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ABSTRACT: Four new dihydro-β-agarofurans, denhaminols K–N (4–7), along with three 

known secondary metabolites, denhaminols A–C (1–3) were obtained from the large-scale 

isolation studies of the leaves of the Australian endemic rainforest plant, Denhamia 

celastroides. The structures of the previously undescribed compounds were determined by 

detailed 1D and 2D NMR, MS, UV and IR data analysis. All compounds were found to 

inhibit the activity of leucine transport in the human prostate cancer cell line LNCaP with 

IC50 values ranging from 5.1–74.9 μM. Dihydro-β-agarofurans 1–7 showed better potency 

than the L-type amino acid transporter (LAT) family inhibitor, 2-aminobicyclo[2.2.1]-

heptane-2-carboxylic acid (BCH).  
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1. INTRODUCTION 

L-type amino acid transporters (LATs) are a family of Na+-independent transporters 

that supply cells with neutral amino acids that are required for protein synthesis and 

signalling pathways.[1] One such cellular pathway that requires input from LATs to function 

is the mammalian target of rapamycin complex 1 (mTORC1). This pathway is regulated by 

energy, growth factors and amino acids especially the essential amino acid, leucine.[1, 2] LATs 

1–4 are responsible for the majority of cellular leucine uptake and show increased expression 

in the majority of cancers due to their critical role in cell growth and proliferation through 

mTORC1 signalling. As LATs are essential for stimulating and maintaining cell growth in 

cancers, research into LAT inhibitors that suppress the mTORC1 pathway, could lead to 

novel therapeutic drug targets.[2, 3] 

Natural products have played, and continue to play, a vital role in drug discovery so 

their investigation is of upmost importance and relevance.[4] The chemistry of Australian 

biota has not extensively been investigated so the examination of plants endemic to Australia 

has great potential to lead to new and unique compounds. Previously, we have conducted 

phytochemical studies on the Australian plants, Denhamia celastroides and Denhamia 
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pittosporoides, which have led to the isolation of 10 new dihydro-β-agarofurans, that were 

given the trivial names, denhaminols A-J.[5, 6] Dihydro-β-agarofurans have been reported to 

exhibit various biological effects, such as antitumour-promoting,[7] insecticidal,[8] 

neuroprotective,[9] and multidrug-resistance reversal[10] activities. Moreover, our group has 

identified several dihydro-β-agarofurans from other Australian Celastraceae plants that 

display potent in vitro inhibition of LATs in prostate cancer cells.[6, 11-13] However, the 

previously isolated natural products from D. celastroides had not been tested for their leucine 

transport inhibition due to the limited quantities of the metabolites initially isolated.[5] 

Motivated by our previous discovery of dihydro-β-agarofurans that exhibited LATs 

inhibition, and to resupply the previously identified natural products, we conducted a large-

scale phytochemical investigation on the leaves of D. celastroides, which were the source of 

denhaminols A–H.[5] Herein, we report the isolation and structure elucidation of four new 

dihydro-β-agarofurans (4–7) as well as their leucine transport inhibitory effects on the human 

prostate cancer cell line, LNCaP. 

 

2. RESULTS AND DISCUSSION 

The CH2Cl2 extract of the air-dried and ground leaves of D. celastroides was 

subjected to various chromatographic techniques to yield the known natural products 

denhaminols A–C (1-3) and four new dihydro-β-agarofurans, denhaminols K–N (4–7) 

(Figure 1).  

Denhaminol K (4) was isolated as a white amorphous powder with a molecular 

formula of C35H44O12 as suggested by the (+)-HRESIMS data (m/z 679.2717 [M+Na]+, calcd 
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679.2725). The 1H NMR spectrum (Table 1 and Experimental section) of 4 showed signals 

for five methyl singlets (δH 1.33, 1.60, 1.82, 2.12 and 2.25), five sets of methylene protons 

(δH 1.41/1.92, 1.72/1.92, 2.15/2.51, 4.45/4.64, and 4.49/4.71), eleven methine protons (δH 

2.34, 5.36, 6.12, 6.41, 6.08, 7.38 (3H), 7.56 (2H), and 7.68), and two deshielded methyl 

groups (δH 1.77 and 1.78). The 13C NMR spectrum (Table 2 and Experimental section) and 

edited HSQC spectra of 4 revealed the presence of 35 carbons corresponding to seven 

methyl, five methylene, 12 methine and 11 non-protonated carbons. The 13C NMR 

resonances at δC 169.9, 170.4 and 170.7 suggested the presence of three ester functionalities 

in 4, which was further supported by the IR data that showed an absorption at 1737 cm-1. 

