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Six previously undescribed dihydro-β-agarofurans (bilocularins D–I) were isolated from the 

roots of Maytenus bilocularis. Compounds were evaluated for their leucine uptake inhibition 

in the human prostate cancer cell line, LNCaP. 
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ABSTRACT 

Phytochemical studies of the roots of the Australian plant, Maytenus bilocularis, resulted in 

the identification of six previously undescribed dihydro-β-agarofuran sesquiterpenoids, 

bilocularins D–I, along with three known natural products, namely 1α,2α,6β,15-tetraacetoxy-

9β-benzoyloxydihydro-β-agarofuran, pristimerin, and celastrol. The structures of all 

compounds were characterized via analysis of 1D/2D NMR and MS data. The absolute 

configuration of bilocularin D was defined by X-ray crystallography analysis. Bilocularins D 

and G, 1α,2α,6β,15-tetraacetoxy-9β-benzoyloxydihydro-β-agarofuran, and celastrol inhibited 

leucine transport in the human prostate cancer cell line LNCaP with IC50 values ranging from 

2.5–27.9 µM, which were more potent than the L-type amino acid transporter (LAT) family 

inhibitor 2-aminobicyclo[2,2,1]-heptane-2-carboxylic acid (BCH). Bilocularins D–F are the 

first examples of dihydro-β-agarofurans bearing a hydroxyacetate group.  
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1. Introduction 

L-Type amino acid transporters (LATs) facilitate the transport of neutral amino acids, such 

as leucine, isoleucine, and valine through cell membranes (Grkovic, et al., 2015). LAT family 

members are crucially important for cell survival since they mediate the uptake of essential 

amino acids, which are necessary for energy and protein production. The overexpression of 

LATs, such as LAT1 (SLC7A5) and LAT3 (SLC43A1) has been observed in various human 

cancers, including prostate cancer (Wang, et al., 2011; Wang, et al., 2013b). Furthermore, the 

inhibition of LAT1 and LAT3 has been reported to restrict leucine uptake, thereby regulating 

the activity of mammalian target of rapamycin complex 1 (mTORC1) (Wang, et al., 2011; 

Wang, et al., 2013b). Leucine is an essential amino acid needed for mTORC1 activation 

(Kimball, et al., 1999). Since protein translation can only commence at a sufficient intra-

cellular level of leucine, the inhibition of leucine transport into the cell presents an 

opportunity to inhibit the growth of cancer cells (Wang, et al., 2011), and the LAT family 

transporters may therefore prove to be a novel drug target for future cancer therapies (Wang 

and Holst, 2015). 

Recently, we have reported the chemical investigation of the leaves of the Australian 

rainforest plant, Maytenus bilocularis (F. Muell.) Loes (Celastraceae), that resulted in the 

discovery of the previously undescribed natural products, bilocularins A–C (1–3) (Wibowo, 

et al., 2016a). Bilocularins A (1) and B (2) were the first reported dihydro-β-agarofurans, 

which inhibited leucine uptake in prostate cancer cells (Wibowo, et al., 2016a). Moreover, 

several other dihydro-β-agarofuran natural products isolated from two other Australian 

Celastraceae plants, Denhamia pittosporoides and Celastrus subspicata, were subsequently 

shown by our group to possess leucine uptake inhibitory activity in the human prostate cancer 

cell line, LNCaP (Wibowo, et al., 2016b, 2017). Driven by our previous discovery of 

dihydro-β-agarofurans that inhibited leucine uptake from the leaves of M. bilocularis, we 

extended our studies to the roots of M. bilocularis, which so far had not been 

phytochemically characterized. This paper reports the structures of six previously 

undescribed compounds, namely bilocularins D–I (4–9) together with three known natural 

products, 1α,2α,6β,15-tetraacetoxy-9β-benzoyloxydihydro-β-agarofuran (10) (Tu, 1990), 

pristimerin (11) (Alvarenga, et al., 1999), and celastrol (12) (Ngassapa, et al., 1994). 

Furthermore, a subset of the discovered compounds was characterized with respect to 

inhibition of leucine uptake in the human prostate cancer cell line, LNCaP. 
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2. Results and Discussion 

The CH2Cl2 extract obtained from the roots of Maytenus bilocularis was separated by 

various chromatographic techniques to afford six previously undescribed dihydro-β-

agarofuran sesquiterpenoids, bilocularins D–I (4–9), and three known natural products 

(Figure 1). 

Bilocularin D (4) was isolated as stable white crystals. The molecular formula C37H42O13 

was determined by (+)-HRESIMS data (m/z 717.2515 [M+Na]+, calcd for 717.2518). The 1H 

NMR spectrum of 4 exhibited signals for five methyl singlets (δH 1.56, 1.57 (6H), 2.11, and 

2.14), four sets of methylene protons (δH 2.03/2.22, 2.22/2.62, 3.89/3.92, and 4.88/4.96), 17 

methine protons (δH 2.32, 5.30, 5.76, 5.54, 6.17, 6.31, 7.38 (3H), 7.53 (4H), 7.62, 7.67, and 

8.18 (2H)), and two hydroxy groups (δH 2.18 and 2.96); the latter two signals were confirmed 

following HSQC experiment. The 13C NMR and HSQC spectra revealed 37 carbon 

resonances including five methyls, four methylenes, 17 methines, and 11 non-protonated 

carbons. The presence of five ester groups in 4 was suggested by the 13C NMR signals at δC 

165.6, 166.8, 170.0, 170.2, and 172.4. These data indicated that compound 4 belonged to the 

dihydro-β-agarofuran structure class (Wibowo, et al., 2016a; Wibowo, et al., 2016b, 2017), 

which was confirmed by detailed analysis of COSY and HMBC spectra (Figure 2). Analysis 

of the HMBC spectrum indicated the presence of two acetate, a benzoate, a trans-cinnamate, 

and a hydroxyacetate moieties in 4. The two acetates were located at C-2 and C-6 based on 

HMBC correlations from H-2 (δH 5.54) and H-6 (δH 6.17) to the ester carbonyls at δC 170.0 

and 170.2, respectively. The benzoate group was attached to C-15 based on HMBC 

correlations from H2-15 (δH 4.88/4.96) to the carbonyl carbon at δC 166.8. Similarly, HMBC 

correlations from the olefinic proton (δH 7.67) and H-9 (δH 5.30) to a carbon signal at δH 165.5 

located the trans-cinnamate functionality at C-9. The presence of the hydroxyacetate group 

was confirmed by HMBC correlations from the exchangeable proton (δH 2.18) and the 

oxymethylene (δH 3.89/3.92) to a carbonyl resonance at δC 172.4. Furthermore, an HMBC 

correlation from H-1 (δH 5.76) to the carbon signal at δC 172.4 positioned the hydroxyacetate 

at C-1. Finally, a hydroxy group was attached at C-4 by considering the deshielded 13C NMR 

resonance of C-4 (δC 70.0) and the HMBC correlation from the hydroxy proton signal at δH 

2.96 to C-4. 

