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Abstract
Bioassay-guided fractionation of a fungus Neocosmospora sp. (UM-031509) resulted in the
isolation of three new resorcylic acid lactones, neocosmosin A (2), neocosmosin B (3) and
neocosmosin C (4). Three known resorcylic acid lactones, monocillin IV (1), monocillin II (5) and
radicicol (6) were also isolated and identified. The structures of these compounds were established
on the basis of extensive 1D and 2D NMR spectroscopic analysis, mass spectrometric (ESI-MS)
data and X-ray crystallography. Compounds 4–6 show good binding affinity for the human opioid
receptors. These findings have important implications for evaluating the potential psychoactive
effects with this class of compounds.

The scientific literature shows that agonists and antagonists of opioid or cannabinoid
receptors, which are G-protein coupled receptors, have long been known to modulate pain.1

During the course of examining fungi for biologically active natural products, we assessed a
fungus Neocosmospora sp. (UM-031509) in a high-throughput screen employing a receptor
binding assay to find natural products with selective affinity for specific opioid and
cannabinoid receptors. The ethyl acetate extract was found to exhibit moderate opioid
receptor binding affinity and cannabinoid receptor binding affinity. Successive
chromatographic fractionation of extracts from Neocosmospora sp. (UM-031509) yielded
three known (1, 5 and 6) and three new resorcylic acid lactones (2–4). We report herein the
isolation, structure elucidation and human opioid receptors (subtype δ, κ and μ) and human
cannabinoid receptors (subtype CB1 and CB2) binding affinity of six resorcylic acid
lactones (1–6).
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Compound 2 was obtained as a white, amorphous solid and the molecular formula was
confirmed by the analysis of positive high-resolution ESIMS (m/z 355.1533, calcd for
C19H24O5Na, 355.1521), which is consistent with eight degrees of unsaturation. The 1H
NMR spectrum (Table 1) showed signals due to the presence of one secondary methyl group
(δH 1.40), twelve methylene protons (δH 1.63–4.42), two olefinic protons (δH 5.46 and
5.51), one hydroxyl group (δH 11.98), one O-methyl group (δH 3.82) and two aromatic
protons (δH 6.24 and 6.44) showing a typical pattern of meta-coupling (J=2.5 Hz) consistent
with a 1,2,3,5-tetrasubstituted benzene moiety. The 13C and DEPT 135° NMR spectroscopic
data of 2 (Table 1) gave signals for 19 carbon atoms, corresponding to methyl and O-methyl
groups (δC 18.9 and 55.4), six methylenes (δC 22.1, 25.2, 32.7, 37.7, 40.8 and 50.2), five
methines including one O-methine carbon (δC 72.9), two olefinic carbons (δC 124.5 and
135.1), two aromatic carbons (δC 112.1 and 100.1), an ester carbonyl (δC 170.7), one ketone
carbonyl (δC 208.2) and four aromatic quaternary carbons (δC 139.1, 163.9, 166.0 and
105.7). The location of the double bond was established by 1H-1H correlations from the
COSY experiment, mainly by the correlation of H-4 with H-3 and H-5 with H-6 (Figure 1).
The location of the ketone carbonyl was confirmed by the long-range 1H-13C HMBC
correlations of H-8, H-9, and H-11 with C-10 (Figure 1). The long-range 1H-13C HMBC
correlation of H-2 with C-18 (carbonyl) as well as H-15 with C-18 led to identification of a
lactone moiety. The aliphatic chain from H-1 to H-9 was built by the COSY correlations of
H-2 with H-1 and H-3, H-4 with H-3 and H-5, H-6 with H-5 and H-7, H-8 with H-7 and
H-9. The position of O-methyl group was determined by the long-range 1H-13C HBMC
correlations of O-methyl protons with C-14. The highly deshielded resonance at δH 11.98
indicated the presence of an intramolecular hydrogen-bonded phenol, suggesting that the
phenol protons are close to strong electronegative atoms or groups, such as carboxylic acids.
The location of the phenol group was established by the long-range 1H-13C HBMC
correlations of H-15 with C-16, and the correlations of phenol hydrogen with C-16 (Figure
1). Accordingly, compound 2 was given the trivial name neocosmosin A.

