11
	4.42, s (2H)
	103.6, CH2
	26
	8.77, s
	135.1, CH



	12
	1.05, s (3H)
	21.0, CH3
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