The relative configuration of 4 was assigned following analysis of 1H-1H coupling 

constants and the ROESY spectrum (Figure 2). The β-orientation of H-1 and H-2 was 

assigned based on the small coupling constant between the two protons (J1,2 = 3.5 Hz) (Gao, 

et al., 2016; Núñez, et al., 2016). The ROESY spectrum of 4 exhibited correlations between 
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H-1 and H-3β, indicating that these two atoms were co-facial. Furthermore, ROESY cross-

peaks between H-6 and H2-15, as well as between H3-14 and H-6 determined the α-

orientation of H-6, CH3-14, and CH2-15. The structure of 4 was confirmed by X-ray 

crystallography studies (Figure 3), which also defined its absolute configuration as 

(1R,2S,4S,5S,6R,7R,9S,10R)-2,6-diacetoxy-15-benzoyloxy-9-cinnamoyloxy-1-

hydroxyacetoxy-4-hydroxydihydro-β-agarofuran. 

Compound 5, which was purified as a white amorphous powder, had a molecular formula 

of C39H44O13, which was assigned following analysis of the (+)-HRESIMS data. The 1H and 
13C NMR data of 5 were similar to those of 4, indicating that both compounds possessed the 

same dihydro-β-agarofuran core structure. Detailed analysis of NMR data of 5 and 

comparison with 4 showed that the benzoate group in 4 was replaced by a trans-cinnamate 

moiety in 5. The 1H resonances at δH 7.87 (1H, d, J = 16.1 Hz), 7.69 (1H, d, J = 16.0 Hz), 

7.63 (2H, m), 7.54 (2H, m), 7.42 (3H, m), 7.39 (3H, m), 6.56 (1H, d, J = 16.1 Hz), and 6.32 

(1H, d, J = 16.0 Hz) were evident of the presence of the two trans-cinnamate moieties in 5 

(García, et al., 2013). The location of the trans-cinnamate group at C-15 in 5 was further 

supported by HMBC correlations from H2-15 (δH 4.69/4.91) and an olefinic proton at δH 7.87 

to a carbonyl resonance at δC 166.6. The ROESY spectrum of 5 exhibited correlations 

between H3-14 and H2-15, between H2-15 and H-8, as well as H2-15 and H-6, implying the 

relative configuration of 5 to be the same as compound 4. Finally, on the basis of biosynthetic 

considerations (Núñez, et al., 2016) the absolute configuration of 5 (bilocularin E) was 

established as (1R,2S,4S,5S,6R,7R,9S,10R)-2,6-diacetoxy-9,15-dicinnamoyloxy-1-

hydroxyacetoxy-4-hydroxydihydro-β-agarofuran. 

Bilocularin F (6), a white amorphous powder, was assigned the molecular formula 

C30H38O12 following analysis of the MS data. The NMR (Tables 1 and 2) and MS data 

suggested that 6 was structurally similar to 4, except that the benzoate in 4 was replaced by a 

hydroxy moiety in 6. The H2-15 protons were shifted upfield from δH 4.88/4.96 in 4 to δH 

4.18/4.33 in 6, which supported the attachment of the hydroxy at C-15 in 6. The ROESY data 

showed that the relative configuration of 6 was the same as that of 4. By considering 

biosynthetic pathways and comparison of chiroptical data of 6 and 4, the absolute 

configuration of 6 was assigned as (1R,2S,4S,5S,6R,7R,9S,10R)-2,6-diacetoxy-9-

cinnamoyloxy-1-hydroxyacetoxy-4,15-dihydroxydihydro-β-agarofuran. To the best of our 

knowledge, bilocularins D–F (4–6) are the first reported dihydro-β-agarofurans bearing a 

hydroxyacetate group.  
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Compound 7 was assigned the molecular formula C32H40O12 on the basis of the (+)-

HRESIMS data. The NMR (Tables 1 and 2) and MS data revealed that 7 was a dihydro-β-

agarofuran sesquiterpenoid decorated with five ester groups. Comparison of the NMR data of 

7 and 4 identified a high degree of similarity between these compounds. The hydroxyacetate 

and the benzoate functionalities signals found in 4 were not present in the NMR spectra of 7, 

however two additional acetate group signals were observed. HMBC correlations (Figure 4) 

from H-1 (δH 5.59) to a carbonyl at δC 169.7 and from H2-15 (δH 4.34/4.96) to a carbon signal 

at δC 170.7 readily placed the two acetates at C-1 and C-15 in 7. The same relative 

configuration previously assigned to 4 was also determined for 7 following ROESY data 

(Figure 4) analysis. Comparison of ECD spectra of compounds 4 and 7 implied that both 

compounds had identical absolute configurations. Therefore, the structure and absolute 

configuration of 7 was elucidated as (1R,2S,4S,5S,6R,7R,9S,10R)-1,2,6,15-tetraacetoxy-9-

cinnamoyloxy-4-hydroxydihydro-β-agarofuran and was given the trivial name bilocularin G 

(7). 

The molecular formula of bilocularin H (8) was determined as C28H36O10 by (+)-HRESIMS 

and NMR data analysis. The 1D NMR spectra of 8 showed it to have a similar chemical 

structure to that of 7. Detailed analysis of HMBC spectrum of 8 revealed that the acetate 

groups at C-2 and C-15 in 7 were replaced with hydroxy moieties in 8. The chemical shift of 

H-2 was shifted upfield from δH 5.47 in 7 to δH 4.29 in 8, which supported the presence of an 

α–OH group on C-2. Similarly, H2-15 protons were also shielded from δH 4.96/4.34 in 7 to δH 

4.33/4.27 in 8 which indicated that the latter natural product contained an α–CH2OH moiety. 

