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Preface

Marine fungi are an ecologically diverse group of microbes which play critical roles in the

matter cycle and energy flow of marine ecosystems and are important sources of bioactive natural

products. The most investigated fungi by natural product chemists are laboratory-cultivated

ascomycetes, such as Aspergillus, Penicillium and Fusarium. In the past decades, great efforts have

been focused on the isolation and characterization of novel bioactive natural products, especially

those with anti-infectious and anticancer properties. However, because of the limitations of

traditional natural product mining methods, the discovery of new secondary metabolites has become

increasingly difficult. In this aspect, researchers continue to make progress towards uncovering

marine fungal diversity by exploring new habitats and leveraging modern techniques. The metabolite

producing potential of a group of uncommon genera, including Basidiomycota, Blastocladiomycota,

Chytridiomycota and Mucoromycota, has been uncovered.

In the meantime, a package of tools, including OSMAC, epigenetic modulation, genome mining

and even combinatorial biosynthesis tools, has been developed and applied to explore the metabolic

capacity of target strains, which has greatly improved the efficiency of discovering natural products.

Moreover, collaborations between marine fungal ecologists, evolutionary biologists and natural

product chemists have proved effective strategies for all endeavors involved in marine fungi studies.

The development of techniques such as genomic and metabolomic approaches will help acquire more

insightful knowledge on the physiological and biological properties of marine-derived fungi and

those concepts are essential to target broader scientific topics related to environmental maintenance

and human health.

Dehai Li

Editor
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Hemiacetalmeroterpenoids A–C and Astellolide Q with
Antimicrobial Activity from the Marine-Derived Fungus
Penicillium sp. N-5

Tao Chen, Wencong Yang, Taobo Li, Yihao Yin, Yufeng Liu, Bo Wang * and Zhigang She *

School of Chemistry, Sun Yat-sen University, Guangzhou 510275, China
* Correspondence: ceswb@mail.sysu.edu.cn (B.W.); cesshzhg@mail.sysu.edu.cn (Z.S.)

Abstract: Four new compounds including three andrastin-type meroterpenoids hemiacetalmeroter-
penoids A-C (1–3), and a drimane sesquiterpenoid astellolide Q (15), together with eleven known
compounds (4–14) were isolated from the cultures of the marine-derived fungus Penicillium sp. N-5,
while compound 14 was first isolated from a natural source. The structures of the new compounds
were determined by analysis of detailed spectroscopic data, and the absolute configurations were
further decided by a comparison of the experimental and calculated ECD spectra. Hemiacetalmeroter-
penoid A (1) possesses a unique and highly congested 6,6,6,6,5,5-hexa-cyclic skeleton. Moreover,
the absolute configuration of compound 14 was also reported for the first time. Compounds 1,
5 and 10 exhibited significant antimicrobial activities against Penicillium italicum and Colletrichum
gloeosporioides with MIC values ranging from 1.56 to 6.25 μg/mL.

Keywords: andrastin-type meroterpenoids; drimane sesquiterpenoid; marine-derived fungus;
antimicrobials activities

1. Introduction

Andrastins are meroterpenoids characterized by a 6,6,6,5-tetra-carbocyclic skeleton.
They are biogenetically derived from 3,5-dimethylorsellinic acid (DMOA) and farnesyl
diphosphate (FPP), synthesized via a mixed polyketide-terpenoid pathway, and usually
possess a keto-enol tautomerism at the cyclopentane ring [1–4]. To date, over 40 andrastins
have been reported with multiple potential biological activities, including cytotoxic [5],
anti-inflammatory [6], antiproliferative [7] and antimicrobial activity [4]. The complex
structures and potential biological activities of andrastins have attracted much attention in
recent years [8–10].

Marine fungus is known to be a natural source of structurally diverse and biologically
active metabolites for drug discovery [11–16]. Recently, a series of novel bioactive natural
products from marine fungi were reported by our group [17–22]. In our ongoing search for
new bioactive secondary metabolites from marine fungi, the fungus Penicillium sp. N-5,
isolated from the rhizosphere soil of mangrove plant Avicennia marina, led to the isolation
of four new compounds, hemiacetalmeroterpenoids A–C (1–3) and astellolide Q (15). Espe-
cially, hemiacetalmeroterpenoid A (1) was a new andrastin-type meroterpenoid containing
a unique 6,6,6,6,5,5-hexa-cyclic skeleton. Meanwhile, eleven known compounds, includ-
ing 3-deacetyl-citreohybridonol (4) [23] citreohybridone A (5) [24], 3,5-dimethylorsellinic
acid-based meroterpenoid 2 (6) [5], andrastins A–C (7, 10, 13) [25], andrastone C (8) [26],
penimeroterpenoid A (9) [4], 23-deoxocitreohybridonol (11) [1], 6α-hydroxyandrastin B
(12) [1], and compound V (14) [27] were also obtained from the fungus N-5 (Figure 1).
All the isolated compounds were investigated for their antimicrobial activity against two
phytopathogenic fungi and four bacterial strains. Herein, we report the isolation, structural
characterization and antibacterial activity of these compounds.

Mar. Drugs 2022, 20, 514. https://doi.org/10.3390/md20080514 https://www.mdpi.com/journal/marinedrugs
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Figure 1. Structure of compounds 1–15.

2. Results

2.1. Structure Identification

Hemiacetalmeroterpenoid A (1) was obtained as a white powder. It molecular formula
was assigned as C26H34O7 according to HRESIMS analysis at m/z 459.23709 [M+H]+ (calcd.
459.23773), indicating ten degrees of unsaturation. In the 1H NMR spectrum, the signal for
one olefinic proton (δH 5.63), one methoxyl (δH 3.60), one methine (δH 1.47), four methylenes
(δH 1.42, 1.62, 1.85, 1.91, 1.94, 2.11, 2.33 and 2.61) and six methyls (δH 1.03, 1.07, 1.19, 1.23,
1.33 and 1.49). The 13C NMR data exhibited 26 carbon resonances, including two olefinic
carbons for one double bond (δC 127.2, 150.1), three carbonyl carbons for two ketone (δC
203.7 and 203.8), and one ester carbonyl (δC 169.3), one methine (δC 49.1), five methylenes
(one oxygenated), seven methyls (one oxygenated), eight quaternary carbons (one highly
oxygenated: δC 99.8) (Table 1). The NMR data established a nucleus of meroterpenoid
characterized by an andrastin scaffold, structurally similar to the citreohybriddione C
(Figures S2 and S3) [28]. Analysis of the 1H-1H COSY data led to the identification of two
isolated spin-systems of C-1/C-2 and C-5/C-6/C-7. The HMBC from H2-1 to C-3, C-10,
from H1-5 to C-10, and from H3-22 to C-3, C-4, C-5, C-23, ring A was formed. The HMBC
correlations from H3-24 to C-7, C-8, C-9, from H1-11 to C-8, C-10 and from H2-21 to C-5,
C-10 completed ring B. Then, the HMBC cross-peaks from H2-1, H2-6 to C-10 and from
H3-23, H2-7 to C-5 indicated ring A and ring B were fused at C-5 and C-10. Then, HMBC
correlations from H3-24 to C-14, C-15, from H3-20 to C-11, C-12, C-13, C-17, from H3-19 to C-
12, C-13, C-14, C-17 and from H3-18 to C-15, C-16, C-17, ring C and ring D were constituted,
and they were blended at C-13 and C-14. The HMBC correlations from H2-6, H1-11 to C-8,
from H1-11 to C-10, suggested ring B and ring C were tightly connected. In addition, the
HMBC correlation from H3-26 to C-25 implied the presence of a methyl carboxylate. A weak
HMBC correlation from H3-26 to C-14 located the methyl carboxylate at C-14. Except one
double bond, three carbonyls and four rings, ten degrees of unsaturation indicated that two
new rings were required. According to the HMBC correlation from H2-21 to C-3 (δC 99.8),
a 6-membered ring was confirmed between C-1, C-2, C-3, C-10, and C-21. Finally, another
new 5-membered ring was formed by intramolecular dehydration of hydroxyl groups at
C-12 and C-16. Thus, the planar structure of 1 was established as shown in Figure 2.

2



Mar. Drugs 2022, 20, 514

Table 1. 1H NMR (600 MHz) and 13C NMR (150 MHz) of 1-3 in CD3OD.

