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Abstract: Two new a-pyrone derivatives, violapyrones H (1) and I (2), along with known
violapyrones B (3) and C (4) were isolated from the fermentation broth of a marine
actinomycete Streptomyces sp. The strain was derived from a crown-of-thorns starfish,
Acanthaster planci, collected from Chuuk, Federated States of Micronesia. The structures
of violapyrones were elucidated by the analysis of 1D and 2D NMR and HR-ESIMS data.
Violapyrones (1-4) exhibited cytotoxicity against 10 human cancer cell lines with Gls
values of 1.10-26.12 pg/mL when tested using sulforhodamine B (SRB) assay. This is the
first report on the cytotoxicity of violapyrones against cancer cell lines and the absolute
configuration of violapyrone C.
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1. Introduction

Marine actinomycetes, isolated from the surface of marine algae and invertebrates, have received
increased attention as a potential source because they produce a variety of new bioactive secondary
metabolites compared to terrestrial microorganisms [1,2]. As a part of our ongoing research for the
discovery of bioactive metabolites from marine bacteria, we isolated a marine actinomycete
Streptomyces sp. 112CH148 from a crown-of-thorns starfish, Acanthaster planci. A. planci has a long
history in the scientific literature but only few studies have been done on its microbial symbionts [3-5].
We tried to isolate bioactive strains from the starfish and found that among the isolates, the strain
112CH148 produces unusual 3,4,6-trisubstituted a-pyrone derivatives.

a-Pyrones are an important class of lactones having a broad spectrum of biological activities, such
as potent anticancer [6], antimicrobial [7,8], antifungal [9,10], antioxidant [11-13], androgen like [14],
HIV-1 protease inhibitory [15,16] and pheromonal effects [17]. Here, we report the isolation, structure
determination of the new 3,4,6-trisubstituted a-pyrone derivatives, violapyrones H (1) and I (2), and
the cytotoxicity of violapyrones (1-4) (Figure 1).

Figure 1. Structures of violapyrones H (1), I (2), B (3) and C (4).
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2. Results and Discussion
2.1. Isolation of Compounds

The bacterial strain 112CH148 was isolated from the crown-of-thorns starfish, Acanthaster planci,
collected from Chuuk, Federated States of Micronesia and identified as Strepfomyces sp. by 16S rRNA
sequencing. The strain was cultured in Bennett’s medium (salinity 32 g/L, pH 7.02 before sterilization)
at 28 °C for 7 days. Then, the fermentation broth was extracted with EtOAc. Thereafter, two new
violapyrones (1,2) and two known violapyrones (3,4) were isolated from the EtOAc extract by
stepwise gradient open column chromatography followed by reversed-phase HPLC separations.

2.2. Structure Determination

Violapyrone H (1) was isolated as a yellowish, amorphous solid. The molecular formula C;4H2,0;
was deduced from the [M + Na]" peak at m/z 261.1466 (calcd for 261.1467) in the HR-ESIMS, which
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required four degrees of unsaturation. The IR absorptions at 3341 and 1674 cm ' indicated the
presence of hydroxyl (OH) and carbonyl (CO) groups, respectively. The UV maximum at 290 nm and
C NMR data indicated typical a-pyrone moiety [12,18]. The *C NMR and HSQC spectra displayed
three oxygenated quaternary carbons (8¢ 164.8-169.9), an olefinic methine carbon (8¢ 102.0), an sp
quaternary carbon (8¢ 98.7), five methylene carbons (8¢ 28.1-40.1), an sp’ methine carbon (8¢ 29.7), a
methyl carbon (8¢ 8.4) and an isomethyl carbon (8¢ 23.1) (Table 1). Analysis of the 'H-'H COSY
spectrum suggested two spin systems: one from H,-7 at oy 2.46 to H»-8 at oy 1.64 and another from
H,-9 at &y 1.34 to H3-13 at dy 0.88. Their connectivity with C-9 (3¢ 30.4) was established by a
long-range HMBC correlation of H,-8 with C-9 (Figure 2), constructing an aliphatic chain. The
position of the methyl group (6n 1.84, s) at C-3 was readily determined by its HMBC correlations with
two oxygenated quaternary carbons C-2 (d¢ 169.9) and C-4 (6¢ 169.5), and as well as with the
quaternary carbon C-3 (¢ 98.7). Similarly, the olefinic methine proton (6y 5.96, s, H-5) showed
HMBC cross-peaks with C-3, C-4, C-6 and C-7. From these HMBC correlations, together with the fact
that 1 needed to form a ring to satisfy the unsaturation number, an o-pyrone ring was constructed
(Figure 2). In addition, the HMBC correlation between H-5 and C-7 confirmed the connectivity of the
a-pyrone ring to the aliphatic chain (Figure 2). From these data analysis, the structure of 1 was
determined as a previously unreported 3,4,6-trisubstituted a-pyrone, and 1 was named violapyrone H.