The 2D NMR data further confirmed the location of the remaining esters in compound 8. The 

relative configuration of compound 8 was identical to that of 7 following ROESY data 

analysis. The ECD spectrum of 8 was similar with that of 7, which suggested that both 

compounds had the same absolute configuration. Consequently, the structure of bilocularin H 

(8) was assigned as (1R,2S,4S,5S,6R,7R,9S,10R)-1,6-diacetoxy-9-cinnamoyloxy-2,4,15-

trihydroxydihydro-β-agarofuran. 

Bilocularin I (9) was obtained as a colorless gum and was assigned the molecular formula 

C32H37NO9 based on (+)-HRESIMS data. Analysis of NMR and MS data showed that 9 was 

an alkaloid possessing a dihydro-β-agarofuran core structure. The structure of 9 was found to 

be similar with that of 8. However, the acetate group at C-6 in 8 was replaced by a nicotinate 

in 9. The presence of the nicotinate moiety was confirmed by the characteristic 1H resonances 

at δH
 9.37 (1H, dd, J = 1.9, 0.7 Hz), 8.80 (1H, dd, J = 4.8, 1.9 Hz), 8.51 (1H, ddd, J = 7.9, 1.9, 

1.9 Hz), and 7.42 (1H, ddd, J = 7.9, 4.8, 0.7 Hz) (Wang, et al., 2013a; Ning, et al., 2015). 
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HMBC correlations from both H-6 (δH
 5.75) and the proton at δH

 8.80 to a carbonyl resonance 

at δC 165.0 further confirmed the position of the nicotinate ester at C-6. In addition, 

comparison of the NMR data also revealed that the –CH2OH moiety in 8 was replaced by a 

methyl group in 9. This was confirmed by HMBC correlations (Figure 5) from a methyl at δH 

1.60 to C-1, C-5, C-9, and C-10. The relative configuration of compound 9 was ascertained to 

be identical with that of 8 following ROESY studies (Figure 5). The same absolute 

configuration previously assigned for 8 was also defined for 9 taking into account 

biosynthetic reasoning. Accordingly, the structure of bilocularin G (9) was determined as 

(1R,2S,4S,5S,6R,7R,9S,10R)-1-acetoxy-9-cinnamoyloxy-2,4-dihydroxy-6-

nicotinoyloxydihydro-β-agarofuran. 

The structures of the known compounds, 1α,2α,6β,15-tetraacetoxy-9β-benzoyloxydihydro-

β-agarofuran (10) (Tu, 1990), pristimerin (11) (Alvarenga, et al., 1999; Chang, et al., 2003), 

and celastrol (12) (Ngassapa, et al., 1994; Chang, et al., 2003) were characterized by 

comparison of their spectroscopic data with the literature. Compound 10 was initially isolated 

from the Celastraceae plant Euonymus bungeanus (Tu, 1990), while pristimerin (11) and 

celastrol (12) have been identified in a variety of plant species from the Celastraceae family 

(Camelio, et al., 2015). 

Owing to our previous discovery of natural products that inhibited leucine uptake 

(Wibowo, et al., 2016a; Wibowo, et al., 2016b, 2017), several metabolites (compounds 4–7 

and 10–12) were evaluated for their effect on leucine uptake in the androgen-responsive 

prostate cancer cell line LNCaP. Bilocularins A (1) and B (2) had previously been tested in 

this assay, and exhibited IC50 values of 124.5 and 151.2 µM, respectively (Wibowo, et al., 

2016a). Compounds 8 and 9 could not be purified in sufficient quantities to allow for 

biological evaluation. Bilocularins D (4) and G (7) inhibited leucine uptake in LNCaP cells, 

with IC50 values of 3.1 and 2.5 µM, respectively, however they only inhibited leucine uptake 

by around 50%. By contrast, compounds 10 (IC50 = 27.9 µM; Figure 6B) and 12 (IC50 = 5.7 

µM, Figure 6C) showed higher IC50 concentrations, but more completely inhibited leucine 

uptake, perhaps reflecting inhibition of multiple LAT family members. Compounds 5, 6, and 

11 showed little or no effect on leucine transport (Figure 6A and 6C). Based on these bio-

assay data, some preliminary structure-activity relationships were delineated. Compounds 

with a benzoate (4) or an acetate (7) at C-15 had better activity compared with the molecules 

with a trans-cinnamate (5) or a hydroxy (6) group at the same position. This suggested that a 

benzoate or an acetate moiety at C-15 for this series of sesquiterpenoids might play an 

important role in the inhibitory effect of leucine uptake. Sesquiterpenoids 4, 7, and 10 
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exhibited better activity than the currently utilized LATs family inhibitor 2-

aminobicyclo[2,2,1]-heptane-2-carboxylic acid (BCH, IC50 = 4060 µM) (Wang, et al., 2014). 

Previously, several natural products obtained from Pittosporum venulosum (Wang, et al., 

2014; Grkovic, et al., 2015), Denhamia pittosporoides (Wibowo, et al., 2016b), and Celastrus 

subspicata (Wibowo, et al., 2017) have also been reported to inhibit leucine uptake in 

prostate cancer cells. In an extension of investigations of Australian Celastraceae plants for 

bioactive constituents we have here identified compounds from the roots of M. bilocularis 

that constitute the most potent leucine uptake inhibitors among small molecule effectors thus 

far. This research supports the continued investigations of Australian Celastraceae plants for 

bioactive constituents. 

