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ABSTRACT

A new cyclic pentapeptide, cotteslosin C (1), a new aflaquino-
lone, 22-epi-aflaquinolone B (3), and two new anthraqui-
nones (9 and 10), along with thirty known compounds (2, 4-
8, 11-34) were isolated from a co-culture of the sponge-asso-
ciated fungus Aspergillus versicolor with Bacillus subtilis. The
new metabolites were only detected in the co-culture extract,
but not when the fungus was grown under axenic conditions.
Furthermore, the co-culture extract exhibited an enhanced
accumulation of the known constituents versicolorin B (14),
averufin (16), and sterigmatocyctin (19) by factors of 1.5,
2.0, and 4.7, respectively, compared to the axenic fungal cul-
ture. The structures of the isolated compounds were eluci-
dated on the basis of 1D and 2D NMR spectra and mass spec-
trometry as well as by comparison with literature data. The
absolute configuration of compounds 3, 9, and 10 was deter-
mined by ECD (electronic circular dichroism) analysis aided by
TDDFT-ECD (time-dependent density functional theory elec-
tronic circular dichroism) calculations. Compounds 15, 18-
21, and 26 exhibited strong to moderate cytotoxic activity

5

These authors contributed equally to this work.

503

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



@ Thieme

against the mouse lymphoma cell line L5178Y, with 1Csg val-
ues ranging from 2.0 to 21.2 yM, while compounds 14, 16,
31, 32, and 33 displayed moderate inhibitory activities

against several gram-positive bacteria, with MIC values rang-
ing from 12.5 to 50 pM.

Introduction

Sponge-associated fungi have repeatedly been shown to be
promising sources for drug discovery [1]. These fungi are able to
synthesize structurally remarkable compounds such as the rare N-
methylated peptides endolides A and B that were isolated from
sponge-associated Stachylidium sp. and showed affinity to vaso-
pressin and serotonin receptors [2]. Furthermore, investigation
of the sponge-derived fungus Aspergillus violaceofuscus led to the
isolation of three new cyclopeptides, including the cyclic tetra-
peptide violaceotide A, an aspochracin-type cyclic tripeptide scle-
rotiotide L, and a new diketopiperazine dimer, with both violaceo-
tide A and the new diketopiperazine dimer exhibiting anti-inflam-
matory activity [3]. However, the rediscovery rate of known com-
pounds from microorganisms including sponge-associated fungi
is a serious problem in natural product chemistry, as gene clusters
responsible for biosynthesis of secondary metabolites often re-
main silent under axenic culture conditions. Thus, only a fraction
of microbial metabolites compared to the genetic potential of an
organism can usually be detected in fungal extracts [4]. Besides,
microorganisms live as part of microbial communities where they
are submitted to competition for nutrients with other eukaryotic
and prokaryotic microbes. Mimicking the natural microbial eco-
system is the main purpose of co-culture strategies, thus aiming
at an induction of silent biosynthetic gene clusters [5]. Applying
co-culture techniques has repeatedly led to the discovery of new
bioactive compounds that were not detected in axenic cultures. In
our previous study, two new sesquiterpenoids, pestabacillins A
and B, which were not detected in an axenic culture of Pestalotiop-
sis sp., were isolated from the co-culture of Pestalotiopsis sp. and
Bacillus subtilis [6]. In addition, mixed fermentation of the fungus
Aspergillus austroafricanus with either B. subtilis or Streptomyces
lividans on solid rice medium led to an enhanced accumulation of
several diphenyl ether derivatives, including the new compound
austramide, compared to axenic fungal cultures [7]. Moreover,
several cryptic metabolites, including the two new compounds as-
pvanicins A and B, were isolated from the co-culture of the endo-
phytic fungus Aspergillus versicolor with the bacterium B. subtilis
but were likewise lacking in axenic fungal cultures [8].

In the present study, a co-culture experiment of the sponge-
associated fungus A. versicolor with the bacterium B. subtilis was
conducted. Several metabolites, including sterigmatocystin, ver-
sicolorin B, and averufin, exhibited an increased accumulation in
the fungal-bacterial co-culture compared to the axenic fungal cul-
ture. Furthermore, the co-culture yielded four new metabolites
(1, 3, 9, and 10) that were not detected in the axenic fungal cul-
ture. Herein, we report the structure elucidation of the new com-
pounds in addition to the biological activities of the isolated me-
tabolites (> Figs. 1 and 2).
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Results and Discussion