Table 1. 'H and '*C NMR data of 1 and 2 in CD;0D.

Position 1 . 2 .
oc, Type 0y, Mult. (J in Hz) oc, Type Oy, Mult. (J in Hz)
2 169.9, C 169.4, C
3 98.7,C 98.9,C
4 169.5,C 168.9, C
5 102.0, CH 5.96,s 101.6, CH 597, s
6 164.8, C 164.9, C
7 34.4, CH, 2.46,1(7.5) 34.4, CH, 2.46,1(7.5)
8 28.1, CH, 1.64, m 28.1, CH, 1.64, m
9 30.4, CH, 1.34 30.3, CH, 1.33
10 28.3, CH, 1.34 30.2, CH, 1.35
11 40.1, CH, 1.19, m 33.0, CH, 1.30, m
12 29.7, CH 1.53, m 23.8, CH, 1.31,m
13 23.1, CH; (% 2) 0.88,d (6.5) 14.5, CH; 0.90, t (6.5)
3-Me 8.4, CH; 1.84,s 8.4, CH; 1.85,s

Figure 2. Key HMBC and COSY correlations of 1 in CD;0OD.

OH — cosY

Violapyrone I (2) was also obtained as a yellowish amorphous solid and the molecular formula was
determined to be C;3H,00; from the [M + Na]+ peak at m/z 247.1313 (calcd for 247.1310) in the
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HR-ESIMS. Preliminary, the NMR analysis showed a close similarity between the spectra of 1 and 2
(Table 1). However, the differences between these compounds were figured out from the molecular
weight (CH; less than 1) and the observation of different splitting pattern of the methyl signal H-13 at
on 0.90 (t, 6.5 Hz). In addition, a lack of one methyl carbon was observed in the C NMR data of 2
compare to 1. A detailed analysis of 1D and 2D spectra of 2 revealed the existence of a rigid a-pyrone
ring same to 1. Furthermore, an aliphatic chain was assigned by COSY and HMBC correlations,
consisting of 6 methylenes with a terminal methyl proton H-13 resonated at oy 0.90 (t, 6.5 Hz).
Finally, the aliphatic chain was connected to the a-pyrone ring and complete assignments of the atoms
in the structure of violapyrone I (2) were achieved by 'H-'"H COSY and HMBC experiments. Thus, the
structure of 2 was determined as a new 3,4,6-trisubstituted a-pyrone, and 2 was named violapyrone I.

The structures of 3 and 4 were determined straightforward as they were very similar to those of 1
and 2, and identified as the previously reported violapyrones B and C, respectively, by the comparison
of their NMR results, MS data and optical rotation values with the literature (Supplementary
Information) [18]. However, the absolute stereochemistry at C-11 of violapyrone C (4) was not
determined in the previous report [18]. To determine the stereochemistry of C-11 in 4, we synthesized
both (S)- and (R)-violapyrones C [19]. Optical rotation values of (S)- and (R)-violapyrones C were [a]p>’
+49° (¢ 0.1, MeOH) and [o]p>’ —53° (¢ 0.1, MeOH), respectively. The absolute stereochemistry of
C-11 in violapyrone C (4) was determined to be S, because the optical rotation value [a]p®’ +50°
(c 0.1, MeOH) and 'H and ">C NMR data were consistent with those of synthetic (S)-violapyrone C
(Supplementary Information).

