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Terretonins E and F, Inhibitors of the Mitochondrial Respiratory Chain from the
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Two new meroterpenoids, terretonins E and F (1, 2), together with three known compounds, aurantiamine (3), linoleic
acid, and uridine, were isolated as fermentation products of the marine-derived fungus Aspergillus insuetus, which was
associated with the sponge Petrosia ficiformis. Structures of all isolates were elucidated employing spectroscopic methods,
mainly by two-dimensional NMR techniques. Compounds 1—3 showed activity as inhibitors of the mammalian

mitochondrial respiratory chain.

In the search for novel and bioactive molecules, terrestrial fungi
have yielded many biologically active compounds. More recently,
marine fungi have become an important research area of natural
products with significant value due to the diversity in chemical
structures and biological activities.'” However, compared with other
marine organisms, relatively few investigations of the secondary
metabolites from marine fungi have been reported.® Fungi isolated
from various organisms in the marine environment, e.g., from
mangroves,” algae,” mollusks,® and particularly sponges,’” have been
examined for their secondary metabolite content.

As part of our research into marine fungi, we report results
regarding the secondary metabolite chemistry of Aspergillus in-
suetus, isolated from a specimen of the Mediterranean sponge
Petrosia ficiformis. This study led to the isolation of two new
compounds, 1 and 2, together with three known compounds
previously isolated from other fungal sources® '® (Figure 1). The
two new compounds are structurally related to the known mycotoxin
terretonin'' and terretonins A—D'? isolated from A. terreus. Here,
the isolation, structure elucidation, and biological activity of these
fungal metabolites, named terretonin E (1) and terretonin F (2),
are described.

Chemical studies of the organic extract obtained from the culture
broth of A. insuetus afforded two new meroterpenoids, terretonin
E (1) and terretonin F (2), along with the known compound
aurantiamine (3). Linoleic acid and uridine were also isolated from
the dichloromethane and methanol mycelium extracts of A. insuetus,
respectively. The previously known compounds were identified by
comparing their spectroscopic and physical data ("H and '3C NMR,
MS, and [a]p) with literature values.®'*'* The new molecules, 1
and 2, were characterized as described below (Table 1).

The molecular formula of terretonin E (1) was C,sH3,09, as
deduced from the sodiated molecular ion peak at m/z 511.1954 in
its HR-ESIMS spectrum, indicating 11 degrees of unsaturation. The
13C NMR spectrum of 1 contained resonances for nine sp? carbons,
four of them at & 113.1 (C-22), 132.5 (C-5), 142.1 (C-12), and
143.4 (C-6) belonging to two double bonds. The more deshielded
signals at ¢ 212.6 (C-3) and 204.0 (C-17) were ascribed to two
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Figure 1. Metabolites (1—3) isolated from Aspergillus insuetus.

