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ABSTRACT: Griseusins F (1) and G (2), two 2a-hydro-8a-(2-oxopropyl)-
substituted spiro-naphthoquinones with a previously undescribed C23 polyketide
skeleton, were isolated from a Yunnan tin mine tailings-derived alkalophilic
actinomycete, Nocardiopsis sp. YIM DT266. Their complete structure assignments
with the absolute stereochemistry were elucidated by spectroscopic data, X-ray crystal
diffraction, calculation of optical rotation, and CD spectroscopic analysis. Compounds
1 and 2 exhibited strong cytotoxicity (IC50 0.37−0.82 μM) and antibacterial activity
(MIC 0.80−1.65 μg/mL) against Gram-positive bacteria, including methicillin-
resistant Staphylococcus aureus (MRSA) in vitro.

The griseusins, which belong to the family of pyranonaph-
thoquinones that possess additional heterocyclic rings in

the core skeleton of naphtha[2,3-c]pyran-5,10-dione,1,2 are
aromatic polyketide antibiotics produced by Streptomyces griseus
K-63,3−5 S. griseus MJ361-48F3,6 Streptomyces. sp. IFM 11307,7

actinomycete strain MJ932-SF3,8 alkaphilic Nocardiopsis sp.,9,10

and Penicillium sp.11 Members of this class exhibit interesting
biological activities, such as cytotoxic and antimicrobial activity
against methicillin-resistant Staphylococcus aureus (MRSA).
During our continuing search for new secondary metabolites
of Chinese tin mine tailings-derived actinomycetes,12,13 two
unprecedented 2a-hydro-8a-(2-oxopropyl)-substituted spiro-
naphthoquinones with a previously undescribed C23 polyketide
skeleton were isolated from alkalophilic Nocardiopsis sp. YIM
DT266, namely, griseusin F (1) and griseusin G (2) (Figure 1).
Herein, details are reported regarding the structure elucidation
of the two new members of this unique class of natural
products, including their absolute stereochemistry and bio-
logical activity.

Compound 1 was obtained as brown crystals. Its molecular
formula was determined to be C23H24O10 on the basis of
HRMS (ESI+) for a pseudomolecular ion [M + Na]+. 1H and
13C NMR spectroscopic data of 1 (Table 1) showed resonances
for three exchangeable protons, two methyl groups, three
methylenes, six methines (five of which are oxymethines), six
sp2 carbons (three protonated), two sp3 quaternary carbons
including one of double oxygenation (δC 98.2), three keto
carbonyls (δC 204.5, 200.5, and 193.7), and one ester/lactone
carbonyl (δC 174.5). These data accounted for seven out of the
12 degrees of unsaturation calculated from the molecular
formula, which suggested that 1 was a pentacyclic compound.
Analysis of the 1H−1H COSY and HMQC-TOCSY spectra of
1 revealed the presence of three discrete 1H−1H spin systems:
H-5/H-6/H-7, H-9/H-10/H2-14, and H-3′(OH-3′)/H-4′(OH-
4′)/H2-5′/H-6′/H3-7′ (Figure 2), while H-2a, H2-11, and H3-
13 were isolated. Comprehensive analysis of the HMBC
spectrum of 1 established two main structural fragments, 1a
and 1b (Figure 2). On the basis of HMBC correlations from H-
5, H-7, and OH-4 to C-3a and from H-6 to C-7a, the 1,2,3-
trisubstituted phenyl group fusing at positions C-3a/C-7a of
fragment 1a was deduced. An exchangeable proton at δH 11.89
in the downfield region of the 1H NMR spectrum revealed the
presence of strong hydrogen bonding, and the HMBC
correlations of OH-4 to its adjacent carbons confirmed the
assignment of the hydroxyl substitution to C-4. HMBC
correlation of H-7 to C-8 indicated the location of carbonyl
C-8 and led to assignment of the regio location for H-7. Further
HMBC correlations of H-2a to C-3, C-3a, C-8, and C-8a
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Figure 1. Absolute configuration of griseusins F (1) and G (2).
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suggested a 2,3-disubstituted dihydrojuglone moiety for
fragment 1a, in which the C-2a/C-8a bond was saturated. A
2-oxopropyl group at C-8a was supported by HMBC cross-
peaks from H2-11 to C-2a, C-8, C-8a, and C-9. In fragment 1b,
the HMBC correlations of H-2a, H-3′, and OH-3′ with the
quaternary ketal C-2/2′, H-4′ and H-6′ with C-2a, and H-9
with C-2a and C-8a enabled the construction of a 1,7-
dioxaspiro[5.5]undecane ring system. A γ-lactone ring was
fused into the pyran moiety at positions C-9/C-10 as evidenced
by the 2JC,H couplings (H-9/C-8a) and 3JC,H couplings (H-9/C-
8, H-10/C-15, and H2-14/C-9) observed in the HMBC
spectrum. Therefore, the planar structure of 1 was tentatively
assigned as depicted in Figure 2.
The relative configuration of 1 was determined by analysis of