Compound 3 was obtained as a white, amorphous solid with a molecular formula of
C18H22O6, which was confirmed by the analysis of positive high-resolution ESIMS (m/z
357.1322, calcd for C18H22O6Na, 357.1314). The 1H and 13C NMR spectra (Table 1) were
similar to those of compound 2, suggesting the same skeleton. However, the 1H NMR
spectrum showed two hydroxyl groups (δH 12.02 and 5.96) and no O-methyl groups,
suggesting that the hydroxyl group replaced the O-methyl group. The 13C and DEPT 135°
NMR spectra (Table 1) gave signals for 18 carbon atoms including two ketone carbonyls
(δC 207.5 and 213.1). In comparison with compound 2, the above data indicated that
compound 3 contained no double bond but had an additional non-conjugated carbonyl. The
location of additional ketone carbonyl C-6 (δC 213.1) was confirmed by its long-
range 1H-13C HMBC correlations of H-5 and H-7 with C-6. Inspection of 1H-1H
correlations from the COSY experiments, 1H-13C correlations from the HSQC and HMBC
experiments, and MS data supported the proposed structure for compound 3, which was
given the trivial name neocosmosin B.

Compound 4 was obtained as a white, amorphous solid with a molecular formula of
C19H24O6, which was confirmed by the analysis of positive high-resolution ESIMS (m/z
371.1461, calcd for C19H24O6Na, 371.1471). The 1H and 13C NMR spectra of 4 (Tables 1)
are similar to those of compound 3, differing by a methoxy group that replaces the hydroxyl
group. Therefore, compound 4 was given the trivial name neocosmosin C.

Compound 1 was identified to be monocillin IV as shown by its NMR data, optical rotation
and X-ray diffraction.2,3 The asymmetric carbon atom C-2 in monocillin IV was determined
to have R configuration from single-crystal X-ray diffraction. Therefore, the absolute
configuration of the asymmetric carbon atom C-2 in compound 2, 3 and 4 is proposed to be
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analogous to that of monocillin IV (1) due to the same optical activity sign. Furthermore, the
geometry of the double bond (C4–C5) is difficult to determine by coupling constants
because of the overlap of H-4 and H-5. The geometry of the double bond (C4–C5) in
monocillin IV was E configuration from single-crystal X-ray diffraction. Therefore, we
propose the geometry of the double bond (C4–C5) in compound 2 to be E configuration.

Known compounds 5 and 6 were identified as monocillin II and radicicol by comparing their
spectroscopic data with the reported data.4

All pure compounds (1–6) were submitted for in vitro binding assays using opioid receptors
(subtype δ, κ and μ) and cannabinoid receptors (CB1 and CB2). The results are shown in
Table 2. Compound 4 selectively inhibited 54.9 % the specific binding of [3H]-enkephalin to
CHO-K1 cell membranes expressing human δ–opioid receptors at the concentration of 10
µM (IC50 values of 14.82 µM) (Figure 2 and Table 2). Compound 5 and 6 selectively
inhibited 63.5% and 84.9% the specific binding of [3H]-[D-Ala2, NMe-Phe4, Gly-ol5]-
enkephalin (DAMGO) to CHO-K1 cell membranes expressing human μ–opioid receptors at
the concentration of 10 µM (Table 2).

The [35S]-GTPγS functional assay can be applied to assess agonism, antagonism, and
inverse agonism of ligands of G-protein-coupled receptors.5 The principle of [35S]-GTPγS
functional assays is that agonists stimulate the binding of [35S]-GTPγS, a stable analogue of
GTP, to the G-protein, inverse agonists reduce [35S]-GTPγS binding, and antagonists have
no effect.

Figure 3 showed the effects of the standard agonist [2-D-penicillamine, 5-D-penicillamine]-
enkephalin (DPDPE) on [35S]-GTPγS binding to CHO-K1 cell membranes, which contain a
high density of δ-opioid receptors. The agonist DPDPE clearly enhanced [35S]-GTPγS
binding in a dose-dependent manner (EC50=6.34 nM, maximal effect 2200 ± 100%) (Figure
3A). Compound 4 increased [35S]-GTPγS binding (EC50=239 nM) (Figure 3B). However,
the maximal stimulation (2400 ± 600%) was similar to that of the full agonist DPDPE. Thus,
compound 4 can be classified as a full agonist at the human δ-opioid receptor.

In conclusion, we have isolated six resorcylic acid lactone derivatives, three of which are
new natural products (2–4). Compound 4 was found to be a potent, full agonist at the δ-
opioid receptor. Furthermore, compounds 5 and 6, showed potent binding affinities at the μ-
opioid receptor. This is the first report on resorcylic acid lactone derivatives with strong
affinities for human opioid receptors suggesting that this series of compounds can serve as
leads in the development of structure and activity relationship (SAR) studies of this class of
compounds.