ketone groups, and the signal at 6 195.2 (C-7) was assigned to an
o,B-unsatured ketone. The other two sp? carbon resonances at ¢
170.0 (C-15) and 167.1 (C-25) indicated the presence of two ester
carbonyls. The remaining unsaturations required by the molecular
formula of 1 were thus attributed to four rings. Signals at 6 78.9
and 69.7 ppm were assigned to sp* carbons linked to oxygen. Thus,
initial analysis of NMR spectroscopic data of 1 illustrated structural
features that were reminiscent of the terretonins; however, only
two of the three typical methylene resonances present in all of the
known structures of the terretonin family were observed in
the DEPT spectrum of 1. The 'H NMR spectrum of 1 showed the
presence of an exomethylene group (0 5.04, H-22a and 6 4.89,
H-22b), three methines (6 4.78, H-16, 6 4.04, H-1, and 6 2.75,
H-9), a methoxy group (6 3.82, H;-1"), two methylenes (6 2.84,
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Table 1. NMR Spectroscopic Data of Terretonins E (1) and F (2)
terretonin E (1) terretonin F (2)
position O¢”, mult.” Ou‘ (J in Hz) HMBC? O¢”, mult.” Oy (J in Hz) HMBCY
1 69.7, CH 4.04eq, d (5.7) 3,5 150.6, CH 6.80, d (10.2) 3,5,6,9,10
2 43.3, CH, 2.84ax, dd (19.8, 5.7) 3,9 127.4,CH 6.11,d (10.2) 4,10
2.70eq, m 1,3,10
3 212.6, qC 204.1, qC
4 479, qC 48.0, qC
5 132.5,qC 133.2, qC
6 143.4, qC 140.0, qC
7 195.2, qC 194.5, qC
8 48.8,qC 49.3, qC
9 38.8, CH 2.75, m 10, 20, 21 44.1,CH 2.18,dd (13.8, 3.0) 1, 8, 10, 20, 21
10 43.1,qC 39.1,qC
11 27.8, CH, 2.55ax,t(13.8) 8,9,12,22 28.0, CH, 2.66ax, t (13.8) 9,12,22
2.30eq, dd (13.8, 3.0) 8,9,12,13,22 2.45eq, dd (13.8, 3.0) 8,9,12,13,22
12 142.1, qC 143.0, qC
13 54.8,qC 54.8,qC
14 65.9, qC 65.6, qC
15 170.0, qC 169.9, qC
16 78.9, CH 4.78, q (6.6) 78.8, CH 4.78,q (6.7) 24
17 204.0, qC 202.9, qC
18 21.3, CH; 1.48,s 3,4,5,19 20.9, CH; 1.54, s 3,4,5,19
19 24.3, CH; 1.62,s 3,4,5,18 26.4, CH; 1.58,s 3,4,5,18
20 19.4, CH; 1.80, s 7,8,9, 14 18.9, CH; 1.80, s 7,8,9, 14
21 16.7, CH; 1.02, s 1,2,5,9,10 25.7, CH; 1.27,s 1,5,9,10
22 113.1, CH, 5.04, 4.89, brs 11,13 113.3, CH, 5.10, 4.93, brs 11, 13,23
23 21.7, CH; 1.86, s 12,13, 14, 15 21.8, CH; 1.86, s 12,13, 14, 15
24 17.8, CH; 1.58,d (6.6) 16, 17 17.8, CH; 1.55,d (6.7) 16, 17
25 167.1, qC 166.9, qC
1 53.2, CH; 3.82,s 25 53.3, CH; 3.82,s 25
OH-6 6.72,s 5,6,7 6.68, s 5,6,7

“ Bruker 75 MHz, CDCl;, values are reported in ppm referenced to CDCl; (6 *C 77.0). ” Multiplicity deduced by DEPT. ¢ Bruker 600 MHz, CDCl;,
values are reported in ppm referenced to CHCl; (6 'H 7.26). “ HMBC correlations are from proton(s) stated to the indicated carbon.

H-2ax, 6 2.70, H-2eq, and O 2.55, H-11ax, 6 2.30, H-1leg), five
singlet methyls (0 1.86, H;3-23, 0 1.02, H3-21, 6 1.62, Hs-19, 0
1.48, H;-18, and 0 1.80, H5-20), and one doublet methyl (6 1.58,
H;-24). Analysis of the '"H—'H COSY spectrum of 1 showed
correlations between the doublet methyl (Hs-24, J = 6.6 Hz) and
the more deshielded methine (0 4.78, H-16, q, / = 6.6 Hz),
indicating that this position was substituted the same as in terretonin
C.'* The signal of the oxygenated methine at & 4.04 (H-1, d, J =
5.7 Hz) had cross-peaks in the '"H—'H-COSY spectrum with both
protons at 0 2.84 (H-2ax, dd, J = 19.8, 5.7 Hz) and 2.70 (H-2eq,
m) attributable to a methylene near a carbonyl group, showing
another important spin system; in addition, a long-range correlation
in the HBMC experiments of C-3 (6 212.6) and C-5 (0 132.5) with
the proton at 6 4.04 positioned the hydroxy group at C-1. The
presence of the carboxylic methyl ester at position C-14 (6 65.9)
in terretonin E (1) was determined according to spectroscopic data
of other fungal meroterpenoids such as citreohybridones'>~'® and
andrastins'® (Figure 2).

The relative configuration of terretonin E (1) was determined
by the analysis of "H—'H coupling constants and NOE difference
experiments. The axial orientation of the hydroxy group at C-1 was
suggested by both the coupling constant of the proton H-1 (6 4.04,
d, J = 5.7 Hz), in agreement with an equatorial orientation of H-1,
and the downfield chemical shift of H-9 at 6 2.75 relative to the
same proton in terretonin A (6 1.55).'? In addition, the significant
NOE effects between H-2eq (m, 0 2.70) and H-1 supported the
equatorial orientation of H-1. Irradiation of methyl H3-21 (6 1.02)
caused the enhancement of H3-18 (6 1.48), H3-20 (6 1.80), H-11ax
(0 2.55), H-2ax (6 2.84), and H-1 (6 4.04) signals, indicating that
all of these protons were oriented on the same side of the molecule.
Irradiation of methyl H3-23 (0 1.86) produced only a cross-peak
with H-11ax, suggesting that this methyl was oriented to the same
(B) side. The lack of NOE correlations for the carbomethoxy group
prevented assignment of the configuration at C-14. Finally, the
configuration of C-16 was proposed on the basis of the close
similarity of the 'H and '*C NMR chemical shifts of C-16, H-16,
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Figure 2. Meroterpenoids isolated from fungi.