Position
1 2 3

δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz)

1 34.7 (CH2) 1.42, m
2.33, m 35.3 (CH2) 1.12, m

2.19, m 34.8 (CH2) 1.15, m
2.20, m

2 30.2 (CH2) 1.85, m
2.16, m 30.3 (CH2) 1.74, m

2.12, m 30.1 (CH2) 1.76, m
2.14, m

3 99.8 (C) 99.5 (C) 99.5 (C)
4 41.4 (C) 41.3 (C) 41.3 (C)
5 49.1 (CH) 1.47, m 50.9 (CH) 1.33, m 51.4 (CH) 1.21, m

6 19.4 (CH2) 1.62, m
1.91, m 20.5 (CH2) 1.55, m

1.75, m 20.4 (CH2) 1.62, m
1.81, m

7 32.3 (CH2) 1.94, m
2.61, m 32.5 (CH2) 2.07, m

2.76, m 32.9 (CH2) 1.94, m
2.23, m

8 40.2 (C) 42.4 (C) 41.9 (C)
9 150.1 (C) 48.5 (CH) 1.89, t (2.7) 48.6 (CH) 1.98, t (2.7)

10 38.5 (C) 36.3 (C) 36.3 (C)
11 127.2 (CH) 5.63, s 124.2 (CH) 5.42, m 126.0 (CH) 5.60, m
12 77.4 (C) 137.7 (C) 133.7 (C)
13 54.4 (C) 57.5 (C) 60.6 (C)
14 73.4 (C) 69.7 (C) 69.2 (C)
15 203.7 (C) 190.7 (C) 171.9 (C)
16 76.7 (C) 113.5 (C) 131.9 (C)
17 203.8 (C) 201.4 (C) 202.1 (C)
18 7.9 (CH3) 1.19, s 6.6 (CH3) 1.57, s 8.8 (CH3) 1.55, s
19 11.0 (CH3) 1.33, s 18.0 (CH3) 1.18, s 17.4 (CH3) 1.20, s
20 24.2 (CH3) 1.23, s 20.2 (CH3) 1.82, s 19.1 (CH3) 1.75, s

21 74.4 (CH2) 3.55, d (7.6)
4.39, d (8.7) 68.6 (CH2) 3.81, d (9.0)

4.22, d (9.0) 68.5 (CH2) 3.82, d (8.9)
4.21, d (9.0)

22 27.2 (CH3) 1.07, s 27.9 (CH3) 1.04, s 27.9 (CH3) 1.07, s
23 18.9 (CH3) 1.04, s 18.9 (CH3) 1.01, s 18.8 (CH3) 1.03, s
24 25.9 (CH3) 1.49, s 16.7 (CH3) 1.19, s 16.5 (CH3) 1.24, s
25 169.3 (C) 172.6 (C) 170.9 (C)
26 52.5 (CH3) 3.60, s 51.9 (CH3) 3.56,s 52.4 (CH3) 3.59,s

Ac-CH3 21.2 (CH3) 2.36, s
Ac-OCO 167.3 (C)

 
Figure 2. Key HMBC and COSY correlations of 1–3 and 15.
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The relative configuration of compound 1 was defined by the NOESY correlations.
The correlations of H2-21 with H3-23, H3-20 with H3-19, H3-24, and H3-18 with H3-19,
H3-26 were observed in the NOESY spectrum, which means H3-18, H3-19, H3-20, H2-21,
H3-23, H3-24 and H3-26 were on the same side. The NOESY correlations of H1-5 with
H3-22 suggested that H1-5 and H3-22 were in the opposite face (Figure 3). The absolute
configuration of 1 was determined by comparing the calculated ECD spectra generated
by the time-dependent density functional theory (TDDFT) for two enantiomers 3R, 5S, 8S,
10S, 12R, 13S, 14R, 16R-1a and 3S, 5R, 8R, 10R, 12S, 13R, 14S, 16S-1b with the experimental
one. Finally, the experimental ECD spectrum of 1 was nearly identical to the calculated
ECD spectrum for 1a (Figure 4), clearly suggesting the 3R, 5S, 8S, 10S, 12R, 13S, 14R, 16R
absolute configuration for 1.

Figure 3. Key NOE correlations of 1–3 and 14–15.

 

Figure 4. ECD spectra of compounds 1 (A), 2 and 3 (B), 14 and 15 (C) in CH3OH.

4



Mar. Drugs 2022, 20, 514

Hemiacetalmeroterpenoid B (2) was isolated as a white powder and had a molecu-
lar formula of C26H36O6, determined by HRESIMS data m/z 445.25772 [M+H]+ (calcd.
445.25847) with nine degrees of unsaturation. The 1H NMR spectrum of 2 displayed the
signal for one olefinic proton (δH 5.42), one methoxyl (δH 3.56), two methines (δH 1.33 and
1.89), four methylenes (δH 1.12, 1.33, 1.55, 1.75, 2.07, 2.12, 2.19 and 2.76) and six methyls
(δH 1.01, 1.04, 1.18, 1.19, 1.57 and 1.82). The 13C NMR data revealed 26 carbon resonances,
involving four olefinic carbons for two double bonds (δC 113.5, 124.2, 137.7, 190.7), two
carbonyl carbons for one ketone (δC 201.4), one ester carbonyl (δC 172.6) (Table 1). Accord-
ing to 1D NMR and 2D NMR data, the planar structure of 2 was similar to the co-isolated
andrastin B (13). The obvious difference is that the acetyl group at the C-3 position of
compound 2 disappears. Meanwhile, the HMBC from H2-21 to C-3 (δC 99.5) also indicated
that a new 6-membered ring was formed between C-1, C-2, C-3, C-10 and C-21 (Figure 2).

The NOESY spectrum indicated that H1-5, H1-9 and H3-22 were on the same side
based on the correlations of H1-5 with H1-9 and H3-22. On the contrary, it was suggested
that H3-19, H3-21, H3-23, H3-24, and H3-26 were on the other side based on the NOESY
correlations of H2-21 with H3-23 and H3-24, along with H3-19 with H3-24 and H3-26
(Figure 3). Thus, the relative configuration of 2 was determined to be 3R, 5S, 8S, 9R, 10S,
13R and 14R. The absolute configuration of the stereogenic centers in 2 was assigned as 3R,
5S, 8S, 9R, 10S, 13R and 14R by comparing its experimental ECD spectrum with that of the
calculated model molecule (Figure 4).

Hemiacetalmeroterpenoid C (3) was also purified as a white powder. The molecu-
lar formula was specified as C28H38O7 (ten degrees of unsaturation) by HRESIMS (m/z
509.25015 [M+Na]+), which is 42 mass units higher than that of 2 (Figure S17). Analysis of
its NMR data (Table 1) revealed the presence of the same partial structure as that found in
compound 2. The only difference was 3 has an additional acetyl fragment. Finally, a weak
HMBC correlation from Ac-CH3 to C-15 suggested that the acetyl fragment was attached
to C-15 (Figure 2).

Because compound 3 has the same chiral center as 2, the NOESY correlation and experi-
mental ECD spectrum of compound 3 were in agreement with those of 2 (Figures 3 and 4).
Thus, the absolute configuration of 3 was identified as 3R, 5S, 8S, 9R, 10S, 13R and 14R.

Compound 14 was obtained as a yellow powder. Analysis of its 1H NMR and 13C
NMR data showed that the planar structure of 14 was the same as compound V, which
was the product of the alkaline hydrolysis of parasiticolide A [27]. However, the absolute
configuration of compound V was ambiguous.

The relative configuration of 14 was also defined by the NOESY correlation. The
correlations of H3-14 with H1-5 and H1-6, and H2-13 with H2-15 were found in the NOESY
spectrum, which means H1-5, H1-6, and H3-4 were on the same side, and H2-13 and H2-15
were on the opposite face (Figure 3). Thus, the absolute configuration of the stereogenic
centers in 14 was assigned as 4R, 5R, 6S, 10S by comparing its experimental ECD spectrum
with that of the calculated model molecule (Figure 4). Finally, compound 14 was named
as astellolide J.

Astellolide Q (15) was also acquired as a yellow powder. It molecular formula was
determined as C17H24O6 according to HRESIMS analysis at m/z 347.14578 [M+Na]+ (calcd.
347.14651), indicating six degrees of unsaturation. The 1H NMR of 15 showed two methyls
(δH 1.15 and 2.08), four methylenes (δH 1.16, 1.45, 1.54, 1.78, 1.91, 2.05, 2.34 and 2.50), one
methines (δH 1.74) one hydroxymethine (δH 4.55) and three hydroxy-methylenes (δH 3.34,
3.92, 4.09, 4.33, 4.84 and 5.04). In addition, according to the HSQC data, the 13C NMR
data showed the presence of 17 carbon signals, including two ester carbonyl carbons (δC
173.1, 177.0) and two olefinic carbons (δC 124.0, 169.0), one methyl, seven methylenes (three
oxygenated), two methines (one oxygenated), two aliphatic quaternary carbons (Table 2).
Analysis of its 1H NMR and 13C NMR data in association with the 2D NMR data established
a nucleus of drimane sesquiterpenoid characterized by an astellolide scaffold, structurally
similar to the co-isolated compound 14 (Figures S26 and S27). It can be clearly observed

5
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that compound 15 has an additional acetyl fragment. Furthermore, the HMBC from H2-13
to Ac-OCO indicated that the acetyl fragment was linked to C-13 (Figure 3).

Table 2. 1H NMR (400 MHz) and 13C NMR (100 MHz) of 15 in CD3OD.

Position δC δH (J in Hz) Position δC δH (J in Hz)

1 35.3 (CH2) 1.45, m
2.05, m 10 44.2 (C)

2 19.5 (CH2) 1.54, m
1.78, m 11 71.8 (CH2) 5.00, d (17.7)

4.84, d (17.6)

3 37.0 (CH2) 1.16, m
1.91, m 12 177.0 (C)

4 39.3 (C) 13 68.1 (CH2) 4.44, d (11.2)
4.62, d (5.4)

5 56.4 (CH) 1.74, s 14 28.1 (CH3) 1.16, s

6 63.6 (CH) 4.61, d (11.0) 15 65.7 (CH2) 3.76, d (12.0)
4.33, d (11.9)

7 33.0 (CH2) 2.34, d, (18.9)
2.50, d (18.3) Ac-CH3 20.8 (CH3) 2.08, s

8 124.0 (C) Ac-OCO 173.1 (C)
9 169.0 (C)

Finally, the NOESY correlation and experimental ECD spectrum of compound 15 were
identical to those of 14 (Figures 3 and 4). Thus, the absolute configuration of 15 was also
assigned as 4R, 5R, 6S, 10S.