its 1H NMR and 2D-NOESY correlations. H-2a and C-8a/C-11
in syn orientation was evidenced by an NOE interaction

between H-2a and H2-11. The NOESY correlation of H-9 with
H-10 indicated the cis attachment of the γ-lactone ring (Figure
3). A coupling constant of 9.2 Hz for 3JH‑3′,H‑4′ strongly

suggested a diaxial arrangement of H-3′ and H-4′. Furthermore,
the axial position of H-3′ was confirmed by an NOE between
H-3′ and Hax-5′. Finally, the relative configuration of 1 was
confirmed by single-crystal X-ray diffraction analysis (Figure
3).14

The absolute configuration of the eight stereogenic centers in
1 was assigned by comparing the computed optical rotation
(OR) with the experimental OR through the use of methods
reported by other investigators,15−17 as well as DFT methods
previously employed by this group.18 The computed OR for 1

Table 1. 1H (500 MHz) and 13C NMR (125 MHz) Data of Compounds 1 and 2

griseusin F (1) griseusin G (2)

position δC, type δH (J in Hz) HMBC δC, type δH (J in Hz) HMBC

2 98.2, C 100.8, C
2a 53.0, CH 3.46, s 2/2′, 3, 3a, 8, 8a, 11 52.4, CH 3.44, s 2/2′, 3, 3a, 8, 8a, 9, 11, 3′
3 200.5, C 199.6, C
3a 117.0, C 117.1, C
4 160.1, C 160.4, C
5 122.7, CH 7.28, d, (8.1) 3a, 4, 7 122.9, CH 7.30, d, (7.9) 3a, 4, 7
6 137.4, CH 7.74, dd, (8.1, 7.5) 4, 7a 137.6, CH 7.78, dd, (7.9, 7.3) 3a, 4, 7, 7a
7 117.2, CH 7.36, d, (7.5) 3a, 5, 8 117.4, CH 7.39, d, (7.3) 3a, 4, 5, 6, 8
7a 135.0, C 135.0, C
8 193.7, C 193.9, C
8a 47.7, C 47.6, C
9 74.8, CH 5.31, d, (1.8) 2a, 8, 8a, 10 74.5, CH 5.32, d, (1.8) 2a, 8, 8a, 10, 11
10 66.6, CH 4.42, dd, (4.3, 1.8) 15 67.4, CH 4.51, m 9, 15
11 47.1, CH2 3.08, d, (16.5) 2a, 8, 8a, 9, 12 47.1, CH2 3.13, d, (17.1) 2a, 8, 8a, 9, 12

2.86, d, (16.5) 2a, 8, 8a, 9, 12 2.94, d, (17.1) 2a, 8, 8a, 9, 12
12 204.5, C 204.5, C
13 31.0, CH3 1.97, s 11, 12 30.9, CH3 1.98, s 8a, 11, 12
14 37.5, CH2 3.20, dd, (17.1, 4.3) 37.5, CH2 3.20, dd, (17.1, 4.0) 15