 

3. Experimental 

3.1 General experimental procedures  

Melting points were measured using a Cole-Parmer melting point apparatus and are 

uncorrected. Specific rotations were acquired on a JASCO P-1020 polarimeter. UV spectra 

were recorded using a JASCO V-650 UV/vis spectrophotometer. ECD spectra were obtained 

on a JASCO J-715 spectropolarimeter and processed using the software SDAR (Weeratunga, 

et al., 2012). IR data were acquired using an attached Universal Attenuated Total Reflectance 

(UATR). Two module on a PerkinElmer spectrophotometer. NMR spectra were recorded on 

a Bruker AVANCE HDX 800 MHz NMR spectrometer equipped with a TCI cryoprobe at 25 

°C. The 1H and 13C NMR chemical shifts were referenced to the solvent peaks for CDCl3 at 

δH 7.26 and δC 77.16, respectively. LRESIMS data were recorded on a Waters ZQ ESI mass 

spectrometer. HRESIMS data were acquired on a 12 T SolariX XR FT-ICR-MS. Alltech 

Davisil 90−130 μm 60 Å Si gel was used for column chromatography. Thin-layer 

chromatography (TLC) and preparative TLC was carried out on Merck Si gel 60 F254 pre-

coated aluminum plates and was observed using UV light. Alltech C18-bonded Si (35–75 μm, 

150 Å) was used for pre-adsorption work, and the resulting material was packed into an 

Alltech stainless steel guard cartridge (10 × 30 mm) prior to HPLC separations. A Waters 

600 pump fitted with a Waters 996 photodiode array detector and Gilson 717-plus 

autosampler was used for semi-preparative HPLC separations. Phenomenex Luna 5 μm 90–

110 Å C18 (250 × 10 mm), and Thermo Hypersil-Keystone Betasil 5 μm 100 Å C18 (150 × 

21.2 mm) columns were used for semi-preparative HPLC separations. A Fritsch Universal 

Cutting Mill Pulverisette 19 was used to grind the air-dried plant material and an Edwards 

Instrument Company Bio-line orbital shaker was used for plant extraction. All solvents used 
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for chromatography, specific rotation, ECD, UV and MS were Honeywell Burdick & Jackson 

(B&J) HPLC grade. H2O was Millipore Milli-Q PF filtered. All compounds were analyzed 

for purity by 1H NMR spectroscopy and shown to be >95%, unless otherwise stated. NMR 

spectra were processed using MestReNova version 11.0. 

 

3.2 Plant material 

The roots of Maytenus bilocularis (F. Muell.) Loes (Celastraceae) were collected in 

Brisbane, Australia on the 22 October 2016 and identified by D. Sommerville from Save Our 

Waterways Now. A voucher specimen (RAD076_R) has been deposited at the Griffith 

Institute for Drug Discovery, Griffith University, Brisbane, Australia. 

 

3.3 Extraction and isolation 

The air-dried and ground roots of M. bilocularis (150 g) were extracted with CH2Cl2 (2 × 1 

L for 16 h each) to afford 3.17 g of a crude extract (red gum). The extract was 

chromatographed over a Si-gel column (4 × 20 cm) eluted with a stepwise CH2Cl2/MeOH 

gradient solvent system (100% CH2Cl2 to 10% MeOH/CH2Cl2) to give 98 fractions (~20 mL 

each). Similar fractions were pooled following (+)-LRESIMS analysis to afford 15 fractions 

(A1-A15). Fraction A10 (364.4 mg) was further separated using a Si-gel column 

chromatography (2.5 × 11 cm) using a stepwise n-hexane/EtOAc gradient solvent system 

(5% EtOAc/n-hexane to 50% EtOAc/n-hexane) to afford 58 subfractions. The subfractions 

were combined following TLC analysis to yield fractions B1–B6. Fraction B2 contained pure 

pristimerin (11, 95.3 mg, 0.0635% dry wt) Fraction B4 (93.8 mg) was preadsorbed to C18 

bonded Si-gel (~1 g), packed into a guard cartridge and attached to a semi-preparative C18 

HPLC column (250 × 10 mm). A linear gradient from 40% MeOH/H2O to 100% MeOH at a 

flowrate of 4 mL/min was run over 60 min to obtain 1α,2α,6β,15-tetraacetoxy-9β-

benzoyloxydihydro-β-agarofuran (10, 27.6 mg, tR 23–25 min, 0.0184% dry wt).  

Fraction A11 (1.43 g) was preadsorbed to C18 bonded Si-gel (~5 g), which was divided into 

5 portions, each portion was packed into a guard cartridge and further purified using a semi-

preparative C18 HPLC column (150 × 21.2 mm) eluted with a gradient solvent system of 60% 

MeOH/H2O to 100% MeOH over 60 min at a flowrate of 9 mL/min. Bilocularin D (4, 54.1 

mg, 0.0361% dry wt) was obtained by crystallization of fractions eluting at 24–26 min, while 

fractions eluting at 42–43 min contained celastrol (12, 152.2 mg, 0.1015 % dry wt). The 

fraction eluting at 21 min (16.1 mg) was chromatographed on preparative TLC (1% MeOH/ 

CH2Cl2) to obtain 11.5 mg of bilocularin G (7, 0.0077% dry wt). The fractions eluting at 27–
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35 min (111.1 mg) were combined then preadsorbed to C18 bonded Si-gel (~1 g), packed into 

a guard cartridge and attached to a semi-preparative C18 HPLC column (250 × 10 mm). A 

linear gradient solvent system of 70% MeOH/H2O to 90% MeOH/H2O at a flowrate of 4 

mL/min was performed over 60 min to afford semi-pure bilocularin E (22.5 mg, tR 26–28 

min), which was further purified by preparative TLC (35% EtOAc/n-hexane) to yield pure 

bilocularin E (5, 4.8 mg, 0.0032 % dry wt). 

Fraction A13 (51.1 mg) was preadsorbed to C18 bonded Si-gel (~1 g), packed into a guard 

cartridge and attached to a semi-preparative C18 HPLC column (250 × 10 mm). A linear 

gradient from 50% MeOH/H2O to 95% MeOH/H2O at a flowrate of 4 mL/min was employed 

over 60 min to afford bilocularin F (6, 1.5 mg, tR 27–28 min, 0.0010% dry wt) and bilocularin 

I (9, 1.0 mg, tR 38 min, 0.0007% dry wt). Fraction A17 (26.1 mg) was preadsorbed to C18 

bonded Si-gel (~1 g), packed into a guard cartridge and attached to a semi-preparative C18 

HPLC column (250 × 10 mm). A linear gradient from 45% MeOH/H2O to 100% MeOH at a 

flowrate of 4 mL/min over 60 min was employed to afford bilocularin H (8, 0.2 mg, tR 31–32 

min, 0.0001% dry wt). 