2.3. Cytotoxic Properties

The cytotoxicity of violapyrones H (1), I (2), B (3) and C (4) was assessed by sulforhodamine B
(SRB) assay [20] using human cancer cell lines. Violapyrones (1-4) showed growth inhibitory activity
against cancer cell lines at the concentrations less than 26.12 pg/mL (Table 2). Recently, violapyrones
(A—G) were reported to have antibacterial activities, but did not show any cytotoxicity against five
cancer cell lines (BGC-823, gastric carcinoma; Hep-G2, liver carcinoma; NCI-H460, lung carcinoma;
HeLa, cervical carcinoma; HCT-116, colon carcinoma) when tested using MTT method [18].
However, we found the cytotoxicity of violapyrones H (1) and I (2) as well as B (3) and C (4) against
human cancer cell lines (HeLa; ACHN, renal carcinoma; HCT-15 and HCT-116, colon carcinomas;
MDA-MB-231, breast carcinoma; NCI-H23 and NCI-H460, lung carcinomas; NUGC-3, stomach
carcinoma; Hep-G2; PC-3, prostate carcinoma). Especially, compound 1 showed the highest activity
against HCT-15 cell line with a Glso value of 1.10 pg/mL. Moreover, it may be noteworthy that each
compound has structural similarity, but showed different activities. Our results suggested that the
length of the aliphatic side chain and the position of the methyl group affected the activity.
Furthermore, violapyrones having an isomethyl group in the alkyl side chain showed better activity
than others. Violapyrones (A—G) also showed quite similar tendency in their antibacterial activities [18].
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Table 2. Growth Inhibition (Glso, pg/mL) of 1-4 against a Panel of Human Tumor Cell Lines.

. Gls, * (ug/mL)

Cell Lines 1 5 3 4 ADR "
Cervical cancer: HeLa 25.05 5.54 18.12 9.91 0.09
Renal cancer: ACHN 1.79 5.42 1.18 1.55 0.04
Colon cancer: HCT-15 1.10 3.38 2.01 5.22 0.08

Colon cancer: HCT-116 8.99 18.08 15.83 26.12 0.09
Breast cancer: MDA-MB-231 1.51 6.29 1.80 4.94 0.99
Lung cancer: NCI-H23 1.24 3.47 1.90 3.24 0.04
Lung cancer: NCI-H460 4.45 21.04 6.37 10.80 0.07
Stomach cancer: NUGC-3 1.27 3.36 2.24 4.02 0.12
Liver cancer: Hep-G2 2.30 14.60 2.04 3.96 0.08
Prostate cancer: PC-3 1.37 5.44 1.40 2.06 0.06

* Gl values are the concentration corresponding to 50% growth inhibition; ® ADR: adriamycin as standard.
3. Experimental Section
3.1. General Experimental Procedures

Optical rotation was measured on a JASCO DIP-1000 digital polarimeter (JASCO Corporation,
Tokyo, Japan), with a 1 cm cell. UV spectra were obtained on a Shimadzu UV-1650PC
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). IR spectra were recorded on a JASCO
FT/IR-4100 spectrophotometer, (JASCO Corporation, Tokyo, Japan). Nuclear magnetic resonance
(NMR) spectra, including "H-'"H COSY, HSQC and HMBC experiments, were collected on a Varian
Unity 500 spectrometer (Varian Inc., Palo Alto, CA, USA) operating at 500 MHz (‘H) and 125 MHz
(*C) with chemical shifts given in ppm (J). High-resolution ESI mass spectroscopy was recorded on a
hybrid ion-trap time-of-flight mass spectrometer (SYNAPT G2, Waters Corporation, Milford, CT,
USA). High performance liquid chromatography (HPLC) was conducted with a PrimeLine pump
(Analytical Scientific Instruments, Inc., El Sobrante, CA, USA) with RI-71 refractive index detector
(Shodex, Shoko Scientific Co. Ltd., Yokohama, Japan). Open column chromatography was carried out
over a Pyrex glass (300 mm x 50 mm). RP-C;3 silica gel (YMC-Gel ODS-A, 12 nm S-75 um) was
used for column chromatography. All solvents used were either spectral grade of distilled prior to use.
Continuous centrifugation was done on a centrifugal separator (Kansai Centrifugal Separator