These data indicated that compound 4 belonged to the dihydro-β-agarofuran structure class of 

compounds, which was further confirmed following COSY and HMBC data analysis.[5, 11] 

The COSY spectrum of 4 established the fragments H-1/H2-2/H2-3 and H-7/H2-8/H-9 

(Figure 2). Analysis of the HMBC spectrum revealed the presence of a trans-cinnamoyl, a 

tigloyl and three acetyl, moieties in 4. The three acetyls were positioned at C-1, C-6 and C-15 

by the HMBC correlations from H-1 (δH 5.38), H-6 (δH 6.12) and H2-15 (δH 4.45, 4.64) to δC 

169.9, 170.4 and 170.7, respectively. The presence of a trans-cinnamoyl moiety was 

supported by the characteristic 1H resonances at δH 7.68 (1H, d, J = 15.9 Hz), 7.56 (2H, m), 

7.38 (3H, m), 6.41 (1H, d, J = 15.9 Hz) (Levrier, 2015). HMBC correlations from both H-9 

(δH 5.30) and an olefinic proton at δH 7.68 to an ester carbonyl carbon at δC 165.8 located the 

trans-cinnamoyl group at C-9. The 1H signals at δH 1.78 (3H, s), 1.77 (3H, m) and 6.80 (1H, 

m) were typical of a tigloyl moiety.[5] The HMBC spectrum of 4 exhibited correlations from 

H2-12 (δH 4.71 and 4.49) to the tiglic carbonyl carbon at δC 167.5, which located the tiglic 
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functionality at C-12. On the basis of these data, the 2D structure of 4 was established. The 

relative configuration of 4 was determined based on the analysis of ROESY data (Figure 2) 

and 1H-1H coupling constants. A large coupling constant between H-1 and H-2 (J1,2 = 12.4 

Hz) determined the β-orientation of H-1.[13] ROESY correlations between H-9 and H2-15, H3-

14 and H2-15 and between H3-14 and H-6 determined the α orientation of H-6, H-9, CH3-14 

and CH2-15. Thus the structure of 4 was established as 1α,6β,15-triacetoxy-9β-

cinnamoyloxy-4β-hydroxy-12-tigloxydihydro-β-agarofuran. 

Denhaminol L (5) was purified as a white amorphous powder and assigned the 

molecular formula C35H44O13 following analysis of the (+)-HRESIMS data (m/z 695.2664 

[M+Na]+, calcd 695.2674). Analysis of the NMR and MS data of 5 and comparison with 4 

showed that both compounds shared the same dihydro-β-agarofuran scaffold. However, 

detailed analysis of the HSQC and HMBC spectra revealed that the acetyl group at C-1 in 4 

was replaced by a hydroxyacetyl moiety in 5. This was confirmed by the HMBC correlations 

from the deshielded methylene protons (δH 3.96 and 3.94) and H-1 (δH 5.46) to an ester 

carbonyl carbon at δC 172.2. The ROESY spectrum of 5 exhibited correlations between H-6 

and H3-14, H2-15 and H3-14 and between H-9 and H2-15 revealing that the relative 

configuration of 5 is the same as that of 4. Therefore, the structure of 5 was elucidated as 

6β,15-triacetoxy-9β-cinnamoyloxy-1α-hydroxyacetoxy-4β-hydroxy-12-tigloxydihydro-β-

agarofuran. 

Denhaminol M (6) was purified as a white amorphous powder and was assigned the 

molecular formula C30H38O11 based on the (+)-HRESIMS data (m/z 597.2295 [M+Na]+, calcd 

597.2306). The 1H and 13C NMR spectra of 6 were similar to those of 4, however several 
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minor differences were identified. For instance, the H2-12 resonances were more shielded in 

denhaminol M (δH 3.85 and 4.07 in 6 vs. δH 4.48 and 4.70 in 4). In addition, the characteristic 

1H signals of the tigloyl moiety in 4 were absent in 6. These observations indicated that in 

compound 6, C-12 was attached to a hydroxy group, rather than an ester functionality. The 

relative configuration of 6 was deemed to be identical to that of 4 following analysis of the 

ROESY data. Thus the structure of 6 was elucidated as 1α,6β,15-triacetoxy-9β-

cinnamoyloxy-4β,12-dihydroxydihydro-β-agarofuran. 

The minor metabolite, denhaminol N (7) was isolated as a white amorphous powder 

and was assigned the molecular formula C30H38O11 following the analysis of the (+)-

HRESIMS data (m/z 597.2289 [M+Na]+, calcd 597.2306). The 1H and 13C NMR spectra of 7 

were similar to those of compound 4 indicating that compound 7 had the same dihydro-β-

agarofuran skeleton. Analysis of the NMR data of 7 revealed that the acetyl moiety at C-1 in 

4 was replaced by an acetateacetyl group in 7. This was assigned following the analysis of the 

HMBC correlations (Figure 3) from the methylene protons at δH 4.45 and 4.32 to two ester 

carbonyl carbon signals at δC 170.2 and 167.1, as well as HMBC correlations from the methyl 

proton at δH 1.92 to the carbonyl carbon at δC 170.2. Furthermore, upon spectroscopic data 

comparison of 7 and 4 it was deduced that the acetyl group positioned at C-6 in 4 was 

replaced by a hydroxyl group in 7; no HMBC correlations of H-6 in 7 to a carbonyl carbon 

signal were observed and the chemical shift of H-6 (δH 4.43) in 7 has now moved to higher 

frequency compared to H-6 (δH 6.12) in 4.[6] It was discovered that an acetyl group was 

attached at C-8 in denhaminol N due to HMBC correlations from H-8 (δH 5.36) to δC 169.6 

and correlation from the methyl proton at δH 1.96 to δC 169.6. A gem-dimethyl group was 
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positioned at the non-protonated carbon C-11 based on HMBC correlations from H3-12 and 

