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Natural products continue to serve as sources for the development of new medicines.
There is currently a revival of interest in the discovery of bioactive compounds with
new chemical structures from natural sources, largely due to the fact that synthetic
libraries have not yielded the expected number of developmental candidates in
the pharmaceutical industry during the last decade. In addition, the emergence of
clinically relevant pathogens that are becoming increasingly resistant to currently used
medicines strengthens the notion that natural product research is urgently required.
Considering the fact that almost 10% of bioactive compounds are of microbial origin,
and that marine microorganisms are relatively poorly studied compared to their
terrestrial relatives, marine microorganisms are regarded as the most potential-laden
resource for drug discovery.
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Isolation and Synthesis of Misszrtine
A: A Novel Indole Alkaloid From
Marine Sponge-Associated
Aspergillus sp. SCSIO XWS03F03

Rong Zhou, Xiaojian Liao, Hangbin Li, Jing Li, Pengju Feng*, BingXin Zhao* and Shihai Xu*

Department of Chemistry, Jinan University, Guangzhou, China

A novel indole alkaloid, misszrtine A (1), was isolated from marine sponge-derived fungus
Aspergillus sp. SCSIO XWS03F03. The planar structure of 1 was assigned by analysis of
spectroscopic data, the absolute configuration of which was unambiguously determined
by total synthesis. Compound 1 represents the first example of N-isopentenyl tryptophan
methyl ester with a phenylpropanoic amide arm, which exhibited a potent antagonistic
activity on HL60 (IC5p = 3.1 uM) and LNCaP (ICsp = 4.9 uM) cell lines. Bioactivity
evaluation reveals that functional group on indole nitrogen of 1 has a great effect on
its cytotoxity, which provides a mean to probe the structure-activity relationships of 1.

Keywords: indole alkaloid, marine-derived fungi, secondary metabolites, sponge, total synthesis, antagonistic
activity

INTRODUCTION

Marine-derived fungi, a rich source of structurally diverse secondary metabolites, have attracted
considerable attention due to their potential for the discovery of pharmaceutically interesting
molecules (Attaway and Zaborsky, 1993; Newman and Cragg, 2016). Important drugs, such as
Plinabulin, sorbicillactone A, etc., are derived from Marine-derived fungi (Bringmann et al., 2003;
Nogueira et al., 2010; Millward et al., 2012). The genus Aspergillus (Moniliaceae) which firstly
described by Micheli in 1729 was one of the largest and mostly intensively investigated fungal
genera (Saleem et al., 2007; Ebrahim et al., 2016). A wide array of bioactive secondary metabolites
from marine-derived Aspergillus species have been elucidated, including polyketides, terpenoids,
alkaloids sterols, and peptides (Debbab et al., 2012), most of which exhibited antibacterial,
antioxidant, radical-scavenging, cytotoxic, and anti-inflammatory activities (Li et al., 2004, 2012;
Almeida et al., 2010; Lee et al., 2011; Sun et al., 2011).

The secondary metabolites from the sponge-derived fungus Aspergillus usually are terpenoids
and polyketides. The alkaloids with an indole unit were extremely rare from the isolated
structures (Varoglu et al., 1997). Previous investigations into marine sponge-associated fungus
Aspergillus sp. SCSIO XWS03F03 by our group have resulted in the isolation of three polyketides,
aspergchromones A, B, and secalonic acid D, along with other four small molecules (Wang Y. et al.,
2016). In the course of our ongoing research on this fungus, a novel indole alkaloid, misszrtine A
(1), was isolated by further investigation of the less polar fraction of the fungus extract. Compound
1 represents the first example of N-isopentenyl tryptophan methyl ester with a phenyl propanoic
amide arm (Figure 1). Herein, we report the isolation, structural elucidation, plausible biogenetic
route, total synthesis, and biological evaluation of 1.
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FIGURE 1 | Chemical structure of misszrtine A (1).

MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were measured by using Anton Paar MCP-
500 polarimeter (Auton Paar, Graz, Austria). UV spectra were
recorded on a Shimadzu UV-2600 UV-vis spectrophotometer
(Shimadzu, Kyoto, Japan). The NMR spectra were measured
on a Bruker Av 300 or 500 MHz NMR spectrometer (Bruker,
Fallanden, Switzerland). HR-ESI-MS were recorded on a
Bruker micro TOF-QII mass spectrometer (Bruker, Fallanden,
Switzerland). CD spectra were measured with a Chirascan
circular dichroism spectrometer (JASCO International Co. Ltd.,
Hachioji, Tokyo, Japan). Size exclusion chromatography was
done on Sephadex LH-20 gel (GE Healthcare, Uppsala, Sweden).
Semi-preparative reversed-phase HPLC [Rp-C18: 9.4. 250 mm
id, 5pm (Cosmosil, Nacalai, Japan)] was performed on an
Agilent 1200 series apparatus (Agilent, Palo Alto, American).
Column chromatography (CC) was carried out on silica gel (200-
300 mesh, Qingdao Marine Chemical Factory, Qingdao, China).
Thin layer chromatography was carried out with precoated silica
gel plates (GF-254, Jiangyou Silica Gel Development, Inc., Yantai,
China).

Fungal Strain

The fungal strain SCSIO XWS03F03 was isolated from a
sponge which was collected from the sea area Xuwen County,
Guangdong Province, China, in August, 2013. The isolate was
stored on MB agar (malt extract 15g, sea salt 10g, agar 15g,
distilled water 1,000 mL, pH 7.4~7.8) slants at 4°C and deposited
at CAS Key Laboratory of Tropical Marine Bio-resources and
Ecology.

ITS Region Sequence

The strain was cultured in Sabouraud’s Dextrose Broth
(consisting of 40g dextrose, 10g peptone, 2.5g NaCl, and
1,000 mL distilled water, pH = 5.6) for 1.5 days, and then

the mycelia were collected and powdered in a mixer mill after
liquid nitrogen was added. DNA was isolated through the
Hpure Fungal DNA Kit (Guangzhou Genebase Bioscience Co.,
Guangzhou, China) according to the manufacturer’s protocol.
The ITS region of strain SCSIO XWS03F03 was amplified
by polymerase chain reaction with the primer pair ITSI-
ITS4 (ITS1: 5-GTA GTC ATA TGC TTG TCT C-3'; ITS4:
5-TCC GCA GGT TCA CCT ACG GA-3'). The amplified
product was purified with a TIANgel mini purification kit
(TianGen Biotech, Beijing, China). The recovery pure PCR
product was sequenced by a commercial service (Shanghai
Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China).
Through BLAST-Algorithmus, the derived ITS region sequence
was compared against the GenBank database (NCBI). Similarity
analysis was performed by using Clustal W program (Nam et al.,
2001).

Nucleotide Sequence Accession Number
The nucleotide sequence of the ITS region reported in this article
was assigned the GenBank accession number KU975059.

Fermentation, Extraction, and Isolation
Strain SCSIO XWS03F03 stored on MB agar slants at 4°C was
cultured on MB agar plates and incubated at 25°C for 7 days.
Seed medium (Melt extract 15g, sea salt 10g, distilled water
1,000mL) was inoculated with strain SCSIO XWS03F03 and
incubated at 25°C for 48 h on a rotating shaker (180 rpm; 25°C).
Large scale fermentation in a solid rice medium of 1,000 mL flasks
supplemented with 1% NaCl (rice 200 g, sea salt 2.0 g, distilled
water 200mL) (n = 45) was inoculated with 10 mL of seed
solution. Flasks were incubated at 25°C under static condition
and fermented for 45 days.

The fungal cultures from 45 flasks were harvested and the
mycelia were cut into small pieces and soaked in acetone for
12h, sonicated (10min) and filtered, yielding the rice solid
medium and water phases. The solid rice medium was extracted
with ethyl acetate (EtOAc) (6 x 500mL) and the water phase
was extracted with EtOAc (3x10L).Both EtOAc extracts were
combined and partitioned with petroleum ether (PE) three
times to remove the oil, then evaporated under vacuum at
42°C to yield 83 g crude extract, which was subjected to silica
gel column chromatography (@ 11 x 90cm) eluting with
PE/EtOAc in gradient eluent (90:10, 80:20, 70:30, 75:25, 65:35,
60:40, 50:50, 25:75, 0:100), to obtain 5 fractions (Fr. 1-5). Fr.2
(5.21g) was then purified by silica gel column (PE/EtOAc,
90:10~0:100) to obtain six subfractions (Fr. 2-1~Fr. 2-6). Fr.
2-3(256.3 mg) was further purified by semi preparative reversed-
phase HPLC (2 mL/min, MeOH/H,O = 6/4) to give 1 (15 mg)
(tr = 20.3 min).

Total Synthesis of Misszrtine A (1)

Methyl ((S)-2-hydroxy-3-phenylpropanoyl)-L-tryptophanate (2)
To a solution of L-3-Phenyllactic acid (4.0g, 24.0 mmol)

in dry degassed DCM (100 mL) was added EDCI (4.56 g, 24.0

mmol), HOBt (3.24¢g, 24.0 mmol), and L-tryptophan methyl

ester hydrochloride (5.1 g, 20.0 mmol). After stirring for 30h,

the reaction mixture was concentrated and extracted with EtOAc
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(20mL x 2). The combined organic extracts were washed with
saturated aqueous NaHCO3 (20mL x 2), dried over MgSOy,
filtered, concentrated, and purified by flash chromatography
over 200-400 mesh silica gel (PE/EA= 4:1) to give 2 as a
light yellow oil (6.38g, 87%). 'H NMR (300 MHz, CDCl3) §
8.96 (s, 1H), 7.53 (d, ] = 7.6Hz, 1H), 7.47 (d, ] = 8.1 Hz,
1H), 7.41-7.17 (m, 8H), 6.73 (s, 1H), 5.99 (dd, ] = 12.9,
52Hz, 1H), 4.36 (dd, ] = 6.2, 3.6Hz, 1H), 3.93 (brs, 1H),
361 (s), 336 (dd, ] = 14.7, 7.2Hz, 1H), 3.24-3.10 (m,
2H), 291 (dd, ] = 13.7, 7.2Hz, 1H). 3C NMR (75 MHz,
CDCl3) § 173.5, 136.9, 136.0, 129.6, 128.2, 127.1, 126.6, 123.2,
121.8, 119.2, 118.2, 111.4, 108.7, 77.4, 72.3, 52.2, 40.1, 27.5.
HRESIMS m/z 367.1625 [M+H] T (caled for C,;H2;N,04
367.1652).

Methyl  ((S)-2-((tert-butyldimethylsilyl)oxy)-3-phenylprop
anoyl)-L-tryptophanate (3)

To a solution of 2 (1.83 g, 5.0 mmol) in dry MeCN (50 mL) was
added imidazole (0.14 g, 2.0 mmol) and TBSCI (0.91 g, 6.0 mmol);
After stirring for 2 h, the combined organic extracts were washed
with saturated aqueous NaHCO3(10 mLx2), dried over MgSQOy,
filtered, concentrated, and purified by flash chromatography
over 200-400 mesh silica gel (PE/EA= 1:1) to give 3 as a
yellow gum (2.30g, 96%). 'H NMR (300 MHz, DMSO-dg)
3 109 (s, 1H), 7.35-7.23 (m, 5H), 7.19-7.12 (m, 2H), 7.05
(td, ] = 8.1, 1.1Hz, 1H), 6.96 (td, ] = 8.1, 0.8 Hz, 1H), 6.83
(d, ] = 2.3Hz, 1H), 4.77-4.65 (m, 1H), 421 (dd, ] = 7.5,
3.7Hz, 1H), 3.58 (s, 3H), 3.18 (dd, J = 14.6, 5.9 Hz), 2.98
(dd, ] = 14.6, 5.4Hz, 1H), 2.88 (dd, ] = 13.4, 3.6 Hz, 1H),
2.70 (dd, ] = 13.4, 7.5Hz, 1H), 0.61 (s, 9H), —0.25 (s, 3H),
—0.33 (s, 3H); *C NMR (75 MHz, DMSO-d) 8 172.1, 171.9,
137.7, 136.6, 130.4, 128.3, 127.6, 126.8, 124.1, 121.4, 119.0,
118.4, 111.8, 108.5, 74.3, 52.4, 52.1, 41.4, 27.6, 25.8, 17.9, —5.3,
—5.6.

Methyl((S)-2-((tert-butyldimethylsilyl)oxy)-
3-phenylpropanoyl)-1-(3-methylbut-2-en-1-yl)-
L-tryptophanate (4)

To a solution of 3 (0.96 g, 1.0 mmol) in dry DMF (50 mL) was
added NaH (0.05 g, 2.0 mmol). After stirring for 1h, 1-bromo-
3-methyl-2-butene (0.3 mL, 1.5 mmol) was added dropwise to
the reaction mixture. Upon stirring for 4h, the reaction was
quenched with water and extracted with EtOAc (10 mL x 3). The
combined organic extracts were washed with saturated aqueous
NaHCO3(10mL x 2), dried over MgSOy, filtered, concentrated,
and purified by flash chromatography over 200-400 mesh silica
gel (PE/EA= 1:1) to give 4 as a yellow gum (0.99g, 90%).
'H NMR (300 MHz, DMSO-ds) 8 7.38-7.20 (m, 6H), 7.20-
7.15 (m, 2H), 7.11 (t, ] = 7.9Hz, 1H), 7.00 (t, ] = 7.3Hz,
1H), 6.73 (s, 1H), 5.24 (t, ] = 6.7Hz, 1H), 4.80-4.70 (m,
1H), 4.68-4.60 (m, 2H), 4.23 (dd, J] = 7.2, 3.7Hz, 1H), 3.58
(s, 1H), 3.20 (dd, ] = 14.6, 5.8 Hz, 1H), 2.98 (dd, ] = 14.6,
5.3Hz, 1H), 2.88 (dd, ] = 13.4, 3.7 Hz, 1H), 2.75 (dd, ] = 13.4,
7.4Hz, 1H), 1.79 (s, 3H), 1.68 (s, 3H), —0.23 (s, 3H), —0.31 (s,
3H).

Methyl-((S)-2-hydroxy-3-phenylpropanoyl)-1-(3-methylbut-
2-en-1-yl)-L-tryptophanate (1)

To a solution of 3 (0.55g, 1.0 mmol) in dry THF (30 mL)
was added dropwise pyridine-HF (2.3mL, 10.0 mmol). After

stirring for 1h, the reaction mixture was quenched with water
and extracted with DCM (10mL x 3). The crude product
was purified by HPLC to give 1 as a white solid (0.40g,
92%). [aly —5.35 (c 2, CH30H); UV(MeOH) hmax (log €)
225 (1.51) nm 275(0.25)nm; '"H NMR (300 MHz, Chloroform-
d 8 742 (d, J] = 79Hz, 1H), 7.36-7.18 (m, 7H), 7.11

TABLE 1 | "H and '3C NMR spectral data of 1 (J in Hz, in CDCI3).

No. Misszrtine A (1)

5H éc
2 6.69 (s) 126.1
3 - 108.2
3a - 128.2
4 7.37 (dd, 7.8, 1.2) 118.7
5 7.06 (ddd, 7.8, 6.9, 1.2) 119.1
6 7.18 (ddd, 7.2, 6.9, 1.2) 121.6
7 7.27 109.6
7a - 136.2
8 a3.28(dd, 14.7,5.4) 27.8

b 3.17 (dd, 14.7, 5.1)
9 4.92 (ddd, 8.4, 5.4, 5.1) 52.5
10 - 172.1
11 3.66 (s) 52.3
1 - 172.2
2 4.29 (dd,7.8,4.2) 72.7
3 a3.13(dd,13.8,4.2) 40.5

b 2.83(dd,13.8, 7.8)
4 - 136.6
5 7.23 129.7
6 7.29 128.7
7 7.26 127.0
8 7.29 128.7
9 7.23 129.7
17 4.60 (d,6.9) 44.0
o 5.30 (m) 119.9
3" - 136.3
4" 1.80(d, 1.2) 18.0
5" 1.74 (d, 1.2) 25.6
NH 6.95 (d, 8.4) -

a0verlapped signals are reported without designating multiplicity.

— 'H-"Hcosy
-~ HMBC

FIGURE 2 | Key 'H-TH COSY and HMBC correlations of 1.
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(d, ] = 7.5Hz, 1H), 7.06 (d, ] = 6.8Hz, 1H), 6.70 (s,
1H), 5.34 (t, ] = 6.8Hz, 1H), 4.97-4.90 (m, 1H), 4.64 (s,
1H), 4.62 (s, 1H), 4.30 (dd, ] = 7.7, 4.1Hz, 1H), 3.30 (dd,
J = 14.7, 5.6 Hz, 1H), 3.20-3.10 (m, 2H), 2.88 (d, ] = 7.7 Hz,
1H), 2.83 (d, ] = 7.7Hz1H), 1.84 (s, 3H), 1.78 (s, 3H).13C
NMR (75 MHz, Chloroform-d) 8 172.5, 172.2, 136.8, 136.2,
136.2, 129.8, 128.6, 128.2, 126.95, 126.2, 121.6, 119.95, 119.1,
118.7, 109.7, 108.2, 72.6, 52.5, 52.3, 44.1, 40.5, 27.8, 25.7,
18.1.

Evaluation of General Cytotoxicity of

Compound 1 and 2

Cytotoxic activity was assessed by using the CCK-8 (Dojindo,
Japan) method according to established procedures (Bai et al.,
2014). Eight human cancer cell lines (HepG2, HL60, Hela,
A375, A549, HT29, SK-BR-3, LNCaP, and MCF-7) were used
in the cytotoxicity bioassay. The cells were cultured in RPMI
or DMEM medium supplemented with 10% heat-inactivated
fetal bovine serum (Gibco, USA) with 5% CO;, in air at

37°C. A cell viability assay was determined with the CCK-
8 (Dojindo, Japan) assay. Cells were seeded at a density of
400-800 cells/well in 384-well plates and treated with various
concentrations of compounds or solvent control. After 72h
incubation, CCK-8 reagent was added, and absorbance was
measured at 450 nm using an Envision 2104 multilabel reader
(PerkinElmer, USA). Dose-response curves were plotted to
determine the ICs values by using Prism 5.0 (GraphPad Software
Inc., USA).

RESULTS AND DISCUSSION

Identification of (S, S)-misszrtine A

Misszrtine A (1) was obtained as a light yellow powder, which
showed a molecular ion cluster [M+H]* at 435.2284, revealing
a molecular formula CysH39N,Oy4, indicating thirteen degrees
of unsaturation. The UV absorption maximum at 225 and
290 nm implied the presence of an indole chromophore in 1
(Sangster and Stuart, 1995). The IR bands implied the presence of
amino group (3380 cm™!) hydroxyl group (3262 cm™1), carbonyl

SCHEME 1 | Plausible biogenetic route of 1.
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groups (1745 and 1731 cm™ 1), and aromatic ring (1645 and 1535
cm™1). The analysis of NMR spectra revealed the presence of
two carbonyls (§¢ 172.2 and 172.1), a monosubstituted benzene
ring [8y 7.29 (2H), 7.26 (1H), and 7.23 (2H); ¢ 136.6, 129.7,
128.7, and 127.0], a disubstituted benzene ring [y 7.37 (1H,
dd, ] = 7.8, 1.2Hz), 7.27 (1H), 7.18 (1H, ddd, ] = 7.2, 6.9,
1.2Hz), and 7.06 (1H, ddd, J] = 7.8, 6.9, 1.2Hz); 8¢ 136.2,
128.2, 121.6, 119.1, 118.7, and 109.6], two trisubstituted double
bonds [y 5.30 (1H, m) and 6.69 (1H, s); 8¢ 136.3, 126.1,
119.9, and 108.2), two methines [y 4.92 (1H, ddd, ] = 8.4,
5.4, 5.1Hz) and 4.29 (1H, dd, ] = 7.8, 4.2Hz); ¢ 72.7 and
52.5], three methenes [6y 4.60 (2H, d, ] = 6.9Hz), 3.28 (1H,
dd, J = 14.7, 5.4 Hz), 3.17 (1H, dd, ] = 14.7, 5.1 Hz), 3.13 (1H,
dd, ] = 13.8, 4.2 Hz), and 2.83 (1H, dd, ] = 13.8, 7.8 Hz); i¢
44.0, 40.5, and 27.8], a methoxyl [§y 3.66 (1H, s); éc 52.3] and
two methyls [0y 1.80 (3H, d, ] = 1.2Hz) and 1.74 (3H, d,
J = 1.2Hz); 8¢ 25.6 and 18.0]. The above spectral data suggested
that misszrtine A (1) might be an indole alkaloid (Estevio
et al., 2010; Khalil et al,, 2014). A comprehensive analysis of
the 'H-'H COSY, HSQC, and HMBC spectra allowed the full
assignment of all proton and carbon resonances of 1 as shown
in Table 1.

The 'H-'H COSY data of misszrtine A (1) revealed the
presence of five spin coupling systems in bold as shown in
Figure 2. In the HMBC spectrum, correlations between H-4/H-9

and C-3, between H-5/H-7/H-8 and C-3a, between H-6 and
C-7a, between H-8 and C-2/C-10 as well as between H-11
and C-10 allowed the establishment of tryptophanmethyl ester
moiety (1A). Furthermore, the HMBC correlations from H-3'
to C-1'/C-5/C-9" as well as from H-2' to C-4’ validated the

Natural 1
24 —— Synthesized (5,5)-1
14
? o A
= N M ™S\ iy
£
w =14
<
2.
3
L) L) L L)
200 250 300 350 400

Wavelength (nm)

FIGURE 3 | CD spectrum of synthesized (S,S)-1 and natural 1.

O
(s)-a-Phenyllactic acid (1.2 eq.) | OMe
| OMe EDCI (1.2 eq.), HOBt (1.2 eq.) N NH
N NHz+ HCI DCM, rt. 30 h H 5 OH
H 87%
2
O
Imidazole (2.0 eq.)
TBSCI (1.2 eq.) | OMe MGWBr
MeCN. rt. 2h N NH Me 1.5 equiv
oL 1t H OTBS
96% o NaH (2.0 eq.), DMF
5 0 °C to rt. 4h, 90%
O 0O
OMe OMe
| Mo Pyridine-HF (10.0 eq.) J
N N
OTBS 9 OH
o THF, rt, 1h, 92% o
| |
Me~ "Me 4 Me” "Me 1
SCHEME 2 | Synthetic route of misszrtine A (1).
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TABLE 2 | Biological evaluation of misszrtine A (1) and compound 2.

Cmpd Observed IC5q (LM)
HepG2 HL-60 Hela A375 A549 HT29 SK-BR-3 LNCap MCF-7
NA 3.12 NA NA >30 >30 >30 4.94 >30
2 NA >30 NA NA NA NA NA NA NA

aAntitumor activities were determined by microdilution method. “>30 wM” means cell survival rate between 70-85%;, “NA” means cell survival rate over 85%.

presence of phenylpropanoic acid unit. Additionally, according C-2"of natural misszrtine A (1) were S. In addition, the
to the molecular formula information and the obvious downfield  results from CD profiles showed that natural misszrtine A
shifts at C-2’, a hydroxyl group should be attached to C-2’. (1) had identical pattern as that of synthesized (S, S)-1
Thus, the structure of a-hydroxy-phenylpropanoic acid residue  (Figure 3).
(1B) was deduced. Moreover, the HMBC correlations between
H-1” and C-3" as well as between H-4"/H-5" and C-2” Biological Evaluation of Misszrtine A (1)
verified the skeleton of isopentene group (1C). In addition, gnd Compound 2
the HMBC correlations between H-9 and C-1" suggested that synthesized key intermediate 2 and misszrtine A (1) were
1A and 1B were connected via N-C-1" bond. The HMBC  jected for the evaluation of general cytotoxicity toward nine
correlations from H-1" to C-2/C-7a indicated that 1IC was linked 1, 0" 0 o ol Tines (HepG2, HL60, Hela, A375, A549,
to N-1. Therefore, the planar structure of 1 was identified HT29, SK-BR-3, LNCaP, and MCF-7) (Table 2). Misszrtine A
(Figure 2). ) ) (1) exhibited cytotoxic activity against HL-60 and LNCap cells
Unfortunately, no helpful NQE correlation was observefi N \ith ICso values of 3.1 and 4.9 LM, respectively, but with no
the NOESY spectrum to determine the relative stereochemistry cytotoxicity against the rest of tested cell lines. Interestingly,
of 1. However, the biogenetic route of 1 could be proposed, which compound 2, without protecting group on the indole nitrogen,
was plausibly traced back to tryptophan, phenylalanine, and g, yed a lost cytotoxicity toward HL-60 and LNCap cell lines,
isopentene. First, tryptophan was methylated to form tryptophan indicating that the nitrogen protecting group may be a key factor
methyl ester (a). Meanwhile, phenylalanine was oxidized to a- ¢, tuning biological activities of misszrtine A (1) derivatives.
hydroxy-3-phenylpropanoic acid (b) (Winitz etal., 1956; Khelifa  \fissyrtine A (1) was also tested for inhabitation against
etal,, 1998; Senkpeil et al., 2002; Busto et al.,, 2014). Intermediates  py3np influenza, antituberculous activity, anti-inflammatory

aand b were de}?ydr.ated to give c.omlpound ¢, which took a activity using COX-1 and COX-2 as molecular targets (Wang
nucleophilic substitution reaction with isopentene to produce 1 J. et al, 2016). However, no positive results were obtained

(Scheme 1). Accordingly, a total synthesis of 1 was carried outto 1« g0

confirm the absolute configurations of C-9 and C-2’ (Scheme 2).

Since the L configuration of a-amino acids are more common

in nature, L-tryptophan methyl ester hydrochloride and (S)- CONCLUSION
a-hydroxy-3-phenylpropanoic acid were selectively chosen as
substrates to undergo an amidation coupling, yielding compound X X X
2 (87% yield) with two chiral centers (Airiau et al., 2008). The twoichlral centers,. was 1solat'ed and characterized from the
hydroxyl group was chemo-selectively protected by TBSCl to ~ Marine sponge-derived Aspergzllus sp. SCSIO‘ XWS03F03. The
give compound 3 in 96% yield. After removing N-H proton planar structure of 1 was assigned by analysis of UV, IR, and

of 3 with NaH at 0°C, bromo-3-methyl-2-butene was injected NMR spectroscopic data, and its absolute configuration was
unambiguously determined by total synthesis and specific

optical rotation, CD spectrum comparison. Bioactivity

In summary, a novel indole alkaloid (misszrtine A, 1), with

to the reaction mixture, furnishing a protected indole 4 in
90% yield without any racemic counterparts (Estevio et al, ) e
2010). Pyridine-HF reagent (Ohshima et al., 2003; Shiozaki et al., evaluation resu.1t5. shoYv?d that compound 1 exhibited a
2013) was employed to remove TBS group under slightly acidic potent antagonistic activity on HIj6O (IC5°. = 3.1uM) and
condition for delivering compound 1 which was then fully LNCaP (ICsp = 4.9uM) cell lines, while compound 2
characterized. was inactive to those cell lines. The findings indicated that

The UV spectrum, NMR data, optical rotations, and CD functional group on indole nitrogen of 1 has a great effect on its
cytotoxity, which provides a mean to probe the structure-activity

profiles of the natural misszrtine A (1) were compared with those
relationships of 1.

of synthesized (S, S)-1. As shown in supporting information,
the UV spectrum, 'H and '*C NMR data for natural 1 were
essentially identical to those of synthesized (S, S)-1. As for  AUTHOR CONTRIBUTIONS

specific optical rotation, the value of natural Misszrtion A

([a]¥-6.13 (C 0.10, CH30H)) was in good agreement with ~RZ and XL contributed equally. RZ was responsible for the
that of the synthesized (S, S)-1 ([oc]lzjs—S.SS (C 2.0, CH30H)), isolation and synthesis of misszrtine A. XL did the purification
indicating that the absolute configuration at both C-9 and  and identification of compound. HL, JL, and BZ are responsible
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for the fermentation and extraction of the fungal strain. PF
was designed the synthesis. BZ, PF, and SX were prepared the
manuscript, and all authors have approved the final version.
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New Anti-inflammatory
Cyclopeptides From a
Sponge-Derived Fungus Aspergillus
violaceofuscus

Jingtang Liu'®, Binbin Gu'", Lianjuan Yang?, Fan Yang ™ and Houwen Lin™

" Research Center for Marine Drugs, State Key Laboratory of Oncogenes and Related Genes, Department of Pharmacy, Renji
Hospital, School of Mediicine, Shanghai Jiao Tong University, Shanghai, China, 2 The Fungal Reference Laboratory of
Shanghai Dermatology Hospital, Shanghai, China

Three new cyclic peptides including a cyclic tetrapeptide (1), an aspochracin-type cyclic
tripeptide sclerotiotide L (2) and a diketopiperazine dimer (3), have been isolated from the
ethyl acetate extract of a marine sponge-derived fungus Aspergillus violaceofuscus. The
structures of all compounds were unambiguously elucidated on the basis of HRESIMS,
1D and 2D NMR spectroscopic data, MS/MS experiments and chemical methods.
Compounds 1 and 3 showed anti-inflammatory activity against IL-10 expression of
the LPS-induced THP-1 cells with inhibitory rates of 84.3 and 78.1% respectively at
concentration of 10 uM.

Keywords: sponge-derived fungus, Aspergillus violaceofuscus, cyclic peptides, structural characterization, anti-
inflammatory

INTRODUCTION

As a class of important metabolites from marine-derived organisms, cyclic peptides are extensively
present in marine tunicate (Ireland et al., 1982), sponge (Zhang et al., 2010), algae (Xu et al., 2008),
bacteria (Teta et al., 2017), fungi (Bao et al., 2013), etc., and often these cyclopeptides possess rare
molecular skeleton (Fukuhara et al., 2015). Moreover, due to versatile biological functions including
antineoplastic (Ireland et al., 1982), antimicrobial (Teta et al., 2017), anti-inflammatory (Randazzo
et al., 2001), antitubercular (Daletos et al., 2015) and histone deacetylase inhibitory activities (Gu
et al., 2007), the cyclic peptides have received enduring attention of organic chemists, biologists
and pharmacologists. The structures of cyclic peptides may contain unusual amino acids or be
modified by methylation (Jang et al., 2017), acetylation, lipidation (Luo et al., 2014), and sulfuration
(Fukuhara et al., 2015). These characteristics are playing a vital role in the interactions with relevant
bioactive targets (Sieber and Marahiel, 2005; Raaijmakers et al., 2010).

The sponge-derived fungi have been proven to be a prolific source of cyclic peptides (Amagata
etal.,, 2006; Yu et al., 2008). In previous search for structurally unique cyclic peptides from marine
sponge-derived fungus Nigrospora oryzae PF18 collected off the Xisha Islands in the South China
Sea, we have identified a series of new cyclohexadepsipeptides oryzamides A-C (Ding et al., 2016).
As part of our continuing quest for new bioactive molecules, chemical investigation of secondary
metabolites of the fungus Aspergillus violaceofuscus from the marine sponge Reniochalina sp.
resulted in the identification of three new cyclopeptides, including a cyclic tetrapeptide violaceotide
A (1), an aspochracin-type cyclic tripeptide sclerotiotide L (2), and a new diketopiperazine dimer
(3) (Figure 1). Herein, the isolation, structure elucidation and anti-inflammatory studies of the
three new cyclic peptides were described.
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MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were determined on a Rudolph research
analytical autopol VI polarimeter with a 1 dm length cell at room
temperature. UV spectra were performed on a Persee TU-1950
UV-VIS spectrophotometer. The NMR spectra were recorded on
a Bruker AMX-600 instrument. HRESIMS data were obtained
on a Waters Xevo G2-XS Q-Tof mass spectrometer. Reversed-
phase HPLC was performed on Waters X-Bridge C18 (5um)
columns with a Waters 1525 separation module equipped with a
Waters 2998 photodiode array detector. MPLC was accomplished
using a Interchim PuriFlash 450 chromatography system. Silica
gel 60 (200-300 mesh; Yantai, China), Sephadex LH-20 (18-
110 pwm, Pharmacia Co.) and ODS (50 um, YMC Co.) were used
for column chromatography.

Fungal Strain and Fermentation
The fungus Aspergillus violaceofuscus was isolated from the inner
part of the marine sponge Reniochalina sp. collected from the
Xisha Islands in the South China Sea. The sample was deposited
at the Research Center for Marine Drugs, School of Medicine,
Shanghai Jiao Tong University. This strain was identified based
on the morphology analyze and ITS gene sequencing (GenBank
accession No. FJ491681).

The strain was cultivated on potato dextrose agar at 28°C for
7 days. Large scale fermentation was carried out in 50 erlenmeyer
flasks (2L) each containing 80 g of rice and 120 mL of distilled
H,0 with 0.3% (m/v) peptone. Each flask was inoculated with
20 mL of cultured broth and incubated under static conditions at
room temperature for 40 days.

Extraction and Isolation

The fermented substrate was exhaustively extracted with ethyl
acetate to provide the residue (26.0 g) after removal of the organic
solvent under reduced pressure.

The EtOAc extract was fractionated by vacuum liquid
chromatography on silica gel (200-300 mesh) using
CH,Cl,/MeOH gradient elution (500:1-0:1, v/v) to give
eleven fractions A-K. Fraction H (6.1g) was separated by
column chromatography (CC) over Sephadex LH-20 eluted with
MeOH to afford subfractions H1-H9. Subfraction H3 (1.5 g) was
applied to medium pressure liquid chromatography (MPLC)
on ODS, eluted with a gradient of 10 to 100% (v/v) MeCN in
H,O0, to give H3A-H3F. H3D was subjected to reversed-phase
HPLC with an elution of 55% MeOH in H,O to give 1 (2.0
mL/min, tg = 23.0min, 8.6 mg). H3C (31.3mg) was purified
by semi-preparative reversed-phase HPLC eluted with 18%
MeCN in H,O to yield 2 (2.0 mL/min, tg = 37.7 min, 2.0 mg).
Subfraction H2 (1.82g) was applied to MPLC on ODS, eluted
with a gradient of 10 to 100% (v/v) MeCN in H,0, to give
Fr. H2A-H2H. Fraction H2F (169 mg) was then purified by
semi-preparative RP-HPLC eluted with 37% MeCN in H,O
resulted in the isolation of 3 (2.0 mL/min, fg = 30.5 min, 1.8 mg).

Violaceomide A (1): white amorphous powder; [a]25 D —230
(c 0.6, MeOH); UV (MeOH) hmax (log €) 220 (3.26), 276 (1.31)
nm; HRESIMS m/z 477.2719 [M + H]* (calcd for C4H37N4O,
477.2713); 'H and '*C NMR data, Table 1.

Sclerotiotide L (2): pale yellow amorphous powder; [a]25
D —92 (¢ 0.5, MeOH); UV (MeOH) hpmax (log €) 216 (3.84),
258 (3.98) nm; HRESIMS m/z 481.3042 [M + H]* (calcd for
C24H41N4Og, 481.3026); 'H and '*C NMR data, Table 2.

FIGURE 1 | Structures of compounds 1-3.
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Compound (3): White powder. [a]25 D +530.0 (¢ 0.3,
MeOH); UV (MeOH) hpmax (log €) 239 (3.58), 300 (1.55) nmy;
HRESIMS m/z 597.3177 [M + H]+ (calc. for C34H41N604
597.3189). 'H and '3*C NMR data, Table 3.

Advanced Marfey’s Analysis of

Compound 1

Compound 1 (1 mg) were hydrolyzed in HCl (6 M; 1 mL) for
18h at 110°C. The solutions were then evaporated to dryness
and redissolved in H,O (200 pL). The aqueous hydrolysate was
added with 1% (w/v) solution of 1-fluoro-2,4-dinitrophenyl-5-
L-leucinamide (L-FDLA, 100 L) in acetone and 1 M NaHCO;
(40 pL). After treating at 45°C for 90 min, the reactions were
quenched by the addition of HCI (1M, 40 wL). Appropriate
amino acid standards were treated with L-FDLA and D-
FDLA as described above and yielded the L-FDLA and D-
FDLA standards. Marfey’s derivatives of 1 was subjected to
UPLC-MS selected ion chromatography on a reversed-phase
column (Waters ACQUITY HS T3 column; 1.8 um, 2.1 x
100 mm) with a linear gradient from 10 to 60% aqueous CH3CN
containing 0.1% formic acids over 18 min and their retention
times were compared with those from the authentic standard
derivatives.

Advanced Marfey’s Analysis of

Compound 2

Compound 2 (1 mg) were hydrolyzed in HCI (6 M; 1 mL) for
20h at 110°C. The solutions were then evaporated to dryness
and redissolved in H,O (200 pL). The aqueous hydrolysate was
divided into two equal portions. One portion was treated with 1%
(w/v) solution of 1-fluoro-2,4-dinitrophenyl-5-D-leucinamide
(D-FDLA, 100 L) in acetone and 1M NaHCO3; (40 wL). The
second portion was treated with a racemic mixture of a 1%
(w/v) solution of 1-fluoro-2,4-dinitrophenyl-5-D-leucinamide
(D-FDLA, 50 L) in acetone, 1% (w/v) solution of 1-fluoro-2,4-
dinitrophenyl-5-L-leucinamide (L-FDLA, 50 pL) in acetone, and
1M NaHCOj3 (40 pL). Both mixtures were heated at 45°C for
90 min and the reactions were quenched by the addition of HCI
(1M, 40 pL). The aliquots were subjected to HPLC-MS selected
ion chromatography on a reversed-phase column (Waters
XBridge C18 column; 5 pum, 4.6 x 250 mm; 1.0 mL/min) with a
linear gradient from 10 to 80% aqueous CH3CN containing 0.1%
formic acids over 30 min according to the advanced Marfey’s
method. The retention times and ESIMS product ions (tr in
min, m/z [M + H]T) of the D-FDLA mono-derivatized amino
acids in the hydrolysate of the first portion were observed to be
Orn (13.1, 427.5), N-Me-Ala (20.4, 398.5), and N-Me-Val (24.3,
426.4), while the reaction with racemic D/L-FDLA in the second
portion gave rise to two peaks for each corresponding amino acid
moiety. The retention times and ESIMS product ions (fri/fr2,
min, m/z [M + H]T) were observed to be Orn (13.1/14.1, 427.5),
N-Me-Ala (20.1/20.4, 398.5), and N-Me-Val (22.1/24.3, 426.4).
Consequently, the absolute configuration of the amino acids in
the hydrolysate of 2 was confirmed as L-Orn, N-Me-L-Ala, and
N-Me-L-Val.

Marfey’s Analysis of Compound 3

Compound 3 (0.4mg) was dissolved in 6 N HCl (I mL) and
heated at 110°C for 24h. Then, the solvent was evaporated
under reduced pressure and resuspended in 50 pL of H,O. The
hydrolysates were treated with 200 WL of 1% (w/v) 1-fluoro-
2,4-dinitrophenyl-5-L-leucinamide (FDLA) in acetone and 40
L of 1.0N NaHCOs3. The reaction mixtures were heated at
45°C for 2 h, cooled to room temperature, and then neutralized
with 40 pL of 1N HCIL Standard D-Leu and D/L-Leu were
derivatised in a similar fashion separately. The derivatives of
the hydrolysates and the standard amino acids were analyzed
by LC-MS selected ion chromatography on a reversed-phase
column (Waters XBridge C18 column; 5 um, 4.6 x 250 mm; 1.0
mL/min) with a linear gradient from 10 to 100% aqueous CH3CN
containing 0.1% formic acids over 30 min. The retention times
for FDLA derivatives of standard D-Leu and L-Leu were 21.8
and 18.7 min, respectively, while this for FDLA derivatives of
compound 3 were 21.8 min.

Anti-inflammatory Assay

THP-1 (a human acute monocytic leukemia cell line) cells
(CCTCC) were maintained in RPMI-1640 supplemented with
10% (v/v) FBS and 0.05 mmol/L 2-mercaptoethanol at 37°C
in a 5% CO, and humidified environment. THP-1 cells (5 x
10°/mL) were differentiated using 160 nmol/L PMA for 36 h.
Differentiation of PMA-treated cells was enhanced by removing
the PMA-containing media and the cells were incubated in FBS
free, fresh RPMI 1640 for a further 12 h, and then stimulated with
compounds or/and LPS at the indicated concentrations and time
periods.

Cytokines IL-6, IL-10, MCP-1, and TNF-a in the culture
media of THP-1 cells treated with 10 WM compounds or/and
0.1 pg/mL LPS were determined by flow cytometry using the
Human Inflammation Cytometric Bead Array (CBA) according
to the instruction of the manufacturer (BD Biosciences, San Jose,
CA, USA). Cytokine levels were measured on a FACSCalibur flow
cytometer (BD Biosciences Pharmingen). The concentrations
were assessed by using FCAP Array software.

RESULTS AND DISCUSSION

Compound 1 was isolated as a White, amorphous powder,
which possessed a molecular formula of Cy4H36N4O¢ deduced
from the pseudomolecular ion peak at m/z 477.2719 [M +
H]" in its HRESIMS (Supplementary Figure 19). The signal
distribution pattern observed in the 'H and '*C NMR spectrum
(pyridine-ds) (Supplementary Figures 1-2), which showed three
exchangeable amide NH signals (8 9.30, 8.80, 7.20), four amide
carbonyls (8¢ 173.8, 173.6, 173.2, and 171.4), four characteristic
a-methine signals (8p/c 5.14/55.7, 4.74/55.1, 4.47/55.9, and
4.37/65.3) and one N-methyl (§p/c 3.32/30.8), indicated the
characteristic of a peptide. Combined analysis of the 2D NMR
spectra (Supplementary Figures 3-6) revealed the structures of
four amino acid residues, including alanine (Ala), isoleucine (Ile),
threonine (Thr), and one tyrosine (Tyr). An HMBC correlation
from 4-N-CHjz (8 3.32) to Ala C-2 (6¢ 55.1) indicated that
the Ala residue was N-methylated. The 24-OCH3 linked to the
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TABLE 1| "H (600 MHz) and '3C NMR (150 MHz) Data for 1 in Pyridine-ds.

Position S¢c Sy, mult. (J in Hz) Position 3¢ Sy, mult. (J in Hz)
N-Me-Ala 12 65.3, CH 4.37,dd (8.9, 2.4)
1 173.6,C 13 68.1, CH 4.78, m

2 55.1, CH 4.74, m 14 22.2, CHg 1.40,d (6.9)

3 17.0, CH3 1.46,d (7.1) 12-NH 7.20, brs

4 30.8, CH3 3.32, s O-Me-Tyr

lle 15 173.8,C

5 171.4,C 16 55.9, CH 4.47, m, overlapped
6 55.7, CH 5.14,dd (10.0, 7.6) 17 35.7, CHo 3.81, m; 3.63, m

7 37.6, CH 2.37, m 18 132.7,C

8 17.6, CH3 1.16,d (6.5) 19/23 131.9, CH 7.31,d(8.0)

9 25.2, CHo 2.00, m; 1.42, m 20/22 114.9, CH 7.03,d (8.2)

10 12.4, CHg 0.94,1(7.4) 21 159.6, C

6-NH 8.80, brs 24 55.9, CH3 3.78, s

Thr 16-NH 9.30, brs

11 173.2,C

TABLE 2 | 'H (600 MHz) and '3C NMR (150 MHz) Data for 2 in CDCls.

Position S¢c 8y, mult. (J in Hz) Position 3¢ S, mult. (J in Hz)
Ala 10-NH 6.53,d (7.2)

1 171.5,C 1 28.6, CHo 2.39, m; 1.60, m

2 55.2, CH 4.59,q(7.1) 12 21.9, CHy 1.66, m; 1.57, m

3 17.0, CH3 1.51,d(7.1) 13 39.7, CHo 3.38, m; 3.06, m
N-CHg 29.9, CHg 3.06, s 13-NH 5.68, brs

Val Fatty acid

4 169.2, C 1 164.8, C

5 58.8, CH 5.11,d (10.5) o 124.2, CH 5.92, d (15.0)

6 27.0, CH 2.43, m 3 140.3, CH 7.283,dd (15.0, 10.8)
7 20.0, CHz 0.92,d (6.3) 4 132.1, CH 6.36, dd (15.4, 11.0)
8 18.0, CHg 0.74,d (6.8) 5/ 137.7, CH 6.00, dd (15.4, 7.8)
N-CHg 30.4, CHg 295 s 6 85.5, CH 3.62,dd (7.8, 3.7)
Orn 7 69.5, CH 3.90, dd (6.5, 3.7)
9 173.1,C 8 18.0, CH3 1.12,d (6.5)

10 49.7, CH 4.98,t(7.2) 9 57.1, CHg 3.32, s

TABLE 3 | "H (600 MHz) and "3C NMR (150 MHz) Data for 3 in CDCl3.

Position Sc 8y, mult. (J in Hz) Position S¢c Sy, mult. (J in Hz)

2/2' 80.5, CH 494, s 12/12' 37.2, CHy 3.18, dd (14.0, 9.1)

3/3 59.7,C 13/13' 168.5, C

4/4/ 130.0, C 14,14 593, s

5/5" 124.9, CH 7.34,d(7.5) 15/15' 56.3, CH 3.77,m

6/6' 119.9, CH 6.81,t(7.5) 16/16' 168.2, C

77" 129.8, CH 7.15,1(7.6) 1717 41.8, CHo 1.48, m; 2.82, dd (14.0, 8.6)
8/8' 110.3, CH 6.65,d (7.9) 18/18' 24.5, CH 1.64, m

9/9 148.8, C 19/19 23.1, CH3 0.89, d (6.5)

11/11/ 55.8, CH 3.99,1(8.9) 20/20' 21.3, CHs 0.87,d (6.5)
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benzene ring at C-21 was supported by the HMBC correlation
from H3-24 (8 3.78) to C-21 (8¢ 159.6). The assignment of
the amino acid sequence was carried out by a combination of
HMBC, NOESY (Figure 2), and MS/MS analysis. The HMBC
correlations from NMeAla H3-4 (8 3.32) to Ile C-5 (6¢ 171.4)
and from Ile H-6 (8g 5.14) to Thr C-11 (8¢ 173.2), suggesting

lle

N-Me-Ala
O-Me-Tyr
m— COSY ~— HMBC +#~ A NOESY

FIGURE 2 | Key COSY, HMBC, and NOESY correlations of 1.

a partial sequence of NMeAla-Ile-Thr. The NOESY correlation
between OMeTyr NH (8y 9.30) and NMeAla H3-3 (§g 1.46)
extended this sequence to OMeTyr-NMeAla-Ile-Thr. The 9° of
unsaturation and the molecular formula suggested that 1 was a
cyclic peptide. Therefore, the cyclic tetrapeptide ring was closed
between OMeTyr and Thr. In addition, the amino acid sequence
of 1 was confirmed by mass fragmentation analysis using a
quadrupole-time-of-flight (Q-TOF) tandem mass spectrometer
(Figure 3). Consequently, the planar structure of 1 was elucidated
as a cyclic tetrapeptide with the sequence cyclo-(Thr-O-MeTyr-
N-MeAla-Ile).

The absolute configurations of the amino acids were
determined by the advanced Marfey’s method after acid
hydrolysis (Fujii et al., 1997). Compound 1 was hydrolyzed
and then derivatized with L-FDLA. The UPLC-MS comparison
between Marfey’s derivatives of the hydrolysate of 1 and
appropriate amino acid standards assigned the L configurations
for Thr, Tyr, N-Me-Ala, and Ile (Supplementary Figure 23). The
final structure of 1 was elucidated as cyclo-[L-Thr-L-O-Me-Tyr-
L-N-Me-Ala-L-Ile] and named as violaceotide A.

Compound 2 was isolated as a pale yellow amorphous powder.
The molecular formula can be determined as Cy4H4oN4O¢ by
HRESIMS ion peak at m/z 481.3042 [M + H]" (caled for
C24H41N4Og, 481.3026) (Supplementary Figure 20). The Iy
NMR spectrum of 2 showed an amide NH proton (8y 6.53), two
N-methyl protons (§g 2.95 and 3.06), and three characteristic a-
methine signals (8g 4.59, 4.98, and 5.11), indicating a tripeptide
structure. The '3C NMR spectrum exhibited a total of 24 carbon
resonances, including four amide carbonyl carbons, ten methine
carbons, three methene carbons, and seven methyl carbons. The
obvious difference in the NMR spectra between compound 2
and sclerotiotide H (Zheng et al., 2010) was the appearance of
an additional O-methyl group at g 3.32 (H-9') and 8¢ 57.1
(C-9'). The HMBC correlations (Figure 4) from H3-9' to C-6' (8¢
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85.5) revealed that the O-methyl was linked to fatty acid chain
at position 6' (Supplementary Figures 7-12). The geometries
of the A2>¥ and A*> olefins were identified as 2'E and 4'E,
by the proton spin coupling constants of Jyy_» py—3 (15.0 Hz)
and Jy_s -5 (15.4Hz). In order to determine the absolute
configurations of the amino acid residues of 2, advanced Marfey’s
method was utilized (Fujii et al., 1997). HPLC-MS analysis of
derivatives of the hydrolysates with D-FDLA and D/L-FDLA
indicated that the amino acids were NMe-L-Ala, NMe-L-Val,
and L-Orn (Supplementary Figure 24). Thus, compound 2 was
elucidated as (2'E,4'E)-cyclo-[(NMe-L-Ala)-(NMe-L-Val)-(N,-
6'-methoxy-7'-hydroxyocta-2',4’-dienoyl-L-Orn)] and named as
sclerotiotide L.

Compound 3 was isolated as a white amorphous powder.
Its molecular formula was determined as C34H49NgOy4 on the
basis of the pseudomolecular ion peak at m/z 597.3177 [M
+ HJT (caled for C34H41NgOy4, 597.3189) in the HRESIMS
(Supplementary Figure 21), requiring 18 degrees of unsaturation.
The NMR spectra of 3 revealed 17 carbon signals, indicating that
3 would be a symmetric homodimer which was further confirmed
by its half MS fragment ion peak at m/z 298.2 (Supplementary
Figure 22).

', O\\
N/14
WL 10
\
15 78
9'/
— COSY 7~ HMBC ¥/ "X\ NOESY

FIGURE 4 | Key COSY, HMBC, and NOESY correlations of 2.

In the 'H NMR spectrum, four aromatic signals at 85 7.34
(d, ] = 7.5Hz, H-5/H-5), 7.15 (t, ] = 7.6 Hz, H-7/H-7'), 6.81 (t,
J = 7.5Hz, H-6/H-6"), and 6.65 (d, ] = 7.9 Hz, H-8/H-8) and a
proton at 4.94 (s, 'H, H-2/H-2') were observed, which suggested
a indoline moiety.!® In addition, two methyl signals were also
observed at 8y 0.89 (d, ] = 6.5Hz, H3-19/H3-19’) and 0.87 (d,
J = 6.5Hz, H3-20/H3-20’). The '*C NMR spectrum exhibited a
total of 17 carbon resonances, including five quaternary carbons,
eight methine carbons, two methene carbons, and two methyl
carbons. Two '3C NMR resonances at § 168.5 (C-13/C-13)
and § 168.2 (C-16/C-16') were characteristic signals of lactam
carbonyls. The HMBC correlations from H-17 (g 1.48) to C-
15 (8¢ 56.3), and C-16 (8¢ 168.2) and COSY correlations of
H-14 (6y 5.93)/H-15 (8u 3.77)/H-17/H-18 (8u 1.64)/H-19 and
H-18/H-20 established a leucine unit (Figure 5). A tryptophan
moiety can be concluded from the 'H NMR signals and the key
HMBC correlations from H-12 (g 3.18) to C-2 (8¢ 80.5), C-3
(8¢ 59.7), C-11 (8¢ 55.8), and C-13, from H-2 to C-3, and C-9 (§¢
148.8). Ultimately, extensive analysis of the 2D NMR data and
comparison of the spectroscopic data with the reported literature
(Ovenden et al., 2004) allowed identifying the planar structure of
3 as shown (Supplementary Figures 13-18).

The relative configurations of 3 were deduced from the
observed NOESY correlations (Figure 6). The key NOESY
correlations of H-11/H-17 and H-11/ H-2, indicated that these
protons were on the same face. The NOESY correlations of H-5'
with H-11 and H-11 with H-2 suggested cis-fused ring junction at
C-2 and C-3. Marfey’s method (Cho et al., 2018) was employed to
determine the absolute configuration at C-15. Compound 3 was
hydrolyzed and derivatized with L-FDLA and analyzed by LC-MS
to the establishment of absolute configuration of Leu residues.

FIGURE 6 | Key NOESY correlations of 3.

TABLE 4 | The inhibitory rates of compounds 1-3 against the cytokines
expression of LPS-induced THP-1 cells at concentration of 10 uM.

Compound IL-6 (%) IL-10 (%) MCP-1 (%) TNF-o (%)
— COSY 7~ X HMBC 1 459 84.3 32.9 64.2
2 28.0 23.6 40.5 61.5
FIGURE 5 | Key HMBC and COSY correlations of 3.
3 51.2 78.1 40.0 63.1
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By comparing the retention times of authentic standards of L-
and D- forms of Leu, the hydrolysate was identified to contain a
unit of D-Leu (Supplementary Figure 25). Therefore, the absolute
configurations of 3 were assigned as 2R, 3R, 118, 15R (Figure 1).

To the best of our knowledge, compound 3 has the same
planar structure as a unnamed and ambiguous compound
without any spectroscopic data or optical rotation published on
a patent (Masashi et al., 1995). Our compound possesses the
different stereochemistry with it. Therefore, 3 was reported as a
new diketopiperazine dimer herein.

Compounds 1-3 were evaluated their inhibitory activities
against the production of four cytokines levels in the serum
of human acute monocytic leukemia cell line THP-1 by using
the human inflammation cytometric bead array (CBA) assay
(Table 4). The cytokines, including IL-6, IL-10, MCP-1, TNF-a in
this study, are pivotal mediators that contribute to inflammation
and various related diseases (Liu et al., 2017; Wu et al., 2017).
Notably, treatment of THP-1 cells by LPS showed a significant
elevation in the secretion of the cytokines (P < 0.01). Results
showed that the THP-1 cells pretreated with compounds 1 and
3 showed a significant decrease in the LPS-induced expression
of IL-10 with inhibitory rates of 84.3 and 78.1% (P < 0.01),
respectively. These compounds did not show cytotoxicity against
THP-1 cells after 24 h treatment.

CONCLUSIONS

From the marine sponge-derived fungus Aspergillus
violaceofuscus, three new cyclic peptides were obtained.
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Influenza A virus (IAV) is a severe worldwide threat to public health and economic
development due to its high morbidity and mortality. Marine-derived fungi have been
evidenced as a prolific source for the discovery of pharmacologically-active lead
compounds. During the course of our search for novel bioactive substances from marine
microorganisms, six new polyketides, including two octaketides (1-2), one chromone
derivative (13), two highly substituted phthalides (17-18), and one a-pyrone derivative
(21) along with 22 known congeners were isolated from a mangrove-associated fungus
Diaporthe sp. SCSIO 41011. Their structures were determined by spectroscopic analysis
and by comparison with literature data. And the absolute configurations were established
according to the specific rotation or electron circular dichroism method. Antiviral
evaluation results revealed that compounds 14, 15, 26, and 5-chloroisorotiorin displayed
significant anti-IAV activities against three influenza A virus subtypes, including A/Puerto
Rico/8/34 H274Y (H1N1), A/FM-1/1/47 (H1N1), and A/Aichi/2/68 (H3N2), with ICsq
values in the range of 2.52-39.97 uM. The preliminary structure-activity relationships
(SARs) are also discussed. These findings expand the chemical and bioactive diversity
of polyketides derived from the genus Diaporthe, and also provide a basis for further
development and utilization of chromone, xanthone, and chloroazaphilone derivatives as
source of potential anti-viral chemotherapy agents.

Keywords: Diaporthe sp., polyketides, cytosporones, phthalides, anti-influenza A virus

INTRODUCTION

Polyketides represent an important category of secondary metabolites with great structural
diversity from simple aromatics to highly modified complex architectures, such as macrolides,
polyphenols, polyethers, polyenes, and enediynes (Fujii, 2010; Zheng et al., 2015). Distributing
broadly in microbial origins, they are constructed by combination of iterative polyketide
synthases (PKSs) and multifunctional and iterative oxygenases (Hang et al., 2016). In addition,
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polyketides play a vital role in modern medicine due to their
diverse pharmacological features, such as lovastatin, a well-
known fungal polyketide statins functioned as a cholesterol-
lowering agent (Crawford and Townsend, 2010). Belonging to
the family of octaketides, biosynthetically related cytosporones,
dothiorelones and phomopsins are characterized with a di-
/tri-hydroxybenzene lactone or a resorcinol scaffold harboring
an n-heptane substituent, which were mainly encountered
in endophytic fungi of several genera, such as Phomopsis
(Kornsakulkarn et al., 2015; Kongprapan et al, 2017; Tan
et al., 2017), Diaporthe (Brady et al,, 2000; Liu et al., 2018),
Cytospora (Brady et al., 2000; Abreu et al., 2010), Pestalotiopsis
(Xu et al,, 2009b). Of special note, cytosporone B (7) was
reported as a nuclear orphan receptor Nur77 agonist as a
promising therapeutic drug for cancers and hypoglycemia (Zhan
et al., 2008), as well as the transcription factor NR4A1 agonist
to control IAV infection and improve pulmonary function in
infected mice (Xia et al., 2013; Egarnes et al., 2017), which had
aroused a great interest for chemical synthesis study (Von Delius
etal., 2017).

Influenza A virus (IAV), a negative sense RNA virus, is
one of the main causes of human acute respiratory diseases
characterized with high morbidity and mortality, posing a
serious threat to public health and economic development (Liu
et al.,, 2017). IAVs repeatedly circulate in many animal hosts,
such as humans, birds, horses, dogs, and pigs, which can be
subtyped to two envelope proteins: haemagglutinin (HA) and
neuraminidase (NA) glycoproteins according to the antigenic
properties (Medina and Garcia-Sastre, 2011). In 2009, the
pandemic influenza HIN1 virus rapidly spread to 214 countries
around the world, causing human infection and acute respiratory
illness of more than 17,700 deaths (Bautista et al., 2010). As
of 25th April 2018, there have been reported 1625 confirmed
cases of human H7N9 infection and 623 deaths since 2013
according to the World Health Organization (http://www.fao.
org/ag/againfo/programmes/en/empres/H7N9/situation_up-
date.html). However, two families of antiviral drugs are hitherto
currently used to treat human IAV infections, which are NA
inhibitors, like zanamivir and oseltamivir, and inhibitors of the
viral M2 protein exemplified by amantadine and rimantadine
(Medina and Garcia-Sastre, 2011; Song et al, 2015). Due to
the emergence of drug-resistant viral strains, there is an urgent
development for novel classes of anti-IAV agents with new mode
of action.

Marine-derived fungi are reported as a prodigious source
of development for new antivirals against different important
viruses (Moghadamtousi et al, 2015). In our continuing
endeavor to discover biologically active compounds from marine
microbes, a series of structurally interesting and biologically
active natural products have been described (Luo et al., 2017;
Tan et al,, 2018). Recently, six new cytotoxic chloroazaphilone
derivatives, isochromophilones A-F have been isolated from
the fungus Diaporthe sp. SCSIO 41011, an endophytic fungus
obtained from the fresh tissue of the marine mangrove plant
Rhizophora stylosa (Luo et al, 2018). Subsequent chemical
investigations on the remaining fractions of the fungus led to the
isolation of structurally diverse aromatic polyketides, including

octaketides (dothiorelones or cytosporones), phthalides,
chromones, xanthones, etc. (Figure 1). The structures of these
compounds were determined by physicochemical properties and
spectral data analysis as well as comparison with those reported
in the literature. All the compounds were examined for anti-IAV
activities against three influenza A virus subtypes, including
A/Puerto Rico/8/34 H274Y (HIN1), A/FM-1/1/47 (HIN1),
and A/Aichi/2/68 (H3N2). Details of the isolation, structure
elucidation, and biological activity of these compounds, as well
as preliminary SARs, are reported herein.