2.41, d, (17.1) 9, 10, 15 2.33, d, (17.1) 9, 10, 15
15 174.5, C 174.1, C
3′ 72.6, CH 3.00, dd, (9.2, 6.7) 2/2′, 2a, 8a, 4′ 74.7, CH 4.07, d, (6.7) 2/2′, 2a, 4′
4′ 66.8, CH 3.59, ma 2a 203.8, C
5′ 40.8, CH2 1.71, m 3′, 4′ 46.4, CH2 2.30, m 3′, 4′, 6′, 7′

1.68, m 3′, 4′ 2.22, m 3′, 4′
6′ 65.7, CH 3.61, ma 2a 67.4, CH 3.87, m
7′ 19.3, CH3 0.58, d, (6.1) 5′, 6′ 19.7, CH3 0.74, d, (6.1) 4′, 5′, 6′
OH-4 11.89, s 3a, 4, 5 11.85, s 3a, 4, 5
OH-3′ 4.90, d, (6.7) 2/2′, 3′, 4′ 5.48, d, (6.7) 2/2′, 3′, 4′
OH-4′ 4.62, d, (4.9) 5′

aThe signals of H-4′ and H-6′ overlap.

Figure 2. Structure of 1. Selected COSY, HMQC-TOCSY, and
HMBC correlations of fragments 1a and 1b.

Figure 3. Selected NOESY correlations (left) and ORTEP
representation (right) of 1.
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was −145.1 at the B3LYP/6-311++G(2d,p) level. The recorded
OR for 1 was +109.0. The absolute OR for 1 (109.0) is closer
to the computed value (−145.1); however, the OR signs
(negative vs positive) contradict each other. The proposed
structure of 1 (Figure 2) must therefore represent the
enantiomer of the naturally occurring compound. Accordingly,
the absolute configurations of the eight stereogenic centers in 1
were determined to be 2R, 2aS, 8aS, 9R, 10R, 3′R, 4′S, and 6′R
(Figure 1).
The molecular weight of compound 2 was 2 Da lower than

that of 1, as determined by HRMS (ESI+) for a
pseudomolecular ion [M + Na]+. The molecular formula of
C23H22O10 for 2 suggested that it is an analogue of 1 after
dehydrogenation. Consistent with this inference, 1H and 13C
NMR data of 2 (Table 1) were very similar to those of 1 except
that one oxymethine carbon signal (δC 66.8, C-4′) in 1 was
replaced by a signal for a keto carbonyl carbon in 2 (δC 203.8,
C-4′). The new keto group was located at C-4′, as assessed by
the HMBC correlations of H-3′, OH-3′, H2-5′, and H3-7′ with
C-4′. Further HMBC correlations (Figure 4) confirmed the
structure 2 as depicted.

The similar NOESY correlations of 1 and 2 (Figures 3 and 4)
revealed the same stereostructure for both compounds. The
absolute configuration of 2 was assigned by comparison of the
CD spectrum of 2 with that of 1 (Figure 5), as well as by
comparison of the experimental and calculated OR values of 2
(experimental, +128.5; calculated, −157.3). Considering that

both compounds are produced by the same strain (YIM
DT266) of Nocardiopsis sp. and exhibited almost identical CD
curves, the absolute configurations of the seven stereogenic
centers in 2 were determined to be 2R, 2aS, 8aS, 9R, 10R, 3′R,
and 6′R (Figure 1).
As noted above, griseusins F (1) and G (2) are new members

of the rare 2a,8a-disubstituted class of natural griseusins. They
are characterized by unprecedented 2a-hydro-8a-(2-oxopropyl)
structural variations; they are also the first metabolites
possessing a novel C23 polyketide skeleton within this class of
compounds. Compared with the closely related pyranonaph-
thoquinones, such as the recently isolated epi-4′-deacetyl-
(−)-griseusin A (3),9 4′-dehydrodeacetyl-(−)-griseusin A (4),9

