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ABSTRACT: Three novel asteltoxin-bearing dimers namely
diasteltoxins A−C (1−3) along with asteltoxin were isolated
from a mutated strain of a sponge-derived fungus Emericella
variecolor XSA-07-2. Their structures were determined by
extensive spectroscopic analyses including the computed
electronic circular dichroism (ECD) data for the configura-
tional assignment. The biogenetic formation of the dimers
through [2 + 2] cycloaddition of asteltoxin was postulated.
Diasteltoxins 1−3 exerted inhibitory effects against the tumor cell lines H1299 and MCF7 and exhibited significant inhibition
against thioredoxin reductase (TrxR).

Marine-derived microorganisms have been proven as a
promising source to produce structurally novel natural

products which play a pivotal role in the development of new
therapeutics.1−4 It was recognized that most biosynthetic
pathways of marine microbial strains keep silent under standard
laboratory culture approaches, and chemists are only scratching
the surface of biosynthetic diversity due to the absence of
particular stimuli.5 Thus, it is a challenge to uncover the true
biosynthetic potential of these diverse microorganisms. Indeed,
several approaches have been developed to intentionally
awaken the silent biosynthetic pathways to access cryptic
compounds,6−8 including the strategies of OSMAC (one strain
many compounds),9 cocultivation, ribosome engineering,10,11

and chemical epigenetics methods.12,13 In addition, introducing
drug-resistant mutation14 and random diethyl sulfate (DES)
mutagenesis15 also provided exciting opportunities to harness
the biosynthetic potential of known and cultivable micro-
organisms. Asteltoxin is a mycotoxin originally derived from
fungus Aspergillus stellatus, and its structure is related to trienic
α-pyrone characterized by the presence of a unique and highly
functionalized dioxabicyclooctane bearing an array of six
stereogenic centers.16−18 Asteltoxin possesses a range of
biological activities, including the potent inhibition against
bacterial ATP-synthesis and ATP-hydrolysis catalyzed by
mitochondria enzyme systems. The biosynthetic pathway to
form asteltoxin and relative analogues was uncovered by 13C-
labeled precursor studies19 and by the biosynthetic gene cluster
and its reconstitution using heterologous expression.20 Our
previous investigation of a sponge-associated fungus Emericella
variecolor XSA-07-2 resulted in the isolation of asteltoxin as a
main metabolite in addition to a number of polyketides.21 In
the continuing discovery of new metabolites, we applied diethyl
sulfate (DES) as the chemical mutagen to activate the silent

fungal metabolite pathway of E. variecolor. Eight mutated strains
were obtained, while the HPLC, NMR, and ESIMS/MS
detection revealed that a mutant of E. variecolor XSA-07-2-M3
produced the secondary metabolites structurally featured
asteltoxin, which were not found in the wild strain. Chromato-
graphic separation of the fermented mutant resulted in the
isolation of three new compounds namely diasteltoxins A−C
(1−3) (Figure 1) together with asteltoxin.
Diasteltoxin A (1) was isolated as a white amorphous

powder. Its molecular formula was determined as C46H60O14 on
the basis of the pseudomolecular ion peak at m/z 837.4058 [M
+ H]+ (calcd for C46H61O14, 837.4061) in the HRESIMS and
NMR data, requiring 17 degrees of unsaturation. The UV
absorptions at 243 and 295 nm in association with the IR data
at 3418, 1716, and 1619 cm−1 suggested the presence of
hydroxy, lactone, and olefinic functionalities. The 13C NMR
spectrum exhibited a total of 46 carbon resonances, including
two carbonyl carbons, 16 olefinic carbons for eight double
bonds, two methoxy carbons, and a number of oxygenated and
alkyl carbons. The 1H and 13C NMR data (Table 1 in the
Supporting Information) featured an asteltoxin-type analogue,
while the 2D NMR (COSY, HMQC, HMBC) data established
two units of asteltoxin related moieties. In unit A, a conjugated
olefinic chain from H-9 (δH 5.86, dd, J = 7.8, 15.6 Hz) to H-14
(6.00, d, J = 15.6 Hz) established a triene segment. A
dioxabicyclooctane moiety was assigned by the COSY
correlation between H-7 (δH 3.54, dd, J = 3.6, 6.0 Hz)/H-8
(δH 4.46, dd, J = 3.6, 7.2 Hz) and H-8/H-9, in association with
the HMBC correlations from proton singlet H-6 (δH 5.00, s) to
the carbons in the bicyclic ring from C-3 (δC 89.3) to C-8 (δC
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84.5). Additional HMBC correlations from H3-20 (δH 1.18, s)
to C-3, C-4 (δC 79.8), and C-5 (δC 61.6), H3-21 (δH 1.01, s) to
C-4, C-5, C-6 (δC 111.9), and C-7 (δC 78.9), and H3-1 to C-3,
in association with the COSY correlations from H3-1 (δH 0.89,
t, J = 7.2 Hz) to H-3 (δH 4.15, t, J = 6.0 Hz) for a propane
group, indicated the partial structure of unit A from C-1 to C-
14 to be identical to that of asteltoxin. However, the HMBC
correlations from H-14 to C-15 (δC 83.6) and C-16 (δC 49.4),
between MeO and C-17 (δC 174.2), and H3-22 (δH 1.25, s) to
C-15, C-16, and C-17, in addition to the correlations from H-
18 (δH 5.47, s) to C-16, C-17, and C-19 (δC 163.5), revealed C-
15/C-16 of the α-pyrone unit to be saturated. Following the
spectroscopic analyses as in the case for unit A, the structure of
unit B was established to be closely related to asteltoxin. The
distinction was attributed to the side chain, where C-13′ (δC
43.5) and C-14′ (δC 50.3) presented as sp3 hybridization
instead of olefinic carbons as in asteltoxin. This assignment was
also supported by the COSY relationships from H-13′ (δH 3.32,
dd, J = 8.4, 10.8 Hz) to H-12′ (δH 5.60, dd, J = 8.4, 15.6 Hz)
and H-14′ (δH 4.03, d, J = 10.8 Hz). The linkage of the 16′-
methyl-17′-methoxy-α-pyrone to C-14′ was deduced by the
HMBC correlations of H-14′ to C-15′ and C-16′. The
connection of units A and B across C-14′/C-15 and C-13′/
C-16 was deduced by the HMBC correlations between H3-22
and C-13′ and between H-14 and C-14′. Thus, the structure of
1 was deduced as a dimer of asteltoxin through [2 + 2]
cycloaddition. The relative configurations of 1 were determined
by the NOESY interaction. The observation of NOE
interactions between H3-20/H-3 and H3-20′/H-3′, as well as
H3-21 to H2-2, H-6, H-7, and H-8, as well as H3-21′ to H2-2′,