H3-13 to C-11. Furthermore, HMBC correlation from H3-15 to C-1, C-9, and C-10 located the 

CH3-15 at C-10. Analysis of the ROESY data determined that the relative configuration of 7 

was similar to that of 4, however several small differences were observed. ROESY 

correlations between H3-14 and H3-15, H-6 and H3-14 and between H-9 and H3-15 confirmed 

the α orientation of H-6, H3-14 and H3-15 was retained. However, additional correlations 

between H-6 and H-8 determined the β-orientation of the acetyl group at C-8. Therefore, the 

structure of 7 was elucidated as 1α-acetateacetoxy-8β-acetoxy-9β-cinnamoyloxy-4β,6β-

dihydroxydihydro-β-agarofuran.  

The known compounds were characterized as denhaminols A-C (1-3) by comparison 

of their spectroscopic data with the literature.[5] In this report, we have also included 

electronic circular dichroism (ECD) data of compounds 1-3 which were not reported in the 

original papers. It is worth mentioning that the absolute configurations of the new compounds 

could not be definitively assigned even though denhaminol A (1) has its absolute 

configuration established by X-ray crystallography analysis[5] since extra chiral centres in the 

new compounds prevented ECD data comparison.  

Due to previous studies that had identified several dihydro-β-agarofurans showing 

leucine uptake inhibition, compounds 1–7 were analysed for their effects on leucine transport 

in the human prostate cancer cell line, LNCaP. All compounds were found to inhibit leucine 

uptake in the LNCaP cells with IC50 values ranging from 5.1 to 74.9 μM (Table 3 and Figure 

4A and 4B). All of these compounds show IC50 values that are lower than the currently used 

LAT family inhibitor, 2-aminobicyclo[2.2.1]-heptane-2-carboxylic acid (BCH), which has an 
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IC50 value of 4060 μM.[14] None of the previously reported denhaminols A–H had ever been 

tested for their ability to inhibit leucine transport in LNCaP cells. Therefore, performing 

biological evaluation on these compounds enabled some preliminary SAR studies. When 

comparing IC50 values for denhaminols A–C (1–3) it was identified that compounds without 

a hydroxy at C-8 were more active. This indicated that an ester group is preferable for leucine 

transport inhibition over a hydroxy group at both C-6 and C-8. Comparison of the leucine 

uptake inhibition data of compounds 1–7 also revealed that substitution with a tigloyl group 

at C-12 (as in 4) had essentially no effect on activity however when substituted with a 

hydroxy in 6 the activity increased by 1.4-fold compared to 1. Furthermore, having a 

hydroxyacetoxy at C-1 (5 vs. 4) lowered activity by almost 10-fold, while when C-1 was 

substituted with an acetateacetyl group (7 vs. 4) the activity was reduced significantly. 

Compounds 1, 4, and 6 were found to be the most active compounds in this series of natural 

products with IC50 values of 7.1, 7.2, and 5.1 μM, respectively. 

To evaluate the impact of ester functionalities for these particular dihydro-β-

agarofurans on leucine uptake activity, we hydrolysed the major natural product, denhaminol 

A (1) using 5% (mass/volume) KOH in MeOH to generate compound 8. The hydrolysed 

product compound 8 was then tested for its inhibitory effect on leucine transport in the 

LNCaP cell line. Unlike the parent compound 1, compound 8 showed no biological effect 

(Figure 4B). This result clearly indicated that the ester groups in denhaminol A (1) play an 

important role in the leucine transport inhibitory activity.  

In summary, four new [denhaminols K–N (4–7)] and three known [denhaminols A–C 

(1–3)] dihydro-β-agarofurans were purified from large-scale extraction and isolation studies 
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of the leaves of Denhamia celastroides. All compounds were found to inhibit the activity of 

leucine transport in LNCaP cells with IC50 values ranging from 5.1–74.9 μM. Denhaminol K 

(4) is one of the most active LAT inhibitors identified to date; only bilocularins D and G 

(other agarofuran natural products), are known to be more active with IC50 values of 3.1 and 

2.5 µM, respectively.[12] These results have recently initiated mechanism of action studies to 

discover how these sesquiterpenoids specifically inhibit leucine uptake.  