2.2. Antimicrobial Assay

Compounds 1–15 were investigated for their antimicrobial activities against two
phytopathogenic fungi and four bacterial strains. As shown in Table 3, andrastin-type
meroterpenoids have better antimicrobial activities against phytopathogenic fungus than
against bacteria. Most of all the tested compounds (9 compounds out of total 15 compounds)
displayed potent antimicrobial activities (MIC < 50 μg/mL). Among them, compounds
1, 5 and 10 exhibited remarkable antimicrobial activities against Penicillium italicum and
Colletrichum gloeosporioides with MIC values of 6.25, 1.56, 6.25 and 6.25, 3.13, 6.25 μg/mL.
Moreover, compound 1 showed inhibitory activities against Bacillus subtilis under con-
centration of 6.25 μg/mL. Compound 10 also displayed significant antimicrobial activity
against Salmonella typhimurium with an MIC value of 3.13 μg/mL. Notably, compound 5
revealed potential antimicrobial activity against all the strains, the MIC values were lower
than 25 μg/mL.

Table 3. Antimicrobial activity of compounds 1–15.

Compound

Microbial
Methicillin-

Resistent
Staphyococcus

aureus (μg/mL) a

Bacillus
subtilis

(μg/mL) a

Pseudomonas
aeruginosa
(μg/mL) a

Salmonella
typhimurium

(μg/mL) a

Penicillium
italicum

(μg/mL) a

Colletrichum
gloeosporioides

(μg/mL) a

1 25 6.25 >50 >50 6.25 6.25
2 >50 >50 25 >50 50 >50
3 >50 >50 >50 >50 50 >50
4 >50 >50 >50 >50 >50 >50
5 50 25 25 >50 1.56 3.13
6 >50 25 50 >50 12.50 25
7 >50 >50 >50 >50 25 25
8 >50 >50 >50 >50 >50 >50
9 >50 >50 >50 >50 >50 >50
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Table 3. Cont.

Compound

Microbial
Methicillin-

Resistent
Staphyococcus

aureus (μg/mL) a

Bacillus
subtilis

(μg/mL) a

Pseudomonas
aeruginosa
(μg/mL) a

Salmonella
typhimurium

(μg/mL) a

Penicillium
italicum

(μg/mL) a

Colletrichum
gloeosporioides

(μg/mL) a

10 25 12.50 25 3.13 6.25 6.25
11 >50 >50 >50 >50 >50 >50
12 >50 >50 >50 >50 >50 >50
13 50 >50 >50 >50 50 >50
14 >50 >50 >50 >50 >50 >50
15 >50 >50 >50 >50 25 25

Ampicillin 0.13 0.13 0.07 0.13 - -
Ketoconazole - - - - 0.78 0.78

a: The deviation value of three parallel experiments; -: No test.

As for the study of the structure–activity relationship (SAR), it was found that the
degree of oxidation at C-21 had different effects on the activities of the compounds. The
compound with methyl (10) at C-21 has significantly antimicrobial activity, followed by the
aldehyde group (7), and hydroxymethyl (13) was the weakest. In-depth analysis showed
that apart from the degree of oxidation at C-21, keto-enol tautomerism at the cyclopentane
ring also had obvious influences on the antimicrobial activities of compounds. Compared
to compounds 7 and 13 (enol form), compounds 8 and 9 (keto form) showed no activities
against all strains (Table 3).

3. Experimental Methods

3.1. General Experimental Procedures

The NMR were tested on a Bruker Avance 600 MHz spectrometer (Karlsruhe, Germany)
at room temperature. Optical rotations data were recorded on an MCP300 (Anton Paar,
Shanghai, China). UV were tested using a Shimadzu UV-2600 spectrophotometer (Shimadzu,
Kyoto, Japan). IR spectra were recorded on IR Affinity-1 spectrometer (Shimadzu, Kyoto,
Japan). HR-ESI-MS spectra were tested on a ThermoFisher LTQ-Orbitrap-LC-MS spectrome-
ter (Palo Alto, CA, USA). LC-MS/MS data was performed on a Q-TOF manufactured by
Waters and a Waters Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 100 mm). Recoated
silica gel plates (Qingdao Huang Hai Chemical Group Co., Qingdao, China, G60, F-254),
Column chromatography (CC) and Sephadex LH-20 (Amersham Pharmacia, Stockholm,
Sweden) were used to purify the compounds.

3.2. Fungal Material

Fungus N-5 was isolated from the rhizosphere soil of mangrove plant Avicennia marina
(collected in October 2021 from Nansha Mangrove National Nature Reserve in Guangdong
Province, China). It was identified as Penicillum sp. by the ITS region (deposited in GenBank,
accession no ON926808), and fungus N-5 was deposited at Sun Yat-sen University, China.

3.3. Fermentation

The fungus Penicillum sp. N-5 was cultured in one hundred 1000 mL Erlenmeyer flasks
at 25 ◦C for 30 days; these contained autoclaved rice solid-substrate medium composed of
50 g rice and 50 mL 3‰ saline water.

3.4. Extraction and Purification

After incubation, the mycelia and solid rice medium were extracted four times with
EtOAc, and 75 g of residue was obtained. Next, the residue was separated by a gradient
of petroleum ether/EtOAc from 9:1 to 0:10 (v/v) on silica gel CC and divided into six
fractions (Fr.1–Fr.6). Fr. 2 (10 g) was separated to Sephadex LH-20 (methanol) to yield three
sub-fractions (SFrs. 2.1–2.3). SFrs.2.3 (1.2 g) was applied to silica gel CC (DCM/MeOH v/v,
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100:1) and further purified by reversed-phase (RP) high performance liquid chromatogra-
phy (HPLC; 90–10% MeCN/H2O for 25 min) to obtain compounds 1 (5 mg) and 3 (7 mg).
Fr. 3 (16 g) was also separated to Sephadex LH-20 (methanol) to yield four sub-fractions
(SFrs. 3.1–3.4). SFrs.3.1 (1.6 g) was separated to silica gel CC (DCM/MeOH v/v, 80:1) and
further purified by reversed-phase (RP) high performance liquid chromatography (HPLC;
75–25% MeCN/H2O for 22 min) to yield compounds 2 (11 mg) and 15 (6 mg).

Hemiacetalmeroterpenoid A (1): white powder, m.p. 122.8–124.1 ◦C; [α]25
D -52 (c 0.02,

MeOH), UV (MeOH) λmax (log ε): 206 (2.52) (Figure S33); ECD (MeOH) λmax (Δε): 240
(+5.47), 301 (−1.14), 362 (+0.61); 1H (600 MHz, CD3OD) and 13C NMR (150 MHz, CD3OD)
data, see Table 1; HR-ESI-MS: m/z 459.23709 [M+H]+ (calcd. for C26H35O7, 459.23773).

Hemiacetalmeroterpenoid B (2): white powder, m.p. 106.9–108.4 ◦C; [α]25
D −56 (c

0.02, MeOH), UV (MeOH) λmax (log ε): 205 (2.83), 238 (1.36) (Figure S34); ECD (MeOH)
λmax (Δε): 206 (−11.92), 248 (+3.38), 311 (−1.19); 1H (600 MHz, CD3OD) and 13C NMR
(150 MHz, CD3OD) data, see Table 1; HR-ESI-MS: m/z 445.25772 [M+H]+ (calcd. for
C26H37O6, 445.25847).

Hemiacetalmeroterpenoid C (3): white powder, m.p. 100.8–102.6 ◦C; [α]25
D −66 (c 0.02,

MeOH), UV (MeOH) λmax (log ε): 205 (2.51), 260 (1.78) (Figure S35); ECD (MeOH) λmax (Δε):
206 (−18.31), 240 (+12.72), 310 (−2.18); 1H (600 MHz, CD3OD) and 13C NMR (150 MHz,
CD3OD) data, see Table 1; HR-ESI-MS: m/z 509.25015 [M+Na]+ (calcd. for C28H38O7Na,
509.25097).

Astellolide J (14): yellow powder, m.p. 202.9–204.5 ◦C; [α]25
D +16 (c 0.02, MeOH), UV

(MeOH) λmax (log ε): 216 (3.15) (Figure S36); ECD (MeOH) λmax (Δε): 203 (−1.82), 225
(+3.27); 1H (400 MHz, CD3OD) and 13C NMR (100 MHz, CD3OD) data; HR-ESI-MS: m/z
305.13565 [M+Na]+ (calcd. for C15H22O5Na, 305.13594).

Astellolide Q (15): yellow powder, m.p. 160.1–162.2 ◦C; [α]25
D +12 (c 0.02, MeOH),

UV (MeOH) λmax (log ε): 218 (3.62) (Figure S37); ECD (MeOH) λmax (Δε): 232 (+5.19); 1H
(400 MHz, CD3OD) and 13C NMR (100 MHz, CD3OD) data, see Table 2; HR-ESI-MS: m/z
347.14578 [M+Na]+ (calcd. for C17H24O6Na, 347.14578).

3.5. ECD Calculation

Firstly, ECD calculations of compounds 1–3 and 14–15 were performed by the Gaussian
09 program and Spartan’14. Next, the conformations with a Boltzmann population (>5%)
were selected for optimization and calculation in methanol at B3LYP/6-31+G (d, p). Finally,
the ECD spectra were generated by the program SpecDis 1.6 (University of Würzburg,
Würzburg, Germany) and drawn by OriginPro 8.0 (OriginLab, Ltd., Northampton, MA,
USA) from dipole-length rotational strengths by applying Gaussian band shapes with
sigma = 0.30 eV [29,30].

3.6. Bioassays Antimicrobial Activity

Antimicrobial activity assay was performed as previously described in [31,32].