 

3.3.1. Bilocularin D (4) 

Stable white crystals (MeOH); mp 231–234 oC; [𝛼𝛼]𝐷𝐷25 +38 (c 0.185, MeOH); ECD λext 

(MeOH) 219 (–31.5), 266 (+34.8) nm; UV (MeOH) λmax (log ε) 224 (5.21), 281 (5.26)  nm; 

IR (UATR) νmax 3535, 2970, 1722, 1708, 1246, 1152, 712 cm–1; 1H NMR (CDCl3, 800 MHz) 

8.18 (2H, m, OBz-15), 7.67 (1H, d, J = 16.0 Hz, OtCin-9), 7.62 (1H, m, OBz-15), 7.53a (2H, 

m, OBz-15), 7.53a (2H, m, OtCin-9), 7.38 (3H, m, OtCin-9), 6.31 (1H, d, J = 16.0 Hz, OtCin-

9), 3.92 (1H, dd, J = 17.3, 5.3 Hz, OHAcO-1), 3.89 (1H, dd, J = 17.3, 3.9 Hz, OHAcO-1), 

2.18 (1H, br m, OHAcO-1), 2.14 (3H, s, OAc-2), 2.11 (3H, s, OAc-6), for other signals, see 

Table 1; 13C NMR (CDCl3, 200 MHz) δC 172.4 (C, OHAcO-1), 170.2 (C, OAc-6), 170.0 (C, 

OAc-2), 166.8 (C, OBz-15), 165.6 (C, OtCin-9), 146.7 (CH, OtCin-9), 134.1 (C, OtCin-9), 

133.7 (CH, OBz-15), 130.8 (CH, OtCin-9), 129.9 (2CH, OBz-15), 129.6 (C, OBz-15), 129.1 

(2CH, OtCin-9), 128.9 (2CH, OBz-15), 128.4 (2CH, OtCin-9), 117.1 (CH, OtCin-9), 60.8 

(CH2, OHAcO-1), 21.6 (CH3, OAc-6), 21.3 (CH3, OAc-2) for other signals, see Table 2; (+)-

LRESIMS m/z 717 (100) [M+Na]+; (+)-HRESIMS m/z 717.2515 [M+Na]+ (calcd for 

C37H42O13Na, 717.2518). aOverlapping signals. 
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3.3.2. Bilocularin E (5) 

White amorphous powder; [𝛼𝛼]𝐷𝐷25 +57 (c 0.240, MeOH); ECD λext (MeOH) 218 (–30.6), 261 

(–23.3), 293 (+67.8) nm; UV (MeOH) λmax (log ε) 217 (2.58), 281 (5.48) nm; IR (UATR) νmax 

3477, 2980, 1709, 1634, 1237, 1150, 768 cm–1; 1H NMR (CDCl3, 800 MHz) 7.87 (1H, d, J = 

16.1 Hz, OtCin-15), 7.69 (1H, d, J = 16.0 Hz, OtCin-9), 7.63 (2H, m, OtCin-15), 7.54 (2H, 

m, OtCin-9), 7.42 (3H, m, OtCin-15), 7.39 (3H, m, OtCin-9), 6.56 (1H, d, J = 16.1 Hz, 

OtCin-15), 6.32 (1H, d, J = 16.0 Hz, OtCin-9), 3.92 (1H, d, J = 17.1 Hz, OHAcO-1), 3.90 

(1H, d, J = 17.1 Hz, OHAcO-1), 2.13 (3H, s, OAc-2), 2.12 (3H, s, OAc-6) for other signals, 

see Table 1; 13C NMR (CDCl3, 200 MHz) δC 172.4 (C, OHAcO-1), 170.2 (C, OAc-6), 170.0 

(C, OAc-2), 166.6 (C, OtCin-15), 165.7 (C, OtCin-9), 146.7 (CH, OtCin-9), 146.3 (CH, 

OtCin-15), 134.4 (C, OtCin-15), 134.2 (C, OtCin-9), 130.9 (CH, OtCin-15), 130.8 (CH, 

OtCin-9), 129.09 (2CH, OtCin-15), 129.07 (2CH, OtCin-9), 128.6 (2CH, OtCin-15), 128.5 

(2CH, OtCin-9), 117.3 (CH, OtCin-15), 117.2 (CH, OtCin-9), 60.8 (CH2, OHAcO-1), 21.7a 

(CH3, OAc-2), 21.3a (CH3, OAc-6), for other signals, see Table 2; (+)-LRESIMS m/z 743 

(100) [M+Na]+; (+)-HRESIMS m/z 743.2672 [M+Na]+ (calcd for C39H44O13Na, 743.2674). 

aInterchangeable signals. 

 

3.3.3. Bilocularin F (6) 

White amorphous powder; [𝛼𝛼]𝐷𝐷25 +67 (c 0.075, MeOH); ECD λext (MeOH) 216 (–1.0), 282 

(+3.0) nm; UV (MeOH) λmax (log ε) 217 (4.22), 279 (4.38) nm; IR (UATR) νmax 3417, 2981, 

1733, 1634, 1368, 1240, 1025, 770 cm–1; 1H NMR (CDCl3, 800 MHz) 7.68 (1H, d, J = 16.0 

Hz, OtCin-9), 7.54 (2H, m, OtCin-9), 7.39 (3H, m, OtCin-9), 6.32 (1H, d, J = 16.0 Hz, 

OtCin-9), 3.91 (1H, d, J = 17.0 Hz, OHAcO-1), 3.88 (1H, d, J = 17.0 Hz, OHAcO-1), 2.12 

(3H, s, OAc-6), 2.06 (3H, s, OAc-2), for other signals, see Table 1; 13C NMR (CDCl3, 200 

MHz) δC 172.0 (C, OHAcO-1), 170.4 (C, OAc-6), 169.9 (OAc-2), 166.2 (C, OtCin-9), 146.5 

(CH, OtCin-9), 134.2 (C, OtCin-9), 130.8 (CH, OtCin-9), 129.1 (2CH, OtCin-9), 128.5 (2CH, 

OtCin-9), 117.5 (CH, OtCin-9), 60.9 (CH2, OHAcO-1), 21.8 (CH3, OAc-6), 21.4 (CH3, OAc-

2), for other signals, see Table 2; (+)-LRESIMS m/z 613 (100) [M+Na]+; (+)-HRESIMS m/z 

613.2252 [M+Na]+ (calcd for C30H38O12Na, 613.2255). 