Axenic cultures of A. versicolor or B. subtilis and co-cultures were
grown on solid rice medium under static conditions. When reach-
ing the stationary phase of growth, EtOAc was added, followed by
filtration and extraction. The obtained extracts were analyzed by
analytical HPLC to monitor the chromatographic patterns prior
to the isolation procedure. Comparison of axenic fungal or bacte-
rial cultures with the mixed fungal-bacterial cultures showed the
striking of compounds 14, 16, and 19 in the mixed cultures in ad-
dition to the induction of four new metabolites (1, 3, 9, and 10)
that were not detected in the axenic fungal or bacterial cultures.
Compound 1 was obtained as a dark amorphous solid. Its mo-
lecular formula was deduced as C34H45N50¢ from HRESIMS, im-
plying 15 degrees of unsaturation. Examination of the "H-NMR,
COSY, HSQC, and HMBC data of 1 revealed its peptide nature
and showed its close similarity to the co-isolated known peptide
cotteslosin A (2), which was previously obtained from a marine-
derived strain of A. versicolor [9]. Interpretation of the 'H-NMR
spectrum (> Table 1) of 1 showed the presence of only one phe-
nolic OH group at 6y 9.24 instead of two phenolic OH groups as in
cotteslosin A (2). Moreover, compound 1 had one 1,4-disubsti-
tuted benzene ring and a monosubstituted benzene ring, unlike
compound 2, which features two 1,4-disubstituted benzene rings.
Detailed inspection of the 2D NMR spectra of 1 (> Fig. 3) con-
firmed the replacement of N-methyl-tyrosine in cotteslosin A (2)
with N-methyl-phenylalanine in compound 1, accounting for the
difference in molecular weight and NMR data between these two
compounds. The absolute configurations of the amino acids were
determined after acid hydrolysis of 1 followed by Marfey’s deriva-
tization method, which indicated that all amino acids were
present in the L-form. In conclusion, compound 1 was identified
as a new natural product and was given the name cotteslosin C.
The molecular formula of compound 3 was determined to be
Cy6H31NOs5 on the basis of the HRESIMS data. It had UV absor-
bance maxima at 212, 278, and 324 nm. The 'H and 3C NMR data
of compound 3 (> Table 2) were similar to those of the previously
reported compound aflaquinolone B [10]. Detailed analysis of the
2D NMR spectra of 3 confirmed that these two compounds share
the same planar structure (> Fig. 4). The obvious difference be-
tween 3 and aflaquinolone B was observed in the cyclohexane
part of the structure. The TH-NMR spectrum of 3 revealed that H-
20 is coupled to the neighboring proton H-21 with a large trans-
diaxial-type coupling constant (13 Hz), implying that H-20 and
H-21 should be axially oriented and the methyl group at C-21 is
in equatorial orientation, as reported in aflaquinolone B. However,
H-22 of 3 showed a large trans-diaxial-type coupling constant
(10.4 Hz) with H-21, indicating that H-22 is axially oriented and
the hydroxy group at C-22 has an equatorial orientation, unlike
aflaquinolone B where the C-22 hydroxy group is in the axial orien-
tation. Consequently, the only difference between 3 and aflaqui-
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R » Table 1 'H and >*C NMR data of compound 1°.

B 1 o Nj h iy 7 Position 6cb 64, m (J in Hz)
o m, I onn R 2 1 167.7
L 2 BN
T N m:l1 (] 3 0‘:1 ::;::QF::;C’H = 2 61.1,CH 4.22,dd (11.7,3.2)
2-NMe 30.1,CH; 2.69,s
@ 3 33.5,CH, 3.31, (overlapped)
[ ome 2.75,dd (14.2,11.8)
N o HO 4 137.0,C
oz o e : 5/9 128.9,CH 7.17,d(7.7)
6/8 128.2,CH 7.30,t(7.7)
7 126.3, CH 7.23,t(7.7)
i 10 170.1,C
11 52.3,CH 3.57,t(8.1)
HR=H 13R=Ac 15R = Me 11-NH 8.23,d(9.1)
12 29.4,CH 1.70,m
13 18.8, CHs 0.35,d(6.7)
_ 14 17.6, CHs 0.57,d(6.9)
S on 15 169.1,C
] H S Wl LI 16 60.9, CH 3.99,m
O m"“ o = (o 16-NH 7.30,d (9.4)
” “ = 17 30.6, CH 1.77,m
18 19.1, CH3 0.84,d (6.6)
> Fig. 1 Structures of compounds 1-22. 19 18.7, CH3 0.77,d(6.5)
20 169.9,C
21 60.7,CH 3.99,m
22 31.2, CH; 1.90, m
23 21.5, CH; 1.73,m
1.61,m
24 46.0, CH, 3.47,m
3.37,m
A 25 168.6,C
o N:[/\N... d‘(@ M 26 52.7,CH 4.64,m
. a - 26-NH 6.83,d(7.4)
= 27 37.0, CH, 2.95,dd (13.1,9.5)
2.81,dd (13.1,4.5)
28 126.6,C
Q’ Q’ (Ij 29/33 129.8, CH 7.01,d(8.5)
30/32 114.7, CH 6.67,d(8.5)
31 1554, C
HO. .0 OH
v W 31-0H 9.24,5
2 - 9Measured in DMSO-dg ("H at 600 MHz and 3C at 150 MHz). "Data were

extracted from the HSQC and HMBC spectra

> Fig. 2 Structures of compounds 23-34.