4. Conclusions

In summary, three new andrastin-type meroterpenoids (1–3), one new drimane
sesquiterpenoid (15) and one sesquiterpenoid J (14) that was first isolated from a nat-
ural source, together with ten known compounds (4–13) were isolated from the cultures
of the rhizosphere soil of mangrove plant Avicennia marina fungus Penicillium sp. N-5.
Their structures were determined by the analysis of NMR, HR-MS and ECD spectra. All
the isolated compounds were investigated for their antimicrobial activities against two
phytopathogenic fungi and four bacterial strains. Among them, compounds 1, 5 and 10

exhibited significant inhibition against Penicillium italicum and Colletrichum gloeosporioides
with MIC values of 6.25, 1.56, 6.25 and 6.25, 3.13, 6.25 μg/mL. Notably, compound 5

showed potential antimicrobial activity against all the strains and the MIC values were
lower than 25 μg/mL. Moreover, andrastin-type meroterpenoid antimicrobial activity
against phytopathogenic fungi was reported for the first time.
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Abstract: Four new polyketide compounds, including two new unique isocoumarins penicillol A
(1) and penicillol B (2) featuring with spiroketal rings, two new citreoviridin derivatives citreoviridin
H (3) and citreoviridin I (4), along with four known analogues were isolated from the mangrove
endophytic fungus Penicillium sp. BJR-P2. Their structures were elucidated by extensive spectroscopic
methods. The absolute configurations of compounds 1–4 based on electronic circular dichroism
(ECD) calculations, DP4+ analysis, and single-crystal X-ray diffraction are presented. All the new
compounds were evaluated for anti-inflammatory activity. An anti-inflammatory assay indicated that
compound 2 inhibited lipopolysaccharide (LPS)-induced NO production in RAW 264.7 cells, with
half-maximal inhibitory concentration (IC50) values of 12 μM, being more potent than the positive
control, indomethacin (IC50 = 35.8 ± 5.7 μM). Docking study showed that compound 2 was perfectly
docking into the active site of murine inducible nitric oxide oxygenase (iNOS) via forming multiple
typical hydrogen bonds.

Keywords: isocoumarins; polyketides; anti-inflammatory activity; Penicillium sp.

1. Introduction

Inflammation is an adaptive response triggered by harmful stimuli, including some
conditions of infection and tissue damage [1,2]. Macrophages, neutrophils, and lym-
phocytes are important natural immune cells to participate in homeostasis and immune
response, and play complicated action on the pathogenesis of inflammatory disease [3–5].
Stimulated immune cells regulate inflammation by producing proinflammatory factors and
mediators, such as interleukin (ILS), tumor necrosis factor-α (TNF-α), NO, prostaglandin
E2 (PGE2), and iNOS [6–8]. Therefore, inhibition of inflammatory cytokines, chemokines,
and mediators can be potent therapeutic strategies for the prevention of inflammation-
related diseases.

Penicillium species are among the most widespread fungal organisms on earth and
contains more than 350 species. Many Penicillium species can produce plentiful secondary
metabolites, such as alkaloids [9], polyketides [10], cyclic peptides [11], and terpenoids [12],
that can ascribe specific structural characteristics and significant biological activities. Iso-
coumarins are important natural lactones with wide range of biological activities, such as
neuroprotective, antibacterial, antivirus and antitumor activities, and distribute widely
in various microorganisms and plants from natural sources [13–19]. Up to now, nearly
1000 naturally occurring isocoumarins were reported [14]. As our continuing interest in
finding new compounds with potential anti-inflammatory activity, the chemical investiga-
tion of the endophytic fungus Penicillium sp. BJR-P2 yielded two new unique isocoumarins
with spiroketal rings (1–2), two new citreoviridin derivatives (3–4), together with four
known analogues (5–8) (Figure 1). In this paper, the stereochemistry of these compounds
was determined for the first time by DP4+ analysis, ECD calculations, and single-crystal
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X-ray diffraction. By screening of the inhibitory effects on NO production in the LPS-
induced RAW 264.7 macrophages, the anti-inflammatory activities of these compounds
were evaluated, and the results showed that compound 2 exhibited effective inhibitory
activity with IC50 value of 12 μM. This article describes the isolation, structure elucidation,
and NO production inhibition of the new compounds.

 

Figure 1. Chemical structures of compounds 1–8.

2. Results and Discussion

2.1. Identification and Purification

The EtOAc extract of marine-derived fungus Penicillium sp. BJR-P2 was performed on
repeated silica gel and Sephadex LH-20 column chromatography, followed by semiprepara-
tive HPLC to afford four new polyketides, penicillol A (1), penicillol B (2), and citreoviridin
H (3), and citreoviridin I (4), along with four known polyketides 5, 6, 7, and 8.

2.2. Structural Elucidation

Compound 1 was obtained as a white powder. Its molecular formula was determined
to be C15H17O6 from the HRESIMS (m/z 293.1024 [M − H]− calcd for C15H17O6, 293.1031),
indicating 7 degrees of unsaturation. The IR spectrum of 1 at 3696, 1646, and 1585 cm−1

suggested the presence of hydroxyl, carbonyl, and aromatic ring groups. The 13C NMR
data in combination with HMQC spectra (Table 1) displayed one methyl carbon at δC
20.5, one methoxyl carbon at δC 55.2, three methylene carbons at δC 39.1, 38.9, and 38.5,
four methine carbons at δC 106.8, 99.3, 63.4, 63.0, and six nonprotonated carbons at δC
169.2, 166.7, 164.4, 140.2, 104.6, 101.0. Analysis of the 1H NMR spectrum of 1 revealed two
aromatic protons at δH 6.35 (d, J = 2.1), 6.34 (s), indicating the presence of a tetrasubstituted
phenyl. Two oxygenated methine protons signal at δH 4.39 (m) and 4.17 (m), three aliphatic
methylenes at δH 1.53 (m), 1.78 (m), 1.87 (dd, J = 4.08, 15 Hz), 2.21 (dt, J = 15, 2.2 Hz), 2.95
(d, J = 16.5 Hz), and 3.17 (d, J = 16.5 Hz), one methoxyl at δH 3.82 (s), and one methyl
at δH 1.07 (d, J = 6.3 Hz) were also recorded in this spectrum. The above spectroscopic
features indicated that 1 belonged to the isocoumarin class. Further analysis of HMBC
spectrum (Figure 2), the correlations from H-7 to C-2 (δC 101.0)/C-5 (δC 106.8)/C-6 (δC
166.7)/C-8 (δC 164.4), from H-5 to C-2/C-6, from H-4 to C-2/C-3 (δC 140.2)/C-6’ (δC 104.6),
from H-9 to C-6 suggested that 1 was an isocoumarin derivative with a hydroxyl group at
C-8 and a methoxy group at C-6. The 1H-1H COSY correlations between H-2’, H-3’, H-4’,
H-5’, and H-10 combined with the HMBC correlations from H-5’ to C-3’ (δC 38.5)/C-4’
(δC 63.4), from H-3’ to C-2’ (δC 63.0)/C-10 (δC 20.5), from H-10 to C-2’/C-3’ suggested an
aliphatic fragment of -CH2-CH-CH2-CH-CH3. Furthermore, the key HMBC correlations
from H-5’ to C-1/C-4/C-6’, from H-4’ to C-6’, and from H-10 to C-6’, together with the
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unsaturation of compound 1 and the chemical shift of C6’ (δC 104.6) indicated the presence
of the spiroketal ring C. Therefore, the planar structure of 1 was shown in Figure 1. The
absolute configuration of 1 was further verified by the X-ray diffraction analysis of a single
crystal using Cu Kα as 6’S, 2’S, 4’S-1 (Figure 3). Hence, the structure of compound 1 was
identified as 6′S, 2’S, 4′S-1 and named penicillol A.

Table 1. 1H (600 MHz) and 13C NMR (150 MHz) data for compounds 1 and 2.

Position 1 a (δC, Type) 1 a (δH, Type) 2 b (δC, Type) 2 b (δH, Type)

1 169.2, C 167.5, C
2 101.0, C 100.6, C
3 140.2, C 138.3, C
4 39.1, CH2 2.95, d (16.5) 38.6, CH2 3.14, d (16.4)

3.17, d (16.5) 3.20, d (16.4)
5 106.8, CH 6.34, s 107.4, CH 6.29, s
6 166.7, C 166.4, C
7 99.3, CH 6.35, d (2.1) 99.7, CH 6.38, d (2.3)
8 164.4, C 164.7, C
9 55.2, CH3 3.82, s 55.8, CH3 3.84, s
10 20.5, CH3 1.07, d (6.3) 21.6, CH3 1.24, d (6.2)
2′ 63.0, CH 4.39, m 67.9, CH 4.41, m

3′ 38.5, CH2 1.53, m 47.9, CH2
2.29, dd

(11.5, 15.1)
1.78, m 2.53, m

4′ 63.4, CH 4.17, m 202.5, C

5′ 38.9, CH2
1.87, dd

(4.1, 15.0) 49.5, CH2 2.59, d (15.4)

2.21, dt
(2.2, 15.0)

2.85, dd
(1.56, 15.3)

6′ 104.6, C 104.7, C
8-OH 11.0, s

a Measure in MeOD-d4. b measure in CDCl3.

 
Figure 2. Key HMBC and 1H-1H COSY correlations of 1–4.
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Figure 3. ORTEP representation of crystal structure of 1.