C-24, and H;-24 with terretonin C,'? and no NOE effect was
observed between H-16 (0 4.78) and H3-23 (6 1.86). Our attempt
to establish the absolute configuration of the secondary alcohol (OH-
1) in terretonin E by derivatization with the modified Mosher’s
method®*?' failed, probably due to the steric hindrance near the
axial hydroxy group.

The structure of terretonin F (2) was established by comparison
of its NMR and MS spectra with those of 1. HR-ESIMS (493.1851
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[M + Na]™) for compound 2 rendered C,sHz3,Os as its molecular
formula, which provides a molecular mass 18 units less than that
for 1. Comparison of all spectroscopic data of compound 2 with
those derived from 1 showed that both structures were very similar,
with differences only noticeable in the lower field region. Com-
pound 2 showed the doublet methyl group on C-16 and the methyl
ester on C-14, identical to compound 1. Compound 2 showed,
however, the presence of an additional double bond on the basis
of the signals at 0 150.6 and 127.4 in its *C NMR spectrum,
corresponding to sp> carbons C-1 and C-2, respectively. The 'H
NMR spectrum of 2 also showed two new signals at 6 6.80 (H-1)
and 6.11 (H-2), instead of the signal at 0 4.04 (H-1), which were
attributed to the olefinic protons of a disubstituted double bond.
These protons were located at positions 1 and 2, according to
HMBC spectral data: 6 6.80 (H-1) showed correlations with ¢ 204.1
(C-3), 133.2 (C-5), 140.0 (C-6), 44.1 (C-9), and 39.1 (C-10), and
0 6.11 (H-2) correlated with 0 48.0 (C-4). Dehydration of compound
1 could explain the formation of compound 2. On the basis of the
high degree of identity of '*C NMR chemical shifts and proton
coupling constants of 2 with those of 1, and also considering the
possibility that 2 is biogenetically derived from compound 1, we
suggested for compound 2 the same relative configuration as
for 1.

Compounds 1 and 2 are new members of the terretonin group,
mycotoxins''-?? that are structurally related to some known
mitochondrial electron-transfer chain inhibitors such as the ben-
zopyran meroterpenoid polyalthidin®® or the tigliane diterpene 4,20-
dideoxyphorbol-12,13-bis(isobutyrate).”* In this study, we have
assayed the natural isolates (1—3, uridine) as respiratory chain
inhibitors by measuring the NADH oxidase activity in beef heart
submitochondrial particles (SPM).>

Compounds 1 and 2 were found to be inhibitors of the integrated
chain (NADH oxidase activity) with ICs, values of 3.90 &+ 0.4 and
2.97 £ 1.2 uM, respectively. The ability of these compounds to
inhibit the mitochondrial respiratory chain could explain, at least
partly, the toxicity attributed to terretonins. Compound 2 was
slightly more active than 1, but not sufficiently to establish
preliminary structure—activity relationships. Aurantiamine (3) and
uridine, which are close structural analogues of the mitochondrial
respiratory chain inhibitor flavacol,?® were also tested at this level.
Compound 3 was 5 times less potent than 2 with an ICs, value of
15.1 £ 1.8 uM, whereas the nucleoside uridine did not show
inhibitor activity at all. Linoleic acid was previously evaluated by
Tormo and co-workers®’ as an inhibitor of the mammalian
mitochondrial complex L.