H-6′, H-7′, and H-8′, clarified the relative configurations of
both dioxabicyclooctane moieties in units A and B to be the
same as those of asteltoxin, which was also isolated from the
same fraction. In addition, the E geometry of the double bonds
at side chains was assigned by the coupling constants of the
olefinic protons. Since the relative configurations of asteltoxin
were determined by spectroscopic data and X-ray analyses17

and its absolute configurations were assigned by partial22 and
total synthesis,23 the configurations of units A and B were
biogenetically presumed to be the same as those of the known
analogue. Regarding the cyclobutane ring, the strong NOE
correlation between H-12′ and H-14′, and from H3-22 to H-13′
and H-14, determined the cis fusion of unit A with unit B, while
H-13′ was in the same orientation as H3-22 and in the opposite
one to H-14′ (Figure 2). These data afforded the relative

configurations of 1 to be 15S*, 16S*, 13′R*, and 14′S*. In the
ECD spectrum, compound 1 exhibited a negative Cotton effect
(CE) at 305 nm and positive CE at 255 nm (Figure 3),

reflecting the exciton coupling of α-pyrones in units A and B.
These data were in accordance with the negative chirality
helicity,24 indicating 14′S configuration. Thus, the remaining
stereogenic centers in the cyclobutane ring were assigned as
15S, 16S, and 13′R, accordingly. These assignments were also
supported by a quantum chemical ECD calculation. Conforma-
tional searches were carried out by means of the Powell
methods using the MMFF94s force field in the SYBYL-X
software package.25 The corresponding minimum geometries
were fully optimized at the B3LYP/6-31G(d) level using the

Figure 1. Structures of diasteltoxins A−C (1−3).

Table 1. Inhibitory Effects of 1−3 Against Tumor Cell Lines
and TrxR

IC50 (μM)

compd HEK293T H1299 MCF7 TrxR

1 132 188 73 12.8 ± 0.8
2 102 164 127 11.1 ± 0.2
3 79 142 50 7.2 ± 0.2

Figure 2. Key NOE correlations of 1 and 3 in cyclobutane ring.

Figure 3. Experimental ECD spectra of 1 and 2 and the calculated
spectra of 1 and 2.
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time-dependent density functional theory (TDDFT) method,
as implemented in the Gaussian 09 program package. The
stable conformers obtained were then submitted to the ECD
calculation at the B3LYP/6-31G(d) level. The calculated ECD
spectra of the model molecules with 15S, 16S, 13′R, and 14′S
(1) and 15R, 16R, 13′S, and 14′R configurations (2) were
subsequently compared with the experimental ECD data for 1.
The similar Cotton effects of the measured ECD of 1 as those
of computed 1 confirmed the configurational assignments.
The molecular formula of diasteltoxin B (2) was the same as