Compound 2, white powder, possesses the molecular formula C15H15O6, as assigned
by the HRESIMS ion at m/z 291.08727 [M − H]− (calcd for C15H15O6, 291.08741), show-
ing eight degrees of unsaturation. The IR spectrum suggested the presence of hydroxy
(3680 cm−1), aromatic ring (1580 cm−1), and carbonyl (1736 cm−1, 1671 cm−1). Analysis of
the 13C NMR and HMQC (Table 1) data indicated the presence of 15 carbon atoms consist-
ing of one methoxy group, one methyl, three methylenes, three methines (including two
aromatic methines), 7 nonprotonated carbons (including one ester carbon, one carbonyl,
four olefinic carbons). The 1H NMR spectrum of 2 displayed two aromatic protons at
δH 6.38 (d, J = 2.3 Hz), 6.29 (s), indicating the presence of a tetrasubstituted phenyl. One
oxygenated methine proton signal at δH 4.41 (m), three aliphatic methylenes at δH 3.14 (d,
J = 16.4), 3.20 d, J = 16.4 Hz), 2.29 (dd, J = 11.5, 15.1 Hz), 2.53 (m), 2.59 (d, J = 15.4 Hz), and
2.85 (dd, J = 1.6, 15.3 Hz), one methoxyl at δH 3.84 (s), one methyl at δH 1.24 (d, J = 6.2 Hz),
and one active proton at δH 11.04 (s) were also recorded in this spectrum. Cumulative anal-
yses of the 1H and 13C NMR spectra of compound 2 revealed that it possessed the similar
planar structure as that of 1. The main difference was the change of hydroxylated methine
in 1 (δC 63.4) to a carbonyl in 2 (δC 202.5), indicating that compound 2 was an analog of 1.
Furthermore, the planar structure of 2 was further verified by the key HMBC correlation
from H-5’ to C-4’ (δC 202.5), and H-3’ to C-4’ (Figure 2). The absolute configuration of 2 was
determined by comparison of experimental and calculated ECD. Experimental data showed
that the compounds 1, 2, and 6 had extremely similar ECD spectra, inferring that the cotton
effect of compound 2 might be only affected by the chiral centers of C-6’ (δC 104.7) and C-2’
(δC 67.9) (Figure 4A). Then, the ECD spectra of the four possible configurations (6’S, 2’S-2;
6’S, 2’R-2; 6’R, 2’S-2; 6’R, 2’R-2) were calculated. The results disclosed that 6’S, 2’S-2 and
6’S, 2’R-2 displayed similar ECD spectra with the experimental one, showing a negative
cotton effect (CE) at about 266 nm and a positive CE at about 285 nm (Figure 4B). Therefore,
it was rationally speculated that the cotton effect of compound 2 was only affected by the
chiral center of C-6’, and the configuration of C-6’ was determined to be 6’S as same as that
of compound 1. Based on the biosynthetic point of view, the absolute configuration at C- 2′
should be the same as that of compound 1. Therefore, the structure of compound 2 was
identified as 6’S, 2’S-2 and named as penicillol B.
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Figure 4. (A) Experimental ECD spectra of compounds 1, 2, and 6. (B) Comparison between the
experimental and calculated ECD spectra of 2.

Compound 3 was obtained as pale-yellow oil with the molecular formula C23H30O8
established from HRESIMS at m/z 415.17607 [M − H3O]− (calcd for 415.17623), showing
9 degrees of unsaturation. The IR spectrum at νmax 3685, 1725, 1693, and 1612 cm−1,
corresponded to a hydroxy, ester carbonyl, carbonyl and double bond group, respectively.
Analysis of the 13C NMR and HMQC spectra revealed 23 carbon resonances, corresponding
to one ketone carbonyl (δC 204.7), one ester carbonyls (δC 163.9), three sp2 nonprotonated
carbons (δC 108.2, 154.5 and 170.8), three sp3 nonprotonated carbon (δC 86.3, 84.9 and 82.3),
seven sp2 methine carbons (δC 88.9, −139.1), two sp3 methine carbons (δC 80.2, 78.1), and
five methyl carbons (δC 31.4, 16.9, 13.1, 12.5 and 9.0), one methoxyl (δC 56.3). Analysis of
1H NMR spectrum of 3 exhibited a set of olefinic protons resonances at δH 5.49 (s), 6.34 (d, J
= 15.0 Hz), 6.27 (dd, J = 15.5, 10.5 Hz), 6.36 (dd, J = 15.0, 10.5 Hz), 7.16 (dd, J = 15.0, 10.5
Hz), 6.43 (dd, J = 15.0, 10.5 Hz), 6.05 (d, J = 15.5 Hz,). Five methyls at δH 1.96 (s), 1.39 (s),
1.23 (d, J = 6.5 Hz), 1.35 (s), 1.46 (s), one methoxyl at δH 3.82 (s), and two oxygenated
methine protons signal at δH 3.94 (s), 4.24 (dd, J = 6.5, 12.9 Hz) were also recorded. All the
above data were indicative that compound 3 possessed a similar carbon skeleton as that
of citreoviridin which was a polyketide derivative from a Penicillium pulvillorum [20]. The
HMBC correlations from H-20 to C-2 (δC 80.2)/C-3 (δC 86.3), from H-2 to C-3, from H-21
to C-3/C-4 (δC 78.1), from H-4 to C-2, and from H-22 to C-4/C-5 (δC 84.9) suggested the
presence of 3, 4-dihydroxy-2, 3, 5-trimethyl-tetrahydrofuran moiety (Figure 2). The 1H-1H
COSY correlation of H-2/ H3-20 and H-8/ H-9/ H-10/ H-11/ H-12/ H-13 indicated two
hydrocarbon fragments of -CH-CH3 and -CH=CH-CH=CH-CH=CH-. Through the analysis
of the 1H NMR spectra of 3 to those of citreoviridin, combined with key HMBC correlation
from H-17 to C-16/C-18/C-19, from H-24 to C-19, and from H-25 to C-17/C-18, suggested
the presence of 4-methyl-5-methoxy-3, 4, 5-trisubstituted-α-pyrone moiety. Moreover, the
HMBC correlation from H-13 to C-14 (δC 154.5)/C-19 (δC 108.2), indicated the unsaturated
hydrocarbon fragment was lactated at C-14 of α-pyrone moiety. The main difference was
the replacement of two double bond carbons in citreoviridin by a carbonyl carbon C-6
(δC 204.7) and an oxygenated quaternary carbon C-7 (δC 82.3) in 3. This deduction was
supported by the key HMBC correlations from H-23 to C-7/C-6 (δC 204.7)/C-8 (δC 139.1),
from H-8 to C-7 (δC 82.3), and from H-22 to C-5/C-6. So, the planar structure of 3 was
elucidated, as shown in Figure 1. The NOE correlations from H-2 to Me-21, from Me-21
to H-2/H-4, from Me-22 to H-4 revealed the relative configuration of the five-membered
ring as 2R*, 3S*, 4S*, 5R* (Figure 5). The relative configuration of C-7 was subjected to
DP4+ analysis. Therefore, a DP4+ analysis of two candidate structures (2R*, 3S*, 4S*, 5R*,
7S*-3/2R*, 3S*, 4S*, 5R*, 7R*-3) was performed by calculating for their theoretical 1D NMR
chemical shifts. The result showed that the final score of the configuration 2R*, 3S*, 4S*, 5R*,
7S*-3 (100%) was the most probable (Figures S29 and S30). Thus, the structure of compound
3 was identified as 2R*, 3S*, 4S*, 5R*, 7S*-3. Coupling constants between protons H-8
and H-9, H-10 and H-11, H-12 and H-13 (3JH-8, H-9 = 15.5 Hz; 3JH-10, H-11 = 15.0 Hz; 3JH-12,
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H-13 = 15.0 Hz) inferred that the conformations of these three double bonds are all trans
conformations, and compound 3 is named citreoviridin H.

 

 

Figure 5. Key NOESY correlations of 1, 3, 4, and 6.

Compound 4 was isolated as pale-yellow oil, and its molecular formula was deter-
mined as C23H32O8 on the basis of the pseudomolecular ion peak observed at m/z 417.19163
[M − H3O]− (Calcd for 417.19188) in the HRESIMS spectrum, indicating 8 degrees of un-
saturation. The IR spectrum showed absorption bands of hydroxyl, carbonyl, and double
bond at νmax 3696, 1694, and 1623 cm−1. The 13C NMR and HMQC spectra (Table 2)
displayed 23 carbon signals, consisting of six methyls (including one methoxyl), ten me-
thines (including seven olefinic carbons), and seven quaternary carbons (including one
ester carbon). The 1H NMR spectrum of 4 revealed a set of olefinic protons resonances at
δH 5.64 (s), 6.59 (d, J = 15.0 Hz), 6.43 (dd, J = 11.0, 15.4 Hz), 6.5 (dd, J = 11.0, 15.0 Hz), 7.16
(dd, J = 11.0, 15.0 Hz), 6.65 (dd, J = 11.0, 15.0 Hz), 6.01 (d, J = 15.4 Hz), five methyls at δH
2.02 (s), 1.32 (s), 1.20 (d, J = 6.4 Hz), 1.22 (s), 1.30 (s), one methoxyl at δH 3.92 (s), and three
oxygenated methine protons signal at δH 3.79 (s), 4.08 (m), 3.69 (s). All the above data were
indicative that compound 4 possessed a similar carbon skeleton of 3. The main difference
was the replacement of a carbonyl group in 3 (δC 204.7) by a hydroxymethine group in 4

(δC 91.2), indicating that compound 4 was a homologue of 3. This inference was further
confirmed by the key HMBC correlation from H-22 to C-5 (δC 86.3)/C-6 (δC 91.2), from
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H-6 to C-5/C-7 (δC 73.3)/C-8 (δC 140.9), and from H-23 to C-7/C-6 (Figure 2). Therefore,
the planar structure of 4 was established as shown in Figure 1. Furthermore, the relative
configuration of compound 4 was partly determined by NOESY spectrum. The NOE
correlations from H-2 to Me-21, from Me-21 to H-2/H-4, from Me-22 to H-4 indicated the
relative configuration of the tetrahydrofuran ring to be 2R*, 3S*, 4S*, 5S* (Figure 5). In order
to determine the relative configuration of C-6 and C-7, the DP4+ analysis of four candidate
structures (2R*, 3S*, 4S*, 5S*, 6S*, 7S*-4/2R*, 3S*, 4S*, 5S*, 6R*, 7S*-4/2R*, 3S*, 4S*, 5S*,
6R*, 7R*-4/2R*, 3S*, 4S*, 5S*, 6S*, 7R*-4) was performed. The analysis results showed that
the configuration of 2R*, 3S*, 4S*, 5S*, 6S*, 7S*-4 was the correct structure with a 100%
probability (Figures S31 and S32). Hence, the structure of compound 4 was identified as 2R*,
3S*, 4S*, 5S*, 6S*, 7S*-4. Coupling constants between protons H-8 and H-9, H-10 and H-11,
H-12 and H-13 (3JH-8, H-9 = 15.4 Hz; 3JH-10, H-11= 15.0 Hz; 3JH-12, H-13 = 15.0 Hz) inferred that
the conformations of these three double bonds are all trans conformations, and compound
4 is named citreoviridin I.