MATERIALS AND METHODS

General Experimental Procedures
Semi-preparative HPLC was performed on a Hitachi Primaide
apparatus using an ODS (octadecylsilanized silica) column
(YMC-pack ODS-A, YMC Co. Ltd., 10 x 250 mm, 5pm,
2.5 mL/min). Chiral HPLC separation was performed using
CHIRALPAK IC column (250 x 4.6mm, 5um). TLC and
column chromatography (CC) were performed on plates
precoated with silica gel GF254 (10-40 um) and over silica
gel (200-300 mesh) (Qingdao Marine Chemical Factory), and
Sephadex LH-20 (Amersham Biosciences), respectively. Spots
were detected on TLC (Qingdao Marine Chemical Factory)
under 254 nm UV light. All solvents employed were of analytical
grade (Tianjin Fuyu Chemical and Industry Factory). The
NMR spectra were obtained on a Bruker Avance spectrometer
(Bruker) operating at 500 and 700 MHz for ITHNMR, 125
MHz, and 175 MHz for >*CNMR, using TMS as an internal
standard. Optical rotations were acquired using a Perkin
Elmer MPC 500 (Waltham) polarimeter. HRESIMS and ESIMS
spectra data were recorded on a MaXis quadrupole-time-of-
flight mass spectrometer and an amaZon SL ion trap mass
spectrometer (Bruker), respectively. UV spectra were recorded
on a Shimadzu UV-2600PC spectrometer (Shimadzu). ECD
spectra were performed on a Chirascan circular dichroism
spectrometer (Applied Photophysics). IR spectra were measured
on an IR Affinity-1 spectrometer (Shimadzu). The artificial sea
salt was a commercial product (Guangzhou Haili Aquarium
Technology Company).

Fungal Material

The fungus Diaporthe sp. SCSIO 41011 had the same origination
as that in our recent published paper (Luo et al., 2018). A voucher
specimen was deposited in the CAS Key Laboratory of Tropical
Marine Bio-resources and Ecology, South China Sea Institute of
Oceanology, Chinese Academy of Sciences, Guangzhou, China.

Extraction and Isolation

The fermentation of the strain and the extraction and isolation of
its extract was identical to that of our recent published paper (Luo
et al,, 2018). Briefly, nine fractions was isolated from the EtOAc
extract (150 g) by silica gel vacuum liquid chromatography (VLC)
using step gradient elution with petroleum ether/CH,Cl, (0-
100%). Compounds 23 (40 mg, g 30 min) and 25 (4.5mg, fr
18 min) were purified from Fr.2 (13g) by an ODS column
(MeOH/H,0: 10-100%) and followed by semiprep-HPLC with
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FIGURE 1 | Structures of compounds 1-28.
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72% (2.5 mL/min) and 50% MeCN (2.3 mL/min) elutions,
respectively. Fr.3 (10g) was purified on Sephadex LH-20
(MeOH), an ODS column (MeOH/H,0: 10-100%) and finally
semiprep-HPLC (70% MeCN, 2.3 mL/min) to afford compounds
17 (4.2mg, tg 7min) and 24 (3.5mg, fr 9min). Fraction 4
(12g) was subjected to Sephadex LH-20 (MeOH) to provide
eight subfractions (Frs.4-1~4-8). Then ten subfractions (Frs.4-
3-1~4-3-10) were obtained from Fr. 4-3 by an ODS column
(MeOH/H,0: 10-100%). Compound 18 (150 mg) was isolated
from Fr. 4-3-4 by recrystallization. Meanwhile, compounds 20
(7.1mg, tr 24 min), 14 (4.3 mg, fr 15min) and 6 (141 mg, tr
25 min) were isolated from Frs. 4-3-6, 4-3-7, 4-3-8 by semiprep-
HPLC with 55% MeOH (2.5 mL/min), 50% MeCN (2.3 mL/min),
and 68% MeCN (1.4 mL/min) elutions, respectively. Besides,
compounds 27 (2mg, fg 10 min) and 26 (2.2 mg, g 12 min) was
purified from Fr.4-4 and Fr. 4-6 by semiprep-HPLC with 80%
MeOH (2.5 mL/min) and 60% MeCN (2.3 mL/min) elutions,
respectively. Fraction 5 (4g) was subjected to Sephadex LH-20
(MeOH) to provide five subfractions (Frs.5-1~5-5). Fr. 5-4 was
further purified on semiprep-HPLC by 66% MeCN (2.5 mL/min)
to give compounds 8 (77 mg, tr 9 min), 12 (4 mg, tg 11.5min),
and 7 (142mg, tg 20.6 min). Seven subfractions (Frs.7-1~7-7)
were obtained from Fr. 7 (4g) by Sephadex LH-20 (MeOH).
Then Fr. 7-4 was subjected to an ODS column (MeOH/H,0: 10—
100%) to provide thirteen subfractions (Frs.7-4-1~7-4-13). Fr.
7-4-8 was further purified on semiprep-HPLC by 47% MeCN
(2.5 mL/min) to give compounds 4 (2.3mg, tr 12min), 10
(2mg, tp 16min), and 2 (3.8 mg, tg 39 min), along with one
subfraction (Fr. 7-4-8-6). Compounds 11 (4.7 mg, g 42 min) and

1 (24 mg, tr 45 min) were purified from Fr. 7-4-8-6 by semiprep-
HPLC by 56% MeOH (2.3 mL/min). Fr. 7-4-12 was subjected to
semiprep-HPLC (74%MeOH, 1.8 mL/min) to give compounds
16 (2.6 mg, tr 14 min) and 15 (3.8 mg, g 45 min). Similarly, Fr.
7-5 was subjected to an ODS column (MeOH/H,O: 10-100%)
to provide eight subfractions (Frs.7-5-1~7-5-8). Compounds 19
(5.6 mg, tg 10.4 min) and 28 (5 mg, fr 8 min) were purified from
Fr.7-5-5 and Fr.7-5-6 by semiprep-HPLC with 50% MeCN (2.5
mL/min) and 47% MeCN (2.5 mL/min) elutions, respectively.
Fr. 7-5-7 was subjected to semiprep-HPLC (50%MeCN, 2.5
mL/min) to afford compounds 22 (5mg, g 11.5min) and 21
(1.5mg, tg 15min). Fr.9 (7 g) was subjected to Sephadex LH-20
(MeOH) and followed by an ODS column (MeOH/H,0O: 10—
100%) to provide six subfractions (Frs.9-1-1~9-1-6). Fr. 9-1-4
was purified by semiprep-HPLC (55%MeCN, 2.0 mL/min) to
provide compounds 9 (3 mg, tr 12min), 5 (3 mg, tr 25min), 3
(2mg, tg 28 min). Compund 13 (0.8 mg, tr 10 min) was isolated
from Fr.9-1-5 by semiprep-HPLC (78% MeOH, 2.0 mL/min).

Antiviral Activity

All the isolated compounds (1-28), along with recently reported
co-isolated 5-chloroisorotiorin (Luo et al., 2018), were screened
for their anti-IAV activities according to the previously reported
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium  bromide
(MTT) colorimetric assay, using ribavirin as a positive control
(Li et al., 2017; Yang et al., 2018). In brief, Madin Derby canine
kidney (MDCK) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Meanwhile, different
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influenza A virus subtypes, including A/Puerto Rico/8/34 H274Y
(HIN1), A/FM-1/1/47 (HIN1), and A/Aichi/2/68 (H3N2), were
multiplied in 10-day-old chick embryo at 37°C. The cytotoxicity
of the compounds was also evaluated by the MTT assay. Briefly,
approximately 90% confluent cells in 96-well plates were exposed
to the compounds at 2-fold serial dilutions. After 48h of
incubation, 100 pL of MTT solution, which was diluted by the
medium to 0.5 mg/mL, was added and retained at 37°C for 4 h.
Then the supernatant was removed, followed by the addition of
150 pL of dimethyl sulfoxide (DMSO) to dissolve the formazan
product. The optical density for each well was measured on the
Tecan Genios Pro microplate reader (Bedford, MA, USA) at
570 nm. To determine the antiviral activities of the compounds,
confluent MDCK cells were infected with the virus at multiplicity
of infection (MOI) of 0.01 at 37°C for 1h. The compounds of
non-cytotoxic concentrations were then added to the cells after
washing away the unabsorbed virus with phosphate-buffered
saline (PBS), and the cells were cultured for another 48 h. At the
end of the culture, the MTT-based assay as previously described
was assessed for the antiviral activity of the isolated compounds.

Statistical Analysis

All statistical analysis of the data were processed by GraphPad
Prism. The results are presented as the mean =+ standard
deviation (SD) from experiments in triplicate. Student’s ¢-test
was used to analyze the statistical significance between two
groups, more groups by one-way ANOVA with or without
Tukey-Kramer multiple comparison. A p < 0.05 was regarded
as statistically significant.

RESULTS AND DISCUSSION

Identification of Compounds

The endophytic fungus Diaporthe sp. SCSIO 41011 was cultured
on solid rice medium for 60 days. The EtOAc extract (150g)
of the fermentation was separated by continuously silica gel
chromatography and semi-preparative HPLC chromatography to
yield 28 aromatic polyketides (1-28). Their chemical structures

were determined by comprehensive spectroscopic analyses or
comparison with those reported data.

Compound 1 was obtained as colorless oil and had the
molecular formula C19H»cO7 as determined by a deprotonated
ion peak at m/z 365.1607 (calcd for Ci9Hp507, 365.1600) in
HRESIMS data. The 'H NMR data (Table 1) along with HSQC
experiment of 1 displayed two singlet methyls at 6y 2.01 (3H,
s) and 3.65 (3H, s), two aromatic protons at éy 6.26 (1H, d,
J = 2.2Hz) and 6.19 (1H, d, ] = 2.2Hz), along with an array
of methylene signals. The 1*C NMR spectrum (Table 1) showed
19 resonances that were sorted by a distortionless enhancement
by polarization transfer (DEPT) experiment, assigned to three
carbonyls (8¢ 209.0, 174.0, and 173.1), six aromatic carbons (8¢
161.8, 160.1, 137.0, 120.9, 112.0, and 102.9), eight methylenes
(8¢ 65.7, 45.0, 40.4, 30.3, 30.1, 29.6, 26.8, and 25.4) and two
methyls (8¢ 52.3 and 20.8). The aforementioned NMR data
showed 1 was closely related structurally to the co-isolated 16-
acetoxydothiorelone C (3) (Liu et al., 2018). The only difference
was the appearance of a methyl group (8u/c 3.65/52.3) at C-1/
in 1 instead of an ethyl group in 3, which was also verified by
the HMBC correlation from H3-1" to C-1 (Figure 2). Thus, the
structure of 1 was determined as shown in Figure 1 and assigned
the trivial name dothiorelone O.

Compound 2 was also acquired as colorless oil and was
determined to have the molecular formula C,yH,307 from the
HRESIMS data. Inspection of the comprehensive spectral data of
2, including MS, and 1D, 2D-NMR data, indicated that 2 shared
the same planer structure with (15S)-acetoxydothiorelone A (Liu
et al., 2018). Comparison of the specific rotations between 2
([()L]]z_-)5 = —5.8 (¢ 0.10, MeOH)) and (15S)-acetoxydothiorelone
A ([0(]12)O = +4.9 (c 0.25, MeOH)) suggested 2 had the 15R
configuration (Izuchi et al., 2011; Beekman and Barrow, 2015; Liu
et al,, 2018), given that they possessed only one chiral carbon at
C-15. Therefore, the structure of 2 was resolved and accordingly
named (15R)-acetoxydothiorelone A.

Compound 13 was also isolated as colorless oil and gave a
molecular formula of C1gH»,05 relied on a deprotonated ion
peak at m/z 317.1403 (calcd for C;gH;0s5, 317.1389) in the
HRESIMS spectrum. The I'H NMR data (Table 1) together with

HMBC 7

FIGURE 2 | Key HMBC, TH-TH COSY, and NOESY correlations of compounds 1-2, 13, 17-18, and 21.
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TABLE 1| "H and '3C NMR spectral data of compounds 1, 2, and 13 in CDz0OD.

1 2 13
No. sy sc, typeP SHC ¢, type? SKC sc, typed
1 174.0,C 173.6, C 173.6,C
2 3.58, s 40.4, CHy 3.60, s 40.6, CHy 4.06, s 42.1, CHy
3 137.0,C 137.1,C 138.5,C
4 6.19,d (2.2) 112.0, CH 6.21,d (2.2) 111.9, CH 6.65, d (2.2) 120.3, CH
5 161.8,C 161.6, C 164.8, C
6 6.26,d (2.2) 102.9, CH 6.28,d (2.2) 102.8, CH 6.73,d (2.2) 103.1, CH
7 160.1, C 160.0, C 161.5,C
8 120.9,C 121.1,C 115.1,C
9 209.0,C 208.9,C 181.4,C
10 2.85,t(7.6) 45.0, CHy 2.83,1(7.6) 43.3, CHy 5.98, s 110.3, CH
11 1.61,m 25.4, CHy 1.62, 0 25.3, CHy 170.3,C
12 1.34,0 30.3, CHy 1.35,0 30.2, CHy 2.61,t(7.1) 34.5, CHy
13 1.34,0 30.1, CHo 1.35,0 26.3, CHo 1.73, m 27.6, CHo
14 1.34,0 26.8, CHo 1.52, m 36.8, CHy 1.39,0 32.3, CHo
15 1.61,m 29.6, CHo 4.86, 0 72.4, CH 1.39,0 23.4, CHo
16 4.04,1(7.1) 65.7, CHp 1.22,d (7.1 20.2, CHg 0.93,t(7.1) 14.2, CHg
1 3.65,s 52.3, CHp 414, q(7.1) 61.8, CHp 413,09 (7.1) 61.7, CHy
2 1.26,1(7.1) 14.5, CHg 1.24,1(7.1) 14.5, CHg
17 173.1,C 172.8,C
2" 2.01,s 20.8, CHz 2.02,s 21.2, CHs
aln 500 MHz.
bin 125 MHz.
In 700 MHz.

9In 175 MHz, m, multiplet; o, overlapped.

HSQC and HMBC spectra of 13 displayed signals indicative
of two doublet methyls at dy 0.93 (3H, d, ] = 7.1Hz) and
1.24 (3H, d, ] = 7.1Hz), three aromatic protons at §y 6.65
(1, d, ] = 2.2Hz), 6.73 (1H, d, ] = 2.2Hz) and 5.98 (1H,
s), along with several methylenes. The '3C NMR spectrum
(Table 1) showed 18 resonances attributable to two carbonyls
(8c 173.6 and 181.4), six aromatic carbons (three oxygenated
ones), six methylenes (8¢ 61.7, 42.1, 34.5, 32.3, 27.6, and 23.4)
and two methyls (8¢ 14.2 and 14.5). The above mentioned
spectral characteristics were closely consistent to those of the co-
isolated pestalotiopsone F (14) (Xu et al., 2009a), but suggested
the appearance of an ethyl group (8y/c 4.13/61.7 at C-1" and
1.24/14.5 at C-2') in 13 rather than a methyl group (8u/c
3.66/52.2) at C-1’ in 14. These changes were also ascertained by
the HMBC correlations from H3-1’ to C-1 and from H3-2" to
C-1/, as well as the 'H-'H COSY correlation of H3-2" and H,-
1’ (Figure 2). Based on the above discussion, the structure of
13 was elucidated and the trivial name pestalotiopsone H was
assigned.

Compound 17 was obtained as a white solid and its molecular
formula was found to be C;4H;307 on the basis of HRESIMS and
NMR data. The 'H NMR data (Table 2) of 17 revealed four O-
methyls at 8y 3.38, 3.38, 3.54, and 3.99, two singlet methylenes
at 8y 4.60 and 4.65, and a hemiketal methine at éy 6.29. In
addition to the above seven corresponding hydrogen-bearing
carbons, seven carbons remained in the '*C NMR spectrum,

including one carbonyl (8¢ 169.6), six aromatic carbons [(8¢
111.4, 119.0, 121.4, 148.9), and two oxygenated ones at ¢
160.7 and 174.3]. The foregoing spectroscopic data showed great
similarity to that of microsphaerophthalide F (Sommart et al.,
2012) except that a methyl group (6y/c 2.16/8.5) located at C-
6 in microsphaerophthalide F was replaced by an ethoxyl group
(8n/c 4.60/65.3 at C-9 and 3.38/58.1 at C-10) anchored at C-6 in
17. This deduction was also supported by the HMBC correlations
from H3-10 to C-9 and from H,-9 to C-5 and C-7. The barely
measurable optical rotation value and quite weak Cotton effects
in the ECD spectrum suggested 17 was racemic, which was also
confirmed by the chiral HPLC analysis with two peaks (peak
area ratio: 1:1) in the HPLC profile (Supplementary Materials).
However, the quantity of 17 was too little to perform further
resolution. Hence, the structure of compound 17 was elucidated
and the trivial name (£)-microsphaerophthalide H was assigned.

Compound 18 was obtained as colorless needle crystals and
had the molecular formula Cy3H;407, as evidenced by HRESIMS
(IM+H]™, 283.0809; calcd for Ci3H;507, 283.0818) and the
NMR data. The highly similar NMR spectroscopic data of 18 to
those of 17 indicated that their structures were closely related,
except for the presence of an aldehyde group (§p,c 10.14/192.5)
joined at C-4 in 18, rather than an ethoxyl group (8s/c 4.65/67.2
and 3.38/58.4) anchored at C-4 in 17. The absolute configuration
of C-3 of 18 was mainly determined by comparison of the specific
rotations with those reported data, as well as comparison between
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TABLE 2 | "H and "3C NMR spectral data of compounds 17, 18 and 21 ('H for 700 MHz, 13C for 175 MHz).

172 180 212
No. % 3¢, type dH dc, type Sy dc, type
1 169.6, C 164.7,C 166.3, C
2
3 6.29, s 103.1, CH 6.75, s 100.7, CH 158.8,C
3a 148.9,C 151.7,C
4 119.0,C 112.4,C 6.87,d(1.4) 98.8, CH
174.3,C 166.3, C 167.8, C
121.4,C 120.9,C 105.6, C
160.7, C 163.1,C 6.67, s 120.3, CH
7a 111.4,C 109.6, C
8 3.54,s 56.1, CHg 3.60, s 56.9, CH3 144.5,C
9 4.60, s 65.3, CHo 4.44,s 61.3, CHo 168.0, C
10 3.38, s 58.1, CHg 3.27,s 57.7, CHz 3.76, s 52.0, CHg
11 4.65, s 67.2, CHo 10.14, s 192.5, CH 2.44,d(1.4) 13.6, CH3
12 3.38, s 58.4, CHg 1.92,s 8.8, CHg
13 3.99, s 63.0, CHz 4.14,s 63.4, CH3 4.02,s 57.5, CHz
ajn CD30D.
bln DMSO-de.
16 TABLE 3 | Inhibition activity of compounds 1-28 and 5-chloroisorotiorin against
i~ exptl. for 18 Influenza A Virus strains.
] A L caled. for (3R)-18 Compounds ICso (kM)
s ! \ — — -caled. for (35)-18
A/Puerto Rico/8/34 A/FM-1/1/47 A/Aichi/2/68
~ H274Y (H1N1) (H1N1) (H3N2)
g
; 04 14 21.80 £ 7.96 6.74 +1.26 6.17 + 1.46
E 15 2.56 + 0.32 4.82 £1.90 6.76 + 2.72
26 9.40 + 1.96 4.80 + 1.28 512 £1.49
-8 5-chloroisorotiorin 2.52 + 0.21 37.97 + 15.11 10.10 + 1.84
Remainings INP IN IN

T
300
Wavelength(nm)

350 400

FIGURE 3 | Experimental and calculated ECD spectra of 18.

the computed and experimental ECD spectra. Among these
reported 3-oxygenated phthalides, the 3S- and 3R- ones generally
showed negative and positive specific rotations, respectively
(Sommart et al., 2012). Thus, the positive sign of specific rotation
[[04]12)5 = 425 (¢ 0.10, MeOH)] of 18 led to the deduction of 3R
configuration in 18, which was also confirmed from experimental
and calculated ECD spectra of 18 as shown in Figure 3. Further
chiral HPLC analysis confirmed that 18 was single enantiomer.
Consequently, the structure of 18 was determined as shown
in Figure 1 and termed microsphaerophthalide I. Notably, the
3-oxygenated phthalides are uncommon in natural sources.
Compound 21 was obtained as a white solid and had the
molecular formula C;,H140s5, as determined from HRESIMS

aThe samples were tested in triplicate, and the data are presented as the mean 4 SD
binactive.

(IM4+H]*, 239.0917; caled for Ci2Hi505, 239.0919) and
the NMR data. Detailed analyses of its NMR spectroscopic
features implied that it was closely related structurally to
convolvulopyrone (Tsantrizos et al., 1992), but for the presence
of an additional O-methyl group (8u,¢ 3.76/52.0) at C-10 in 21,
indicating that 21 was a methyl derivative of convolvulopyrone.
Besides, compound 21 and convolvulopyrone shared the same
relative configuration of 7E due to the absence of a NOESY
correlation between H-7 and H3-11. As a result, the structure
of 21 was determined and given the trivial name methyl
convolvulopyrone. However, compound 21 was likely obtained
as an artifact formed in the process of extraction and purification
using MeOH as a solvent.

Besides, these co-isolated known congeners were elucidated by
comparing their physicochemical properties and spectroscopic
data with those reported literature values (Supplementary
Materials). They were determined as 16-acetoxydothiorelone
C (3) (Liu et al., 2018), dothiorelone C (4) (Liu et al., 2018),
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FIGURE 4 | The inhibitory activities of compounds 14, 15, 26, and 5-chloroisorotiorin against influenza A viruses, including A/Puerto Rico/8/34 H274Y (H1N1) (A),

(14R)-acetoxydothiorelone B (5) (Liu et al., 2018), cytosporone
N (6) (Beekman and Barrow, 2015), cytosporone B (7)
(Brady et al.,, 2000), cytosporone A (8) (Brady et al., 2000),
dothiorelone I (9) (Liu et al., 2018), (15R)-dothiorelone A
(10) (Liu et al, 2018), methyl (R)-2-(2-(7-acetoxyoctanoyl)-
3,5-dihydroxyphenyl)acetate (11) (Beekman and Barrow,
2015), secocurvularin (12) (Bracher and Krauss, 1998),
pestalotiopsone F (14) (Xu et al, 2009a), pestalotiopsone B
(15) (Xu et al, 2009a), pestalotiopsone A (16) (Xu et al,
2009a),  5-hydroxy-7-methoxy-4,6-dimethylphthalide ~ (19)
(Sommart et al., 2012), dihydrovermistatin (20) (Komai et al.,
2005), sclerotinin A (22) (Lai et al., 2013), 3,5-dimethyl-
8-hydroxy-3,4-dihydroisocoumarin  (23) (Kokubun et al,
2003), 3,5-dimethyl-8-methoxy-3,4-dihydroisocoumarin (24)
(Kokubun et al., 2003), methyl 8-hydroxy-6-methyl-9-oxo0-9H-
xanthene-1-carboxylate (25) (Lai et al., 2013), 3,8-dihydroxy-6-
methyl-9-ox0-9H-xanthene-1-carboxylate (26) (Nguyen
et al,, 2017), pinselin (27) (Cui et al., 2016), 7-hydroxy-2,5-
dimethylchromone (28) (Koenigs et al., 2010). Amongst, methyl
(R)-2-[2-(7-acetoxyoctanoyl)-3,5-dihydroxyphenyl]acetate (11)
was isolated as a naturally occurring compound for the first time.
While sclerotinin A (22) was isolated as a diastereoisomeric
mixture which could not be separated by RP-HPLC method
(Lai et al, 2013). This research further enriched secondary

metabolites in the genus Diaporthe and also expanded the
chemical diversity of polyketides, such as dothiorelones,
cytosporones, phthalides, chromones, etc.

Antiviral Activity

Antiviral effect of the isolated compounds 1-28 and 5-
chloroisorotiorin against different IAV subtypes, including
A/Puerto Rico/8/34 H274Y (HIN1), A/FM-1/1/47 (HIN1), and
A/Aichi/2/68 (H3N2), were then evaluated. Those compounds
showed nearly no cytotoxicity against MDCK cells (IC59 >
200 uM). Compounds 14, 15, 26, and 5-chloroisorotiorin
displayed significant anti-IAV activities against the above
mentioned subtypes with ICsg values in the range of 2.52-39.97
uM (Table 3). However, the remaining compounds (1-13,
16-25, 27-28) were inactive toward the three aforementioned
IAV subtypes. Furthermore, pestalotiopsone F (14) and 3,8-
dihydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate (26)
exhibited obvious inhibition effect on A/FM-1/1/47 (HIN1),
as well as A/Aichi/2/68 (H3N2), in a dose-dependent manner
(Figure 4).

Additionally, based on comparison of the structural
characteristics among these analogs, a preliminary structure-
activity relationship is discussed. Pestalotiopsone F (14)
exhibited selective inhibitions against the two IAV subtypes
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of A/FM-1/1/47 (HIN1) and A/Aichi/2/68 (H3N2) with the
ICsg values of 6.74 £ 1.26 and 6.17 £+ 1.46 uM, respectively.
Comparing with the antiviral pestalotiopsones F (14) and B
(15), the co-isolated siblings pestalotiopsones H (13) and A (16)
were inactive toward the three IAV subtypes, which revealed
methylation of the carboxyl group at C-1 for the pestalotiopsones
with a Cy aliphatic branch located at C-11, and while ethylation
of the carboxyl group at C-1 for the pestalotiopsones with a Cs
aliphatic branch located at C-11, were essential for anti-IAV
activities. Notably, among the three xanthones (25-27), only
3,8-dihydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate (26)
demonstrated remarkable inhibitory effects against A/FM-1/1/47
(H1IN1), A/Puerto Rico/8/34 H274Y (HIN1), and A/Aichi/2/68
(H3N2) with ICsg values of 4.80 £ 1.28, 9.40 £ 1.96, and 5.12
=+ 1.49 uM, respectively, which indicated the hydroxyl group at
C-3 probably promote the anti-IAV activities toward the three
subtypes. By the way, 5-chloroisorotiorin (Luo et al., 2018),
a recently reported co-isolated chloroazaphilone derivative
obtained with major amount, was also screened for anti-IAV
activity, which presented selective inhibition activities against
the two IAV subtypes of A/Puerto Rico/8/34 H274Y (HIN1) and
A/Aichi/2/68 (H3N2) with the ICsy values of 2.52 £ 0.21 and
10.10 £ 1.84 uM, respectively. The remaining ones (1-13, 16—
26, 27-28) showed no obvious inhibition against A/FM-1/1/47
(HIN1), A/Puerto Rico/8/34 H274Y (HIN1), and A/Aichi/2/68
(H3N2).

Characterization of Compounds

Dothiorelone O (1): colorless oil; UV (MeOH) hpax (log €)
302 (3.75), 269 (3.89), 220 (4.16), 204 (4.27) nm; IR (film) vmax
3,356, 2,933, 2,833, 1,732, 1,714, 1,609, 1,591, 1,462, 1,261, 1,163,
and 1,028 cm~!; 'H and '3C NMR data, Table 1; HRESIMS
m/z 365.1607 [M—H]~ (calcd for C19H,507, 365.1600), 401.1368
[M+CI]~ (calcd for C19H6ClO7, 401.1367).

(15R)-acetoxydothiorelone A (2): colorless oil; [ot]%)5 - 58
(c 0.10, MeOH); UV (MeOH) hpmax (log €) 303 (3.69), 269 (3.78),
220 (4.14), 204 (4.17) nm; IR (flm) vy 3,358, 2,933, 2,858,
1,732, 1,714, 1,609, 1,558, 1,456, 1,265, 1,249, 1,159, and 1,024
cm~!; 'H and '3C NMR data, Table 1; HRESIMS m/z 403.1741
[M+Na]* (caled for CaoHagNaO5, 403.1733), 419.1470 [M+K]+
(caled for CooH2sKO7, 419.1472), 783.3563 [2M+Na] T (caled for
C40Hs56NaO14, 783.3568).

Pestalotiopsone H (13): colorless oil; UV (MeOH) hpax (log
€) 291 (4.14), 250 (4.31), 242 (4.28), 217 (4.38) nm; IR (film)
Vmax 3,419, 2,927, 2,856, 1,732, 1,716, 1,645, 1,558, 1,456, 1,375,
1,274, 1,180, 1,161, and 1,028 cm~!; 'H and '*C NMR data,
Table 1; HRESIMS m/z 317.1403 [M-H] ™~ (calcd for C;gH,;Os,
317.1389), 353.1167 [M+Cl]~ (calcd for C;3H2,ClOs, 353.1156),
635.2860 [2M-H]~ (caled for CasHa3010, 635.2856), 671.2626
[2M+Cl]~ (calcd for C36H44ClO1g, 671.2623).

(&)-microsphaerophthalide H (17): a white solid; [«]3 -5
(c 0.06, MeOH); UV (MeOH) hpmax (log &) 307 (4.06), 249
(4.05), 220 (4.48) nm; TR (film) vmax 3,419, 2,935, 2,846, 1,747,
1,734, 1,604, 1,558, 1,448, 1,429, 1,375, 1,276, 1,201, 1,159, 1,093,
and 1,074 cm~!; 'H and '3C NMR data, Table 2; HRESIMS
m/z 299.1123 [M+H]* (caled for C14H;9O7, 299.1131),

321.0954 [M+Na] ™ (caled for C14H13NaO7, 321.0950), 619.2010
[2M+Na] ™ (calcd for Co3H36NaO14, 619.2003).

Microsphaerophthalide I (18): colorless needle crystals; [05]1235
= +25 (¢ 0.10, MeOH); UV (MeOH) hpmax (log €) 367 (3.60),
295 (4.07), 245 (4.46), 201 (4.10) nm; ECD (0.15 mg/mL, MeOH)
hmax (Ag) 203 (—2.07), 225 (+4.62), 251 (—6.00) nm; IR
(film) Vmax 3,419, 2,945, 2,885, 1,770, 1,749, 1,668, 1,653, 1,558,
1,489, 1,375, 1,338, 1,286, 1,205, 1,097, and 1,058 cm_l; IH
and '3C NMR data, Table 2; HRESIMS m/z 283.0809 [M+H]*
(caled for C13H 507, 283.0818), 305.0632 [M+Na] ™t (calcd for
C13H14Na07, 305.0637).

Methyl convolvulopyrone (21): a white solid; UV (MeOH)
Amax (log &) 343 (4.05), 279 (3.73), 239 (4.51), 205 (4.12) nm;
IR (film) vmax 3,446, 2,954, 2,927, 1,681, 1,635, 1,446, 1,355,
1,195, 1,182, 1,139, and 1,039 cm™'; 'H and '*C NMR data,
Table 2; HRESIMS m/z 239.0917 [M+H]™ (calcd for C;,H150s,
239.0919), 261.0749 [M+Na]* (caled for C;3H14NaOs,
261.0739), 499.1590 [2M+Na]t (caled for Cy4H»3NaOjo,
499.1580).

CONCLUSIONS

Twenty-eight aromatic polyketides, including two new
octaketides (1-2), one new chromone derivative (13), two
new highly substituted phthalides (17-18), and one new -
pyrone derivative (21) along with 22 known congeners were
isolated from a mangrove-associated fungus Diaporthe sp.
SCSIO 41011, while methyl (R)-2-[2-(7-acetoxyoctanoyl)-
3,5-dihydroxyphenyl]acetate (11) was isolated as a new
natural compound and (&4)-microsphaerophthalide H (17)
was obtained as a racemic mixture. Amongst, pestalotiopsone
F (14), pestalotiopsone B (15), 3,8-dihydroxy-6-methyl-9-
ox0-9H-xanthene-1-carboxylate (26), and 5-chloroisorotiorin
displayed pronounced anti-IAV activities against three IAV
virus subtypes, including A/Puerto Rico/8/34 H274Y (HINI),
A/FM-1/1/47 (HIN1), and A/Aichi/2/68 (H3N2) with ICsq
values in the range of 2.52-39.97 uM. This work further
enriched secondary metabolites in the genus Diaporthe and also
expanded the chemical and bioactive diversity of polyketides,
such as dothiorelones, cytosporones, phthalides, chromones,
etc. Furthermore, our findings provide a basis for further
development and utilization of pestalotiopsone, xanthone, and
chloroazaphilone derivatives as source of potential anti-IAV
chemotherapy agents.
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Members of the cyanobacterial genus Trichodesmium are well known for their substantial
impact on nitrogen influx in ocean ecosystems and the enormous surface blooms
they form in tropical and subtropical locations. However, the secondary metabolite
composition of these complex environmental bloom events is not well known, nor
the possibility of the production of potent toxins that have been observed in other
bloom-forming marine and freshwater cyanobacteria species. In the present work, we
aimed to characterize the metabolome of a Trichodesmium bloom utilizing MS/MS-based
molecular networking. Furthermore, we integrated cytotoxicity assays in order to identify
and ultimately isolate potential cyanotoxins from the bloom. These efforts led to the
isolation and identification of several members of the smenamide family, including three
new smenamide analogs (1-3) as well as the previously reported smenothiazole A-hybrid
polyketide-peptide compounds. Two of these new smenamides possessed cytotoxicity
to neuro-2A cells (1 and 3) and their presence elicits further questions as to their potential
ecological roles. HPLC profiling and molecular networking of chromatography fractions
from the bloom revealed an elaborate secondary metabolome, generating hypotheses
with respect to the environmental role of these metabolites and the consistency of this
chemical composition across genera, space and time.

Keywords: Trichodesmium, molecular networking, cyanotoxins, harmful algal blooms, metabolomics

INTRODUCTION

Blooms of toxin-producing cyanobacteria (harmful algal blooms, HABs) continue to be a threat
to water resources in the U.S. and across the globe (Carmichael and Boyer, 2016). Research
surrounding these bloom events with respect to cyanobacteria has generally focused on freshwater
planktonic species and a suite of well-characterized toxins, including the anatoxins, saxitoxins and
microcystins (Bldha et al., 2009). However, species of cyanobacteria in the marine realm have been
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a prolific source of exquisitely potent cytotoxic metabolites
(Luesch et al., 2001; Taori et al., 2008; Pereira et al.,, 2012).
Members of the bloom-forming genus Trichodesmium are an
understudied group of marine cyanobacteria with respect to
toxin production and environmental impact. With respect
to new natural products, the cyclic peptide trichamide
was characterized from a cultured strain of Trichodesmium
erythraeum, although no significant cytotoxicity was observed
against HCT-116 cells and CEM-TART cells when tested at 10
and 50 pg/mL, respectively (Sudek et al., 2006). The lipoamides,
credneramides A and B were isolated and characterized
from a field-collected benthic cyanobacterium identified
as a new species of Trichodesmium (Malloy et al, 2012).
These metabolites inhibited spontaneous calcium oscillations
in murine cerebrocortical neurons (Malloy et al, 2012).
Several known cyanotoxins, such as anatoxin, saxitoxin,
microcystins and aplysiatoxins have been reported from
Trichodesmium blooms collected from distinct geographic areas
(Ramos et al., 2005; Detoni et al., 2016; Shunmugam et al,
2017).

In the current report, we detail the comprehensive metabolic
profiling of a Trichodesmium bloom collected from the western
Gulf of Mexico utilizing MS/MS-based molecular networking
(Watrous et al, 2012; Yang et al, 2013; Wang et al,
2016) and cytotoxicity assays. In our previous work on this
Trichodesmium bloom, we have utilized cytotoxicity assays,
NMR-guided isolation and MS-guided isolation independently
to characterize chlorinated polyketides and hybrid polyketide
peptides (Bertin et al., 2016, 2017a,b; Belisle et al, 2017).
The current report attempts to describe the Trichodesmium
bloom metabolome more completely, focusing on a networking
tool to cluster molecules based on similarities in the MS/MS
fragmentation patterns (Watrous et al,, 2012). Our efforts
ultimately led to the isolation and characterization of three
new members of the smenamide family of molecules (1-
3) and the previously reported smenothiazole A (Figure 1).
Smenamides C and E demonstrated potent neurotoxicity
(1 and 3).

MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were measured using a Jasco P-2000
polarimeter. UV spectra were measured using a Beckman
Coulter DU-800 spectrophotometer. CD spectra were recorded
using a Jasco J-1100CD spectrometer. NMR spectra were
collected using a Bruker 800 MHz NMR instrument. Additional
NMR spectra were recorded on a Varian 500 MHz NMR
instrument. HRESIMS analysis was performed using an AB
SCIEX TripleTOF 4600 mass spectrometer with Analyst
TF software. LC-MS/MS analysis was carried out using a
ThermoFinnigan LCQ AdvantageMax mass spectrometer
with an electrospray ionization (ESI) source. Semi-preparative
HPLC was carried out using a Dionex UltiMate 3000 HPLC
system and Agilent 1100 series system each equipped with a
micro vacuum degasser, an autosampler and a diode-array
detector.

Collection, Extraction and Fractionation of

Bloom Material

Samples from a localized bloom of Trichodesmium were collected
from Padre Island, Corpus Christi, TX during 9-11 May 2014
as described previously (Bertin et al, 2016, 2017a,b; Belisle
et al., 2017). Briefly, bloom material was collected in 5-gallon
buckets from ca. 0.5-meter water depth and concentrated by
gentle filtration through an 18 um mesh screen. A subsample
of the cell mass was examined microscopically and identified
using Komadrek and Anagnostidis (2005) as being dominated
by cyanobacteria of the genus Trichodesmium. The material
was frozen and shipped for further chemical analysis. The
biomass (ca. 14 g dry weight) was repeatedly extracted with 2:1
CH;Cl,:CH3OH and the extracts were combined and evaporated
under reduced pressure (3.95g). The extract was reconstituted
in hexanes and applied to silica gel (300mL) in a wide fritted
column with a vacuum attachment. The extract was fractionated
using a stepped gradient from 100% hexanes to 100% CH3;OH
resulting in nine fractions. Seven of the nine fractions (C-
I) were further analyzed by means of cytotoxicity assays and
MS/MS-based molecular networking. The first two fractions:
100% hexanes (A) and 90% hexanes in EtOAc (B) were intended
to remove hydrocarbons and exceedingly lipophilic substances
from the sample and were not analyzed further.

Molecular Networking

Fractions C-I were subjected to LC-MS/MS analysis with
data collection in data-dependent acquisition mode on a
ThermoFinnigan LCQ AdvantageMax mass spectrometer with
an electrospray ionization (ESI) source. A Kinetex 5pum C18
column (100 x 4.6mm) was used for separation of analytes.
The LC method consisted of a linear gradient from 30 to
99% CH3CN in water + 0.1% formic acid over 17 minutes,
followed by an isocratic period at 99% CH3CN of 3 minutes.
The flow rate was held at 0.6 mL/min. The MS spray voltage
was 5 kV with a capillary temperature of 400°C. For the
MS/MS component, the CID isolation width was 2.0 and
the collision energy was 35.0eV. The raw data files were
converted to mzXML format using MSConvert from the
ProteoWizard suite (http://proteowizard.sourceforge.net/tools.
shtml)!. The molecular network was generated using the
online platform at Global Natural Products Social Molecular
Networking website (gnps.ucsd.edu) using parameters detailed in
Table S5. The network was visualized using the Browser Network
Visualizer tool available on the gnps website.

Isolation of 1-3 and Smenothiazole A

Fractions G (100% EtOAc, 104.0mg) and H (75% EtOAc in
CH;3O0H, 286.9mg) were chosen for further purification based
on the quantity of network ions in these fractions, the molecular
features of these ions (ratio of M™ and M*? isotope), and
cytotoxicity results of the mixed chromatography fractions.
Fractions G and H were combined based on similarities in
LC-MS/MS profiles and 'H NMR resonances. The combined

'ProteoWizardSoftware Foundation; http://proteowizard.sourceforge.net/tools.
shtml
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sample was further fractionated over a 2g C18 SPE column
eluting with 50% water in CH3CN (13.7mg), 100% CH3;CN
(143.2 mg), 100% CH3OH (74.5 mg) and 100% EtOAc (54.5 mg).
The fraction eluting with 100% CH3CN was subjected to
reversed phase HPLC using a YMC 5pum ODS column (250
x 10mm); mobile phase: 65% CH3;CN /35% water with
0.05% formic acid added to each solvent, flow 3 mL/min.
Fractions were collected based on UV characteristics and HPLC
fractions were analyzed by HRESIMS for ions of interest from
the molecular network. Further purification was carried out
using the YMC column mentioned above; mobile phase: 80%
CH3CN in water with 0.05% formic acid added to each solvent,
flow 3 mL/min resulted in the isolation of 7.0mg of 1 (tg,
11.5min). A mobile phase of 65% CH3CN in water with 0.05%
formic acid added to each solvent, flow 3 mL/min was used
to isolate 0.6mg of 2 (tg, 26.0min) and 0.3mg of 3 (tg,
21.2min). A final purification was carried out using a YMC
5um ODS column (250 x 10 mm); mobile phase: 80% CH3CN
in water with 0.1% formic acid added to each solvent, flow
3 mL/min and 2.0mg of smenothiazole A was isolated (tg,
5.0 min).

Smenamide C (1): colorless oil; [a]*°p 438.2 (¢ 0.20, CH3;OH);
UV (CH30H) hmax (log €) 203 (4.2), 238 (4.0) nm; I'H NMR
(800 MHz, DMSO-dg) and *C NMR (200 MHz, DMSO-ds),
see Table1; HRESIMS m/z 467.2661 [M+H]* (caled for
Ca5H40N,04Cl, 467.2677) and m/z 489.2486 [M+Na]™ (calcd
for C25H39N204C1Na, 489.2496).

Smenamide D (2): colorless oil; [a]*p +16.8 (¢ 0.10, CH;OH);
UV (CH30H) hpmax (log €) 203 (3.4), 240 (3.3) nm; 'H
NMR (800 MHz, CDCl3) and *C NMR (200 MHz, CDCl3),
see Table S3; HRESIMS m/z 467.2693 [M+H]" (caled for
C25H4oN204Cl, 467.2677) and m/z 489.2492 [M+Na]* (caled
for C25H39N204C1Na, 489.2496).

Smenamide E (3): colorless oil; [a]**p +21.9 (¢ 0.05, CH;OH);
UV (CH30H) hmax (log €) 203 (4.1), 235 (3.8) nm; I'H NMR
(800 MHz, DMSO-dg) and *C NMR (200 MHz, DMSO-ds),

see Table2; HRESIMS m/z 499.2935 [M+H]" (caled for
Cu6H44N,05Cl, 499.2939).

Smenothiazole A: colorless oil; [a]**p—5.8 (¢ 0.10, CH3;0H)
UV (CH30H) Amax (log €) 202 (3.4) nm; 'H NMR (800 MHz,
DMSO-dg) and '*C NMR (200 MHz, DMSO-ds), see Table S4;
HRESIMS m/z 486.1984 [M+H]T (caled for CysHz3CIN3O5S,
486.1982).

Cytotoxicity Assay

Neuro-2A cells and HCT-116 cells were added to assay plates
in 100 pl of Eagle’s Minimum Essential Media (EMEM) or 100
ul of McCoy’s 5A media respectively each supplemented with
10% FBS at a density of 5,000 cells/well. Cells were incubated
overnight (37°C, 5% CO;) and examined microscopically to
confirm confluence and adherence. Mixed chromatography
fractions (C-I) were dissolved in DMSO (1% v/v) and tested at
concentrations of 40 and 4 pg/mL with 10 WM doxorubicin used
as a positive control. Compounds 1-3 were dissolved in DMSO
(1% v/v) and added to the cells in the range of 100 to 0.1 pM
in order to generate ECsy curves. Four technical replicates were
prepared for each concentration and each assay was performed
in triplicate. Doxorubicin was used as a positive control (ECsp:
0.043 =+ 0.032 uM for neuro-2A cells; ECsp: 0.071 £ 0.004 pM
for HCT-116 cells) and DMSO (1% v/v) was used as a negative
control. Assays were resolved as previously reported (Bertin et al.,
2017b) and ECsq curves were generated using Graphpad Prism
software.

RESULTS

Trichodesmium Bloom-Cytotoxicity of
Chromatography Fractions and Molecular

Network

Several of the chromatography fractions (D-H) derived from
the bloom material showed strong cytotoxicity against neuro-2A
cells at 40 pg/mL (Figure S1). Fraction D showed the greatest
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TABLE 1 | NMR data for Smenamide C (1) Z-conformer (800 MHz for THNMR;
200 MHz for 13C NMR, DMSO).

TABLE 2 | NMR data for Smenamide E Z/E-conformers? (3) (800 MHz for 'H
NMR; 200 MHz for 13C NMR, DMSO).

Position ég,type §y (Jin Hz) HMBC CcosYy Position 3¢, type Sn (Jin Hz) HMBC cosy
1 169.3, qC 1 170.3, qC

2 93.7,CH 528 s 1,4,10 2 94.2, CH 5.31,s 1,3,4

3 180.3, qC 3 180.8, oC

4 57.6,CH 4.75,t(56.3) 1,2,8,5,6,10 5a, 5b 4 58.1, CH 4.63, m 1,2,8,5,6, 10

5a 38.6, CH2 1.72,m 3,4,7,8 4, 5b 5 39.2, CH2 1.72,m 3,4,6,7,8

50 1.59, m 3478 4, %a 6 24.0,CH 1.76,m 4,5,7,8 7.8

6 242,CH  1.66,m 4,5,7,8 7,8 . 243, CHg 0.84,d 5.6 8

7 24.0,CHg  0.85,d (6.6) 5,8 6 8 229, CHs 0.86, d 567

8 23.3,CHg  0.87,d (6.6) 5,7 6 9 59,5, CHg 386, 5

9 59.7,CHg  3.87,s 3 0 1758, oC

10 170.6, qC

» 1817, 40 11 42.7, CH 3.95,m 10, 12, 13 12,13
s 150.0H 177, 0.1t 13 12 14.4, CHg 0.90, d (6.8) 10, 11, 13 11

13 141.9,CH 559,d(9.8) 10, 11,12, 14, 15, 16 14 18 74.3,CH 8.73,m 10,11,15 11, OH-13
14 32.2,CH  2.45m 11,13,15,16,17 13,15, 16a, 16b O 13 4.40,m 1,13,14 18
15 20.4,CHs  0.94,d (6.6) 14,16, 18 14 14 84.3, CH 1.48, ovip® 13,15 1
16a 34.9,CHy  1.49,m 17,18 14,17a,17b 15 12.9, CHg 0:81,d(6.2) 13,14,16 14
16b 135, m 17.18 14,17, 17b 16a 31.5, CHy 1.48, ovip 13,14,15,17  16b, 17a
17a 321,CHy  222,m 14,16,18,19,20  16a, 16b, 17b 16b 1.26,m 13,14,15,17  16a,17b
17b 2.10,0vip? 14,16, 18, 19, 20 16a, 16b, 17a 17a 28.1,CHp 2.25,m 16,18, 19 16a, 16b
18 142.8,qC 17b 213, m 16, 18, 19 16a, 16b
19 112.6,CH  6.04,s 17,18, 20 18 143.0 [142.8], qC

20a 27.4,CHy  2.12,m 17,18,19, 21, 22 21 19 112.3[112.6], CH  6.04 [6.06], s 17,18, 20 20
20b 207, ovp 17,18, 19,21, 22 21 20 316[31.4], CHy, 202[2.07),t(7.5) 18,19, 21,22 21

21 24.8,CHy 156, m 20, 22 20a, 20D, 22 21 25.4[26.5,CHy  1.55[1.63], m 20, 22 20, 22
22 46.7,CHy  3.26,m 20, 21, 28, 24 21 22 46.9[48.9), CHy,  324[323, m  20,21,283 24 21

23 35.9. CHg 2.94,s 22,24 23 35.1[33.2], CHg 294 2.79], s 22,24

24 169.9, aC 24 173.0 [172.7], qC

25 221,CHg  1.97,s 28,24 25 26.3[25.7,CHy  2.27[2.29], m 24, 26 26
aOverlapping signals. 26 9.7[10.1], CHg  0.97 [0.98], t (7.4) 24, 25 25

potency at 4 pg/mL. Examination of the molecular network
showed that compounds from cluster 3 were major ions in
fraction D (Figure 2). However, these metabolites were not
isolable following further purification procedures. The majority
of the metabolites in the molecular network were found in
fractions F-1. We identified Cluster 2 as a molecular cluster
of interest due to the number of ions in the cluster and the
M™* and M*2 ratio indicating a single chlorine atom in each
of these metabolites (cf. Figures 2, 3). Additionally, fractions
G and H showed potent cytotoxicity against neuro-2A cells;
thus, our subsequent purification efforts centered on these two
fractions. HPLC analysis indicated abundant metabolites in the
combined G+H HPLC pre-fraction (Figure S2) and repeated
chromatography resulted in the isolation of 1-3 as optically active
colorless oils.

Structure Characterization of 1-3

HRESIMS analysis of 1 gave an [M+H]T of m/z 467.2661,
suggesting a molecular formula of C;sH39N,O4Cl and a
requirement of 7 degrees of unsaturation. Examination of the
'H NMR spectrum of 1 showed several resonances with split
signals in a 1:1 ratio, a phenomenon observed in several

aE-conformer NMR values of 3 in brackets.
bOverlapping signals.

cyanobacteria metabolites with methylated tertiary amides such
as smenamides A and B and kalkitoxin (Wu et al., 2000; Teta
et al.,, 2013). The split signals were determined to be the result
of two conformers in the E and Z configuration at the tertiary
amide functionality in 1. This phenomenon was observed for
all three new metabolites (1-3); in the structure characterization
for each of these compounds, the data for the Z conformer
is discussed. NMR data tables in the Supporting Information
provide information on the E conformer. While the multiple
conformers presented difficulties in NMR interpretation, three
partial structures of 1 (a—c) were characterized initially based
on 'H-'H COSY spin systems followed by HMBC correlation
analysis (Figure 4). In the first partial structure (a), a moderately
deshielded diastereotopic methylene group (H-20a, 6y 2.12; H-
20b, §y 2.07) was correlated by COSY to a second methylene
group (H-21, g 1.56) which itself was correlated by COSY
to a third methylene group (H-22, 8y 3.26). This latter
deshielded methylene was correlated by HMBC to C-23 (8¢
35.9) and the C-24 carbonyl (8¢ 169.9). The singlet methyl
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FIGURE 2 | Full MS/MS-based molecular network of Trichodesmium bloom. Previously identified molecules trichothiazole, tricholides A and B and unnarmicin D are
noted. Cluster 2 (red box) shows new metabolites 1-3 (m/z 467.161, 467.161 and 499.117, respectively).
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FIGURE 3 | MS/MS-based molecular networking cluster identifying 1-3 and smenamides A or B. Nodes are labeled with parent m/z values. Edges are labeled with

cosine scores. Node size is relative to ion count.

(H3-25, 8y 1.97) showed an HMBC correlation to C-24 and
characterized the western half of 1 with an N-methyl acetamide
functionality. In the second partial structure of 1 (b), another
moderately deshielded diastereotopic methylene group (H-17a,
8y 2.22; H-17b, 8y 2.10) showed COSY correlations to the H-16
methylene (H-16a, 6y 1.49; H-16b, 8y 1.35). H,-16 showed

COSY correlations to the H-14 methine (§y 2.45), which itself
showed COSY correlations to a doublet methyl (H3-15, 1 0.94)
and olefinic proton (H-13, 8y 5.59). A singlet methyl (Hs3-12,
8y 1.77) and H-13 showed HMBC correlations to a quaternary
carbon (C-11, 8¢ 131.7) and the C-10 carbonyl (§c 170.6)
extending the polyketide chain of 1. The C-11-C-13 olefin was
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assigned E geometry based on the '3C chemical shift of C-12
(8¢ 13.7) compared to §c 20.1 for the Z geometry (see below).
The two sets of moderately deshielded methylenes (H,-20 and
H;-17) showed HMBC correlations to the quaternary carbon
at C-18 (6c 142.8). A deshielded methine singlet (H-19, éy
6.04) also showed an HMBC correlation to C-18, supporting an
exomethylene vinyl chloride bridge connecting partial structures
a and b. The configuration of the vinyl chloride was assigned
as Z based on NOE correlations from H-19 to H,-17 and H,-
16. The chemical shift of C-10 was consistent with that of an
amide functionality and COSY correlations from H-4 to H-8
supported the assignment of a leucine residue in the third partial
structure. However, the chemical shift at C-3 was somewhat
deshielded for that of a standard amide or ester carbonyl (8¢
180.3). An O-methyl singlet (H3-9, §y 3.87) was correlated to C-
3 by HMBC supporting the presence of a methoxy functionality.
Additionally, H-2 (6p 5.28) was correlated to C-3 and the C-1
carbonyl by HMBC. HMBC correlations from H-2 and H-4 to C-
10 connected the third partial structure to the remainder of the
molecule, establishing an isobutyl-methoxypyrrolinone moiety
and satisfying the final three degrees of unsaturation required by
the molecular formula. The structure of 1 was established as a
highly functionalized linear polyketide-peptide of the smenamide
family (Teta et al., 2013). While the correlations and chemical
shifts described above relate to the Z conformer of 1, NMR data
for the E conformer were also analyzed, and are listed in Table S1.

The absolute configuration of 1 (4S, 14R) was determined
to be identical to that of smenamide A by comparison of the
CD spectrum of 1 to that of naturally occurring smenamide A
(Caso et al., 2017). The spectra were nearly identical in sign and
magnitude.

HRESIMS analysis of 2 gave an [M+H]" of m/z 467.2693,
suggesting a molecular formula of Cp5H39N,04Cl, identical to
that of 1. Examination of 'H NMR, multiplicity-edited HSQC,
and HMBC spectra of 1 and 2 showed that the two molecules
were nearly identical (cf. Tables S2 and S3). 13C NMR differences
were most pronounced at C-12 (8¢ 13.7 in 1; 8¢ 20.1 in 2) and
C-13 (8¢ 142.7 in 1; 8¢ 135.9 in 2). These chemical shifts and the
NOE correlations between H3-12 and H-13 in 2 supported the
Z configuration of the C-11-C-13 olefin in 2 and established 2
as a geometric isomer of 1. The absolute stereochemistry of 2 is

proposed to be identical to that of 1 based on similarity in optical
rotation values.

HRESIMS analysis of 3 gave an [M+H]" of m/z 499.2935,
suggesting a molecular formula of CysHy3N,05Cl, and a
requirement of 6 degrees of unsaturation. The examination of
'H and '*C NMR data and the placement of m/z 499 in the
same molecular network cluster as smenamide C and D (1 and
2), suggested that 3 was a close structural analog. The reduction
in degrees of unsaturation in 3 compared to 1 was due to the
presence of a secondary alcohol at C-13 (H-13, 8y 3.73; C-13,
8¢ 74.3) in 3 and a methine at C-11 (H-11, 8y 3.95; C-11,
8¢ 42.7). The H-11 and H-13 methine protons were correlated
by COSY and H-13 also showed a COSY correlation to H-14
(8u 1.48). Additionally, the C-25 methyl resonance of the acetyl
group in 1 and 2 was not present in 3. COSY correlations between
a methylene at H-25 (g 2.27) and a methyl triplet at H-26
(8u 0.97) supported an N-methylpropanamide functionality in
3 and completed the planar structure of smenamide E (3). The
secondary alcohol of 3 was resistant to acylation with Mosher’s
acid chloride and the configuration of this position could not be
determined by chemical derivative formation. Therefore, in the
current report, we report only the planar structure for this new
metabolite.

During the attempt to isolate the compound with an m/z
530 from Cluster 2 in the network (Figure3), we isolated
a peptidic compound with spectrometric and spectroscopic
characteristics consistent with that of the previously reported
cytotoxin smenothiazole A (Esposito et al.,, 2015). Analysis of
NMR data, optical rotation value, and CD spectra (negative
Cotton effect at 234 nm, Figure S35) confirmed its identity.

Cytotoxicity of 1-3

Smenamides C and E (1 and 3) showed greater cytotoxicity to
neuro-2A cells than to the human colon cancer cell line HCT-
116. Smenamide E (3) showed the greatest potency to neuro-
2A cells with an ECs¢ value of 4.8 + 0.6 uM (ECsp: 18.6 +
1.8 wM against HCT-116 cells). Smenamide C (1) showed similar
selective potency (ECsp neuro-2A: 7.2 + 3.1 wM; ECsq HCT-116:
20.9 £ 2.1 wM). Interestingly, smenamide D (2), the geometric
isomer of smenamide C (1), did not show cytotoxicity against
either cell line.
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DISCUSSION

In our previous work on Trichodesmium blooms and their
natural products, we have utilized cytotoxicity assays, NMR-
guided isolation, and MS-guided isolation (Bertin et al., 2016,
2017a,b; Belisle et al., 2017). We have previously characterized the
cytotoxic polyketide trichophycin A, the polyketides trichotoxins
A and B, and the moderately cytotoxic polyketide-peptide
trichothiazole (Bertin et al., 2016, 2017b; Belisle et al., 2017). In
the current network, we did observe an m/z value consistent
with trichothiazole (Figure2). The node was in Cluster 1
(m/z 342) and showed an identical MS/MS fragmentation
pattern to that of trichothiazole. However, we did not observe
nodes for trichophycin A or trichotoxins A and B. It should
be noted that the macrocyclic polyketide-peptides tricholides
A and B and unnarmicin D (Bertin et al., 2017a) also
clustered in the network (Figure 2, Cluster 4). It may be that
some metabolites in the bloom metabolome do not ionize
well by ESI+ or give informative fragments during MS/MS
acquisition; this represents a limitation in the implementation
of MS/MS-based networking to describe bloom metabolomes.
Thus, the metabolite information gained in the network may
be somewhat biased toward peptides and hybrid polyketide-
peptides. Nevertheless, taking into account the limitations of
this approach, molecular networking was a remarkable tool
for visualizing a complex metabolome rich in metabolites with
intriguing structural elements and cytotoxicity to neuro-2A
cells. Analyzing fractions C-1 using the networking procedure
identified 93 nodes that were members of 13 clusters. This
approach allowed us to isolate and characterize three new
members of the smenamide family (1-3). Furthermore, within
the smenamide cluster, we tentatively identified the known
compound smenamide A or B (double bond isomers of each
other at m/z 501). This later node in Cluster 2 (Figure 3)
showed an identical MS/MS fragmentation pattern to that of
smenamide A/B from published data and the HRESIMS analysis
supported this identification (Figure S36) (Teta et al., 2013). Both
of these known metabolites are very potent cytotoxins with ICsq
values around 50 nM against Calu-1 cells (Teta et al., 2013).
Smenamides C and E (1 and 3) were less potent cytotoxins than
smenamide A and B, possibly due to the replacement of the
phenylalanine amino acid unit with leucine (1, 3). Intriguingly,
smenamide D (2) was not cytotoxic to either the neuro-2A and
HCT-116 cell lines and we speculate that the cis configuration
in the middle of the polyketide chain may affect binding of
2 to its molecular target. Smenothiazole A showed nanomolar
levels against multiple cell lines and was previously isolated
from a marine sponge; however, the authors indicate a likely
cyanobacterial origin (Esposito et al., 2015). This is the first report
of smenothiazole A from a bloom of Trichodesmium.

Opverall, the networking procedure has identified new target
molecules for isolation such as those in Cluster 1 (Figure 2). A
comprehensive characterization of the chemical space within the
bloom material is challenging as the metabolic composition of
the sub-fractions we have generated are all nearly as complex as
that of the sub-fraction from which 1-3 were isolated (Figure S2).

The networking tool significantly improves the efficiency of our
isolation and characterization workflow.

We did not identify anatoxins, saxitoxins or microcystins
during the course of this analysis. This may be due to our focus
on lipophilic metabolites, low abundance of these compounds
in our samples, or a lack of informative MS/MS fragments.
Trichodesmium blooms are complex events harboring a diverse
array of microorganisms (Capone et al, 1997). Thus, the
unequivocal identification of the producing organisms of the
toxic metabolites described in this current work and other
studies from environmental collections will ultimately require
pure cultivation of producing organisms, the identification of
biosynthetic gene clusters of toxic molecules, or the localization
of metabolites to particular cell types (Simmons et al., 2008).
In the original isolation and characterization of smenamides A
and B, the authors suggest that a cyanobacterial symbiont is the
true producer of the sponge-derived compounds (Teta et al,
2013). The present report supports this observation, as certain
structural features such as the exomethylene vinyl chloride
moiety are characteristic of cyanobacterial metabolism (Kan
et al., 2000; Edwards et al., 2004; Nunnery et al., 2012). To the
best of our knowledge, the N-methyl propanamide functionality
in 3 has not previously been reported in a polyketide-
peptide from cyanobacteria, and represents a biosynthetically
intriguing unit because these organisms are not known to
produce propionate. Conceivably, it may derive from an S-
adenosylmethionine (SAM)-mediated methylation of an acetate
precursor, the proposed first building block in the production of
these smenamide-type natural products. This would be a similar
biosynthetic transformation to that involved in producing the
t-butyl group in apratoxin A which employs a combination of
two SAM methyl transferases to incorporate these methyl groups
(Grindberg et al., 2011; Skiba et al., 2017).