 

3.3.4. Bilocularin G (7) 

White amorphous powder; [𝛼𝛼]𝐷𝐷25 +63 (c 0.180, MeOH); ECD λext (MeOH) 223 (–4.59), 280 

(+30.2) nm; UV (MeOH) λmax (log ε) 217 (2.13), 281 (5.31) nm; IR (UATR) νmax 3483, 2981, 
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1742, 1366, 1225, 1151, 769 cm–1; 1H NMR (CDCl3, 800 MHz) 7.69 (1H, d, J = 16.0 Hz, 

OtCin-9), 7.54 (2H, m, OtCin-9), 7.39 (3H, m, OtCin-9), 6.35 (1H, d, J = 16.0 Hz, OtCin-9), 

2.25a (3H, s, OAc-1), 2.110a (3H, s, OAc-6), 2.107a (3H, s, OAc-15), 1.79 (3H, s, OAc-2), 

for other signals, see Table 1; 13C NMR (CDCl3, 200 MHz) δC 170.7 (C, OAc-15), 170.4 (C, 

OAc-6), 169.8 (C, OAc-2), 169.7 (C, OAc-1), 165.8 (C, OtCin-9), 146.3 (CH, OtCin-9), 

134.3 (C, OtCin-9), 130.8 (CH, OtCin-9), 129.1 (2CH, OtCin-9), 128.5 (2CH, OtCin-9), 

117.5 (CH, OtCin-9), 21.7a (CH3, OAc-1), 21.4a (CH3, OAc-6), 21.3a (CH3, OAc-15), 20.8 

(CH3, OAc-2), for other signals, see Table 2; (+)-LRESIMS m/z 639 (100) [M+Na]+; (+)-

HRESIMS m/z 639.2413 [M+Na]+ (calcd for C32H40O12Na, 639.2412). aInterchangeable 

signals. 

 

3.3.5. Bilocularin H (8) 

White amorphous powder; [𝛼𝛼]𝐷𝐷25 +37 (c 0.01, MeOH); ECD λext (MeOH) 222 (–3.6), 279 

(+20.9) nm; UV (MeOH) λmax (log ε) 217 (5.01), 278 (5.15) nm; IR (UATR) νmax 3442, 2981, 

1717, 1636, 1369, 1241, 1162, 770 cm–1; 1H NMR (CDCl3, 800 MHz) 7.69 (1H, d, J = 16.0 

Hz, OtCin-9), 7.55 (2H, m, OtCin-9), 7.39 (3H, m, OtCin-9), 6.37 (1H, d, J = 16.0 Hz, 

OtCin-9), 2.11 (3H, s, OAc-6), 1.89 (3H, s, OAc-1), for other signals, see Table 1; 13C NMR 

(CDCl3, 200 MHz) δC 170.5 (C, OAc-6), 170.0 (C, OAc-1), 166.1 (C, OtCin-9), 145.9 (CH, 

OtCin-9), 134.4 (C, OtCin-9), 130.7 (CH, OtCin-9), 129.1 (2CH, OtCin-9), 128.4 (2CH, 

OtCin-9), 118.0 (CH, OtCin-9), 21.8 (CH3, OAc-6), 21.3 (CH3, OAc-1), for other signals, see 

Table 2; (+)-LRESIMS m/z 555 (100) [M+Na]+; (+)-HRESIMS m/z 555.2202 [M+Na]+ 

(calcd for C28H36O10Na, 555.2201). 

 

3.3.6. Bilocularin I (9) 

White amorphous powder; [𝛼𝛼]𝐷𝐷25 +31 (c 0.055, MeOH); ECD λext  (MeOH) 214 (–1.9), 231 

(+1.1), 267 (+0.9), 296 (+0.4) nm; UV (MeOH) λmax (log ε) 218 (4.28), 276 (4.25) nm; IR 

(UATR) νmax 3259, 2981, 1721, 1286, 1163, 1024, 769 cm–1; 1H NMR (CDCl3, 800 MHz) 

9.37 (1H, dd, J = 1.9, 0.7 Hz, ONic-6), 8.80 (1H, dd, J = 4.8, 1.9 Hz, ONic-6), 8.51 (1H, ddd, 

J = 7.9, 1.9, 1.9 Hz, ONic-6), 7.70 (d, J = 16.0 Hz, OtCin-9), 7.56 (2H, m, OtCin-9), 7.42 

(1H, ddd, J = 7.9, 4.8, 0.7 Hz, ONic-6), 7.40 (3H, m, OtCin-9), 6.39 (1H, d, J = 16.0 Hz, 

OtCin-9), 1.94 (3H, s, OAc-1), for other signals, see Table 1; 13C NMR (CDCl3, 200 MHz) δC 

170.2 (C, OAc-1), 166.1 (C, OtCin-9), 165.0 (C, ONic-6), 153.9 (CH, ONic-6), 151.7 (CH, 

ONic-6), 146.0 (CH, OtCin-9), 137.8 (CH, ONic-6), 134.4 (C, OtCin-9), 130.7 (CH, OtCin-
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9), 129.1 (2CH, OtCin-9), 128.5 (2CH, OtCin-9), 126.0 (C, ONic-6), 123.7 (CH, ONic-6), 

117.8 (CH, OtCin-9), 21.2 (CH3, OAc-1), for other signals, see Table 2; (+)-LRESIMS m/z 

580 (100) [M+H]+; (+)-HRESIMS m/z 580.2539 [M+H]+ (calcd for C32H38NO9, 580.2541). 