ECD pattern as that of aflaquinolone B [10], indicating that they
shared the same absolute configuration at C-3 and C-4 of the di-
nolone B was the orientation of the hydroxy group at C-22. Thus,  hydroquinoline unit.
compound 3 was found to be the new C-22 epimer of aflaquino- Compound 9 was obtained as an orange red powder that ex-
lone B and was given the trivial name 22-epi-aflaquinolone B. The  hibited UV maxima at 223, 285, and 437 nm, characteristic of an-
electronic circular dichroism (ECD) data of 3 showed the same  thraquinone derivatives. The HRESIMS of compound 9 displayed a
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Oy NH, rHN,
o / = COSY
?_'l.* N o} OH “~ HMBC

“* ROESY

> Fig. 3 Key COSY, HMBC, and NOE correlations of compound 1.

pseudomolecular ion peak at m/z 341.0654 [M + H]* in accor-
dance with the molecular formula C;gH1,07, with 13 degrees of
unsaturation. The NMR data of 9 (> Table 3) showed signals at-
tributed to a pentasubstituted anthraquinone moiety. The pres-
ence of a fused tetrahydrofuran ring was evident from the COSY
spectrum of 9, which revealed a spin system from the significant
downfield shifted dioxymethine proton H-11 (64 6.53) to oxy-
methylene protons H,-14 (64 4.06 and 3.47) through H-12 (6y
4.01) and Hy-13 (6 2.16 and 2.10), as well as from the HMBC cor-
relations from H-11 to C-14 (6¢ 66.9), and in turn from H-14 to C-
11 (6¢ 113.3) (» Fig.5). These structural features resemble the
co-isolated known compound versicolorin B (14) [11,12]. The ma-
jor difference was that compound 9 had only one chelated OH
proton resonance at 6y 13.31 in contrast to versicolorin B (14),
which showed signals of two chelated OH protons. This could be
explained by the connection of the tetrahydrofuran ring and the
anthraquinone moiety at C-1 and C-2 in compound 9, which was
proven by the HMBC correlations from H-11 to C-1 (6¢ 161.7) and
C-2 (6¢ 121.3), and from H-12 to C-1, C-2, and C-3 (6¢ 159.3).
Hence, compound 9 was elucidated as an isomer of versicolorin B
(14), which differs from the latter in the position of the fused fu-
ran ring. The NOE correlation between H-11 and H-12 suggested
a cis configuration of these two protons.

To elucidate the absolute configuration of 9, the solution
TDDFT-ECD method was applied on the arbitrarily chosen
(11S,12R) enantiomer [13,14]. The Merck molecular force field
(MMFF) conformational search resulted in 8 geometries in a
21 kJ/mol energy window, which were reoptimized at both the
B3LYP/6-31G(d) and CAM-B3LYP/TZVP PCM/MeCN levels. The
Boltzmann-weighted ECD spectra of (115,12R)-9 calculated for
the low-energy (= 1%) DFT conformers at various levels (B3LYP/
TZVP, BH&HLYP/TZVP, CAM-B3LYP/TZVP, and PBEQ/TZVP), as both
sets of conformers gave mirror-image ECD spectra of the experi-
mental curve at all applied combinations of levels (> Fig. 6). Fur-
thermore, the low-energy conformers differed only in the orienta-
tion of the OH protons (> Fig. 7), allowing the unambiguous elu-
cidation of the absolute configuration of 9 as (11R,125).

The UV spectrum of compound 10 showed absorption maxima
at 223,287, and 440 nm, suggesting its anthraquinone nature. In-
vestigation of the NMR spectra of compound 10 (> Table 3) dis-
played signals of a pentasubstituted anthraquinone and a saturat-
ed furan ring with close structural resemblance to bipolarin (11)
[15]. The molecular formula of compound 10 was determined to
be CyoH1307 by HRESIMS, 28 amu higher than that of bipolarin
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» Table 2 "H and '*C NMR data of compound 3°.

Position &b 64, m (J in Hz)
1-NH 7.36,brs
2 164.9,C
3 84.1,CH 3.69, brs
4 78.7,C
5 110.5,C
6 154.6,C
7 122.8,C
8 127.1, CH 7.38,d(8.3)
9 106.7, CH 6.33,d(8.3)
10 133.7,C
11 137.3,C
12/16 126.3,CH 7.28,m
13/15 128.9,CH 7.31,m
14 129.2,CH 7.31,m
17 121.5,CH 6.60,d (16.6)
18 137.6, CH 6.14,d (16.6)
19 37.0,C
20 45.9, CH, 1.74,m
1.07,t(13.0)
21 36.1,CH 1.58, m
22 77.0, CH 3.12,ddd (10.4,10.4,4.2)
23 31.9, CH, 1.78, m
1.51, m
24 36.8, CH, 1.82, m
1.37,ddd (13.6, 13.6, 3.4)
25 31.1,CH3 1.03,s
26 18.6, CHs 0.98,d (6.4)
3-OMe 58.9, CH3 3.61,s
4-OH 4.60, s
6-OH 9.04,s

9Measured in CDCl3 ('H at 600 MHz and '3C at 150 MHz). ®Data were
extracted from the HSQC and HMBC spectra

(11). This could be attributed to the presence of two additional
aromatic methoxy groups at 6y 4.02 (s) and 4.01 (s) in the
TH-NMR spectrum of 10 that exhibited HMBC correlations to C-6
(6c 165.6) and C-8 (6¢ 163.8), respectively, unlike bipolarin with
two hydroxy groups at C-6 and C-8. Therefore, compound 10
was identified as the new compound 6,8-O-dimethylbipolarin
(» Fig. 8).

The same TDDDFT-ECD computational protocol as for 9 was
applied on the arbitrarily chosen (R)-10 to determine the absolute
configuration. DFT reoptimization of the 15 initial MMFF conform-
ers resulted in 8 and 4 low-energy conformers at the B3LYP/6-31G
(d) and CAM-B3LYP/TZVP PCM/MeOH levels, respectively. ECD
spectra computed at various levels for each set of conformers
gave mirror-image agreement with the experimental one, allow-
ing for elucidation of the absolute configuration as (S) (> Fig. 9).
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> Fig.4 Key COSY and HMBC correlations of compound 3.