The identification of these neurotoxic metabolites (1 and 3)
and the other more potent smenamides and smenothiazole A
from a Trichodesmium bloom raises important questions as to
their ecological role during these events. It will be important to
characterize these bloom-associated metabolites in a longitudinal
sense to evaluate their ongoing contribution to HABs.
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3,5-Dimethylorsellinic acid (DMOA) derived meroterpenoids comprise an unique class
of natural products with diverse scaffolds and with a broad spectrum of bioactivities.
Bioinformatics analysis of the gene clusters in association with the gRT-PCR detection
of the amplification of two key genes led to speculate that the sponge associated
fungus Penicillium brasilianum WZXY-m122-9 is a potential producer of meroterpenoids.
Chromatographic separation of the EtOAc extract of this fungal strain on a large-scale
fermentation resulted in the isolation of six new DMOA-related meroterpenoids with trivial
names of brasilianoids A-F (1-6), together with preaustinoid D and preaustinoid A2. The
structures were determined by extensive analyses of spectroscopic data, including the
X-ray diffraction and the ECD data for configurational assignment. Brasilianoids A and
F showed an unprecedented skeleton with a y-lactone in ring A, while brasilianoids
B-C featured a 7/6/6/5/5 pentacyclic ring system finding in nature for the first time. The
biosynthetic relationship among the isolated compounds was postulated. Compound
1 significantly stimulated the expression of filaggrin and caspase-14 in HaCaT cells in
dose-dependent manner, while compounds 2 and 3 showed moderate inhibition against
NO production in LPS-induced RAW 264.7 macrophages.

Keywords: sponge-associated fungus, Penicillium brasilianum, brasilianoids A-F, stimulation of filaggrin and
caspase-14, inhibition of NO production

INTRODUCTION

The fungal meroterpenoids as the fascinating hybrid natural products are widely distributed in
marine environments with diverse molecular architectures, that are assembled by terpene moieties
with other precursors such as polyketide unit by various biosynthetic pathways (Iida et al., 2008;
Silva et al,, 2011; Guo et al., 2012; Qi et al., 2017). Among the fungus-derived meroterpenoids,
a polyketide-terpenoid biosynthetic pathway that has C-alkylation of 3,5-dimethylorsellinic acid
(DMOA) with farnesyl pyrophosphate (FPP) generated more than 100 secondary metabolites with
a number of unique scaffolds (Geris and Simpson, 2009; Matsuda and Abe, 2016). The biogenetic
pathways of these typical natural products have been extensively investigated, uncovering a series
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of synthetic gene clusters and functional enzymes (Lo et al,
2012; Matsuda et al., 2016; Mori et al., 2017). The structure
variation of the DMOA-based meroterpenoids was attributed
to sequential cyclization, complex oxidative ring rearrangement,
and recyclization. Based on the carbocyclic frameworks, the
DMOA-FPP derived meroterpenoids can be classified into seven
subtypes. Andrastins with a 6,6,6,5-tetra-carbocyclic skeleton
are the potent inhibitors of RAS proteins, which are important
for controlling cell division and the development of cancer
(Nielsen et al., 2005). Terretonin-type congeners possessing a
8-lactone in ring D are originated from terrenoid (andrastin-
type) by D-ring expansion and unusual rearrangement of
the methoxy group (Matsuda et al, 2015). Berkeleyone-
type (or protoaustinoid-tyep) derivatives as the caspase-
1 inhibitors are the meroterpenoids representing a series
of unique and functionalized chemical scaffolds, which are
characterized by the presence bicyclo[3.3,1]nonane or its
rearranged bicyclo[3,2,1]octane unit in rings C and D. (Stierle
et al, 2011), and are derived by the same intermediate as
for andrastins with different rearrangement. Austinol and its
analogues featured a pentacyclic scaffold with a spiro-§-lactone
in ring A and a y-lactone in ring E, that were derived
from protoaustinoid through oxidation and ring rearrangement
(Matsuda et al., 2013). Chrysogenolides are a group of DMOA-
based compounds with a unusual seven-numbered ring B,
which exhibited the inhibition of nitric oxide production
(Qi et al, 2017), while anditomin analogues featured the
presence of a unique and highly oxygenated bridged-ring system
(Matsuda et al., 2014). Fumigatonin and novofumigatonin are an
additional subtype containing highly oxidized and complicatedly
condensed ring system (Okuyama et al, 2008; Rank et al,
2008). These meroterpenoids have been reported to possess a
range of biological activities (Rank et al., 2008; Zhang et al.,
2012). Penicillium brasilianum is a remarkable microorganism
with great potential to produce secondary metabolite with
a variety of carbon skeletons and with interesting biological
activities. Fungal strains of P. brasilianum are mostly isolated
from terrestrial sources. They produced diverse metabolite
scaffolds including meroterpenenes, polyketides, alkaloids, and
cyclopeptides (Bazioli et al, 2017). In the course of our
search for new terpenoids with pharmaceutical bioactivity, a
sponge-associated fungal strain, P. brasilianum WZXY-m122-
9, was selected due to the same fungal species has been
reported to produce meroterpenoids with chemical diversity
and novelty (Matsuda et al., 2016; Bazioli et al., 2017). Anti-
SMASH genome sequence analysis revealed that two gene
clusters (clusters A and B) in WZXY-ml22-9 are highly
identical to the aus’ clusters (Figurel), that playing key
role for the biosynthesis of DMOA-derived meroterpenoids
in P. brasilianum MG11 (Matsuda et al, 2016). qRT-PCR
detection showed that prenyltransferase gene (PM-122-9_1376)
and terpene cyclase gene (PM-122-9_1374) in clusters A and
B were highly expressed. These findings suggested WZXY-
ml22-9 strain to be a potential producer of terpenoids.
Chromatographic separation of the EtOAc extract of the
cultured fungus on a large scale resulted in the isolation of
eight meroterpenoids, including six new compounds namely

brasilianoids A-F (1-6) and known analogues preaustinoids D (7)
and A2 (8) (Figure 2).

MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were measured with an Autopol III automatic
polarimeter. IR spectra were measured with a Thermo Nicolet
Nexus 470 FT-IR spectrometer. 1D and 2D NMR spectra were
recorded on a Bruker Avance-400/600FT NMR spectrometer
using TMS as internal standard. HRESIMS data were acquired on
a Bruker APEX IV 70 eV FT-MS spectrometer. ESIMS data were
obtained on a Finnigan MAT 95 mass spectrometer. The column
chromatographic substrates included silica gel (200-300 mesh)
and HF254 silica gel for TLC (Qingdao Marine Chemistry Co.
Ltd.), Sephadex LH-20 (18-110 pm; Pharmacia Co., Ltd.); ODS
(50 pm; YMC, Milford, MA). Semipreparative HPLC separation
was performed with an Alltech instrument (426-HPLC pump)
equipped with an UV detector at 210 nm and using a Prevail-Cyg
column (Semipreparative, 5 um). X-ray data were measured with
a Bruker SMART APEX-II DUO instrument.

Fungal Strain and Identification

The fungus P. brasilianum WZXY-m122-9 was isolated from an
unidentified marine sponge, which was collected in July 2016
from Weizhou Island in the South China Sea, and was identified
by microscopic examination and 18S rDNA ITS sequence’s
BLAST in GenBank (GenBank accession number HM469396).
A voucher specimen (WZXY-m122-9) was deposited at the
State Key Laboratory of Natural and Biomimetic Drugs, Peking
University, China.

Genome Sequencing and Analysis

Genome sequencing of P. brasilianum WZXY-m122-9 was
performed by Sangon Biotech (Shanghai) Co., Ltd. (Shanghai,
China) with an Illumina HiSeq 2000 system. Sequence
assembly was performed with SPAdes version 3.5.0 (http://
cab.spbu.ru/software/spades/) to yield 1,367 contigs covering
approximately 34.7 Mb. Gene prediction was then performed
with  Prokka (https://github.com/tseemann/prokka). Anti-
SMASH (antibiotics and secondary metabolite analysis shell)
analysis of genome sequences was performed to detect secondary
metabolite gene clusters, and accurate gene cluster alignment
was performed manually by comparisons with homologous
genes found in the NCBI database. Anti-SMASH of WZXY-
m122-9 genome analysis displayed that two gene clusters namely
cluster A and cluster B, showed high identity compared with
aus’ clusters that had been reported in P. brasilianum MG11
(Matsuda et al., 2016).

Quantitative RT-PCR for Gene Expression

Degenerate primers were designed according to the conserved
sequences of prenyltransferase (PM-122-9_1376) and terpene
cyclase (PM-122-9_1374) genes within clusters A and B, and the
length of PCR products were 805 bp and 529 bp, respectively. The
gene expression levels were detected by qRT-PCR. Total RNA
of WZXY-m122-9 was obtained from the rice culture medium,
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FIGURE 1 | Comparison of the gene clusters between P brasilianum WZXY-m122-9 and P, brasilianum MG11. (A) Comparison of the genes in cluster A of

P, brasilianum WZXY-m122-9 with the aus’s genes (cluster A) from P, brasilianum MG11. The homologous genes between the gene clusters were linked with lines.
(B) Comparison of the genes in cluster B of P, brasilianum WZXY-m122-9 with the aus’s genes (cluster B) from P, brasilianum MG11. The homologous genes between
the gene clusters were linked with lines. PM-122-9-5653 and others mean the genes in P, brasilianum WZXY-m122-9.

FIGURE 2 | Structures of 1-8.
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and cDNA was synthesized from 1 pg of total RNA in a volume
of 20 L using TransScriptIIAll-in-One first-strand ¢cDNA
synthesis super mix (Transgene) according to the manufacturer’s
instructions. 0.4 pL c¢cDNA, forward primer (10 wM), reverse
primer (10uM) and 10pL 2x TransStart Top Green
qPCRSuperMix (Transgene) were used in subsequent RT-PCR
reactions with supplement ddH,O to 20 L. The specific primers
included actin-F (5'-ACCTGCTCTGCGACTACAAC-3'), actin-
R (5-ACACCGCCCTCATAATAAAG-3'), PM-122-9_1376'-F
(5'-CCACCAAAGGGGATTACCA-3'), PM-122-9_1376'-R
(5'-GAGCAGAAATGTCGCAGGAA-3'), PM-122-9_1374-F
(5'-CGGTAGGATGGTCGGTCAAC-3'), PM-122-9_1374-R
(5'-ACGGCGGAGTGTAGGAAGAA-3'). Each primer pair gave
a single PCR product. The S-actin gene was treated as an internal
reference gene, optimized PCR conditions were 94°C for 30s; 45
cycles of 94°C for 5; 60°C for 15s; and 72°C for 10s; followed
by dissociation stage. Three parallel tests for each reaction and
recording their respective Ct values. According to amplification
curves, every sample was different from no template control
(NTC), which indicated that the genes were amplified from
cDNA template. Under current culture conditions, the aus’ gene
cluster was expressed in the plasmids of WZXY-m122-9, and
the expression level of prenyltransferase (PM-122-9_1376') and
terpene cyclase (PM-122-9_1374) genes was higher than B-actin
due to Cty376 and Cty374 less than Ctactin.

Fermentation of the Fungus

The fermentation was carried out in 40 Fernbach flasks (500 mL),
each containing 80g of rice. Distilled H,O (100mL) was
added to each flask, and the contents were soaked overnight
before autoclaving at 15 psi for 30 min. After cooling to room
temperature, each flask was inoculated with 5.0 mL of the spore
inoculum (107/mL) and incubated at 25°C for 25 days.

Extraction and Isolation of Metabolites

The fermented material was extracted with EtOAc (3 x 1L),
successively. The EtOAc extract was evaporated to dryness under
reduced pressure to afford a crude residue (20.5g). The crude
extract was suspended in 90% MeOH-H,O and then extracted
with petroleum ether (PE) for three times, while the MeOH
layer was concentrated under vacuum to obtain MeOH soluble
extract (8.0 g). Part of the MeOH fraction (4 g) was then subjected
to silica gel (200-300 mesh) vacuum liquid chromatography
with gradient elution using PE-EtOAc (from 8:1 to 0:1, v/v)
to obtain four fractions (FA-FD). FC (0.9g) was detected by
'H NMR spectrum, showing the signals featured meroterpenoid
analogues, and it was chromatographed over an RP-Cg column
eluting with MeOH-H,0 (65:35, v/v) to afford six subfractions
(FCa-FCf). FCb (60 mg) was separated on a semipreparative RP-
Cig HPLC column using MeOH-H,O (50:50, v/v, 2 mL/min)
to yield compounds 7 (8 mg) and 1 (4 mg). FCc (110 mg) was
purified by a semipreparative RP-C;3 HPLC column eluting
with MeCN-H,O (40:60, v/v, 2 mL/min) to afford compounds 2
(6 mg), 3 (6 mg) and 6 (2 mg). FCd (70 mg) was separated using a
semipreparative RP-C;3 HPLC column eluting with MeOH-H,O
(55:45, v/v, 2 mL/min) to afford 4 (5.0mg), 5 (5.0mg), and 8
(45 mg).

Brasilianoid A (1) (methyl (1R, 2S, 5R, 5aS, 7aS, 8R,
10S, 12R, 13aR, 13bS)-1, 10-dihydroxy-5,7a,10,12,13b-
pentamethyl-14-methylene-3,9,11-trioxotetradecahydro-
2,5:8,12-dimethanocycloocta[3,4]benzo[1,2  -c]oxepine-8(5H)-
carboxylate). White amorphous powder; [01]1230 —22 (¢ 0.5,
MeOH); UV (MeOH) hpax (log €) 203 nm; IR v,y (KBr) 3,419,
2,985, 2,935, 1,754, 1,720, 1,708, 1,662, 1,227, and 1,025 cm™!.
IH and '3C NMR data, see Tables 1, 2; HRESIMS m/z 473.2176
[M-H]~ (calcd for CysH330g, 473.2175).

Brasilianoid B (2) ((5aS, 5bS, 7R, 8aR, 9S, 11aR, 11bS, 13aS)-
8a-hydroxy-1, 1, 5a, 7, 9, 11b-hexamethyl-14-methylene-5a,
5b, 6, 7, 8a, 9, 11b, 12, 13, 13a-decahydro-1H, 11H-7,11a-
methanofuro[3”,4”:3',4']cyclohepta[1’,2:3,4]benzo[1,2-
cJoxepine-3,8,11-trione).  Colorless  monoclinic  crystals
(MeOH-Acetone-H,0, 5:5:1); m.p. 170-172°C; [ —40
(¢ 0.5, MeOH); UV (MeOH) hmax (log €) 206nm; IR
Vmax (KBr) 3,420, 2,931, 2,966, 1,754, 1,693, 1,604, 1,384,
and 1,043 cm~!. 'H and *C NMR data, sece Tables1, 2;
HRESIMS m/z 473.2170 [M + HCOO]~ (cald for Cy¢H330g, 47
3.2175).

Brasilianoid C (3) ((5aS, 5bS, 7R, 8aR, 9R, 1laR,
11bS, 13aS)-8a-hydroxy-1, 1, 5a, 7, 9,11b -hexamethyl-14-
methylene-5a,5b,6,7,8a,9,11b,12,13,13a-decahydro-1H,11H-7,
11a-methanofuro[3”,4”:3',4']cyclohepta[1’,2":3,4]benzo[1,2-
cJoxepine-3,8,11-trione).  Colorless  monoclinic  crystals
(MeOH-H,0, 8:1); m.p. 171-173°C; [a]& —40 (c 0.5, MeOH);
UV (MeOH) \max (log €) 208 nm; IR vimax (KBr) 3,420, 2,930,
2,876, 1,760, 1,694, 1,604, 1,385, and 1,027 cm~!. 'H and *C
NMR data, see Tables1, 2; HRESIMS m/z 473.2181 (M —+
HCOO] ™ (cald for C,6Hj330g, 473.2175).

Brasilianoid D (4) (methyl 3-((3R, 3aR, 5R, 6aS, 7S, 8S,
10aS, 10bR)-3a-hydroxy-8- (2-hydroxypropan-2-yl)-3,5,7,10a-
tetramethyl-11-methylene-1,4-dioxodecahydro-1H,3H-5,10b-
methanobenzo(3,4]cyclohepta[1,2-c]furan-7-yl)propanoate).
Colorless monoclinic crystals; (MeOH-CHCl3, 5:1); m.p. 255—
258°C; [a]f) —60 (c 0.5, MeOH); UV (MeOH) hmax (log &)
202 nm; IR Viay (KBr) 3,420, 2,965, 2,856, 1,750, 1,661, 1,634,
1,384, and 1,072 cm™!. 'H and *C NMR data, see Tables 1, 2;
HRESIMS m/z 507.2590 [M + HCOO]~ (calcd for Cy7H3909,
507.2594).

Brasilianoid E (5) (methyl 3-((3S, 3aR, 5R, 6aS, 7S, 8,
10aS, 10bR)-3a-hydroxy-8- (2-hydroxypropan-2-yl)-3,5,7,10a-
tetramethyl-11-methylene-1,4-dioxodecahydro-1H,3H-5,10b-
methanobenzo[3,4]cyclohepta[1,2-c]furan-7-yl)propanoate).
Colorless orthorhombic crystals (MeOH-CHCI3-H,0, 5:3:1);
m.p. 225-228°C; [a]¥ —60 (c 0.5, MeOH); UV (MeOH) hmax
(log ) 202 nm; IR Vi (KBr) 3,445, 2,966, 2,939, 1,750, 1,662,
1,607, 1,385, and 1,065 cm~!'. 'H and *C NMR data, see
Tables 1, 2; HRESIMS m/z 507.2600 [M + HCOO]~ (cald for
Cy7H3909, 507.2594).

Brasilianoid F (6) ((1R, 4S, 5R, 5aS, 5bR, 7R, 8aR,
9R, 1laR, 11bS, 13aS)-5, 8a-dihydroxy-1,5a,7,9,11b-
pentamethyl-14-methylenedodecahydro-1H,11H-1,4:7,11a-
dimethanofuro[3”,4”:3,4’]cyclohepta[1’,2":3,4]benzo([1,2-
cJoxepine-3,8,11-trione). White amorphous powder; [oc]f)o —48
(c 0.5, MeOH); UV (MeOH) hmax (log €) 202 nm; IR vyax (KBr)
3,419, 2,986, 2,949, 1,754, 1,720, 1,603, 1,383, and 1,088 cm ™.
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'H and '3C NMR data, see Tables 1, 2; HRESIMS m/z 443.2077
[M - H]™ (cald for C,5H3107, 443.2070).

ECD Calculation

Conformational searches were carried out by random searching
in the Sybyl-X 2.0 using the MMFF94S force field with an
energy cutoft of 5.0 kcal/mol. Due to the confirmed NOESY
correlations and relatively rigid skeleton, the results showed
the lowest energy conformers for (1R, 2§, 4R, 5S, 8S, 9R, 10S,
'R, 3'R, 5'S)-1/, 1R, 2S, 4R, 5S, 8S, 9R, 10S, 1'R, 3'R, 5'R,
6'R-6' and for 5S, 8S, 95, 10S, 1'R, 3R, 5'R, 6/R-7' within
5.0 kcal/mol. Subsequently, the conformers were re-optimized
using DFT at the B3LYP/6-31+G(d) level in gas phase by the
GAUSSIAN 09 program. The energies, oscillator strengths, and
rotational strengths (velocity) of the first 60 electronic excitations
were calculated using the TDDFT methodology at the b3lyp/6-
3114++g(d, p) level in vacuum. The ECD spectra were simulated
by the overlapping Gaussian function (half the bandwidth at 1/e
peak height, 0 = 0.35 for 1 and 0.25 for 6). By comparison of
the calculated ECD spectra with the experimental curves, the
absolute configuration of 1 and 6 were resolved.

Assay for in Vitro Anti-HBV Effects

HepAD38 cells were cultured with DMEM in 48-well plate at
1 x 10° cells/well for 24h, then treated with 10 uM of each
compound for 72h. After 4 days, the cells were washed with
precooled PBS for 2 times. HBV progeny DNA of HepAD38 cells
were extracted using QIAamp DNA Blood Mini kit (Biomiga)
according to the manufacturer’s instruction. Total DNA was
reversely transcribed using PrimeScript RT reagent Kit (Takara,
Dalian, China). The primers were designed and synthesized by
Takara, and the sequences of the primers are indicated in Table
S9. PCR amplification was performed on an StepOne Plus real
time PCR system (Applied Biosystems, Foster City, CA) using the
SYBR Green Master Mix (Applied Biosystems, Foster City, CA).
All experiments were performed in triplicate, and the relative
levels of assayed HBV DNA were calculated with the delta-
delta CT method using lamivudine as a positive control, and
normalized to non-treated control.

Assay for Protective Effects on Skin Barrier

Functions in in Vitro

HaCaT cells were cultured with DMEM in 6-well plate at 1 x 10°
cells/well for 24 h, then treated with 20, 10, 5 ©M of compounds
1-7 for 72h. Total RNA of HaCaT cells were extracted using
RNA Miniprep kit (Biomiga) according to the manufacturer’s
instruction. Then total RNA was reverse transcribed using
PrimeScript RT reagent Kit (Takara, Dalian, China). The primers
were designed and synthesized by Takara, the sequences of
the primers are indicated in Table S10. PCR amplification was
performed on an StepOne Plus real time PCR system (Applied
Biosystems, Foster City, CA) using the SYBR Green Master
Mix (Applied Biosystems, Foster City, CA). All experiments
were performed in triplicate, and the relative levels of assayed
mRNAs were calculated with the delta-delta CT method using
ACTIN expressions as endogenous control, and normalized to
non-treated control.

HaCaT cells were seeded at 5 x 10° cells per well in 6-well
plates and incubated under starvation conditions for 24 h using
serum-free MEM. HaCaT cells were exposed to UVB irradiation
(UVB lamp: SUV-1000, Sigma-China) at a dose of 30 mJ/cm?.
After UVB irradiation, DMEM medium containing 1 (20 uM)
or epigallocatechin gallate (20 wM) was added and the cells were
incubated for 24 h, and then the MTT assay was performed.

Assay for the Inhibition of Nitric Oxide
Production in RAW264.7 Macrophages

All compounds were assayed by measuring the inhibitory effects
on NO production induced by LPS in mouse macrophage RAW
264.7 cells. The RAW 264.7 cells were seeded in each well
of a 96-well plate at a concentration of 5 x 10° cells/ml in
DMEM medium containing 10% fetal bovine serum, 2 mmol/l
glutamine, 100 U/ml penicillin, and 100 p.g/ml streptomycin.
After incubation at 37°C in a humidified atmosphere of 5% CO,
air for 12 h, cells were treated with LPS (1 pLg/ml) and compounds
(50 ug/ml for each compound, and compound was dissolved in
DMSO to dilute until the final DMSO concentration < 0.1%,
v/v), then incubation for 24h at 37°C. NO production was
determined by measuring the quantity of nitrite in the culture
medium by the Griess reagent. Aminoguanidine was selected
as a positive control. A 50 |l of the supernatant of culture
medium was mixed with 100 pl of the Griess reagent. Using
nitrite to generate a standard curve, nitrite production was
measured by a microplate reader at 540 nm. Cell viability was
examined by the MTT method (Wu et al., 2016). The compounds
with inhibitory rate more than 50% at a dose of 50 ug/ml
were further detected in the gradient concentrations to calculate
ICsq values.

Statistical Analysis

All quantitative values are given as means = SEMs. Significant
differences among the experimental groups were assessed by
one-way ANOVA. Statistical significances were considered at the
*P < 0.05 and **P < 0.01 levels.

Crystal Structure Analysis

X-ray crystal data of 2-5 and 8 were acquired on an Eos CCD
with a graphite monochromated Cu Ka radiation (A = 1.5418
A) (Supporting Information). These structures was solved with
ShelXT-97 using direct methods and refined with ShelXL using
full matrix least-squares on F,. Crystallographic data for 2-5
and 8 have been deposited at the Cambridge Crystallographic
Data Center with the numbers of CCDC 1572280 for 2, CCDC
1572282 for 3, CCDC 1576933 for 4, CCDC 1576930 for 5 and
CCDC 1583230 for 8. Crystallographic data are deposited in the
Cambridge Crystallographic Data Centre. and are available free
of charge via the Internet at www.ccdc.cam.ac.uk/products/csd/
request.

RESULTS

Identification of New Compounds
The molecular formula of brasilianoid A (1) was determined as
C6H3405 according to the HRESIMS ion at m/z 473.2176 [M
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- H]™ and the NMR data, requiring ten degrees of unsaturation.
The 'H NMR data presented five tertiary methyl singlet at 811 0.76
(s), 1.17 (s), 1.29 (s), 1.33 (s), and 1.34 (s), and a methoxy group at
8u 3.57 (s), one oxygenated methine at §y 3.47 (t, ] = 4.2 Hz), as
well as the terminal olefinic methylene protons at §yy 4.67 (s) and
5.21 (s) (Table 1). The '3C NMR and DEPT spectra exhibited a
total of 26 carbon resonances (Table 2), which were classified into
six methyl, five methylene (one olefinic carbon), four methine,
and eleven quaternary carbons involving two ketones and two
ester carbonyl carbons. Analyses of the 1D and 2D NMR data
revealed that 1 is a preaustinoid-related meroterpenoid, while the
partial structure regarding rings C/D/E of 1 was corresponded to
rings B/C/D of preaustinoid A2 (8) (dos Santos and Rodrigues-
Fo, 2003) with the exception of ring A. The COSY correlation
coupled H-2 (8y 2.50, dd, ] = 4.2, 49Hz) to H-1 (§y 3.47)
and H,-15 (§g 1.81, 2.24), along with the extension of COSY
coupling between H-1 and a D, O exchangeable proton at 81 5.16
(d, ] = 4.2 Hz), ascertained the location of a hydroxy group at C-1
(8¢ 70.0). A methylene bridge across C-2 (8¢ 48.0) and C-4 (6¢
86.8) was evident from the HMBC correlations from H3z-14 (g
1.29, s) to C-4, C-5 (8¢ 48.3), and C-15 (8¢ 40.7), and from H,-
15 to C-1, C-2, C-4, and C-5. Additional HMBC correlation from
the carbonyl carbon C-3 (8¢ 177.5) to H-1, H-2, and H,-15 in
association with the degrees of molecular unsaturation confirmed
the formation of a y-lactone for ring A.

The relative configuration of 1 was established by the NOE
data. As shown in Figure 3, the NOE correlations from H-15a
(8u 2.24) to OH-1 and H-5, and from H-9 (6y 1.50) to OH-1,
H-5, and H3-9', in association with the correlation between Hj3-
12 (6 1.17) and H3-13 (8 0.76), clarified trans fusion between
B/C and C/D rings. When H-1 was arbitrarily assigned to «-
orientation, the methylene bridge Hj-15 was ascertained to be
in B-orientation. The relative configuration in rings C to E was
the same as that of preaustinoid A2, based on the similar NOE
relationship. The spatial closure between H3-9' and H-9 was
recognized by their NOE interaction, while the NOE correlation
between H3-12 and H,-7’ indicated that the exo-vinyl group
across C-1" and C-3’ was a-oriented. In biogenetic consideration,
compound 1 was assumed to be derived from preaustinoid A2
by the formation of C-2/C-15 bond. Thus, both compounds
were suggested to share the same absolute configuration in rings
C-E. Since the absolute configuration of preaustinoid A2 was
determined by the single crystal X-ray diffraction analysis using
Cu K, radiation in present work, the stereogenic centers in
rings C-E of 1 were supposed to be 8S, 9S, 10R, 3'R, 5'S, and
7'R configurations (Supporting Information). Thus, the absolute
configuration in rings A and B was in agreement with 1R, 2R,
4S, and 58, based on the NOE relationships. This assignment was
further supported by the ECD data (Stephens and Harada, 2010),
of which the Cotton effects of experimental and calculated ECD

TABLE 1 | TH NMR data of 1-6 (DMSO-dg, 8 ppm, J in Hz).

H 1 2 3 4 5 6
1 3.47,1(4.2) 6.30, d (12.6) 6.31,d(12.2) 1.32, m; 2.43, m 1.33, m; 2.43, m 3.50, 1 (4.5)
2 2.50, dd (4.2, 4.9) 5.76, d (12.6) 5.76,d (12.2) 1.72, m; 2.42, m 1.73,ddd (4.0, 12.5,  2.54, ddd (4.5, 5.0, 10.1)
15.0) 2.42, m
1.24,dd (1.7, 11.7) 2.02, brd (12.1) 1.94,dd (2.7, 12.7) 1.29,m 1.29, dd (2.0, 12.0) 1.67,dd (2.0, 12.0)
1.43, dt (3.2, 13.0) 1.65, m 1.62, ddd (2.7, 3.0, 13.0) 1.49, m; 1.51, m 1.48, m; 1.50, m 1.51, m
1.61, brddd (1.7, 2.0, 1.68, m 1.75, ddt (3.0, 12.7, 13.0) 1.62, m
13.0)
7 1.85, dt (3.2, 12.0) 1.70, m 1.68, dt (3.0, 13.0) 1.53, m 1.54, m 1.63, m
2.07,ddd (2.0, 3.2, 12.0) 2.23, ddd (3.0, 12.0, 12.5) 2.30, dt (3.0, 13.0) 2.23,dt (3.0, 12.5) 2.15, dt (4.0, 12.3) 2.16, dt (4.1, 12.7)

9 1.50, dd (3.6, 12.9) 1.99, dd (2.0, 12.5) 2.10, br dd (4.1, 13.7) 2.07, brdd (5.8, 12.1) 1.92, dd (8.9, 13.0) 2.59, dd (3.8, 13.7)
11 1.68, t(12.9) 1.84,dd (12.5, 13.0) 1.84,1(13.7) 1.60, dd (5.8, 13.0) 1.48, dd (8.9, 12.0) 1.56, dd (11.7, 13.7)

1.74,dd (3.6, 12.9) 1.87,dd (2.0, 13.0) 1.89, dd (4.1, 13.7) 1.63, dd (12.1, 13.0) 1.57,dd (12.0, 13.0) 1.93,dd (3.8, 11.7)
12 117, s 1.18, s 1.20, s 112, s 111, s 1.14,s
13 0.76, s 1.08, s 1.08, s 0.87, s 0.88, s 0.78, s
14 1.29, s 1.35, s 1.35,s 1.10, s 1.10, s 1.30, s
15 1.81, brdd (4.9, 11.2) 1.30, s 1.31,s 1.13, s 1.13,s 1.87,dd (5.0, 11.1)

2.24,d(11.2) 2.29, brd (11.1)

5 4.30, q (6.4) 4.46,q (7.2) 4.42,q(7.2) 4.29, q (6.4) 4.21,q (6.4, 6.4, 6.4)
7’ 4.67,s;5.21,s 4.86, s; 5.09, s 4.93,s;5.14, s 4.89, s;5.08, s 4.82,s;5.04,s 4.81,s;5.08, s
8 1.34,s 1.20, s 1.16, s 112, s 1.16, s 1.16, s
9 1.33, s 1.14,d (6.4) 1.03,d (7.2) 1.03,d(7.2) 1.15,d (6.4) 1.15,d (6.4)
OMe 3.57,s 3.57,s 3.57,s
OH-1 5.16, d (4.2) 5.16, d (4.5)
OH-4/ 4.09, s
OH-5' 6.28, s 6.76, s
OH-6' 6.95, s 7.09, s 7.04,s 6.68, s
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TABLE 2 | '3C NMR data of 1-6 (DMSO-dg, 8 ppm).

C 1 2 3 4 5 6
1 70.0 155.0 155.6 34.3 34.3 70.3
2 48.0 119.8 120.1 27.7 27.7 48.3
3 177.5 166.9 167.0 174.3 174.3 177.8
4 86.8 85.1 85.2 74.3 74.3 87.0
5 48.3 55.5 55.7 51.1 51.2 48.2
6 18.6 22.7 23.0 22.5 22.3 19.4
7 32.7 32.6 32.6 32.7 32.7 33.6
8 47.0 41.3 421 42.2 41.3 41.5
9 44.0 47.4 47.2 42.5 42.8 431
10 42.6 44.2 44.0 411 411 42.7
11 37.5 39.4 39.7 39.0 38.6 38.2
12 18.1 18.8 18.5 18.5 18.6 20.2
13 17.6 16.7 15.6 20.3 20.4 17.9
14 23.0 26.3 26.5 28.0 27.9 23.3
15 40.7 32.2 32.3 33.9 34.0 414
1 72.6 66.5 65.0 65.7 67.2 66.8
2! 1441 147.6 148.8 149.4 148.1 148.4
3 50.5 55.3 55.7 55.6 56.2 55.3
4’ 208.0 213.4 216.2 2156.9 214.0 213.0
5’ 76.9 76.4 83.5 83.3 76.1 76.2
6 206.0 90.8 90.3 90.3 90.9 90.7
7 112.3 106.5 107.6 106.8 105.8 105.9
8 22.0 16.3 15.9 16.0 16.4 16.5
9 17.5 13.2 18.2 18.3 13.4 13.3
10/ 169.8 172.6 172.6 172.8 172.8 172.8
MeO 52.2 51.6 51.6

for the model molecule of 1 with 1R, 2R, 48, 58, 8S, 9S, 10R, 3'R,
5'S, and 7'R were comparable (Figure 4).

Brasilianoid B (2) was isolated as colorless monoclinic crystals.
Its molecular formula was determined as Cy5H3,0¢ based on
the HRESIMS (m/z 473.2170 [M + HCOO] ™) and NMR data,
containing ten degrees of unsaturation. The 'H and '*C NMR
data of 2 (Tables 1, 2) regarding rings A-C resembled those of
preaustinoid A2, while the distinction was attributed to rings D
and E. An exocyclic olefinic group at C-2' (8¢ 147.6) in ring
C was recognized by the HMBC correlations from the olefinic
methylene protons H,-7" (8u 4.86, 5.09) to C-1" (8¢ 66.5) and
C-3' (8¢ 55.3). Additional HMBC correlations from H3-8 (8
1.20, s) to C-2/, C-3/, and a ketone carbon C-4' (§c 213.4),
and from OH-6' (§y 6.95, s) to C-4/, C-1/, and C-6' (§¢ 90.8)
established a cyclopentanone unit for ring D. Moreover, the
HMBC correlations from H-5 (g 4.30, q, ] = 6.4Hz) to
C-1, C-4, C-6/, and a carbonyl carbon C-10" (§¢ 172.6), in
addition to the COSY coupling between H-5 and H3-9 (§u
1.14, d, ] = 6.4Hz), deduced a y-lactone unit for ring E, while
a hydroxy group and a methyl group were located at C-6' and
C-5/, respectively.

The relative configuration of 2 in rings A-C was the same as
that of preaustinoid A2, based on the similar NOE relationships.
The NOE correlations from OH-6' to H-7a (§y 2.23) and H-9
(6g 1.99) demonstrated the spatial closure of these protons,

suggesting OH-6' to be in pB-orientation. Additional NOE
correlations between OH-6'/H3-9’, H-5'/H,-7’, H-5'/H3-8/, and
H,-7'/H3-12 (Figure 2) clarified the relative configuration in
rings D and E. Based on the Flack parameters [—0.04(13)]
measured by the Cu-Ka X-ray diffraction of the single crystal, the
absolute configurations of 2 were finally determined as 5§, 88, 9S,
10S, 'R, 3'R, 5'R, and 6'R (Figure 5).

The planar structure of brasilianoid C (3) was the same as that
of 2, based on the 1D and 2D NMR data in association with the
same molecular formula as determined by the HRESIMS data.
The distinction was ascribed to the carbons C-5" (¢ 83.5) and
C-9’ (8¢ 18.2), which showed more deshielded resonances than
the corresponding carbons of 2 (Table 2). The NOE data raised
from rings A-D were in accordance with those of 2, indicating
that this partial structure in 3 was the same as that of 2. However,
the NOE correlations between OH-6" (g 7.09, s) and H-5" (8
4.46, q) and from H3-9’ (8g 1.03, d) to Hy-7' (81 4.93, 5.14) and
Hs-8 (8u 1.16, s) suggested 3 to be an C-5" epimer of 2. This
assignment was confirmed by the Cu-Ka X-ray diffraction data,
that clarified 5'S configuration in 3 (Figure 5).

Brasilianoid D (4) has a molecular formula of CysH3gO7
as determined by the HRESIMS and NMR data, bearing nine
degrees of unsaturation. Analyses of the 2D NMR (COSY,
HMQC, HMBC) data established the partial structure in rings
B-E of 4 to be the same as that of 3. However, the NMR data
of 4 presented a methoxy group (§g 3.57, §c 51.6), and the
methoxy protons correlated to a carbonyl carbon C-3 (8¢ 174.3)
in the HMBC spectrum to form a methyl ester. The HMBC
correlations from H,-1 (8y 1.32, 2.43) and H,-2 (8y 1.72, 2.42)
to C-3 and C-10 (§c 41.1) demonstrated a methyl propionate
unit to be positioned at C-10. In addition, a D,O exchangeable
proton at 8y 4.09 (s) showed the HMBC correlation with C-4
(8¢ 74.3), C-5 (8¢ 51.1), and two methyl carbons C-14 (8¢ 28.0)
and C-15 (8¢ 33.9), and therefore pointed the substitution of a
2-hydroxyisopropane unit at C-5. Thus, compound 4 was likely
derived from preaustinoid Al (Geris dos Santos and Rodrigues-
Fo, 2002) by acyclized ring A and the cyclic rearrangement in
ring D. The NOE relationship of OH-6' (§u 7.04, s) with H-7a
(8y 2.23), H-9 (6y 2.07), and H-5' (8 4.42), and from H3-9' (8y
1.03, d) to Hy-7" (8y 4.89, 5.08), and H3-8' (81 1.12, s), deduced
the same relative configuration of both 4 and 3. The absolute
configuration of 4 was in agreement with that of 3 according to
the Flack parameters of the Cu-Ka X-ray diffraction for the single
crystals (Figure 5).

The planar structure of brasilianoid E (5) was the same as that
of 4, as determined by the HRESIMS data (m/z 507.2600 [M +
HCOO] ™, cald for C,7H3909, 507.2594) and the comparable 1D
and 2D NMR data. The distinction was attributed to the NMR
resonances at C-5' (8¢ 76.1) and C-9’ (8¢ 13.4) which shifted 7
and 5 ppm, respectively, to upfield in comparison with those of
4 (Tables 1, 2). As the case of 2, the NOE correlation between
OH-6' (8y 6.76, s) and H-5" (8y 4.29) and between H3-9' (8
1.15) and H,-7" (8 4.82, 5.04) clarified 5 to be an C-5" epimer
of 4. The Cu-Ka X-ray crystallographic diffraction of the single
crystal using Flack parameters (-0.006(9)) further confirmed the
absolute configurations of 5 to be 5§, 8S, 9S, 10S, 3'R, 5'R, 6'R,
and 7'R (Figure 5).
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FIGURE 3 | Key NOE correlations of 1-3 and 6. Arrow line means the NOE correlation from one proton to the other proton.

Brasilianoid F (6) has a molecular formula of C,5H3,0¢ as
determined by the HRESIMS (m/z 443.2077 [M-H]~, cald for
Cy5H3107, 443.2070) and NMR data, requiring ten degrees of
unsaturation. Analyses of 1D and 2D NMR data indicated that
rings A to C are in accordance with those of 1, as evident from the
proton spin systems from OH-1 (§y 5.16, d, ] = 4.5 Hz) to H,-15
(8y 1.87,2.54) and from H-5 (8y 1.67) to Hy-7 (6 1.63, 2.16) in
the COSY spectrum, in addition to the key HMBC correlations
observed from H,-15 to C-1, C-2, C-3, C-4 and C-5; H3-14 to C-
4, C-5and C-15; H3-12 to C-7, C-8, C-9, and C-1’; H3-13 to C-1,
C-5, C-9, and C-10, and OH-1 to C-1, C-2 and C-10. Moreover,
the HMBC and COSY correlations assigned the partial structure
of rings D to E to be the same as that of 2. The similar NOE data,
such as the key NOE correlations from OH-1 to H-15b (8y 2.54),
H-5 and H-9 and between H3-12 and H3-13 as observed in the
NOESY spectrum of 1 suggested the same relative configuration
in rings A-C of both 6 and 1. The NOE correlations from H-5 to
H-15b and H-7b (8y 2.16), H-7b to H-9 and OH-6/, and between
OH-6' and H3-9' (Figure 2) clarified these protons to be cofacial,
indicating the same relative configuration in rings C-E of both 6
and 2. Additional NOE correlations from H-5" to H,-7’ and H3-8'
supported the exo-vinyl bridge C-2’ to be in the same orientation

as H-5'. In order to assign the absolute configuration, the ECD
data of 6 and its enantiomer were calculated at the B31YP/6-
311+-+G(2d, 2p) level in the gas phase using the B3LYP/6-
31G(d) optimized geometries after conformational searches via
the MMFF94S force field (Ding et al., 2007). Comparison of the
experimental ECD data with those calculated for the enantiomers
indicated that 6 (Figure 4) led to the identification of 1R, 2§, 4R,
5S, 85,98, 10R, 3'R, 5'R, 6'R, and 7'R configurations.

Analyses of 1D and 2D NMR data established the planar
structure of 7 to be identical to preaustinoid D (Duan et al.,
2016), while the similar NOE correlation and ECD data clarified
both compounds to be identical. However, comparison of the
experimental ECD data with that calculated for a model molecule
of (5, 8S, 9S, 108, 3'R, 5'S, 6'R, 7'R)-7 (Figure4) suggested
that the structure of preaustinoid D should be revised to its
enantiomer. Compound 8 was identical to preaustinoid A2 based
on the comparison of its spectroscopic data with these reported
in the literature (dos Santos and Rodrigues-Fo, 2003), while the
absolute configuration was determined by the Flack parameters
of the X-ray diffraction of the single crystals.

The NMR data of the epimers 2/3 and 4/5 revealed that the
chemical shifts for C-5" and C-9’ in 2 and 5 with 5" R exhibited
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FIGURE 4 | Experimental and calculated ECD of 1, 6, and 7.
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the resonances at §c 76 (C-5') and 8¢ 13 (C-9’), whereas those
for 5'S isomers (3, 4) showed more deshielded resonances at 8¢
83 (C-5') and 8¢ 18 (C-9'). The similar cases were also found in
other analogues reported in literature. These NMR distinction
provided the evidence to identify the configuration of C-5 in
austin-related meroterpenoids (Duan et al., 2016; Park et al,
2018). For instance, the chemical shifts of C-5" (§¢ 76.2) and C-9’
(8¢ 13.3) in 6 and C-5' (8¢ 78.5) and C-9' (8¢ 12.2) in 7 implied
the same orientation of OH-6" and H3-9'.

Biological Activity

Compounds 1-8 showed no cytotoxic activities toward tumor
cell lines A549, U937 and SMMC7721 with ICsg > 10 M.
However, compound 1 significantly stimulated the expression of
filaggrin and caspase-14 in HaCaT cells with a dose dependent
manner (Figure6). Filaggrin is a key natural moisturizing
factor that maintains the ability to regulate the skin moisture
barrier (Rawlings and Harding, 2004), while the mutation
of the filaggrin gene resulted in skin losing water to allow
the entrance of bacteria, leading to allergies, irritation and
infection (Nomura et al,, 2007). Caspase-14 deficiency was
associated with the accumulation of incompletely degraded
filaggrin fragments within the stratum corneum, decreased
stratum corneum hydration, increased transepidermal water loss,

and sensitivity to UVB photodamage (Eckhart and Tschachler,
2011). To test the skin protective activity against UVB irradiation,
the cytotoxicity of 1 against HaCaT cells was measured by the
MTT assay. The cell viability was decreased to 70% compared to
the normal group after exposure to UVB 30 mJ/cm?. Treatment
of the damaged cells with compound 1 (20 wM) resulted in
the cell viability increasing to 77%, while the positive control
epigallocatechin gallate increased the cell viability to 75% at the
same dose. This finding indicated that compound 1 is able reduce
the UVB-induced cell damage.

Compounds 2 and 3 showed moderate inhibition toward
NO production in LPS-induced RAW 264.7 macrophages
(Table 3). In addition, compounds 3-5 (10 M) inhibited
the DNA expression of the HBV virus in HepG2.2.15 cells
with the inhibitory rates of 25, 15, and 10%, respectively,
whereas lamivudine as a positive control exerted the inhibitory
rate of 75% in the same dose (Supporting Information,
Figure S8).

DISCUSSION

In present work, we reported P. brasilianum WZXY-m122-
9 to be obtained from a marine sponge for the first
time. It provides a new source to produce austin-related
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FIGURE 5 | X-ray crystallographic structures of 2-5.

A Caspase-14

)

El

= *%
2 -
7 34

g *%

1

(=%

Ll

L5 2_

< *

P4 -

-4

g 1

: .

2

< o . T
~ control 5uM 10 uM 20 uM

considered at the *P < 0.05 and **P < 0.01 levels.

FIGURE 6 | Upregulation of caspase 14 and filaggrin in HaCaT cells induced by 1 1% DMSO for the dissolution of compounds is used as the control. The vertical axis
represents the expression of caspase-14 (A) and filaggrin (B) in HaCaT cells, and the horizontal axis means the doses of compound 1. Statistical significances were

B Filaggrin

§ 4

é *%
& 3

g: * %

=

.

(%) 24

«

z

z —

E 1

: .

2

< o . T
[~ control 5uM 10 uM 20 uM

meroterpenenes with the uniquely modified structures, implying
the same fungal species from different origins activating distinct
biosynthetic pathway or enzyme function. Since austin-related
meroterpenenes have been reported to possess insecticide and
antibiotic activities, the sponge-associated fungus may generate
the relevant metabolites to play chemoecological role in the

association with host for the defense of micro- or macro-
organism invasion.

The early-stage in the biosynthesis of 1-6 was considered
to follow the similar pathway of austin (Scott et al, 1986;
Ahmed et al., 1989). The PKS synthesizes DMOA, which followed
by farnesylation, methylesterification, epoxidation, terpene
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cyclization, Baeyer-Villiger oxidation to yield preaustinoid Al
(a product coexisted with 1-6 in the fungal strain) (Itoh et al,,
2012). The latter compound can be converted to preaustinoid
A2 by dehydrogenation. Compounds 1 and 6 presented as
unique scaffold with y-lactone unit in ring A. Both compounds
were biogenetically presumed to be converted from preaustinoid
A2 by the radical-based pathway, similar to the case for the
biotransformation of preandiloid C to andiconin (Matsuda et al.,
2014). During the formation of y-lactone, Me-15 in preaustinoid
A2 was catalyzed by a Fe(II)/a-KG-dependent dioxygenase to
yield a radical intermediate, which subsequently formed a C-
15/C-2 bond with the electron-rich olefin at C-2 to generate
an intermediate with a free radical at C-1. The latter carbon

TABLE 3 | Inhibitory effects against LPS induced NO production in RAW264.7
macrophages.

Compounds NO inhibition % IC50 (M) CCsp (M)
(50 M)
NO Cytotoxicity

1 14 >100

2 58 37.69 + 5.25 >100

3 65 33.76 + 3.13 >100

4 32 >100

5 36 >100

6 22 >100

7 28 >100

8 14 >100
Aminoguanidine 7.62 +0.08 —

ICs0, 50% Inhibitory concentration; CCso, 50% cytotoxic concentration.

was hydroxylated to yield compound 1. The formation of y-
lactone in 6 was suggested to follow the similar manner as for
1. Conversion of preaustinoid A2 to 2 and 3 was presumably
mediated by the enzymes as the case of the biotransformation
from preaustinoid A3 to austinol. Coexistence of C-5" epimers
(2, 3) with equal amount suggested that the stereogenic selection
for the reduction of ketone at C-5" to hydroxy group is
unspecific. Compounds 4 and 5 are regarded to be derived from
preaustinoid A1, which followed the similar rearrangement as
that for the conversion of preaustinoid A2 to 2 and 3. We
isolated a dioxygenase from the fungus, which was identical
to AusE (Matsuda et al.,, 2013; Valiante et al., 2017). The
dioxygenase can convert preaustinoid A2 to preaustinoid A3 in
vitro experiment. However, The transformation of preaustinoid
A2 to 1 or 6 was unsuccessful. This data suggested that the
other Fe(II)/a-KG-dependent dioxygenase is required for the
generation of the methylene bridge in 1 and 6. The methyl
ester of 4 and 5 is derived by the hydrolysis of the lactone
in ring-A to yield a carboxylic acid at the side chain, and
then methyl esterification (Scheme 1). Although we found 4
and 5 in the HPLC chromatographic profile of EtOAc extract,
whether both compounds to be derived by enzymatic step are
uncertain.

CONCLUSION

In conclusion, compounds 1 and 6 possess unprecedented
skeleton featuring the formation of C-2/C-15/C-4 bridge in
ring A, while 2 and 3 with 7/6/6/5/5 pentacyclic skeletons of
meroterpenoids are found from nature for the first time. The
bioassay results indicated that the structural variation directly
induced the bioactive spectrum. Compound 1 is the first example
of natural products used to promote filaggrin and caspase-14

SCHEME 1 | Proposal of putative biosynthetic pathways for the compounds.
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expression for the protection of the UVB-induced cell damage,
suggesting that it is a promising lead for the treatment of
dermatological diseases.
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Five new polyketides (2-6) and ten known compounds (1 and 7-15) were obtained from
the fermentation products of the endophytic fungus Cladosporium sp. OUCMDZ-302
with the mangrove plant, Excoecaria agallocha (Euphorbiaceae). The new structures of
2-6 were established on the basis of ECD, specific rotation and spectroscopic data as
well as the chemical calculation. Compound 7 showed cytotoxicity against H1975 cell
line with an ICsg value of 10.0 wM. Compounds 4 and 8-10 showed radical scavenging
activity against DPPH with the ICsp values of 2.65, 0.24, 5.66, and 6.67 WM, respectively.
In addition, the absolute configuration of compound 1 was solidly determined by X-
ray and sugar analysis of the acidic hydrolysates for the first time as well as those of
compounds 8-10 in this paper.

Keywords: Cladosporium sp., mangrove fungus, Excoecaria agallocha, polyketides, anti-oxidation

INTRODUCTION

Mangrove plants and endophytic fungi are two principal sources of new and bioactive natural
products (Zhang et al., 2006; Wu et al., 2008). Excoecaria agallocha (Euphorbiaceae), also known
as blind-your-eye, is mainly used to treat sores and stings. More than 72 cytotoxic diterpenoids
have been identified from E. agallocha, structurally belonging to labdane (Konishi et al., 1999, 2003;
Anjaneyulu and Rao, 2000; Annam et al., 2015), isopimarane/ent-isopimarane (Anjaneyulu et al.,
2003; Wang and Guo, 2004; Kang et al., 2005; Wang et al., 2005; Gowri Ponnapalli et al., 2013),
atisane/ent-atisane (Konishi et al., 2000; Wang et al., 2009), ent-kaurane (Anjaneyulu et al., 2002;
Lietal,, 2010), and beyerane-type (Anjaneyulu et al., 2002).

In our ongoing investigations of new and bioactive compounds from endophytes associated
with mangrove plants (Lin et al, 2008; Lu et al, 2009, 2010; Wang et al., 2012; Kong
et al,, 2014; Zhu et al, 2018), an endogenous fungal strain OUCMDZ-302 identified as
Cladosporium sp., was isolated from the surface-sterilized stems of E. agallocha. The secondary
metabolites of the genus Cladosporium were mainly reported as polyketides derivatives, such as
macrolides (Jadulco et al., 2001; Zhang et al., 2001; Shigemori et al., 2004), a-pyrones (Jadulco
et al., 2002), a-pyridone (Ye et al.,, 2005), and binaphthyl derivatives (Sakagami et al., 1995).
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Herein we report five new polyketides (2-6) (Figure 1)
isolated from the EtOAc extract of Cladosporium sp.
OUCMDZ-302, along with the ten known structures
(Figure S36 and TableS1), (2R)-7-O-a-D-ribofuranosyl-
5-hydroxy-2-methylchroman-4-one (1) (Hu et al, 2017),
7-0-a-D-ribosyl-5-hydroxy-2-propylchromone (7) (Zhao et al,,
2015), 3-(2,3-dihydroxy phenoxy)butanoic acid (8) (Dai et al.,
2009), (28,45)-4-methoxy-2-methylchroman-5-ol (9) (Wu et al.,
2010), (28,4S)-2-methylchroman-4,5-diol (10) (Teles et al,
2005), (%£)-5,7-dihydroxy-2-methyl chroman-4-one (11) (Rao
et al., 1994), (£)-5-hydroxy-2-methylchroman-4-one (12) (Dai
et al., 2006), 1-(2,6-dihydroxyphenyl) ethanone (13) (Dhami
and Stothers, 1965), 1-(2,6-dihydroxyphenyl)-1-butanone (14)
(Huang et al, 2005), and 2-butyryl-3,5-dihydroxycyclohex-
2-enone (15) (Igarashi et al, 1993). Compound 7 showed
inhibitory activity against H1975 cell line with an ICsg value of
10.0 uM. Compounds 4 and 8-10 exhibited radical scavenging
activity against DPPH with ICsg values of 2.65, 0.24, 5.66, and
6.67 LM, respectively. In addition, the absolute configurations of
compounds 8-10 were resolved and that 1 was solidified in this

paper.

MATERIALS AND METHODS

General Experimental Procedures

The NMR, ECD, [a]p, UV and IR spectra were recorded on JEOL
JNM-ECP 600, JASCO J-810, JASCO P-1020 digital, Beckman
DU® 640 and Nicolet NEXUS 470 spectrophotometers,
respectively. ESI-MS, EI-MS and GC-MS were measured on Q-
TOF ULTIMA GLOBAL GAA076 LC, VG Autospec-3000 and
Agilent 6890/5973 spectrometers, respectively. Semipreparative
HPLC and chiral separation was performed on a YMC-pack
ODS-A column [10 x 250mm, 5pum, 4 mL/min] and a
CHIRALPAK IA column [20 x 250 mm, 5 um, 10 mL/min]. TLC
was performed on plates precoated with silica gel GF254 (10-
40 pm). The column chromatography (CC) was performed over
silica gel (200-300 mesh, Qingdao Marine Chemical Factory,
Qingdao, China) and Sephadex LH-20 (Amersham Biosciences,
Sweden), respectively. The seawater for the cultural medium of
Cladosporium sp. OUCMDZ-302 was collected from Yellow Sea
near Qingdao.

Fungal Material

The strain Cladosporium sp. OUCMDZ-302 was isolated from
the surface sterilized stems of the mangrove plant E. agallocha
grown in Wenchang, Hainan, China. Briefly, the stems were
washed with tap water and sterile distilled water in sequence.
The stems with clean surface were further sterilized in a sequence
of 75% ethanol for 2 min, 0.1% of HgCl, for 3 min, and sterile
distilled water. The outer bark was removed, and the inner bark
was cut into small pieces that were then placed on a potato
dextrose agar (PDA) plate and cultured at 28°C for 3 days. A
single colony was transferred to PDA media and was identified
according to its morphological characteristics (Figure $35) by
Prof. Kui Hong, Wuhan University. A voucher specimen is
deposited in our laboratory at —80°C. The working strain was
prepared on PDA slants and stored at 4°C.

Fermentation and Extraction

The producing fungal strain Cladosporium sp. OUCMDZ-302
was inoculated into a 500 mL cylindrical flask containing 100 mL
of seawater consisting of 2% maltose, 2% mannitol, 1% glucose,
1% monosodium glutamate, 0.3% yeast extract, 0.1% corn flour,
0.05% KH,POy, 0.03% MgSOy4- 7H,0 (pH 6.5) and cultured
at 28°C for 48h on a rotary shaker at 120 rpm. The seed
culture was transferred into three hundred and fifty 500 mL
conical flasks (200 mL/flask) containing the same medium,
and performed at 28°C for 7 days on rotary shakers at 160
rpm. The whole fermentation broth (70 L) was filtered through
cheese cloth to separate the mycelia from filtrate. The filtrate
was concentrated to about one-quarter of the original volume
under reduced pressure and then extracted three times with
equal volumes of ethyl acetate (EtOAc) and concentrated to
dryness. The mycelia were extracted three times with acetone and
concentrated to an aqueous solution. The aqueous solution was
subsequently extracted three times with equal volumes of EtOAc
and concentrated. Both EtOAc extractions were combined to give
45 g of the extract.

Isolation

The extract (45 g) was separated into eight fractions (Fr.1-Fr.8)
on a silica gel column (8.5 x 15cm, 200-300 mesh) using a step
gradient elution with CHClz-petroleum ether (V/V 0:100-100:0,
4 L) and then MeOH-CHCI3 (V/V 0:100-100:0, 16 L). Fr.1 (5.4 g)
was separated on a silica gel column (4.5x 10 cm, 200-300 mesh)
eluted with CHClz-petroleum ether (V/V, 1: 1, 3L) to give 12
(1g). Fr.3 (0.3 g) was further purified by semipreparative HPLC
(60% MeOH/H,0) to give 10 (7 mg, tr 4.97 min). Fr.4 (4.3g)
was separated into two subfractions by column chromatography
over silica gel (RP-18) eluting with gradient H,O-MeOH (50—
100%). Fr.4-1 (1.4g) was separated by Sephadex LH-20 (3 x
75 cm, MeOH, 300 mL) to obtain three fractions (130 mL, Fr.4-
1-1; 90 mL, Fr.4-1-2; 80 mL, Fr.4-1-3). Fr.4-1-2 (140mg) was
purified by semipreparative HPLC (30% MeOH/H,0) to yield
5 (1 mg, tr 8.24min), 13 (30 mg, tg 20.20 min), and 15 (5mg,
tr 18.15 min). Fr.4-1-3 (190 mg) was purified by semipreparative
HPLC (30% MeOH/H,O0, 0.15% CF3CO;,H) to give 4 (15mg,
fr 16.76 min) and 8 (30 mg, fg 14.41 min). Fr.4-2 (360 mg) was
purified by semipreparative HPLC (50% MeOH/H,0) to give 6
(10 mg, tg 12.28 min), and 14 (24 mg, tg 18.12 min). Fr.5 (1.1g)
was separated into two subfractions by a silica gel column (2.6
x 10 cm, 200-300 mesh) eluted with MeOH-CHCIl3 (V/V 1:40,
1L). Fr.5-1 (40 mg) was purified by semipreparative HPLC (25%
MeOH/H,O0) to give 3 (3mg, fr 6.76 min), and Fr.5-2 (80 mg)
was purified by semipreparative HPLC (50% MeOH/H,O0, 0.15%
CF3CO;H) to give compounds 11 (5 mg, tr 6.78 min). Fr.6 (2.8 g)
was separated into two subfractions by a silica gel column (4.5
x 10cm, 200-300 mesh) eluted with CHClz-petroleum ether
MeOH-CHCl; (V/V 1:25, 2L). Fr.6-1 (110 mg) was purified by
semipreparative HPLC (60% MeOH/H,0) to give 9 (10 mg,
tr 10.28 min). Fr.6-2 (340 mg) was purified by semipreparative
HPLC (50% MeOH/H,0) to give 7 (18 mg, tr 13.55min) and
the mixture of 1 and 2 (70 mg, tr 5.56 min). The mixture of 1
and 2 were further purified by a chiral column (Chiralpak IA,
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FIGURE 1 | The structure of compounds 1-6.

MeOH-MeCN-EtOH 40:40:20) to yield compound 1 (35.4 mg,
fr 8.22 min) and 2 (23.7 mg, tg 4.69 min).

ECD, [¢]p and Coupling Constant

Calculation

Calculations for ECD and [a]p were performed in HyperChem
7.5 and Gaussian 03 (Frisch et al., 2004; Chen et al., 2016; Jin
et al., 2018). Karplus formula was used to compute the coupling
constant (°]) from the proton-proton torsion angle (Haasnoot
et al., 1980).