Manufacturing Co. Ltd., Osaka, Japan).
3.2. Isolation and Identification of the Strain 112CH148

The strain designated as 112CH148 was isolated from a crown-of-thorns starfish, Acanthaster
planci, collected from Chuuk, Federated States of Micronesia in 2011. A portion of sample was rinsed
with sterilized sea water under aseptic condition and then put on Bennett’s agar plates (1% dextrose,
0.2% tryptone, 0.1% yeast extract, 0.1% beef extract, 0.5% glycerol, 1.7% agar, salinity 32 g/L,
pH 7.02 before sterilization). The plates were incubated for 12 days at 28 °C, and the resulting colony
of the strain 112CH148 was isolated and maintained on Bennett’s agar plates. The strain was identified
as Streptomyces sp. on the basis of 16S rRNA sequence analysis. The sequence was deposited in the
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GenBank under the accession number KJ419328. This strain is currently preserved in the Microbial
Culture Collection, KIOST, with the name of Streptomyces sp. 112CH148 under the curatorship of
Hee Jae Shin.

3.3. Seed and Mass Cultures of the Strain

The seed and mass culture were carried out in Bennett’s medium (1% dextrose, 0.2% tryptone,
0.1% yeast extract, 0.1% beef extract, 0.5% glycerol, salinity 32 g/L, pH 7.02 before sterilization). The
200 mL medium was dispensed in a 500 mL conical flask and sterilized. A single colony of the strain
from the agar plate was inoculated aseptically into the flask and incubated at 28 °C for 2 days on a
rotary shaker at 120 rpm. An aliquot (0.2% v/v) from the seed culture was inoculated aseptically into
2 L flasks (total 24 flasks) containing 1.3 L medium and a 20 L fermenter containing 18 L of sterilized
culture medium, respectively. The production culture was incubated under the same conditions as the
seed culture for 7 days and then harvested. The mass cultures were carried out three times.

3.4. Extraction and Isolation of Compounds

The culture broth (total 150 L) was harvested by high speed centrifugation (60,000 rpm) and then
extracted with EtOAc (2 times). The EtOAc extract was evaporated to obtain crude extract (13.85 g).
The crude extract was subjected to ODS open column chromatography followed by stepwise gradient
elution with MeOH/H,O (v/v) (1:4, 2:3, 3:2, 4:1 and 100:0) as eluent. The subfraction eluted with
MeOH/H,0 (4:1) was again applied to an ODS open column chromatography with a MeOH/H,0O
solvent system (6:4, 7:3, 8:2 and 100:0). The fraction eluted with MeOH/H,0 (8:2) was purified by a
reversed-phase HPLC (YMC ODS-A column, 250 x 10 mm i.d, 5 pm; 70% MeOH in H,O; flow rate:
2.0 mL/min; detector: RI) to yield pure compounds 1 (1.9 mg, tx 32.5 min) and 4 (9.0 mg,
tr 31.0 min). The subfraction eluted with MeOH/H,0 (7:3) was also purified by a RP-HPLC (YMC
ODS-A column, 250 x 10 mm i.d, 5 um; 60% MeOH; flow rate: 2.0 mL/min; detector: RI) to get
compounds 2 (2.7 mg, tg 30.5 min) and 3 (5.0 mg, fg 34.0 min).

Violapyrone H (1): Yellowish amorphous solid; UV (MeOH) Amax (log €) 290 (0.52) nm; IR
(MeOH) Vimax 3341 (br), 2935, 1674 cm™'; 'H and >C NMR data (CD;OD), Table 1; HR-ESIMS m/z
261.1466 [M + Na]".