» Table 3 'H and *C NMR data of compounds 9 and 10.

Posi- 99

tion 8¢

1 161.7,C
2 121.3,C
3 159.3,C
4 109.2, CH
4a 134.7,C
5 107.3,CH
6 164.0,C
7 108.0, CH
8 164.3,C
8a 109.5,C
9 184.7,C
9a 107.9,C
10 181.8,C
10a 134.5,C
11 113.3,CH
12 42.8,CH
13 30.5, CH,
14 66.9, CH,
1-OH

6-OMe

8-OH

8-OMe

6y, m (Jin Hz)

7.22,s

7.02,d(2.3)

6.53,d (2.3)

6.53,d(6.1)

4.01,dd (8.5,
6.1)

2.16,m
2.10,m

4.06, dd (8.9,
7.5)

3.47,ddd (12.0,
8.9,5.1)

13.31,s

100
8¢
161.8,C
122.3,C
163.2,C
108.2, CH
133.0,C
105.1, CH
165.6, C
104.8, CH
163.8,C
115.1,C
186.2,C
110.3,C
182.4,C
137.8,C
70.0,CH
34.1,CH

29.7, CH;

62.1, CH;

56.5, CHs3

56.8, CHs3

6y, m (Jin Hz)

7.07,s

7.36,d (2.5)

6.99,d (2.5)

5.42,dd (8.1, 4.4)
1.94,m

1.76, m

3.66, ddd (10.5,
5.9,5.9)

3.60, ddd (10.5,
7.1,5.8)

14.11,s
4.02,s

4.01,s

9Measured in DMSO-dg ('H at 600 MHz and '3C at 150 MHz). ® Measured in
acetone-dg ("H at 600 MHz and '3C at 150 MHz). € Data were extracted
from the HSQC and HMBC spectra

The known compounds were identified as cotteslosin A (2) [9],
aflaquinolone A, F, and G (4-6) [10], 3-O-methylviridicatin (7)
[16], 9-hydroxy-3-methoxyviridicatin (8) [17], bipolarin (11) [15],
versiconol (12) [18], versiconol acetate (13) [19], versicolorin B
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- COSY ~

HMBC

> Fig.5 Key COSY and HMBC correlations of compound 9.

— measured ECD
— & (PBEQITZVP, average
of 4 conformers)
I R (PEEQTZVP, conformer A}

AT

il
30 400 450 500
wavelength (nm)

o

ae(M'em™) and R (10%cgs)

> Fig. 6 Experimental ECD spectrum (black) of 9 in MeCN com-
pared with the Boltzmann-weighted PBEO/TZVP PCM/MeCN ECD
spectrum (purple) of (115,12R)-9 computed for the four low-energy
CAM-B3LYP/TZVP PCM/MeCN conformers. The bars represent the
rotational strength values of the lowest energy conformer.

» Fig. 7 Four overlapped solution conformers of (11S,12R)-9 with
Boltzmann populations of 42.8, 39.8, 8.2, and 7.7 % indicating that
they differ only in the orientation of the OH protons.

(14) [11,12], 8-O-methylversicolorin B (15) [20], averufin (16)
[21], endocrocin (17) [22], O-demethylsterigmatocystin (18)
[23], sterigmatocystin (19) [18], sterigmatin (20) [23], AGI-B4
(21) [24], sydowinin B (22) [25], notoamide D (23) [26], spera-
mide B (24) [27], notoamide E (25) [28], stephacidin A (26) [29],
notoamide R (27) [30], protuboxepin B (28) [31], 3,10-dehydrocy-
clopeptine (29) [32], penicillanone (30) [33], diorcinol D (31)
[34], diorcinol G (32) [35], diorcinol I (33) [35], and radiclonic acid
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= COSY ~~HMBC

> Fig. 8 Key COSY and HMBC correlations of compound 10.

IPII —— measured ECD
[ || — 3¢ (PBEQ/TZVP, average
( of & conformers)
|| R (PBEQTZVP, conformer A}

ac(M'em™) and R (10™cgs)

250 300 as0 400 450
wavelength (nm)

> Fig. 9 Experimental ECD spectrum (black) of 10 in MeOH com-
pared with the Boltzmann-weighted PBEO/TZVP ECD spectrum
(purple) of (R)-10 computed for the eight low-energy B3LYP[6-31G
(d) conformers. The bars represent the rotational strength values of
the lowest energy conformer.

(34) [36] by comparison of their "H NMR and MS data with the lit-
erature.

The known compounds isolated in this study are typical fungal
metabolites previously reported from the genera Aspergillus and
Penicillium [9-12,15-36]. The isolated new compounds (1, 3, 9,
and 10) are biosynthetically related to those known analogues,
and thus are suggested to be derived from the fungus.