 

3. EXPERIMENTAL  

3.1 General experimental procedures 

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

recorded using an Ocean Optics USB-ISS UV/vis spectrophotometer. ECD spectra were 

obtained on a JASCO J-715 spectropolarimeter and processed using the software SDAR.[15] 

IR data were acquired using an attached Universal Attenuated Total Reflectance (UATR) 

Two module on a PerkinElmer spectrophotometer. LRESIMS data were recorded on a 

Thermo Fisher MSQ Plus single quadrupole mass spectrometer. HRESIMS data were 

acquired on a 12 T SolariX XR FT-ICR-MS. All NMR data were recorded on a Bruker 

AVANCE III HD 800 MHz spectrometer at 25 oC. The 1H and 13C NMR chemical shifts 

were referenced to the solvent peaks for CDCl3 at δH 7.26 and δC 77.16 or for CD3OD at δH 

3.31 and δC 49.0, respectively. For 1H NMR experiments, 32 transients were acquired with a 

1 s relaxation delay using 66000 data points. The 90o pulse duration was 8.75 μs, and the 

spectral width was 16000 Hz. The 13C NMR spectra were obtained with a spectral width of 

47000 Hz using 66000 data points, the 90o pulse duration was 12 μs. For the 2D experiments, 
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including COSY, HSQC, HMBC, and ROESY, all data were acquired with 2048 × 128 (t2 × 

t1), 1024 × 256 (t2 × t1), 2048 × 256 (t2 × t1), and 2048 × 256 (t2 × t1) data points, 

respectively. The HSQC spectra were recorded with 1JCH= 145 Hz. The ROESY mixing time 

was 200 msec. The HMBC experiments used a long-range coupling constant of 10 Hz and 

256 increments. Silica gel flash chromatography was performed using Merck Si gel 60 Å 

(40–63 μm) packed into a 17 × 2.5 cm glass column. Merck Si gel 60 F254 pre–coated 

aluminium plates were used for Thin Layer Chromatography (TLC) and Preparative Thin 

Layer Chromatography (PTLC) and both were analysed under UV light at 254 nm. HPLC 

separations were performed by pre–adsorbing material to Activon phenyl-bonded or Alltech 

C18-bonded Si gel (35–75 μm, 150 Å) and then packed into an Alltech stainless steel guard 

cartridge (10 × 30 mm). The HPLC separations were performed using a Waters 600 pump 

fitted with a Waters 996 photodiode array detector and a Gilson 717-plus auto sampler. 

Phenomenex Luna 5 μm 90–110 Å phenyl-hexyl (250 × 10 mm) and ThermoElectron Betasil 

5 μm 100 Å C18 (150 × 21.2 mm) columns were used for semi-preparative HPLC separations. 

The air-dried plant material was ground using a Fritsch Universal Cutting Mill Pulverisette 

19. The ground plant material was solvent extracted using an Edwards Instrument Company 

Bio-line orbital shaker. All chemical reagents used throughout the experiments were 

purchased from Sigma-Aldrich and all solvents used for chromatography were HPLC 

(Honeywell Burdick & Jackson) grade. H2O was filtered using a Sartorius Arium Pro VF 

ultrapure water system. All compounds were analysed to determine purity by 1H NMR 

spectroscopy and showed that all compounds were >90% pure unless specified otherwise. All 

NMR spectra were processed using MestReNova version 11.0. 
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3.2 Plant material 

Leaves of Denhamia celastroides were collected from Walton Bridge Reserve, The Gap, 

Australia in December 2016. Taxonomic identification was performed by R. Whyte from 

Save Our Waterways Now (SOWN). The plant material was air-dried and ground prior to 

extraction. A voucher specimen (RAD059) has been deposited at the Griffith Institute for 

Drug Discovery, Griffith University, Brisbane, Australia. 

 

3.3 Extraction and isolation 

The air-dried and ground leaves of Denhamia celastroides (100 g) were extracted with 

CH2Cl2 (500 mL) at room temperature a total of 3 times; after 1 h, 24 h and 48 h. The extracts 

were all combined and the solvent was removed under reduced pressure to afford 4.0 g of a 

dark green gum. A glass column (18 × 4.5 cm) was packed with silica and prepared using 

100% CH2Cl2 and left to settle overnight while the CH2Cl2 (4.0 g) extract was pre-adsorbed 

to silica gel (3.5 g) overnight. The extract was subjected to a Si gel flash column 

chromatography using a stepwise gradient solvent system of MeOH/CH2Cl2 (100% CH2Cl2 – 

10% MeOH/90% CH2Cl2) to give 82 fractions (~20 mL each). Upon analysing the fractions 

using TLC similar fractions were combined to give 5 fractions (A1–A5). Fraction A3 (1.6 g) 

was pre-adsorbed to silica (2.5 g) overnight then subjected to a Si gel flash column 

chromatography (15 × 3.5 cm) using a stepwise gradient solvent system of n-hexane/EtOAc 

(100% n-hexane to 100% EtOAc) to give 31 fractions (~20 mL each). Again, these fractions 

were all analysed by TLC and similar fractions were combined to give 10 fractions (F1–F10). 
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These 10 fractions were analysed by LCMS to determine purity and where the major and 

known metabolites from D. celastroides were located. Fraction F7 (118 mg) was found to 

contain semi-pure denhaminol A. Fraction F8 (403 mg divided into six parts) was pre-

adsorbed to C18 bonded Si gel (~1.5 g), packed into a guard cartridge, and attached to a semi-

preparative Betasil C18 HPLC column. A linear gradient from 50% MeOH/H2O to 100% 

MeOH at a flow rate of 9 mL/min over 60 min was employed to furnish the new compounds, 

denhaminol K (4, 44.1 mg, tR 36–38 min, 0.0441% dry wt) and denhaminol N (7,  2.7 mg, tR 