 

3.4. X-ray crystallography analysis 

Intensity data for bilocularin D (4) were collected with an Oxford Diffraction SuperNova 

CCD diffractometer using Cu-Kα radiation, the temperature during data collection was 

maintained at 130.0(1) K using an Oxford Cryosystems cooling device. The structure was 

solved by direct methods and difference Fourier Synthesis (Sheldrick, 2008). Hydrogen 

atoms bound to carbon atoms were placed at their idealized positions using appropriate HFIX 

instructions in SHELXL, and included in subsequent refinement cycles. The hydrogen atom 

attached to oxygen was located from difference Fourier maps and refined freely with 

isotropic displacement parameters. Thermal ellipsoid plots were generated using the program 

ORTEP-3 (Farrugia, 1997) integrated within the WINGX suite of programs (Farrugia, 1999). 

Crystallographic data for bilocularin D (4, CCDC No. 1575458) have been deposited to the 

Cambridge Crystallographic Data Centre. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, 

Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 

 

3.4.1 Crystal data for bilocularin D (4). C37H42O13 .CH3OH, M = 726.75, T = 130.0(2) K, λ = 

1.5418 Å, Orthorhombic, space group P212121 a = 9.2192(2), b = 13.5542(2), c = 29.2326(3) 

Å, V = 3652.87(10) Å3, Z = 4, Dc = 1.321 Mg M-3 µ = 0.843 mm-1, F(000) = 1544, crystal 

size 0.60 × 0.37 × 0.03 mm. θmax = 77.34°, 63245 reflections measured, 7697 independent 

reflections (Rint = 0.067) the final R = 0.0320 [I > 2σ(I), 7262 data] and wR(F2) = 0.0822 (all 

data), Absolute structure parameter 0.07(6), GOOF = 1.028. 

 

3.5. Leucine transport inhibition assay  

The LNCaP human prostate cancer cell line was purchased from the American Type 

Culture Collection (Manassas, VA, USA). The LNCaP cell identity was confirmed by STR 

profiling in 2014 (Cellbank, Australia). Cells were cultured in RPMI 1640 medium (Life 

Technologies, Australia) containing 10% (v/v) fetal bovine serum (FBS), penicillin-

streptomycin solution (Sigma-Aldrich, Australia) and 1 mM sodium pyruvate (Life 

Technologies, Australia). Cells were maintained at 37°C in a fully humidified atmosphere 
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containing 5% CO2. The [3H]-L-leucine uptake assay was performed as detailed previously 

(Wang, et al., 2011). Briefly, cells were cultured in 6-well plates in RPMI medium. After 

collecting and counting, cells (3×104/well) were incubated with 0.3 µCi [3H]-L-leucine (200 

nM; PerkinElmer) in leucine-free RPMI media (Invitrogen) with 10% (v/v) dialyzed FBS in 

the presence of different concentrations of compounds for 15 min at 37°C. The re-suspended 

cells were collected, transferred to filter paper using a scintillation mat harvester 

(PerkinElmer), dried, exposed to scintillation fluid and counts measured using a MicroBeta2 

scintillation counter (PerkinElmer). GraphPad Prism 6 was used to determine the IC50 of each 

compound. Each data point was determined in triplicate, and repeated in three independent 

experiments. BCH was used as the positive control (IC50 = 4060 ± 1.1 µM) (Wang, et al., 

2014). 

 

Acknowledgments 

The authors thank the Australian Research Council (ARC) for funding towards NMR and 

MS equipment (Grant Nos. LE0668477, LE140100119, and LE0237908). R.A.D. holds a 

New Concept Grant funded by It's a Bloke Thing through the Prostate Cancer Foundation of 

Australia's Research Program. This work was supported by grants from Movember through 

the Prostate Cancer Foundation of Australia (Grant No. YI0813 to Q.W.) and the Australian 

Movember Revolutionary Team Award Targeting Advanced Prostate Cancer (J.H. and 

Q.W.); Cancer Council NSW (Grant No. APP1080503 to J.H.); The University of Sydney 

(Sydney Medical School Ph.D. ECR supervisor grant, Q.W.). The authors would like to thank 

D. Sommerville from Save Our Waterways Now (SOWN) for plant collection and 

identification. W. Loa-Kum-Cheung is acknowledged for HRESIMS measurements. M.W. 

acknowledges Griffith University for the provision of the Ph.D. scholarships (GUPRS and 

GUIPRS). 

 

Appendix A. Supplementary data 

Supplementary data related to this article can be found at http://dx.doi.org/xxxxx. 

 

References 

Alvarenga, N. L., Velázquez, C. A., Gómez, R., Canela, N. J., Bazzocchi, I. L.,Ferro, E. A., 

1999. A new antibiotic nortriterpene quinone methide from Maytenus catingarum. J. 

Nat. Prod. 62, 750-751. 

http://dx.doi.org/xxxxx


16 
 

Camelio, A. M., Johnson, T. C.,Siegel, D., 2015. Total synthesis of celastrol, development of 

a platform to access celastroid natural products. J. Am. Chem. Soc. 137, 11864-11867. 

Chang, F. R., Hayashi, K., Chen, I. H., Liaw, C. C., Bastow, K. F., Nakanishi, Y., Nozaki, H., 

Cragg, G. M., Wu, Y. C.,Lee, K. H., 2003. Antitumor agents. 228. five new 

agarofurans, reissantins A-E, and cytotoxic principles from Reissantia buchananii. J. 

Nat. Prod. 66, 1416-1420. 

Farrugia, L., 1997. ORTEP-3 for Windows - a version of ORTEP-III with a graphical user 

interface (GUI). J. Appl. Crystallogr. 30, 565. 

Farrugia, L., 1999. WinGX suite for small-molecule single-crystal crystallography. J. Appl. 

Crystallogr. 32, 837-838. 

Gao, L., Zhang, R., Lan, J., Ning, R., Wu, D., Chen, D.,Zhao, W., 2016. β-

Dihydroagarofuran-type sesquiterpenes from the seeds of Celastrus monospermus and 

their lifespan-extending effects on the nematode Caenorhabditis elegans. J. Nat. Prod. 

79, 3039-3046. 

García, M. E., Motrich, R. D., Caputto, B. L., Sánchez, M., Palermo, J. A., Estévez-Braun, 

A., Ravelo, A. G.,Nicotra, V. E., 2013. Agarofuran sesquiterpenes from Schaefferia 

argentinensis. Phytochemistry 94, 260-267. 