All isolated compounds (1-34) were tested for their cytotoxic
activity against the mouse lymphoma cell line L5178Y using the
microculture tetrazolium method (MTT) (> Table 4). The xan-
thone derivatives sterigmatocystin (19), sterigmatin (20), and
AGI-B4 (21) displayed potent cytotoxicity with ICsg values of 2.2,
2.3, and 2.0 uM, respectively, even stronger than that of the pos-
itive control kahalalide F (ICso = 4.3 uM). O-Demethylsterigmato-
cystin (18) showed substantial activity with an ICsy value of
5.8 uM. The anthraquinone derivative 8-O-methylversicolorin B
(15) and the alkaloid stephacidin A (26) showed only mild activity
with ICsq values of 21.2 and 16.7 uM, respectively. The remaining
compounds revealed no cytotoxic activity.

The antibacterial activity of the isolated compounds was
tested against several gram-positive bacteria using the broth mi-
crodilution method (> Table 5). Versicolorin B (14), averufin (16)
and diorcinols D (31), G (32), and | (33) displayed inhibitory activ-
ity with MIC values ranging from 12.5 to 50 uM. Diorcinol G (32)
exhibited pronounced antibacterial activity against all tested bac-
terial strains with an MIC value of 12.5 uM. Remarkably, none of
the active compounds showed cytotoxicity against the L5178Y
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> Table 4 Cytotoxicity of isolated compounds.

Compound 1Csp (uM)
8-0-Methylversicolorin B (15) 21.2
0O-Demethylsterigmatocystin (18) 5.8
Sterigmatocystin (19) 2.2
Sterigmatin (20) 23
AGI-B4 (21) 2.0
Stephacidin A (26) 16.7
Kahalalide F¢ 4.3

4 Positive control

cell line, indicating that the observed antibacterial activities are
not caused by general toxicity of the respective metabolites.

It is worthy to note that some of these bioactive compounds
showed similar activities in the literature. For example, 8-O-meth-
ylversicolorin B (15) showed weak cytotoxic activity against PC-3
cells (human prostate cancer cells) and H460 cells (human lung
cancer cells) with 1Csq values of 19.5 and 27.2 uM, respectively
[20], sterigmatocystin (19) exhibited significant cytotoxicity on
HepG2 cells (human hepatoma cells) at a concentration of 3 uM
[37], AGI-B4 (21) inhibited VEGF-induced proliferation of HUVECs
(human umbilical vein endothelial cells) with an 1Csq value of
1.4uM [24], and stephacidin A (26) was a selective inhibitor of
the testosterone-dependent prostate LNCaP cells with an ICsq val-
ue of 2.1 yM [29]. Moreover, versicolorin B (14) showed antifungal
activity against Fusarium solani, a pathogenic fungus of Panax no-
toginseng, with an MIC of 16-32 pug/mL [38]. Averufin (16) showed
antibacterial activity against B. subtilis with an MIC of 8-16 ug/mL
[38]. Diorcinol D (31) exhibited antibacterial activity against
Escherichia coli with an MIC of 8 ug/mL [39], while diorcinol I (33)
displayed significant antibacterial activity against Staphylococcus
aureus with an MIC of 6.25 pug/mL [40].

In conclusion, the co-cultivation experiment of A. versicolor
with B. subtilis was carried out with the aim of inducing or enhanc-
ing secondary metabolite production by the fungus. Comparison
of the HPLC chromatograms of the axenic fungal culture and the
mixed fungal-bacterial fermentation revealed the upregulation of
several metabolites compared to the axenic fungal control (14,
16, and 19) in addition to the induction of four new metabolites
(1, 3, 9, and 10) that were not detected in the axenic fungal cul-
ture. Sterigmatocyctin (19) showed a 4.7-fold increase in its
amount in the co-culture compared to the axenic culture, while
the accumulation of versicolorin B (14) and averufin (16) was in-
creased by factors of 1.5 and 2.0, respectively. The absolute con-
figuration of compounds 3, 9, and 10 was determined by ECD
analysis aided by TDDFT-ECD calculations.

Materials and Methods

General experimental procedures

For measurement of optical rotations, a PerkinElmer-241 MC po-
larimeter was used. NMR spectra were recorded with a Bruker ARX
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» Table 5 Antibacterial activity of isolated compounds (MIC in uM).

Compound S. aureus E. faecalis
ATCC ATCC
29213 29212
Versicolorin B (14) 50 >100
Averufin (16) 25 25
Diorcinol D (31) 25 50
Diorcinol G (32) 12.5 12.5
Diorcinol 1 (33) 50 50
Ciprofloxacin® 0.8 -
Moxifloxacin? - 1.2

9 Positive control

300 or AVANCE DMX 600 NMR spectrometer. A Finnigan LCQ
Deca XP Thermoquest spectrometer was utilized to record low
resolution mass spectra. HRESIMS spectra were obtained by a
FTHRMS-Orbitrap (Thermo Finnigan) mass spectrometer. A Dio-
nex P580 system equipped with a photodiode array detector
(UVD340S) was employed for analytical HPLC analysis, and an an-
alytical HPLC column (Europhere 10 C18, 125 x4 mm, L x ID) was
used. Semipreparative HPLC was accomplished using a Lachrom-
Merck Hitachi semipreparative HPLC system with an Europhere
100 C18 (300 x 8 mm) column, pump L7100, and UV detector
L7400 at a flow rate of 5mL/min. For improved resolution of D
and L-N-methylphenylalanine residues after Marfey’s derivatiza-
tion, HPLC separation was conducted on an EC 250/4.6 Nucleosil
120-5, C4 (Macherey-Nagel) column. Column chromatographic
stationary phases used were Merck MN silica gel 60 M (0.04-
0.063 mm) and Sephadex LH-20. The eluted fractions from col-
umn chromatographic separations were analyzed by TLC using
precoated silica gel 60 F254 plates (Merck). Visualization of spots
was done under a UV lamp (254 and 365 nm) or by spaying the
plates with anisaldehyde reagent. Distillation of solvents for col-
umn chromatography was performed prior to use, while spectral
grade solvents were used for spectroscopic measurements. ECD
spectra were recorded on a Jasco |-810 spectropolarimeter.