28–31 min, 0.0027% dry wt). In addition to these two new compounds, F8 also provided two 

known compounds, denhaminol A (1, 212 mg, tR 33–34 min, 0.212% dry wt) and denhaminol 

C (3, 28 mg, tR 30-32 min, 0.028% dry wt). Fraction F9 (70 mg) was pre-adsorbed to C18 

bonded Si gel (~ 1.5 g), packed into a guard cartridge, and attached to a semi-preparative 

Betasil C18 HPLC column. A linear gradient from 50% MeOH/H2O to 100% MeOH at a flow 

rate of 9 mL/min over 60 min was employed to furnish the known compound, denhaminol B 

(2, 4.5 mg, tR 27 min, 0.0045% dry wt). Fraction F10 (210 mg divided into four equal 

portions) was pre-adsorbed to C18 bonded Si gel (~ 1.5 g), packed into a guard cartridge, and 

attached to a semi-preparative Betasil C18 HPLC column. A linear gradient from 50% 

MeOH/H2O to 100% MeOH at a flow rate of 9 mL/min over 60 min was employed to furnish 

the new agarofurans denhaminol M (6, 4.2 mg, tR 25 min, 0.0042% dry wt) and denhaminol L 

(5, 7.2 mg, tR 34 min, 0.0072% dry wt). 

 

3.4 Denhaminol K (4) 
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White amorphous powder; [α]D
24–20 (c 0.445, MeOH); UV (MeOH) λmax (log ε) 279 

(4.34), 226 (4.13) nm; IR (UATR) vmax 3539, 2979, 1737, 1708, 1636 1232, 768 cm–1; ECD 

λext (MeOH) 214 (Δε –0.65), 270 (Δε –1.20) nm;1H NMR (CDCl3, 800 MHz) see Table 1 and 

δH 7.68 (1H, d, J = 15.9 Hz, trans-OCin-9), 7.56 (2H, m, trans-OCin-9), 7.38 (3H, m, trans-

OCin-9), 6.80 (1H, m, OTig-12), 6.41 (1H, d, J = 15.9 Hz, trans-OCin-9), 2.25 (3H, s, OAc-

15), 2.12 (3H, s, OAc-6), 1.82 (3H, s, OAc-1), 1.78 (3H, s, OTig-12), 1.77 (3H, m, OTig-12); 

13C NMR (CDCl3, 200 MHz) see Table 2 and δC 170.7 (C, OAc-15), 170.4 (C, OAc-6), 

169.9 (C, OAc-1), 167.5 (C, OTig-12), 165.8 (C, trans-OCin-9), 146.3 (CH, trans-OCin-9), 

137.8 (CH, OTig-12), 134.4 (C, trans-OCin-9), 130.6 (CH, trans-OCin-9), 129.0 (2CH, 

trans-OCin-9), 128.6 (2CH, trans-OCin-9), 128.5 (C, OTig-12), 117.6 (CH, trans-OCin-9), 

21.7 (CH3, OAc-6), 21.3 (CH3, OAc-15), 21.2 (CH3, OAc-1), 14.5 (CH3, OTig-12), 12.2 

(CH3, OTig-12); (+)-LRESIMS m/z 657 [M+H]+, 679 [M+Na]+; (+)-HRESIMS m/z 679.2717 

[M+Na]+ (calcd for C35H44O12Na, 679.2725). 

 

 

3.5 Denhaminol L (5) 

White amorphous powder; [α]D
24–11 (c 0.175, MeOH); UV (MeOH) λmax (log ε) 277 

(4.34), 226 (4.19) nm; IR (UATR) vmax 3480, 2980, 1735, 1706, 1635, 1156, 769 cm–1; ECD 

λext (MeOH) 218 (Δε –1.29), 273 (Δε –5.13) nm; 1H NMR (CDCl3, 800 MHz) see Table 1 and 

δH 7.68 (1H, d, J = 16.0 Hz, trans-OCin-9), 7.56 (2H, m, trans-OCin-9), 7.38 (3H, m, trans-

OCin-9), 6.80 (1H, m, OTig-12), 6.40 (1H, d, J = 16.0 Hz, trans-OCin-9), 3.96 (1H, d, J = 

17.1 Hz, OHAcO-1), 3.92 (1H, d, J = 17.1 Hz, OHAcO-1), 2.25 (3H, s, OAc-15), 2.13 (3H, s, 
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OAc-6), 1.79 (3H, s, OTig-12), 1.78 (3H, m, OTig-12); 13C NMR (CDCl3, 200 MHz) see 

Table 2 and δC 172.4 (C, OHAcO-1), 170.6 (C, OAc-15), 170.4 (C, OAc-6), 167.5 (C, OTig-

12), 165.9 (C, trans-OCin-9), 146.8 (CH, trans-OCin-9), 137.9 (CH, OTig-12), 134.3 (C, 

trans-OCin-9), 130.8 (CH, trans-OCin-9), 129.0 (2CH, trans-OCin-9), 128.7 (2CH, trans-

OCin-9), 128.5 (C, OTig-12), 117.3 (CH, trans-OCin-9), 61.0 (CH2, OHAcO-1), 21.7 (CH3, 

OAc-6), 21.3 (CH3, OAc-15), 14.6 (CH3, OTig-12), 12.2 (CH3, OTig-12); (+)-LRESIMS m/z 

673 [M+H]+, 695[M+Na]+; (+)-HRESIMS m/z 695.2664 [M+Na]+ (calcd for C35H44O13Na, 

695.2674). 