Cytotoxic Assays

Cytotoxicities of compounds 1-14 against HL-60 and K562 cell
lines were assayed by the MTT method (Mosmann, 1983), while
those for BEL-7402, A549, HeLa, and H1975 cell lines were tested
by SRB (Skehan et al., 1990) methods. Adriamycin was used as the
positive control with the ICsg values 0of 0.02, 0.21, 0.48, 1.32, 0.32,
and 0.38, respectively.

Anti-oxidant Activities

The anti-oxidant activities of compounds 1-14 were evaluated by
DPPH assay in vitro (Wang et al., 2007). Vitamin C was used as
the positive control with an ICs( value of 3.29 wM.

Antimicrobial Assays

The antimicrobial activities of compounds 1-14 against E.
coli, E. aerogenes, P. aeruginosa, B. subtilis, and C. albicans
were evaluated by an agar dilution method (Zaika, 1988).
Ciprofloxacin lactate and ketoconazole was used as the positive
controls for bacteria and fungi with MIC values of 4.0, 0.5, 32.0,
16.0, 4.1 pg/mL, respectively.

RESULTS AND DISCUSSION

Identification of Compounds

Compounds 1 and 2 were first isolated as an isomeric mixture
whose molecular formula was determined to be C;5H;3Og
by HRESIMS at m/z 327.1068 [M+H]T (caled 327.1080),
indicating seven degrees of unsaturation. An interpretation

of the 1D (Table 1, Figures S1-S3) and 2D NMR (Figure 2
and Figures S4-S6) spectra established a pentose moiety and
a benzopyrane moiety similar to those of 5,7-dihydroxy-2-
methylchroman-4-one (11) (Rao et al., 1994). The upfield shift
of C-7 (—1.5 ppm) and the key HMBC correlations between
the anomeric proton (§y_y/ 5.66/5.68) and C-7 (§ 165.1/165.0)
indicated that 1 and 2 were 7-O-pentosides of 11. Acidic
hydrolysis of the mixture of 1 and 2 with 2 M HCI yielded
(%£)-11 and D-ribose that was identified by GC-MS analysis of
the reaction products with L-cysteine methyl ester and Me3SiCl
(Figures S33, S34) (Deyrup et al., 2007). These data indicated
that 1 and 2 are a pair of epimers at C-2. Separation of 2-epimeric
mixture of 1 and 2 was achieved on a chiral column using MeOH-
MeCN-EtOH as eluent. And then, NMR data of optically-pure
1 (Figures S7, S8) and 2 (Figures S9, S10) were obtained. X-
ray single crystal diffraction of 1 revealed the a-glycosidic bond
and 2R-configuration (Figure 3). The ECD Cotton effects of
compounds 1 and 2 were opposite in sign (Figure 4), confirming
the opposite configuration of C-2. Thus, the structures of 1 and
2 were unambiguously elucidated as (2R)- and (25)-7-O-a-D-
ribofuranosyl-5-hydroxy-2-methylchroman-4-one, respectively.
This is the first time that to solidify the absolute configuration
of compound 1, although it was reported last year (Hu et al.,
2017).

The molecular formula of compound 3 was determined to be
C10H1204 based on the HRESIMS peak at m/z 195.0659 [M-
H]™ (caled 195.0657), indicating five degrees of unsaturation.
The NMR data (Table 1, Figures S11-S14) was similar to those
of 10 (Teles et al, 2005), except for the upfield methylene
signal at §p/c 1.50 & 1.88/38.0 that was replaced by the one
of an oxygenated methine at 8g/c 3.45/69.8. This was further
supported by the 'H-'H COSY from H-9 (§ 1.31) to H-4 (8
4.48) through H-2 (§ 4.14) and H-3 (§ 3.45) (Figure2 and
Figure S15), and the key HMBC correlations of H-9 to C-3 (§
69.8) and H-3 to C-4a (6 111.2) (Figure 2 and Figure S16). In
order to confirm the relative configuration, we calculated the
coupling constant of Hy-H3 and Hsz-Hy for the four possible
relative configurations 3A-3D (Figure 5). The computational *]
value of 3A was most near to the measured result (Table 3).
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TABLE 1| "H (600 MHz) and '3C (150 MHz) NMR Data of Compounds 1-4 in DMSO-dg.

No. 1 2 3 42

SC SH(J in HZ) 50 SH(J in HZ) SC SH(J in HZ) 30 SH(J in HZ)
2 73.9, CH 4.61(ddg, 12.3, 6.3, 740,CH  4.61(ddg, 12.3, 6.3, 69.0, CH 4.14 dqg(6.6, 0.8) 40.7,CHy,  2.79(dd, 16.5, 8.9)

3.1) 3.1) 2.63 (dd, 16.5, 3.3)
3 425,CHy,  2.80(dd,17.2,12.3)  42.6,CHy,  2.81(dd, 17.2,12.3) 69.8, CH 3.45 brs 73.4, CH 4.47 (m)
2.65 (dd, 17.2, 3.1) 2.64
(dd,17.2, 3.1)

4 197.3,C 197.3,C 62.6, CH 4.48 (d, 2.2) 19.5, CH3 1.34 (d, 6.6)
4a 102.9,C 102.9, C 111.2,C
5 162.6, C 162.7, C 158.3,C
6 96.6, CH 6.11(d, 2.2) 96.7, CH 6.11(d, 2.2) 107.1, CH 6.18(dd, 8.3, 1.1)
7 165.1,C 165.1,C 128.8, CH 6.91(dd,8.3, 8.2)
8 95.6, CH 6.10(d, 2.2) 95.6, CH 6.09 (d, 2.2) 106.8, CH 6.32(dd, 8.2, 1.1)
8a 162.9,C 162.9, C 166.1, C
9 20.4, CHg 1.40 (d, 6.3) 20.4, CHg 1.40 (d, 6.3) 17.5, CHg 1.31(d, 6.6)
1 99.9, CH 5.67 (d, 4.5) 99.9, CH 5.65 (d, 4.5) 143.9,C
2 71.5, CH 4.07 (m) 71.5, CH 4.07(m) 136.6, C
3 69.2, CH 3.91 (dd, 6.3, 3.9) 69.2, CH 3.91 (m) 145.5,C
4 86.6, CH 3.94 (dd, 7.6, 3.9) 86.6, CH 3.94 (m) 110.7, CH 6.70 (dd, 7.7, 2.2)
5 61.4, CH 3.47 (m) 61.5, CHy 3.46(m) 119.0, CH 6.68(t, 7.7)
6’ 113.0, CH 6.52 (dd, 7.7, 2.2)
CHgO- 52.5, CHg 3.78(9)

@Measured in CDCl3 and $¢_1 was 174.0.

The absolute configuration was established by calculation of
the specific rotation. The measured [a]p value of 3 (—53.6) is
consistent with the calculated one for (25,35,4R)-3 (—100) and
opposite to the calculated one for (2R,3R,45)-3 (4102). Thus,
the structure of 3 was identified as (25,35,4R)-2-methylchroman-
3,4,5-triol.

Compound 4 showed the molecular formulae of C11H;405
based on HRESIMS peaks at m/z 225.0767 [M-H]~ (calcd
225.0763), indicating five degrees of unsaturation. The 1D
(Figures $17-S19) and HMQC (Figure S20) NMR spectra of 4
displayed three sp?> methines and four sp?> quaternary carbon
signals, one sp> oxygenated methine signals, one sp® methylene
signals and two methyl group (including one methoxy). The
1D NMR data (Table 1) of 4 were almost identical to those
of 8 [Figure S1; (Dai et al, 2009)] except for an additional
methoxy (8u/c 3.78/52.5) and the upfield shift for carbonyl
carbon (—3.5 ppm), indicating that 4 is the methyl ester of
8. This was confirmed by analysis of 'H-'H COSY correlation
(Figure S21) and the key HMBC between the methoxy protons
at 8y 3.78 and the carbonyl carbon at §c_; 174.0 (Figure 2
and Figure S22). The specific rotations of both 4 ([a]p +14.4)
and 8 ([a]p +8.2) were opposite to the synthetic analog, R-
3-(3-methoxyphenyloxy)butanoic acid ([a]p —31.2) (Kawasaki
et al, 2008), indicating both 4 and 8 as S-configuration.
The S-configuration of 4 was also backed by the coincidence
of experimental and calculated ECD curves (Figure 6). Thus,
the structure of compounds 4 and 8 were established as
methyl (3S)-3-(2,3-dihydroxyphenyloxy) butanoate and (35)-3-
(2,3-dihydroxyphenyloxy)butanoic acid, respectively.

TABLE 2 | "H (600 MHz) and '3C (150 MHz) NMR Data of Compounds 5 and 6
in DMSO-dg.

Position 5 62
50 SH(J in HZ) SC SH(J in HZ)
1 19.1, CH3 1.01(d, 6.1) 61.9, CH» 3.65 (dt, 6.0, 2.2)
2 69.7, CH 3.46 (m) 36.0, CHy 2.31 (m)
3 75.1, CH 3.77 (dd, 6.0, 6.0) 129.4, CH 5.52 (dt, 15.4, 6.6)
4 130.2, CH 5.81 (dd, 15.4, 6.0) 130.2, CH 5.56 (dt, 15.4, 6.6)
5 136.1, CH 6.18 (dd, 15.4, 9.9) 40.1,CHy  2.15(ddd, 14.3, 7.7,
6.6); 2.27 (m)
6 137.0, CH 6.34(ddd,17.0, 70.4, CH 3.69 (m)
10.4,9.9
7 116.2,CH,  5.03 (dd, 10.4,1.7) 40.2,CHy,  2.24 (ddd,14.3, 7.7,
5.17 (dd, 17.0, 1.7) 7.1)2.31 (m)
8 130.5, CH 5.70 (dt, 14.8, 7.6)
9 134.2,CH 6.14(dd, 14.8, 10.4)
10 136.9, CH 6.33
(ddd,17.0,10.4,10.4)
11 116.1, CHy 4.14 (d,17.0) 5.02

(d,10.4)

aMeasured in CDCls.

The molecular formula of compound 5 was determined as
C;H120, based on the HREIMS peak at m/z 128.0845 [M]™
(caled 128.0837), corresponding to two degrees of unsaturation.
The IR spectrum showed hydroxy groups at 3442 cm~! and
double bonds at 3080 and 1646 cm™'. The 1D NMR spectra
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FIGURE 2 | Key HMBC (— ) and "H-"H COSY (- correlations of 1-6.

OH OH

FIGURE 3 | Final X-ray Drawing of compound 1.
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FIGURE 4 | ECD curve of compounds 1 and 2.

(Table 2, Figures $23-S25) of 5 showed two double bonds
one of which is terminal, two oxygenated methines and one
methyl group (Table 1). These groups were connected to the
full structure of CH, =CH-CH=CH-CH (OH)-CH (OH)-
CH; on the basis of 'H-'H COSY correlations from the
methyl (8 1.01) to the methylene (g 5.03/5.17) through the
two oxygenated methines (Figure 2 and Figure $S26). The large

OH OH OH OH OH OH

CGCQCOCQ

FIGURE 5 | Four possible relative configurations of compound 3.

TABLE 3 | The calculated 3Jy_p H_3 and 3Jy_g H_4 values of compound 3 for
the four possible relative configurations.

H-2, H-3 H-3, H-4

Dihedral angle (°) 3 value (Hz) Dihedral angle (°) 3 value (Hz)

3 0.8 2.2
3A 66.2 3.1 83.8 1.4
3B 173.0 8.0 166.8 7.4
3C 59.2 3.9 42.6 5.8
3D 37.4 6.2 9.0 71

value of *Jy_4n_s (15.4Hz) corresponded to E-A* double
bond. The large 3]H_2,H_3 value (6.0Hz) and the downfield
methyl carbon signal (§c—; 19.1) indicated an anti-conformation
(Jarvis et al., 1996; Zhang and O’doherty, 2005; Nilewski et al.,
2009), corresponding to threo-configuration of 2,3-diol (Zheng
et al.,, 2010). In order to confirm the relative configuration of
compound 5, 3 JH—2,1—3 of threo-5 and erythro-5 were computed.
The results showed that the predicted 3Tu_21_3 values of threo-
5 (5.5Hz) matched with the measured one (6.0 Hz) while the
calculated one of erythro-5 (3.8 Hz) was inconsistent, indicating
threo- configuration. The direction of the specific rotation
of 5 ([a]p —6.8) were similar to the structurally related t-
butyl (6S,75)-6,7-dihydroxyocta-2,4-dienoate ([a]p —23) (Zhang
and O’doherty, 2005), and opposite to t-butyl (6R,7R)-6,7-
dihydroxyocta-2,4-dienoate ([a]p +22.9) (Zhang and O’doherty,
2005). The structure of 5 was thus deduced as (25,3S,4E)-hepta-
4,6-diene-2,3-diol.

The molecular formula of compound 6 was determined to be
C11H130; based on the HREIMS peak at m/z 182.1305 [M]™
(calcd. 182.1307), indicating three degrees of unsaturation. The
EIMS of 6 illustrated in Figure 7 indicates the existence of
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FIGURE 6 | Measured and calculated ECD spectra for compound 4.
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-CH,OH, -C¢Ho0, and -C5HoO moieties. The 'H (Figure S27)
and 1BC (Figure S28) NMR spectra and DEPT (Figure S29)
and HMQC (Figure S30) experiments of 6 revealed 11 signals
including three double bonds one of which is terminal,
one oxygenated methine, four methylenes one of which is
oxygenated. The 'H-'H COSY (Figure S$31) correlations from
H-1 (8 3.65) to H-11 (§ 4.14/5.02) in sequence established the
structure, CH, =CH-CH=CH-CH,-CH(OH)-CH,-CH=CH-
CH,-CH,OH, which was supported by HMBC correlations
(Figure $32). The large values of 3]H_3,H_4 (15.4Hz) and
3TH_sH_o (14.8 Hz) suggested that both A3 and A® double bonds
were E-configurations. The direction of specific rotation of 6
([a]p +2.0) is similar to that of (S)-dodeca-3,5-diene-1,7-diol
([a]p +56) (Zhang and Kyler, 1989), suggesting S-configuration
at C-6. Thus, the structure of 6 was deduced as (3E,8E,6S)-
undeca-3,8,10-triene-1,6-diol.

The relative configurations of compounds 9 and 10 were
determined as (-)-trans-4-methoxy-2-methylchroman-5-ol (Wu
et al., 2010) and (-)-trans-2-methyl chroman-4,5 -diol (Teles
et al, 2005), respectively. The absolute configuration of
compound 9 was determined by quantum chemical ECD
calculation. The measured ECD of 9 was coincident with the
calculated ECD of (25,45)-9 and opposite to ECD of (2R,4R)-9
(Figure 8). Thus, compound 9 was established to be (25,4S5)-4-
methoxy-2-methyl chroman-5-ol. The similar sign of the specific
rotations of 9 and 10 ([0L]2D2 —2.0 vs. [0(]12)2 —6.0, MeOH)
suggests the same absolute configuration. Therefore, compound
10 was determined to be (25,4S)-2-methylchroman-4,5-diol. The

10

calcd for (28, 45)-9

.
. v B measured for 9
A

CD[mdeg] 0

calcd for (2R, 4R)-9

300
Wavelength [nm]

400

FIGURE 8 | Measured and calculated ECD spectra for compound 9.

absolute configurations of compounds 9 and 10 were determined
for the first time in this study.

(2R)-7-O-a-D-Ribofuranosyl-5-hydroxy-2-methylchroman-
4-one (1): White amorphous powder; [01]12)3 +1989 (¢ 0.1,
MeOH); UV (MeOH) Amax (log &) 204 (3.62), 278 (3.55), 320
(2.77) nm; ECD (MeOH) hmax (Ag) 211 (+14.21), 284 (—3.51),
327 (+3.42); IR (KBr) vmax 3,416, 1,646, 1,573, 1,354, 1,295,
1,195, 1,155, 1,076, 1,029 cm~!; 'H and '*C NMR (Table 1);
HRESIMS m/z 327.1068 [M+H]T (caled for C;5H;9Os
327.1080).

(25)-7-0-a-D-Ribofuranosyl-5-hydroxy-2-methylchroman-
4-one (2): White amorphous powder; [oc]f)3 +118.6 (¢ 0.1,
MeOH); UV (MeOH) Amax (log &) 204 (3.62), 278 (3.55), 320
(2.77) nm; ECD (MeOH) hmax (Ag) 211 (—10.04), 284 (+9.40),
330 (—2.13); IR (KBr) vmax 3,416, 1,646, 1,573, 1,354, 1,295,
1,195, 1,155, 1,076, 1,029 cm~!; 'H and '*C NMR (Table 1);
HRESIMS m/z 327.1068 [M+H]T (caled for C;5H;9Og
327.1080).

(25,35,4R)-2-Methylchroman-3,4,5-triol (3): Colorless oil;
[a]% —53.6 (c 0.1, MeOH); UV (MeOH) Amay (log &) 200 (3.25),
270 (2.26) nm; TR (KBr) vimax 3,429, 2,356, 1,627, 1,4,01, 1,090
cm™!; 'H and '*C NMR (Table 1); HRESIMS m/z 195.0659
[M-H] ~ (calcd. for C1oH1104: 195.0657).

Methyl ~ (35)-3-(2,3-dihydroxyphenyloxy)butanoate  (4):
Colorless oil; [0(]12)3 +14.4 (¢ 0.1, MeOH); UV (MeOH) Amax
(log &) 200 (3.32), 270 (2.19) nm; IR (KBr) vmax 3,409, 2,356,
1,706, 1,606, 1,481, 1,202, 1,063, 1,010 cm~!; 'H and '*C NMR
(Table 1); HRESIMS m/z 225.0767 [M-H] ™ (calcd. for C;;H;30s5
225.0763)

(2S,3S,4E)-Hepta-4,6-diene-2,3-diol (5): Colorless oil; [OL]%)3
—6.8 (¢ 0.1, MeOH); UV (MeOH) Apax (log €) 200 (3.09), 217
(3.38) nm; IR (KBr) vy 3442, 3080, 1646, 1540, 1023, 446 cm ™1
'H and '3C NMR (Table 2); EIMS m/z (%): 129 (45), 256 (8),
111 (26), 97 (51), 83 (69), 82 (38); HREIMS m/z 128.0845 [M]*
(calcd. for C;H1,0; 128.0837).

(3E,8E,6S)-Undeca-3,8,10-trien-1,6-diol (6): Colorless oil;
(0] +2.0 (c 0.1, MeOH); UV (MeOH) Amax (log ) 200 (2.86),
218 (3.16) nm; IR (KBr) vpmax 3,390, 2,927, 1,715, 1,421, 1,047,
973 cm™!; 'H and !3C NMR (Table 2); EIMS m/z (%): 181
(8), 164 (9), 151 (14), 129 (17), 115 (16), 97 (31), 85 (28), 71
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FIGURE 9 | Possible biosynthetic pathway of the compounds 1-15.

(53), 67(88), 53(10); HREIMS m/z 182.1305 [M]" (calcd. for
C11H;50, 182.1307).

X-ray Crystallographic Data of 1

Compound 1 was obtained as a colorless monoclinic crystal
with molecular formula of Ci5H130g from MeOH and H,O.
Space group P21, a = 7.0121(7) A, b = 10.6659(11) A,
c = 9.8560(8) A, « 90.00°, B 95.3230(10)°, y
90.00°, V = 733.95(12) A% Z = 2, Dieq = 1.476 mg/m?,
w = 0.121 mm™!, F(000) = 344, crystal size 0.42 x0.30
x0.21 mm. A total of 3413 unique reflections (26<50°= were
collected on a CCD area detector diffractometer with graphite
monochromated Mo-Ka radiation (\ 0.71073 A). The
structure was solved by direct methods (SHELXS-97) and
expanded using Fourier techniques (SHELXL-97). The final
cycle of full-matrix least squares refinement was based on 2053
unique reflections (20 <50°) and 210 variable parameters and
converged with unweighted and weighted agreement factors of
R; = 0.0421, Ry = 0.0981 and R = 0.0374 for I>2sigma(I)
data. Crystallographic data (excluding structure factors) for
structure 1 in this paper have been deposited in the Cambridge
Crystallographic Data Centre as supplementary publication
number CCDC 883328 [fax: +44 (0)-1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk].

Biogenetic Origin

These compounds were postulated to be biosynthesized by
the polyketide pathway from acetyl coenzyme A (Figure9).
The acetyl-CoA units underwent condensation, cyclization,
dehydration and hydrogenation to produce compounds 11 and
12. Compound 11 formed compounds 1 and 2 by glycosidation.
(5)-12 underwent oxidation and reduction to yield compound
3. The reduction of (S)-12 produced compound 10 that was
transformed to compound 9 followed by methylation. (S)-12 was
subjected to Baeyer-Villiger oxidation followed by methanolysis
and hydrolysis to yield compounds 4 and 8, respectively.
Compounds 5 and 6 were formed from different lengths
of acetyl-CoA units by condensation, reduction, dehydration,
and decarboxylation. The condensation of acetyl-CoA units
followed by cyclization and reduction formed compound 15
that was transformed to compound 14 after enolization and
dehydration.

Biological Activity

Compounds 1-14 were tested for cytotoxic effects on the
HL-60, BEL-7402, K562, A549, HeLa, and H1975 cell lines,
DPPH scavenging activity, and antimicrobial activities against
E. coli, E. aerogenes, P. aeruginosa, B. subtilis, and C.
albicans. As the results, compound 6 was cytotoxic to
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H1975 cell line with an ICsy values of 10.0 M, while
compounds 4 and 8-10 showed DPPH radical scavenging
activity with the ICsp values of 2.65, 0.24, 5.66, and 6.67 WM,
respectively. None of the compounds exhibit antimicrobial
activities.

CONCLUSIONS

Five new polyketides were isolated and identified from
the fermentation of the mangrove fungus Cladosporium sp.
OUCMDZ-302 with Excoecaria agallocha. The new compound 4
showed DPPH radical scavenging activity with an ICsg value of
2.65 wM.
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Talaropeptides A-D: Structure and
Biosynthesis of Extensively
N-methylated Linear Peptides From
an Australian Marine
Tunicate-Derived Talaromyces sp.

Pradeep Dewapriya’, Zeinab G. Khalil', Pritesh Prasad’, Angela A. Salim’,
Pablo Cruz-Morales??®, Esteban Marcellin? and Robert J. Capon ™

" Institute for Molecular Bioscience, The University of Queensland, St Lucia, QLD, Australia, ? Australian Institute for
Bioengineering and Nanotechnology, The University of Queensland, St Lucia, QLD, Australia, ° Joint BioEnergy Institute,
Emeryville, CA, United States

An Australian marine tunicate-derived fungus, Talaromyces sp. CMB-TUO11 was
subjected to a program of analytical microbioreactor (MATRIX) cultivations, supported
by UHPLC-QTOF profiling, to reveal conditions for producing a new class of extensively
N-methylated 11-12 residue linear peptides, talaropeptides A-D (2-5). The structures for
2-5, inclusive of absolute configurations, were determined by a combination of detailed
spectroscopic and chemical (e.g., C3 and C4g Marfey’s) analyses. We report on the
biological properties of 2-5, including plasma stability, as well as antibacterial, antifungal
and cell cytotoxicity. The talaropeptide mega non-ribosomal peptide synthetase (NRPS)
is described, as second only in size to that for the fungus-derived immunosuppressant
cyclosporine (an 11-residue extensively N-methylated cyclic peptide).

Keywords: marine-derived, fungus, Talaromyces, talaropeptide, NRPS, linear peptide, secondary metabolite,
natural product

INTRODUCTION

In an earlier study, we described the structure elucidation of a first-in-class cyclic hexapeptide
containing a rare hydroxamate residue, talarolide A (1) (Figure 1), isolated from an Australian
marine tunicate-derived fungus, Talaromyces sp. CMB-TUO11 (Dewapriya et al., 2017). In an effort
to optimize the production of 1, we now report on a 24-well microbioreactor cultivation analysis
(known in-lab as the MATRIX), using a combination of 11 different media and 3 phases (i.e., solid
agar, as well as static and shaken broth). In situ solvent extraction on individual MATRIX culture
wells yielded 33 extracts, which were subjected to UHPLC-DAD and UHPLC-QTOF-MS/MS
analysis. While this study successfully revealed optimal conditions for the production of 1,
including new analogs (work-in-progress), it also revealed conditions where talarolide production
was fully suppressed in favor of a new class of extensively N-methylated linear peptides. This
report provides an account of the production, isolation and characterisation of these new peptides,
talaropeptides A-D (2-5), where structure elucidation inclusive of absolute configurations was
achieved by a combination of detailed spectroscopic and chemical analyses. We also take the
opportunity to report on the biological properties of 2-5, and document the mega non-ribosomal
peptide synthetase (NRPS) responsible for the biosynthesis of talaropeptides.
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MATERIALS AND METHODS

General Experimental Details

Specific rotations ([a]p) were measured on a JASCO P-1010
polarimeter in a 100 x 2mm cell at room temperature. NMR
spectra were acquired on a Bruker Avance 600 MHz spectrometer
with either a 5 mm PASEL 'H/D-!3C Z-Gradient probe or 5 mm
CPTCI 'H/YF-13C/">N/DZ-Gradient cryoprobe, controlled by
TopSpin 2.1 software. In all cases, NMR spectra were
acquired at 25°C (unless otherwise specified) in hexadeuterated
dimethylsulfoxide (DMSO-ds) and tetradeuterated methanol
(methanol-dy) with referencing to residual 'H (3 2.50 and 8y
3.31, respectively) or *C (3¢ 39.51 and 8¢ 49.15, respectively)
NMR resonances. HPLC-DAD-ESIMS data were acquired on
an Agilent 1100 series separation module equipped with an
Agilent 1100 series HPLC/MSD mass detector and Agilent
diode array detector. Semi-preparative and preparative HPLCs
were performed using Agilent 1100 series HPLC instruments
with corresponding detectors, fraction collectors, and software.
HRESI(+)MS spectra were obtained on a Bruker micrOTOF
mass spectrometer by direct injection in MeCN at 3 pwL/min
using sodium formate clusters as an internal calibrant. UHPLC-
QTOF analysis was performed on UHPLC-QTOF instrument
comprising an Agilent 1290 Infinity II UHPLC equipped with
a Zorbax Cg column (2.1mm x 50mm, 1.8 um particles),
running with H,O/MeCN inclusive of 0.1% formic acid coupled
to an Agilent 6545 Q-TOF. MS/MS analysis was performed
on the same instrument for ions detected in the full scan
at an intensity above 1,000 counts at 10 scans/s, with an
isolation width of 4 ~m/z using a fixed collision energy and a
maximum of 3 selected precursors per cycle. No-(2,4-dinitro-
5-fluorophenyl)-L-alaninamide (L-FDAA, synonym 1-fluoro-
2-4-dinitrophenyl-5-L-alanine amide) and Na-(2,4-dinitro-5-
fluorophenyl)-D-alanine amide (D-FDAA, synonym 1-fluoro-
2-4-dinitrophenyl-5-D-alanine amide) were purchased from
NovaBiochem. Amino acids and standards were purchased
from NovaBiochem, BAChem Biosciences, Sigma, Fluka, or
Merck.

Fungus Isolation and Taxonomy

Talaromyces sp. CMB-TUO011 was isolated from an unidentified
tunicate collected near Tweed Heads, NSW, Australia, and
taxonomically identified as previously reported (Dewapriya et al.,
2017).

Analytical (MATRIX) Cultivation of

Talaromyces sp. CMB-TUO11

Talaromyces sp. CMB-TUO011 was cultured in a 24-well
microbioreactor plate (Khalil et al., 2014) using a combination of
11 culture media and 3 phases (i.e., solid agar, and liquid static
and liquid shaken) known in-lab as the MATRIX (Table S1).
Briefly, a sterile loop was used to transfer mycelia/spores

Abbreviations: UHPLC, ultra-high-performance liquid chromatography; HPLC,
high-performance liquid chromatography; QTOF, quadrupole time of flight; ESI,
electrospray ionization; SIE, single ion extraction; DAD, diode array detector;
NRPS, non-ribosomal peptide synthetase; LSI, Latent semantic indexing; ORFX,
orphan protein/enzyme.

from an agar plate cultivation to 24-well microbioreactor plate
(2.5mL agar for solid cultures, 1.5mL of broth for liquid
cultures). The microbioreactor plates were sealed with air
permeable membranes and incubated at 26.5°C for 10 days
(190 rpm for shaken broth). The resulting 33 cultures were
extracted in situ with EtOAc (2.0 mL/well), with the decanted
solvent filtered and dried under N,. Secondary metabolite
production was then analyzed by HPLC-DAD-ESIMS and
UHPLC-QTOF.

Scale-Up Cultivation of Talaromyces sp.

CMB-TUO11 and Isolation of 2-5

Agar cubes (~1 cm?) recovered from 7 day CMB-TUO11 agar
plate cultures (3.3% artificial sea salt containing M1 medium)
were used to inoculate 10 flasks (500 mL) charged with YES broth
(160 mL). Individual flasks were covered with air permeable
sterile cotton plugs, and incubated under static conditions for 10
days at 26.5°C, after which the combined broths/mycelia were
extracted with EtOAc (4 x 500mL) to yield a crude extract
(1.65g) which was partitioned between hexane (200mL) and
1% aqueous MeOH (50 mL) and dried in vacuo to yield hexane
(495 mg) and MeOH (1.15 g) solubles. The MeOH solubles were
further fractionated by gel chromatography (Sephadex® LH-20,
MeOH) into 20 fractions, which were selectively combined on
the basis of HPLC-DAD-ESIMS analysis (Zorbax SB-Cg column,
analytical gradient 90% H,O/MeCN - 100% MeCN inclusive of
an isocratic 0.05% formic acid) to yield a fraction of interest
(49 mg) that was resolved by optimized semi-preparative HPLC
(Zorbax SB C; column (9.4mm x 25cm), 40% MeCN/H,O
elution at 3.0 mL/min inclusive of an isocratic 0.01% TFA
modifier) to yield talaropeptide A (2) (fr = 7.11 min, 1.3 mg),
talaropeptide B (3) (tr 8.78 min, 1.3 mg), talaropeptide C
(4) (tr = 16.89min, 1.8 mg), and talaropeptide D (5) (frp =
22.96 min, 2.8 mg) (Supplementary Scheme S1).

Talaropeptide A (2): white powder; [a]p?? —135.8 (c 0.04,
MeOH); 1D and 2D NMR (600 MHz, DMSO-dg) see Table 1
and Supplementary Material; HRESI(+)MS m/z 1254.8435
[(M+H)+] (caled for CgsH112N11013, 1254.8436).

Talaropeptide B (3): white powder; [a]p?2-110.0 (c 0.05,
MeOH); 1D and 2D NMR (600 MHz, methanol-dy4) see Table 2
and Supplementary Material; HRESI(+)MS m/z 1375.8920
[M+Na]+ (caled for C7oH120N12014Na, 1375.8939).

Talaropeptide C (4): white powder; [a]p?? —151.6 (c 0.05),
MeOH); 1D and 2D NMR (600 MHz, methanol-d,) see Table 3
and Supplementary Material; HRESI(+)MS m/z 1318.8376
[(M+Na)+] (caled for Ce7H113N11014Na, 1318.8361).

Talaropeptide D (5): white powder; [a]p22 —182.9 (c 0.05),
MeOH); 1D and 2D NMR (600 MHz, methanol-dy) see Table 4
and Supplementary Material; HRESI(+)MS m/z 1417.9052
[(M+Na)+] (caled for C7;H122N12015Na, 1417.9045).

Marfey’s Analyses

Analyses were carried out following the published method
(Vijayasarathy et al., 2016). Briefly, an aliquot (50 pg) of each
talaropeptide in 6 M HCI (100 wL) was heated to 100°C in a
sealed vial for 12 h, after which the hydrolysate was concentrated
to dryness at 40°C under a stream of dry N,. The hydrolysate was
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talaropeptide A (2) R=H
talaropeptide C (4) R =Ac

talaropeptide B (3) R=H
talaropeptide D (5) R = Ac

FIGURE 1 | Structures for the Talaromyces sp. CMB-TUO11 peptides 1-5.

Wk‘y)(i';\)k"j/

OH

then treated with 1 M NaHCO3 (20 wL) and L-FDAA (1-fluoro-
2,4-dinitrophenyl-5-L-alanine amide) as a 1% solution in acetone
(40 L) at 40 °C for 1 h, after which the reaction was neutralized
with 1 M HCI (20 pL) and filtered (0.45 wm PTFE) to generate an
analyte.

Cs Marfey’s analysis. An aliquot (10 pL) of each analyte was
subjected to HPLC-DAD-MS analysis (Agilent Zorbax SB-C;
column, 5pm, 4.6 x 150 mm, 50°C, with a 1 mL/min, 55 min
linear gradient elution from 15-60% MeOH/H,O with a 5%
isocratic modifier of 1% formic acid in MeCN) with amino acid
content assessed by DAD (340 nm) and ESI()MS monitoring,
supported by SIE (single ion extraction) methodology, with
comparison to authentic standards.

Ci1s Marfey’s analysis. An aliquot (10 pL) of each analyte
was subjected to HPLC-DAD analysis for (Agilent Zorbax SB-
Cis HPLC column, 5um, 4.6 x 150mm, 50 °C, with a 1
mL/min, 50 min isocratic elution of 21% MeOH/H,0O for N-
Me-Ala and 34 % MeOH/H,;0O for N-Me-Phe, with a 5%
isocratic modifier of 1% formic acid in MeCN) with amino acid
content assessed by DAD (340 nm), with comparison to authentic
standards.

Genome Mining of Talaromyces sp.

CMB-TUO11

Genomic DNA from Talaromyces sp. CMB-TUO011 was extracted
using a standard chloroform protocol (Nikodinovic et al,
2003). The extracted DNA was fragmented using a Covaris
focused ultrasonicator and the resulting fragments (~ 1KB)
were used for library construction using a Thrulex DNA-Seq kit
(Rubicon Genomics). The library was sequenced using a Next
Seq platform in the paired-end (2 x 150) format to yield a
total of 6,674,290 reads (1 GB). The raw reads were filtered and
trimmed using Trimmomatic v0.36 (Bolger et al., 2014) to yield
a total of 5,821,558 high quality reads (0.873 GB), which were
assembled using Velvet 1.2.10 (Zerbino and Birney, 2008), Abyss
v.2.0.3 (Simpson et al., 2009) and SPAdes v3.11.1 (Bankevich
et al.,, 2012) assemblers with a window of Kmers between 41
and 121, with iterations every 10 units. The best assembly
(Velvet with Kmer =51) was annotated for natural products
biosynthetic gene clusters using the Fungal implementation of
AntiSMASH 4.0 (Blin et al.,, 2017). The output was manually
curated and domain annotation was improved using pFAM
(Finn et al., 2016) and the NCBI Conserved Domain Search tool
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TABLE 1 | 1D NMR (DMSO-dg) data for talaropeptide A (2).

TABLE 1 | Continued

# Sy m (J in Hz) 3¢ # 8y m (J in Hz) dc
N-Me-L-Ala? N-Me-L-Val®
] 171.4 1 168.5
2 5.36, m 48.8 2 4.91,d(10.5) 57.7
3 1,002 143 8 2.10P 263
N-Me 2.96,s SO.Sf 4 0.73,d (6.5) 19.19
5 0.56, d (6.5) 171
N-Me-L-Val? N-Me 2.18, s 28.6%
1 167.5
)
2 4.82,m 590  N-Me-L-Phe
3 2.10P 27.1 ! 170.0
4 0.87° 1899 2 5.77,1(7.6) 53.1
5 0.71,d (6.4) 1 3 294, m 84.8
: 4 137.3
N-Me 2.87,s 29.5'
L-Val® 5/9 7.71, m 129.1
~val
6/8 7.22, m 128.0
1 171.0
7 747, m 126.3
2 4.42,m 56.2 ‘
, N-Me 2,85, s 29.9
3 1.97, m 29.4i
4,5 0.80d 181" N-Me-L-lle®
N-H 8.30, d (8.6) 1 169.7
L-Thr# 2 4.69° 59.4
1 nd 3 1.94, m 32.3
2 415, m 55.1 4 a1.20,m 24.3!
3 3.80, m 66.6 b 0.90, m
4 1.102 1939 5 0.78¢ 10.0
4-OH 5.84, d (4.6) 6 0.86° 15.1
N-H nd N-Me 2.94,s 30.41
N-Me-L-Val®
] nd L-Leu'
1 173.7
2 4.68° 61.3
b 6.3 2 4141, m 50.3
3 2.10 .
. 9 3 a1.56, m 39.2
4 0.87d 18.9 b 1.48, m
9
° 0.82 19'2f 4 1.57, m 24,2
N-Me 3.04, s 30.4 5 0.88° 08
6
L-Pro 6 0.80¢ 213
1 17241 N-H 8.17,d (7.4)
4.69° 56.3 OH nd
3 a2.09P 28.5K
b1.50. m a-e Assignments with the same superscript are overlapping. *~'Assignments with the same
o superscript may be interchanged. ndresonances not detected.
4 a1.92,m 24.4)
b1.79, m
S ag.70,m 47.0 (Marchler-Bauer et al., 2017). Adenylation domain specificity
£3.53,m was predicted using the LSI based A-domain functional predictor
7 .. .
N-Me-L-Val (Baranasic¢ et al., 2014). Manual sequence curation was done
1 169.3 using the Artemis Genome Browser (Rutherford et al., 2000).
2 4.80, m 57.5
3 2.15,m %62  Antibacterial Assay
4,5 0.76, m 180" The bacterium to be tested was streaked onto a tryptic soy agar
N-Me 287 s 59,71 plate and was incubated at 37°C for 24 h. One colony was then
transferred to fresh tryptic soy broth (15mL) and the cell density
(Continued)  was adjusted to 10*-10°> CFU/mL. The compounds to be tested
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TABLE 2 | 1D NMR (methanol-d,4) data for talaropeptide B (3).

TABLE 2 | Continued

# éy m (J in Hz) 8¢ # 8y m (J in Hz) dc
N-Me-L-Ala’ N-Me-L-Val®
1 174.3 1 171.0°
2 5.43, m 51.4 2 5.03, d (10.5) 60.1
3 1.27,d (6.9) 14.8 3 2200 28.4
N-Me 314, s 317 4 0.83,d (6.7) 20.2K
N-Me-L-Val? 5 0.67,d (6.7) 18.2
1 1701 N-Me 2.26,s 30.3P
2 4.98,d (10.8) 61.6 N-Me-L-Phe®
3 2.242 28.6 1 172.8
4 0.97° 19.8€ 2 5.94, dd (10.3, 55.4
5 0.82, d (6.6) 19.4! 54)
N-Me 3.01,s 31.4m 3 3.04,m 35.9
L-val® 4 138.3
1 173.6" 5/9 721, m 130.5
2 4.63,d (7.6) 56.2 6/8 7.28,m 129.7
3 2.05¢ 31.7) 7 7.24, m 128.2
4 0.92d 18.6° N-Me 2.98,s 31.8
5 0.93¢ 189°  N-Me-L-lle™®
L-Thet 1 17117
1 17360 2 4.76,d (11.4) 62.6
2 4.80f 56.6 3 2.09, m 33.4
3 401, m 68.9 4 a1.31,m 25.99
4 1.19,d (6.3) 20.3K b1.02,m
L-Val* 5 0.87! 10.7
1 nd 6 0.94, d (6.6) 16.0
° 3.50, br s 60.3 N-Me 3.04,s 31.6
3 2.08, m 32.4 L-Leu'
4 0.93° 198 1 "
5 0.960 17.9 2 4.34,brs 54.5
N-Me-L-Val® 3 a164,m 431
1 171.9 b1.55 m
2 4.69,d(11.0) 63.6 4 1.59,m 26.5
3 2,232 280 0.92¢ 238
4 0.899 199k 6 0.91¢ 22.6
5 0.80,d(6.5) 192? a-I Assignments with the same superscript are overlapping.’~" Assignments with the same
N-Me 3.22,s 31.9 superscript may be interchanged. "“resonances not detected.
L-Pro®
1 174.7
5 4.801 58.6 were dissolved in DMSO and diluted with H,O to give 600 pM
3 ao.oh 3000  stock solution (20% DMSO), which was serially diluted with 20%
b 1.66, m DMSO to give concentrations from 600 uM to 0.2 uM in 20%
4 22.04C o580  DMSO. An aliquot (10 pL) of each dilution was transferred to
4 b1.91, m a 96-well microtiter plate and freshly prepared microbial broth
5 371, m 49.0 (190 pL) was added to each well to give final concentrations
N-Me-L-Val of 30—0.01 pM in 1% DMSO. The plates were incubated at
] 171.6 37°C for 24 h and the optical density of each well was measured
5 4.91,d(10.6) 60.2 spectrophotometrically at 600 nm using POLARstar Omega plate
5 297, m 80 (BMG LABTECH, Offenburg, Germany). Each test compound
. 0.899 205 was screened against the Gram-negative bacteria Escherichia coli
5 0.86 1860 ATCC 11775 and Pseudomonas aeruginosa ATCC 10145 and the
NMe 502 s 3qm Gram-positive bacteria Staphylococcus aureus ATCC 25923 and
’ Bacillus subtilis ATCC 6051. Rifampicin was used as a positive
(Continueq)  control (40 pg/mL in 10% DMSO). The IC5 value was calculated
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TABLE 3 | 1D NMR (methanol-d,4) data for talaropeptide C (4).

TABLE 3 | Continued

# 8y m (J in Hz) d¢c # 8y m (J in Hz) dc
N-Me-L-Ala’ 17430 5 0.67,d (6.7) 18.2
1 N-Me 2.27,s 30.3°
2 5.44,m 51.4 N-Me-L-Phe® 172.9
3 1.27,d (6.9) 14.8 1
N-Me 3.14,s 31.7 2 5.94, dd (9.8,5.7) 56.4
N-COCHg 173.6 3 3.05,m 35.9
N-COCHg 1.99, s 22.3K 4 138.2
N-Me-L-Val? 1701 5/9 721, m 130.5
L 6/8 7.28,m 129.7
2 4.98,d (10.9) 61.5 7 7.24, m 128.2
3 2.248 286 N-Me 298, s 315
4 0.97,d (6.6) 19.9"  N-Me-L-lle1® 17147
5 0.82,d (6.6) 19.3 1
N-Me 3.01,s 3m 2 4.75¢ 62.5
L-val® 1787 3 2.08, m 33.6
1 4 a1.32,m 25.9P
2 4.63,d(7.6) 562 b 1.00, m
3 2.05P 31.8 5 0.879 10.7
4 0.91¢ 199 ¢ 0.96, d (6.6) 16.0
5 0.93¢ 189" N-Me 3.05,s 317
L-Thr* 174.0 L-Leu'? nd
1 1
2 4.769 56.6 2 4.36, br s nd
3 3.99,m 68.9 3 1.62, m 42.4
4 1.17,d (6.3) 20.0' 4 161, m 26.5
N-Me-L-Val® 172.0 5 0.93° 037
! 6 0.92¢ 22.3¢
2 4.69,d(11.0) 63.6
3 2248 28.0 a-9Assignments with the same superscript are overlapping. '~ Assignments with the
4 0.89¢ 19.9' same superscript may be interchanged. "¥resonances not detected.
5 0.82,d (6.5 19,10
N-Me 3.20, s 31.8
L-Pro® 174.8 as the concentration of the compound or antibiotic required for
1 50% inhibition of the bacterial cells using Prism 7.0 (GraphPad
2 4.80, dd (8.4, 4.9) 58.6 Software Inc., La Jolla, CA).
3 a2.21f 30.2°
b1.66,m Antifungal Assay
4 a2.05° 25.8°  The fungus Candida albicans ATCC 10231 was streaked onto
b 1.92,m a Sabouraud agar plate and was incubated at 37°C for 48h.
5 3.71,m 48.9 One colony was then transferred to fresh Sabouraud broth
N-Me-L-Val” 171.7 (15mL) and the cell density adjusted to 10*-10° CFU/mL.
1 Test compounds were dissolved in DMSO and diluted with
2 4.91,d(10.6) 60.2 H,O to give a 600 uM stock solution (20% DMSO), which
3 2.28,m 2829 was serially diluted with 20% DMSO to give concentrations
4 0.90° 20.6 from 600 to 0.2pM in 20% DMSO. An aliquot (10 pL) of
5 0.869 18.6 each dilution was transferred to a 96-well microtiter plate and
N-Me 3.02, s 31.0m  freshly prepared fungal broth (190 wL) was added to each well
N-Me-L-Val8 17147 to give final concentrations of 30-0.01 uM in 1% DMSO. The
1 plates were incubated at 37°C for 24h and the optical density
2 5.08,d (10.6) 60.1 of each well was measured spectrophotometrically at 600 nm
3 2.20f 28.39  using POLARstar Omega plate (BMG LABTECH, Offenburg,
4 0.84,d (6.7) 20.3 Germany). Amphotericin B was used as a positive control
(30 g/ml in 10% DMSO). Where relevant, IC5y value were
(Continued)  calculated as the concentration of the compound or antifungal
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TABLE 4 | 1D NMR (methanol-d,4) data for talaropeptide D (5).

TABLE 4 | Continued

# 8y m (J in Hz) 8¢ # 8y m (J in Hz) dc
N-Me-L-Ala’ 5 0.86 20.6
1 174.3 N-Me 3.02,s 31.0'
2 5.45,m 51.3 N-Me-L-Val®
3 1.27,d (6.9 14.8 1 171.09
N-Me 3.14,s 31.89 2 5.03,d (10.6) 60.2
N-COCHg 1736" 3 2.204 28.3P
N-COCHg 1.99, s 22 50 4 0.83,d(6.7) 20.3
N-Me-L-Val? 5 0.67, d (6.7) 18.2
1 170.1 N-Me 2.27,s 30.3"
2 4.98,d(10.9) 61.5 N-Me-L-Phe®
3 2.24, m 28.6 1 172.9
4 0.98,d (6.5) 19.9 2 5.94,dd (9.8,5.7) 55.4
5 0.82,d (6.5) 19.3K 3 3.05, m 35.9
N-Me 3.01,s 311! 4 138.3
L-vai® 5/9 7.21,m 130.5
1 17370 6/8 7.28,m 129.7
2 4.63,d (7.6) 56.2 7 7.24,m 128.2
3 2.052 31.89 N-Me 2.98, s 31.69
4 0.92b 19.8 N-Me-L-lle'?
5 0.93° 18.9M 1 171.19
L-Thr* 2 4.76,d (11.2) 62.6
1 17370 3 2.08,m 33.3
2 4.80° 56.4 4 al1.32,m 25.9°
3 4,01, m 68.8 b 1.00, m
4 1.16,d (6.3) 20.0 5 0.87f 10.7
L-Val* 6 0.95,d (6.5) 16.0
1 173.9 N-Me 3.05, s 31.79
2 4.21,d(7.2) 60.4 L-Leu'!
3 2,032 31.99 1 nd
4 0.93° 18.8M 2 4.32,brs 54.7
5 0.92° 19.8 3 a1.65° 43.2
N-Me-L-Val® b 1.55,m
1 172.0 4 1.59, m 26.5
2 4.69,d (71.0) 63.6 5 0.92P 23.8
3 2.21d 28.0 0.91P 22,5
4 0.89, d (6.5) 19.8)
K a-f Assignments with the same superscript are overlapping. 9~9Assignments with the
5 0.80,d (6.5) 19.2 same superscript may be interchanged. "@resonances not detected.
N-Me 3.20, s 31.89
L-Pro®
1 174.8 . g . .
) n80e 56 drug required for 50% inhibition of the fungal cells using Prism
) ’ 7.0 (GraphPad Software Inc., La Jolla, CA).
3 a221d 30.2"
b 1.66° .
, p o8 o5 Cytotoxicity Assay
acl. . .
b 100 Adherent cell SW620 (human colorectal carcinoma) and NCI-
.92, m . .
: 471 8.9 H460 (human lung carcinoma) cells were cultured in Roswell
71, m . . . .
N-Mo-LVal Park Memorial Institute (RPMI) 1640 medium. All cells were
-Me-L-Va : :
; 717 cultured as adherent mono-layers in flasks supplemented with
) 491, d(106) 60.2 10% fetal bovine serum, L-glutamine (2mM), penicillin (100
5 ' ) ’28 ' 28.2’3 unit/mL), and streptomycin (100 pg/mL), in a humidified 37°C
. 0.90° 18.6M incubator supplied with 5% CO;. Briefly, cells were harvested
' i with trypsin and dispensed into 96-well microtiter assay plates
(Continued) @t 3,000 cells/well, after which they were incubated for 18h at
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37°C with 5% CO; (to allow cells to attach as adherent mono-
layers). Test compounds were dissolved in 20% DMSO in PBS
(v/v) and aliquots (10 pL) applied to cells over a series of
final concentrations ranging from 10nM to 30 pM. After 48h
incubation at 37°C with 5% CO, an aliquot (20 wL) of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
in phosphate buffered saline (PBS, 5 mg/mL) was added to each
well (final concentration 0.5 mg/mL), and microtiter plates were
incubated for a further 4h at 37°C with 5% CO,. After final
incubation, the medium was aspirated and precipitated formazan
crystals dissolved in DMSO (100 pL/well). The absorbance
of each well was measured at 580nm with a PowerWave
XS Microplate Reader from Bio-Tek Instruments Inc. Where
relevant, ICsy values were calculated using Prism 7.0, as the
concentration of analyte required for 50% inhibition of cancer
cell growth (compared to negative controls). Negative control
was 1% aqueous DMSO, while positive control was doxorubicin
(30 wM). All experiments were performed in duplicate.

Plasma Stability Assay

An aliquot of talaropeptide D (5) (10 wL, 1mM in DMSO)
was added to rat plasma (190 pwL) pooled from >3 different
rats, and heated to 37°C in a circulating water bath. Aliquots
(20 L) were taken at time points 0, 60, 120, and 180 min and
added to MeCN (80 wL). Samples were centrifuged at 13,000 g
for 3 min, and the supernatants concentrated to dryness under
N,. After resuspending in MeOH (30 wL), and aliquot (1 pL) was
analyzed by UHPLC-QTOF (MS), to detect and quantify residual
talaropeptide D (5).

RESULTS
Production and Isolation
UHPLC-QTOF analysis of MATRIX cultivations (i.e.,

microbioreactor well, Figure S1) revealed that YES static broth
cultivation was optimum for the production of talaropeptides
(Figures S2-S4). Reversed phase HPLC-DAD-ESIMS analysis of
a 10 day YES static broth cultivation of CMB-TUO011 revealed
complete suppression of talarolide A (1) biosynthesis, in favor
of four new higher molecular weight putative peptides, eluting
in the order m/z 1254.8 (2), 1353.8 (3), 1318.8 (4), and 1417.9
(5) (Figure S6). Subsequent studies confirmed the production
of 2-5 in YES static broth flask cultivations (80 mL broths in
250 mL flasks), with a >10-fold increase in production in flasks
sealed with an air permeable cotton plug, as opposed to an air
impermeable screw cap (Figure S5). Based on these results,
scaled up production (160 mL broth in 10 x 500 mL flasks)
successfully yielded a crude EtOAc extract (1.65g), which was
subjected to solvent trituration to yield hexane (495mg) and
MeOH (1.15g) solubles. With analytical HPLC-DAD-ESIMS
localizing 2-5 in the MeOH solubles, this material was subjected
to gel chromatography (Sephadex LH-20, MeOH) followed by
semi-preparative reversed phase HPLC chromatography, to yield
talaropeptides A (2, 1.3 mg), B (3, 1.3 mg), C (4, 1.8 mg), and D
(5, 2.8 mg) (Figure 1).

Talaropeptide A (2)

HRESI(4)MS analysis of 2 returned a protonated molecular ion
attributed to a molecular formula (CgsH;;;N ;3013 Ammu—0.1)
requiring 16 double bond equivalent (DBEs). Consistent with its
putative peptide status, C3 and C;g Marfey’s analyses (Figure 2),
together with careful consideration of 1D and 2D NMR (DMSO-
de) data (Table 1, Figures S8-S13), confirmed the presence of
11 amino acid residues [L-Thr, L-Pro, L-Val, L-Leu, N-Me-L-
Ala, N-Me-L-Val (x4), N-Me-L-Phe and N-Me-L-Ile]. Whereas
the C3 Marfey’s method proved very effective at discriminating
most amino acids, and in particular L vs D N-Me-Ile and N-
Me-allo-1le (Figure 2H), the C;3 Marfey’s method was needed
to discriminate L vs D N-Me-Ala (Figure 2D, inset). The
presence of multiple (x4) N-Me-L-Val residues was apparent
from the complex array of isopropyl methyl resonances in the
I'H NMR data for 2 (Table 1). This assessment of the amino
acid content in 2 accounted for all DBE and was indicative
of a linear undecapeptide. Although overlapping 1D NMR
resonances prevented assignment of the complete amino acid
sequence, diagnostic 2D NMR HMBC and ROESY correlations
did identify a number of partial sequences; (i) N-Me-L-Ala!-
N-Me-L-Val’>-N-H (e.g., an HMBC correlation from N-Me-L-
Val?> to C-1 in N-Me-L-Ala!); (ii) L-Thr*-N-Me-L-Val® (e.g.,
a ROESY correlation between H-2 in L-Thr* and N-Me-
L-Val®); (iii) L-Pro®-N-Me-L-Val’-N-Me-L-Val®-N-Me-L-Phe’
(e.g., HMBC correlations from H-2 in N-Me-L-Val’” to C-1 in
L-Pro®, from N-Me-L-Val® to C-1 in N-Me-L-Val’, and from
H-2 in N-Me-L-Phe® to C-1 in N-Me-L-Val®); (iv) N-Me-L-
Ie'0-L-Leu!! (e.g., an HMBC correlation from the N-H in L-
Leu!! to C-1 in N-Me-L-Ile'?) (see Figure 3). While the HMBC
and ROESY data failed to link fragments (i-iv), or locate L-
Val®, these issues were ultimately resolved by diagnostic UHPLC-
QTOF (MS/MS) fragmentation patterns, which identified two
consolidated partial sequences; (v) N-Me-L-Ala!-N-Me-L-Val?-
L-Val>-L-Thr*-N-Me-L-Val> and (vi) N-Me-L-Val®-N-Me-L-
Phe’-N-Me-L-Ile'’-L-Leu!! (Figure 3, Figure S14). Assembly of
the partial sequences i-vi returned the complete structure for
talaropeptide A (2) as shown (Figure 1).

Talaropeptide B (3)

HRESI(4)MS analysis of 3 returned a sodiated molecular ion
attributed to a molecular formula (C70H120N12014, Ammu—1.9)
requiring 17 DBEs, suggestive of a Val homolog of 2. The
'H NMR (DMSO-dg) spectrum of 3 (Figure S$16) revealed
resonances closely resembling 2, however, the extra Val residue
was not observed in HSQC (DMSO-dg) spectrum. Therefore,
we re-acquired the NMR data in methanol-d4, which revealed
resonances attributed to the additional Val residue (6y 3.50,
8c 60.3) (Figure S19). This hypothesis was confirmed by
C; and Cjg Marfey’s analyses (Figure $S23) and 1D and 2D
NMR (methanol-ds) data (Table2, Figures S17-S21), which
confirmed the presence of 12 amino acid residues [L-Thr,
L-Pro, L-Val (x2), L-Leu, N-Me-L-Ala, N-Me-L-Val (x4),
N-Me-L-Phe and N-Me-L-Ile], accounting for all DBE and
requiring that 3 be a linear dodecapeptide. Diagnostic 2D
NMR HMBC and ROESY correlations identified key partial
sequences; (i) N-Me-L-Ala'-N-Me-L-Val? (e.g, an HMBC
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FIGURE 2 | Marfeys analysis for talaropeptide A (2). (A) C3 HPLC-DAD (340 nm) chromatogram of L-FDAA derivatised hydrolysate of 2. (B-H) C3 HPLC-MS-SIE
chromatograms for selected L-FDAA derivatives of amino acid standards (broken lines) and the acid hydrolysate of 2 (red highlighted peaks). The inset in (D) and
(G) show the C1g HPLC-DAD chromatogram. Traces reveal (B) L-Thr (SIE m/z 372), (C) L-Pro (SIE m/z 368), (D) N-Me-L-Ala (SIE m/z 356) (E) L-Val (SIE m/z 370)
(F) N-Me-L-Val and L-Leu (SIE m/z 384), (G) N-Me-L-Phe (SIE m/z 432) and (H) N-Me-L-lle (SIE m/z 398). *Residual Marfey’s reagent.

correlation from H-2 in N-Me-L-Val? to C-1 in N-Me-L-Ala!); by way of overlapping 1D NMR resonances). To establish
(ii) L-Pro®-N-Me-L-Val’-N-Me-L-Val®-N-Me-L-Phe’-N-Me-L-  the regiochemistry of these amino acid residues, we draw on
Tle'® (e.g., HMBC correlations from H-2 in N-Me-L-Val’ to  biosynthetic comparisons to the co-metabolite 2, as well as
C-1 in L-Pro® from N-Me-L-Val® to C-1 in N-Me-L-Val’,  knowledge of the talaropeptide biosynthetic gene cluster (see
from N-Me-L-Phe® to C-1 in N-Me-L-Val®, and from N-Me-L-  below).

le'® to C-1 in N-Me-L-Phe®) (Figure 4). Similarly, diagnostic

UHPLC-QTOF (MS/MS) fragmentation patterns identified  Talaropeptide C (4)

consolidated partial sequence; (iii) N-Me-L-Ala'-N-Me-L-Val*- HRESI(+)MS analysis of 4 returned a sodiated molecular ion
L-Val’-L-Thr*-L-Val*-N-Me-Val®, and (iv) N-Me-L-Val®>-N-Me-  attributed to a molecular formula (Ce7H;13N1; O14, Ammu +1.5)
L-Phe’-N-Me-L-Tle!%-L-Leu!! (Figure 4, Figure $22). Assembly requiring 17 DBEs, suggestive of an acetylated homolog of 2 (i.e.,
of the partial sequences i-iv returned the complete structure 442 Da). Comparison of the 'H NMR (methanol-dg) data for 4
for talaropeptide B (3) as shown (Figure 1), with the following  with 2 supported the latter hypothesis, with the only significant
caveat. As N-Me-Val® and L-Leu'! are isomeric, their relative  difference being the appearance of resonances attributed to an
position cannot be determined by MS/MS fragmentation (or  acetyl moiety (85 1.99, 8¢ 22.3), with an HMBC correlation from
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FIGURE 3 | Selected 2D NMR ROESY and HMBC correlations, and MS/MS fragmentations for talaropeptide A (2)-partial sequences highlighted in blue.
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N-Me-L-Ala! to N-COCHj being diagnostic for an N-terminal
acetamide moiety. C3 and C;3 Marfey’s analyses (Figure S31)
together with 1D and 2D NMR (methanol-dy) data (Table 3,
Figures $24-S29), confirmed the presence of 11 amino acid
residues (L-Thr, L-Pro, L-Val, L-Leu, N-Me-L-Ala, N-Me-L-Val
(x4), N-Me-L-Phe and N-Me-L-Ile), accounting for all DBE and
requiring that 4 be a linear undecapeptide. Diagnostic 2D NMR
HMBC and ROESY correlations identified key partial sequences;
(i) N-Me-N-Ac-L-Ala'-N-Me-L-Val? (e.g.,an HMBC correlation
from H-2 in N-Me-L-Val® to C-1 in N-Me-N-Ac-L-Alal); (ii)
L-Thr*-N-Me-L-Val® (e.g.,an HMBC correlation from an N-Me-
L-Val® to C-1 in L-Thr*), and (iii) L-Pro®-N-Me-L-Val’-N-Me-L-
Val®-N-Me-L-Phe’-N-Me-L-Ile!? (e.g., HMBC correlations from
H-2 in N-Me-L-Val” to C-1 in L-Pro®, and from N-Me-L-Val® to
C-1in N-Me-L-Val’, and from N-Me-L-Phe® to C-1 in N-Me-L-
Val®, and from N-Me-L-Ile!” to C-1 in N-Me-L-Phe®) (Figure 5).
Similarly, diagnostic UHPLC-QTOF (MS/MS) fragmentation
patterns identified the consolidated partial sequence (iv)
N-Me-L-Val®-N-Me-L-Phe®- N-Me-L-Ile!’-L-Leu!! (Figure 5,
Figure $30). Assembly of the partial sequences i-iv returned
the complete structure for talaropeptide C (4) as shown
(Figure 1).