2a,8a-epoxy-epi-deacetyl-(+)-griseusin B (5),9 (−)-griseusin D
(6),10 and (+)-griseusin E (7)7 (Figure 6), 1 and 2 are uniquely

modified. Specifically, the C-2a/C-8a double bond in 3, 4, 6,
and 7 has been opened by the cis addition of H/2-oxopropyl to
create two new sp3 chiral centers in 1 and 2, which also differ
from the epoxy substitution at C-2a/C-8a in 5. Moreover, the
H/2-oxopropyl substitution at C-2a/C-8a in 1 and 2 results in
CD spectra and/or signs of OR that are significantly different
from those of 3−7. This is the first report to establish the
absolute configurations of new chiral centers at C-2a and C-8a
in 1 by single-crystal X-ray diffraction analysis and calculation of
the OR, whereas the counterparts in the related microbial
metabolites, tetrahydrokalafungin (8),19 nanaomycin B (9),20

and the dihydrofusarubin ethyl acetals (10, 11)21−23 (Figure 6),
have yet to be determined.
1 and 2, like griseusins A and B, are assumed to be formed by

the polyketide biosynthesis pathway.24 It can also be speculated
that reduction of the polyketide backbone at C-2a and C-8a
requires additional enzymatic reduction of the polyketide
skeleton.

Cytotoxicity and Antibacterial Activity. 1 and 2
exhibited highly cytotoxic activity against B16, MDA-MB-
435S, CFPAC-1, ACHN, and HCT-116 human cancer cell lines
(Table 2). Antibacterial activity is reported in Table 3.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Thin-layer chromatography

(TLC) and silica gel column chromatography were performed using
Nanodurasil-20 UV254 plates (Macherey-Nagel & Co) and ZX-3 silica
gel (Qindao Haiyang Chemicals), respectively. Preparative HPLC was
carried out using a Waters SunFire reversed-phase (C18, 10 μm, 250 ×
19 mm, l × i.d.) column connected to a Waters 1525 binary pump and
monitored by a Waters photodiode array detector. UV and IR spectra
were measured on a Shimadzu 2401PC UV/vis spectrometer and a
Bruker Tensor27 FT/IR spectrometer, respectively. Optical rotations
were recorded using a Jasco P-1020 polarimeter. CD spectra were
recorded on a Chirascan circular dichroism spectrometer. High-
resolution mass spectrometric data were obtained from an Agilent

Figure 4. Selected HMBC (left) and NOESY (right) correlations of 2.

Figure 5. CD spectra of 1 and 2.

Figure 6. Related microbial metabolites.
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1100 HPLC/TOF system. 1H, 13C, and 2D NMR experiments were
acquired on a Bruker DRX-500 MHz spectrometer. The NMR
chemical shifts (ppm) were referenced to the solvent peaks at δH 2.50
and δC 39.5 (residual DMSO) for samples in DMSO-d6.
Strain and Cultivation. Nocardiopsis sp. (YIM DT266) was

isolated from an alkaline soil sample (pH 10) collected from the Datun
tin mine tailings area (103°18′36″ E, 23°22′12″ N), Yunnan, PR
China. The soil in this area is contaminated with high contents of
metals (including 1.4 × 105 mg kg−1 iron, 2.9 × 103 mg kg−1 tin, 1.8 ×
103 mg kg−1 arsenic, 1.2 × 103 mg kg−1 copper, and 4.4 × 102 mg
kg−1 lead). It was classified according to 16S rRNA analysis with 97.3%
identity (Genbank deposit no. GU138159). A voucher specimen is
deposited at Yunnan Institute of Microbiology, Yunnan University,
with the code YIM DT266. Strain YIM DT266 was cultured in 2000
agar plates composed of 10 g/L glucose, 5 g/L peptone, 5 g/L yeast
extract, 1 g/L K2HPO4, 0.2 g/L MgSO4·7H2O, 18 g/L Na2CO3, and
15 g/L agar in distilled H2O, pH 12. Sodium carbonate was sterilized
separately and then added to the medium. The plates were incubated
at 28 °C for 28 days.
Computational Method. The conformational search was

performed by Amber force field via the HyperChem package. The
geometries with a relative energy of 0−5 kcal/mol were used in
optimizations at the B3LYP/6-31G(d) level. Only the geometries with
an energy of 0−2.5 kcal/mol were used in optical rotations at the
B3LYP/6-311++G(2d,p) level. Boltzmann statistics used whole
conformational OR sums. The computed ORs for griseusins F (1)
and G (2) were −145.1 and −157.3, respectively.
Extraction, Isolation, and Purification. The cultured plates were