Violapyrone I (2): Yellowish amorphous solid; UV (MeOH) Anmax (log €) 289 (0.70) nm; IR (MeOH)
Vimax 3345 (br), 2926, 1670 cm'; 'H and °C NMR data (CD;0D), Table 1; HR-ESIMS m/z 247.1313
[M + Na]".

Violapyrone B (3): Yellowish amorphous solid; UV (MeOH) Anax (log €) 286.5 (1.34) nm; IR
(MeOH) Viax 3347 (br), 2943, 1674 cm '; 'H NMR (CD;OD) &y 5.97 (1H, s, H-5), 2.45 (2H, t,
J=1.5 Hz, H-7), 1.85 (3H, s, Me-3), 1.62 (2H, m, H-8), 1.54 (1H, m, H-11), 1.35 (2H, m, H-9), 1.23
(2H, m, H-10), 0.88 (6H, d, J = 7.0 Hz, H-12); °C NMR (CD;0D) 8¢ 169.4 (C-2), 168.8 (C-4), 164.9
(C-6), 101.5 (C-5), 98.9 (C-3), 39.9 (C-10), 34.4 (C-7), 29.2 (C-11), 28.3 (C-8), 27.9 (C-9),
23.1 (C-12), 8.4 (Me-3); HR-ESIMS m/z 225.1485 [M + H]".
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Violapyrone C (4): Yellowish amorphous solid; [a]p*’ +50 (¢ 0.1, MeOH); UV (MeOH) Amax (log €)
288.0 (0.91) nm; IR (MeOH) Vimax 3343 (br), 2925, 1674 cm™'; 'H NMR (CD;OD) &y; 5.98 (1H, s,
H-5), 2.47 (2H, t, J = 7.5 Hz, H-7), 1.85 (3H, s, Me-3), 1.62 (2H, m, H-8), 1.36 (2H, H-9), 1.34 (1H,
Ha-12), 1.13 (1H, Hp-12), 1.33 (1H, H,-10), 1.17 (1H, Hy-10), 1.32 (1H, H-11), 0.88 (3H, t, J = 6.5 Hz,
H-13), 0.87 (3H, d, J = 6.0 Hz, Me-11); *C NMR (CD;0D) ¢; 169.5 (C-4), 169.2 (C-2), 164.9 (C-6),
101.8 (C-5), 98.8 (C-3), 37.5 (C-12), 35.7 (C-11), 34.4 (C-7), 30.7 (C-10), 28.4 (C-8), 27.6 (C-9), 19.7
(Me-11), 11.9 (C-13), 8.4 (Me-3); HR-ESIMS m/z 261.1461 [M + Na]".

3.5. Cytotoxicity Test by SRB Assay

Human cancer cell lines, HelLa (cervix), ACHN (renal), HCT-15 (colon), HCT-116 (colon),
MDA-MB-231 (breast), NCI-H23 (lung), NCI-H460 (lung), NUGC-3 (stomach), Hep-G2 (liver) and
PC-3 (prostate), were purchased from American Type Culture Collection (Manassas, VA). The cell
lines were cultured RPMI 1640 supplemented with 10% fetal bovine serum (FBS). Cell cultures were
maintained at 37 °C under a humidified atmosphere of 5% CO,. The growth inhibition assay against
human cancer cell lines was carried out according to a sulforhodamine B (SRB) assay [20]. In brief,
8000 cells/well were seeded in a 96-well plate. Next day, the cells were treated with violapyrones H
(1), I (2), B (3) and C (4) including vehicle control (0.1% DMSO) and positive control (adriamycin).
After being incubated for 48 hours, cultures were fixed with 50% trichloroactetic acid (50 pg/mL) and
stained with 0.4% sulforhodamine B in 1% acetic acid. Unbound dye was removed by washing with
1% acetic acid, and protein-bound dye was extracted with 10 mM Tris base (pH 10.5) for
determination of optical density. The absorbance at 540 nm was determined using a VersaMax
microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA). Gls, values were calculated using
GraphPad Prism 4.0 software (GraphPad Software, Inc., San Diego, CA, USA).