Grkovic, T., Pouwer, R. H., Wang, Q., Guymer, G. P., Holst, J.,Quinn, R. J., 2015. LAT 

transport inhibitors from Pittosporum venulosum identified by NMR fingerprint 

analysis. J. Nat. Prod. 78, 1215-1220. 

Kimball, S. R., Shantz, L. M., Horetsky, R. L.,Jefferson, L. S., 1999. Leucine regulates 

translation of specific mRNAs in L6 myoblasts through mTOR-mediated changes in 

availability of eIF4E and phosphorylation of ribosomal protein S6. J. Biol. Chem. 274, 

11647-11652. 

Ngassapa, O., Soejarto, D. D., Pezzuto, J. M.,Farnsworth, N. R., 1994. Quinone-methide 

triterpenes and salaspermic acid from Kokoona ochracea. J. Nat. Prod. 57, 1-8. 

Ning, R., Lei, Y., Liu, S., Wang, H., Zhang, R., Wang, W., Zhu, Y., Zhang, H.,Zhao, W., 

2015. Natural β-dihydroagarofuran-type sesquiterpenoids as cognition-enhancing and 

neuroprotective agents from medicinal plants of the genus Celastrus. J. Nat. Prod. 78, 

2175-2186. 

Núñez, M. J., Jiménez, I. A., Mendoza, C. R., Chavez-Sifontes, M., Martinez, M. L., Ichiishi, 

E., Tokuda, R., Tokuda, H.,Bazzocchi, I. L., 2016. Dihydro-β-agarofuran 

sesquiterpenes from celastraceae species as anti-tumour-promoting agents: Structure-

activity relationship. Eur. J. Med. Chem. 111, 95-102. 



17 
 

Sheldrick, G., 2008. A short history of SHELX. Acta Crystallogr. A64, 112-122. 

Tu, Y. Q., 1990. Sesquiterpene polyol esters from Euonymus bungeanus. J. Nat.Prod. 53, 

915-919. 

Wang, C., Li, C.-J., Yang, J.-Z., Ma, J., Chen, X.-G., Hou, Q.,Zhang, D.-M., 2013a. Anti-

inflammatory sesquiterpene derivatives from the leaves of Tripterygium wilfordii. J. 

Nat. Prod. 76, 85-90. 

Wang, Q., Bailey, C. G., Ng, C., Tiffen, J., Thoeng, A., Minhas, V., Lehman, M. L., Hendy, 

S. C., Buchanan, G., Nelson, C. C., Rasko, J. E. J.,Holst, J., 2011. Androgen receptor 

and nutrient signaling pathways coordinate the demand for increased amino acid 

transport during prostate cancer progression. Cancer Res. 71, 7525-7536. 

Wang, Q., Grkovic, T., Font, J., Bonham, S., Pouwer, R. H., Bailey, C. G., Moran, A. M., 

Ryan, R. M., Rasko, J. E. J., Jormakka, M., Quinn, R. J.,Holst, J., 2014. Monoterpene 

glycoside ESK246 from Pittosporum targets LAT3 amino acid transport and prostate 

cancer cell growth. ACS Chem. Biol. 9, 1369-1376. 

Wang, Q.,Holst, J., 2015. L-type amino acid transport and cancer: targeting the mTORC1 

pathway to inhibit neoplasia. Am. J. Cancer Res. 5, 1281-1294. 

Wang, Q., Tiffen, J., Bailey, C. G., Lehman, M. L., Ritchie, W., Fazli, L., Metierre, C., Feng, 

Y., Li, E., Gleave, M., Buchanan, G., Nelson, C. C., Rasko, J. E. J.,Holst, J., 2013b. 

Targeting amino acid transport in metastatic castration-resistant prostate cancer: Effects 

on cell cycle, cell growth, and tumor development. J. Natl. Cancer Inst. 105, 1463-

1473. 

Weeratunga, S., Hu, N.-J., Simon, A.,Hofmann, A., 2012. SDAR: a practical tool for 

graphical analysis of two-dimensional data. BMC Bioinformatics 13, 201. 

Wibowo, M., Levrier, C., Sadowski, M. C., Nelson, C. C., Wang, Q., Holst, J., Healy, P. C., 

Hofmann, A.,Davis, R. A., 2016a. Bioactive dihydro-β-agarofuran sesquiterpenoids 

from the Australian rainforest plant Maytenus bilocularis. J. Nat.Prod. 79, 1445-1453. 

Wibowo, M., Wang, Q., Holst, J., White, J. M., Hofmann, A.,Davis, R. A., 2017. 

Celastrofurans A–G: dihydro-β-agarofurans from the Australian rainforest vine 

Celastrus subspicata and their inhibitory effect on leucine transport in prostate cancer 

cells. J. Nat. Prod. 80, 1918-1925. 

Wibowo, M., Wang, Q., Holst, J., White, J. M., Hofmann, A.,Davis, R. A., 2016b. Dihydro-

β-agarofurans from the Australian endemic rainforest plant Denhamia pittosporoides 

inhibit leucine transport in prostate cancer cells. Asian J. Org. Chem. 5, 1461-1466. 



18 
 

Figure legends 

Figure 1. Structures of bilocularins A–I (1–9), 1α,2α,6β,15-tetraacetoxy-9β-

benzoyloxydihydro-β-agarofuran (10), pristimerin (11), and celastrol (12). 

Figure 2. Diagnostic 2D NMR correlations for bilocularin D (4). 

Figure 3. ORTEP of bilocularin D (4), hydrogen atoms are omitted for clarity. 

Figure 4. Diagnostic 2D NMR correlations for bilocularin G (7). 

Figure 5. Diagnostic 2D NMR correlations for bilocularin I (9). 

Figure 6. [3H]-L-Leucine dose response in the presence of 4, 5, 6 (A), 7, 10 (B), 11 and 12 

(C) in LNCaP cells (n≥3, mean±S.E.M). The IC50 values of 4, 7, 10, and 12 were 3.1, 2.5, 

27.9, and 5.7 µM, respectively. 

 

Table legends 

Table 1. 1H NMR (800 MHz) spectroscopic data of bilocularins D–I (4–9) in CDCl3.a 

Table 2. 13C NMR (200 MHz) spectroscopic data of bilocularins D–I (4–9) in CDCl3.a 

 