 

3.6 Denhaminol M (6) 

White amorphous powder; [α]D
24+21 (c 0.085, MeOH); UV (MeOH) λmax (log ε) 281 

(4.12), 225 (3.73) nm; IR (UATR) vmax 3451, 2978, 1735, 1634, 1232, 768 cm–1; ECD λext 

(MeOH) 224 (Δε –0.11), 272 (Δε –0.48) nm; 1H NMR (CDCl3, 800 MHz) see Table 1 and δH 

7.72 (1H, d, J = 16.0 Hz, trans-OCin-9), 7.56 (2H, m, trans-OCin-9), 7.40 (3H, m, trans-

OCin-9), 6.38 (1H, d, J = 16.0 Hz, trans-OCin-9), 2.26 (3H, s, OAc-15), 2.12 (3H, s, OAc-6), 

1.82 (3H, s, OAc-1); 13C NMR (CDCl3, 200 MHz) see Table 2 and δC 170.7 (C, OAc-15), 

170.4 (C, OAc-6), 170.0 (C, OAc-1), 165.7 (C, trans-OCin-9), 146.5 (CH, trans-OCin-9), 

134.2 (C, trans-OCin-9), 130.9 (CH, trans-OCin-9), 129.1 (2CH, trans-OCin-9), 128.6 (2CH, 

trans-OCin-9), 117.3 (CH, trans-OCin-9), 21.7 (CH3, OAc-6), 21.3 (CH3, OAc-15), 21.2 

(CH3, OAc-1); (+)-LRESIMS m/z 575 [M+H]+, 597 [M+Na]+; (+)-HRESIMS m/z 597.2295 

[M+Na]+ (calcd for C30H38O11Na, 597.2306). 
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3.7 Denhaminol N (7) 

 White amorphous powder; [α]D
24–15 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 281, 

(4.05), 224 (3.66) nm; IR (UATR) vmax 3408, 2955, 1743, 1635, 1036, 768 cm–1; ECD λext 

(MeOH) 274 (Δε -0.93) nm; 1H NMR (CDCl3, 800 MHz) see Table 1 and δH 7.71 (1H, d, J = 

16.0 Hz, trans-OCin-9), 7.56 (2H, m, trans-OCin-9), 7.40 (3H, m, trans-OCin-9), 6.39 (1H, 

d, J = 16.0 Hz, trans-OCin-9), 4.45 (1H, d, J = 15.9 Hz, OAcOAc-1), 4.32 (1H, d, J = 15.9 

Hz, OAcOAc-1), 1.96 (3H, s, OAc-8), 1.92 (3H, s, OAcOAc-1) ; 13C NMR (CDCl3, 200 

MHz) see Table 2 and δC 170.2 (C, OAcOAc-1), 169.6 (C, OAc-8), 167.2 (C, OAcOAc-1), 

166.1 (C, trans-OCin-9), 146.4 (CH, trans-OCin-9), 134.5 (C, trans-OCin-9), 130.7 (CH, 

trans-OCin-9), 129.0 (2CH, trans-OCin-9), 128.5 (2CH, trans-OCin-9), 117.4 (CH, trans-

OCin-9), 60.8 (CH2, OAcOAc-1), 21.0 (CH3, OAc-8), 20.4 (CH3, OAcOAc-1); (+)-

LRESIMS m/z 575 [M+H]+, 597 [M+Na]+; (+)-HRESIMS m/z 597.2289 [M+Na]+ (calcd for 

C30H38O11Na, 597.2306). 

 

3.8 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 

containing 5% CO2. The [3H]-L-leucine uptake assay was performed as detailed previously.[2] 
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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. 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. 

 

3.9 Base hydrolysis of denhaminol A (1) 

A solution of denhaminol A (1, 4.9 mg, 0.0088 mol) in 125 μL of 5% KOH/MeOH was 

stirred at room temperature for 1 h.[16] The reaction mixture was then pre-adsorbed to phenyl 

bonded Si gel (1.0 g) and subjected to HPLC using a semi-preparative phenyl-hexyl column 

at a flow rate of 4 mL/min and isocratic conditions of 10% MeOH–90% H2O for 10 min, 

followed by a linear gradient to 100% MeOH over 40 min, then 100% MeOH for 10 min. 

Sixty fractions (60 × 1 min) were collected from the start of the HPLC run. All 60 fractions 

were analysed via LRESIMS. Fractions containing the desired hydrolysis product molecular 

ion/s were combined and dried to yield compound 8 (1.8 mg, 67%). 