Experimental Section
General Experimental Procedures

Optical rotations were recorded using a Rudolph Research Analytical Autopol V
polarimeter. UV was respectively obtained using a Perkin-Elmer Lambda 3B UV/vis-
spectrophotomer. 1H and 13C NMR spectra were obtained on Bruker model AMX 500 NMR
spectrometers with standard pulse sequences, operating at 500 MHz in 1H and 125 MHz
in 13C. The chemical shift values were reported in parts per million units (ppm) from
trimethylsilane (TMS) using known solvent chemical shifts. Coupling constants were
recorded in Hertz (Hz). Standard pulse sequences were used for COSY, HMQC, HMBC,
TOCSY, NOESY and DEPT. High-resolution mass spectra (HRMS) were measured on a
Micromass Q-Tof Micro mass spectrometer with a lock spray source. Column
chromatography was carried out on silica gel (70–230 mesh, Merck) and Sephadex LH-20
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(Mitsubishi Kagaku, Tokyo, Japan). TLC (silica gel 60 F254) was used to monitor fractions
from column chromatography. Preparative TLC was carried out on silica gel 60 PF254+366
plates (20 × 20 cm, 1 mm thick). Visualization of the TLC plates was achieved with a UV
lamp (λ=254 and 365 nm) and anisaldehyde/acid spray reagent (MeOH-acetic acid-
anisaldehyde-sulfuric acid, 85:9:1:5). All HPLC analyses were performed on a Waters LC
Module I equipped with a UV detector 486 utilizing the Millenium 32 Chromatography
Manager software (Waters). An ODS column (Phenomenex Luna C18, 10 × 250 mm, 5 µm)
was used. All HPLC solvents were HPLC grade, filtered through appropriate filters (water
through 0.45 µm and organic solvents through 0.22 µm filters) and purged prior to and
during analysis with nitrogen gas at a flow rate of 50 mL/min. If possible, a single crystal
was used for data collection using a Bruker Smart Apex II system with Cu Kα radiation
with a graphite monochromator, fine-focus sealed tube. The crystal was stored at 100 K
under cooled nitrogen gas with a KRYO-FLEX low-temperature device. APEX II software
was used to perform data collection, indexing, and initial cell refinements. All chemicals
used were purchased from Sigma-Aldrich (Poole, Dorset, U.K.) with the following
exceptions: for the binding experiments, [3H]-CP-55,940 (174.8 Ci/mmol), [3H]-DAMGO
(53.4 Ci/mmol), [3H]-U-69,593 (42.7 Ci/mmol), and [3H]-enkephalin (45 Ci/mmol) were
purchased from Perkin-Elmer Life Sciences Inc. (Boston, MA, U.S.A.). CP-55,940,
DAMGO, DPDPE, nor-binaltorphimine, and WIN 55,212-2 mesylate were purchased from
Tocris Bioscience (Ellisville, Missouri, U.S.A.).

Fungal Materials
A strain of Fusarium solani (UM-031509) was collected from a piece of orange peel in
Tifton, Georgia, and the membership of the isolate in this species was confirmed by the
United States Department of Agriculture (USDA). The isolate produced Fusarium-like
colonies and microconidia. Bt2a and Bt2b primers were used for amplification of beta-
tubulin DNA sequences,6 and EF-1 and EF-2 primers for elongation factor-1α partial gene
sequences.7 Amplification was performed on a Stratagene RoboCycler® thermal cycler.
Sequencing reactions and primer synthesis were performed by Eurofins MWG/Operon
(Huntsville, AL). Sequence data were assembled and aligned using Sequencher™ 4.9 (Gene
Codes Corp. Ann Arbor, MI). Sequences were compared to those in GenBank and published
sequences belonging to the Fusarium solani species complex (FSSC) using BLASTN 2.2.21
software.8 Beta-tubulin gene sequence analysis indicated that the isolate belongs to the
genus Fusarium. The isolate EF-1α had 98–99% identity to members of Clade 3, haplotype
8, identifying it as a Neocosmospora species.9,10 The EF-1α gene sequence is 100%
homologous to a single Neocosmospora sp. isolate, NRRL 22472 (the only sequence in the
gene bank with 100% homology). NRRL 22472, although well documented as belonging to
Neocosmospora (FSSC), has not been assigned a species name. A voucher specimen
(UM-031509) has been deposited in the culture collection of the Medicinal Chemistry
Department, University of Mississippi.