Talaropeptide D (5)

HRESI(4+)MS analysis of 5 returned a sodiated molecular ion
attributed to a molecular formula (C7,H25N1,015 Ammu +0.7)
requiring 18 DBEs, suggestive of an acetylated homolog of 3
(i.e, +42 Da). Comparison of the 'H NMR (methanol-dy)
data for 5 with 3 supported the latter hypothesis, with the
only significant difference being the appearance of resonances
attributed to an acetyl moiety (g 1.99, 8¢ 22.5), with HMBC
correlations to the N-Me-L-Ala! position it on the N-terminus.
C3 and Cj;3 Marfey’s analyses (Figure S38) and 1D and 2D
NMR (methanol-de) data (Table 4, Figures $32-S36), confirmed
the presence of 12 amino acid residues [L-Thr, L-Pro, L-Val
(x2), L-Leu, N-Me-L-Ala, N-Me-L-Val (x4), N-Me-L-Phe and
N-Me-L-Ile], accounting for all DBE and requiring that 5
be a linear dodecapeptide. Diagnostic 2D NMR HMBC and
ROESY correlations identified key partial sequences; (i) N-
Me-N-Ac-L-Ala'-N-Me-L-Val? (e.g, HMBC correlations from
N-Me-L-Ala' to N-COCHj3, and from H-2 in N-Me-L-Val?
to C-1 in N-Me-L-Ala!); (ii) L-Val*-N-Me-L-Val® (e.g., an
HMBC correlation from an N-Me-L-Val® to C-1 in L-Val*),
and (iii) L-Pro®-N-Me-L-Val’-N-Me-L-Val®-N-Me-L-Phe’-N-
Me-L-1le'® (e.g., HMBC correlations from H-2 in N-Me-L-
Val’ to C-1 in L-Pro®, and from N-Me-L-Val® to C-1 in N-
Me-L-Val’, and from N-Me-L-Phe’ to C-1 in N-Me-L-Val®,
and from an N-Me to C-1 in N-Me-L-Phe®) (see Figure 6).
Similarly, diagnostic UHPLC-QTOF (MS/MS) fragmentation
patterns identified the partial sequence (iv) N-Me-L-Val®-N-Me-
L-Phe’-N-Me-L-1le!?-L-Leu!! (Figure 6, Figure $37). Assembly
of the partial sequences i-iv returned the complete structure
for talaropeptide D (5) as shown (Figure 1), with the following
caveat. As the NMR and MS/MS data for 5 could not provide
an experimental assignment of relative regiochemistry for the
dipeptide fragment comprised of L-Val®> and L-Thr?, we draw
on biosynthetic comparisons to the co-metabolite 3, as well as

TABLE 5 | Draft genome sequence of Talaromyces sp. CMB-TUO11.

Length 27,481,273

GC content 0.47%

Coverage 31X

Contigs 16562

Closest relative (ITS as marker) Talaromyces helicus (99% sequence identity)
Biosynthetic gene clusters 17

knowledge of the talaropeptide biosynthetic gene cluster (see
below).

Talaropeptide Biosynthesis

A genome sequence of Talaromyces sp. CMB-TUO011 was
obtained, with coverage of 31X length of 27.5MB, and a GC
content of 47 %, consistent with related species (Table 5).
Natural product genome mining of this sequence identified 17
biosynthetic gene clusters (BGCs, Table S7) including three non-
ribosomal peptide synthetases (NRPS). A very large intron-less
mega synthase that includes 12 modules and 44 domains encoded
in a single gene (45,892 bases, 15,297 amino acids) was identified
as a plausible talaropeptide NRPS. Of note, this NRPS is only
3.2 kb smaller than the largest NRPS ever reported (49,104 bases,
plu2670, 16,367 amino acids), being that documented for the
extensively N-methylated and commercially important fungal
cyclic undecapeptide cyclosporine from Tolypocladium inflatum
(GenBank accesion: CAA82227, 15281 amino acids) (Weber
etal., 1994).

The putative talaropeptide NRPS (Figure7) exhibits an
N-terminus condensation domain with a similar configuration
to that of previously reported C domains associated with
peptides incorporating N-terminal acyl moieties, consistent with
the N-terminal N-acylation observed in talaropeptides C (4)
and D (5). This domain might have been skipped during the
biosynthesis of talaropeptide A (2) and B (3), or alternatively
the N-Ac moiety may have been deleted after the biosynthesis
(i.e. hydrolysed). A total of 12 adenylation domains were
detected, in agreement with the number of amino acid residues
found in talaropeptides B (3) and D (5). Predicted amino acid
specificities for these domains are largely in agreement with those
observed for 3 and 5, except for modules 1 and 4 (Table 6).
Seven methyl transferase domains were consistent with N-
methylation sites in 2-5, with exceptions for N-methylation of
residues 1 and 2, which may be installed post NRPS assembly.
Alternatively, the methyl transferase in module 3 appears to be
inactive on its corresponding extension step (i.e., L-Val®), and
may be responsible for methylation of the first two residues
(i.e., N-Me-N-Ac-L-Ala' and N-Me-L-Val?). The methylation
domain at module 5 (L-Val*) appears to be inactive during
the biosynthesis of talaropeptides B (3) and D (5), while the
entire module 5 inactive in the biosynthesis of talaropeptides
A (2) and C (4). Finally, a thioesterase domain was detected
at the C-terminus of the talaropeptide NRPS, accounting for
the release of the peptide product with a C-terminus carboxylic
acid.
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TABLE 6 | Comparison of a predicted product for ORFX (talaropeptide synthase) with structure for talaropeptide D (5). Adenylation (A) domain specificity was calculated

using the LS| based A-domain functional predictor.

Module Residue Prediction Domain LSI score Residues in 5 Comment
1 N-Ac-L-Val 0.585 N-Ac-N-Me-L-Ala
Adenylation domain promiscuity or new sequence motif.
Post-NRPS methylation.
Acylation (starter C domain) skipped for talaropeptides A (2) and B (3).
2 L-Val 0.493 N-Me-L-Val? Post-NRPS methylation.
3 N-Me-L-Val 0.673 L-Val® Skipped methylation domain.
4 L-Val 0.673 L-Thr4 Adenylation domain promiscuity or new sequence motif.
5 N-Me- L-Val 0.628 L-Val* Skipped methylation domain.
Module skipped for talaropeptides A (2) and C (4).
6 N-Me-L-Val 0.673 N-Me-L-Val® Matched prediction.
7 L-Val/L-Pro 0.49/0.366 L-Pro® Partially matched prediction.
8 N-Me-L-Val 0.673 N-Me-L-Val” Matched prediction.
9 N-Me-L-Val 0.673 N-Me-L-Val® Matched prediction.
10 N-Me-L-Phe 0.482 N-Me-L-Phe® Matched prediction.
11 N-Me-L-lle 0.657 N-Me-L-lle'® Matched prediction.
12 L-Leu 0.739 L-Leu'? Matched prediction.

Talaropeptide Biological Activity

Talaropeptides A-D (2-5) exhibited no growth inhibitory
activity when tested (up to 30 uM) against human lung (NCI-
H460) and colon (SW620) carcinoma cells, or when tested
against the Gram-negative bacteria Escherichia coli ATCC 11775
and Pseudomonas aeruginosa ATCC 10145, the Gram-positive
bacteria Staphylococcus aureus ATCC 25923 and S. aureus

ATCC 9144, or the fungus Candida albicans ATCC 10231
(Supplementary Material). By contrast, talaropeptides A (2) and
B (3) alone exhibited promising growth inhibitory activity (ICsg
1.5 and 3.7 M) against the Gram-positive bacteria Bacillus
subtilis ATCC 6633 (Figure S41). As might be predicted for
an extensively N-methylated linear peptide, talaropeptide A (2)
proved stable to rat plasma (i.e., proteases) (Figure $39).

Frontiers in Chemistry | www.frontiersin.org I

September 2018 | Volume 6 | Article 394


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Dewapriya et al.

Talaropeptides From a Marine-Derived Fungus

DISCUSSION

Although fungi are well-known to produce cyclic peptides,
linear peptides > 7 amino acid residues are comparatively rare
(Komatsu et al., 2001; Boot et al., 2006). For example, excluding
peptaibols such as the recently described trichodermides (Jiao
et al., 2018), which are dominated by non-proteinogenic amino
acids [e.g., a-aminoisobutyric acid (Aib) and D-isovaline (D-
Iva)], only a handful linear peptides of > 7 amino acid
residues have been reported from fungi. Interestingly, these
reports feature peptides from marine-derived fungi, including
the dodecapeptide dictyonamides A and B from a marine red
alga-derived fungus (Komatsu et al.,, 2001), and N-methylated
octapeptides RHM 1 and RHM 2 from a marine sponge-derived
Acremonium (Boot et al., 2006). Also of note, no linear peptides
have been reported from the genus Talaromyces.

The talaropeptides A-D (2-5) represent a new class of
extensively N-methylated linear peptide natural product, and at
the same time feature peptide amino acid sequences that are
unprecedented in the scientific literature. That the talaropeptide
pharmacophore lacks mammalian cell cytotoxicity, and exhibits
highly selective antibacterial properties (albeit with modest
potency), with a clear structure activity relationship requirement
built around N-terminal acetylation, is intriguing.

From an ecological perspective, the link between antibacterial
activity and acetylation suggests that control of N-acetylation,
perhaps as a post-NRPS modification by hydrolysis of the acetyl
group or by an unknown biosynthetic mechanism that lead to
domain skipping, may bias production in favor of 2 and 3 as
an antibacterial defense, or 4 and 5 as putative antibacterial
prodrugs. In an ecological setting rich in microbial competitors,
this putative biosynthetic mechanism of control may be
mediated by inter-species or even inter-kingdom chemical
communication.

The discovery that talaropeptide production was highly
culture media and phase dependent (ie., YES broth, static
flask with an air permeable seal) raises the possibility that, the
paucity of published fungal linear peptides may be due to a
bias for cultivation conditions that disfavor linear peptides. Our
application of systematic miniaturized microbioreactor approach
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Nine novel butenolide derivatives, including four pairs of enantiomers, named
(£)-asperteretones A-D (1a/1b—4a/4b), and a racemate, named asperteretone E (5),
were isolated and identified from the coral-associated fungus Aspergillus terreus.
All the structures were established based on extensive spectroscopic analyses,
including HRESIMS and NMR data. The chiral chromatography analyses allowed
the separation of (+)-asperteretones A-D, whose absolute configurations were
further confirmed by experimental and calculated electronic circular dichroism (ECD)
analysis. Structurally, compounds 2-5 represented the first examples of prenylated
y-butenolides bearing 2-phenyl-3-benzyl-4H-furan-1-one motifs, and their crucial
biogenetically related metabolite, compound 1, was uniquely defined by an unexpected
cleavage of oxygen bridge between C-1 and C-4. Importantly, (+)-asperteretal D and
(4S)-4-decarboxylflavipesolide C were revised to (£)-asperteretones B (2a/2b) and D
(4), respectively. Additionally, compounds 1a/1b—-4a/4b and 5 were evaluated for the
a-glucosidase inhibitory activity, and all these compounds exhibited potent inhibitory
potency against a-glucosidase, with ICsq values ranging from 15.7 + 1.1 to 53.1 &+
1.4 uM, which was much lower than that of the positive control acarbose (IC5g = 154.7
+ 8.1 uM), endowing them as promising leading molecules for the discovery of new
«a-glucosidase inhibitors for type-2 diabetes mellitus treatment.

Keywords: coral-associated fungus, Aspergillus terreus, butenolide derivatives, structure reassignments,
«a-glucosidase inhibitors

INTRODUCTION

Diabetes mellitus (DM) is one of the most serious chronic diseases with the ever-increasing
incidence rates of obesity and aging of the general population throughout the world (Kopelman,
2000) In 2013, it was estimated that over 382 million people all over the world have DM and this
number is predicted to increase up to 500 million in 2030, when this disease will be excepted
to be the 7th leading cause of death (Lauritano and Ianora, 2016). Globally, type-2 diabetes
(non-insulin-dependent DM) covered 90-95% of all the diabetes cases (Lauritano and Ianora,
2016). Postprandial hyperglycemia is an important factor for the induction of type-2 diabetes and
complications related to the diseases, such as micro- and macro-vascular diseases (Baron, 1998).
A good strategy to maintain the normal level of postprandial plasma glucose is to medicate in
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combination with dietary restriction and an exercise plan (Kim
et al., 2008). In type-2 diabetes, delaying glucose absorption
after meals by inhibition of -glucosidase is known to help the
therapy (Kim et al., 2008). For diabetic patients, «-glucosidase
inhibitors (AGIs) are widely applied either as monotherapy or
in combination with other oral hypoglycemic agents or insulin
(Hung et al., 2012). However, AGIs-induced serious liver injuries
and gastrointestinal side effects restricted the clinical practice
(Yin et al, 2014; Kao et al, 2016). In view of the limited
number of safe anti-diabetic drugs with low toxicity and ever-
increasing number of diabetic patients, the exploration for new
a-glucosidase inhibitors, attracted, and still attract great interests
from scientific community.

In our continuous search for chemically novel and bioactive
secondary metabolites from marine fungi (Hu et al., 2014; Liu
et al, 2018a,b; Yang et al, 2018), we focused our attention
on a coral-associated fungus Aspergillus terreus. A systematic
chemical investigation on the ethyl acetate extracts of rice
medium of this fungal strain facilitated the isolation and
identification of nine novel butenolide derivatives, including
four pairs of enantiomers, named (&)-asperteretones A-D
(1a/1b-4a/4b), and a racemate, named asperteretone E (5).
Structurally, compounds 2-5 represented the first examples of
prenylated y-butenolides bearing 2-phenyl-3-benzyl-4H-furan-
1-one motifs, and their crucial biogenetically related metabolite,
compound 1, was uniquely defined by an unexpected cleavage
of oxygen bridge between C-1 and C-4. Importantly, by an
experimental validation method, (£)-asperteretal D and (4S)-4-
decarboxylflavipesolide C were revised to (&)-asperteretones B
(2a/2b) and D (4), respectively. Herein, the detailed isolation,
structure elucidation, and «-glucosidase inhibitory activity of
these compounds (Figure 1) are described.

MATERIALS AND METHODS

General Experimental Procedures

Optical rotations and IR data were collected from a PerkinElmer
PE-341 instrument (PerkinElmer, Waltham, MA, USA) and a
Bruker Vertex 70 FT-IR spectrophotometer (Bruker, Karlsruhe,
Germany) with KBr pellets, respectively. UV and ECD spectra
were collected from a Varian Cary 50 UV/vis spectrophotometer
(Varian, Salt Lake City, UT, USA) and a JASCO-810 spectrometer,
respectively. 1D and 2D NMR spectra were measured by
using a Bruker AM-400 NMR spectrometer (Bruker, Karlsruhe,
Germany). The solvent or solvent impurity peaks for methanol-
ds (8y 3.31 and 8¢ 49.0) and CDCl; (8y 7.24 and 8¢ 77.23)
were referenced to the 'H and *C NMR chemical shifts.
High-resolution electrospray ionization mass spectrometry
(HRESIMS) were measured by using a Thermo Fisher LTQ
XL LC/MS (Thermo Fisher, Palo Alto, CA, USA). Column
chromatography (CC) was carried out by using silica gel (200-
300 mesh; Qingdao Marine Chemical Inc., China), Sephadex
LH-20 (40-70 wm, Amersham Pharmacia Biotech AB, Uppsala,
Sweden, Sweden), and octadecylsilyl (ODS, 50 pum, YMC Co.
Ltd., Japan). Semi-preparative HPLC separations were carried
out on an Agilent 1100 liquid chromatograph with a Zorbax
SB-Cig (9.4 x 250 mm) and a Daicel IC column (5 pum, 4.6 x

FIGURE 1 | Chemical structures of compounds 1-5.

250 mm, Daicel Chiral Technologies Co., Ltd., China) column.
Thin-layer chromatography (TLC) was carried out by using silica
gel 60 Fys4 (Yantai Chemical Industry Research Institute) and
RP-Cig Fys4 plates (Merck, Germany).

Fungus Material

The fungus Aspergillus terreus was isolated from the soft coral
Sarcophyton subviride, which was collected from the Xisha Island
in the South China Sea. This strain was cultivated on potato
dextrose agar (PDA) medium and identified by one of the authors
(JW), based on its morphological properties and ITS sequence
analysis (GenBank access no. MF972904). The fungal strain was
reserved in the culture collection of Tongji Medical College,
Huazhong University of Science and Technology.

Cultivation, Extraction, and Isolation

The strain Aspergillus terreus was cultivated on PDA (Potato
Dextrose Agar) medium at 28°C for 1 week to prepare the seed
cultures. Agar plugs were cut into small pieces (approximately
05 x 0.5 x 0.5 cm®) and then was inoculated in 300 x
500 mL Erlenmeyer flasks which were previously sterilized by
autoclaving, each containing 200g rice and 200 mL distilled
water. All flasks were incubated at 28°C for 28 days. Then,
the whole rice solid medium was extracted seven times in
95% aqueous EtOH at room temperature, and the solvent was
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removed under reduced pressure to afford a crude extract,
which was partitioned with ethyl acetate against water to obtain
the ethyl acetate soluble part (1.5kg). The organic extract was
separated by silica gel CC (100-200 mesh) with a stepwise
gradient elution of petroleum ether—ethyl acetate-MeOH (10:1:0,
7:1:0, 5:1:0, 3:1:0, 1:1:0, 2:2:1, 1:1:1) to afford seven fractions
(A-G).

Fraction C (75 g) was separated by an RP-C;g column using
MeOH-H,O (from 20:80 to 100:0, v/v) to give five main fractions
(C1-C5). Fraction C3 (2.3 g) was further purified by Sephadex
LH-20 using CH,Cl,-MeOH (1:1, v/v) to yield two fractions
(C3.1-C3.2). Fraction C3.2 was applied to silica gel CC eluted
with petroleum ether—ethyl acetate (stepwise 4:1-1:1) to furnish
four additional fractions (C3.2.1-C3.2.4). Repeated purification
of fraction C3.2.3 (92mg) by semi-preparative HPLC with
CH3CN-H,0 (50:50, v/v, 3.0 mL/min) to yield compounds 2
(4.8mg; tr 12.5min) and 4 (4.0mg; fr 28.2 min). Afterwards,
compound 2 was further purified by chiral HPLC using a Daicel
IC column (isopropanol-n-hexane, 8:92, v/v, 2.0 mL/min) to
give 2a (2.2mg; tgr 60.7 min) and 2b (2.3 mg; tg 55.2min). The
enantiomers 4a (1.8 mg; tg 50.5 min) and 4b (2.0 mg; g 41.8 min)

were obtained by chiral HPLC separation of compound 4 using
a Daicel IC column eluted with isopropanol-n-hexane (8:92, v/v,
2.0 mL/min).

Fraction D (198 g) was subjected to an RP-C;g column eluted
with MeOH-H,O (from 20:80 to 100:0, v/v) to yield five fractions
(D1-D5). Fraction D4 (2.4g) was applied to Sephadex LH-
20 eluted with CH,Cl,-MeOH (1:1, v/v) and further purified
by semi-preparative HPLC using CH3CN-H,O (60:40, v/v, 3.0
mL/min) to yield a racemic mixture 3 (9.6 mg; tg 38.2 min). The
enantiomers 3a (1.1 mg; tg 12.5 min) and 3b (1.8 mg; g 14.8 min)
were further purified by chiral HPLC using a Daicel IC column
eluted with isopropanol-n-hexane (8:92, v/v, 2.0 mL/min).

Fraction E (186g) was chromatographed on silica gel CC
(CH,Cl,-MeOH, 1:0-50:1, v/v) to yield five main fractions (E1-
E5). Repeated purification of fraction E5 (1.3 g) using Sephadex
LH-20 with CH3OH as eluent and RP-C;g column (MeOH-H,O,
from 30:70 to 100:0, v/v) to give three mixtures (E5.1-E5.3).
Fractions E5.1 (210 mg) was subjected to semi-preparative HPLC
(MeOH-H,O0, 60:40, v/v, 3.0 mL/min) to afford compound 1
(6.7 mg; tr 43 min). Subsequently, compound 1 was subjected to
chiral HPLC using a Daicel IC column (isopropanol-n-hexane,

TABLE 1| "H and "3C NMR data for compounds 1 and 3-5 in methanol-d4 (5 in ppm and J in Hz).

No. 1 3 4 5
dab §cC Syab 8cC Spab §cC Sab 8¢

1 - 178.3C - 172.7C - 172.9C - 173.0C
2 3.61d(11.5) 55.3 CH - 130.1C - 130.2C - 130.0C
3 3.26m 52.2 CH - 1568.4C - 157.8C - 158.1C
4 - 177.4C 5.57s 104.2 CH 5.56s 104.1 CH 5.55s 104.2 CH
5 2.38 dd (8.9, 13.7); 2.58 dd 36.5CHy, 3.64d(15.4);396d 329CH, 3.60d(15.3);3.93d 32.7 CHy 3.60d(15.3);3.94  32.8 CHy

(4.0, 13.7) (15.4) (15.3) d(15.3)
4-OMe 3.52s 51.8 CH3 3.52s 57.4 CH3 3.52s 57.3 CH3 3.53s 57.4 CHg
1 - 130.4C - 122.7C - 121.5C - 121.5C
2 7.21d(8.4) 130.9 CH 7.44 d(8.9) 131.6 CH 7.34d(8.7) 131.6 CH 7.36d(8.7) 131.6 CH
3 6.79d (8.4) 116.4 CH 6.99d (8.9) 115.0 CH 6.85d (8.7) 116.3 CH 6.86 d (8.7) 116.4 CH
4 - 157.8C - 161.7C - 159.5C - 169.5C
5’ 6.79d (8.4) 116.4 CH 6.99d (8.9) 115.0 CH 6.85d (8.7) 116.3 CH 6.86 d (8.7) 116.4 CH
6’ 7.21d(8.4) 130.9 CH 7.44 d (8.9) 131.6 CH 7.34d(8.7) 131.6 CH 7.36d(8.7) 131.6 CH
4’-OMe - - 3.82s 55.8 CH3 - - - -
17 - 130.3C - 129.3C - 128.6C - 128.3C
27 6.60d (2.0) 131.0CH 6.95s 126.4 CH 6.84s 130.9 CH 6.87 d (2.3) 131.4 CH
3” - 128.8C - 129.4C - 122.6C - 131.0C
47 - 154.5C - 160.4C - 154.3C - 155.3C
5” 6.59d (8.2) 116.5CH 6.65d (8.1) 110.0 CH 6.63 d (9.0) 118.5CH 6.69 d (8.2) 116.2 CH
6” 6.55dd (2.0, 8.2) 128.0 CH 6.87 d (8.1) 129.4 CH 6.85d (9.0) 128.7 CH 6.81dd (2.3,8.2) 128.1 CH
7 3.21m 29.0 CHp 3.12dd (4.2,9.0) 31.5 CHyo 2.721(6.8) 23.3 CHp 2.61m 26.2 CHo
8” 5.27m 124.1 CH 4.561(9.0) 90.6 CH 1.77t1(6.8) 33.7 CH» 1.68m 44.9 CHo
9” 132.8C - 725C - 75.3C - 71.5C
10” 1.74s 26.0 CH3 1.23s 25.2 CH3 1.28s 27.0 CH3 1.24s 29.1 CH3
117 1.70s 17.8 CHg 1.20s 25.4 CH3 1.28s 27.1 CH3 1.24s 29.1 CH3
@Recorded at 400 MHz.
b“m™ means overlapped or multiplet with other signals.
°Recorded at 100 MHz.
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7:93, v/v, 2.0 mL/min), resulting in the separation of 1a (2.7 mg;
fr 12.4min) and 1b (2.5 mg; fr 16.2min). A racemic mixture 5
(3.2mg) was isolated by semi-preparative HPLC (MeOH-H,O,
70:30, v/v, 3.0 mL/min) from fraction E5.2 (54.5 mg).

(£)-Asperteretone A (1). White, amorphous powder; [ot]f)5 0
(c 0.1, MeOH); UV (MeOH) Apmax (log &) = 202 (4.63), 229
(4.06), 279 (3.43) nm; IR vmay = 3435, 2925, 1718, 1623, 1511,
1446, 1381, 1257, 1179, 1047, 829, 573 cm™'; HRESIMS m/z
421.1622 [M + Na]™ (calcd for Cy3Hy606Na, 421.1627); For
'H NMR and '*C NMR data, see Table 1.

(—)-Asperteretone A (1a). White, amorphous powder; [05]12)5
—34 (¢ 0.1, MeOH); ECD (c 0.1, MeOH) = Asgy19 —0.85,
A8227 —1.52.

(+)-Asperteretone A (1b). White, amorphous powder; [«]3
+37 (¢ 0.1, MeOH); ECD (¢ 0.1, MeOH) = Agyp9 +6.18,
Aeye +5.80.

(%)-Asperteretone B (2). White, amorphous powder; [oz]zD5 0
(c 0.1, MeOH); UV (MeOH) Apmax (log €) = 202 (4.21), 215
(3.85), 285 (3.50) nm; IR vax = 3425, 2927, 2853, 1747, 1611,

TABLE 2 | Comparison of the TH and 13C NMR data for reported (+)-asperteretal
D and 2 in CDClg (8 in ppm and J in Hz).

No. (£)-asperteretal D 2
Spac scd sybe 5ce
1 - 171.4C - 171.2C
2 - 129.3C - 129.2C
3 - 166.3C - 166.2C
4 5.45s 102.6 CH 5.44s 102.5 CH
5 3.57 d (15.2); 3.96 32.0 CHy 3.57 d (15.2); 3.96 32.0 CHo
d(15.2) d(15.2)

4-OMe 3.53s 57.4 CHg 353s 57.4 CHg
1 - 121.6C - 121.8C
2’ 7.38d(8.7) 130.8 CH 7.40d (8.6) 130.8 CH
3 6.87d(8.7) 115.9 CH 6.88d (8.6) 115.8 CH
4 - 156.7C - 156.6C
5 6.87d (8.7) 115.9 CH 6.88d (8.6) 115.8 CH
6 7.38d(8.7) 130.8 CH 7.40d (8.6) 130.8 CH
17 - 128.3C - 128.4C
27 6.85m 130.5 CH 6.86s 130.5 CH
3” - 127.8C - 127.7C
47 - 163.6C - 163.6C
5" 6.72d (8.6) 116.4 CH 6.73d(7.9) 116.4 CH
6" 6.86m 127.9 CH 6.87 d (7.9) 127.9 CH
7" 3.30d (7.1) 29.9 CH, 3.30d (7.2) 29.9 CHy
8” 5.26t (7.1) 121.6 CH 5.261(7.2) 121.6 CH
9” - 135.3C - 135.4C
10” 1.76s 26.0 CH3 1.756s 26.0 CH3
11”7 1.74s 18.1 CH3 1.75s 18.1 CHz
@Recorded at 600 MHz.

bRecorded at 400 MHz.

©“m” means overlapped or multiplet with other signals.
9Recorded at 150 MHz.
®Recorded at 100 MHz.

1514, 1440, 1372, 1342, 1269, 1204, 1144, 1113, 1020, 987,
946, 839, 789, 557, 534 cm™'; HRESIMS m/z 403.1526 M +
Na] T (caled for Cy3H,405Na, 403.1521); For 'H NMR and
13C NMR data, see Table 2.

(—)-Asperteretone B (2a). White, amorphous powder; [oz]%)5
—140 (c 0.1, MeOH); ECD (c 0.1, MeOH) = Agp7—16.99,
A8232—2.90, A£282—10.57.

(4)-Asperteretone B (2b). White, amorphous powder; [05]12)5
+136 (c 0.1, MeOH); ECD (¢ 0.1, MeOH) = Agyp7 +10.92,
Agy3zp +3.56, Asygr +8.98.

(£)-Asperteretone C (3). White, amorphous powder; [oc]%S 0
(c 0.1, MeOH); UV (MeOH) Amax (log &) = 202 (4.23), 223
(3.77), 285 (3.67) nm; IR v = 3483, 2991, 2952, 2878, 1712,
1637, 1453, 1434, 1396, 1351, 1267, 1170, 1133, 1008, 988,
967, 942, 900, 838, 736, 702, 605, 564 cm~!; HRESIMS m/z
411.1802 [M + H]™T (calcd for Cr4H»70¢, 411.1808) and m/z
433.1635 [M + Na]* (calcd for Co4H6O06Na, 433.1627); For
'H NMR and *C NMR data, see Table 1.

(—)-Asperteretone C (3a). White, amorphous powder; [oc]lz)5
—135 (¢ 0.1, MeOH); ECD (c 0.1, MeOH) = Agyy; —9.13,
Aer3y —3.29, Aergy —5.67.

(4)-Asperteretone C (3b). White, amorphous powder; [oc]%)5
+137 (¢ 0.1, MeOH); ECD (c 0.1, MeOH) = Aegos +9.79,
Aeyze +1.78, Aeygq +8.67.

(£)-Asperteretone D (4). White, amorphous powder; [ot]g5 0
(c 0.1, MeOH); UV (MeOH) Apqx (log ) = 202 (4.62), 221
(4.32), 283 (4.05) nm; IR vypay = 3432, 2974, 2930, 2853, 1756,
1616, 1503, 1444, 1374, 1263, 1208, 1158, 1116, 1028, 994,
837, 670 cm™!; HRESIMS m/z 381.1692 [M + H| T (calcd for
Cy3H505, 381.1702) and m/z 403.1513 [M + Na] ™ (calcd for
Cy3H,2405Na, 403.1521); For '"H NMR and 1*C NMR data, see
Table 1.

(—)-Asperteretone D (4a). White, amorphous powder; [oz]zD5
—120 (c 0.1, CH,Cl,); ECD (c 0.1, MeOH) = Agp7—13.10,
Aey3p—3.81, Aeyrgz—7.07.

(4)-Asperteretone D (4b). White, amorphous powder; [oz]zD5
4116 (¢ 0.1, CH,Cl,); ECD (c 0.1, MeOH) = Agyp7 +9.95,
Aeyzp +4.60, Aeygr +9.14.

Asperteretone E (5). White, amorphous powder; [01]1235 0(c0.1,
MeOH); UV (MeOH) Amax (log £) = 202 (4.55), 218 (4.29),
285 (4.06) nm; IR vy = 3428, 2965, 2926, 2853, 1750, 1615,
1512, 1441, 1373, 1266, 1207, 1109, 1032, 946, 837, 565 cm ™ !;
HRESIMS m/z 421.1626 [M + Na]* (calcd for Cy3H606Na,
421.1627); For '"H NMR and '*C NMR data, see Table 1.

ECD Calculations

The theoretical calculations of compounds 1a/1b and 2a/2b were
performed using Gaussian 09 and figured using GaussView 5.0
(He et al., 2017a,b,c; Hu et al, 2017). Conformation search
using molecular mechanics calculations was performed in the
Discovery Studio 3.5 Client with MMFF force field with 20
kcal mol~! upper energy limit (Smith and Goodman, 2010).
The optimized conformation geometries and thermodynamic
parameters of all selected conformations were provided. The
predominant conformers were optimized at B3LYP/6-31G(d,p)
level. The theoretical calculation of ECD was performed using
time dependent Density Functional Theory (TDDFT) at the
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B3LYP/6-31G(d,p) level in MeOH with PCM model (Miertus  wavelength of 410nm with a microplate reader (Thermo
et al., 1981). The ECD spectra of compounds 1a/1b and 2a/2b  Scientific, Waltham, MA). Acarbose was used as a positive
were obtained by weighing the Boltzmann distribution rate of = control and averages of three replicates were calculated. The

each geometric conformation (Tdhtinen et al., 2003). a-glucosidase inhibitory activity was expressed as percentage
The ECD spectra were simulated by overlapping Gaussian  inhibition and was calculated using the following formula:
functions for each transition according to: inhibition (%) = [1-(ODgample/ODplank)] x 100. The half-

maximal inhibitory concentration (ICsp) was calculated as the
compound concentration that is required for 50% inhibition, and
the ICs( value of the acarbose was 154.7 + 8.1 uM.

A
1 _
Ae(E) = S K Ry~ [E-E)/Co)T?
JToO
1

1
X
2297 x 1073 /2

The o represented the width of the band at 1/e height, and AE; Molecular Docking Simulation
and R; were the excitation energies and rotational strengths for ~ The virtual docking was implemented in the Surflex-Dock

transition 7, respectively. Rye had been used in this work. module of the FlexX/Sybyl software, which is a fast docking
. o method that allows sufficient flexibility of ligands and keeps
a-Glucosidase Inhibitory Assay the target protein rigid. Molecules were built with Chemdraw

The a-glucosidase enzyme from Saccharomyces cerevisiae (Sigma  and optimized at molecular mechanical and semiempirical level
Aldrich, USA) solution (1.5 U/mL) was prepared by dissolving by using Open Babel GUI. The crystallographic ligands were
the «-glucosidase in 200 M phosphate buffer (pH 6.8). The  extracted from the active site and the designed ligands were
a-glucosidase enzyme solution (20 L), test compounds (10  modeled. All the hydrogen atoms were added to define the
nL) and buffer (40 wL) were pipetted and mixed in a 96  correct ionization and tautomeric states, and the carboxylate,
well microtiter plate. The mixture was incubated at 37°C for ~ phosphonate and sulphonate groups were considered in their
10min. After incubation, p-nitrophenyl-o-D-glucopyranoside  charged form. In the docking calculation, the default FlexX
(PNP-G) substrate solution (10 L, in 20mM phosphate  scoring function was used for exhaustive searching, solid body
buffer) was added. The increment of absorbance due to the  optimizing and interaction scoring. Finally, the ligands with the
hydrolysis of PNP-G by «-glucosidase was measured at the  lowest-energy and the most favorable orientation were selected.

strong
(+)-asperteretal D

FIGURE 2 | Selected TH-TH cozY (blue bold lines) and HMBC (single arrows) correlations of compounds 1-5 and key HMBC analysis in original structure
(+)-asperteretal D.
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RESULTS AND DISCUSSION

(£)-Asperteretone A (1a/1b) were obtained as white, amorphous
powders. The molecular formula Cy3H,606 was deduced from
the HRESIMS data at m/z 421.1622 [M + Na]t (calcd for
C23H606Na, 421.1627), requiring 11 degrees of unsaturation.
Its IR spectrum displayed intense absorption bands for hydroxyl
(3,435 cm™ 1), carbonyl (1,718 cm™ 1), and aromatic ring (1,623
and 1,511 cm™!). The 'H NMR spectrum (Table 1) of 1 showed
characterized signals for a para-disubstituted phenyl group at éy
721 (d, ] = 8.4Hz, H-2, 6’) and 6.79 (d, ] = 8.4Hz, H-3, 5), a
1,3,4-trisubstituted phenyl group at 8y 6.60 (d, ] = 2.0 Hz, H-
27), 6.59 (d, ] = 8.2Hz, H-5”), and 6.55 (dd, ] = 2.0, 8.2Hz,
H-67), a prenyl group at ég 3.21 (m, H-7”), 5.27 (m, H-8”),
1.74 (s, H3-10”), and 1.70 (s, H3-11”), a methoxy group at §g
3.52 (s, OMe-4), two methines at 8§y 3.61 (d, ] = 11.5Hz, H-
2) and 3.26 (m, H-3), and a methylene at §y 2.38 (dd, ] = 8.9,
13.7Hz, H-5) and 2.58 (dd, ] = 4.0, 13.7Hz, H-5). The 3C
NMR and DEPT spectra (Table1) of 1 showed 23 carbon
resonances categorized as two methyls, two methylenes, ten
methines (including eight olefinic), eight nonprotonated carbons
(including six olefinic, one carboxyl, and one ester carbonyl),
and one methoxyl. The diagnostic data above indicated that
compound 1 was a butenolide derivative.

The protons and protonated carbon resonances in the
NMR spectra were unambiguously assigned through the
HSQC experiment. In the HMBC experiment (Figure 2), the
correlations from Hj3-10” to C-8”, C-9”, and C-11” and from
H,-7” to C-2”, C-3”, and C-4”, as well as the 'H-'H COZY
correlations (Figure 2) of H-7”/H-8” and H-5”/H-6”, confirmed
the presence of the 1,3,4-trisubstituted phenyl group (subunit A)

(1ZOOH

3J (H-2, H-3) = 11.5 Hz (large)

3J (H-2, H-3) = 11.5 Hz (large)

FIGURE 4 | ROESY correlations (dashed blue arrows) and coupling constant
were used to determine the relative configuration of 1 by optimized
conformation analysis for C-2 to C-3.

1a
1b

3a

FIGURE 3 | Chiral HPLC separation profiles of compounds 1a/1b—4a/4b.

2b 2a
N A
o\ /jj “'\\_
I BN
4
A ‘4a
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with a hydroxyl and a prenyl motif attached at C-4” and C-3”,
respectively. Besides, the 'H-'H COZY correlations of H-2’/H-
3’ and H-5/H-6" and HMBC correlations from both H-2" and
H-3’ to C-4" (6c 157.8) confirmed the presence of the para-
disubstituted phenyl group (subunit B) with a hydroxyl motif

attached at C-4’. Subunits A and B were connected through a
“-CH,(5)-CH(3)-CH(2)-” group, as confirmed by the 'H-'H
COZY correlations of H-2/H-3/H;-5 and HMBC correlations
from H,-5 to C-17, C-2”, and C-6” and from H-2 to C-1, C-
2} and C-6’. In addition, the key HMBC correlations from H-3,

— (2S3R)-1 calcd 15

— 1a 15

Wavelength [nm]

20+ — 3a
— (2R3S)-1 calcd — b
— (2R3R)-1 calcd 10 10 — 3
104 (25,3S)-1 caled -
- v = 5
5 5 S £
< 0 T = 0 =
s € , 2
S w w
g < a -5
-104 5
-10
20 T T T 1 10+ T T T 1 -15+ T T T d
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Wavelength [nm] Wavelength [nm] Wavelength [nm]
201 — (4R)-2 calcd 20 - 20 — 4a
— (4S)-2 calcd 2
— — 4b
= 104 10 _ 10
5, B i
: - ~ 0
= 2 :
w w
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FIGURE 5 | Calculated ECD spectra of (25,3R)-1, (2R,3S)-1, (2R,3R)-1, (25,35)-1, (4R)-2, and (4S)-2 and experimental ECD spectra of 1a/1b—4a/4b.

Wavelength [nm]

OH

(4S)-4-decarboxylflavipesolide C

B (2a/2b) and D (4), respectively.

revised

revised

FIGURE 6 | Structure reassignments of 2-benzyl-3-phenyl-type (£)-asperteretal D and (4S)-4-decarboxylflavipesolide C to 2-phenyl-3-benzyl-type (+)-asperteretones

(x)-asperteretone D (4)
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H,-5, and OMe-4 to C-4 (8¢ 177.4) and H-2 to C-1 (6¢ 178.3)
indicated that a methyl ester and a carboxyl group were attached
at C-3 and C-2, respectively. Thus, the planar structure of 1 was
determined.

The experimental electronic circular dichroic (ECD) spectrum
was measured in MeOH. Surprisingly, no apparent ECD Cotton
effects were observed, suggesting that compound 1 was racemic,
which adhered well to its lack of optical rotation. Subsequently,
compound 1 was separated into two optically pure enantiomers,
(—)-asperteretone A (la, [oc]zD5 —34) and (+)-asperteretone A
(1b, [¢]F +37) using high performance liquid chromatography
(HPLC) on a Daicel IC column (Figure 3).

The large coupling constant (J = 11.5Hz) suggested the
trans-relationship of H-2 and H-3, thus two possible optimal
conformations existed for its conformation analysis (Figure 4).
When the relative configuration of 1 was 25%,3R*, despite there
were obvious NOE correlations of H-2/H,-5 and H-3/H-6" (or
H-2’), the diagnostic NOE correlation of H,-5/H-2" (or H-6)
was not observed in the NOESY spectrum, indicating that the
assumption for 25%,3R*-configuration should be wrong. Thus,
the relative configuration of 1 was deduced to be 2R*,3R*, which
was completely supported by the NOE correlations of H-2/H;-5
and H-3/H-2’ (or H-6’). Accordingly, the relative configuration
of 1 was determined to be 2R*,3R*.

To further confirm the above conclusion and determine the
absolute configurations of 1a and 1b, a time-dependent density
functional theory (TDDFT) method at the at B3LYP/6-31G(d,p)
level in MeOH with PCM model was performed for (2S,3R)-
1, (2R,35)-1, (28,35)-1, and (2R,3R)-1 (Figure 5), of which the
DFT-calculated ECD spectra of (25,35)-1 and (2R,3R)-1 showed
close similarities to the experimental ECD spectra of 1a and 1b,
suggesting that the absolute structures of 1a and 1b should be
assigned as (28,35)- and (2R,3R)-configuration, respectively.

(£)-Asperteretone B (2a/2b) were also obtained as white,
amorphous powders and assigned the molecular formula
C23H240s5, as determined from the HRESIMS analysis at m/z
403.1526 [M + Na]* (caled for Cy3H405Na, 403.1521) and
13C NMR data. The 1D (Table 2) and 2D NMR spectra of 2
were completely identical to that of the reported (+)-asperteretal
D (Sun Y. et al, 2018), which drove us to believe that they
shared the same structures. The 1,3,4-trisubstituted phenyl
group with a C-4” hydroxyl and a C-3” prenyl motif and

para-disubstituted phenyl group with a C-4’ hydroxyl motif were
explicitly confirmed by detailed analysis of the 2D NMR data
(Figure 2) of 2. However, a strong four-bond HMBC correlation
from H,-5 to C-4 made us confused about the correctness of (£)-
asperteretal D. After careful examination of the HMBC spectrum
(Figure 2) of (&)-asperteretal D, key correlations from H-2’ to
C-3 and from H-4 to C-1° were not observed in the HMBC
spectrum; on the contrary, two four-bond HMBC correlations
from H-2’ to C-2 and from H,-5 to C-4 were observed, which
were also found in the HMBC spectrum of 2. These data above
suggested that (£)-asperteretal D should be structurally revised
from 2-benzyl-3-phenyl-type to 2-phenyl-3-benzyl-type.

The chiral resolution (Figure3) of 2 afforded a pair of
enantiomers, (£)-asperteretone B (2a/2b). To determine their
absolute configurations, the ECD spectra of (4S)-2 and (4R)-2
were calculated by the TDDFT methodology, which matched well
with those of (—)-asperteretone B (2a) and (+)-asperteretone B
(2b), respectively, indicating that the absolute stereochemistry
of 2a and 2b should be 4S- and 4R-configuration, respectively.
Furthermore, by comparison of their experimental ECD spectra
(Figure 5) and similar specific rotation values, the structures of
(—)-asperteretal D and (+)-asperteretal D were revised to 2a and
2b (Figure 6), respectively.

(£)-Asperteretone C (3a/3b), obtained as white, amorphous
powders, were determined to have the molecular formula

TABLE 3 | «-Glucosidase inhibitory activity of 1a/1b—4a/4b and 5.

Compound «a-glucosidase inhibitory activity
(ICs50, M)
1a 45.4 + 3.8
1b 531 +14
2a 17.3+24
2b 19.2+£1.9
3a 522 +4.6
3b 498 £ 5.7
4a 15.7 £ 1.1
4b 189 + 23
5 489 + 7.3
acarbose 154.7 £+ 8.1

rer\\l\a“on
O

! p-hydroxyphenyl pyruvic acid 1

SCHEME 1 | Plausible biogenetic pathways for compounds 1-5.
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C14H60¢, as deduced from the HRESIMS data at m/z 411.1802
[M + H]* (caled for Cy4Hz70¢, 411.1808) and m/z 433.1635
[M + Na]* (caled for CysHycO¢Na, 433.1627), which was
indicative of twelve degrees of unsaturation. Its high similarities
of NMR data (Table 1) with those of 2 suggested that 3 was
also a butenolide derivative, with the differences that the para-
disubstituted phenyl group was attached with a C-4" methoxy
motif in 3 rather than a C-4 hydroxyl motif in 2, and the
1,3,4-trisubstituted phenyl group attached with a C-4” hydroxyl
and a C-3” prenyl motif in 2 was replaced by a 2-(2,3-
dihydrobenzofuran-2-yl)propan-2-ol motif in 3, as supported by
the 2D NMR spectra (Figure 2), including HMBC and 'H-'H
COZY correlations. Thus, the structure of 3 was determined.
Considering the similar structural features of 2 and 3, we
deduced that compound 3 was likely a racemic mixture. As
expected, by chiral HPLC resolution (Figure 3), two isolates were
obtained. Since no apparent Cotton effects were decisive for the
absolute stereochemistry of C-8”, the experimental ECD spectra
(Figure 5) of 3a and 3b were closely similar to those of (—)-
asperteretone B (2a) and (+)-asperteretone B (2b), respectively,
indicating that compounds 3a and 3b possessed the 4S- and 4R-
configuration, respectively. Regrettably, the configuration of C-8”
was difficult to be determined (Liu et al., 2018b).
(%)-Asperteretone D (4a/4b) gave the molecular formula
Cy3H2405, as determined by the HRESIMS analysis at m/z
381.1692 [M + HJ* (caled for Cy3H,s0s, 381.1702) and
m/z 403.1513 [M + Na]t (caled for Cy3Hy4O5Na, 403.1521),
corresponding to twelve degrees of unsaturation. Detailed
analysis of the 'H and '*C NMR data (Tables 1, 2) of 4 and
2 suggested that they shared the similar structural features,
differing in that the 1,3,4-trisubstituted phenyl group attached
with a C-4” hydroxyl and a C-3” prenyl motif in 2 was replaced by
the 1,3,4-trisubstituted phenyl with the fusion of gem-dimethyl
substituted tetrahydropyrane ring, as supported by the HMBC
correlations from H,-8” to C-9”, C-10”, and C-11” and from H,-
7” to C-2” and C-4”, as well as the 'H-'H COZY correlation of
H,-7”/H;,-8”. Thus, the planar structure of 4 was determined.
The lack of optical rotation and no obviously observed
Cotton effects in the experimental ECD spectrum suggested
that compound 4 was also a racemic mixture, which was

then subjected to the Daicel IC column by chiral HPLC
resolution (Figure 3), thus affording a pair of enantiomers, (£)-
asperteretone D (4a/4b). The ECD spectra of (—)-asperteretone
D (4a) and (+4)-asperteretone D (4b) matched well with those
of (—)-asperteretone B (2a) and (+4)-asperteretone B (2b)
(Figure 5), respectively, indicating that the absolute structures of
4a and 4b should be 4S- and 4R-configuration, respectively.

Most importantly, the 'H and '*C NMR data in CDCl,
(Supplementary Materials, Figures S39, S40) of 4 were identical
to those of (4S)-4-decarboxylflavipesolide C (Sun K. et al,
2018), indicating that (4S)-4-decarboxylflavipesolide C should be
revised to 4 (Figure 6), as supported by the strong correlations
from H,-5 (g 3.58 and 3.99) to C-4 (§¢ 102.2) and from H-2’
(8u 7.43) to C-2 (8¢ 128.9) in the HMBC spectrum of (4S)-
4-decarboxylflavipesolide C, whose situation was just the same
as that of (&)-asperteretal D (Sun Y. et al., 2018). The minor
specific rotation value {[01]12)5 —18 (¢ 0.1, CH,Cl,)} of (45)-4-
decarboxylflavipesolide C was obviously different from those
of 4a {[]¥ —120 (c 0.1, CH,CL)} and 4b {[«]F +116 (c
0.1, CH,Cl,)}, indicating that (45)-4-decarboxylflavipesolide C
should be a racemic mixture with unsymmetrical amounts rather
than a pure substance.

Asperteretone E (5), obtained as a white, amorphous powder,
was found to have a molecular formula of Cy3Hy06 with 11
degrees of unsaturation, as deduced from the HRESIMS analysis
at m/z 421.1626 [M + Na] T (calcd for Cy3H606Na, 421.1627).
Side-by-side comparison of the 'H and *C NMR data (Tables 1,
2) of 5 with those of 2, suggesting that they shared the same core
skeleton, with the only difference being that the A8 double
bond in 2 was replaced by a methylene (8¢ 44.9, C-8”) and an
oxygenated tertiary carbon (8¢ 71.5, C-97) in 5, as supported by
the HMBC correlations (Figure 2) from H3-10” to C-8”, C-97,
and C-117. Thus, the structure of compound 5 was determined.

The optical rotation of zero in MeOH and inapparent
Cotton effects in the ECD curve highlighted that 5 was
racemic. Unluckily, despite for many attempts for several chiral
columns using various mobile phase systems, we still failed
to obtain the enantiomers of 5, which might own to that the
rapid interconversion of these two enantiomers in the solvents
prevented the separation on chiral columns.

FIGURE 7 | 3D docking pose shows the interaction of 4a in the binding site of the enzyme from Saccharomyces cerevisiae (PDB ID: 3A4A): the left side shows the
global view of the enzyme; the right side shows an expanded view of 4a in the binding site.
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Compounds 1-5 represented two special classes of 7,8-
dimeric phenylpropanoids with unexpected architectures,
and their plausible biogenetic pathways were proposed as
follows (Scheme 1): two molecules, p-hydroxyphenyl pyruvic
acid, underwent prenylation and decarboxylation reactions,
respectively, followed by aldol condensation and dehydration
reactions to create intermediate b. Alternatively, a further
dehydration reaction of b could generate an acid anhydride-
containing intermediate ¢, which could furnish 2-5 through
a series of reduction, cyclization, esterification, and so on.
Meanwhile, the esterification at C-4 and reduction of A%?
double bond could from 1, which was identified as a crucial
biogenetically related metabolite, was the first report of 2,3-
disubstituted butenolide derivatives with an unexpected cleavage
of oxygen bridge between C-1 and C-4. This finding would
greatly expand the chemical space and biosynthesis study for
butenolide derivatives.

Biological Evaluation of Compounds

1a/1b—-4a/4b and 5

Compounds 1a/lb-4a/4b and 5 were evaluated for the o-
glucosidase inhibitory activity. As shown in Table 3, all the
compounds exhibited potent inhibitory potency against -
glucosidase, with ICsy values ranging from 15.7 &= 1.1 to 53.1 &
1.4 uM, which was much lower than that of the positive control
acarbose (ICsp = 154.7 £ 8.1 uM). All enantiomers displayed
nearly horizontal ICsy values against «-glucosidase inhibitory
activity, indicating that the difference of chirality might have a
negligible impact on the activity. Most importantly, compounds
1a/1b-4a/4b and 5 may provide novel chemical scaffolds for the
discovery of new «-glucosidase inhibitors.

To investigate the binding mode of these compounds with
a-glucosidase, molecular docking study was carried out by
using the SYBYL 2.0 software. Due to the unavailable of crystal
structure of «-glucosidase from Saccharomyces cerevisiae, the
crystal structure of isomaltase (PDB ID: 3A4A) from S. cerevisiae,
which is 84% similar to that of S. cerevisiae «-glucosidase, was
conducted as docking model (Shen et al., 2015). The theoretical
binding mode between 4a and the enzyme was shown in
Figure 7. Compound 4a adopted a “V-shaped” conformation in
the pocket. Detailed analysis showed that the phenolic group
and benzopyran group of 4a formed -7 stacking interaction
with the residue Phe303 and Phel73, respectively. It was also
shown that the residue Asp307, Asp352, and Glu41l formed
key hydrogen bonds with 4a, which were the main interactions
between 4a and the enzyme. All these interactions helped 4a to
anchor in the binding site of the enzyme.

CONCLUSIONS

In conclusion, nine novel butenolide derivatives belonging to two
undescribed structural types, including four pairs of enantiomers
(1a/1b-4a/4b) and a racemate (5), were isolated from the

coral-associated fungus Aspergillus terreus. More importantly,
(%)-asperteretal D and (4S)-4-decarboxylflavipesolide C were
structurally revised to 2a/2b and 4, respectively. This study
further enriched secondary metabolites in the Aspergillus species
and was also a strong structural supplement to the new class of
y -butenolides. In addition, bioactivity evaluation results showed
that all the isolates exhibited potent «-glucosidase inhibitory
activity with ICsg values ranging from 15.7 £ 1.1 to 53.1 + 1.4
uM. On the background that DM is becoming a global public
health problem and more new effective therapeutic agents are
in the urgent need, our findings provide a basis for further
development and utilization of butenolide derivatives as source of
potential «-glucosidase inhibitors as therapeutic agents for type-2
diabetes mellitus.
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Coculture of Marine Streptomyces
sp. With Bacillus sp. Produces a New
Piperazic Acid-Bearing Cyclic
Peptide

Daniel Shin, Woong Sub Byun, Kyuho Moon, Yun Kwon, Munhyung Bae, Soohyun Um,
Sang Kook Lee and Dong-Chan Oh*

Natural Products Research Institute, College of Pharmacy, Seoul National University, Seoul, South Korea

Microbial culture conditions in the laboratory, which conventionally involve the cultivation
of one strain in one culture vessel, are vastly different from natural microbial environments.
Even though perfectly mimicking natural microbial interactions is virtually impossible,
the cocultivation of multiple microbial strains is a reasonable strategy to induce the
production of secondary metabolites, which enables the discovery of new bioactive
natural products. Our coculture of marine Streptomyces and Bacillus strains isolated
together from an intertidal mudflat led to discover a new metabolite, dentigerumycin E (1).
Dentigerumycin E was determined to be a new cyclic hexapeptide incorporating three
piperazic acids, N-OH-Thr, N-OH-Gly, B-OH-Leu, and a pyran-bearing polyketide acyl
chain mainly by analysis of its NMR and MS spectroscopic data. The putative PKS-NRPS
biosynthetic gene cluster for dentigerumycin E was found in the Streptomyces strain,
providing clear evidence that this cyclic peptide is produced by the Streptomyces strain.
The absolute configuration of dentigerumycin E was established based on the advanced
Marfey’s method, ROESY NMR correlations, and analysis of the amino acid sequence
of the ketoreductase domain in the biosynthetic gene cluster. In biological evaluation of
dentigerumycin E (1) and its chemical derivatives [2-)N,16-N-deoxydenteigerumycin E (2)
and dentigerumycin methyl ester (3)], only dentigerumycin E exhibited antiproliferative and
antimetastatic activities against human cancer cells, indicating that N-OH and carboxylic
acid functional groups are essential for the biological activity.

Keywords: marine microorganism, coculture, natural product, dentigerumycin, cyclic peptide

INTRODUCTION

Genomic analysis of microbes strongly suggests that microorganisms have more potential gene
clusters that would allow them to produce more secondary metabolites than are currently known
(Omuraetal., 2001). Even ifit is poorly understood, microorganisms are presumed to communicate
with each other physically or/and chemically (Hogan and Kolter, 2002; Straight et al., 2006).
Coculturing has been shown to alter individual cellular physiology and induce the production of
microbial secondary metabolites that are genetically encoded but not produced under conventional
laboratory culture conditions (Ueda and Beppu, 2017). In this context, coculturing different
microbes to elicit the production of bioactive microbial compounds not previously observed
when microbes are cultured independently could be a promising strategy to access microbial
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chemical diversity. A thorough literature search indicated
that chemical studies of cocultures initially focused on mixed
cultures of fungi and bacteria. The first new natural product
from a coculture, pestalone, was discovered by cocultivation
of the marine fungus Pestalotia sp. and the marine bacterium
Thalassospira sp. (Cueto et al.,, 2001). A subsequent coculture
experiment with the Thalassospira strain with the marine fungus
Libertella sp. resulted in the production of new pimarane-type
diterpenoids (Oh et al, 2005). In addition, the interaction
between the fungus Aspergillus fumigatus and the bacterium
Sphingomonas afforded glionitrin A (Park et al., 2009). Relatively
recently, cocultures of two different bacterial strains have also
successfully contributed to the discovery of new bioactive
natural products. Cocultivating various Streptomyces strains
with Tsukamurella pulmonis elicited the production of new
butanolides (Hoshino et al., 2015). Ecologically relevant
cocultures of marine invertebrate-associated Rhodococcus
and Micromonospora strains produced the antibiotic bis-
nitroglycosylated anthracycline (Adnani et al, 2017). As
part of our efforts to discover new bioactive molecules from
marine bacteria, we adopted the coculture strategy. Chemical
analysis of a coculture of two marine bacterial strains isolated
together from an intertidal mudflat in Wando, Republic of
Korea, showed the induction of the formation of a bacterial
metabolite. This result prompted us to scale up the coculture
and subsequently characterize the metabolite. Here, we report
the production, structure elucidation, putative biosynthetic
gene cluster (BGC), and biological activity of the new bacterial
metabolite, dentigerumycin E (1).

MATERIALS AND METHODS

General Experimental Procedures

Specific rotations were obtained using a JASCO P-2000
polarimeter with a 1-cm cell at 25°C. UV spectra were
obtained using an Applied Photophysics Chirascan™-plus
spectrometer with a 1-cm quartz cell at 25°C. IR spectral data
were obtained using a JASCO FT/IR-4200 spectrometer. NMR
spectra were recorded on an 800 MHz Bunker Avance III
HD spectrometer with a 5-mm TCI cryoprobe and a Bunker
Avance 600 MHz spectrometer at the National Center for
Inter-university Research Facilities (NCIRF). LC-MS and low-
resolution electrospray ionization mass spectroscopic (LR-ESI-
MS) data were obtained using an Agilent Technologies 1200
series high performance liquid chromatography (HPLC) coupled
with an Agilent Technologies 6130 quadrupole MS. High-
resolution fast atom bombardment MS (HR-FAB-MS) data were
obtained using a JEOL JMS-700 high-resolution MS at NCIRF.

Bacterial Isolation

A mud sample was collected from the intertidal mudflat in
Wando (34°18'55.5”"N 126°45'21.8"E), Republic of Korea in
September 2014. For bacterial isolation from the sample, 1g
of the mud sample was diluted in 10 mL of sterilized artificial
seawater, and the mixture was spread onto A4 medium,
actinomycete isolation agar medium, starch casein medium,
chitin-based medium, Czapek-Dox agar medium, Bennet’s agar

medium, YPM agar medium, YPG agar medium, and K agar
medium (all agar media were made with artificial seawater
and 100 mg/L cycloheximide). These isolation agar plates were
incubated at 25°C for 3 weeks. The actinobacterial strain JB5 and
the Bacillus strain GN1 were isolated on the same plate together
from actinomycete isolation agar medium. The strain JB5 was
identified as Streptomyces sp. (99% identical to Streptomyces
albogriseolus strain B24) on the basis of 16S rRNA gene sequence
analysis (GenBank accession No. MH656702). The strain GN1
was identified as Bacillus sp. (99% identical to Bacillus cereus)
by 16S rRNA gene sequence analysis (GenBank accession No.
MH656703).

Coculture Experiment

Streptomyces sp. strain JB5 and various strains in different phyla
were cultivated separately in 50 mL of YEME liquid medium (4 g
of yeast extract, 10 g of malt extract, and 4 g of glucose as a 40%
solution in 1L of artificial seawater) in a 125-mL Erlenmeyer
flask. After 4 days of cultivation in a rotary shaker at 200 rpm
at 30°C, equal volumes of the liquid cultures of JB5 and other
strains were mixed (10 mL to 10 mL) and inoculated into a 500-
mL baffled Erlenmeyer flask containing 200 mL of YEME liquid
medium. Mixed strains were cocultivated over 8 days in a rotary
shaker at 200 rpm at 30°C, and the chemical profiles of the
cocultures were monitored by LC-MS every 2 days. The strains
cocultivated with JB5 were Bacillus sp. (GN1), Streptomyces sp.
(SD53; isolated from the gut of Bombyx mori), Paenibacillus sp.
(CC2;isolated from the gut of Meloe proscarabaeus), Brevibacillus
sp. (PTH23; isolated from the excreta of Onthophagus lenzii),
Streptomyces sp. (UTZ13; isolated from the Nicrophorus concolor
parasitic mites), Mycobacterium sp. (Myc06; isolated from the
vegetable mold formed by Oligochaeta), Hafnia sp. (CF1; isolated
from the Meloe proscarabaeus), and Bacillus sp. (HR1; isolated
from the gut of Pseudopyrochroa rufula).