 

3.10  Compound 8 

Stable colourless gum; [α]D
24+16 (c 0.05, MeOH); IR (UATR) vmax 3395, 2923, 1712, 

1142 cm–1; 1H NMR (CD3OD, 800 MHz) δH 4.67 (1H, br s, H-6), 4.40 (1H, dd, J = 12.4, 4.4 
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Hz, H-1), 4.18 (1H, d, J = 7.1 Hz, H-9), 4.15 (1H, d, J = 11.6 Hz, H-15a), 3.75 (1H, d, J = 

11.6 Hz, H-15b), 2.19 (1H, ddd, J = 15.4, 3.3, 1.2 Hz, H-8β), 2.16 (1H, ddd, J = 15.4, 7.1, 3.7 

Hz, H-8α), 2.03 (1H, br t, J = 3.7 Hz, H-7), 1.88 (1H, ddd, J = 13.6, 13.6, 3.9, H-3β), 1.72 

(1H, m, H-2β), 1.67 (1H, m, H-2α), 1.65 (3H, s, H-13), 1.58 (1H, ddd, J = 13.6, 3.9, 3.9, H-

3α), 1.54 (3H, s, H-14), 1.48 (3H, s, H-12); 13C NMR (CD3OD, 200 MHz) δC 92.4 (C, C-5), 

84.4 (C, C-11), 80.2 (CH, C-6), 74.2 (C, C-4), 71.9 (CH, C-1), 69.3 (CH, C-9), 64.3 (CH2, C-

15), 55.8 (C, C-10), 52.0 (CH, C-7), 37.6 (CH2, C-3), 35.7 (CH2, C-8), 30.2 (CH3, C-12), 

28.1 (CH2, C-2), 27.4 (CH3, C-13), 25.7 (CH3, C-14); (+)-LRESIMS m/z 303 [M+H]+, 325 

[M+Na]+; (+)-HRESIMS m/z 325.1600 [M+Na]+ (calcd for C15H26O6Na, 325.1622). 
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NMR spectra of denhaminols K-N (4-7) and compound 8, ECD spectra of compounds 1–7. 

Supporting information related to this article can be found online in the supporting 

information tab for this article.  

REFERENCES 

[1] Q. Wang; J. Holst, Am. J. Cancer Res. 2015, 5, 1281. 
[2] Q. Wang; C. G. Bailey; C. Ng; J. Tiffen; A. Thoeng; V. Minhas; M. L. Lehman; S. C. 

Hendy; G. Buchanan; C. C. Nelson; J. E. Rasko; J. Holst, Cancer Res. 2011, 71, 7525. 
[3] Q. Wang; J. Tiffen; C. G. Bailey; M. L. Lehman; W. Ritchie; L. Fazli; C. Metierre; Y. 

J. Feng; E. Li; M. Gleave; G. Buchanan; C. C. Nelson; J. E. Rasko; J. Holst, J. Natl. 
Cancer Inst. 2013, 105, 1463. 

[4] A. L. Harvey, Drug Discov. Today 2008, 13, 894. 
[5] C. Levrier; M. C. Sadowski; C. C. Nelson; P. C. Healy; R. A. Davis, J. Nat. Prod. 

2015, 78, 111. 
[6] M. Wibowo; Q. Wang; J. Holst; J. M. White; A. Hofmann; R. A. Davis, Asian J. Org. 

Chem. 2016, 5, 1461. 
[7] M. J. Nunez; I. A. Jimenez; C. R. Mendoza; M. Chavez-Sifontes; M. L. Martinez; E. 

Ichiishi; R. Tokuda; H. Tokuda; I. L. Bazzocchi, Eur. J. Med. Chem. 2016, 111, 95. 
[8] M. J. Nunez; A. Guadano; I. A. Jimenez; A. G. Ravelo; A. Gonzalez-Coloma; I. L. 

Bazzocchi, J. Nat. Prod. 2004, 67, 14. 
[9] R. Ning; Y. Lei; S. Liu; H. Wang; R. Zhang; W. Wang; Y. Zhu; H. Zhang; W. Zhao, 

J. Nat. Prod. 2015, 78, 2175. 
[10] O. Callies; M. P. Sánchez-Cañete; F. Gamarro; I. A. Jiménez; S. Castanys; I. L. 

Bazzocchi, J. Med. Chem. 2016, 59, 1880. 
[11] M. Wibowo; Q. Wang; J. Holst; J. M. White; A. Hofmann; R. A. Davis, J. Nat. Prod. 

2017, 80, 1918. 
[12] M. Wibowo; Q. Wang; J. Holst; J. M. White; A. Hofmann; R. A. Davis, 

Phytochemistry 2018, 148, 71. 
[13] M. Wibowo; C. Levrier; M. C. Sadowski; C. C. Nelson; Q. Wang; J. Holst; P. C. 