Microbial material

The marine-derived fungus A. versicolor (code 8.1.3a) was isolated
from the sponge Agelas oroides, which was collected at a depth of
10 m in Aliaga-izmir, Turkey, in December 2014. The sponge was
identified by Dr. Mehmet Baki Yokes (Department of Molecular
Biology and Genetics, Faculty of Arts and Sciences, Hali¢c Univer-
sity, Siracevizler Cd. No: 29 Bomonti, Sisli, Istanbul, Turkey). The
bacterial strain used for co-cultivation was the laboratory strain
B. subtilis 168 trpC2. The fungus A. versicolor was identified
through DNA amplification and sequencing of the ITS region ac-
cording to a molecular biological protocol described previously
[41]. The obtained sequence data were submitted to GenBank
under KY174984. A voucher specimen is stored at the Institute
of Pharmaceutical Biology and Biotechnology, Heinrich-Heine-
Universitat Disseldorf, Germany.
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E. faecalis E. faecium E. faecium
ATCC ATCC ATCC
51299 35667 700221
100 100 >100

25 12.5 12.5

50 12.5 50

12.5 12.5 12.5

50 25 50

1.2 5 40

Co-cultivation experiment of Aspergillus versicolor
with Bacillus subtilis

The mixed fermentation experiment of the fungus A. versicolor
with B. subtilis was carried out on solid rice medium under static
conditions in five Erlenmeyer flasks (1 L). The fungal control (axe-
nic A. versicolor culture) and bacterial control (axenic B. subtilis cul-
ture) were also cultivated in five Erlenmeyer flasks each. Autoclav-
ing of the flasks [each containing 60.0 mL of distilled water and
50.0 g of commercially available milk rice (Milch-Reis, ORYZA)]
was done prior to inoculation of the fungus and the bacterium.
Preparation of B. subtilis was accomplished through an overnight
culture of the bacterium in lysogeny broth (LB), which was then
inoculated to prewarmed LB medium (1:20), followed by incuba-
tion at 37°C with shaking at 200 rpm to the mid-exponential
growth phase (optical density at 600 nm of 0.2-0.4). The bacteri-
al culture (10 mL) was added to the autoclaved rice medium and
then the flasks were incubated for 4 days at 37°C. A. versicolor
grown on malt agar was cut into pieces (1 cm x 1 cm). Five pieces
were added to each of the flasks that had been previously incu-
bated with B. subtilis. The fungal and bacterial controls as well as
the co-cultures were left to grow under static conditions at 23 °C.
Upon reaching the stationary phase of growth (2 weeks for con-
trols and 4 weeks for co-culture), EtOAc (300 mL) was added to
each flask to stop the growth of the cultures, followed by shaking
at 150 rpm for 8 h, then keeping them overnight. The flasks were
filtered the next day using a Bichner funnel, and the extracts were
evaporated under vacuum. The obtained residues were redis-
solved in MeOH (50 mL), and 30 pL of each resulting extract were
injected into the analytical HPLC column.

Extraction and isolation

The crude EtOAc extract (14.3 g, obtained after combining all ex-
tracts resulting from the co-cultivation experiment) was fraction-
ated by vacuum liquid chromatography (VLC) on silica gel 60 with
a gradient elution solvent system of n-hexane-EtOAc (100:0 to
0:100) followed by DCM-MeOH (100:0 to 0: 100) to yield 19 frac-
tions (Fr. 1 to Fr. 19).

Fr. 3 (1.6 g) was further chromatographed on a Sephadex LH-
20 column using acetone as the mobile phase to yield the pure
compound 16 (2.3 mg) in addition to six subfractions (Fr. 3-1 to
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Fr. 3-6). Fr. 3-2 (37.7 mg) was separated by semipreparative
HPLC using RP-HPLC with a gradient H,O-MeOH solvent system
to afford 33 (3.6 mg), 31 (5.3 mg), and 32 (3.2 mq).

Fr. 4 (3.4 g) was subjected to a Sephadex LH-20 column with
acetone as the mobile phase to give seven subfractions (Fr. 4-1
to Fr. 4-7). Part of Fr. 4-3 (100 mg) was chromatographed on a
silica gel column with DCM-MeOH (9: 1) to afford compound 19
(2.0 mg). Fr. 4-6 (400 mg) was submitted to a Sephadex LH-20
column using acetone as the mobile phase to yield 14 (1 mg) and
4 (4.0 mg).