Genome Sequencing and Analysis

The genome of the JB5 strain was constructed de novo using
Pacbio sequencing data. Genome sequencing of the JB5 strain
was performed using the PacBio RS II by Chunlab, Inc.
(Seoul, Republic of Korea), and sequencing data were assembled
with PacBio SMRT Analysis 2.3.0 using the HGAP2 protocol
(Pacific Biosciences, USA). Nucleotide sequences with 122.76-
fold coverage of the Streptomyces sp. JB5 genome (~7.72 Mbp)
were generated. Gene prediction was performed using Prodigal
2.6.2, and sequences were annotated with ChunLab’s in-house
pipeline with EggNOG 4.5, Swissprot, KEGG, and SEED as
references. The dentigerumycin E BGC was identified using
antiSMASH (Medema et al., 2011; Weber et al., 2015).

Production and Extraction of

Dentigerumycin E

JB5 and GN1 strains were cultivated separately in 50 mL of YEME
liquid medium in 125-mL Erlenmeyer flasks. After 4 days of
cultivation in a rotary shaker at 200 rpm at 30°C, 10 mL of the JB5
culture and 1 mL of the GN1 culture (based on a serial dilution,
approximately 4.9 x 107 cells were estimated to be in 1 mL of
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Bacillus sp. GN1 culture) were inoculated together into a 500-
mL baffled Erlenmeyer flask containing 200 mL of YEME liquid
medium. The Streptomyces sp. JB5 and Bacillus sp. GN1 were
cocultivated for 6 days in a rotary shaker at 200 rpm at 30°C.
A total of 120L of the coculture was extracted twice with 180 L
of EtOAc by using a separation funnel. The EtOAc layer was
separated from the aqueous phase, and the residual water in the
organic layer was removed by adding anhydrous sodium sulfate.

Isolation of Dentigerumycin E

The crude extract was filtered through a 25HP045AN syringe
filter unit and directly injected onto a semipreparative reversed-
phase HPLC column (YMC-Pack ODS-A, 250 x 10mm, Cyg,
5um) and was separated with a gradient solvent system (flow
rate: 2 mL/min; UV detection: 210 nm; 35% to 50% CH3;CN/H,0
with 0.1% formic acid over 50 min). Dentigerumycin E (1)
eluted at a retention time of 27 min and was further purified
by semipreparative HPLC using gradient solvent conditions
(column: YMC-Pack ODS-A, 250 x 10mm, Cig, 5um,
flow rate: 2 mL/min; UV detection: 230nm; 66 to 88%
gradient MeOH/H,O with 0.1% formic acid over 20 min). Pure
dentigerumycin E (34 mg) was obtained at a retention time of
38 min under the final purification conditions.

Dentigerumycin E (1): white, amorphous powder; [oz]%)5 =
—3.1 (c 0.01, MeOH); UV (MeOH) Amax (log &) 204 (3.36)
nm; IR (neat) vpax 3401, 2929, 1741, 1644, 1507, 1445, 1248,
1196 cm™'; HR-FAB-MS [M+Na]™ m/z 936.4290 (calcd for
C39Hs3N9gO14Na, 936.4290); For 'H and '*C NMR spectral data,
Table 1.

Reduction of N-OHs in Dentigerumycin E
Dentigerumycin E (1, 10 mg) was dissolved in 4mL of THF
(tetrahydrofuran). Aqueous ammonium acetate (2mL, 4.5 M)
and 1 mL of 12% TiCl; solution in 20-30 wt. % HCI were added
to the solution. The mixture was stirred at room temperature
for 2h, and the product was extracted with 20 mL of EtOAc.
The organic layer was concentrated in vacuo, and the reaction
product (2-N,16-N-deoxydentigerumycin E, 2) was purified by
reversed-phase HPLC (YMC-Pack ODS-A, 250 x 10 mm, Cis,
5 wm) with an isocratic solvent system (flow rate: 2 mL/min; UV
detection: 210 nm; 36% CH3CN/H,O with 0.1% formic acid). 2-
N,16-N-deoxydentigerumycin E (2, 3.1 mg) eluted at 38.2 min,
and its molecular formula was confirmed as C39Hg3N9O14 by
HR-FAB mass spectroscopic analysis. The 'H and '*C NMR
chemical shifts of 2-N,16-N-deoxydentigerumycin E (2) were
assigned based on 'H NMR, HSQC, COSY, HMBC, ROESY, and
TOCSY analyses.

2-N,16-N-deoxydentigerumycin E (2): white, amorphous
powder; [ot]%5 = —2.6 (¢ 0.01, MeOH); UV (MeOH) Apax (log €)
200 (3.31) nm; IR (neat) vyay 3385, 2935, 1745, 1640, 1511, 1314,
1246, 1201 cm™'; HR-FAB-MS [M+Na]* m/z 904.4399 (calcd
for C39Hg3N9O16Na, 904.4392); For 'H and '*C NMR spectral
data, Table S1.

Application of Advanced Marfey’s Method
Dentigerumycin E (1, 0.6 mg) was hydrolyzed in 0.5mL of
6N HCI at 115°C for 1h with stirring, and the reaction was

quenched by cooling in an ice bath for 3 min. The HCl was
evaporated in vacuo. Then, 0.5mL of water was added to the
dry material and dried in vacuo three times to remove the
residual HCL. The hydrolysate was lyophilized for 24 h to ensure
complete removal of the acid. The hydrolysate containing free
amino acids was divided into two vials. Each hydrolysate was
dissolved in 200 pL of 1N NaHCOs;, and 100 L of L-FDAA
(1-fluoro-2,4,dinitrophenyl-5-L-alanine amide) or D-FDAA in
acetone (10 mg/mL) was added to each vial. Both vials were
incubated at 80°C for 3 min, and 100 pL of 2 N HCI was added
to neutralize the reactions. Each reaction mixture was diluted
with 300 pL of 50% CH3CN/H,O solution, and 20-pL aliquots of
each reaction product were analyzed by LC-MS using a gradient
solvent system (flow rate: 0.7 mL/min; UV detection: 340 nm;
10 to 60% CH3CN/H,O with 0.1% formic acid over 40 min)
with a reversed-phase column (Phenomenex Luna C;g(2), 100
x 4.6 mm, Cig, 5pum). To determine the stereochemistry of N-
OH Thr, the reduction product (2, 1.5 mg) was hydrolyzed with
6N HCl at 115°C for 1 h with stirring. The hydrolysate of 2 was
derivatized with Marfey reagents (L-FDAA and D-FDAA), and
the FDAA-adducts were analyzed by LC-MS in the same manner
as described above.

GITC (2,3,4,6-Tetra-O-Acetyl-3-D-
Glucopyranosyl Isothiocyanate)

Derivatization

Authentic standards of L-allo-Thr and L-Thr (0.5mg) along
with the hydrolysate of the reduction product (2) were
dissolved in 200 L of water in 4-mL vials. Then, 200 wL of
6% trimethylamine and 1% GITC (2,3,4,6-tetra-O-acetyl-8-D-
glucopyranosyl isothiocyanate) in acetone were added to each
vial. The reaction mixtures were stirred at 25°C for 15 min, and
the derivatization was quenched by adding 100 L of 5% acetic
acid. Aliquots of each reaction mixture (40 |LL) were analyzed by
LC-MS under gradient HPLC conditions (flow rate: 0.7 mL/min;
UV detection: 254nm; 10 to 100% CH3;CN/H,O with 0.1%
formic acid over 50 min, column: Phenomenex Luna C;g(2), 100
X 4.6 mm, 5 um).

Methylation of Dentigerumycin E
Dentigerumycin E (1, 10 mg) was dissolved in 3 mL of anhydrous
MeOH. AcCl (2.5 wL) was added to the solution, and the
mixture was stirred at room temperature for 9h with LC-MS
monitoring of the reaction progress. The reaction mixture was
concentrated in vacuo and purified by reversed-phase HPLC
(YMC-Pack ODS-A, 250 x 10 mm, Cig, 5 um) with an isocratic
solvent system (flow rate: 2 mL/min; UV detection: 210 nm; 38%
CH3CN/H,0 with 0.1% formic acid). Dentigerumycin E methyl
ester (3, 1.5 mg) eluted at 41.5 min under these HPLC conditions.
Its molecular formula was confirmed as C40HgsN9O16 by HR-
FAB mass spectroscopic analysis. The 'H and '*C NMR chemical
shifts of dentigerumycin E methyl ester (3) were assigned by
'H NMR, HSQC, COSY, HMBC, ROESY, and TOCSY spectral
analyses.

Dentigerumycin E methyl ester (3): white, amorphous powder;
[@]3 = —1.3 (c 0.012, MeOH); UV (MeOH) Apqy (log ) 205
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TABLE 1 | THand 13C NMR spectral data of dentigerumycin E (1) in pyridine-ds?.

Position 3¢ Type SH mult (J in Hz) Position 3¢ Type SH mult (J in Hz)
1 170.6 C 20a 21.3 CH» 1.68 m

2 66.9 CH 419 d (10.0) 20b 1.37 m
2-N-OH n.d. 21a 47.4 CHo 3.11 m

3 68.8 CH 6.0 m 21b 2.95 br. d (15.5)
3-OH n.d. 21-NH 5.69 br. d (13.0)
4 19.0 CHs 1.89 d (6.5) 22 169.3 C

5 169.6 o] 23 57.0 CH 5.83 dd (10.0, 10.0)
6 52.7 CH 5.44 dd (5.5, 1.5) 23-NH 9.13 d (10.0)
7a 24.4 CHo 2.25 br. d (14.0) 24 77.8 CH 5.95 dd (10.0, 1.0)
7b 1.62 m 25 30.6 CH 2.46

8a 22.0 CHo 1.21 m 26 16.5 CHg 1.35 d(7.0)

8b 1.06 br. d (13.0) 27 20.4 CHgs 1.25 d(7.0)

9a 47.3 CHo 3.03 br. d (13.0) 28 178.2 C

9 2.69 m 29 77.8 C

9-NH 4.90 br. d (13.0) 29-OH 6.97 s

10 176.3 o] 30 100.0 C

11 43.7 CH 6.55 br. d (6.5) 30-OH 7.03 s

12a 25.2 CHo 1.84 br. d (13.0) 31a 28.3 CHo 2.26 m

12b 1.68 m 31b 2.06 m

13a 20.4 CHo 2.02 m 32a 26.0 CHo 2.10 m

13b 1.26 m 32b 2.05 m

14a 47.6 CHo 2.93 br. d (14.5) 33 36.9 CH 217 m

14b 2.59 m 34 75.2 CH 4.03 m
14-NH 5.69 dd (12.5, 1.0) 35 22.7 CHs 1.75 S

15 167.4 C 36a 38.0 CHo 2.62 dd (15.0, 4.5)
16a 52.6 CHo 5.21 d(17.5) 36b 2.28 dd (15.0, 8.5)
16b 4.82 d(17.5) 37 175.2 C

16-N-OH n.d. 37-OH n.d.

17 1741 C 38a 25.7 CHo 1.72 m

18 48.7 CH 6.22 br. d (6.5) 38b 1.45 m

19a 25.8 CHo 2.42 br. d (13.5) 39 9.7 CHs 0.98 t(7.5)
19b 1.92 m

aH and '3C NMR data were recorded at 800 and 200 MHz, respectively.

(3.65) nm; IR (neat) vmax 3263, 2935, 1738, 1643, 1508, 1442,
1355, 1247, 1195 cm™!; HR-FAB-MS [M+Na]™ m/z 950.4442
(caled for CuoHesN9O16Na, 950.4447); For 'H and '*C NMR
spectral data, Table S1.

Cell Culture

Human cancer cells (A549, HCT116, MDA-MB-231, SK-HEP-
1) and human breast epithelial cell (MCF-10A) were obtained
from the American Type Culture Collection (Manassas, VA,
USA) and a stomach cancer cell (SNU-638) was obtained
from the Korean Cell Line Bank (Seoul, Korea). The cells
were cultured in an appropriate medium (Dulbecco’s modified
Eagle’s medium for MDA-MB-231 and SK-HEP-1; Roswell Park
Memorial Institute 1640 for A549, HCT116 and SNU-638 cells;
Dulbecco’s modified Eagle’s medium: Nutrient Mixture F-12
for MCF-10A) supplemented with antibiotics-antimycotics (PSF:
100 units/mL sodium penicillin G, 100 pug/mL streptomycin, and

250 ng/mL amphotericin B) and 10% fetal bovine serum (FBS)
in an incubator containing 5% CO, at 37°C. All reagents were
purchased from Gibco® Invitrogen Corp. (Grand Island, NY,
USA).

Cell Proliferation Assay

Cell proliferation was measured by a sulforhodamine B (SRB)
assay. Briefly, cells were seeded in 96-well plates and incubated
for 30 min (for zero day controls) or treated with 1-3 for the
indicated times. After incubation, the cells were fixed, dried and
stained with 0.4% SRB in 1% acetic acid. Unbound dye was
removed by washing, and the stained cells were suspended in
10 mM Tris (pH 10.0). The absorbance was measured at 515 nm,
and the cell proliferation was determined. ICsy values were
calculated by nonlinear regression analysis using TableCurve 2D
v5.01 software (Systant Software Inc., Richmond, CA, USA). All
reagents were purchased from Sigma-Aldrich.
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Wound Healing Assay

MDA-MB-231 cells were grown to 80-90% confluence in a
6-well plate. A confluent monolayer of MDA-MB-231 cells
was artificially wounded with a 200 wL pipette tip, and the
detached cells were washed with phosphate-buffered saline (PBS,
Invitrogen Corp.) and then incubated with 1% FBS in medium
containing various concentrations of 1-3 for 24 h. The wounds
were photographed at 0 and 24 h using an inverted microscope
(Olympus, Tokyo, Japan). The wound area was quantified using
Image] Software (National Institutes of Health) and presented as
wound healing (%) relative to the area of the wound at 0 h.

Cell Invasion Assay

Twenty-four-well transwell membrane inserts 6.5-mm in
diameter with 8 pm pores (Corning, Tewksbury, MA, USA) were
coated with 10 wL of type I collagen (0.5 mg/mL, BD Biosciences,
San Diego, CA, USA) and 20 uL of a 1:20 mixture of Matrigel
(BD Biosciences)/PBS. After treatment with the test compounds
for 24h, MDA-MB-231 cells were harvested, resuspended in
serum-free medium, and plated (1 x 10° cells/chamber) in the
upper chamber of the Matrigel-coated transwell insert. Medium
containing 30% FBS was used as the chemoattractant in the
lower chambers. After 24h of incubation, the cells that had
invaded the outer surface of the lower chambers were fixed and
stained using a Dift-Quik Staining Kit (Sysmex, Kobe, Japan)
and imaged. Representative images from 3 separate experiments
are shown, and the number of invaded cells was counted in 5
randomly selected microscopic fields (200 x magnification) (Kim
et al., 2018).

RESULTS AND DISCUSSION

Coculture Experiments for the Production

of Dentigerumycin E
The marine Streptomyces sp. JB5, isolated from an intertidal
mudflat in Wando, Republic of Korea, was cocultivated with
the marine Bacillus sp. GN1, which was associated with the
Streptomyces strain JB5 (Figure S1). The production of secondary
metabolites was monitored by LC-MS every 2 days. the coculture
with marine Bacillus sp. GN1, which was isolated from the
intertidal mudflat along with Streptomyces sp. JB5, displayed a
significantly different chemical profile compared with those of
the pure cultures of the strains JB5 and GNI. In particular,
on the sixth day cocultivation, LC-MS analysis of the coculture
of JB5 and GN1 showed a newly produced metabolite at a
retention time of 12.8 min that was not virtually detected in
the cultures of the individual strains (Figure 1, Figure S2). The
observed compound, later identified as a new cyclic depsipeptide,
dentigerumycin E (1), showed a UV absorption maximum at
204 nm and a molecular ion [M+H] ™ at m/z 914. To optimize the
production of dentigerumycin E, the two bacterial strains were
mixed in various ratios. After 4 days of individual cultivation, the
two pure cultures of JB5 and GN1 were mixed in ratios of 1:1,
2:1, 5:1, and 10:1. LC-MS analysis of the cocultures indicated that
a 10:1 ratio of JB5/GN1 provides the best yield of dentigerumycin
E (1).

The Streptomyces sp. JB5 was also cocultivated with
phylogenetically diverse but ecologically irrelevant bacterial

strains including Bacillus sp. HRI, Paenibacillus sp. CC2,
Brevibacillus sp. PTH23, Streptomyces sp. SD53, Streptomyces
sp. UTZ13, Hafnia sp. CF1, and Mycobacterium sp. Myc06.
Most of the cocultures of Streptomyces sp. JB5 with these
bacterial strains did not show the production of dentigerumycin
E or the induction of other metabolites, the coculture with
Bacillus sp. HR1, which is phylogenetically close to Bacillus sp.
GN1, produced dentigerumycin E (Figure S3). Although the
mechanism triggering the biosynthesis of dentigerumycin E
by Bacillus strains remains unclear, these coculture experiment
results implied that Bacillus strains, which are most closely
related to B. cereus, possibly have common ability to induce the
production of dentigerumycin E from Streptomyces sp. JB5.

Structure Elucidation of Dentigerumycin E
Dentigerumycin E (1) was isolated as an amorphous white
power with a molecular formula of C39Hg3N9Oj6 based on
HR-FAB-MS analysis (obsd. [M+Na]™* at m/z 936.4290, calcd.
936.4290). The molecular formula indicated that this molecule
possesses 13 degrees of unsaturation. The *C NMR spectrum
of 1 indicated eight carbonyl carbons (§c: 178.2, 176.3, 175.2,
174.1, 170.6, 169.4, 169.3, and 167.4), one dioxygenated carbon
(8¢: 100.0), 13 N/O-bound carbons (8¢: 77.8, 77.8, 75.2, 68.8,
66.9, 57.0, 52.7, 52.6, 48.7, 47.6, 47.4, 47.3, and 43.7), and 18
alkyl carbons (8c: 38.0 ~ 9.7) (Table 1). The 'H and HSQC
NMR spectra of 1 indicated six exchangeable protons (§y: 9.13,
7.03, 6.97, 5.69, 5.59, and 4.90), three oxygenated methines
(6c/8y: 77.8/5.95, 75.2/4.03, and 68.8/6.00), five methines at the
a-positions of amino acids (§¢/8n: 66.9/4.19,57.0/5.83, 52.7/5.44,
48.7/6.22, and 43.7/6.55), four nitrogenous methylenes (8c/0u:
52.6-5.21 and 4.82, 47.6/2.93 and 2.59, 47.4/3.11 and 2.95, and
47.3/3.03 and 2.69), two alkyl methines, 10 alkyl methylenes,
one singlet methyl (8c/8u: 22.71.75), three doublet methyls
(8c/8u: 20.4/1.25, 19.0/1.89, and 15.5/1.35), and one triplet
methyl (§c/8n: 9.7/0.98) (Table 1).

The COSY, TOCSY, and HMBC NMR spectra indicated
that dentigerumycin E (1) possesses six unusual amino acid
residues and one polyketide-derived substructure (Figure 2,
Figures $4-510). First, an array of COSY/TOCSY correlations
constructed a spin system from H-6 to 9-NH. The HMBC
correlation from H-6 to the C-5 carbonyl carbon and from 9-NH
to C-6 demonstrated that this spin system includes a piperazic
acid (Pip-1). Two additional piperazic acid units (Pip-2 and Pip-
3) were similarly assigned based on the corresponding COSY,
TOCSY, and HMBC correlations. Further analysis of COSY and
TOCSY spectroscopic data revealed another discrete spin system
from 23-NH to two doublet methyl groups (H3-26 and H3-27).
The a-amino proton H-23 displayed an HMBC correlation with
the carbonyl carbon at C-22, indicative of a B-hydroxy leucine
(B-OH-Leu). In addition, a N-hydroxy threonine unit (N-OH-
Thr) was proposed based on the COSY/TOCSY correlations
among H-2, H-3, and H3-4. An independent a-amino methylene
signal correlated with the C-15 carbonyl carbon in the HMBC
NMR spectrum indicated the presence of N-hydroxy glycine
(N-OH-Gly).

The final structural fragment was assigned as a pyran-
bearing polyketide-derived moiety. A terminal triplet methyl
group (C-39) was connected to C-38 by the H3-39/H,-38 COSY
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FIGURE 1 | HPLC profiles of the single culture of Streptomyces sp. JB5, the single culture of Bacillus sp. GN1, and their coculture.

correlation. The 3-bond 'H-'H couplings between H,-38 and H-  from 21-NH and H-23 to C-22. The polyketide-derived moiety
34 placed the C-39-C-38 ethyl group next to C-34. Subsequently, — was connected to p-OH-Leu by the 28-NH/C-28 HMBC
the COSY and TOCSY correlations among H-34, H-33, H,-32,  correlation. Therefore, the sequence of the partial structures of
and H;-31 constructed an alkyl chain spin system from C-39 to 1 was determined to be N-OH-Thr-Pip-1-Pip-2-N-OH-Gly-Pip-
C-31. H;-36 displayed a COSY coupling with H-33, indicating C- ~ 3-B-OH-Leu-polyketide-derived acyl chain (Figure 3).
33 was a branch point. The 3-bond 'H-13C correlations from H,- The carbonyl groups explained 8 of the 13 double bond
36 to the C-37 carbonyl carbon connected C-37 to C-36. Thealkyl ~ equivalents, indicating that dentigerumycin E (1) must be a
chain was further extended from C-31 to C-30, a dioxygenated  pentacyclic compound. The three piperazic acids and pyran ring
carbon, based on the H,-31/C-30 HMBC correlation. A singlet  accounted for another four of the double bond equivalents.
methyl signal (H3-35) exhibited strong HMBC correlations to  Thus, dentigerumycin E must possess an additional ring. The
C-30, C-29, and C-28, which finally constructed a Cy backbone  3-bond HMBC correlation between H-24 and C-1 constructed
chain with a C, branch and a branch methyl group. 29-OH  a macrocycle (Figure 3). After elucidating most of the structure
and 30-OH, which were visible in the 'H NMR spectrum,  of 1, the C-37 carbonyl carbon was proposed to be a carboxylic
were assigned at C-29 and C-30, respectively, based on their  acid based on the molecular formula, which allowed the planar
HMBC correlations. Further analysis of the HMBC spectrum  structure of dentigerumycin E (1) to be proposed as shown.
revealed the presence of a pyran ring by the H-34/C-30 3-bond The uncertainty in the planar structure of 1 due to the
correlation. Therefore, the polyketide-derived partial structure  invisibility of the N-OH and carboxylic OH moieties in
was determined to be a Cy, alkyl moiety bearing a pyranringand ~ the 'H NMR spectrum was further clarified by utilizing
a branching C, chain and a branch methyl group (Figure 3). chemical reactions and NMR spectroscopic analyses of the
The six amino acids and the polyketide-derived acyl chain  products. To confirm the presence of two N-OH groups,
were assembled by analysis of the HMBC spectrum. N-OH-Thr ~ the N-OHs were converted to NHs using TiCl3 (Pennings
was located adjacent to Pip-1 based on the H-2/C-5 and H,-7/C- et al,, 1983). The structure of the reduction product (2-
5 'H-13C correlations. The HMBC correlations from H-6 and  N,16-N-deoxydentigerumycin E, 2) (Figure2) was elucidated
H-12 to C-10 connected Pip-1 and Pip-2. The sequence from  based on the 'H NMR, COSY, HMBC, HSQC, TOCSY, and
Pip-2 to N-OH-Gly was established by heteronuclear couplings =~ ROESY spectra (Table S1, Figures S11-S16) and HRMS data,
from 14-NH and H»-16 to C-15. H-16 also displayed an HMBC  confirming the presence of the N-OH groups of N-OH-Thr
correlation to C-17. The connectivity between N-OH-Gly and  and N-OH-Gly in dentigerumycin E (1). On the other hand,
Pip-3 was supported by the H,-19/C-17 HMBC coupling. B-OH-  the only HMBC correlation to the C-37 carbonyl carbon
Leu was located next to Pip-3 based on the 3-bond correlations  (§¢ 175.2) was from H;-36, not fully proving the proposed
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FIGURE 2 | Structures of dentigerumycin E (1) and its derivatives (2 and 3).

carboxylic acid functionality. To validate the presence of the
carboxylic acid group in the acyl side chain, we performed
an AcCl-mediated methylation and confirmed the structure of
the methylated product (dentigerumycin E methyl ester, 3)
(Figure 2) by 'H NMR, COSY, HMBC, HSQC, TOCSY, and
ROESY (Table S1, Figures S17-S22) as well as HRMS analysis.
The protons of the methoxy group displayed a clear HMBC
correlation to the carbonyl carbon in 3, confirming the carboxylic
acid functionality in 1. Therefore, the planar structure of
dentigerumycin E (1) was unequivocally elucidated.

The relative configuration of the two congruent stereogenic
centers in B-hydroxy leucine were established through J-based
configuration analysis (Figure 4A). The large 'H-'H coupling
between H-23 and H-24 (Jyz3m24 = 10.0 Hz) indicated that these
two protons have anti-relationship. Further ROESY correlations
allowed the assignment of 238* and 24S* (Matsumori et al., 1999).
The relative configuration of the pyran ring in the acyl side chain
was determined by ROESY correlations (Figure 4B).

To establish the absolute configuration of dentigerumycin
E (1), acid hydrolysis was performed using 6 N HCI at 115°C
for 1h. The hydrolysate was then derivatized with Marfey’s
reagents (L-FDAA and D-FDAA) and analyzed by LC-MS (Fujii
et al, 1997). The L-FDAA and D-FDAA derivatives of f-
hydroxy leucine were detected at retention times of 15.2min
and 18.2 min, determining its L(S)-configuration at the a-amino
position (Figure $23). Based on the advanced Marfey method
and the previously determined relative stereochemistries, the

FIGURE 4 | Key ROESY correlations (double headed arrows) for determining
the relative configurations of (A) the p-hydroxy leucine and (B) the acyl chain in
dentigerumycin E (1).

absolute configuration of the chiral centers in the B-hydroxy
leucine were determined to be 23S and 24S. The L-FDAA and
D-FDAA derivatives of the three piperazic acid units eluted at
retention times of 11.9 min and 14.1 min in a ratio of 2:1. Based
on Marfey analysis of synthetic (S)- and (R)-piperazic acids, the
L-FDAA derivative of piperazic acid elutes faster than the D-
FDAA derivative when piperazic acid has an R-configuration (Oh
etal., 2009). Therefore, dentigerumycin E contains two R-Pip and
one S-Pip units.

Because the free N-OH-Thr does not react with Marfey’s
reagents, 2-N,16-N-deoxydentigerumycin E (2), which possesses
Thr converted from N-OH-Thr, was hydrolyzed and derivatized
with Marfey’s reagents. In the LC-MS analysis of the derivatives,
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the L-FDAA and D-FDAA derivatives of threonine eluted at
18.2min and 21.4min, respectively, indicating the o-position
of threonine was in the L (S) configuration (Figure S23).
Due to the presence of the additional stereogenic center at
the B-carbon in threonine, GITC (2,3,4,6-tetra-O-acetyl-B-D-
glucopyranosyl isothiocyanate) derivatization was performed
(Hess et al., 2004). The retention times of the GITC derivatives
of 2 and authentic standards of L-allo-Thr and L-Thr were
compared. The GITC derivatives of L-allo-Thr, L-Thr, and Thr
in 2 eluted at retention times of 14.7 min, 15.1 min, and 15.1 min,
respectively (Figure S24). Therefore, the N-hydroxy threonine of
dentigerumycin E (1) was determined to be N-OH-L-Thr, and
thus the absolute configurations of its stereogenic centers were
determined to be 2S and 3R.

Analysis of the Putative Biosynthetic
Pathway of Dentigerumycin E for

Stereochemical Assignment

Complete assignment of the sequence of the two R- and one S-
piperazic acid moieties was accomplished through analysis of the
putative biosynthetic gene cluster (BGC) (Table S2). Full genome
sequencing of Streptomyces sp. JB5 allowed the identification of
the BGC of dentigerumycin E (1). Even though its origin was
reasonably inferred as Streptomyces sp. JB5 based on previous
reports of dentigerumycin class compounds (Oh et al., 2009;
Wyche et al., 2017), identifying the BGC added clearer evidence
of its Streptomyces origin because sometimes the same class of
compounds can be discovered together from phylogenetically
diverse bacteria (Blodgett et al., 2010). As predicted based
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FIGURE 5 | Putative biosynthetic gene cluster and proposed biosynthetic pathway of dentigerumycin E (1).
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FIGURE 6 | Sequence alignment of KR domains in the biosynthetic gene cluster of dentigerumycin E (JBSKR6593) and various other PKSs reported by Caffrey (2003).
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FIGURE 7 | Dentigerumycin E (1) suppresses cell migration of the metastatic human breast cancer cell line (MDA-MB-231) in the wound healing assay. The data are
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FIGURE 8 | Dentigerumycin E suppresses cell invasion of the human breast cancer cell line (MDA-MB-231) in the cell invasion assay. The data are represented as the
means + SD from three independent experiments: **o < 0.01.

on the structure, the BGC was composed of a multimodular 6606, 6605, and 6604) showed high degree similarity to that
hybrid polyketide synthase (PKS) and a nonribosomal peptide = of dentigerumycins B-D (Wyche et al, 2017). Based on the
synthetase (NRPS) (Figure 5). The feature of NRPS involving  antiSMASH analysis, these modules produce a cyclic peptide
six modules in the four open reading frames (ORFs 6590, with the sequence Leu-Pip-3-Gly-Pip-2-Pip-1-Thr, which is
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consistent with the structure elucidated by spectroscopic analysis.
Epimerase domains, which determine the absolute configurations
of the amino acid residues in NRPS, were incorporated in the
modules for Pip-3 and Pip-2 but not Pip-1. The 2:1 ratio of R-
and S-piperazic acids determined by advanced Marfey’s analysis
(vide supra) established that the absolute configuration of the
three piperazic acids is 68, 11R, and 18R (S-Pip-1, R-Pip-2, and
R-Pip-3) (Figure 5).

The absolute configuration of the acyl side chain was also
assigned through analysis of the BGC. Within the BGC of
dentigerumycin E, four type I PKS modules (ORFs 6594, 6593,
6592, and 6591) were involved in the biosynthesis of the Cy; acyl
side chain (Figure 5). Both module 6594 and 6591 are composed
of a ketosynthase (KS), an acyltransferase (AT), and an acyl
carrier protein (ACP). Because the KS of 6594 was identified as
KSq with the active site cysteine (C) being replaced by glutamine
(Q) (Kuhstoss et al., 1996), 6594 was identified as the loading
module of dentigerumycin E BGC (Figure $25). Module 6593
involves KS, AT, dehydratase (DH), ketoreductase (KR), and
ACP. In modular polyketide synthase (PKS), certain amino acid
motifs in the KR domain are correlated with the stereochemistry
of the hydroxyl groups in the product (Caffrey, 2003; Reid et al,,
2003). KR domains lead to A-type alcohol stereochemistry (3S
when C-2 has higher priority than C-4 and 3R when C-4 has
higher priority than C-2) if amino acid residue 141 is tryptophan
(W) and B-type alcohol stereochemistry (3R when C-2 has higher
priority than C-4 and 3S when C-4 has higher priority than C-2)
if an LDD motif is present in the region between 88 and 103. In
addition, B-type KR domains typically contain proline (P) or/and
asparagine (N) at residue 144 and 148, respectively. During the
reaction with PKS, it was hypothesized that the tryptophan motif
guides the polyketide into the active site of A-type KRs, while
the LDD motif guides polyketides into the active site of B-type
KRs (Zheng et al., 2010). The KR domain of module 6593, which
determines the absolute configuration of C-34 hydroxy group,
was aligned with other KR domains reported by Caffrey (2003),
and the residues were compared. Based on the LDD motif, the
KR domain of module 6593 was identified as B-type, indicating
the product should have a 34R configuration (Figure 6). R-
configuration is also supported by the evidence that residue 141
was not a tryptophan and the presence of asparagine at residue
148. Based on the relative configuration previously determined by
ROESY correlations, the absolute configuration of the stereogenic
centers in the acyl side chain should be 298, 30R, 33R, and 34R
(Figure 2).

On the other hand, because the hydroxy group at C-34 was
preserved rather than eliminated, the DH domain in module
6593 is assumed to be nonfunctional, similar to what is seen
with polyoxypeptin A (Du et al.,, 2014), which has a BGC that
closely resembles that of the dentigerumycin class of compounds.
Although this DH domain of dentigerumycin E has all three key
amino acids residues of the conserved motif HxxxGxxxxP, the
motif is not always universally conserved (Joshi and Smith, 1993).
In addition, the two tyrosine (Y) residues in the GYxYGPxF motif
were altered to phenylalanine (F) and histidine (H), respectively.
Such a significant alteration in these conserved motifs could
cause the domain to be nonfunctional (Keatinge-Clay, 2008),

and these alterations in the GYxYGPxF motif could explain the
nonfunctional DH in module 6593. (Figure S26).

Biological Activity of Dentigerumycin E and

Its Derivatives

To explore the biological activities of dentigerumycin E (1)
and its derivatives (2 and 3), cytotoxicity was evaluated
against various human cancer cells. Dentigerumycin E (1)
showed moderate cytotoxicity against the tested cancer cell
lines including A549 (lung cancer), HCT116 (colorectal
cancer), MDA-MB-231 (breast cancer), SK-HEP-1 (liver
cancer), and SNUG638 (stomach cancer) whereas 2N,16N-
deoxydentigerumycin E (2) and dentigerumycin E methyl ester
(3) did not inhibit the proliferation of these cancer cell lines
(Table S3). To determine the cancer cell-specific cytotoxicity,
cytotoxicity of 1-3 against a normal human breast epithelial
cell line (MCF-10A) was also evaluated. As shown in Table S3,
in comparison to cancer cell lines, dentigerumycin E (1) did
not demonstrated a significant cytotoxicity against normal
epithelial cells with ICsy value of over 50 wM. Furthermore,
the antimetastatic activity of dentigerumycin E was evaluated
with metastatic breast cancer cells (MDA-MB-231) by wound
healing and cell invasion assays. For each assay, cells were treated
with 20 uM or 40 uM dentigerumycin E for 24h. Compared
to the vehicle-treated group, dentigerumycin E inhibited cell
migration in the wound healing assay by 20 and 48% at 20
and 40 pM, respectively (Figure 7). In the cell invasion assay,
dentigerumycin E exhibited inhibitory activity by 10 and 34% at
20 and 40 pM, respectively (Figure 8). These results indicated
the antimetastatic potential of dentigerumycin E (1) against
breast cancer cells. However, 2N,16N-deoxydentigerumycin
E (2) and dentigerumycin E methyl ester (3) displayed no
significant activity in the wound healing and cell invasion assays
(Figures S27, $28), suggesting that 2-N-OH, 16-N-OH, and
37-OH (carboxylic acid) in 1 are essential for its antiproliferative
and antimetastatic activities.

CONCLUSION

A new cyclic peptide, dentigerumycin E (1), was discovered
from a coculture of marine Streptomyces sp. JB5 and Bacillus sp.
GN1 strains isolated from an intertidal mudflat. Cocultivating
Streptomyces sp. JB5 and a Bacillus strain (either GN1 or
HRI1), most closely related B. cereus, was required because
dentigerumycin E was virtually detectable only in cocultures of
these bacterial strains, not in single cultures of these bacteria.
Dentigerumycin E was determined to be a new member of the
dentigerumycin nonribosomal peptide class with three piperazic
acid units and an acyl chain of PKS origin (Oh et al., 2009).
Dentigerumycin E (1) is most similar to dentigerumycin B,
previously reported from the Pseudonocardia symbiont of a
fungus-growing ant (Wyche et al., 2017), but the N-hydroxy
threonine moiety in 1 has a different configuration from that
in dentigerumycin B (L-Thr for dentigerumycin E whereas
L-allo-Thr for dentigerumycin B). Moreover, the polyketide-
derived acyl chain of 1 has a carboxylic acid group in the
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branched C, chain, which has not been reported in the other
dentigerumycin-type compounds. Our biological evaluation of
the antiproliferative and antimetastatic activities revealed that
the 2-N-OH, 16-N-OH, and 37-OH groups are essential for
the activities of dentigerumycin E. Genomic analysis of the
Streptomyces sp. JB5 strain allowed the identification of the
putative BGC of dentigerumycin E (1) and thus confirmed
that 1 was produced by the Streptomyces strain. In conjunction
with chemical derivatizations, comprehensive analysis of the
biosynthetic modules allowed the absolute configurations of
the piperazic acid residues and PKS-derived acyl chain to be
proposed. Induction of dentigerumycin E production by a couple
of phylogenetically close Bacillus strains raised an interesting
question about the mechanism activating the biosynthetic gene
cluster for dentigerumycin E in Streptomyces sp. JB5, which might
lead a more comprehensive mechanism study. The discovery of
dentigerumycin E (1) in the marine bacterial coculture highlights
that marine microorganisms are prolific chemical sources of
bioactive natural products and that the coculture strategy could
be a promising method for exploring hidden microbial chemical
diversity.
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The structure diversity of type Il polyketide synthases-derived bacterial aromatic
polyketides is often enhanced by enzyme controlled or spontaneous cyclizations. Here
we report the discovery of bacterial aromatic polyketides generated from 5 different
cyclization modes and pathway crosstalk between the host and the heterologous
fluostatin biosynthetic gene cluster derived from a marine bacterium. The discovery of
new compound SEK43F (2) represents an unusual carbon skeleton resulting from a
pathway crosstalk, in which a pyrrole-like moiety derived from the host Streptomyces
albus J1074 is fused to an aromatic polyketide SEK43 generated from the heterologous
fluostatin type Il PKSs. The occurrence of a new congener, fluoquinone (3), highlights
a bacterial aromatic polyketide that is exceptionally derived from a characteristic fungal
F-mode first-ring cyclization. This study expands our knowledge on the power of bacterial
type Il PKSs in diversifying aromatic polyketides.

Keywords: heterologous expression, aromatic polyketides, type Il polyketide synthase, cyclization modes,
pathway crosstalk

INTRODUCTION

Aromatic polyketides (APKs) comprise a rich class of natural products with diverse structures and
exhibit antimicrobial, antitumor, antiparasitic, antiviral, and other activities (Shen, 2000; Hertweck
et al., 2007; Das and Khosla, 2009; Zhou et al., 2010; Zhang Z. et al., 2017). Most bacterial APKs
are synthesized by type II polyketide synthases (PKSs). The “minimal” type II PKSs consist of a
set of iteratively used enzymes including two ketosynthase units (KS, and KSg) and an acyl-carrier
protein (ACP) (Shen, 2000; Hertweck et al., 2007; Das and Khosla, 2009; Zhou et al., 2010; Zhang
Z. et al., 2017). The KS, unit catalyzes iterative decarboxylative condensations of ACP-tethered
malonyl to generate a linear poly-B-ketone chain, the length of which is controlled by the KSg
unit (also known as chain-length factor, CLF). The poly-B-ketone chains are converted into
diverse APKs by enzymatic tailoring modifications such as cyclization, oxidation, glycosylation,
and methylation. In many cases, shunt products are also produced from the reactive poly-B-ketone
chains by spontaneous and aberrant cyclization to further enhance the structural diversity of APKs
(Shen, 2000; Hertweck et al., 2007; Das and Khosla, 2009; Zhou et al., 2010; Zhang Z. et al., 2017).
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Fluostatins (FSTs) are a growing family of atypical
angucycline-type APKs and display antibacterial, antitumor
and peptidase inhibition activities (Akiyama et al., 1998a,b; Baur
et al,, 2006; Feng et al., 2010; Zhang et al., 2012; Yang et al., 2015;
Jiang et al., 2017; Zhang W. et al.,, 2017; Huang et al., 2018; Jin
et al., 2018). Recently, heterologous expression of the type II
PKS gene cluster (fls) of FSTs from South China Sea-derived
Micromonospora rosaria SCSIO N160 in Streptomyces coelicolor
YF11 (Zhou et al.,, 2012) enabled the production of new FST
derivatives (Yang et al., 2015). Intriguingly, introduction of the
fls-gene cluster in Streptomyces albus J1074 led to production of
diverse C-C and C-N coupled dimeric FSTs (Huang et al., 2018).
Herein we report the discovery of APKs derived from different
chain lengths and cyclization patterns in the heterologous host
S. albus J1074.

MATERIALS AND METHODS

General Experimental Procedures

Optical rotation was determined on a 341 polarimeter (Perkin
Elmer, Inc.). UV spectrum was recorded with a U-2900
spectrophotometer (Hitachi). IR spectrum was obtained using
a Nicolet*6700 FT-IR spectrometer (Thermo Scientific). 'H,
13C, and 2D NMR spectra were recorded on Bruker 700
spectrometer with tetramethylsilane (TMS) as the internal
standard. Low-resolution mass spectrometric data were
determined using an amaZon SL ion trap mass spectrometer.
High-resolution electrospray ionization mass spectrometric
(HRESIMS) data were measured on a MaXis 4G UHR-TOFMS
spectrometer (Bruker Daltonics Inc.). Column chromatography
(CC) was performed with silica gel (100-200 mesh, Jiangyou
Silica Gel Development, Inc., Yantai, P. R. China). Thin layer
chromatography (TLC, 0.1-0.2 or 0.3-0.4 mm) was conducted
with precoated silica gel GF254 (10-40nm, Yantai) glass
plates. Preparative TLC (pTLC) was conducted with precoated
glass plates (silica gel GF254, 10-40nm). Sephadex LH-20
(40-70 pm; Amersham Pharmacia Biotech AB, Uppsala,
Sweden), and YMC¥gel ODS-A (12nm S-50 pm; Japan).
MCI gel CHP-20P (75-150 wm, Mitsubishi Chemical Corp.,
Tokyo, Japan). Medium pressure liquid chromatography
(MPLC) was performed on automatic flash chromatography
(Cheetahtmmp 200, Bonna-Agela Technologies Co., Ltd.)
with the monitoring wavelength at 220nm and the collecting
wavelength at 254 nm. Semi-preparative HPLC was carried out
on a Hitachi-L2130 HPLC (equipped with a Hitachi L-2455
diode array detector) using a Phenomenex Luna C18 column
(250 x 10mm, 5pm). Analytical HPLC was performed on
an Agilent 1260 Infinity series instrument (equipped with
a quaternary pump, a vacuum degasser, an autosampler, a
thermostatic column compartment, and a DAD detector)
using an Agilent ZORBAX SB-C18 column (150 x 4.6 mm,
5um) under the following program: solvent system (solvent
A, 10% acetonitrile in water supplementing with 0.08%
formic acid; solvent B, 90% acetonitrile in water); 5% B to
80% B (linear gradient, 0-20min), 80% B to 100% B (20-
21 min),100% B (isocratic elution, 21-24 min), 100% B to 5%
B (24-25min), 5% B (isocratic elution, 25-30 min) with the

monitoring wavelength at 400nm. Small scale production
process was performed in a compact sterilizable-in-place
fermentation system BioFlo 510 fermentator (Eppendorf AG,
German).

Bacterial Material
The recombinant strain S. albus J1074/pCSG5033 has been
previously described (Huang et al., 2018).

Fermentation, Extraction, and Isolation

The recombinant strain S. albus J1074/pCSG5033 was cultured
in the seed medium (3% tryptic soya broth, pH 7.0) and
carried on a rotary shaker (200 rpm) at 28°C for 1-3
days. A 20L scale fermentation was performed by inoculating
1.5L of the seed culture into a 40L fermentator (stirring
rate:120-230 rpm; dissolved oxygen: 30%; ventilation volume:
15-20L min~!; pH: 7.2-7.4; pressure: 3 psi; fermentation
temperature: 28°C) containing 20 L of the production medium
(0.1% peptone fish, 1% starch soluble, 0.6% corn powder,
0.2% bacterial peptone, 0.5% glycerol, 0.2% CaCO3, 3%
sea salt), and cultured at 28°C for 3-5 days. A total of
20L fermentation cultures were harvested and centrifuged to
supernatants and mycelium. The supernatants and mycelium
were extracted 3 times with equal volume of butanone and
acetone, respectively. And then both were evaporated to dryness
under reduced pressure and combined to obtain the crude extract
(10.0g).

The crude extract was subjected to normal phase silica
gel (100-200 mesh) column chromatography eluted with a
gradient solvent system of chloroform/methanol (from 100:0
to 0:100, v/v) to give four fractions (Fr.1-Fr.4) on the basis
of initial assessment by thin-layer chromatography (TLC). Fr.1
was subjected to Sephadex LH-20 column chromatography,
eluting with CHCI3/MeOH (1:1) to afford four subfractions
(Fr.1.L1-Fr.1.L4). Subfraction Fr.1.L3 was further purified using
C18 reversed phase MPLC [40 x 2.5cm ID, eluting with
a linear gradient of H,O/CH3CN (100:0 — 0:100, 15mL
min~!, 200 min)], Sephadex LH-20 column chromatography,
and reversed-phase semi-preparative HPLC (H,O/CH3;CN)
successively, to yield 3 (7.0mg), 4 (1.4mg), 5 (9.6mg), and
6 (7.0mg). Subfraction Fr.2 was further separated with MCI
gel column (CH3CN/H,0, from 0:100 to 100:0) to give five
fractions Fr.2.M1-Fr.2.M5. SEK43F (2, 4.0mg) was obtained
from Fr.2.M3 by Sephadex LH-20 column chromatography and
pTLC (petroleum ether/acetone 50:50), successively. FST C (1,
56.0 mg) was obtained from subfraction Fr.4.

SEK43F (2)

Yellow-green powder; UV (MeOH) Amax (log &) 452 (4.21),
296 (3.65), 257 (3.37), 205 (4.07) nm; IR vpax 3,273, 1,593,
1,435, 1,287 cm~!; 'H and '3C NMR spectroscopic data, Table 1;
HRESIMS m/z 486.1557 [M - H]~ (caled for CysH,4NO37,
486.1558).

Fluoquinone (3)
Yellow powder; [a] + 1.6 (¢ 0.22, CHCl3); UV (MeOH) Apay (log
€) 414 (2.49), 275 (3.02), 253 (3.00), 227 (3.19), 203 (3.30) nm;
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IR Vmax 2,922, 1,686, 802 cm™!; 'H and '*C NMR spectroscopic
data, Table 1; HRESIMS m/z 365.0672 [M - H]~ (caled for
CyoH1307, 365.0667).

Biological Assays

Antimicrobial activities were measured against seven indicator
strains, Staphylococcus aureus ATCC 29213, Enterococcus faecalis
ATCC 29212, Escherichia coli ATCC 25922, Acinetobacter
baumannii ATCC 19606, Bacillus subtilis SCSIO BSO01,

TABLE 1| "H (700 MHz) and "3C NMR (176 MHz) data for 2 and 3 in DMSO-dg

(8 in ppm).
2 3
Position  §¢, type Sy, mult. (J  Position ¢, type Sy, mult. (J
in Hz) in Hz)
1 165.5, C 1 166.8, C
104.8, C 3 74.0, CH 5.02, m
180.8, C 31.8,CHy  4.12,dd (2.9,
18.1)
4 109.0, CH 5.59, s 3.31, dd
(11.8,18.2)
5 164.5, C
6 36.9, CHo 3.58, s
7 132.7,C 4da 146.8, C
8 121.6,CH  6.83,d(8.2) 5 114.61, CH 761, s
9 130.6,CH 7.24,dd (8.2, 5a 139.3,C
8.8)
10 115.2,CH 6.82,d(8.8) 6 181.9,C
11 154.3,C 6a 132.8,C
12 131.3,C 118.9, CH 7.70,d (7.3)
13 200.3,C 8 136.6,CH  7.79,dd (7.3,
8.3)
14 116.1,C 9 124.9,CH  7.40,d(8.3)
15 165.6, C 10 161.7,C
16 101.2,CH 6.11,d (2.9 10a 117.2,C
17 163.7,C 11 188.6, C
18 112.1,CH  6.07,d (2.9 11a 114.9,C
19 143.5,C 12 165.0f, C
20 22.0, CH3 1.86, s 12a 121.0t, C
1 134.9, CH 7.84,s 13 47.4,CH,  3.09, dd (5.0,
17.4)
2' 130.9, C 3.13,dd (7.4,
17.4)
3 140.6, C
4 126.3,C
5 149.6, C 14 205.4,C
7 10.3, CH3 2.23,s 15 30.4, CH3 2.20, s
8’ 9.4, CHg 2.00, s 10-OH 12.60, s
9 13.5, CH3 2.42,s
11-OH 9.84,s
15-OH 12.69, s
17-OH 10.40, brs
NH-6’ 14.65, s

Chemical shift observed in HSQC or HMBC spectra.

Micrococcus luteus SCSIO MLO1, and methicillin resistant
S. aureus ATCC 43300, by previously described broth
microdilution method (Yang et al, 2015). MCF7 (human
breast adenocarcinoma cell line), NCI-H460 (human non-small
cell lung cancer cell line), HepG2 (Human hepatocellular
liver carcinoma cell line), and SF268 (human glioma cell
line) were kindly used for cytotoxic activities assay in vitro
according to the previously established protocols (Mosmann,
1983).

RESULTS AND DISCUSSION

Isolation and Structure Elucidation

Upon a large scale fermentation of S. albus J1074/pCSG5033
(containing the intact fIs gene cluster (Yang et al., 2015;
Supplementary Figure 1) in a 40-L fermentator and the
subsequent isolation with various chromatographic methods,
FST C (1) was obtained as the major product, along with
several new dimeric FSTs derived from non-enzymatic reactions
(Huang et al., 2018). In addition, two new decaketide derivatives
SEK43F (2) and fluoquinone (3), two known non-aketide-
derived anthraquinones 2-acetylchrysophanol (4) (Abdelfattah,
2009) and 4-acetylchrysophanol (5) (Shaaban et al., 2007), and a
previously synthesized compound 3,3',4,4’,5,5 -hexamethyl-2,2’-
dipyrrolylmethene (6) (Figure 1), were also isolated (Guseva
et al,, 2008; Lund and Thompson, 2014).

SEK43F (2) was isolated as a yellow-green solid. The
molecular formula of 2 was established to be C,3H,5NO7 (m/z
486.1557 [M - H]~, calcd for 486.1558) by high-resolution
electrospray ionization mass spectroscopy (HRESIMS),
suggesting 17 degrees of unsaturation. The NMR data of 2
(Table 1, Supplementary Figure 2) revealed the presence of
four methyls, one methylene, seven sp? methines, and 16
sp?> quaternary carbons. HMBC correlations from H;z-7' to
C2//C3'/C4’, H3-8' to C3'/C4’/C5', H3-9" to C4'/C5’, and NH-6'
to C3//C4’/C5' revealed the presence of a 1,2,3,4-tetrasubstituted
pyrrole moiety (unit A, Figure 2). The remaining NMR data of 2
(unit B, Figure 2) were highly similar to those for SEK43 (Meurer
etal., 1997), including a characteristic 1,2,3-trisubstituted phenyl
fragment (851 6.82, 1H, d, ] = 8.8 Hz; 7.24, 1H, dd, ] = 8.2, 8.8 Hz;
8u 6.83, 1H, d, ] = 8.2Hz; Table 1) and meta couplings spin
system of H16 (8y 6.11, 1H, d, ] = 2.3 Hz) and H18 (6y 6.07, 1H,
d, ] = 2.3 Hz) (Figure 2, Table 1). In addition, presence of the
B-oxo0-8-lactone moiety was supported by HMBC correlations
from H4 (8 5.59) to C2/C3/C5, and from H1' (§y 7.84) to
C1/C2/C3 (Figure 2, Supplementary Figure 2). Finally, the two
units A and B were linked by C2-C1’, which was supported
by HMBC correlations (Figure 2, Supplementary Figure 2)
from H1' (§y 7.84) to C3’' and C1/C2/C3. However, the Z/E
configuration of A% in 2 couldn’t be determined solely by NMR
data. Similar phenomena were observed for hybrubins (Zhao
etal., 2016).

The molecular formula of fluoquinone (3) was determined
to be CyoH1407 (m/z 365.0672 [M - H]~, calcd for 365.0667)
by HRESIMS, requiring 14 degrees of unsaturation. The 'H,
13C, and HSQC NMR data for 3 displayed a singlet methyl, two
sp® methylenes, one sp> methine, four sp?> methines, and 12 sp?
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FIGURE 1 | Chemical structures of compounds 1-6.

SEKA43F (2)

o}
OH O OH O

2-acetylchrysophanol (4)

XN\
N\ NH N=

3,3',4,4'5,5'-hexamethyl-
2,2'-dipyrrolylmethene (6)

quaternary carbons (Table 1, Supplementary Figure 3). The
'H-'H COSY spectrum of 3 (Figure 2, Supplementary Figure 3,
Table 1) showed a characteristic aromatic ABC spin system
(8g 7.70/7.79/7.40) and a CH,-CH(O)-CH, fragment (8y
3.31/4.12/5.02 and 3.09/3.13/5.02). HMBC correlations
(Figure 2, Supplementary Figure 3) from H5/H7 to Cé,
from H8 to C10, together with four-bond HMBC correlations
(Figure 2, Supplementary Figure 3) from H5/H7/H9 to
Cl11, and from H5 to CI12 supported the presence of a 1,8-
dihydroxyanthraquinone moiety, highly similar to that of the
fungal metabolite dermolactone (Gill and Gimenez, 1990;
Cotterill et al., 1995). Comparison of NMR data revealed that 3
was different from dermolactone by the absence of a methoxy
group at C8 (COSY correlations between H7/H8/H9 in 3) and
the presence of an additional acetyl group at C13 (HMBC
correlations from Hjz-15 to C14/C13 in 3). Thus, the planar
structure of 3 was determined as shown in Figure 1. The optical
rotation value of 3 ([®]25 D + 1.6, CHCl3; ¢ 0.22) was quite
different from that of the synthesized (S)-(+)-dermolactone
([a]22 D 4 169.3, ¢ 0.21) (Cotterill et al., 1995), but comparable
to that of the naturally isolated dermolactone ([a]22 D + 22.0,
CHCl3; ¢ 0.07) (Gill and Gimenez, 1990). Natural dermolactone

had been confirmed as a mixture of the (S)-(+)- and (R)-(-)-
enantiomers (Cotterill et al., 1995). It was thus deduced that
fluoquinone (3) should also contain a pair of racemic (S)-(+)-
and (R)-(-)-enantiomers (almost in a ration of 1:1) due to
its negligible optical rotation. Analysis of the 'H NMR and
13C NMR data of compounds 4-6 revealed that they were
identical to 2-acetylchrysophanol (4) (Supplementary Figure 4,
Supplementary Table 1) (Abdelfattah, 2009), 4-
acetylchrysophanol (5) (Supplementary Figure 5,
Supplementary Table 1)  (Shaaban et al, 2007), and
3,3',4,4,5,5' -hexamethyl-2,2’-dipyrrolylmethene (6)
(Supplementary Figure 6, Supplementary Table 1) (Guseva
et al,, 2008; Lund and Thompson, 2014).

The Biological Evaluation

Compounds 1-6 exhibited negligible antibacterial activity against
seven indicator strains: S. aureus ATCC 29213, E. faecalis ATCC
29212, E. coli ATCC 25922, A. baumannii ATCC 19606, B. subtilis
SCSIO BS01, Micrococcus Luteus SCSIO MLO01, and methicillin
resistant S. aureus ATCC 43300. Compound 2 showed weak
cytotoxic activities against four human cancer cell lines (SF-268,
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FIGURE 2 | Selected key COSY and HMBC correlations of SEK43F (2) and
fluoquinone (3). Key HMBC correlations connecting units A and B of 2 are in
red.

TABLE 2 | Cytotoxic activities of SEK43F (2).

IC50 (LM)
SF-268 MCF-7 NCI-H460 HepG-2
2 56.46 £+ 0.87 35.73 £ 1.45 44.62 £+ 2.49 39.22 £+ 3.00
Cisplatin 2.37 £0.17 2.94 + 0.05 2.33+0.17 1.39 £ 0.18

MCEF-7, NCI-H460, and HepG-2) with ICs values at the range of
36-57 WM (Table 2).

Plausible Biosynthetic Pathway

The heterologous expression of the intact fls-gene cluster from M.
rosaria SCSIO N160 in S. albus J1074 afforded a set of APKs 1-5.
These aromatic compounds should be derived from the fls gene
cluster-encoded enzymes because that the host S. albus J1074 is
known for the absence of type II PKS gene clusters (Olano et al.,
2014). Previously, a biosynthetic pathway of fluostatins has been
proposed (Yang et al., 2015). Briefly, the type II PKS enzymes FIsA
(the KSy unit), FlsB (the KSg unit) and FIsC (the dissociated ACP)
assemble one unit of acetyl-CoA and 9 units of malonyl-CoA to
generate a linear decaketide, which undergoes the FIsE-catalyzed
C9 ketoreduction to give M1 (Figure 3A). Subsequently, the
aromatic cyclase FlsD catalyzes the “norm” C7/C12 first-ring
cyclization to convert M1 to M2. The downstream enzymes FlsI
(a second cyclase analogous to Jadl in jadomycin biosynthesis;
Kulowski et al, 1999) and FIsO3 (oxygenases) converted
M2 to prejadomycin (cyclization pattern I: C7/C12, C5/C14,
C4/C17, C2/C19), an established precursor to undergo oxidative
modifications to produce diverse FST derivatives (e.g., 1,
Figure 3A) (Huang et al., 2018). Alternatively, M2 could undergo

spontaneous cyclization (pattern II: C7/C12, C14/C19, Cl-
OH/C5) to produce SEK43 (a shunt product often encountered in
bacterial type II PKS pathways) (McDaniel et al., 1995; Hertweck
et al., 2007), which is a key precursor leading to SEK43F (2).
The tri-methylated pyrrole unit in 2, which is also present in
6, should be biosynthesized by the host strain, because that the
production of 6 was also observed in S. albus J1074 harboring
the void vector pSET152 (Supplementary Figure 1). We propose
that 6 is produced by the coupling of two putative subunits 6a and
6b (Figure 3B), through a condensation reaction similar to RedH
catalysis in the biosynthesis of undecylprodigiosin and hybrubins
(Williamson et al., 2005; Zhao et al., 2016). The formation of
2 should be produced from a “pathway crosstalk” event via a
condensation reaction by connecting C2 of SEK43 (generated
by the heterologous fIs type II PKS) and the aldehyde group of
6b (produced by the host), either spontaneously or catalyzed by
a host-derived RedH-like enzyme (Figures 3A,B) (Zhao et al.,
2016).

It is intriguing to discover the anthraquinone derivative 3
in a bacterium. It was speculated that fundamentally different
cyclization strategies were employed by bacterial and fungal type
IT PKSs to biosynthesize structurally similar APKs with fused-
rings (Thomas, 2001, 2016). The first-ring cyclization modes
were classified into F-mode for fungi to contain two intact acetate
units, and S-mode for bacteria to contain three intact acetate
units in the first cyclized phenol ring (Supplementary Figure 7)
(Thomas, 2001, 2016; Zhou et al.,, 2010). This fundamental
difference was reinforced by the discovery of three divergent first-
ring cyclization strategies to converge in generating the same
metabolite chrysophanol, namely F-mode (C6/C11) in fungi
and plants (Bringmann et al., 2006), and S-mode (C5/C10) or
§’-mode (C7/C12) in bacteria (Bringmann et al., 2006, 2009).
Several bacterial fused-ring APKs were found as exceptions to
be putatively derived from fungal F-mode cyclizations, such as
TWO93f and Tw93g (Shen et al., 1999), piloquinone (Polonsky
and Lederer, 1963), murayaquinone (Gould et al., 1997), and
haloquinone (Krone et al, 1981). However, it was recently
discussed that evidence should be provided for these exceptions
to either validate the structures (TW93f and Tw93g), or confirm
the folding pattern by detailed labeling studies (Thomas, 2016).
In contrast, the presence of the six-membered lactone ring in
fluoquinone (3) strongly suggested that 3 should be derived
from the first-ring cyclization via C6/C11 (cyclization pattern
III: C6/Cl1, C4/C13, C2/C15, C17-OH/C1, Figure 3C). The
fungal natural product dermolactone, highly similar to 3, was
confirmed to be derived from the F-mode of first ring cyclization
(Figure 3D) (Gill and Gimenez, 1990). Thus, fluoquinone (3)
represents an exception as a bacterial F-mode (fungal mode)
to the F and S biosynthetic classifications of fused ring APKs
(Thomas, 2001, 2016).