Table 2. 1H (600 MHz) and 13C NMR (150 MHz) data for compounds 3 and 4.

Position 3 b (δC, Type) 3 b (δH, Type) 4 a (δC, Type) 4 a (δH, Type)

2 80.2, CH 4.24, q (6.4) 78.8, CH 4.08, q (6.4)
3 86.3, C 83.9, C
4 78.1, CH 3.94, s 78.1, CH 3.79, s
5 84.9, C 86.3, C
6 204.7, C 91.2, CH 3.69, s
7 82.3, C 73.3, C
8 139.1, CH 6.05, d (15.5) 140.9, CH 6.01, d (15.4)

9 129.1, CH 6.27, dd
(15.5, 10.5) 128.5, CH 6.43, dd

(11.0, 15.4)

10 137.3, CH 6.43, dd
(15.0, 10.5) 138.1, CH 6.65, dd

(11.0, 15.0)

11 132.5, CH 6.36, dd
(15.0, 10.5) 131.5, CH 6.50, dd

(11.0, 15.0)

12 135.8, CH 7.16, dd
(15.0, 10.9) 136.1, CH 7.16, dd

(11.0, 15.0)
13 119.6, CH 6.34, d (15.0) 119.4, CH 6.59, d (15.0)
14 154.5, C 154.9, C
16 163.9, C 165.4, C
17 88.9, CH 5.49, s 88.1, CH 5.64, s
18 170.8, C 172.1, C
19 108.2, C 108.8, C
20 13.1, CH3 1.23, d (6.5) 12.8, CH3 1.20, d (6.4)
21 16.9, CH3 1.35, s 12.8, CH3 1.22, s
22 12.5, CH3 1.39, s 26.3, CH3 1.30, s
23 31.4, CH3 1.46, s 12.2, CH3 1.32, s
24 9.0, CH3 1.96, s 7.9, CH3 2.02, s
25 56.3, CH3 3.82, s 56.3, CH3 3.92, s

a Measure in MeOD-d4; b measure in CDCl3.

Four known compounds including dichlorodiaportal (5) [21], citreoviranol (6) [22],
citreopyrone D (7) [23], citreoviral (8) [24], were isolated and identified from this fungus.
Their structures were determined by comparing their NMR and MS data with those re-
ported in the literature. Moreover, the absolute configuration of compound 6 was further
determined to be 6’S, 2’S, 4’R-6 by comparing its NOE correlations and ECD spectrum with
compound 1.

A plausible typical fungal polyketide synthetase (PKS) involved biosynthetic pathway
for compounds 1–4 was proposed as shown in Figure S33. The condensation of one
mole of acetyl coenzyme A and six moles of malonyl coenzyme A gives a mole linear
polyketide chain. Subsequent keto-reduction, cyclization, methylation, and hydroxylation
furnish compounds 1 and 2. Similarly, one mole acetyl coenzyme A and eight moles
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malonyl coenzyme A condensed to form a mole linear polyketide chain, then keto-reduction,
dehydration, cyclization, methylation, and hydroxylation form compounds 3 and 4 [25,26].

2.3. Anti-Inflammatory Activity

New compounds 1–4 were evaluated for anti-inflammatory activity in LPS-stimulated
RAW 264.7 macrophages. Especially, Compound 2 significantly inhibited nitric oxide
production with an IC50 value of 12 μM (Table 3).

Table 3. Inhibitory activities against LPS-induced NO production.

Compound IC50 (μM) Inhibition Ratio at 50 μM

1 - <50%
2 12 97%
3 - <50%
4 - <50%

Indometacin a 35.8 ± 5.7 -
a Indometacin was used as positive control for the test.

2.4. Molecular Docking Studies

Inhibition of NO overproduction is usually the result of inhibition of iNOS enzyme
expression or activity [27,28]. In order to investigate the inhibitory mechanism of com-
pound 2 on NO production, the interaction and binding mode between compound 2 and
iNOS (PDB: 3E6T) [29], molecular docking study was carried out using AUTODOCK 4.2.6
modeling software. Docking procedure was validated by docking of ligand indomethacin
(positive drug) in the active site of iNOS, and root-mean square deviation (RMSD) of
0.12 Å to the X-ray structure. The results revealed that the lowest energy of compound 2

(−7.49 Kcal/mol) was lower than that of positive drug indomethacin (−7.45 Kcal/mol),
and the lowest energy of compound 1 (−7.36 Kcal/mol) was higher than that of positive
drug. Further observations showed indomethacin formed a hydrogen bond with key amino
acid residues GLU-371, two hydrogen bonds with amino acid residues ARG-260, and a
hydrogen bond with GLN-257 in the iNOS active pocket (Figure 6A). Compound 2 formed
a hydrogen bond with the key amino acid residue GLU-371 through the methoxy group,
two hydrogen bonds with the residue ASP-379 and ARG-382 by the hydroxyl group in the
iNOS active pocket (Figure 6B), respectively. Notably, for compound 1, while the carbonyl
group in compound 2 at the 4’ position changed to the hydroxyl group, the optimized
conformation of 1 was different from that of compound 2 and could not enter into the iNOS
active pocket to form hydrogen bonds with the key amino acid residues (Figure 6C). As a
result, compound 1 had no production inhibition activity (Table 3).

 

Figure 6. (A) Docking results of the binding pose of positive drug indomethacin in iNOS.
(B) Predicted binding mode of compound 2 docked into iNOS (PDB: 3E6T). (C) Predicted bind-
ing mode of compound 1 docked into iNOS. (PDB: 3E6T) (indomethacin is in green stick; compound
2 is in purple stick; compound 1 is in yellow stick; red dashed lines represent H-bonds; the amino
acids involved in hydrogen bond interactions are in blue stick).
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3. Materials and Methods

3.1. General Experimental Procedures

HRESIMS data were measured on a Finnigan LTQ-Orbitrap Elite (Thermo Fisher
Scientific, Waltham, MA, USA). NMR spectra were obtained by Bruker AVANCE NEO
600 MHz spectrometer (Bruker BioSpin, Switzerland). CD spectrum was reported on a
Chirascan TM CD spectropolarimeter (Applied Photophysics, U.K). Optical rotation was
obtained on an MCP 500 (Anton Paar, Austria). Single-crystal data was measured on an
Oxford Gemini S Ultra diffractometer (Oxford Instrument, Oxfordshire, UK). Sephadex
LH-20 (25–100 μm; GE Healthcare, Bio-Sciences AB, Stockholm, Sweden) and silica gel
(200–300 mesh; Qingdao Marine Chemical Factory, Qingdao, China) were used for Column
chromatography (CC). Thin layer chromatography (TLC) was detected on Silica gel GF254
plate (Qingdao Marine Chemical Ltd., Qingdao, China).

3.2. Fungal Material

The fungus BJR-P2 used in this research was isolated from the barks of Avicennia
marinav (Forsk.) Vierh, a mangrove plant which collected from Yangjiang Hailing Island
Mangrove Wetland Park. Using molecular biology methods, the fungus was identified
through DNA amplification and ITS region sequencing. The sequence data of this strain
has been deposited in Gen Bank with accession no. PRJNA793386. The BLAST search
results show that the sequence is 100% similar to that of Penicillium sp.

3.3. Extraction and Isolation

The fungus Penicillium sp. BJR-P2 was fermented on solid autoclaved rice medium
using one hundred 1 L Erlenmeyer flasks, each was containing 40 g rice and 40 mL 0.3%
saline water, culturing in room temperature under static condition for 25 days. The solid
rice and mycelia medium were extracted with methanol for three times. The organic
solvents were evaporated under reduced pressure and extracted with ethyl acetate. We
obtained 50 g of organic extract. Then, the extract was subjected to a silica gel column
eluting with a gradient of petroleum ether/EtOAc from 1/0 to 0/1 to afford six fractions
(Fractions 1–6). Fraction 2 (300 mg) was subjected to an open silica gel glass column eluted
with DCM:MeOH (100:1) followed by Sephadex LH-20 open glass (30 mg) CC eluting
with MeOH-H2O (v/v, 7:3), and further purified by using HPLC on a semipreparative
column (RP-18, 9.4 × 250 mm, 7 μm, 1.5 mL min−1) eluted with MeOH:H2O (6:4) to obtain
compounds 1 (9.0 mg) and 4 (5.0 mg). Further separation of fraction 3 by preparative HPLC
over silica gel (250 mm × 10 mm) with PE-EtOAc (4:2–1:1) and DCM:MO (200:1-80:1) as
the eluent afforded 2 (10.0 mg) and 3 (5.0 mg). Fraction 4 (500 mg) was chromatographed
on Sephadex LH-20 CC and silica gel CC to obtain compounds 5–8.