Fungus Culture
The fungus was plated-out on potato-dextrose agar (PDA) that was maintained at 24 °C until
discrete fungal colonies appeared. Samples were taken from colonies and kept on PDA
slants in test tubes at 24 °C, then placed in a 4 °C refrigerator until used. The fungus was
inoculated in 50 mL of potato-dextrose broth and kept for two weeks in stationary phase at
24 °C. Then the fungus was seeded into a medium consisting of 100 g of shredded wheat,
200 mL of low-pH Oxoid mycological broth, 2% yeast extract, and 20% sucrose in 2.0 L
Fernbach flasks (10 flasks were used) followed by incubation for 22 days at 24 °C.
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Extraction and Isolation
Following incubation, 300 mL of acetone were added to each flask, and the mycelia and the
substrate were homogenized (Super Dispex, Tekmark Co., SD-45). The suspension was
filtered and the filtrate was concentrated under vacuum at 40 °C. The residue was mixed
with H2O (200 mL), then extracted with EtOAc (500 mL × 3). The EtOAc extracts were
combined, dried using anhydrous Na2SO4, and concentrated under vacuum. The EtOAc
extract (10.0 g) was chromatographed on silica gel 60, 70–230 mesh (400 g), with fractions
stepwise from hexane to methanol (90% hexane in EtOAc, 60 % hexane in EtOAc, 40%
hexane in EtOAc, 10% hexane in EtOAc, 80% EtOAc in MeOH, 50% EtOAc in MeOH, and
100% MeOH), yielding seven fractions. The second and third fractions showed good
binding affinities for opioid and cannabinoid receptors and were combined. The fraction was
rechromatographed using a silica gel column eluted with a hexane-EtOAc gradient to yield
47 fractions. Based on TLC, using the solvent system hexane-EtOAc (1:1), these 47
fractions were combined into three subfractions. The first subfraction was purified by HPLC
using an RP C18 column and a gradient elution from H2O/MeOH (4:6) to afford 2 (10 mg)
and 4 (3 mg). The second subfraction was purified by using an RP C18 column and a
gradient elution from H2O/MeOH (4:6) to afford 3 (8 mg) and 1 (25 mg). The third
subfraction was purified by using an RP C18 column and a gradient elution from H2O/
MeOH (4:6) to afford 5 (3 mg) and 6 (4 mg).

Cell Culture
HEK293 cells (ATCC) were stably transfected via electroporation with full length human
recombinant cDNA for cannabinoid receptor subtypes 1 and 2 (obtained from Origene).
These cells were maintained at 37 °C and 5% CO2 in a Dulbecco’s Modified Eagles’s
medium (DMEM) nutrient mixture F-12 HAM supplemented with 2 mM L-glutamine, 10%
fetal bovine serum, penicillin–streptomycin, and G418 antibiotic solutions. CHO-K1 cells
stably transfected with opioid receptor subtypes V, δ, and κ, were used to perform the
opioid receptor binding assays. These cells were maintained at 37°C and 5% CO2 in a
DMEM nutrient mixture supplemented with 2 mM L-glutamine, 10% fetal bovine serum,
penicillin–streptomycin, and either G418 or hygromycin B antibiotic solutions. Membranes
for the radio-ligand binding assays were prepared by scraping the cells in a 50 mM Tris-HCl
buffer, homogenation via sonication, and then centrifuged for 40 minutes at 13650 rpm at 4
°C. These were kept at −80 °C until used for bioassays. Protein concentration was found via
Bio-Rad Protein Assay.11

Radio-ligand Binding for Cannabinoid Receptor Subtypes
Compounds evaluated in the assay were run in competition binding against both the
cannabinoid receptor subtypes, CB1 and CB2.12 Cannabinoid receptor binding assays were
performed under the following conditions: 10 µM of each compound was incubated with 0.5
nM [3H]-CP 55,940, the potent cannabinoid agonist with affinity to both receptor subtypes,
and 10 µg CB1 or CB2 membrane prepared in the above section for 90 minutes in a 96-well
plate. The reaction was terminated via rapid vacuum filtration through GF/C filters
presoaked with 0.3% BSA using a Perkin Elmer 96-well Unifilter (Perkin Elmer Life
Sciences Inc., Boston, Mass. U.S.A.) followed by 10 washes with 50 mM Tris-EDTA buffer
containing 0.2% BSA. Plates were read using a Perkin Elmer Topcount (Perkin Elmer Life
Sciences Inc., Boston, Mass. U.S.A.). Total binding was defined as binding in the presence
of 1.0% DMSO. Nonspecific binding was the binding observed in the presence of 1.0 µM
CP-55,940. Specific binding was defined as the difference between total and nonspecific
binding. Percent binding was calculated using the following formula:

100-(binding of compound- nonspecific binding)*100/specific binding.
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Ki and IC50 values were calculated using Graph-Pad Prism 5.