Healy; A. Hofmann; R. A. Davis, J. Nat. Prod. 2016, 79, 1445. 
[14] Q. Wang; T. Grkovic; J. Font; S. Bonham; R. H. Pouwer; C. G. Bailey; A. M. Moran; 

R. M. Ryan; J. E. J. Rasko; M. Jormakka; R. J. Quinn; J. Holst, ACS Chem. Bio. 2014, 
9, 1369. 

[15] S. Weeratunga; N.-J. Hu; A. Simon; A. Hofmann, BMC Bioinformatics 2012, 13, 201. 
[16] M. A. Reis; O. B. Ahmed; G. Spengler; J. Molnar; H. Lage; M. U. Ferreira, J. Nat. 

Prod. 2017, 80, 1411. 

This article is protected by copyright. All rights reserved.



 

 
 

 

 

 

 

 

 

 

Table 1. 1H NMR (800 MHz) spectroscopic data of denhaminols K–N (4–7) in CDCl3.a 

position 4 5 6 7 
δH, mult. (J in Hz) δH, mult. (J in Hz) δH, mult. (J in Hz) δH, mult. (J in Hz) 

1 5.38, dd (12.5, 4.6) 5.46, dd (12.6, 4.3) 5.37, dd (12.6, 4.2) 5.42, dd (12.1, 4.5) 
2α 1.41, m 1.46, m 1.43, m 1.51, m 
2β 1.92, b m 1.94, m 1.91, m 1.94, m 
3α 1.72, m 1.74, m 1.72, m 1.70, m 
3β 1.92, b m 1.93, m 1.90, m 1.86, ddd (13.8, 

4.1, 4.1) 
6 6.12, s 6.10, s 6.11, d (1.0) 4.43, br s 
7 2.34, br t (3.8) 2.35, br t (3.8) 2.30, br t (3.8) 2.46, br d (3.2) 
8α 2.51, ddd (16.3, 

7.3, 3.8) 
2.50, ddd (16.3, 
7.6, 3.8) 

2.48, ddd (16.3, 
7.4, 3.8) 

5.36, dd (6.5, 3.2) 

8β 2.15, dd (16.3, 2.4) 2.13, m 2.17, m - 
9 5.30, d (7.3) 5.32, d (7.6) 5.27, d (7.4) 5.09, d (6.5) 
12  
 

4.49, d (11.1) 
4.71, d (11.1) 

4.53, d (11.1) 
4.71, d (11.1) 

3.85, d (10.7) 
4.07, d (10.7) 

1.58,b s  
- 

13 1.60, s 1.61, s 1.63, s 1.69, s  
14 1.33, s 1.33, s 1.33, s  1.58,b s 
15 4.45, d (12.5) 

4.64, d (12.5) 
4.42, d (12.4) 
4.64, d (12.4) 

4.45, d (12.4)  
4.64, d (12.4) 

1.34, s 
- 

aNMR data of the ester groups are provided in the references section 
 bOverlapping signals  
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Table 2. 13C NMR (200 MHz) spectroscopic data of denhaminols K–N (4–7) in CDCl3.a 

position 4 5 6 7 
δC, type δC, type δC, type δC, type 

1 71.9, CH 73.4, CH 71.9, CH 73.3, CH 
2 24.02, CH2 24.0, CH2 24.1, CH2 23.4, CH2 
3 38.2, CH2 38.0, CH2 38.2, CH2 37.1, CH2 
4 70.5, C 70.4, C 70.5, C 73.1, C 
5 92.2, C 92.2, C 91.8, C 91.2, C 
6 77.8, CH 77.7, CH 78.2, CH 78.4, CH 
7 48.0, CH 48.0, CH 47.5, CH 55.0, CH 
8 34.3, CH2 34.4, CH2 34.0, CH2 69.4, CH 
9 68.5, CH 68.2, CH 69.0, CH 71.9, CH 
10 54.1, C 54.3, C 54.1, C 48.8, C 
11 84.6, C 84.8, C 85.9, C 84.9, C 
12 68.8, CH2 68.8, CH2 67.6, CH2 30.9, CH3 
13 24.5, CH3 24.5, CH3 24.0, b CH3 27.1, CH3 
14 23.95, CH3 24.1, CH3 24.0, b CH3 23.7, CH3 
15 65.2 CH2 64.8, CH2 65.2, CH2 19.7, CH3 
aNMR data of the ester groups are provided in the references section 
bOverlapping signals 
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Table 3. Leucine uptake inhibitory effect of compounds 1–8 against the human prostate 
cancer cell line, LNCaP.  

 
 
 
 
 

 

 

 

aIC50 not determined 
 

compound IC50 (µM) 
1  7.1 
2  74.9 
3  29.5 
4  7.2 
5  71.9 
6  5.1 
7  a 

8  Not active 
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Figure 1. Chemical structures of denhaminols A–C (1–3), denhaminols K–N (4–7), and 

compound 8. 
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Figure 2. COSY and selected HMBC and ROESY correlations of denhaminol K (4).  
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Figure 3. COSY and selected HMBC and ROESY correlations of denhaminol N (7). 
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Figure 4. Compound effects on leucine transport in LNCaP cells. [3H]-L-leucine uptake 

assays performed in the presence of different doses of compounds 1-4 (A) and 5-8 (B) in 

LNCaP cells (n = 4, mean ± S.E.M). These data were used to generate the IC50 values in 

Table 3. 
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