Taking into account these results, 1 and 2 showed midrange
potency with respect to the most potent respiratory inhibitors, such
as rotenone (ICs of 5.1 nM),?* and some Annonaceous acetogenins,
as laherradurin (ICs, of 0.18 nM).?®2° The ICs, values of 1 and 2
are in the same range as polyalthidin (ICs of 4.4 uM), the most
potent known meroterpenoid.>* The knowledge of new inhibitors
of the mammalian mitochondrial respiratory chain is very useful
for basic biomedical research of this electron chain. That is
interesting because many degenerative diseases such as Parkinson’s
and Huntington’s diseases are associated with alterations in the
functioning of this complex.**' Finally, it is important to note
that compounds 1 and 2, like other mitochondrial inhibitors, may
serve as leads for the development of new insecticides based on
this mechanism of action.**** In conclusion, two new inhibitors
of the mammalian mitochondrial respiratory chain have been
isolated from the marine-derived fungus Aspergillus insuetus.
Previously this type of meroterpenoid had been found exclusively
in A. terreus.""'?

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a Jasco DIP 370 digital polarimeter. UV spectra were obtained using
a Shimadzu UV-2101PC spectrophotometer. IR spectra were recorded
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on a Biorad FTS 155 FT-IR spectrophotometer. 'H, '3C, and 'H—'H
COSY NMR spectra were recorded on a Bruker AV 300 MHz
instrument. Multiplicities of '3C signals were assigned by DEPT
experiments. For HSQC, HMBC NMR experiments and NOEDIFF
irradiations a Bruker 600 MHz spectrometer was used. High-resolution
ESIMS (electrospray) data were obtained on a Micromass Q-TOF Micro
coupled with a HPLC Waters Alliance 2695. The instrument was
calibrated using a PEG mixture from 200 to 1000 MW (resolution
specification 5000 fwhm, deviation <5 ppm rms in the presence of a
known lock mass). Silica gel chromatography was performed using
precoated Merck F,s4 plates and Merck Kieselgel 60 powder. Isolation
and purification were carried out by a Waters HPLC system with a
600 pump and both a 2996 photodiode array detector (PDA) and ELSD
2420 detector.

Fungal Material. The fungal isolate was recovered from the surface
of the sponge Petrosia ficiformis collected in Punta de Santa Ana in
the Mediterranean Sea (Blanes, Spain), during June 2006 and was
classified by “Coleccion Espaifiola de Cultivo Tipo (CECT)”, of the
Universitat de Valéncia as Aspergillus insuetus. For the molecular
analysis, two genomic regions, the internal transcribed spacer (ITS)
region and S-tubulin genes (GenBank accession number EU076356.1
and EU076371.1, respectively), were amplified and sequenced as
previously described.**

A sample of the strain is deposited in the international culture
collection “Coleccién Espafiola Cultivo Tipo” of the Universitat de
Valencia, coded as CECT 20745, and in the “Centro de Ecologia
Quimica Agricola” of the Universidad Politécnica de Valencia, coded
as HMO and kept in agar slants with potato dextrose agar (PDA) as
culture medium.

The strain was seeded in Petri dishes with PDA culture medium in
seawater and incubated for 7 days at 28 °C. Then, a solution of Tween
80 (0.05%) in sterile distilled water was used to obtain a suspension
containing ca. 10° conidia/mL. This suspension was poured into an
Erlenmeyer flask containing antibiotic test broth (1:9 v/v). The mixture
was incubated for 22 days, in the dark, at 25 °C in a total volume of
SL.

Extraction and Isolation. After incubation the mycelium was
removed from the culture broth by filtration. Both the broth and the
mycelium were studied. First, the broth (5 L) was partially evaporated
under vacuum to 1 L, and it was extracted with CH,Cl,/EtOAc, 1:1 (3
x 1 L). The resulting organic extract was dried under reduced pressure
to obtain a brown solid (0.5 g), which was partitioned by column
chromatography on silica gel using stepwise gradient elution from 70%
hexane in ethyl acetate, to 100% ethyl acetate, to 100% methanol. The
volume eluted in each step was 0.5 L, and 10 fractions were obtained
and evaporated to dryness. Moreover, the dried mycelium (12 g) was
first extracted with CH,Cl, (3 x 1 L) to give 1 g of dichloromethane
extract and then with CH3;0H (3 x 1 L) to obtain 11 g of methanol
extract, where the compounds linoleic acid and uridine were isolated,
respectively.