4. Conclusions

As a result, we isolated two new 3.4,6-trisubstituted a-pyrone derivatives, violapyrones H (1) and
I (2) and two known B (3) and C (4), from the culture broth of Streptomyces sp. 112CH148. These
violapyrones exhibited the cytotoxicity against 10 human cancer cell lines (HeLa, ACHN, HCT-15,
HCT-116, MDA-MB-231, NCI-H23, NCI-H460, NUGC-3, Hep-G2 and PC-3). Consequentially, these
compounds could be new frontiers for the development of anticancer agents. Further studies are
needed to clearly elucidate the mechanism of structure-activity relationship.

Acknowledgments

The authors express gratitude to Y.H. Kim, Korea Basic Science Institute, Ochang, Korea, for
providing mass data. This research was supported in part by the Korea Institute of Ocean Science and
Technology (Grant PE99273) and the Ministry of Oceans and Fisheries (Grant PM57561), Korea.

Author Contributions

H.J. Shin was the principal investigator, who proposed ideas for the present work, managed and
supervised the whole research work, prepared and corrected the manuscript, and contributed to the



Mar. Drugs 2014, 12 3290

structure elucidation of the new compounds. H.-S. Lee achieved all experiments for compounds 1-4,
including fermentation, isolation, and structure elucidation, and prepared the manuscript. J.S. Lee and
J. Shin synthesized violapyrone C (4) to determine its absolute stereochemistry. M.A. Lee, H.-S. Lee,
and Y.-J. Lee contributed to analyzing data. J. Yun and J.S. Kang evaluated the cytotoxicity of 1-4.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Burgess, J.G.; Jordan, E.M.; Bregu, M.; Mearns-Spragg, A.; Boyd, K.G. Microbial antagonism: A
neglected avenue of natural products research. J. Biotehcnol. 1999, 70, 27-32.

2. Fenical, W. Chemical studies of marine bacteria: Developing a new resource. Chem. Rev. 1993,
93, 1673-1683.

3. Lan, W.J.; Zhao, Y.; Xie, Z.L.; Liang, L.Z.; Shao, W.Y.; Zhu, L.P.; Yang, D.P.; Zhu, X.F;
Li, H.J. Novel sorbicillin analogues from the Marine fungus Trichoderma sp. associated with the
seastar Acanthaster planci. Nat. Prod. Commun. 2012, 7, 1337—-1340.

4. Xie, Z.L.; Li, HJ.; Wang, L.Y.; Liang, W.L.; Liu, W.; Lan, W.J. Trichodermaerin, a new
diterpenoid lactone from the marine fungus Trichoderma erinaceum associated with the sea star
Acanthaster planci. Nat. Prod. Commun. 2013, 8, 67—68.

5. Zhao, Y.; Li, S.-Q.; Li, H.-J.; Lan, W.-J. Lanostane triterpenoids from the fungus Ceriporia
lacerate associated with Acanthaster planci. Chem. Nat. Compd. 2013, 49, 653—656.

6. Liu, D.; Li, X.M.; Meng, L.; Li, C.S.; Gao, S.S.; Shang, Z.; Proksch, P.; Huang, C.G.; Wang, B.G.
Nigerapyrones A—H, alpha-pyrone derivatives from the marine mangrove-derived endophytic
fungus Aspergillus niger MA-132. J. Nat. Prod. 2011, 74, 1787-1791.

7. Fairlamb, 1.J.; Marrison, L.R.; Dickinson, J.M.; Lu, F.J.; Schmidt, J.P. 2-pyrones possessing
antimicrobial and cytotoxic activities. Bioorg. Med. Chem. 2004, 12, 4285-4299.

8.  Yao, T.; Larock, R.C. Synthesis of isocoumarins and alpha-pyrones via electrophilic cyclization.
J. Org. Chem. 2003, 68, 5936-5942.