extracted with methanol. The extract was concentrated under reduced
pressure, and the aqueous residue was extracted with EtOAc. The
EtOAc fraction was first chromatographed on a silica gel flash
chromatograph eluted with CHCl3/MeOH (9:1) and then fraction-
ated using Sephadex LH-20 eluted with MeOH. Further purification
was achieved by preparative reversed-phase HPLC using an isocratic
elution of MeOH/H2O (6:4) to obtain griseusin F (1, yield 0.87 mg
L−1, tR 4.9 min) and griseusin G (2, yield 0.64 mg L−1, tR 5.7 min).
Finally, slow recrystallization of griseusin F (1) from MeOH/H2O
(95:5) furnished single crystals suitable for X-ray experiment.
Griseusin F (1): brown crystal; mp >300 °C; [α]20D +109.0 (c

0.0014, MeOH); UV (MeOH) λmax (log ε) 201.0 (3.9), 232.0 (4.0),
353.0 (3.4); CD (MeOH) λ (Δε) 204 (−0.64), 213 (−1.75), 229
(+3.03), 244 (−0.33), 255 (+4.72), 273 (−3.29), 288 (+0.66), 336
(+1.33), 368 (−0.83), 379 (−0.11); IR (KBr) νmax 3495.5, 3476.4,

2951.3, 2924.7, 2854.0, 1773.4, 1725.5, 1697.9, 1641.4, 1455.7 cm−1;
HRMS (ESI) m/z calcd for [C23H24O10 + Na]+ 483.1262 [M + Na]+,
found 483.1255; m/z calcd for [2 × C23H24O10 + Na]+ 943.2631 [2 M
+ Na]+, found 943.2623; m/z calcd for [C23H24O10 − H]− 459.1297
[M − H]−, found 459.1296.

Griseusin G (2): brown crystal; mp >300 °C; [α]20D +128.5 (c
0.0020, MeOH); UV (MeOH) λmax (log ε) 201.5 (4.0), 231.5 (4.2),
353.0 (3.6); CD (MeOH) λ (Δε) 205 (+2.22), 216 (−0.90), 229
(+2.55), 244 (−2.24), 256 (+4.79), 271 (−3.24), 288 (+3.30), 313
(+0.96), 336 (+2.43), 368 (−0.83), 383 (−0.04); IR (KBr) νmax
3442.3, 2976.1, 2933.1, 2855.4, 1795.0, 1726.1, 1701.9, 1641.0, 1455.4
cm−1; HRMS (ESI) m/z calcd for [C23H22O10 + Na]+ 481.1105 [M +
Na]+, found 481.1101; m/z calcd for 2 × [C23H22O10 + Na]+ 939.2318
[2 M + Na]+, found 939.2317; m/z calcd for [C23H22O10 − H]−

457.1140 [M − H]−, found 457.1137.
Biological Assays. The cytotoxic effects on cancer cell lines (B16,

MDA-MB-435S, CFPAC-1, ACHN, and HCT-116 cells, which were
obtained from Kunming Medical University) were determined by
MTT assay.25 Briefly, 100 μL of each cell line (5 × 104 cells mL−1) was
seeded in 96-well microplates and incubated at 37 °C for 24 h. Then,
100 μL of various concentrations of the test chemical in DMSO was
added. Cisplatin was used as a positive control. After 24, 48, and 72 h,
the cells were stained with MTT. The optical density of each well was
measured at 492 nm compared to the negative control. The data
obtained were presented graphically by plotting the test chemical
concentrations versus the percent cell viability, where the concen-
tration causing cell death by 50% was determined as the half-maximal
inhibitory concentration (IC50). The MICs for antibacterial activity
were determined by agar well diffusion assay using tested bacteria
(Staphylococcus aureus ATCC 29213, Micrococcus luteus, and Bacillus
subtilis).26 The MICs were read in μg/mL after overnight incubation at
28 °C.
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A.; Õmura, S. J. Antibiot. 1995, 48, 484−487.
(20) Tanaka, H.; Koyama, Y.; Nagai, T.; Marumo, H.; Õmura, S. J.
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