Fr. 5 (934 mqg) was further subjected to a VLC column with an
n-hexane-EtOAc (100:0 to 0:100) gradient elution solvent sys-
tem (200 mL for each polarity) to afford 14 subfractions (Fr. 5-1
to Fr. 5-14). Subfraction Fr. 5-7 (30 mg) was purified by semipre-
parative HPLC with a gradient of H,0-MeOH to obtain compounds
7 (5.6 mg), 29 (2.1 mg), and 28 (1.0 mg). Subfraction Fr. 5-8
(72 mg) yielded compounds 6 (12.2 mg) and 5 (5.6 mg) after RP-
HPLC separation using an H,0-MeOH gradient solvent system. Fr.
5-9 (50 mg) was subjected to semipreparative HPLC purification
with a gradient H,0-MeOH solvent system to afford compounds
8 (1.7mg), 24 (3.9mg), 9 (12.1mg), 13 (1.7 mg), 3 (1.2 mg),
and 15 (3.2 mg).

Fr. 6 (720 mg) was chromatographed on a Sephadex LH-20 col-
umn using acetone as the mobile phase to yield six subfractions
(Fr. 6-1 to Fr. 6-6). Fr. 6-2 (25 mg) was submitted to RP-HPLC
separation using an H,0-MeOH gradient solvent system to afford
compound 23 (1.7 mg). Fr. 6-6 (247.7 mg) was further separated
on a Sephadex LH-20 column with acetone as the mobile phase to
give five subfractions (Fr. 6-6-1 to Fr. 6-6-5). Fr. 6-6-4 (28 mg)
yielded compound 11 (1.4 mg) while Fr. 6-6-5 (31 mg) gave
compounds 30 (1.8 mg) and 22 (7.1 mg) after semipreparative
HPLC with a gradient H,0-MeOH solvent system.

Fr. 7 (300 mg) was fractionated on a Sephadex LH-20 column
with acetone as the mobile phase to afford seven subfractions
(Fr. 7-1 to Fr. 7-7). Fr. 7-2 (34.1 mq), Fr. 7-3 (15.8 mg), Fr. 7-5
(10.8 mg), and Fr. 7-7 (28.1 mg) were purified by semipreparative
HPLC with a gradient H,0-MeOH solvent system to obtain com-
pounds 34 (8.9 mg), 21 (5.5mg), 10 (3.2 mg), and 12 (3.1 mg),
respectively.

Fr. 10 (99.2 mg) was chromatographed on a Sephadex LH-20
column using MeOH as yje mobile phase to yield three subfrac-
tions (Fr. 10-1 to Fr. 10-3). Fr. 10-1 (32.9 mg) was purified by
RP-HPLC separation using an H,0-MeOH gradient solvent system
to obtain compound 2 (4.5 mq).

Fr. 11 (2.9 g) was subjected to a VLC column using DCM-MeOH
(100:0 to 0:100) with 300 mL eluting volume for each step to af-
ford 13 subfractions (Fr. 11-1 to Fr. 11-13). Subfraction Fr. 11-4
(200 mg) was then separated on a Sephadex LH-20 column using
acetone as the mobile phase to give four subfractions (Fr. 11-4-1
to Fr. 11-4-4). Fr. 11-4-2 (40 mg) afforded compounds 1
(2.5mq) and 25 (2.4 mg) after purification by semipreparative
HPLC with a gradient H,0-MeOH solvent system. In addition, Fr.
11-4-3 (60 mg) was subjected to RP-HPLC separation using an
H,0-MeOH gradient solvent system to yield compounds 26
(5.8 mg) and 27 (2.2 mq).

Fr. 12 (499.5 mg) was chromatographed on a Sephadex LH-20
column using MeOH as the mobile phase to obtain six subfrac-
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tions (Fr. 12-1 to Fr. 12-6). Fr. 12-5 (27.2 mg) was purified by
RP-HPLC separation using an H,0-MeOH gradient solvent system
to yield compound 17 (3.1 mq).

Fr. 15 (132.1 mg) was separated on a Sephadex LH-20 column
using MeOH as the mobile phase to obtain four subfractions (Fr.
15-1 to Fr. 15-4). Compounds 18 (0.9 mg) and 20 (0.7 mg) were
obtained from Fr. 15-2 (39 mg) after semipreparative HPLC puri-
fication using a gradient H,O-MeOH elution system.

Cotteslosin C (1): dark amorphous solid; [a]2® -89 (c 0.11,
MeOH); UV (MeOH): Amax 277, 203 nm; 'H and 3C NMR data see
» Table 1; HRESIMS [M + H]* m/z 620.3442 (calcd. for
C34H46N506, 6203443)

22-Epi-aflaquinolone B (3): yellow amorphous powder; [a]??
-15 (c 0.14, MeOH); UV (MeOH) Amax 324, 278 and 212 nm; ECD
(MeOH, A [nm] (4¢), c 0.114 mM): 322 sh (+2.32), 281 (+6.16),
253 (- 13.73), 220 (+ 13.44), 201 sh (+ 6.86); 'H and "*C NMR da-
ta see » Table 2; HRESIMS [M + H]* m/z 438.2271 (calcd. for
Ca6H32NOs, 438.2275), [M + Na]* m/z 460.2092 (calcd. for
Co6H31NNaOs, 460.2094).

Isoversicolorin B (9): orange red amorphous powder; [a]3® +43
(c 0.2, MeOH); UV (MeOH) Amax 437, 285, and 223 nm; ECD
(MeCN, A [nm] (4¢), ¢ 0.147 mM): 419 sh (+0.43), 363 (+1.46),
308 (-2.10), 280 (+3.87), 256 (-0.39), 238sh (+0.20), 231
(+0.44), 205sh (-3.07); 'H and '*C NMR data see » Table 3;
HRESIMS [M + H]* m/z 341.0654 (calcd. for C1gH1307, 341.0656).