Compounds 4 and 5 were proposed to be derived from
a common non-aketide, which was putatively assembled by
FIsSABC from one unit of acetyl-CoA and eight units of
malonyl-CoA (Figures 3E,F). The discovery of 4 and 5 indicated
that the CLF enzyme FlsB should exhibit a loose control in
the chain length, allowing the formation of both decaketides
(Figures 3A,C) and non-aketides (Figure 3E). The promiscuous
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FIGURE 3 | Proposed biosynthesis scheme leading to diversified APKs by taking 5 different cyclization strategies (A-E) and a pathway crosstalk between the host
S. albus and the heterologous fis gene cluster (A,B).

chain length control has been reported for native type II (i) enzyme-catalyzed or spontaneous cyclization via aldol
PKS enzymes (McDaniel et al., 1993; Meurer et al., 1997;  condensation (Shen et al, 1999; Zhou et al, 2010), e.g.,
Shen et al, 1999), or can be altered by enzyme engineering  C7/C12, C6/Cl11, C5/C14, C4/C17, C4/C13, C3/C16, C2/C15,
(Burson and Khosla, 2000; Tang et al., 2003). Subsequently,  C2/C19, and C14/C19 (Figure 3); (ii) spontaneous cyclization via
the non-aketide was divergent in the third ring cyclization lactonization (Meurer et al., 1997), e.g., C1-OH/C5, C17-OH/C1
to provide two products 4 (cyclization pattern IV: C7/C12,  (Figure 3).
C5/C14, C3/C16) and 5 (cyclization pattern V: C7/C12, C5/C14,
C4/C17) CONCLUSION

Although there are different cyclization patterns involved
in the formation of 1-5, the cyclization mechanisms are This study expands our knowledge on the power of type
quite common and well-known in type II PKS biosynthesis: T PKSs in diversifying APKs with the occurrence of five
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different cyclization patterns by a single set of type II
PKSs. SEK43F (2) represents an unusual carbon skeleton
resulting from a pathway crosstalk, in which a pyrrole-like
moiety derived from the host S. albus J1074 is fused to
an APK SEK43 generated from the heterologous fls type
II PKSs. The occurrence of 3 highlights a bacterial APK
that is exceptionally derived from a fungal F-mode first-ring
cyclization.
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Phenol Derivatives From the
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Didymellaceae sp. SCSIO F46

Yongqi Tian "2, Xiuping Lin?, Xuefeng Zhou?* and Yonghong Liu?%%*

' College of Biological Science and Technology, Fuzhou University, Fuzhou, China, 2 CAS Key Laboratory of Tropical Marine
Bio-resources and Ecology, Guangdong Key Laboratory of Marine Materia Medica, South China Sea Institute of Oceanology,
Chinese Academy of Sciences, Guangzhou, China, ° University of Chinese Academy of Sciences, Beijing, China

Seven new phenol derivatives named coleophomones E and F (1, 2), diorcinols L and
M (3, 4), 1-hydroxy-6-methyl-11-methoxy-8-hydroxymethylxanthone (5), porric acid E
(6), and 7-(2-hydroxyphenyl) butane-7,8,9-triol (7), were isolated from the EtOAc extract
of the marine sponge-derived fungus Didymellaceae sp. SCSIO F46, together with
10 known compounds. Their structures were determined by spectroscopic analyses,
including NMR, MS, X-ray diffraction, and theoretical calculations. Each of 1 and 2
contains an unusual spiro [cyclohexane-1,2’-inden] moiety, which is relatively seldom
in nature products. Cytotoxic and COX-2 inhibitory activities of all purified compounds
were tested and evaluated. Compound 3 displayed obvious cytotoxicities against Huh-7,
Hela, DU145 and HLB0 cells (IC5q values 5.7-9.6 M) and weak activities against
other five cell lines, while 8 showed weak cytotoxicities against HelL.a and HL7702 cells.
Compound 6 displayed COX-2 inhibitory activity with ICsg value of 3.3 uM.

Keywords: sponge-derived fungus, Didymellaceae sp., Phenol derivatives, cytotoxic, COX-2 inhibitory

INTRODUCTION

Natural products are still irreplaceable and continuing sources of novel drug leads, especially in
the anti-infective area (Newman and Cragg, 2016). The marine ecosystem is one of the most
complex and largest aquatic systems on earth, and host a huge microbial biodiversity (Agrawal
et al., 2017; Corinaldesi et al., 2017). The unique and extreme characteristics of marine systems
have driven a variety of biological adaptations, leading to the production of a large number of
novel molecules for the treatment of many diseases (Gerwick and Fenner, 2013; Blunt et al., 2017).
Marine sponges, a kind of precious marine organisms for new drug discovery, are hosts for a
large community of microbes (up to 50-60% of the biomass of the sponge host) (Bergmann and
Burke, 1955; Wang, 2006; Zhang et al., 2017). It was indicated that the symbiotic microbes of
marine sponges might be the true producers of bioactive chemical defense substance of the sponge
ecosystem (Richelle-Maurer et al., 2003; Thomas et al., 2010).

Sponge-derived fungi have been proven to be a treasure trove of novel biomolecules
(Indraningrat et al, 2016; Blunt et al, 2017). During an ongoing search for new bioactive
metabolites from the sponge-derived fungi (Tian et al., 2015a, 2018a,b), a strain of Didymellaceae
sp. (SCSIO F46) isolated from a sponge Callyspongia sp. was subjected to chemical study. The
EtOAc extract of rice fermentation of F46 showed toxicity against brine shrimp. Further isolation
yielded seven new phenol derivatives, coleophomones E, F (1, 2), diorcinols L, M (3,4), 1-hydroxy-
6-methyl-11-methoxy-8-hydroxymethylxanthone (5), porric acid E (6), and 7-(2-hydroxyphenyl)
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butane-7,8,9-triol (7), together with ten known compounds
(Figure 1). The cytotoxic and COX-2 inhibitory activities of all
compounds were evaluated. Details of the isolation structure
elucidation, and bioactivity screening of these metabolites are
reported herein.

MATERIALS AND METHODS

General Experimental Procedures

The NMR spectra were recorded on a Bruker AC 500 NMR
(Bruker, Fillanden, Switzerland) spectrometer with TMS as
an internal standard. HRESIMS data were measured on a
Bruker micro TOF-QII mass spectrometer (Bruker, Fillanden,
Switzerland). UV spectra were recorded on a Shimadzu UV-
2600 UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan). ECD
spectra were performed on a Chirascan circular dichroism
spectrometer (Applied Photophysics). X-ray diffraction intensity
data were collected on a CrysAlis PRO charge-coupled
device (CCD) area detector diffractometer with graphite
monochromated Cu Ko radiation (A = 1.54178 A). Semi-
preparative reversed-phase HPLC (RP-HPLC) was performed on
a YMC-Pack Pro C;g RS column (5 um, 250 x 10 mm id; YMC,
Kyoto, Japan) with a Agilent 1260 separation module equipped
with a Photodiode Array (PDA) detector. Silica gel GF254 used
for TLC were supplied by the Qingdao Marine Chemical Factory,
Qingdao, China. Sephadex LH-20 gel (GE Healthcare, Uppsala,
Sweden) was used. Spots were detected on TLC under UV light
or by heating by spraying with 12% H,SO,4 in H,O.

Fungal Material

The fungal strain SCSIO F46 was isolated from a sponge
Callyspongia sp., collected from the sea area near Xuwen County,
Guangdong Province, China, during August 2013. The isolate
was stored on MB agar (malt extract 15g, sea salt 10g, agar
15g) slants at 4°C and then deposited at CAS Key Laboratory
of Tropical Marine Bio-resources and Ecology. The fungus
was identified using a molecular biological protocol by DNA
amplification and sequencing of the ITS region. The nucleotide
sequence of the ITS region reported in this article was assigned
the GenBank accession number KU361223.

Extraction and Isolation

Didymellaceae sp. SCSIO F46 was cultured on MB-agar plates at
25°C for 7 days. The seed medium (malt extract 15g, sea salt 10 g,
distilled water 1,000 mL, pH 7.4-7.8) was inoculated with strain
F46 and incubated at 25°C for 72h on a rotating shaker (170
rpm). Mass scale fermentation of F46 was carried out using solid
rice medium in 1,000 mL flasks (rice 200 g, sea salt 2.5 g, distilled
water 200 mL), and inoculated with 10 mL of seed solution. Flasks
were incubated at 25°C under normal day night cycle. After 30
days, cultures from 30 flasks were harvested. The culture of solid
rice medium was soaked in acetone and cut into small pieces
and kept for 1 day. The content was filtered and evaporated
under vacuum and extracted with EtOAc thrice. The extract was
partitioned between petroleum ether, and 90% aqueous MeOH to
obtain the crude extract (43.0 g). The crude extract was subjected
to silica gel column chromatography (CC) eluted with petroleum

OH OH
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ether/EtOAc in a gradient eluent (v/v, 50:1, 30:1, 20:1, 10:1, 5:1,
1:1, 0:1) to obtain 8 fractions (fractions 1-8). Fr. 2 was subjected
to ODS CC eluted with MeOH/H,O in a gradient eluent (1:9,
2:3, 3:2, 41, 9:1), to give 3 sub fractions (fr. 2.1-2.3). Fr. 2.2 was
further purified by HPLC eluting with MeOH/H,O (60:40) to
afford 9 (5.5 mg), 10 (4.7 mg), and 11 (3.8 mg). Fr. 3 was purified
by Sephadex LH-20 (CH3Cl/MeOH, 1:1) to give 3 sub fractions
(fr. 3.1-3.3). Fr. 3.2 was further purified by silica gel CC eluted
with petroleum ether/EtOAc in a gradient eluent (v/v, 10:1) to
obtain 5 (20.1 mg) and 8 (10.3 mg). Fr. 4 was subjected to an
ODS column (MeOH/H,0O: 10-100%) to give 4 sub fractions
(fr. 4.1-4.4). Fr. 4.2 was further purified by HPLC eluting with
MeOH/H,O (50:50, 1%0TFA) to afford 3 (20.8 mg). Compounds
16 (20.3mg) and 17 (43.2mg) were purified from Fr. 4.4 by
HPLC (35% MeCN, 1%o TFA). Fr.5 was purified by ODS CC
(MeOH/H;0: 10-100%) and HPLC (35% MeCN, 1%o TFA) to
afford 1 (7.4mg), 2 (43mg) and 6 (5.5mg). Compound 12
(2.3 mg) was isolated from Fr.6 by an ODS CC and followed by
HPLC using 10% MeCN. Fr.7 was subjected to Sephadex LH-
20 CC (CH3Cl/MeOH, 1:1) to provide 4 subfractions (Frs.7.1-
7.4). Fr. 7.1 was further purified on HPLC by 25% MeCN
(2.5 mL/min) to give 13 (32.3mg), 14 (43.7mg). Fr. 7.2 was
purified on HPLC by 10% MeCN to give 7 (15mg). Finally,
compounds 15 (44mg) and 4 (3.5mg) were isolated from
Fr.7.3 and Fr. 7.4 by HPLC using 25% MeCN and 30% MeCN,
respectively.

Coleophomone E (1): Yellow amorphous solid; [a]25 D+14.1
(c 0.31, MeOH); UV (MeOH) Amax (log &) 266 (3.16), 322 (2.25)

nm, HRESIMS m/z 343.1541 [M + H]™" (calcd for CyoHy30s,
343.1541); 'H and '*C NMR data, Table 1.

Coleophomone F (2): Yellow amorphous solid; [a]25 D+13.2
(c 0.46, MeOH); UV (MeOH) Apax 220 (3.85), 266 (3.20),
313 (2.43) nm, HRESIMS m/z 373.1638 [M + H]* (calcd for
C1H506, 373.1646); 'H and 1*C NMR data, Table 1.

Diorcinol L (3): Yellow amorphous solid; HRESIMS m/z
289.1070 [M + H] ™ (caled for C;6H170s5, 289.1071); 'H and 13C
NMR data, Table 1; The structure of 3 have been deposited in
the Cambridge Crystallographic Data Centre as supplementary
publication number CCDC 1502322.

Diorcinol M (4): Yellow amorphous solid; HRESIMS m/z
332.1127 [M + H]7T (calcd for C17HgNOg, 332.1129). 'H and
13C NMR data, Table 1.

1-Hydroxy-6-methyl-11-methoxy-8-hydroxymethylxanthone
(5): Yellow needle crystals; HRESIMS m/z 287.0913 [M + H]*
(caled for C16H 505, 287.0919); 'H and '3C NMR data, Table 2.

Porric acid E (6): Colorless needle crystals; HRESIMS m/z
275.0544 [M + H]* (calced for C14H 1O, 275.0550); 'H and 13C
NMR data, Table 2.

7-(2-Hydroxyphenyl) butane-7,8,9-triol (7): Yellow oil;
HRESIMS m/z 221.0781 [M + Na]™ (caled for CijoH4NaOy,
221.0784); 'H and '*C NMR data, Table 2.

ECD Calculation

The eight possible stereoisomers (a-h) of 1 were initially
performed using Confab (O’Boyle et al., 2011) with systematic
search at MMFF94 force field. Room-temperature equilibrium

TABLE 1| "H, 13C NMR data of 1-4 (500/125 MHz, in DMSO-dg, § ppm, and J in Hz).

No. 1 2 No. 3 4

SH éc, type H éc, type dH éc, type H éc, type
1 5.50, s 67.7, CH 5.70, s 66.3, CH 1 158.0, C 165.7,C
2 154.7,C 146.2, C 2 6.22, s 110.3, CH 120.9,C
3 6.84,s 116.8, CH 148.5,C 3 140.6, C 137.4,C
4 147.4,C 141.0,C 4 6.35, s 111.9, CH 6.27,d (1.5) 110.3, CH
5 6.63, s 115.6, CH 6.68, s 118.0, CH 5 158.9, C 157.2,C
6 1567.2,C 150.7, C 6 6.14, s 103.2, CH 6.22,d (1.5) 102.7, CH
7 121.7,C 128.1,C 7 2.18, s 21.5, CH3 2.20, s 19.5, CH3
8 200.1,C 201.2,C 8 167.7,C 167.1,C
9 71.8,C 71.6,C 9 3.67,s 52.2, CHz 3.69, s 51.9, CHg
10 196.9, C 196.6, C 10 - - 169.2,C
11 138.4,C 138.3,C 1 155.8, C 154.5,C
12 6.63,d (5.5) 141.9, CH 6.62, d (5.5) 141.8, CH 2 117.1,C 116.9, C
13 2.61, m 32.4, CHy 2.66, m 32.3, CHy 3 138.9, C 138.6, C
14 4.39, dd 67.4, CH 4.34, dd 67.8, CH 4 6.41, s 112.8, CH 6.47,d (2.0) 112.9, CH

(9.2,5.9) (9.5,5.0)

15 2.72, m 27.3, CHy 2.72, m 27.3, CHy 5 159.7, C 159.4,C
16 5.03,t(6.8) 121.3, CH 5.06, t (7.0) 121.8, CH 6 6.14, s 103.9, CH 6.16,d (2.0) 104.0, CH
17 132.2,C 132.3,C 7 2.20, s 19.9, CH3 2.22,s 19.5, CH3
18 1.54,s 17.5, CHg 1.55, s 17.5, CHg 50H 9.95, br.s 10.02, br.s
19 1.65, s 25.5, CHz 1.66, s 25.5, CHg 5'0OH 9.50, br.s 9.93, brs
20 2.31,s 21.7, CHz 2.22,s 16.2, CH3 NHo» 7.45,7.35, brs
21 3.72,s 60.6, CH3
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populations were calculated according to Boltzmann distribution
law. The conformers with Boltzmann-population of over 1%
were chosen were chosen for ECD calculations using Gaussian
09 (Frisch et al., 2009) software, and the stable conformers were
initially optimized at the B3LYP/6-311G(d,p) in methanol using
the IEFPCM model. Vibrational frequency analysis confirmed the
stable structures. Under the same condition, the ECD calculation
was conducted using Time-dependent Density functional theory
(TD-DFT). Rotatory strengths for a total of 30 excited states
were calculated. The ECD spectrum was simulated in SpecDis
(University of Wiirzburg) with a half-bandwidth of 0.3-0.4¢V,
according to the Boltzmann-calculated contribution of each
conformer after UV correction.

NMR Calculation

The two stereoisomers le and 1f were delivered to geometry
optimization at B3LYP/6-314-G(d,p) in gas phase. The
theoretical calculation of NMR was conducted using the

Gauge-Independent Atomic Orbitals (GIAO) method at
mPWI1PW91/6-311+G(2d,p) in methanol by the IEFPCM
model. Finally, the TMS-corrected NMR chemical shift values
were averaged according to Boltzmann distribution for each
conformer and fitting to the experimental values by linear
regression. The calculated *C-NMR chemical shift values of
TMS in methanol were 0 ppm.

Cytotoxicity Assay

The cytotoxic activities of 1-17 were screened against the growth
panel of 10 tumor cell lines (K562, MCF-7, A549, Huh-7, H1975,
HeLa, HL7702, HL60, MOLT-4, and DU145) (Bergeron et al.,
1994) (Supplementary Material).

COX-2 Inhibitory Activity Assay

According to the manufacturer’s instructions. The test
compounds were dissolved in DMSO and the final concentration
was set as 10 uM. The percentage inhibition has been calculated

TABLE 2| "H, 13C NMR data of 5-7 (500/125 MHz, in CDClg, 8 ppm, J in Hz).

No. 5 No. 6 No. 7
SH éc, type SH éc, type SH éc, type
1 161.7,C 1 126.5,C 1 154.3,C
2 6.71,d (8.0 110.4, CH 2 6.71, s 116.9, CH 2 6.72,d (8.0 114.9, CH
3 7.49,1(8.0) 136.7, CH 3 146.9,C 3 7.04,1d (8.0, 2.0) 127.4, CH
4 6.80, d (8.0) 106.5, CH 4 131.2,C 4 6.77,1(7.5) 118.6, CH
4a 165.4,C 4a 141.6,C 5 7.29,dd (7.5, 1.0) 128.7,CH
5 7.18, s 119.5, CH 5a 164.7,C 6 129.8,C
6 142.4,C 6 97.3,C 7 5.01,d(3.5) 67.5, CH
1535, C 7 6.36, d (1.5) 101.0, CH 8 3.32, dd (6.0, 3.5) 78.0, CH
133.9,C 8 165.5, C 9 3.58, dq (6.0, 6.0) 66.8, CH
8a 117.8,C 9 7.21,d(1.5) 104.5, CH 10 1.11,d (6.0) 19.7, CH3
9 184.2,C 9a 138.8,C 6-OH 9.33, br.s
9a 108.9,C 9 109.4, C
10a 153.8,C 10 2.60, s 24.8, CH3
1 4.99, s 56.7, CHo 1 164.2,C
12 240, s 17.2, CHg COOH 11.84, s
13 3.81,s 62.6, CHg
1-OH 12.53, s
11-OH 4.37, br.s

FIGURE 2 | Key COSY and HMBC correlations of 1 and 2.
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by comparison with control incubations (Tian et al., 2015b)  The COSY cross-peaks of H-13 (81 2.61, m) /H-14 (§y 4.39, dd,

(Supplementary Material). J=9.2,59Hz), and H-12 (§y 6.33, d, ] = 5.9 Hz) delineated the
spin system Cj2-C;3-Cy4. Moreover, the HMBC correlations of
RESULTS AND DISCUSSION H-12/C-10 and C-14, H-13/C-9, C-11, and C-12, and H-14/C-1,

C-8 and C-9 indicated the presence of a o, 8-unsaturated ketone
Compound 1 was assigned a molecular formula of C;0H»,Os  (ring C) and rings B/C are connected by C-9. Finally, a 2-methyl-
(10 degrees of unsaturation) by HRESIMS (m/z 343.1541 [M + 2 butene group was attached to C-11 (8¢ 138.4) by the evidence of
H]™). Its NMR spectra showed resonances for three methyls,  the HMBC correlations of H3-18 (i 1.54, 5)/C-16 (3¢ 121.3), C-
two methylenes, two oxygenated sp> methine, one sp> quaternary 17 (8¢ 132.2), and C-19 and H»-15 (6 2.72,5)/C-10, C-11, C-12,
carbon, four sp? methine, six sp? quaternary carbon, and two ~ C-13, C-16,and C-17.
ketocarbonyl carbons (§¢ 200.1 and 196.9) (Table 1). These data NOESY correlations and Mosher method were failure to
suggested a tricyclic skeleton of 1. The 'H NMR spectrum  determine the configurations of 1, so theoretical calculations
exhibited aromatic signals at 8y 6.84 (s, H-3), 6.63 (s, H-5)  were used to solve it. There are eight possible stereoisomers (a-h)
indicating the presence of a tetrasubstituted aromatic ring. The ~ of 1, as shown in Figure 3A. Computational studies of electron
HMBC correlations of H-3/C-2, C-4, C-5, C-7, and C-20, H3-  circular dichroism (ECD) were carried out. All stereoisomers
20 (8y 2.31, s)/C-4, and C-5, and H-5/C-6, and C-7 suggested (a-h) were selected for theoretical calculations using time
a methyl (C-20) and a hydroxy at C-4 and C-6, respectively. The dependent density functional theory (TDDFT) B3LYP/6-311G
HMBC correlations of H-1 (8 5.50, s)/C-2, C-3, C-4, C-6, C-7,  (d,p) level with the IEFPCM model in MeOH (Tables S1, 2, 4). A
C-8 (8¢ 200.1) and C-9 (8¢ 71.8), and H-5/C-8 indicated linkage =~ comparison of the experimental spectrum of 1 with the calculated
of ring B and the connection of C-1 to C-2 and C-7 to C-8.  ECD spectra of eight possible stereoisomers (a-h) were presented
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FIGURE 3 | Calculated ECD and NMR studies of 1. (A) Eight possible sterecisomers (a-h) of 1. (B) Calculated ECD spectra of configurations a-h were compared
with the experimental ECD spectra. (C) Linear regression fitting of calculated 18C-NMR chemical shifts of 1e and 1f with experimental values.
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in Figure 3B. The measured ECD curve exhibits two negative
Cotton effects (CEs) at 219 and 315 nm, and two positive cotton
effects at 238 and 267 nm, matching well with the calculated
ECD curve of 1e (1S, 9R, 14S) and 1f (1S, 9R, 14R). Then,
computed '*C-NMR chemical shifts was carried out to define the
stereochemistry of C-14. Computed '*C-NMR chemical shifts
of each conformer were first Boltzmann-weighted averaged, and
then fitted to experimental values by Ordinary Least Squares
(OLS) Linear Regression method in order to remove systematic
error that results from the conformational search and random
error from experimental conditions (Tables S3, 5). As a result,
the computed chemical shift for C-14 of 1le is ¢ = 68.7 ppm,
with only a deviation of 1.3 ppm from the experimental value
(8c = 67.4 ppm) (Table S8). All in all, the computed chemical
shifts of le showed good agreement with the experimental
values and has the higher R? and Ri 4 values than that of 1f,
which suggesting that 1e (1S, 9R, 14S) be the true isomer of 1
(Figure 3C, Table S7).

The molecular formula of 2 was determined as Cj1H240¢
by its HRESIMS (m/z 373.1638 [M + H]™), corresponding to
10 units of unsaturation. Its UV and NMR date were similar
to those of 1, except for the presence of a methoxy (6 3.72,
3¢ 60.6) in 2 (Table 1). The extra methoxy (C-21) was located
at C-3 by HMBC correlations from Hjz-21 to C-3 (8¢ 148.5)
(Figure 2). The absolute configuration of 2 was suggested as
(1S,9R,14S), as its chemical shift, coupling constant, optical

FIGURE 4 | X-ray crystallographic structure of 3.

rotation and CD effect (Table 1, Figure S20) almost the same as
those of 1.

The molecular formula of 3 was assigned as C;6H;605 by its
HRESIMS ion peak at m/z 289.1070 [M + H]* and NMR date.
The 'H NMR spectrum of 3 exhibited two hydroxyl proton at
8u 9.95 and 9.50, five aromatic signals at dy 6.41, 6.35, 6.22,
and 6.14x2, one O-methyl at i 3.67, and two single methyls
at 6y 2.18 and 2.20 (Table 2). Analysis of the 13C and DEPT-
135 NMR spectra of 3 indicated the presence of 16 carbons,
including one carbonyl carbon (8¢ 167.7), 12 aromatic carbons
(four oxygenated ones at 8¢ 159.7, 158.9, 158.0 and 155.8), one
methoxy and two methyls. These spectra of 3 were similar to
those of diorcinol (Tian et al., 2015b), except for the presence of
a metheyl formate group (one carbonyl carbon at ¢ 167.7 and
one methoxy at g 3.67/8c 52.2). However, relying solely on the
NMR date, the location of metheyl formate was more difficult to
determine. In order to determine location of metheyl formate of
3, a single-crystal X-ray diffraction pattern was obtained using
the anomalous scattering of Cu Ka radiation shows an ORTEP
drawing (Figure 4, Table S9) and unambiguously determined
metheyl formate at C-2'. Thus, the structure of 3 was determined,
and named as diorcinol L.

Compound 4 was obtained as brown powder. The molecular
formula of was determined as C;7H17NOg by its HRESIMS
(m/z 332.1131 [M + H]T), which corresponded to ten units
of unsaturation. The 'H and '>C NMR data of 4 were similar
to those of 3, except for the presence of one amide [6¢ 169.2
(CONH,)/ 8y 7.45, 7.35 (CONH,)] (Table 1). The extra amide
was determined at C-2 by the HMBC correlations of H-4, H-6/C-
2, as well as H3-7/C-2, C-3, C-4, and C-10 (Figure 5). Hence, the
structure of was elucidated and the trivial name diorcinol M was
assigned.

Compound 5 was isolated as pale yellow needle-like crystals.
Its molecular formula was determined to be C;sH;405, by HR-
ESI-MS, indicating 10 degrees of unsaturation. The 1D NMR
data (Table3) of 5 contained resonances for one carbonyl
carbon, eight sp? quarternary carbons, four sp? methines,
one sp® methylene, two sp®> methys. Comparison of UV-vis
and NMR data with those of 1-Hydroxy-6-methyl-8-hydroxy-
methylxanthone (8) revealed a high degree of similarity skeleton,
where the only obvious differences is in the presence of one
methoxy (8g 3.81; 8¢ 62.6) and low-field chemical shift of C-7
(from 8¢ 127.2 in 8 to 153.5 in 1). Meanwhile, this difference can
also be ascribed by the HMBC correlations (Figure 5) of 851 (3.81,

OO'/’(%\ H2/N> o)
y,
OH

FIGURE 5 | Key COSY and HMBC correlations of 3-7.

o

%@%ﬁa@a@%

HMBC 7~ N\ COSY  mm

OH OH

Frontiers in Chemistry | www.frontiersin.org

112

November 2018 | Volume 6 | Article 536


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Tian et al.

Phenols From a Marine Fungus Didymellaceae sp.

TABLE 3 | Cytotoxic results of the compounds (ICsq, 1M).

Comp. K562 MCF-7 A549 Huh-7 H1975 HelLa HL7702 HL60 MOLT-4 DU145
3 435 105 17.7 57 15.3 7.1 68.2 9.6 NA 9.1
8 NA 141.0 128.0 122.0 NA 14.3 33.8 NA NA NA
TSA 0.1 0.7 0.3 0.08 0.09 0.08 0.09 0.04 0.08 0.04
NA, No active (ICsq > 200 uM).

s, H-13) with §¢ (153.5, C-7) and requirements of HRESIMS CONCLUSION

spectrum. Thus, the structure of 5 was determined and named
as 1-hydroxy-6-methyl-11-methoxy-8-hydroxymethylxanthone.

Compound 6 showed a molecular ion peak at m/z 275.0544
[M + H]T in the HR-ESI-MS, in accordance with the molecular
formula C;4H;9Og, which was also supported by NMR data.
The 'H NMR data displayed one sharp hydroxy proton singlet
(11.84, s, COOH), two aromatic protons at dy 7.21 (1H, d,
J = 1.5Hz), 6.71 (1H, s), 6.36 (1H, d, ] = 1.5Hz), and a singlet
methyl at 8 2.60 (3H, s). The *C and DEPT-135 NMR spectra
(Table 2) showed 14 carbons, including one carboxyl group (8¢
164.2), three aromatic methine carbons (§¢ 116.9, 104.5, 101.0),
11 aromatic quaternary carbons (5c 165.5, 164.7, 146.9, 141.6,
138.8, 131.2, 126.5, 109.4, 97.3), and one methyl (§c 24.8).
The aforementioned NMR data showed 1 was closely related
structurally to the porric acid C (Carotenuto et al., 1998). The
only difference was the substituent of C-4, the chemical shift to
low field of C-4 (8¢ 131.2 in 4; §¢ 101.0 in porric acid C), the
HMBC correlation (Figure 5, Table 2) from H-2 (§y 6.71, s) to
C-3 (8¢ 146.9) and C-4 (§c 131.2) requirements of HRESIMS
spectrum suggested that a hydroxy proton group was connected
to C-4. Thus, the structure of 6 was determined and named porric
acid E.

Compound 7 was obtained as a yellow oil. Its HRESIMS
gave the molecular formula Cy1oH;404, requiring four degrees
of unsaturation. The 'H NMR spectrum (Table 2) exhibited
aromatic signals at 8y 7.29 (dd, ] = 7.5, 1.0 Hz, H-5), 7.04 (td,
J =8.0,2.0Hz, H-3), 6.77 (t, ] = 8.0, Hz, H-4), and 6.72 (d, ] =
8.0 Hz, H-2), indicating the presence of a disubstituted aromatic
ring. The substitutions of a trihydroxybutyl group (C-7—C-10)
and a hydroxy (§g 9.33, br.s, OH-6) at C-1 (§¢ 154.3) and C-6
(8¢ 129.8), were assigned by the COSY and HMBC interactions
(Figure 5, Table 2).

Biological Activity

Cytotoxic activities of the isolated compounds 1-17 and
trichostatin A (TSA, positive control) against 10 tumor cell
lines (K562, MCF-7, A549, Huh-7, H1975, HeLa, HL7702,
HL60, MOLT-4, and DU145) were tested. Among all of
them, 3 displayed a wide range of cytotoxicities with ICsq
values in the range of 5.7-68.2 uM, and 8 showed weak
selective cytotoxicities against HeLa and HL7702 cells (Table 3).
Furthermore, compound 6 displayed COX-2 inhibitory activity
with the prominent ICs values of 3.3 M. Celecoxib was used as
the positive control with ICsg values of 0.01 ;M.

In conclusion, 17 phenol derivatives were isolated from the
EtOAc extract of a marine sponge-derived fungus Didymellaceae
sp. SCSIO F46. Coleophomones E and F (1 and 2) possess
unprecedented spiro [cyclohexane-1,2"-inden] moiety, which is
relatively seldom in natural products. Other new compounds
3-7 represent common types of phenol derivatives, which
are widely found in fungal metabolites. Amongst, compounds
3 and 8 displayed a wide range of cytotoxicities against
several tumor cell lines. In addition, 6 displayed significant
COX-2 inhibitory activity with the prominent ICsy value of
3.3 M.
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New Pim-1 Kinase Inhibitor From the
Co-culture of Two
Sponge-Associated Actinomycetes

Seham S. El-Hawary', Ahmed M. Sayed?3, Rabab Mohammed?,
Mohammad A. Khanfar*®, Mostafa E. Rateb?%’, Tarek A. Mohammed?, Dina Hajjar®,
Hossam M. Hassan?2, Tobias A. M. Gulder'®""™* and Usama Ramadan Abdelmohsen '?*

" Pharmacognosy Department, Faculty of Pharmacy, Cairo University, Cairo, Egypt, 2 Pharmacognosy Department, Faculty of
Pharmacy, Beni-Suef University, Beni-Suef, Egypt, ° Pharmacognosy Department, Faculty of Pharmacy, Nahda University,
Beni-Suef, Egypt, * Faculty of Pharmacy, The University of Jordan, Amman, Jordan, ° College of Pharmacy, Alfaisal University,
Riyadh, Saudi Arabia, ® School of Computing, Engineering and Physical Sciences, University of the West of Scotland, Paisley,
United Kingdom, ” Marine Biodiscovery Centre, University of Aberdeen, Aberdeen, United Kingdom, & Marine Invertebrates,
National Institute of Oceanography and Fisheries, Red Sea Branch, Hurghada, Egypt, ° Department of Biochemistry, Faculty
of Science, Center for Science and Medical Research, University of Jeddah, Jeddah, Saudi Arabia, '° Department of
Chemistry and Center for Integrated Protein Science Munich (CIPSM), Biosystems Chemistry, Technical University of Munich,
Garching, Germany, " Chair of Technical Biochemistry, Technische Universitét Dresden, Dresden, Germany, '? Department of
Pharmacognosy, Faculty of Pharmacy, Minia University, Minia, Egypt

Saccharomonospora sp. UR22 and Dietzia sp. UR66, two actinomycetes derived
from the Red Sea sponge Callyspongia siphonella, were co-cultured and the induced
metabolites were monitored by HPLC-DAD and TLC. Saccharomonosporine A (1),
a novel brominated oxo-indole alkaloid, convolutamydine F (2) along with other
three known induced metabolites (3-5) were isolated from the EtOAc extract of
Saccharomonospora sp. UR22 and Dietzia sp. UR66 co-culture. Additionally, axenic
culture of Saccharomonospora sp. UR22 led to isolation of six known microbial
metabolites (6-11). A kinase inhibition assay results showed that compounds 1 and
3 were potent Pim-1 kinase inhibitors with an IC5g value of 0.3 £ 0.02 and 0.95 +
0.01 wM, respectively. Docking studies revealed the binding mode of compounds 1
and 3 in the ATP pocket of Pim-1 kinase. Testing of compounds 1 and 3 displayed
significant antiproliferative activity against the human colon adenocarcinoma HT-29, (ICsq
3.6 and 3.7 uM, respectively) and the human promyelocytic leukemia HL-60, (ICsq 2.8
and 4.2 uM, respectively). These results suggested that compounds 1 and 3 act as
potential Pim-1 kinase inhibitors that mediate the tumor cell growth inhibitory effect. This
study highlighted the co-cultivation approach as an effective strategy to increase the
chemical diversity of the secondary metabolites hidden in the genomes of the marine
actinomycetes.

Keywords: Saccharomonospora sp., Dietzia sp., actinomycetes, Saccharomonosporine A, convolutamydine F,
docking, Pim-1 kinase, co-cultivation
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INTRODUCTION

Marine sponge-associated microorganisms have been proved an
essential source of biologically active natural products (Thomas
et al., 2010; Roue et al,, 2012; Abdelmohsen et al., 2014a).
Large numbers of secondary metabolites with novel molecular
scaffolds and diverse biological activities including antimicrobial
(Hentschel et al, 2001; Eltamany et al., 2014), anti-parasitic
(Abdelmohsen et al., 2014b; Viegelmann et al., 2014),
immunomodulatory (Tabares et al, 2011), and anticancer
(Simmons et al., 2011; Yi-Lei et al,, 2014) effects have been
isolated from sponge-associated actinomycetes. For example,
salinosporamide A, a potent inhibitor of the 20S proteasome that
has been isolated from a Salinospora species (Feling et al., 2003;
Gulder and Moore, 2010), entered clinical trials for multiple
myeloma treatment, only three years after its discovery (Fenical
et al, 2009). Due to the continuous discovery of bioactive
natural products from marine microbes, re-isolation of known
microbial secondary metabolites has become a real challenge
(Hong et al., 2009). However, microbial genome sequencing has
confirmed the presence of a large number of silent biosynthetic
gene clusters that encode for secondary metabolites which are
not produced under normal laboratory conditions (Dashti et al.,
2014). Microbial competition for nutrition and other resources
is considered one of the most important factors for induction of
novel bioactive secondary metabolites (Oh et al., 2005). Crosstalk
between microbes inhabiting the same environment induces
the unexpressed biosynthetic pathways leading to production of
unusual secondary metabolites (Pettit, 2009; Schroeckh et al.,
2009; Zuck et al., 2011). Co-cultivation of two different microbial
strains together in one culture allows direct interaction between
them, which may lead to the induction of new cryptic secondary
metabolites not previously detected in the axenic cultures (Rateb
et al., 2013). Examples of the production of induced new natural
products by co-fermentation of marine derived microorganisms
include a rare class of pseurotins, 11-O-methylpseurotin A,
derived from mixed fermentation of Streptomyces bullii and the
fungus Aspergillus fumigatus MBC-F1-10 (Rateb et al., 2013),
the cyclic depsipeptides emericellamides A and B isolated from
a co-culture of marine-derived fungus Emericella sp. (CNL-878)
and the marine bacterium Salinispora arenicola (Oh et al,
2007), the diterpenoids libertellenones A-D isolated from mixed
fermentation of the marine a-proteobacterium strain CNJ-328
with the fungus and Libertella sp. CNL-52 (Oh et al., 2005)
and a chlorinated benzophenone pestalone sourced from a
co-culture of the same bacterial strain CNJ-328 with Pestalotia
sp. strain (Cueto et al., 2001). Recently, co-culture has also
proved that both strains affect each other and induce new fungal
and bacterial metabolites which were not detected in axenic
cultures (Wakefield et al., 2017). In this study, we report on the
induction of new bioactive secondary metabolites (Figure 1)
saccharomonosporine A (1) and convolutamydine F (2) along
with other three known metabolites 3-5 in response to microbial
co-cultivation of two marine actinomycetes, Saccharomonospora
sp. UR22 and Dietzia sp. UR66, derived from the Red Sea sponge
Callyspongia siphonella. The HPLC and TLC chromatograms of
the axenic cultures together with the co-culture derived extracts

showed that compounds 1-5 were produced only during co-
fermentation of both microbes. On the other hand, fermentation
of Saccharomonospora sp. UR22 alone led to the isolation of
a set of known microbial metabolites (6-11). Performing in
vitro assay and docking studies on the isolated compounds
revealed the potential of Pim-1 kinase as a promising target for
only compound 1 and 3. Cytotoxicity evaluation of the isolated
compounds showed that compound 1 and 3 have significant
antiproliferative activities against HT-29 and HL-60 cell lines.
These results coincide with the enzyme inhibition assay ones.

MATERIAL AND METHODS

General Apparatus and Chemicals

Ultra violet (UV) spectra were acquired on a ultra-violet visible
(UV-vis) spectrometer (Shimadzu UV 1800 spectro, Japan).
Optical rotation values were acquired at Bellingham + Stanley
ADP600 Series Polarimeter at the sodium D line (589 nm)
and 25°C. IR spectra were recorded as KBr disks on a IR
spectrophotometer (Shimadzu S8400, Japan) High performance
liquid chromatography (HPLC) analysis was performed by
Thermofisher dionex ultimate 3000 with PDA detector and
Xterra (Waters) Cig RP analytical HPLC column (5pwm, 4.6 x
250 mm). High resolution mass spectrometric data were obtained
using a Thermo Instruments MS system (LTQ XL/LTQ Orbitrap
Discovery) coupled to a Thermo Instruments HPLC system
(Accela PDA detector, Accela PDA autosampler, and Accela
pump). 1D and 2D NMR spectra were recorded on Bruker
Avance III 400 MHz (Bruker AG, Switzerland) with BBFO Smart
Probe and Bruker 400 AEON Nitrogen-Free Magnet. Data were
analyzed using Topspin 3.1 Software. Each sample was dissolved
in suitable deuterated solvent. Chemical shifts were recorded
and expressed in ppm related to the TMS signal at 0.00 ppm as
internal reference. All solvent used for preparing extracts were
of technical grade (ADWIC; El-Nasr Pharmaceutical Chemicals
Co., Egypt); and reagents used for preparing samples were of
analytical grade (E-Merck, Darmstadt, Germany). Silica gel (60-
120 mesh, 50 g, Fluka®) was used for chromatographic isolation
and purification. TLC analysis was performed using Merck 9385
pre-coated aluminum plate silica gel (Kieselgel 60) with F254
indicator thin layer plates.

Isolation and Cultivation of the

Actinomycetes

Callyspongia siphonella was collected at a depth of 10m
in the Red Sea (Hurghada, Egypt) in November 2015. A
voucher specimen was reserved at the National Institute of
Oceanography and Fisheries, Red Sea Branch, Invertebrates
Department. Sponge biomass was transferred to plastic bag
containing seawater and transported to the laboratory. Sponge
specimens were rinsed in sterile seawater, cut into pieces of
ca. 1 cm’, and then thoroughly homogenized in a sterile
mortar with 10 volumes of sterile seawater. The supernatant was
diluted in ten-fold series (1071, 1072, 1073) and subsequently
plated out on agar plates. Five different media M1 (Mincer
et al, 2002), ISP2 medium (Shirling and Gottlieb, 1966),
oligotrophic medium (OLIGO) (Olson et al., 2000), actinomycete
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FIGURE 1 | Structures of isolated compounds.
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isolation agar (AIA) (Lechevalier and Lechevalier, 1975) and
marine agar (MA) (Weiner et al, 1985) were used for the
isolation of actinomycetes. All media were supplemented with
0.2 um pore size filtered cycloheximide (100 pg/mL), nystatin
(25ug/mL), and nalidixic acid (25pg/mL) to facilitate the
isolation of slow-growing actinomycetes. Cycloheximide and
nystatin inhibit fungal growth, while nalidixic acid inhibits
many fast-growing Gram-negative bacteria. All media contained
DifcoBacto agar (18 g/L) and were prepared in 1L artificial
sea water (NaCl 234.7 g, MgCl,.6 H,O 106.4g, Na,SO4 39.2 g,
CaCl, 11.0g, NaHCO3 1.92g, KCl 6.64g, KBr 0.96g, H3BO3
0.26 g, SrCl, 0,24 g, NaF 0.03 g, and ddH,O to 10.0L) (Lyman
and Fleming, 1940). The inoculated plates were incubated
at 30°C for 6-8 weeks. Distinct colony morphotypes were
picked and re-streaked until visually free of contaminants.
Saccharomonospora sp. UR22 and Dietzia sp. UR66 were

cultivated on ISP2 medium. The isolates were maintained on
plates for short-term storage and long-term strain collections
were set up in medium supplemented with 30% glycerol at
—80°C.

Molecular Identification

16S rRNA gene amplification, cloning and sequencing were
performed according to Hentschel et al. using the universal
primers 27F and 1492R (Lane, 1991). Chimeric sequences
were identified by using the Pintail program (Ashelford et al.,
2005). The genus-level affiliation of the sequence was validated
using the Ribosomal Database Project Classifier. The genus-
level identification of all the sequences was done with RDP
Classifier (-g 16srrna, -f allrank) and validated with the SILVA
Incremental Aligner (SINA) (search and classify option) (Pruesse
et al, 2012). An alignment was calculated again using the
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SINA web aligner (variability profile: bacteria). Gap-only position
were removed with trimAL (-noallgaps). For phylogenetic tree
construction, the best fitting model was estimated initially with
Model Generator. RAXML (-f a -m GTRGAMMA -x 12345
-p 12345 -# 1000) and the estimated model was used with
1,000 bootstrap resamples to generate the maximum-likelihood
tree. Visualization was done with Interactive Tree of Life
(ITOL).

Fermentation, Extraction, and Isolation

Each strain was fermented in 10 Erlenmeyer flasks (2L), each
containing 1L of ISP 2 (International Streptomyces Project)
medium in artificial sea water and incubated at 30°C for 14
days with shaking at 150 rpm. For co-cultivation experiment,
10 mL of 5-day-old culture of Saccharomonospora sp. UR22 was
inoculated into 15 Erlenmeyer flasks (2L), each containing 1L
of ISP 2 medium inoculated with 10 mL of 5-day-old culture of

250 4

20 40
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Absorbance [mAU]

20 40

C 300,
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150

0.0

mono-culture (C) Dietzia sp. UR66 mono-culture.

Time [min)]

FIGURE 2 | HPLC profiles of actinomycetes extracts. (A) Saccharomonospora sp. UR22 and Dietzia sp. UR66 co-culture (B) Saccharomonospora sp. UR22
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Dietziasp. UR66. After fermentation of single cultures and co-
culture, filtration was done, and the supernatant was extracted
with ethyl acetate (3 x 500 mL) to give the ethyl acetate extracts.
These extracts (400 mg for Saccharomonospora sp. UR22, 950 mg
for co-culture) were fractionated on a Sephadex LH20 (32-
64 pm, 100 x 25 mm, Fluka®) column eluting with MeOH/H,0
(90:10%), to yield six fractions. Fraction Nr. 2 (from co-culture)
was subjected to C18 reversed-phase column chromatography
(0.04-0.063 mm, 50 x 10 mm, Merck®) with an isocratic elution
using acetonitrile/water (40:60) to give five crude compounds
1-5. Further purification was performed by preparative TLC
on a (20cm x 20cm) silica gel plates that developed in
CH,Cl,/MeOH/NH3 (7:4:0.5, v/v) solvent system. Fraction Nr.
4 (from Saccharomonospora sp. UR22) was treated in the same
manner to obtain six known compounds 6-11 (Figure 1).

HPLC Analysis

All actinomycete-derived extracts were analyzed by HPLC-DAD.
Fifty micro liters (1 mg/mL in acetonitrile) of bacterial crude
extracts was injected. Then, isocratic elution was performed
with 50% aqueous acetonitrile containing 0.1% trifluoroacetic as
amobile phase over 15 min at a flow rate of 1 mL/min and UV
detection at different wavelengths (210, 254, 270, and 300 nm).

Pim-1 Kinase Assay
The kinase activity was measured following the manufacturer’s
instructions (HTScan Kinase Assays from Cell Signaling

TABLE 1 | "H (400 MHz) and '3C NMR (100 MHz) data for
saccharomonosporine A (1) in DMSO-dg.

Position  §y, mult. 8¢ Type COSY HMBC NOESY
(V in Hz)
1-NH 7.98, brs C-3a, C-2
2 168.8 C
3 143 C
3a 1226 C
8.12,d,(8.8) 1279 CH H-5 C-6,C-38,C-7a H-17
7.75, dd, 130 CH H-4 C-6
(8.8,2)
1287 C
82,d,(2) 1311 CH
7a 1493 C
7.96, s 1182 CH C-3a, C-9, C-2 H-10
1674 C
10 7.37,d, 126 CH H-11 C-8,C-12,C-9 H-13,H-8
(16.4)
11 7.88, d, 186 CH H-10 C-13,C-9
(16.4)
12 129 C
13 7.73,d,(88) 1295 CH H-14 C-11, C-15 H-10
14 7.03,d,(88 1149 CH H-13 C-13,C-15,C-12 H-16
15 1606 C
16 3.81,s 55.7 CHg C-15 H-14
17-NH 8.3, brs H-4

Technology) using staurosporine as a positive control. Different
concentrations of test compounds were incubated with 50 ng of
Pim-1 kinase enzyme in the reaction buffer [25 mM Tris-HCI pH
7.5, 10 mM MgCl,, 0.1 mM Na3zVOy, 5 mM-glycerophosphate,
2mM dithiothreitol (DTT)] and the ATP/substrate cocktail
[200nM ATP + 1.5uM biotinylated BAD Serl12 peptide]
at room temperature for 30 min. The reaction was stopped
by the addition of stop buffer (50mM EDTA, pH 8) and
transferred to a streptavidincoated 96-well plate. After incubation
for 1h at room temperature, the wells were washed three
times with phosphate-buffered saline Tween-20 (PBST) buffer.
After incubation with anti BADSer112 antibody for 2h,
the wells were washed three times with 1 x PBST and
incubated with the peroxidase-conjugated secondary antibody
for 30 min. Following three washes with 1 x PBST, the substrate
(3,3,5,5-tetramethylbenzidine) was added and the samples were
incubated at room temperature for 15min. The reaction was
stopped by the addition of 2N HCI and the absorbance was
measured with a spectrophotometer at 450 nm. The assay was
performed in triplicate.

Docking Studies

The crystal structure of Pim-1 of PDB code 3umw was used.
Docking experiments were conducted employing LigandFit
docking engine. This docking software considers the ligand
as flexible and the receptor as rigid structure. The binding
site was generated from the “Find sites as volume of selected
ligands” option in Discovery Studio 2.5. The number of trials of
Monte Carlo search parameters = 30,000; and search step for
torsions with polar hydrogens = 30.0°. The root mean square
threshold for ligand-to-binding-site shape matching was set to
2.0 A, employing a maximum of 1.0 binding-site partitions.
The interaction energies were assessed employing the CFF force
field (v.1.02) with a non-bonded cutoff distance of 10.0 A
and distance-dependent dielectric. An energy grid extending
5.0 A from the binding site was implemented. The interaction
energy was estimated with a trilinear interpolation value
using soft potential energy approximations. Rigid body ligand
minimization parameters: 40 steepest descent iterations followed
by the 80 Broyden-Fletcher-Goldfarb-Shannon minimization
iterations were applied to every orientation of the docked ligand.
The proposed inhibitors were further energy minimized within
the binding site by implementing the “Smart Minimization”
option for a maximum of 1,000 iterations (Khanfar and Taha,
2013).

MTT Assay

Cell proliferation was evaluated in cell lines by the MTT assay
in triplicates. 10 cells were plated in a 96-well microtiter plate
in a final volume of 100 wl of culture medium. Cells were
treated for 24h with test compound at 37 °C with 5% CO,.
After treatment, the cells were immediately incubated with 10
ul MTT (5.0 mg/mL) for 4h at 37°C. The cells were then lysed
in 100 pl of lysis buffer (isopropanol, conc. HCI and Triton X-
100) for 10 min at room temperature and 300 rpm/min shaking.
The enzymatic reduction of MTT to formazan crystals that
dissolved in DMSO was quantified by photometry at 570 nm.
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Dose-response curves were generated and the ICsy values were
define d as the concentration of compound required to inhibit
cell proliferation by 50%. 5-Flurouracil was used as a positive
control.

RESULTS AND DISCUSSION

Mono and Co-culture HPLC Profiles

HPLC and TLC analysis of EtOAc extracts obtained from
axenic fermentation of each actinomycete compared to that
from mixed fermentation indicated a very different chemical
profiles (Figure 2). The co-culture derived extract showed a
higher metabolic diversity than extracts from mono cultures.
Exclusive detection of metabolites 1-5 in the co-culture illustrated
that they are produced only upon co-fermentation of the two
microbes.

Isolation and Structural Characterization

Guided by HPLC-DAD, the EtOAc extracts from the liquid
cultures of the axenic fermentations and mixed fermentation
were subjected to Sephadex LH-20 column chromatography
followed by C;s reversed-phase column chromatography and
final preparative TLC purification to target the isolation of the
new metabolites 1 and 2 together with the other nine known
metabolites 3-11. Compound 1 was isolated as yellow amorphous
powder. The molecular formula C19H;50,N,Br was suggested
on the basis of positive HRESIMS ion at m/z 383.0392 [M+H] ™,
indicating 13 degrees of unsaturation. Furthermore, the presence
of a bromine atom was confirmed by its characteristic isotope

cluster (Figure S1). 'H NMR spectral data of 1 (Figure S2)
(Table 1) in DMSO-ds suggested the presence of a methyl
singlet at 5y 3.81 (3H, s, H-16) and two exchangeable protons
(0u 8.32, 7.98) due to NH. The splitting pattern of resonances
at 8y 8.20 (H-7), 8.12 (H-4), and 7.75 (H-5) together with
the COSY correlation (Figure S5) between (H-4) and (H-5)
suggested the presence of a 1,3,4-trisubstituted benzene ring.
On the other hand, the signals at §g 7.73 (H-13), 7.03 (H-14)
and the 'H-'H COSY correlation between them indicated

TABLE 2 | "H (400 MHz) and '3C NMR (100 MHz) data for 2 in DMSO-dg.

Position  §y, mult. (J in Hz) éc Type COSY HMBC

1-NH 10.37, brs C-2,C-3a

2 - 178.0 C

3 - 72.3 C

3a - 131.0 C

4 7.19,d,(9) 125.5 CH H-5 C-6, C-3, C-3a

5 7.09, dd, (9, 2) 123.8 CH H-4

6 - 121.6 C

7 6.93, d, (2) 112.3 CH

7a - 144.4 C

8 3.05, d, (18) 50.0 CHy C-9,C-3a, C-2
3.33, d, (18)

9 = 205.3 C

10 2.0,s 30.4 CHg C-9,C-8

11-OH 6.07, brs

= COSY

FIGURE 3 | TH-TH COSY, key HMBC, and NOESY correlations of compound (1).

~ N\ HMBC #°W NOESY
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the presence of 1,4 disubstituted benzene ring. The DEPTQ
spectrum (Figure S3) (Table 1) displayed seventeen signals,
with eight sp? aromatic carbons including eight CH groups
and six quaternary carbons, and one sp® aliphatic carbon (CH3
group). The spectra also revealed an aminocarbonyl at §c168.8
(C-2), an imino carbon at §¢ 157.4 (C-9) and one oxygenated
carbon at §¢ 55.7 (C-16). The assignment of protonated carbons
was achieved by the HSQC data (Figure S4). The key HMBC
correlations (Figure S6) from H-4 (§y 8.12) to C-3 (8¢ 143),
and from the exchangeable proton H-1(8y 7.98) to the carbonyl
carbons C-2 (8¢ 168.8) and C-3a (§c 122.6) together with the
previous reported data (Guo et al., 2010) suggested the presence
of brominated indolin-2-one skeleton at C-6 (8¢ 123.7). The
sub-structure of a methoxyphenyl group was deduced from the
HMBC correlation between the methyl protons H-16 (éy 3.81)
and C-15 (8¢ 160.6). 'H-'H COSY correlation between H-11
(8 7.88) and H-10 (8y 7.37) together with HMBC correlations
from H-11 to C-10 (§¢ 126) and C-9 (8¢ 157.4), from H-10
to C-9 and C-8 (8¢ 118.2) indicated the presence of an imino
butenylidene moiety. The E configuration of H-11 (§i 7.88, d)
and H-10 (6y 7.37, d) was deduced from the J-values extracted
from the 'H NMR spectrum (J = 16.4 H,). The connection of
the imino butenylidene moiety to the methoxyphenyl group was
established through the HMBC correlation from H-13 (81 7.73)
to C-11 (8¢ 136). Moreover, the HMBC correlations (Figure 3)
from H-8 (6y 7.96) to C-2 (8¢ 168.8) and C-3a (§c 122.6)
connected this moiety to the indolin-2-one skeleton at C-3. The
chemical shifts of H-8 at §i 7.96 and H-4 at §y 8.12 are very
characteristic for E configuration at the double bond between
C-3 and C-9 (Faita et al., 1994). Furthermore, NOESY correlation
(Figures S7, S8) between the NH proton H-17 and H-4, and
absence of NOESY cross-peak between H-8 and H-4, also pointed
to the E configuration at the C-3/C-8 double bond. On that
basis, the structure of 1 was established as (E)-6-bromo-3-((E)-2-
imino-4-(4-methoxyphenyl)but-3-en-1-ylidene)indolin-2-one,

COSY

-~ N\ HMBC

FIGURE 4 | 'H-TH COSY, key HMBC, and NOESY correlations of compound
().

a new secondary metabolite to which were named as
Saccharomonosporine A.

Compound 2 was isolated as white crystals, the molecular
formula C;;H;9O3NBr was suggested on the basis of positive
HRESIMS ion at m/z 283.9899 [M+H]", indicating seven
degrees of unsaturation. Furthermore, the presence of a
bromine atom was confirmed by its characteristic isotope cluster
(Figure 89). Similar to compound 1, the 'H and *C NMR
spectra (Figures S10, S11) of 2 (Table2) also revealed an
aminocarbonyl at §2178.0 and one oxygenated carbon at §¢ 72.3
(C-3). The key HMBC correlations (Figure 4 and Figure S14)
from H-4 (6y 7.19) to C-3 (8¢ 72.3), and from the exchangeable
proton H-1(8y 10.37) to the carbonyl carbons C-2 (8¢ 178) and
C-3a (§c¢ 131) together with the previous reported data (Guo
et al., 2010) suggested the presence of brominated indolin-2-
one skeleton. A 2-oxopropyl unit was deduced from the HMBC
cross-peaks of H-8 (8 3.05) to C-9 (8¢ 205.3), H-10 (§y 2.0)
to C-8 (8¢ 50), and H-10 to C-9 and was indicated to be
attached at C-3 (8¢ 72.3) through the HMBC correlation of
H-8 to C-3. These spectroscopic data together with the optical
rotation value [O(]%)S -13.8 (¢ 0.85, MeOH), revealed that this
compound is the previously unreported (S) enantiomer of (R)-
6-Bromo-3-hydroxy-3-(2 oxopropyl)indolin-2-one, a synthetic
3-hydroxyoxindole derivative (Guo et al., 2010). Several 3-
hydroxyoxindole derivatives have been reported from natural
marine sources (Kamano et al., 1995; Zhang et al., 1995). For
example, convolutamydine A, a brominated (R) enantiomer of
2 (Kamano et al., 1995), so the name convolutamydine F was
suggested to compound 2.

Compound 3 was isolated as white crystals. HRESIMS, 1D
and 2D NMR spectral data (Table S1, Figures S15-S20) revealed
that compound 3 has a planer structure identical to compound
3f, a previously reported synthetic intermediate (Wang and Ji,
2006), which obtained as a racemic mixture. Compound 3 had a
negative optical rotation of [oz]%)5 —8.7 (¢ 0.3, MeOH), in contrast
to previous reports on similar optically active compounds that
showed a positive optical rotations for the (R) enantiomers
(Deng et al.,, 2010; Guo et al., 2010). On this basis compound
3 was identified as (S) 6-bromo-3-hydroxy-3-(1H-indol-3-yl)

TABLE 3 | In-vitro Pim-1 kinase inhibitory activity of isolated metabolites.

Tested Compound IC5¢ = S.D. (uM)?

0.3 £0.02
>20
0.97 £+ 0.01
>20
>20
>20
>20
>20
>20
>20
>20
0.04 £ 0.01

© 0 N O O~ 0N =

—
o

ih

Staurosporine

aValues are a mean of 3 independent experiments.
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FIGURE 5 | Docking of compounds 1 (A,B) and 3 (C,D) within the ATP-binding site of Pim-1 kinase (PDB code 3umw). (E,F) The key binding interactions of Pim-1
co-crystallized ligand. The amino acid side chains were depicted in (A,C,E) for clarification.
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indolin-2-one. To the best of our knowledge, compounds 2
and 3 are considered the first (S) 3-hydroxyoxindole derivatives
reported from natural sources. Nonactin (4) (Wu and Sun, 2006)
and vibrindole (5) (Ronit et al., 1994) were also isolated from
the co-culture of Saccharomonospora sp. UR22 and Dietzia sp.
UR66. In addition, indole-3-carbaldehyde (6) (Ashour et al.,
2007), tryptophol (7) (Gore et al., 2012), indole-3-pyruvic acid
(8) (Wishart et al., 2007), skatole (9) (Chen et al., 2015),
1-hydroxy-2-naphthoic acid (10) (Kauko and Lajunen, 1978)
and 1,4 dihydroxy-2-naphthoic acid (11) (Isawa et al., 2002)
were isolated from the axenic culture of Saccharomonospora
sp. UR22. All isolated known metabolites were identified based
on their accurate mass analyses and comparison of their NMR
spectroscopic data (Figures $21-S28) with those reported in the
literature.

Pim-1 Kinase Assay

Pim-1 kinase is a well-established oncoprotein in several tumor
entities, e.g., myeloid leukemia, prostate cancer, colorectal cancer,
or pancreatic cancer (Weirauch et al., 2013). In addition, over
expression of Pim-1 kinase has been described in both human
colon adenocarcinoma HT-29 cell (Weirauch et al., 2013) and
human promyelocytic leukemia HL-60 (Fan et al, 2016) cell
lines. Treatment of the aforementioned cell lines with Pim-1
kinase inhibitors resulted in a potent growth inhibitory activity
(Weirauch et al,, 2013; Fan et al., 2016). Furthermore, previous
compounds structurally similar to compounds 1 and 3 showed
potent and selective Pim-1 kinase inhibitory activity (Nakano
etal, 2012; Sun et al., 2015). In order to investigate Pim-1 kinase
as a potential target that mediates tumor cell growth inhibitory
effect, all isolated compounds were evaluated for their efficacy to
inhibit the in vitro enzymatic activity of Pim-1 kinase (Table 3).
Compounds 1 and 3 exhibited significant inhibitory effects on
Pim-1 enzyme activity with an ICsy value of 0.3 £ 0.02 and 0.95
=+ 0.01 pM, respectively.