Compound 1: white powder; [α]25
D − 88.9◦ (c 0.1, MeOH); IR (KBr): νmax 3696, 1646,

1585 cm−1; UV (MeOH) λmax (logε): 216 (0.91) nm; 268 (0.53) nm; 303 (0.22); ECD (MeOH)
λmax (Δε), 228 (+1.56), 237 (−1.01), 247 (+2.02), 270 (−2.15), 305 (+1.20) nm; HRESIMS at
m/z 293.1024 [M − H]− (calcd for 293.1031). 1H and 13C NMR see Table 1.

Compound 2: white powder; [α]25
D − 62.0◦ (c 0.1, MeOH); IR (KBr): νmax 3680, 1736,

1671, 1580 cm−1; UV (MeOH) λmax (log ε): 216 (0.89) nm; 268 (0.52) nm; 303 (0.21); ECD
(MeOH) λmax (Δε), 222 (+1.25), 236 (−1.23), 250 (−0.31), 269 (−2.43), 295 (+1.48) nm;
HRESIMS at m/z 291.08727 [M − H]− (calcd for 291.08741). 1H and 13C NMR see Table 1.

Compound 3: yellow oil; [α]25
D − 10◦ (c 0.1, MeOH); IR (KBr): νmax 3685, 1725, 1693,

1612 cm−1; UV (MeOH) λmax (logε): 274 (0.65) nm; 367 (0.5) nm; HRESIMS at m/z 415.17607
[M − H3O]− (calcd for 415.17623). 1H and 13C NMR see Table 2.

Compound 4: yellow oil; [α]25
D − 10◦ (c 0.1, MeOH); IR (KBr): νmax 3696, 1694,

1623 cm−1; UV (MeOH) λmax (logε): 274 (0.96) nm; 368 (0.78) nm; HRESIMS at m/z
417.19163 [M − H3O]− (calcd for 417.19188). 1H and 13C NMR see Table 2.

X-ray Crystal Data for 1. Colorless crystal of 1 was obtained in methanol and EtOAc.
Crystal data (CCDC 2131096) were collected with Cu Kα radiation. Monoclinic, space group
P21, a = 7.18058(6) Å, b = 7.48777 (11) Å, c = 13.48676 (10) Å, α = 90◦, β = 92.3992 (7) ◦, γ = 90,
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V = 724.501(14) Å3, Z = 2, T = 149.99(10) K, μ (Cu Kα) = 0.963 mm−1, ρcalc = 1.432 g/cm3,
F (000) = 332.0, R1 = 0.0296, wR2 =0.0745. Crystal dimensions 0.28 × 0.16 × 0.12 mm3.
Flack parameter = 0.03(4). The total number of independent reflections measured was
12,512, of which 2626 were observed, collected in the range of 6.56◦ ≤ 2θ ≤ 145.682◦. The
structure was determined and refined using full-matrix least-squares on F2 values for
1.109 I > = 2σ (I).

3.4. ECD and 13C NMR Calculation

The conformational searches of the compounds were carried out by means of the Spar-
tan’14 software and at Molecular Merck force field (MMFF) and DFT/TD-DFT calculations.
Furthermore, Gaussian 05 program was used to generate and optimize the conformer at
B3LYP/3-21G (d) level. Conformers with a Boltzmann distribution of over 1% were chosen
for optimization at B3LYP/6-31+G (d, p), meanwhile, ECD calculation were conducted
with the TD-DFT method at the B3LYP/6-31+G (d, p) level and the 13C NMR calculation at
mPW1PW91-SCRF/6-311+g (2d, p). The ECD spectra were generated using the SpecDis
3.0 (University of Würzburg, Würzburg, Germany) and Origin Pro 8.0 (Origin Lab, Ltd.,
Northampton, MA, USA) from dipole length rotational strengths by applying Gaussian
band shapes with sigma = 0.30 eV. Then, the calculated and theoretical values of 13C were
analyzed by DP4+ [30].

3.5. Anti-Inflammatory Assays

The RAW 264.7 mouse macrophage cell line was purchased from the Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology (Chinese Academy of Sciences, Shang-
hai, China). Murine macrophage RAW 264.7 cells were cultured in DMEM (high glucose)
medium supplemented with 10% (v/v) fetal bovine serum, 100 μg·mL−1 penicillin and
streptomycin, and 10 mM HEPES buffer at 37◦C in 5% CO2 in air for 1 h. Cells were
pretreated with different concentrations of samples (10, 5, 2.5, 1.25, and 0.625 μM) dis-
solved in serum-free medium containing 0.5% DMSO for 4 h, followed by stimulation with
1 μg·mL−1 LPS for 24 h. A total of 50 μL cell culture medium was mixed with 100 μL
Griess reagents I and II and incubated horizontally at room temperature for 10 min. The
absorbance was measured at 570 nm [31,32].

3.6. Molecular Docking Study

Virtual docking is implemented in the AutoDock tool of AutoDock4.2.6 software [33].
This is a common docking method that allows the ligand to have sufficient flexibility
and maintain the rigidity of the target protein. The X-ray crystal structure of iNOS (PDB
ID: 3E6T) [27] was obtained from the RCSB protein database (PDB) database. Before
docking simulation, PyMOL was used to delete the original ligand and water molecules
from the crystal structure, and the protein was saved in PDB format (receptor.pdb). The
compound structure was drawn using ChemDraw 2D software, which was converted
into three-dimensional (3D) structure by ChemDraw 3D software, and then stored as a
file in PDB format. Furthermore, the molecular structure was optimized by Gaussian
software. AutoDock tools converted both protein and ligand into PDBQT format for
subsequent docking. Focusing on the protein, the parameters of the grid box were set
to 126 × 126 × 126 points and the Lamarckian genetic algorithm was used to link the
algorithm with 100 GA operations. Finally, PyMOL was used to visualize and analyze
the results.

4. Conclusions

In conclusion, chemical investigation of the mangrove endophytic fungus BJR-P2
resulted in the isolation and identification of four new compounds (1–4), with four known
analogs (5–8). Their structures were elucidated by extensive spectroscopic methods and
quantum chemical calculations. The anti-inflammatory activity evaluation was carried out
by screening their inhibition activity on NO production. The results showed compound

20



Mar. Drugs 2022, 20, 583

2 exhibited significant inhibitory activity with an IC50 value of 12 μM. This study may
provide a new chemical lead candidate for the discovery of anti-inflammatory agents.

Supplementary Materials: The HRESIMS and NMR spectrum are available online at: https://www.
mdpi.com/article/10.3390/md20090583/s1. Figure S1. HRESIMS of compound 1. Figure S2. 1H
NMR spectrum of compound 1. Figure S3. 13C NMR spectrum of compound 1. Figure S4. HMQC
spectrum of compound 1. Figure S5. HMBC spectrum of compound 1. Figure S6. 1H, 1H-COSY
spectrum of compound 1. Figure S7. NOESY spectrum of compound 1. Figure S8. HRESIMS
of compound 2. Figure S9. 1H NMR spectrum of compound 2. Figure S10.13C NMR spectrum
of compound 2. Figure S11. HMQC spectrum of compound 2. Figure S12. HMBC spectrum of
compound 2. Figure S13. 1H, 1H-COSY spectrum of compound 2. Figure S14. NOESY spectrum
of compound 2. Figure S15. HR-ESI-MS spectrum of compound 3. Figure S16. 1H NMR spectrum
of compound 3. Figure S17. 13C NMR spectrum of compound 3. Figure S18. HMQC spectrum of
compound 3. Figure S19. HMBC spectrum of compound 3. Figure S20. 1H, 1H-COSY spectrum
of compound 3. Figure S21. NOESY spectrum of compound 3. Figure S22. HR-ESI-MS spectrum
of compound 4. Figure S23. 1H NMR spectrum of compound 4. Figure S24. 13C NMR spectrum
of compound 4. Figure S25. HMQC spectrum of compound 4. Figure S26. HMBC spectrum of
compound 4. Figure S27. 1H, 1H-COSY spectrum of compound 4. Figure S28. NOESY spectrum of
compound 4. Figure S29. Experimental (Exp.) and calculated (Cal.) 1H and 13C chemical shift values
of 3 and its possible isomers. Figure S30. DP4+ analysis of 3. Figure S31. Experimental (Exp.) and
calculated (Cal.) 1H and 13C chemical shift values of 4 and its possible isomers. Figure S32. DP4+
analysis of 4. Figure S33. Proposed biosynthetic pathways for compounds 1–4.
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Abstract: Chemical investigation of the psychrophilic fungus Pseudogymnoascus sp. HDN17-933
derived from Antarctica led to the discovery of six new tetrapeptides psegymamides A–F (1–6), whose
planar structures were elucidated by extensive NMR and MS spectrometric analyses. Structurally,
psegymamides D–F (4–6) possess unique backbones bearing a tetrahydropyridoindoles unit, which
make them the first examples discovered in naturally occurring peptides. The absolute configurations
of structures were unambiguously determined using solid-phase total synthesis assisted by Marfey’s
method, and all compounds were evaluated for their inhibition of human (h) nicotinic acetylcholine
receptor subtypes. Compound 2 showed significant inhibitory activity. A preliminary structure–
activity relationship investigation revealed that the tryptophan residue and the C-terminal with
methoxy group were important to the inhibitory activity. Further, the high binding affinity of
compound 2 to hα4β2 was explained by molecular docking studies.

Keywords: psychrophilic fungus; tetrapeptides; tetrahydropyridoindoles unit; solid-phase synthesis;
nicotinic acetylcholine receptors; molecular docking

1. Introduction

Psychrophilic fungi are a group of cold-adapted fungi residing in polar regions, alpine
permafrost, glaciers, deep oceans, and other habitats [1–6], which are known for long-term
low temperature, strong ultraviolet radiation, low nutrient and water availability, and
frequent freeze and thaw cycles [7–9]. In order to adapt to such harsh conditions, these
fungi have evolved special strategies in their metabolism and physiology [7,10–12], which
endows the ability to produce diversified secondary metabolites, and makes psychrophilic
fungi competitive microorganism group to serve structurally novel and bioactive natural
products for drug development [13–16].