9. Claydon, N.; Allan, M.; Hanson, J.R.; Avent, A.G. Antifungal alkyl pyrones of Trichoderma
harzianum. Trans. Br. Mycol. Soc. 1987, 88, 503-513.

10. Simon, A.; Dunlop, R.W.; Ghisalberti, E.L.; Sivasithamparam, K. Trichoderma koningii produces
a pyrone compound with antibiotic properties. Soil Biol. Biochem. 1988, 20, 263-264.

11. Hirota, A.; Nemoto, A.; Tsuchiya, Y.; Hojo, H.; Abe, N. Isolation of a 2-Pyrone Compound as an
Antioxidant from a Fungus and Its New Reaction Product with 1,1-Diphenyl-2-picrylhydrazyl
Radical. Biosci. Biotechnol. Biochem. 1999, 63, 418-420.

12. Sugiyama, Y.; Oya, A.; Kudo, T.; Hirota, A. Surugapyrone A from Streptomyces coelicoflavus
strain USF-6280 as a new DPPH radical-scavenger. J. Antibiot. 2010, 63, 365-369.

13. Washida, K.; Abe, N.; Sugiyama, Y.; Hirota, A. Novel DPPH radical scavengers,
demethylbisorbibutenolide and trichopyrone, from a fungus. Biosci. Biotechnol. Biochem. 2007,
71,1052-1057.



Mar. Drugs 2014, 12 3291

14.

15.

16.

17.

18.

19.

20.

Schlingmann, G.; Milne, L.; Carter, G.T. New a-pyrones produced by fungal culture LL-11G219
function as androgen receptor ligands. Tetrahedron 1998, 54, 13013-13022.

Hagen, S.E.; Prasad, J.V.N.V.; Boyer, F.E.; Domagala, J.M.; Ellsworth, E.L.; Gajda, C.;
Hamilton, H.W.; Markoski, L.J.; Steinbaugh, B.A.; Tait, B.D.; et al. Synthesis of 5,6-dihydro-4-
hydroxy-2-pyrones as HIV-1 protease inhibitors: The profound effect of polarity on antiviral
activity. J. Med. Chem. 1997, 40, 3707-3711.

Thaisrivongs, S.; Janakiraman, M.N.; Chong, K.T.; Tomich, P.K.; Dolak, L.A.; Turner, S.R.;
Strohbach, J.W.; Lynn, J.C.; Horng, M.M.; Hinshaw, R.R.; et al. Structure-based design of novel
HIV protease inhibitors: Sulfonamide-containing 4-hydroxycoumarins and 4-hydroxy-2-pyrones
as potent non-peptidic inhibitors. J. Med. Chem. 1996, 39, 2400-2410.

Shi, X.; Leal, W.S.; Liu, Z.; Schrader, E.; Meinwald, J. A new synthesis of alkylated 2H-pyran-2-ones
and its application to the determination of the relative and absolute configuration of
supellapyrone, sex pheromone of the brownbanded cockroach, Supella longipalpa. Tetrahedron
Lett. 1995, 36, 71-74.

Zhang, J.; Jiang, Y.; Cao, Y.; Liu, J.; Zheng, D.; Chen, X.; Han, L.; Jiang, C.; Huang, X.
Violapyrones A-G, alpha-pyrone derivatives from Streptomyces violascens isolated from
Hylobates hoolock feces. J. Nat. Prod. 2013, 76, 2126-2130.

Lee, J.S.; Shin, J.; Shin, H.J.; Lee, H.-S.; Lee, Y.-J.; Lee, H.-S.; Won, H. Total synthesis and
configurational validation of (+)-violapyrone C. Eur. J. Org. Chem. 2014, submitted for publication.
Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren, J.T.;
Bokesch, H.; Kenney, S.; Boyd, M.R. New Colorimetric Cytotoxicity Assay for Anticancer-Drug
Screening. J. Natl. Cancer Inst. 1990, 82, 1107-1112.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