Radio-ligand Binding for Opioid Receptor Subtypes
All compounds evaluated in the assay were run in competition binding against the opioid
receptor subtypes (δ, κ, μ), as well as the cannabinoid receptor subtypes mentioned above.
Saturation experiments were performed after each batch of membrane was scraped for each
of the three opioid cell lines (δ, κ, μ) to determine the optimal tritium and membrane
concentration to be used in the assay. Saturation experiments determine the receptor number
and radioligand affinity for the membrane. Opioid binding assays were performed under the
following conditions: 10 µM of each compound was incubated with [3H]-DAMGO (μ),
[3H]-U-69,593 (κ), or [3H]-enkephalin (δ) for 60 minutes in a 96-well plate. The reaction
was terminated via rapid vacuum filtration through GF/B filters presoaked with 0.3% BSA
using a Perkin Elmer 96-well Unifilter followed by 10 washes with 50 mM Tris-HCl. Plates
were read using a Perkin Elmer Topcount. Total binding was defined as binding in the
presence of 1.0% DMSO. Nonspecific binding was the binding observed in the presence of
10 µM DAMGO (μ), nor-binaltorphimine (κ), or DPDPE (δ). Specific binding was defined
as the difference between total and nonspecific binding. Percent binding was calculated
using the following formula:

100-(binding of compound- nonspecific binding)*100/specific binding.

Ki and IC50 values were calculated using Graph-Pad Prism 5.

[35S]-GTPγS Functional Assay
The following conditions were used for the functional assay: 10 µL of diluted test
compounds were incubated with a predetermined protein concentration of 300 µl membrane
and 40 µl of 0.05 nM 35S-labelled GTP, giving a final reaction volume of 350 µl per well.
Plates were incubated for 60 minutes at room temperature. The reaction was terminated via
rapid vacuum filtration through GF/C filters with a Perkin Elmer 96-well Unifilter followed
by 10 washes with 50 mM Tris-HCl (pH=7.4). Plates were read using a Perkin Elmer
Topcount. Basal binding was defined as binding in the presence of GTPγS buffers.
Nonspecific binding was the binding observed in the presence of 10 µM unlabelled GTPγS
salt. Emax binding was defined as binding in the presence of 10 µM of DAMGO (μ), nor-
binaltorphimine (κ), or DPDPE (δ). Percent stimulation was calculated using the following
formula:

(binding of compound- nonspecific binding)/Emax) * 100.

IC50 or EC50 values were calculated using Graph-Pad Prism 5.

Neocosmosin A (2): white, amorphous solid; mp 160–161 °C;  -43 (c 0.6, CHCl3);
λmax 215 nm 1H NMR (Table 1, 500 MHz, CDCl3); 13C NMR (Table 1, 150 MHz, CDCl3);
HRESIMS m/z 355.1533 [M+Na]+ (calcd for C19H24O5Na, 355.1521).

Neocosmosin B (3): white crystals; mp 148–149 °C;  -78 (c 0.4, CHCl3); λmax 210
nm 1H NMR (Table 1, 500 MHz, CDCl3); 13C NMR (Table 1, 150 MHz, CDCl3);
HRESIMS m/z 357.1322 [M+Na]+ (calcd for C18H22O6Na, 357.1314).

Neocosmosin C (4): white, amorphous solid; mp 148–149 °C;  -52 (c 0.3, CHCl3);
λmax 210 nm 1H NMR (Table 1, 500 MHz, CDCl3); 13C NMR (Table 1, 150 MHz, CDCl3);
HRESIMS m/z 371.1461 [M+Na]+ (calcd for C19H24O6Na, 371.1471).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Key HMBC (arrow) and COSY (bold) correlations of 2
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Figure 2.
IC50 and Ki value of compound 4.
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Figure 3.
[35S]-GTPγS functional assay data for DPDPE (A) (IC50=6.34 nM) and compound 4 (B)
(IC50=239 nM).
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