that of 1 based on the HRESIMS and NMR data, while the UV
and IR absorptions of both compounds were closely similar. An
extensive analyses of 1D and 2D (COSY, HSQC, HMBC)
NMR data revealed the same gross structure of both 2 and 1.
The NOE data and the coupling constants of units A and B in 2
resembled those 1, indicating 2 shared the same configurations
of asteltoxin. In addition, the NOE correlation between H-14
and H3-22 deduced a cis fusion of unit A with unit B, while the
NOE relationships between H3-22/H-13′ and H-12′/H-14′
revealed the same relative configurations in the cyclobutane
ring of both 1 and 2. However, the ECD spectrum exhibited
the positive CE at 310 nm and negative CE at 260 nm, which
were in opposite phases in comparison with those of 1. Since
the CEs were mainly contributed to by α-pyrone chromophores
substituted in the cyclobutane ring, the Cotton effects of 2 were
in agreement with 14′R configuration, based on the exciton
chirality method. These assignments were further supported by
the experimental ECD data which resembled the computed
ECD data (Figure 3) for the model molecule of 2 with 15R,
16R, 13′S, and 14′R configurations.
Diasteltoxin C (3) has a molecular formula the same as that

of 1, as determined by the HRESIMS and NMR data. The
similar UV and IR absorptions and NMR data for both 3 and 1
indicated 3 to be an analogue of 1. Comprehensive analyses of
2D NMR data including COSY, HMQC, and HMBC revealed
the structure of 3 to be a dimer of asteltoxin with the saturated
carbons of C-13 (δC 41.2)/C-14 (δC 42.8) in unit A and C-13′
(δC 41.4)/C-14′ (δC 43.2) in unit B. These findings were
supported by the key HMBC correlations from H-14 (δH 3.86,
dd, J = 6.8, 9.8 Hz) to C-12′, C-13′, and C-14′ and from H-14′
to C-12, C-13, and C-14, in association with the COSY
relationships of the protons surrounding the cyclobutane ring.
Thus, the gross structure of 3 was determined as a dimer of
asteltoxin with a [2 + 2] cycloaddition through C-13/C-14′ and
C-14/C-13′ condensation. The NOE correlations from H-12 to
H-14 and H-13′ and from H-12′ to H-14′ and H-13 established
the same orientation of H-14 and H-13′ which were on the
opposite face toward H-13 and H-14′. Therefore, the relative
configuration of cyclobutane was assigned as 13R*, 14R*, 13S*,
and 14S*. Based on the quantum chemical ECD calculation at
the B3LYP/6-31G+(d) level using the TDDFT method, the
ECD data for the model molecules for 13R, 14R, 13′S, and 14′S
(3a) and 13S, 14S, 13′R, and 14′R (3b) (Figure 4) were
computed. Comparison of the experimental ECD of 3 with
those calculated for the model molecules clarified 3 to be in
13R, 14R, 13′S, and 14′S configurations.
Biogenetically, compounds 1 and 2 were postulated to be

derived from two units of asteltoxin as a precursor through [2 +
2] cycloaddition, while the E geometry of the double bond at
C-13′/C-14′ of the second asteltoxin resulted in the trans
orientation of H-13′ and H-14′. Two fusion manners were
depicted to generate 1 and 2, respectively. Compound 3 was
generated by the condensation of asteltoxin through [2 + 2]

cycloaddition across C-13/C-14′ and C-14/C-13′ (Figure 5).
Phytochemical reaction of asteltoxin under irradiation with a

400 W medium-pressure mercury lamp for 1.0 h was
performed,33 while no product regarding 1−3 was detected.
This finding partly supported 1−3 as being derived from fungal
origin.
Diasteltoxins A−C (1−3) exerted weak inhibitory effects

against the growth of nonsmall cell lung cancer (H1299) and
breast cancer (MCF7) cell lines, whereas compounds 1−3
exhibited significant inhibition against thioredoxin reductase
(TrxR) (Table 1). TrxR is a member of the Trx system and is
regarded as a new target for anticancer drug development due
to its overexpression in many aggressive tumors. In addition,

Figure 4. Experimental ECD spectrum of 3 and the calculated spectra
of 3a and 3b.

Figure 5. Plausible biogenetic pathway of 1−3.
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TrxR has been proven to be closely related to tumor
progression and metastasis in vivo.26 Thus, the weak
cytotoxicity and potent inhibition toward TrxR suggested that
diasteltoxins A−C may act as microenvironmental regulation of
tumor progression and metastasis.
In summary, the present work reports three structurally novel

asteltoxin-bearing dimers which were characteristic of a [2 + 2]
cycloaddition of asteltoxin in different manners. Naturally
occurring dimers with [2 + 2] cycloaddition are a group of
unusual metabolites in nature, while they were mainly found
from plants as examplified by simmonosides A and B,27

katsumadain C,28 oxyfadichalcones A−C, achyrodimers A−E,29
and grahamines A−E.30 Photodimerization to form a cyclo-
butane ring was proposed tentatively by the plants irradiated
under intense ultraviolet light in their growing environment.
Marine organisms rarely exhibited dimerization through [2 + 2]
cycloaddition with the exception of debromosceptrins from the
sponge Agelas conifer31 and pulchralides from macroalgae.32 To
the best of our knowledge, this is the first report of [2 + 2]
cycloaddition occurring in marine fungus, while the dimeriza-
tion was suggested to be accomplished by an enzymatic step
due to the unsuccessful dimerization of asteltoxin in a
photochemical reaction.
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