Purification of the resulting fractions of the organic culture broth
allowed us to obtain the pure compounds 1—3 as follows. The fraction
F-3 (47 mg), eluted with hexane/EtOAc (8:2), was subjected to flash
chromatography on silica gel (1:100, w/w) using as mobile phase
hexane/EtOAc (8:2). Aliquots of 3 mL were collected and pooled in
eight fractions according to their similarity by TLC. Semipreparative
HPLC of subfraction SF3-4 (6.9 mg) was performed using a Tracer
Excel 120 ODS-B CI18 column, 5 um (25.0 x 1 cm), and CH;CN/
H,O (1:1) as mobile phase with a flow of 2 mL/min. From this
subfraction the less polar compound terretonin F (2, 1.2 mg) was
isolated with a retention time (#g) of 32.52 min. Fraction F-5 (14 mg),
eluted also with hexane/EtOAc (8:2), was directly subjected to
semipreparative HPLC, employing the above reversed-phase column
and a gradient from 100% H,O to 100% CH;CN in 20 min, to give
terretonin E (1, 5.2 mg) with a g of 24.74 min. Finally, fraction F-7
(21.5 mg), eluted with 100% EtOAc, was purified by a silica gel column
(CH,CL,/CH;0H, 97:3) to afford aurantiamine (3, 5.4 mg) in the
subfraction SF-7-2.

The 'H NMR spectrum of the dichloromethane extract of the
mycelium showed linoleic acid (1 g) as the major compound. To obtain
the most polar compound, 1.2 g of the methanol extract of the mycelium
was submitted to a Sephadex LH-20 column (CH,Cl,/CH;OH, 1:2) to
give 13 fractions. Fraction 10 (210 mg) was submitted to further
purification on a silica gel column (CH,Cl,/CH;OH, 9:1). The sub-
fraction SF10-3 (20.4 mg) was subjected to HPLC purification with
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H,O/CH;0H 30% gradient in 30 min, affording uridine (3.1 mg) with
a tg of 21.62 min.

Terretonin E (1): white powder; [a]5 —31 (¢ 0.6, CHCl;); UV
(MeOH) Ay (log €) 276 (2.60) nm; IR (film) vy, 3517, 3402 (br),
2929, 1754, 1729, 1719, 1665, 1635, 1440, 1391, 1361, 1236 cm™};
'H NMR (CDCl;, 600 MHz) and '*C NMR (CDCl;, 75 MHz) see Table
1; HRESIMS m/z 511.1954 [M + Na]* (caled for CysH300Na,
511.1944).

Terretonin F (2): white powder; [a]F —19 (¢ 0.8, CHCl;); UV
(MeOH) Apnax (log €) 223 (2.73), 276 (2.75) nm; IR (film) vy 3397
(br), 2924, 1754, 1734, 1719, 1669, 1630, 1445, 1386, 1356, 1226 cm™};
'H NMR (CDCl3, 600 MHz) and '*C NMR (CDCl;, 75 MHz) see Table
1; HRESIMS m/z 493.1851 [M + Na]' (caled for C,sH3,OsNa,
493.1838).

Biological Assays. NADH and other biochemical reagents were
purchased from Sigma-Aldrich Chemical Co. Stock solutions (30 mM
in absolute EtOH) of 1—3 and uridine were prepared and kept in the
dark at —20 °C. Inverted submitochondrial particles (SMP) from beef
heart were obtained following Fato’s method>® by extensive ultrasonic
disruption of frozen—thawed mitochondria to produce open membrane
fragments where permeability barriers to substrates were lost, and they
were stored at —70 °C at 28 mg/mL (protein measured by the biuret
method). The beef heart SMP were transferred in glass test tubes, diluted
to 0.5 mg/mL in 250 mM sucrose and 10 mM Tris-HCI buffer, pH
7.4, and treated with 300 uM NADH to activate complex I before
starting experiments. Aliquots of the stocks solutions (1 #L) were added
successively to 500 uL of the SMP preparations with 5 min of
incubation on ice after each addition (ethanol never exceeded 2% of
the total volume). After each incubation, an aliquot of these incubated
SMP (25 uL) was diluted to 6 xg/mL in 50 mM potassium phosphate
buffer (pH 7.4) and 1 mM EDTA, in a cuvette at 22 °C, always in the
presence of 75 uM NADH. Immediately, NADH oxidase activity was
measured as the aerobic oxidation of NADH. Reaction rates were
calculated for each inhibitor (at increasing concentrations) from the
linear decrease of NADH concentration (A = 340 nm, ¢ = 6.22 mM ™!
cm™!) measured in an end-window photomultiplier spectrophotometer
ATI-Unicam UV4-500. The inhibitory concentration (ICs) was taken
as the final compound concentration in the assay cuvette that yielded
50% inhibition of the NADH oxidase activity. Data from individual
titrations were used to assess the means and standard deviations of
three assays for each compound.
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