6,8-0-Dimethylbipolarin (10): orange solid; [a]& - 57 (c 0.38,
MeOH); UV (MeOH) Amax 440, 287, and 223 nm; ECD (MeOH, A
[nm] (4¢), c 0.114 mM): 386 (- 0.62), 311 (+ 1.04), 282 (- 0.89),
260 (+0.04), 231 (- 1.63), 220 sh (+0.32); 'H and 3C NMR data
see » Table 3; HRESIMS [M + H]* m/z 371.1125 (calcd. for
CaH1907, 371.1125).

Marfey’s analysis

Compound 1 (0.5 mg) was subjected to acid hydrolysis by adding
1 mL of 6 N HCl, followed by heating at 110°C for 24 h. The result-
ing acid hydrolysate solution was concentrated under reduced
pressure with the successive addition of H,0 (5 mL each) to guar-
antee removal of HCI. Derivatization of the resulting amino acids
was done by treating 25 pL of the hydrolysate with 50 uL of FDNPL
[1% N-(5-fluoro-2,4-dinitrophenyl)-L-leucinamide in acetone] and
10 uL of 1M NaHCOs, followed by heating the mixture for 1h at
40°C on a hot plate with frequent mixing. The reaction mixture
was then allowed to cool, followed by the addition of 5L of 2N
HCl to the solution and then concentration to dryness. The deriv-
atized amino acids were submitted to analytical HPLC after dis-
solving the mixture in 1 mL of MeOH. The standard amino acids
(L- and D-forms) were derivatized following the same procedure.
Comparison of the retention times of the derivatized amino acids
with the derivatized standard amino acids was performed using
HPLC (C18) analysis (a gradient of MeOH and 0.1% HCOOH in
H,0): 0min (10% MeOH); 5min (10% MeOH); 35 min (100%
MeOH); 45 min (100% MeOH); 50 min (10% MeOH); 25°C, 1 mL/
min). A C4 analytical HPLC was employed for better resolution of
the derivatized D and L-N-Me-phenylalanine residues (C-4 column
HPLC separation using a gradient of MeOH and 0.1% HCOOH in
H,0): 0min (15% MeOH); 2min (15% MeOH); 180 min (65%
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MeOH); 181 min (100% MeOH); 185 min (100% MeOH); 186 min
(15% MeOH); 190 min (15% MeOH); 30°C, 1 mL/min.

Cytotoxicity assay

All isolated compounds were tested for their cytotoxic activity
against the murine lymphoma cell line L5178Y (Sigma) using the
MTT method. Briefly, cells were placed on a 96-well plate with
3000 cells/mL. The cells were allowed to attach for 24 h and then
were treated with different concentrations of the compounds
starting with 30 uM for 72 h. Usually 4 to 7 concentrations of the
respective compounds fall into the dose-response range between
20 to 90% inhibition. Ten parallel experiments were performed
per concentration point. The mathematical, nonlinear regression
(4-parameter model) was applied. The ICsq values were calculated
from a sigmoidal dose-response curve using GraphPad Prism soft-
ware. The depsipeptide kahalalide F (purity 97 %) obtained from
Elysia grandifolia [42] was used as a positive control, while media
containing 0.1% ethylene glycol monomethyl ether (used for dis-
solving the compounds in the cell culture media) were used as a
negative control.

Antibacterial assay

Antibacterial activity of the compounds was analyzed against sev-
eral gram-positive bacteria using the broth microdilution method.
Compounds were predissolved in DMSO and added to the broth.
The resulting final DMSO concentration in the assay was 0.1%. The
direct colony suspension method was employed for preparation of
the inoculum, and MIC for each strain was determined according
to the recommendations of the Clinical and Laboratory Standards
Institute [43]. Ciprofloxacin and moxifloxacin (analytical standard;
Sigma-Aldrich) were used as positive controls.

Computational section

Mixed torsional/low-frequency mode conformational searches
were carried out by means of Macromodel 10.8.011 software by
using the MMFF with an implicit solvent model for CHCl;3 [44]. Ge-
ometry reoptimizations were carried out at the B3LYP/631G(d)
level in vacuo and CAM-B3LYP/TZVP levels with the PCM (polariz-
able continuum model) solvent model for MeCN or MeOH [45,
46]. Time-dependent density functional theory — ECD calculations
were run with various functionals (B3LYP, BH&HLYP, CAM-B3LYP,
and PBEO) and the TZVP basis set as implemented in the Gaussian
09 package with the same or no solvent model as in the preceding
DFT optimization step [47]. ECD spectra were generated as sums
of Gaussians with 3000 and 2100 cm™ half-height widths using
dipole-velocity-computed rotational strength values [48]. Boltz-
mann distributions were estimated from the ZPVE-corrected
B3LYP energies in the gas-phase calculations and from the
CAM-B3LYP energies in the solvated ones. The MOLEKEL software
package was used for visualization of the results [49].

Supporting information

HRESIMS and NMR spectra of compounds 1, 3,9, and 10, ECD cal-
culations for compound 10, HPLC chromatograms of EtOAc ex-
tracts from co-culture experiments and Marfey’s analysis for com-
pound 1 are available as Supporting Information.
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