Docking of the Active Compounds

The potential binding mode of compounds 1 and 3 with Pim-
1 kinase was analyzed by docking in the ATP-binding site of
Pim-1. The protein data bank (PDB) contains several Pim-1
crystallographic proteins, however, Pim-1 of PDB code (3umw)
was selected for docking experiments since it has optimum
resolution (2.08 A) and is co-crystalized with Pim-1 inhibitor
that is structurally similar to compound 1 and 3 (Nakano et al.,
2012). The sphere surrounding the co-crystallized inhibitor was
selected as an active site for docking. Both compounds 1 and
3 showed similar docking poses (Figure5) and comparable
to the co-crystalized inhibitor (Nakano et al., 2012). The
bromobenzene moiety of compound 1 is impeded within a
hydrophobic pocket of ALA65, LEU44, VAL126, and LEU175.
The oxindole proton of amidic group is interacted with the
hinge region through hydrogen bonding to the main chain
carbonyl of GLU121. Hydrogen bonding of this nature was
reported with several Pim-1 inhibitors (Nakano et al., 2012).
Moreover, the oxindole carbonyl oxygen is hydrogen bonded to
the peptidic proton of ASP186 bridged through the conserved
water molecule (HOH30). The imine nitrogen of compound 1
is hydrogen bonded to the terminal amino moiety of LYS67. The

phenoxy ring is sandwiched between two hydrophobic surfaces
of PHE49 and VAL52 (Figure 5A). Alternatively, compound
3 share similar interactions as in compound 1 within the
hydrophobic pocket of ALA65, LEU44, VAL126, and LEU175,
and hydrogen bonding interaction with GLU121 and ASP186.
Moreover, the indole nitrogen is hydrogen bonded with peptidic
oxygen of ILE185. However, the interaction with LYS67 is
a m-cation interaction with the indole ring of compound 3
(Figure 5C). The binding interactions of compounds 1 and 3
showed high resemblance with the binding mode of the co-
crystalized ligand (PDB code: 3umw) within the ATP-binding
site of Pim-1 (Nakano et al., 2012). The co-crystalized structure
forms similar hydrogen bonding interactions (with GLUI121
and LYS67), hydrophobic interactions (with LEU174, VAL126,
LEU44, VAL52, and ALA65), and m-stacking (with PHE49)
as with compounds 1 and 3 (Figure 5E). However, the co-
crystalized ligand forms additional electrostatically-enforced
hydrogen bonding interaction with ASP128. Such interaction can
explain the superior activity of the co-crystalized ligand (ICs
= 3nM) over compounds 1 and 3. Therefore, the electrostatic
interaction with ASP128 should be taking into consideration for
future designing of more active analogs of compounds 1 and 3.

Antiproliferative Activity

The antiproliferative properties of the nine isolated compounds
were evaluated against lung adenocarcinoma H1650, the
human promyelocytic leukemia HL-60 and the human colon
adenocarcinoma HT-29 cell lines (Table 4). Compounds 1 and
3 displayed potent antiproliferative activity against HL-60 and
HT-29 cells (IC5p 2.8, 3.6 and 4.2, 3.7 M, respectively). The
other compounds did not exhibit any cytotoxicity at the tested
concentrations. These results came in great accordance with the
Pim-1 kinase assay results.

Data for Saccharomonosporine A (1)
Yellow powder (18 mg); UV (MeOH) Amax (log €) 343 (4.22), 425
(3.16); IR (KBr) Vmax 3165, 1716, 1605, 1570, cm™!; 'TH-NMR

TABLE 4 | Antiproliferative activity of isolated metabolites against H1650, HL-60,
and HT-29 cancer cells.

Tested Compounds IC50 + S.D. (xM)2

H1650 HL-6 HT-29
1 >100 2.8+ 0.74 3.6 +£0.55
2 >100 >100 >100
3 >100 4.2 +0.23 3.7 £0.31
4 >100 >100 >100
5 >100 >100 >100
6 >100 >100 >100
7 >100 >100 >100
8 >100 >100 >100
9 >100 >100 >100
10 >100 >100 >100
1 >100 >100 >100
5-Flurouracil 0.5+ 0.67 0.2+0.43 0.3+0.35

aValues are a mean of 3 independent experiments.
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(DMSO-dg, 400 MHz); and *C-NMR (DMSO-ds, 100 MHz)
data, see Table 1; HRESIMS m/z 383.0392 [M + H] " (calcd for
C19H1502N2B1‘).

Data for Convolutamydine F (2)

White crystals (10 mg); UV (MeOH) hpmax (log €) 323 (3.18),
408 (2.83); [«]% -13.8 (c 0.85, MeOH), IR (KBr) vy 3331,
1742, 1714 cm~!; 'TH-NMR (DMSO-dg, 400 MHz) and '*C-NMR
(DMSO-dg, 100 MHz) data, see Table 2; HRESIMS m/z 283.9899
M+ H]+ (caled for C;1H19O3NBr).

CONCLUSION

In this study, two sponge-derived actinomycetes,
Saccharomonospora sp. UR22 and Dietzia sp. UR66, were co-
fermented in liquid media. The presence of induced metabolites
was studied by comparison of the HPLC-DAD and TLC
chromatograms of the crude extracts of the two axenic cultures
and the co-culture. Co-cultivation of Saccharomonospora sp.
UR22 and Dietzia sp. UR66 induced the biosynthesis of novel
oxindole alkaloid saccharomonosporine A (1), convolutamydine
F (2) along with other three induced metabolites (3-5) which
were not detected in either microorganism in a single culture.
Axenic culture of Saccharomonospora sp. UR22 led to isolation of
common known microbial metabolites 6-11. Compounds 1 and
3 exhibited potent antiproliferative activities toward HL-60 and
HT-29. Based on previous reports on similar compounds, Pim-1
inhibitory assay results and docking studies in the ATP-binding
site of Pim-1 kinase, we suggested that both compounds 1 and
3 mediated their cytotoxicity by inhibiting the well-known
oncoprotein Pim-1 kinase. These findings highlighted the
co-cultivation approach as an effective strategy to enhance the
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Pairs of Novel Spiro-Orthoester
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1,4,6-Trioxaspi-ro[4.5]decane-7-One
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Xiaorui Liu®, Chunmei Chen?, Yinyu Zheng, Mi Zhang, Qingyi Tong, Junjun Liu, Qun Zhou,
Jianping Wang, Zengwei Luo, Hucheng Zhu* and Yonghui Zhang*

Hubei Key Laboratory of Natural Medicinal Chemistry and Resource Evaluation, School of Pharmacy, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China

(£)-Peniorthoesters A and B (£1 and +2), two pairs of unprecedented spiro-orthoester
enantiomers with a 1,4,6-trioxaspiro[4. 5]decane-7-one unit, were obtained from
Penicillium minioluteum. Their structures were determined by spectroscopic methods,
X-ray diffraction analyses, and ECD calculations. (+)-Peniorthoesters A and B are the first
examples of spiro-orthoester enantiomers, and they represent the first spiro-orthoesters
originating from fungi. All compounds showed potential inhibitory activities comparable to
dexamethasone against NO production with ICsg values ranging from 14.2 to 34.5 uM.

Keywords: peniorthoesters, Penicillium minioluteum, spiro-orthoester, enantiomers, NO production inhibition
activity

INTRODUCTION

Orthoesters, a special functional group characterized by three alkoxy groups attached to a single
carbon atom, are unusual structural subunits in natural products (Liao et al., 2009). Natural
occurring orthoesters include several major types, such as daphnane diterpenoid orthoesters (He
et al.,, 2002), limonoid orthoesters (Roy and Saraf, 2006), steroid orthoesters (Steyn and van
Heerden, 1998), and coumarinoid orthoesters (Santana et al., 2004). In our previous study on
the plant Wikstroemia chamaedaphne, three new daphnane type diterpenoids with orthoester
group were isolated (Guo et al., 2015). A literature investigation revealed that most of these
orthoesters originate from plants, and only a few originate from fungi, such as novofumigatonin,
a meroterpenoid orthoester from Aspergillus novofumigatus (Rank et al., 2008). As a special class
of natural products, orthoesters have attracted great attention due to their diverse structures and
biological properties (Liao et al., 2009; Bourjot et al., 2014; Li et al., 2015; Liu et al., 2017).

Fungi have historically played an important role in drug discovery. The genus Penicillium has
been shown to be a rich source of structurally unique and biologically active secondary metabolites
(Meng et al,, 2016; Sun et al., 2016; Luo et al, 2017) and many metabolites from Penicillium
are clinically used drugs with penicillin as a representative compound. Previous studies on the
secondary metabolites of Penicillium minioluteum have resulted in the identification of scores
of bioactive metabolites, including isomeric furanones with cytotoxic activities against HeLa cell
lines (Tang et al., 2015), sesquiterpene-conjugated amino acids with cytotoxic activities against
HepG2 cells (Ngokpol et al., 2015), and hybrid polyketide-terpenoids (Iida et al., 2008). This fungus
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was also used to produce clovane derivatives, which are the
raw materials for the synthesis of rumphellclovane A (Gontijo
de Souza et al, 2012), and an enzyme from this fungus was
used in the bioconversion (Kmiecik and Zymanczyk-Duda,
2017). During our ongoing search for structurally unique and
biologically interesting constituents from fungi (Zhu et al., 2015;
Chen et al,, 2017; Zhou et al., 2017), P. minioluteum, obtained
from China General Micro-biological Culture Collection Center
(CGMCCQ), was phytochemically investigated, and two pairs of
new orthoesters (Figure 1, compounds 41 and 4-2) were isolated
along with their biosynthetic intermediate, sclerotinin A (3)
(Xiao et al.,, 2009). The structures and absolute configurations
of (£)-1 and (&)-2 were determined by a combination of
spectroscopic methods, X-ray diffraction analyses, and ECD
calculations. (4)-Peniorthoesters A (+1) and B (&£2) are the first
examples of spiro-orthoester enantiomers and represent the first
spiro-orthoesters originating from fungi.

MATERIALS AND METHODS
General Experimental Procedures

Optical  rotations  were determined in  acetonitrile
and dichloromethane on a PerkinElmer 341 polarimeter.
UV spectra were obtained on Varian Cary 50 spectrometer. ECD
spectra were obtained with a JASCO J]-810 spectrometer. IR
spectra were acquired on a Bruker Vertex 70 instrument. NMR
spectra were recorded on Bruker AM-400 spectrometers, and
the 'H and *C NMR chemical shifts were referenced to the
solvent or solvent impurity peaks for CD3Cl at 8y 7.26 and 3¢
77.20. HRESIMS data were acquired in the positive-ion mode
on a Thermo Fisher LC-LTQ-Orbitrap XL spectrometer. The
crystallographic experiments were performed on a Bruker APEX
DUO diffractometer equipped with graphite-monochromated
Cu Ka radiation (A = 1.541 78 A). Semi-preparative HPLC was
carried out on an instrument consisting of an Agilent 1,220
controller, an Agilent 1,220 pump, an Agilent UV detector, with
a reversed-phased C18 column (5pum, 10 x 250 mm, Welch
Ultimate XB-C18), an Ultimate SiO, column (5pum, 10 x
250 mm, Welch Materials, Inc.), and a Chiralpak IC column
(5um, 4.6 x 250mm, Daicel Chiral Technologies Co., Ltd.,
China). Chromatography coloums (CC) were performed on
silica gel (200-300 mesh; Qingdao Marine Chemical, Inc.,
Qingdao, China), Sephadex LH-20 (40-70 wm, Amersham
Pharmacia Biotech AB, Uppsala, Sweden), and ODS (50 pum,
Merck, Germany). Thin-layer chromatographies (TLC) was
performed with RP-Cyg Fjs4 plates (Merck, Germany) and silica
gel 60 F54 (Yantai Chemical Industry Research Institute).

Fungal Material and Fermentation

The strain in this work was bought from China General Micro-
biological Culture Collection Center (CGMCC). A voucher
Specimen was preserved in the herbarium of Huazhong
University of Science and Technology, China. The fungal strain
was cultured on potato dextrose agar (PDA) at 28°C for 8 days
to prepare the seed culture. Then the strain was inoculated into
200 Erlenmeyer flasks (1L each) which had previously been
sterilized by autoclaving. Each flask contained 250¢g rice and

200 mL distilled water. The flasks were incubated at 20°C for 26
days.

Extraction and Isolation

The fermented rice substrate was extracted six times in
95% aqueous EtOH at room temperature. The 95% aqueous
EtOH extracts were concentrated under vacuum to afford
a residue (1.5kg). The residue was suspended in H,O and
successively partitioned with petroleum ether and EtOAc. The
EtOAc partition fraction (630.0g) was subjected to a silica gel
chromatograph column (CC) using petroleum ether-EtOAc and
EtOAc-MeOH gradient elution to give five fractions. Fraction
2 (20.0g) was chromatographed on C18 reversed phase (RP-
18) silica gel CC (gradient elution of MeOH-H,O, 20:80-
100:0) to give seven subfractions, named Fr. 2A—2G. Fr.2F was
successively separated via Sephadex LH-20 CC (CH,Cl,-MeOH,
1:1) and further purified by RP-C;3 HPLC to afford compounds 1
and 2 (MeCN-H;0, 45:55, 3.5 ml/min, 1 at fg 53.2 min, 6.0 mg;
2 at tg 56.7 min, 5.1 mg). Subsequently, the separation of 1 by
chiral HPLC using a Daicel IC column eluting with isopropanol-
n-hexane (5:95) afforded (4)-1 (tgr 28.0 min, 2.1 mg) and (-)-1
(tr 30.1 min, 2.0 mg). The enantiomers (+)-2 (fg 8.2 min, 1.6 mg)
and (-)-2 (fg 11.1min, 2.7 mg) were also obtained by chiral
HPLC using a Daicel IC column eluting with isopropanol-n-
hexane (10:90).

Compounds (£)-1: white powder; [a] £0 (c 0.4, MeCN); UV
(MeCN) Amax (log €) 216 (4.50), 259 (4.23), 329 (4.04) nm; IR
(KBr) vmax 3,435, 2,982, 2,936, 1,661, 1,612, 1,456, 1,420, 1,383,
1,341,921, 883, 809, 753 cm~!; 'H NMR (CDCl3, 400 MHz) and
13C NMR (CDCl3, 100 MHz) data, see Table 1; HRESIMS m/z
307.1538 [M + H]* (caled for C17Hy30s5, 307.1545).

(4)-1: white amorphous powder; [0(]12)5 +37 (c 0.1, CH,Cl,);
ECD (MeCN) 229 (Ae +1.63), 254 (Ae +4.75), 325 (As —0.99)
nm.

(-)-1: white amorphous powder; [0(]%5 —36 (c 0.1, CH,Cl);
ECD (MeCN) 229 (Ae —1.66), 254 (Ae —4.34), 325 (Ae +1.23)
nm.

Compounds (£)-2: white powder; [oc]lzj5 +0 (c 0.3, MeCN); UV
(MeCN) Amax (log €) 216 (4.60), 259 (3.99), 329 (3.71) nm; IR
(KBr) vmax 3,435, 2,980, 2,932, 1,669, 1,612, 1,456, 1,421, 1,379,
1,339, 920, 881, 810, 763 cm~'; '"H NMR (CDCl3, 400 MHz)
and 1*C NMR (CDCls;, 100MHz) data, see Table 1; HRESIMS
m/z 307.1534 [M + H] T (calcd for Cy7H2305, 307.1545).
(+)-2: white amorphous powder; [0(]12)5 +30 (c 0.1, CH,Cl,);
ECD (MeCN) 224 (Ag +2.37), 258 (Ag +4.64),319 (Ae —0.84)
nm.

(-)-2: white amorphous powder; [0(]12)5 —30 (c 0.1, CH,Cl);
ECD (MeCN) 224 (Ags —2.42), 258 (Ae —6.58), 319 (As +1.60)
nm.

Computational Details

The crystal structure of 9R,10S,11S-1, and 9R,10R,11R-2 were
optimized at the B3LYP/6-31G(d) level in acetonitrile with
the IEFPCM solvation model using Gaussian 09 program.
The harmonic vibrational frequencies were calculated to
confirm the stability of the optimized structure. The electronic

Frontiers in Chemistry | www.frontiersin.org

December 2018 | Volume 6 | Article 605


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al.

()-Peniorthoesters A and B

(+)2

FIGURE 1 | Structures of (+)-peniorthoesters A (+1) and B (£2).

(-)-2

circular dichroism (ECD) spectrum were calculated using the
TDDFT methodology at the LC-wPBE/6-311++G(d,p) level
with acetonitrile as solvent by the IEFPCM solvation model
implemented in Gaussian 09 program. The ECD spectra was
simulated using a Gaussian function with a bandwidth ¢ of
0.3eV. The UV correction was applied to generate the final
spectra (Zhu, 2015).

Single-Crystal X-ray Diffraction Analysis
and Crystallographic Data

Crystallographic data of compound 1 (CCDC 1840165):
Ci17H»,05, M = 306.34, monoclinic, T = 297(2) K, . = 1.54178
A, colorless platelet (crystallized from distilled water at room
temperature), size 0.12 x 0.10 x 0.10 mm3, a = 11.7937(4) A,
b = 32.5593(12) A, c = 8.1659(3) A, @ = 90.00°, B = 91.95(2)°,
y = 90.00°, V = 3,133.84(19) A3, space group P21/c, Z = 8, Dc
= 1.299 g/cm?, u(CuKa) = 0.782 mm™!, F(gop) = 1312, 48082
reflections and 5,729 independent reflections (Rjye = 0.0528)
were collected in the 6 range of 2.71° < 6 < 69.99° with index
ranges of h(—14/14), k(—39/39), I(—9/9), completeness fmax =
98%, data/restraints/parameters 5,729/0/412. Largest difference
peak and hole = 0.257 and —0.184 e A—3. The final R, values
were 0.0489 (I > 20 (I)). The final wR(F?) values were 0.1364 (I >

20 (I)). The final R, values were 0.0521 (all data). The final wR(F?)
values were 0.1381 (all data). The goodness of fit on F? was 1.045.

Crystallographic data of compound 2 (CCDC 1840166):
C17H2,05, M = 306.34, monoclinic, T = 297(2) K, . = 1.54178
A, colorless platelet (crystallized from distilled water at room
temperature), size 0.12 x 0.10 x 0.10 mm3, a = 7.4709(2) A, b
=8.9377(12) A, c = 13.5720(3) A, o = 92.43°, B = 100.25(2)°,
y = 113.76°, V = 809.60(19) A3, space group P-1, Z = 2, Dc
= 1.257 g/em’®, u(CuKa) = 0.757 mm ™', Fggp) = 328, 14,855
reflections and 2,814 independent reflections (Riny = 0.0374)
were collected in the 6 range of 5.45° < 6 < 70.86° with index
ranges of h(—8/7), k(—10/10), [(—16/16), completeness fmax =
95%, data/restraints/parameters 2,814/0/207. Largest difference
peak and hole = 0.232 and —0.241 e A—3. The final R, values
were 0.0588 (I > 20 (I)). The final wR(F?) values were 0.1750 (I >
20 (I)). The final R, values were 0.0647 (all data). The final wR(F?)
values were 0.1855 (all data). The goodness of fit on F? was 1.076.

Determination of No Production

RAW 264.7 cells were obtained from the Boster Biological
Technology Co., Ltd (Wuhan, China) and maintained in DMEM
containing 10% heat-inactived fetal bovine serum (FBS) (Gibco
BRL Co, Grand Island, NY, United States) at 37°C in humidified
incubator containing 5% CO,. All tested compounds were
dissolved in DMSO (the final concentration of DMSO was
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TABLE 1 | THand 13C NMR Spectroscopic Data for 1 and 2 (in CDClg).

No. 1 2

S¢c type 8y (mult., J in Hz) 3¢ type 8y (mult., J in Hz)
1 137.8 C 137.6 C
2 123.5 C 123.6 C
3 145.7 C 145.7 C
4 123.7 C 123.8 C
5 158.8 C 168.7 C
6 103.5 C 103.7 C
7 170.3 C 170.2 C
8 124.0 C 124.0 C
9 38.4 CH 3.31q(7.1) 38.5 CH 3.33q(7.0)
10 81.78 CH 3.91dqg (8.5, 6.1)2 81.12 CH 3.84 dqg (8.1, 6.22
11 79.32 CH 4.18 dq (8.5, 6.1)2 79.82 CH 4.36dq (8.1, 6.22
12 14.7 CHg3 217s 14.6 CHg 217s
13 17.5 CHg3 2.25s 17.4 CHg 224
14 11.9 CHg 2.20s 11.9 CHg 2.20s
15 16.9 CHg3 1.30d(7.1) 17.2 CHg 1.30 brd (6.3)
16 16.78 CH3 1.47d (6.1)2 16.78 CHg3 1.30 brd (6.1)2
17 18.42 CHg 1.25d (6.1)2 18.62 CHg 1.39d (6.1)2
HO-5 11.41s 11.41s

a|nterchangeable assignments between the two CHCH3 groups.

'H-H cosy

7/~ N\ HMBC

FIGURE 2 | Key 1H—1H COSY and HMBC correlations of 1.

<0.25% in assay). RAW 264.7 cells were seeded into 48-well
plates (1 x 10°cells/well) for 24h and then pretreated with
different concentrations (1-40 M) of test compounds. After
being incubated for 3 h, the cells were stimulated with 100 ng/ml
LPS (final concentration) for another 24 h. Dexamethasone was
used as the positive control in the experiment. NO content
in the supernatant was measured using Griess reagent. The
absorbance at 540 nm was measured on a microplate reader. All
the experiments were performed in three independent replicates.

Cytotoxic Activity
Cell lines were cultured in RPMI-1640 or DMEM medium
(HyClone, USA), supplemented with 10% fetal bovine serum

(HyClone, USA) at 37°C in a humidified atmosphere with 5%
CO5. For cell viability assay, cells were plated into 96-well plates
in 50 pl of medium and then compounds were serially diluted
in medium and delivered to the cells as 2 x solutions in 50 pl
of medium. After 48 h, cell viability was detected by a CCK-8 Kit
(Dojindo,Japan) according to the instruction. Growth relative to
untreated cells was calculated (positive control, anticancer drug
VP16), and this data was used for the dose-response curve, the
ICsg (50% inhibiting concentration) of compounds to each cell
lines were calculated by SPSS.

RESULTS AND DISCUSSIONS

Compound 1 was isolated as a white powder. Its UV spectrum
exhibited absorption maxima at 216 and 260 nm. Its IR spectrum
indicated the presence of an OH functionality (3,435 cm™!),
a conjugated carbonyl group (1,661 cm~!), and an aromatic
ring (1,612 and 1,456 cm™1). The molecular formula of 1 was
determined to be C;7H,05 by HRESIMS with an [M + H]* ion
peak at m/z 307.1538 (calcd for C17H305, 307.1545), implying
seven degrees of unsaturation. The 'H NMR spectroscopic data
of 1 (Table 1) revealed the presence of two oxygenated methines
(81 4.18 (1H, dg, ] = 8.5, 6.1 Hz, H-11) and 3.91 (1H, dq, ] = 8.5,
6.1 Hz, H-10)], one sp® methine [y 3.31, 1H, q, ] = 7.1 Hz, H-9],
and six methyl groups [§y 1.47 (d, ] = 6.1 Hz, H3-16), 1.30 (d, ]
= 7.1Hz, H3-15), 1.25 (d, ] = 6.1 Hz, H3-17), 2.17 (s, H3-12),
2.20 (s, H3-14), and 2.25 (s, H3-13)]. The *C NMR spectrum
of 1 exhibited signals assignable to a conjugated carbonyl (8¢
170.3), a hexa-substituted benzene ring [§c 158.8, 145.7, 137.8,
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123.7,123.5, and 103.5], one oxygenated quaternary carbon (6c
124.0), six methyl groups and three methines (including two
oxygenated ones). The above analyses confirmed the presence
of an ester carbonyl group and a hexa-substituted benzene ring,
which account for five degrees of unsaturation, indicating the
presence of two additional rings. With the aid of the HSQC
spectrum, all protons were unambiguously assigned to their
respective carbons.

The planar structure of 1 was elucidated on the basis of 'H-'H
COSY and HMBC experiments (Figure 2). The HMBC spectrum
of 1 displayed correlations from Hz-14 to C-3, C-4, and C-5; from
H3-13 to C-2, C-3, and C-4; from H3-12 to C-1, C-2, and C-3;
and from H-9 to C-1, and C-6, which together with the HMBC
correlations from the OH to C-4, C-5, and C-6 constructed the
hexa-substituted benzene ring. In addition, two spin systems of
H;3-17/H-11/H-10/H3-16 and H-9/H3-15 were established from
the 'H-'H COSY spectrum. Therefore, the HMBC correlations
from H-9 to C-1, C-6, and C-8 and from H3-15 to C-1, C-8,
and C-9 suggested the C-15/C-9/C-8 fragment was connected
to the benzene ring via C-9. Moreover, the ester carbonyl (8¢
170.3) was connected to C-6 based on the chemical shifts of C-
6 (8¢ 103.5), C-1 (8¢ 137.8), and C-3 (6¢ 145.7). Combined
with the chemical shifts of C-10 (§¢ 81.7) and C-11 (8¢ 79.3),
the C-17/C-11/C-10/C-16 fragment was proposed to be a 2,3-
butanediol unit, which should be linked with C-8 and form a
4,5-dimethyl-1,3-dioxolane moiety. Finally, a lactone ring was
proposed between C-7 and C-8 to satisfy the above deduced
tricyclic ring system as well as the chemical shift of C-8 (§¢ 124.0).
This planar structure satisfied all of the correlations observed in
the 2D NMR spectra and the chemical shifts in the 1D NMR
spectra.

A NOESY experiment was performed on 1, but no interactions
useful for determining the relative configuration were observed.
Unfortunately, the relative configuration of H-10 and H-11 could
also not be determined from their coupling constants because
they were located on a five-membered ring. To confidently
assign the configuration of 1, we tried to crystallize it so
we could use X-ray single-crystal analysis. After a number of
attempts, a high-quality single-crystal of 1 was finally obtained
from a mixture of methyl alcohol and water. The X-ray
crystallography data (CCDC 1840165) obtained with Cu Ka
radiation confirmed the structure of 1 (Figure 3). However,
because it has a centrosymmetric monoclinic space group of
chiral P2y/c, indicating the crystal is racemic, the absolute
configuration of 1 could not be determined. After analyses by
using various types of chiral columns, the racemic nature of this
solution was further confirmed by the presence of two peaks
in the HPLC chromatogram acquired using a chiral Daicel IC
column (Figure 4). Finally, compounds (4)-1 and (-)-1 were
successfully obtained, and they showed specific rotations with
opposite signs {(+)-1: [OL]IZ)()+37 (c 0.1, CH,CL); (-)-1: [0(]%0-36
(c 0.1, CH,Cly)}. In addition, the ECD spectra of (+)-1 and (-)-1
displayed similar signal intensities but mirror-image Cotton
effects (Figure 5).

The absolute configurations of the two enantiomers of (£)-
1 were further determined by comparing their experimental
ECD spectra with those predicted by time-dependent density

FIGURE 3 | X-ray structures of 1 and 2.
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FIGURE 4 | Chiral HPLC separation profiles of (4)-1 and (4)-2.

functional theory (TDDFT) calculations at the B3LYP/6-31G(d)
level. As shown in Figure5, the calculated ECD curve of
9R,108,118-1 displayed good agreement with the experimental
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FIGURE 6 | Proposed biosynthetic pathway of 1 and 2.
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curve of (-)-1. Therefore, the absolute configurations of (+)-
1 and (-)-1 were elucidated as 9S,10R,11R and 9R,10S,11S,
respectively.

Compound 2, obtained as a white powder, possesses the same
molecular formula (C;7H2,05) as that of compound 1 based
on its HRESIMS data with an [M + H]" ion peak at m/z
307.1534 (calcd for C17H,305, 307.1545). A detailed comparison
of its NMR spectroscopic data with those of 1 indicated that
the main differences between 1 and 2 were tiny changes in
the chemical shifts of C-10 and C-11 as well as their protons
[8c 81.1 (C-10), 79.8 (C-11); 8 3.84 (1H, dq, J = 8.1, 6.2 Hz,
H-10), 4.36 (1H, dq, ] = 8.1, 6.2Hz, H-11) in 2; d¢c 81.7
(C-10), 79.3(C-11); éu 3.91 (1H, dq, ] = 8.5, 6.1 Hz, H-10),
4.18 (1H, dq, ] = 8.5, 6.1Hz, H-11) in 1]. These findings,
combined with the 2D NMR data, implied that 2 has the same
planar structure as 1, and it should be a stereoisomer of 1. The
planar structure of 2 was further confirmed by analyses of its
'H-'H COSY and HMBC spectra. Unfortunately, the NOESY
experiment of 2 also did not show any NOESY correlations
useful in for the elucidation of the relative configuration of
compound 2.

Similarly, after many attempts, we finally determined the
relative configuration of compound 2 by X-ray crystallography
analysis with Cu Ko radiation (Figure 3, CCDC 1840166). This
single-crystal is triclinic with space group of chiral P-1, also
indicating it is racemic. Compound 2 was then separated into a
pair of enantiomers by a method similar to what was used for
compound 1 (Figure 4), and the enantiomers showed opposite
optical rotations {(+)-2: [oc]%0+30 (c 0.1, CH,CL); (-)-2: [oc]f)o—
30 (¢ 0.1, CH,Cl,)} and mirror image ECD curves (Figure 5).
The absolute configurations of the two enantiomers of 2 were
further determined by ECD calculations. As shown in Figure 5,
the calculated ECD curve of 9R,10R,11R-2 closely resembled the
experimental curve of (-)-2, and the absolute configurations of
(+)-2 and (-)-2 were elucidated as 95,105,118 and 9R,10R,11R,
respectively.

To the best of our knowledge, (£)-1 and (%)-2 are the
first examples of spiro-orthoester enantiomers with an unusual
1,4,6-trioxaspiro[4.5]decane-7-one unit, and they represent the
first spiro-orthoesters originating from fungi. The proposed
biosynthetic pathway of 1 and 2 was outlined in Figure 6.
First, the condensation of acetyl-CoA and four molecules
of malonyl-CoA by a polyketide synthase formed i, which
underwent cycloaddition and methylations to form precursor
sclerotinin A (3). Then, sclerotinin A underwent isomerization
and hydrolytic cleavage to afford iv, which further formed
vi by a H" mediated double bond isomerization. After that,
intermediate vii was produced by an aldol condensation,
which further generated the key intermediates viii and x via
an esterification reaction with 2R,3R-butanediol and 2S,3S-
butanediol (Ji et al., 2011), respectively. Finally, compounds
(&£)-1 and (&)-2 were formed via condensation and lactonization
reactions.

Compounds (£)-1 and (=£)-2 were tested for their inhibitory
activities against NO production in lipopolysaccharide
(LPS)-induced RAW264.7 cells. The results revealed that (+)-1,
(=)-1, (4)-2, and (-)-2 exhibited potential inhibitory activities

TABLE 2 | Inhibition of LPS-Induced NO Production.

Compound IC50 (M)
(+)-1 34.5
()1 29.6
(+)-2 23.5
“-2 14.2
Dexamethasone 271

with ICsp values of 34.5, 29.6, 23.5, and 15.2 M, respectively
(Table 2). Interestingly, for both pairs of enantiomers, the
levorotatory compounds (-1 and -2) showed better inhibitory
effects than the dextrorotatory compounds (+1 and +2).
Moreover, both (+)-2 and (-)-2 showed better inhibitory effects
than those of (+)-1 and (-)-1 as well as the positive control,
dexamethasone. We also tested cytotoxicity of these compounds,
but even at the concentration of 40 M, none of them showed
cytotoxicity activity.

CONCLUSION

In conclusion, two pairs of new spiro-orthoester enantiomers,
(£)-peniorthoesters A and B (1 and =+2), were isolated
from P. minioluteum. These compounds, characterized by
an unexpected 1,4,6-trioxaspi-ro[4.5]decane-7-one unit, are
the first examples of spiro-orthoester enantiomers, and they
represent the first spiro-orthoesters originating from fungi.
All of them showed potential inhibitory activities against NO
production in activated macrophages with ICsy values ranging
from 14.2 to 34.5 uM, which are comparable to the positive
control, dexamethasone. Their highly functionalized structures
and promising biological activities will attract considerable
attention from the pharmacological, synthetic, and biosynthetic
communities.
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A systematic chemical exploration of the marine-derived fungus Penicillium janthinellum
led to the isolation of four indole-diterpenoid derivatives (1-4), including new penijanthines
C and D (1 and 2), and a pair of new steroidal epimers, penijanthoids A and B (5 and
6). The calculated ECD spectra and Snatzke’s method for the new compound 1 were
carried out to determine its absolute configuration. The absolute configuration of 3 was
established by X-ray diffraction and calculated ECD methods for the first time. DP4plus
approach was used to elucidate the absolute configurations of the C-25 epimeric
steroids 5 and 6. 25-Epimeric 5 and 6 represent the first examples of steroids forming
a five-membered lactone between C-23 and C-27 from marine fungi. Compounds 1, 2,
5, and 6 displayed significant anti-Vibrio activity (Minimum inhibitory concentration, MIC
values ranging from 3.1 to 50.0 uM) against three pathogenic Vibrio spp.

Keywords: Penicillium janthinellum, indole-diterpenoid, steroid, absolute configuration, anti-Vibrio activity

INTRODUCTION

Vibrio spp., such as Vibrio anguillarum, Vibrio parahemolyticus, and Vibrio alginolyticus, is a class
of Gram-negative halophilic bacteria that occurs usually in marine and coastal environments
throughout the world, which could lead vibriosis in crustaceans and cause serious damage to
mariculture production (Vezzulli et al., 2015; Moreno et al., 2017). However, there was no effective
vaccine to prevent vibriosis due to lacking adaptive immunity in crustacean species (Buchmann,
2014). In the past few decades, searching for marine-derived bioactive substances as anti- Vibrio
agents has drawn the attention of chemists and pharmacologists (Meng et al., 2015; Wang et al,,
2015). In our continuing efforts to explore anti- Vibrio natural products from marine-derived fungi
(Xu et al., 2017; Yang et al., 2018), the Bohai Sea fungus Penicillium janthinellum was selected for
further chemical exploration due to the anti-Vibrio activity of its EtOAc extract. As a result, two
new indole-diterpenoids, penijanthines C and D (1 and 2), and two known analogs, PC-M6 (3)
(Yamaguchi et al., 1993), 7-hydroxy-13-dehydroxypaxilline (4) (Mantle and Weedon, 1994), along
with two new steroids, penijanthoids A and B (5 and 6), were obtained (Figure 1). Compounds
1-6 displayed anti-Vibrio activity against three pathogenic V. anguillarum, V. parahemolyticus,
and V. alginolyticus.
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FIGURE 1 | Chemical structures of 1-6.

3. R{=OH,R;=H
4. R, =ketone, R, = OH

MATERIALS AND METHODS

General Experimental Procedures

Optical rotations (OR) values of the new compounds were
determined using a JASCO-1020 polarimeter. Electronic circular
dichroism (ECD) experiments, including Moy(AcO)4 ICD
experiments, were carried out on a JASCO J-815 circular
dichroism  spectrometer. Ultraviolet-visible (UV) data
were provided in MeOH by a Perkin-Elmer model 241
spectrophotometer. Infrared radiation (IR) data of the new
compounds (using KBr pellets) were measured on a Nicolet
NEXUS 470 spectrophotometer. 1D NMR (!H NMR and
3C NMR) and 2D NMR (HSQC, 'H-'H COZY, HMBC and
NOESY) data were recorded on a Bruker AV-600 spectrometer.
HR-ESI-MS spectra were performed with a Thermo Scientific
LTQ Orbitrap XL spectrometer. Semi-preparation HPLC, which
had the Shimadzu LC-20AT system with a SPD-M20A detector
and a Waters RP-18 column, was used for chemical separation.
Further chromatographic separation was taken on 200-300 mesh
silica gel and 18-110 um Sephadex LH-20 columns.

Isolation of the Fungal Material

The strain in our research, which was derived from the marine
sediment collected from the Bohai Sea in June 2016, was
deposited at Hebei University, China. According to its 16S rRNA
amplification and sequencing of the ITS region, the strain was
identified as Penicillium janthinellum (Gene Bank KY979507).
The fungus Penicillium janthinellum was cultivated using solid
medium in forty Erlenmeyer flasks (80 g raw rice, 60 mL H,O,
2.0g sea salt in each Erlenmeyer flask) at 28°C for 4 weeks.
Mixed solvent of CH,Cl,-MeOH (v/v = 1:1) was used to extract
fermented rice, and the solution was evaporated to give the crude

extract, which was dissolved and extracted with EtOAc for five
times to provide the EtOAc extract (12.0 g). The EtOAc extract,
which was eluted with EtOAc-petroleum ether (PE) on the silica
gel column chromatography (CC), was separated into different
fractions ranged from Fr.1 to Fr.8. Fr.2 (1.46 g), which was eluted
with 40% EtOAc in PE, was applied on a Sephadex LH-20 and
waters RP-18 (XBridge OBD, 5 um, 10 x 250 mm, 70%-MeOH
in water) columns to produce 5 (10.5mg) and 6 (7.6 mg). Fr.4
(4.34g, 60% EtOAc in PE) was separated by repeatedly silica gel
CCand HPLC to provide 1 (20.5 mg), 2 (5.8 mg), 3 (16.4 mg), and
4 (8.2mg).

Penijanthine C (1)

Yellow powder; [a]% —80.0 (¢ 0.20, CH>CL); UV (MeOH)
Amax (log &) 230 (2.60), 280 (0.85) nm; CD (MeOH) A\max
(Ag) 230 (13.1), 291 (—1.2) nm; IR (KBr) vmax 3,473, 2,945,
1,628, 1,302, 1,240, 1,054, 931, 820 cm~!; 'H and '3C NMR
data, see Table 1; HRESIMS m/z 440.3163 [M + H]™ (calcd. for
CysH4p 03N, 440.3159).

Penijanthine D (2)

Yellow powder; [a]% —27.0 (¢ 0.20, CH,CL); UV (MeOH)
hmax (log €) 240 (3.50), 280 (3.20) nm; CD (MeOH) hpax (Ag)
230 (11.4), 291 (—1.7) nm; IR (KBr) vmax 3,435, 2,943, 1,641,
1,629, 1,312, 1,233, 1,054, 930, 819 cm™!; 'H and 3C NMR
data, see Table 1; HRESIMS m/z 504.3072 [M + Na]*(calcd. for
C30H4304NNa, 504.3084).

Penijanthoid A (5)

Colorless powder; [oz]f)5 +424 (¢ 3.0, CH,Cl,); UV (MeOH)
hmax (log €) 350 (1.50) nm; CD (MeOH) hpmax (Ag) 223 (7.1),
247 (3.4), 363 (24.3) nm; IR (KBr) vmax 2,932, 2,249, 1,725,
1,650, 1,600, 1,468, 1,395, 1,176 cm™!; 'H and *C NMR data,
see Table 2; HRESIMS m/z 421.2732 [M + H]™ (calcd. for
C28H3603, 421.2737) (Figure 824).
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TABLE 1| 'H (600 MHz) and '3C (150 MHz) NMR Data for 1 and 2 (DMSO-dg).

Position 1 2
8y, mult. (J in Hz) 3¢, type 8y, mult. (J in Hz) 3¢, type
1 10.56, s 10.55, s
2 1561.3,C 1561.0,C
3 52.6, C 525, C
4 38.6,C 38.5,C
5 1.86, m 32.1, CHy 1.89, m 31.6, CHy
1.70,m 1.69, m
6 1.70,m 27.2, CHo 1.69, m 23.5, CHy
1.64,t(12.6)
3.34, m 71.4, CH 4.56, m 75.4, CH
48.6,C 39.9,C
1.64,1(12.6) 40.8, CH 1.66, m 40.1, CH
10 1.63, m 22.3, CHy 1.50, m 22.0, CHy
1.35, dt (12.6, 12.0) 1.33, m
11 1.69, m 25.0, CHy 1.69, m 24.9, CHy
1.53, m 1.50, m
12 2.63, m 48.5, CH 2.60, m 48.5, CH
13 2.56,dd (12.6,6.00 27.1,CH, 2.51,dd(12.6,6.6) 27.0, CHy
2.24,dd (12.6,11.2) 2.20,dd (12.6, 11.2)
14 116.8,C 116.9,C
15 124.4,C 124.4,C
16 7.27,d(7.8) 117.5, CH 7.21,d(7.8) 117.6, CH
17 6.89,dd (7.8,7.2) 118.3,CH 6.84,dd(7.8,7.2) 118.4, CH
18 6.94,dd (7.8,7.2) 119.2,CH 6.88,dd(7.8,7.2) 119.3, CH
19 7.27,d(7.8) 111.8, CH 7.21,d(7.8) 111.8, CH
20 140.2,C 140.2,C
21 0.94, s 14.7, CHg 091, s 14.6, CH3
22 1.02, s 18.6, CH3 1.00, s 18.6, CH3
23 0.75, s 17.1, CHg 0.83, s 17.5, CH3
24 1.85,m 34.8, CHo 1.50, m 35.2, CHy
1.06, m 1.08, m
25 1.44,1(11.8) 23.6, CHy 1.67, m 23.8, CHy
1.15,m 1.36, m
26 3.00, t(7.2) 78.6, CH 2.90, m 78.0, CH
27 71.7,C 71.6,C
28 1.08, s 24.6, CHg 0.94, s 24.6, CH3
29 1.08, s 26.4, CHg 0.99, s 26.4, CH3
-OAc 1.94,s 21.0, CHz
169.9, C
7-OH 4.26, s
26-OH 421, s 412, s
27-OH 410, s 4.04, s

Penijanthoid B (6)

Colorless powder; [oz]zD5 +263 (¢ 3.0, CH,Cl,); UV (MeOH)
hmax (log &) 350 (0.86) nm; CD (MeOH) hmax (Aeg) 213
(1.4), 223 (—1.9), 230 (—2.3), 247 (—14.6), 283 (1.6), 358
(13.6) nm; IR (KBr) vmax 2,932, 2,249, 1,725, 1,650, 1,600,
1,468, 1,395, 1,176 cm™'; 'H and '*C NMR data, see Table 2;
HRESIMS m/z 4212732 [M + H]' (caled. for Cy3H360s3,
421.2737) (Figure S31).

Computational Section

Conformational search of the new compounds 1, 5, and 6 for
quantum calculations was taken using MMFF94S force field
with low energetics from 0-10.0 kcal/mol. Optimization for
these geometries were carried out in the gas phase at the
B3LYP/6-3114+G(d) level. The optimized conformations with
the relative energy between 0 and 2.5 kcal/mol was selected
for ECD calculations, which were computed at the B3LYP/6-
3114++G(2d,p) level (gas phase) (Zhu, 2009, 2015; Zhu et al.,
2014). For the DP4plus applications of 5 and 6, unshielding
tensor values of the optimized conformers were computed
at the mPW1PW91/6-3114+-G(d,p)//mPW1PW91/6-3114+-G(d,p)
level in the gas phase. All of the quantum chemical calculations
were performed using Gaussian 09 package (Frisch et al., 2009).

X-Ray Crystallographic Study of PC-M6 (3)
The crystal of 3 was acquired from a mixed solvent of methanol
and dichlorine in a refrigerator for 14 days. The detail X-ray
diffraction data of single-crystal 3 were collected by Bruker Smart
APEXII with the crystal system of Mo target. The wavelength of
radiation is 0.71073 A. The block crystals of 3 are monoclinic,
space group C2 with cell dimensions a = 19.2301(8) A, b =
7.0166(3) A, c = 17.2255(8) A, V = 2322.67(18) A3, Z = 4, F(4p)
= 912, and goodness of fit on F? = 1.042. The Final R indices [I
> 20 (I)] were R1 = 0.0390, wR2 = 0.0871. R indices (all data)
were RI = 0.0524, wR2 = 0.0951. The detail data of the crystal
for 3 has been uploaded to the Cambridge Crystallographic Data
Center. The relevant single crystal data can be viewed in the
database and copies can be downloaded free of charge. The
CCDC number for supplementary publication is NO. CCDC
1839742. CCDC’s mailing address is as follows, 12 Union Road,
Cambridge CB2 1EZ, U.K. (Fax, + 44(0)-1223-336033; email,
deposit@ccdc.cam.ac.uk).

Anti-Vibrio Activity Assays

The conventional broth dilution assay described by on the related
literature (Appendio et al., 2008) was used to test the anti-
Vibrio activity of these compounds. Three pathogenic Vibrio
strains, Vibrio anguillarum, Vibrio parahemolyticus and Vibrio
alginolyticus were incubated about 16-18 h at 37°C as the tested
strains. The overnight cultures were used to prepare the turbidity
of the bacterial suspensions, which had a concentration of 10°-
10® colony formingunits/mL and had the absorbance of 0.4-0.6
at 600 nm. The 96-well plates, which contained 2 uL of test
solutions/positive control ciprofloxacin and 198 pL of bacterial
culture, were used to test the minimum inhibitory concentration
(MIC) of anti-Vibrio activity for these compounds. Finally, the
different concentrations of tested compounds from 25.0 to 0.195
uM were prepared and incubated overnight for 24 h at 37°C to
measure the MIC values of anti- Vibrio activity. Ciprofloxacin had
the MIC values of 0.078, 0.312, and 0.625, respectively, against V.
anguillarum, V. parahemolyticus, and V. alginolyticus.

RESULTS AND DISCUSSION

Penijanthine C (1) was isolated as a yellow amorphous powder.
The molecular formula of C,gH41NO3 for 1 was determined
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TABLE 2 | 'H (600 MHz) and '3C (150 MHz) NMR Data for 5 and 6 (CDClg).

Position 5 6
8y, mult. (J in Hz) 8¢, type 8, mult. (J in Hz) 8¢, type
1 2.03, m 34.1,CHy,  2.03,m 34.1, CHo
1.81, m 1.81, m
2 2.54, m 34.1,CHy, 255 m 34.1, CHo
3 199.4, C 199.4, C
4 5.75, s 123.4,CH 5.75,s 123.4, CH
5 164.0, C 164.0, C
6 6.06, d (9.5) 125.0,CH  6.06, d (9.5) 125.0, CH
7 6.60, d (9.5) 133.5,CH 6.61,d(9.5) 133.5, CH
8 125.4,C 125.4,C
9 218, m 44.6, CH 2.18, m 44.6, CH
10 36.8,C 36.8,C
11 1.60, m 19.0,CHy  1.58,m 19.1, CHy
155, m
12 1.93,m 35.0,CHy 194, m 35.0, CHo
1.91, m 1.92, m
13 44.8,C 44.7,C
14 153.6, C 153.6, C
15 254, m 25.3,CHy 255, m 25.3, CHp
16 212, m 25.0,CHy, 214, m 25.0, CHy
2.01, m 2.03, m
17 214, m 58.1,CH 214, m 58.2, CH
18 0.84,s 19.7,CHz 0.85,s 19.7, CH3
19 1.00, s 16.6,CHz  1.00, s 16.6, CH3
20 141.5,C 142.2,C
21 1.81,s 18.8,CHz  1.83,s 18.9, CH3
22 5.32,d (8.4) 1241,CH 5.27,d(8.7) 128.6, CH
23 4.87,dd (8.4, 7.7) 81.4,CH  4.72,dd (8.7,9.3) 81.1, CH
24 2.33, m 40.8,CH  1.80,m 46.1, CH
25 2.73,m 38.7,CH 221, m 43.0, CH
26 1.20, d (7.6) 10.4,CHy  1.24,d (7.0 13.0, CH3
27 179.9, C 178.9, C
28 1.08,d (7.0) 12.2,CHz  1.10,d (6.5 14.4, CHg

by high resolution mass spectrometry m/z = 440.3163 [M +
H]™ (calcd. 440.3159) (Figure S10), suggesting nine degrees of
unsaturation in 1. In the 13C NMR spectroscopic data (Table 1)
of 1, 28 carbon signals which contain five methyls, seven
methylenes, eight methines including four olefinic carbons, and
two oxygen-bearing carbons, and eight quaternary carbons with
four sp? and two oxygenated sp> were observed. The above *C
NMR signals agreed well with the 'H NMR spectroscopic data
(Table 1) of 1, which displayed a 1,2-disubstituted aromatic unit
6y 7.27 (2H, d, ] = 7.8Hz, H-16 and H-19), 6.94 (1H, dd,
J = 7.8, 7.2Hz, H-18), and 6.89 (1H, dd, ] = 7.8, 7.2 Hz, H-
17)], two oxymethine protons [§y 3.34 (1H, m, H-7) and 3.00
(1H, t, ] = 7.2Hz, H-26)], and five methyls [6y 1.08 (3H, s, H-
29), 1.03 (3H, s, H-28), 1.02 (3H, s, H-22), 0.94 (3H, s, H-21),
and 0.75 (3H, s, H-23)]. The above characteristic '"H and '*C
NMR data of 1 suggested an indole-diterpenoid framework for
1. In fact, 1 could be identified as an indole-diterpenoid analog
of emindole SB, which was previously isolated from the fungus

OH
N

OH
-_— COSY —~ HMBC

FIGURE 2 | COZY and key HMBC correlations for 1.

FIGURE 3 | Selected NOESY correlations for 1.

Penicillium camemberti (Fan et al., 2013), by careful comparison
of their 1D NMR data. The structural difference between them
was that the 26,27-trisubstituted double bond in emindole SB was
replaced by a vic-diol moiety [8y 3.00 (1H, t, ] = 7.2 Hz, H-26);
8¢ 78.6 (CH, C-26) and 71.7 (C, C-27)] in 1 (Figures S$4, S5). The
long-range couplings of H3-28/C-26, H3-28/C-27, H3-29/C-26,
H3-29/C-27, and H;-24/C-26 in the HMBC spectrum of 1, as
well as the proton spin system of H,-25/H-26 from the 'H-'H
COZY spectrum in 1, supported the above deduction (Figure 2).
The assignment of the planar structure for 1 was consequently
confirmed by the 2D NMR data of HSQC, 'H-'H COZY, and
HMBC in 1 (Figures S6-S8).

The analysis of the NOESY data allowed the relative
configuration of the five rings for the indole-diterpenoid nuclei
in 1. The NOESY cross-peaks between the H-12 and H3-22, H3-
22, and H3-23 as well as H-9 had NOE with both H3-21 and H-7
were observed in the NOESY experiment of 1, suggesting that
H-12, H3-22, and H3-23 were place on the opposite direction to
H-7, H-9, and H3-21 in the molecule of 1 (Figure 3). However,
the NOESY experiment was unable to conclusively determine the
configuration at C-26 in 1 (Figure S9).

To assign the stereochemistry of 26-stereogenic carbon
in 1, induced circular dichroism (ICD) procedure (Snatzke’s
method) was applied (Frelek et al., 1997; Di Bari et al., 2001).
The Mo-complexes of compound 1 (0.5mg) and Mo,(OAc),
(dimolybdenum tetraacetate) was prepared to measure the
its ICD spectrum. Compared with the ICD spectrum of the
reference Mo, complex (Frelek et al., 1997; Di Bari et al., 2001),
the Cotton effect bands II (near 400 nm) and IV (around 312 nm)
in the ICD data of Mo-complexes of 1 were negative (Figure 4),
suggesting the 26R absolute configuration for 1. The absolute
configuration of the five rings in the indole-diterpenoid nuclei
of 1 was investigated by quantum chemical calculation. Based
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FIGURE 4 | The ICD spectrum of Mo-complexes of 1.
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FIGURE 5 | The predicted ECD spectra of 1 and the experimental ECD
spectra of 1 and 2.

on the relative configuration of 1, two possible structures of
(35,48,7S,85,9R,125,26R)-1 and  (3R,4R,7R,8R,9S,12R,26R)-1
of 1 were used for ECD calculations. Time-dependent density
functional theory/electronic circular dichroism (TDDFT-ECD)
method at the B3LYP/6-311++G(2d,p)//B3LYP/6-311+G(d)
level in the gas phase was taken. ECD simulations were
calculated by Boltzmann statistics for the structures of
(35,4S8,78,85,9R,125,26R)-1 and (3R,4R,7R,8R,9S,12R,26R)-1 with
a standard deviation of ¢ 0.2eV. The calculated ECD curve of
(35,4S5,75,85,9R,125,26R)-1 agreed better with the experimental
ECD data of 1 (Figure 5), indicating an obvious assignment of
38,48,7S,8S5,9R,128,26R absolute configuration for 1.
Penijanthine D (2) had the molecular formula of C39H43NOy,
which was determined by the high resolution mass data m/z
= 504.3072 [M + H]*t (calcd. 504.3084) of 2 (Figure S17).
Compound 2 was also defined as an indole-diterpenoid analog
by the strikingly similar NMR data of 2 (Figures S11-S15)
compared with those of 1 (Table 1), with the appearance of the

FIGURE 6 | Perspective ORTEP drawing for 3.

additional acetoxy signals [6y 1.94 (3H, s); 8¢ 169.9 and 21.0] in
2. This additional acetoxy group was connected at C-7 in 2 was
through the key HMBC correlation between H-7 and C-COCH3.
The NOESY (Figure S16) and ECD (Figure 5) experiments of 2
indicated the stereochemistry of 2 was the same as 1. Therefore,
compound 2 was assigned as the 7-acetylation derivative of 1.

The known PC-M6 (3) (Yamaguchi et al, 1993) and 7-
hydroxy-13-dehydroxypaxilline (4) (Mantle and Weedon, 1994)
were determined by comparing their 'H, !*C NMR and positive
Mass data with the corresponding data in the literature. The
stereochemistry of PC-M6 (3) was further verified by the data of
X-ray diffraction (Figure 6) and calculated ECD (Figure S1) for
the first time. The present work affords four indole-diterpenoids
(1-4), which consist of a common cyclic diterpene backbone and
an indole moiety. According to the literature, over 100 indole-
diterpenoids with unique chemical scaffolds were produced by
various fungal sources (Li et al., 2002; Zhao et al., 2018). The
complexity of these intriguing structures may encourage further
investigations on the chemistry and biological activity of this
cluster of metabolites.

Penijanthoid A (5), which had the molecular formula of
CagH3603, was also isolated as a colorless powder. According
to the 'H NMR spectrum of 5 (Table 2), the downfield region
gave four olefinic protons [ég 6.60 (1H, d, ] = 9.5Hz, H-7),
6.06 (1H, d, ] = 9.5Hz, H-6), 5.75 (1H, s, H-4), and 5.32 (1H,
d, ] = 8.4Hz, H-22)], the highfield region displayed five CH3
signals [6y 1.81 (1H, s, H-21), 1.20 (1H, d, ] = 7.6 Hz, H-26),
1.03 (1H, d, ] = 7.0 Hz, H-28), 1.00 (1H, s, H-19), and 0.84 (1H,
s, H-18)] and numerous CH; and CH signals in the range of g
2.80-1.25 ppm. The above spectroscopic features suggested that
5 was a steroidal derivative, which was structural similar to the
known steroid (22E)-ergosta-4,6,8(14),22-tetraen-3-one (Chen
etal,, 2015). In fact, the main difference between compound 5 and
(22E)-ergosta-4,6,8(14),22-tetraen-3-one was located on the side
chains of them. Then, a five-membered lactone ring was proven
to be present in the side chain of 5 by the HMBC correlations
from H-23 (8y 4.87) and H3-26 (8u 1.20) to C-27 (5¢ 179.9),
C-24 (8¢ 40.8), C-25 (8¢ 38.7), and from H3-28 (6y 1.03) to C-
23 (8¢ 81.4), and the COSY (Figures S18-S22) cross-peaks of
H-22/H-23/H-24/H-25/H3-26 in 5 (Figure 7).

Further, NOESY experiment of 5 (Figure8) was used to
define its relative configuration. The NOE correlation between
H3-21 and H-23 in the NOESY spectrum of 5 indicated the
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FIGURE 7 | COZY and key HMBC correlations for 5.
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FIGURE 8 | Selected NOESY correlations for 5.

E orientational double bond between C-20 and C-22 in 5.
The NOESY cross-peaks of H-1la/H3-18, H-1la/Hj3-19,
H-128/H3-18, H-12a/H-9, and H-120/H-17 suggested that 5
had the same relative configuration in tetracyclic nucleus as
that of the compound (22E)-ergosta-4,6,8(14),22-tetraen-3-one
in the literature (Chen et al., 2015). Furthermore, the NOE
interactions of H-23/H3-26 and H-23/H3-28 indicated the
same orientation of these protons (Figure S23). Besides, the
carbonyl of cyclohexanone mainly contributed to the positive
ECD effect at 363 nm (Ae + 24.3) (Figure S2) of 5. By applying
octant rule to cyclohexanones (Ochi et al.,, 1991), the absolute
configuration of tetracyclic nucleus in 5 could be assigned as
9R,10R,13R,17R. In order to further determine the absolute
configuration of five-membered lactone ring in 5, two possible
absolute configurations of 5, [(9R,10R,13R,17R,23S,24S5,25R)-5
and (9R,10R,13R,17R,23R,24R,255)-5], were used for GIAO
NMR shift calculations at the mPWI1PW91/6-3114+G(d,p)
level in the gas phase. When the parameter of DP4plus
probability was used (Grimblat et al., 2015), the configuration
of (9R,10R,13R,17R,235,245,25R)-5 was more likely than
(9R,10R,13R,17R,23R,24R,255)-5 (97.6 vs. 2.4% in both the
unscaled shift data and shielding tensor data) (Figure S32).
Therefore, the absolute configuration of 5 was suggested to be
(9R,10R,13R,17R,235,24S,25R).

Penijanthoid B (6) was also obtained with the same molecular
formula of C3H3603 as 5, indicating that 5 and 6 may be a pair
of epimers. The above deduction was further confirmed by the
fact that the NMR data of 6 were almost the same as 5 (Table 2)
and the detailed analysis of the HSQC, 'H-'H COZY and HMBC
spectra of 6 (Figures$25-S29). The NOESY (Figure S30)
correlations between H-23 and H3-21/H-25/H3-28 demonstrated
that 6 was the C-25 epimer of 5. The absolute configuration
(9R,10R,13R,17R,2385,245,25S) of 6 was also assigned by ECD
spectrum (Figure S3) and DP4plus (Figure S33) approaches.
Among the various classes of biologically active natural produces
obtained from marine-derived fungi, a large number of steroidal
compounds have been described (Gautschi et al., 2004; Zhang
etal., 2007; Wang et al., 2008; Qiao et al., 2010). However, 5 and 6
represent the first examples of steroids forming a five-membered
lactone between C-23 and C-27 from marine fungi.

Vibriosis, which is also known as bacterial canker, is
one of the bacterial diseases which cause serious damage
and great losses to mariculture production (Vezzulli et al.,
2015; Moreno et al, 2017). Research and development of
effective anti-Vibrio drugs for controlling vibriosis is needed
for mariculture. Thus, the anti-Vibrio activities against V.
anguillarum, V. parahemolyticus, and V. alginolyticus of the
new compounds 1, 2, 5, 6 were carried out. Compound 1
displayed strongest anti-Vibrio activity against V. Anguillarum
(MIC = 3.1 uM), V. parahemolyticus (MIC = 6.3 uM), and
V. Alginolyticus (MIC = 3.1 uM), respectively. Compound 2
showed moderate anti-Vibrio activity against three pathogenic
Vibrio spp. with the same MIC values of 12.5 1M, suggesting
that the presence of an acetoxy group at C-7 in 2 may
decrease the anti-Vibrio activity. A literature survey showed
that the other known indole diterpenoid analogs, such as 6-
hydroxylpaspalinine, paspalitrem C, emindole SB and so on,
were also showed anti-Vibrio activity against three pathogenic
Vibrio spp. (Hu et al., 2017). These finding suggested that it
was worth ongoing to seek new anti-Vibrio compunds from
indole diterpenoid derivatives. However, compounds 5 and 6
only exhibited weak anti- Vibrio activity against three pathogenic
Vibrio spp. (MICs, 25.0-50.0 uM).

CONCLUSION

Four indole-diterpenoids and two steroidal epimers were isolated
from the marine-derived fungus Penicillium janthinellum.
Snatzke’s, X-ray diffraction, and calculated ECD methods were
used to assign the absolute configurations of these compounds..
The absolute configurations of steroidal epimers were suggested
by DP4plus approach. Compounds 1 and 2 exhibited potential
anti-Vibrio activity and represented a promising new class of
anti- Vibrio agents.
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