So far, a large number of novel natural products have been isolated from psychrophilic
fungi, such as trisorbicillone A, a novel sorbicillin trimer that showed cytotoxic against
HL60 cell lines (IC50 3.14 μM) from deep-sea fungal strain Phialocephala sp. [17]; brevione A,
the first breviane spiroterpenoid family from Penicillium brevicompactum [18]; penilactones
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A and B, novel polyketides with NF-kB inhibitory activity (inhibitory rate of 40% at 10 Mm)
from Penicillium crustosum PRB-2 [19]; 16-membered trichobotryside A inhibiting the larvae
settlement of Balamus amphitrite (EC50 2.5 μg/mL) and 18-membered trychobotrysides
B-C from Trichobotrys effuse [20]; and cytotoxic diterpenes conidiogenones B–G isolated
from Penicillium sp, and conidiogenone C displayed significant cytotoxicity against HL60
and BEL-7047 cell lines with IC50 values of 0.038 mM and 0.9 mM respectively [21].

During our ongoing research on searching bioactive structures from Antarctic-derived
fungi, a psychrophilic strain Pseudogymnoascus sp. HDN17-933, isolated from sand samples
collected from Fildes Peninsula, was chosen for study based on its unique HPLC-UV profile.
Detailed chemical investigation on its fermentation products afforded six tetrapeptides
psegynamides A–F with human nicotinic acetylcholine receptors (nAChRs) targeting ac-
tivity. Among those structures, psegynamides D–F (4–6) represented the first group of
naturally occurring tetrapeptides carrying tetrahydropyridoindole units in the backbones.
Herein, we will describe the isolation, structural elucidation, solid-phase total synthesis,
and biological activity evaluation of these new compounds.

2. Results and Discussion

The psychrophilic fungal strain Pseudogymnoascus sp. HDN17-933 was isolated from
Antarctica. They can grow in an environment of −5 ◦C, and the optimum growth tem-
perature is 15–18 ◦C. The studies of their secondary metabolites are infrequent, and only
44 secondary metabolites have been reported until the time of writing. In this paper, the
strain was cultured under static conditions at 15 ◦C for 30 days in a rice medium. The
EtOAc extract of strain Pseudogymnoascus sp. HDN17-933 (Figure S2) was fractionated and
purified by vacuum chromatography on silica gel, octadecyl-silica (ODS), Sephadex LH-20,
and HPLC to afford six tetrapeptides psegynamides A–F (1–6) (Figure 1).

Figure 1. The structures of compounds 1–6 isolated from Pseudogymnoascus sp. HDN17-933.

Compound 1 named psegynamide A was obtained as a white amorphous powder. Its
molecular formula was determined to be C30H39N5O5 based on the molecular ion peak at
m/z 550.3025 [M + H]+ (calcd 550.3024) in the HRESIMS analysis, indicating 14 degrees of
hydrogen deficiency. In the 1H-NMR spectrum of 1 (Table 1), the characteristic signals of
NH were displayed at low-field δH 8.68 (1H, d, J = 9.5 Hz), 8.37 (1H, d, J = 7.8 Hz), and
8.13 (1H, d, J = 9.1 Hz). The signals of α-proton, the characteristic for amino acid residues,
were exhibited at δH 4.56 (1H, m), 4.44 (1H, m), 4.30 (1H, m), and 4.18 (1H, m). Four methyl
groups were displayed at δH 0.72 (3H, d, J = 6.8 Hz), 0.68 (3H, d, J = 6.8 Hz), 0.61 (3H, d,
J = 6.8 Hz), and 0.48 (3H, d, J = 6.8 Hz). Analysis of the 13C-NMR and HSQC spectra
indicated the presence of four carbonyl peaks assignable to amide carbonyl groups at δC
173.6, 171.1, 170.7, and 161.9. Four groups of α-proton signals were showed at δC 57.3,
57.1, 53.9, and 52.9. The appearance of these spectra was typical of peptides. Combined
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analyses of 1H-1H COSY, HMBC, HSQC, NOESY, and TOCSY spectra further revealed the
presence of 1 × Trp, 2 × Val, and 1 × Phe residues (Table 1), which were in accordance
with the result of Marfey’s analysis (Figure S58). In the HMBC spectrum (Figure 2), NH
of Val (1) has a correlation signal with C-1 on Trp; NH of Val (2) has a correlation signal
with C-1 on Val (1); NH of Phe has a correlation signal with C-1 on Val (2). Meanwhile, in
the NOESY spectrum, the cross-peaks of NH in Val (1) and H-2 in Trp, NH in Val (2) and
H-2 in Val (1), NH in Phe and H-2 in Val (2) further confirmed the linkage of amino acid
residues by HMBC spectrum. Thus, the planar structure of compound 1 was established as
Trp1-Val2-Val3-Phe4.

Figure 2. Key COSY, HMBC, and NOESY correlations of 1–6.

The advanced Marfey’s acidolytic method was considered to determine the absolute
configurations of compound 1 [22]. After FDAA derivatization and assisted by HPLC
analysis, the presence of L-Val, D-Val, and D-Phe in compound 1 (Figure S58) was confirmed.
However, due to the destruction of Trp residue during the strong acid environment, we
failed to detect the Trp-FDAA derivative from the hydrolytic mixture. Therefore, we turned
to using alkaline hydrolytic to determine the absolute configuration of Trp residue. With
the alkaline hydrolytic condition of 5 M LiOH at 110 ◦C for 16 h was finally adopted,
compound 1 was successfully hydrolyzed, and the absolute configuration of Trp was
determined as L. As analyzed from the HPLC profile, both L-Val and D-Val derivatives
were detected in the acidolytic mixture of compound 1, which makes it another challenge to
determine the accurate sequence of the tetrapeptide. Hence, two possible stereoisomers, 1a

(L-Trp1-L-Val2-D-Val3-D-Phe4) and 1b (L-Trp1-D-Val2-L-Val3-D-Phe4), were prepared using
solid-phase total synthesis (Scheme 1A). By comparing the experimental NMR spectrum
with the synthesized NMR data, the absolute configuration of compound 1 (Scheme 1B,
Figure S64) was determined to be L-Trp1-D-Val2-L-Val3-D-Phe4, which was inconsistent
with the synthesized stereoisomer 1b.
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Scheme 1. (A): Solid-Phase Synthesis of 1a, 1b and 2a, 2b. (B): Comparison of 1H-NMR spectra of
authentic 1, synthetic 1a, and 1b.

Compound 2 named psegynamide B was obtained as a white amorphous powder.
Its molecular formula was determined to be C31H41N5O5 based on the molecular ion
peak at m/z 564.3172 [M + H]+ (calcd 564.3180) in the HRESIMS analysis, which showed
14 Da molecular weight (MW) surplus to compound 1. The 1H and 13C NMR of 2 were
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similar to those of 1 (Table 1), except for the presence of a methoxy group. The 1H, 13C
NMR, and HSQC spectra showed a signal at δC 52.4/δH 3.56, which was assignable to
a methoxy group. In addition, the methoxy site was established unambiguously by an
HMBC experiment, in which a long-range correlation between CH3 (δH 3.56) and C-1
(δC 172.6) in the Phe unit was observed. Combined analyses of 1H-1H COSY, HMBC,
HSQC, and TOCSY spectra assigned the linkage of amino acid residues as Trp1-Val2-Val3-
Phe4-OCH3. Marfey’s acidolytic analysis confirmed the presence of L-Val, D-Val, and
D-Phe in compound 2, which was a similar case to compound 1. Then, the solid-phase total
synthesis and Marfey’s alkaline hydrolytic method were also used to determine the absolute
configurations of compound 2. Finally, the absolute configuration of 2 was assigned to be
L-Trp1-D-Val2-L-Val3-D-Phe4-OCH3.

Compound 3 named psegynamide C was isolated as a white amorphous powder. The
HRESIMS analysis of compound 3 gave a hydrogen adduct [M + H]+ at m/z 566.2977
(calcd 566.2973), corresponding to the molecular formula of C30H39N5O6, which showed
one more oxygen than compound 1. In the 1H NMR spectrum (Table 1), two aromatic
H-atom signals appearing at δH 6.97 (2H, overlap, m) and 6.59 (2H, overlap, m) were
attributable to a 1,4-substituted phenyl. In addition, a characteristic signal of OH was
observed at low-field δH 9.18 (1H, s). Careful analysis of NMR of compound 3 revealed
a similar structure as compound 1, except for the presence of Tyr residue instead of Phe
residue. Thus, the planar structure of compound 3 was established as Trp1-Val2-Val3-Tyr4.
Based on Marfey’s acid/alkaline hydrolytic analysis, as well as solid-phase total synthesis,
the absolute configuration of 3 was assigned to be L-Trp1- D-Val2-L-Val3-D-Tyr4.

Compound 4 was obtained as a white amorphous powder. Its molecular formula
was determined to be C31H39N5O5 on the basis of the molecular ion peak at m/z 562.3032
[M + H]+ (calcd 562.3024) in the HRESIMS analysis, indicating 15 degrees of hydrogen
deficiency. Compared the 1D-NMR data with compound 1, compound 4 has an additional
methylene (δC 40.8) and the CH-5 of Trp in compound 1 was changed as a quaternary
carbon. In addition, one more degree of unsaturation indicated a cyclic structure for
compound 4. With the assistance of COSY correlations of H2-5′/NH-2′, H-2/NH-2′ and
H-2/H2-3, and the HMBC correlations from H2-5′ to C-4/C-2, the tetrahydropyridoindole
residue was deduced. Compound 4 represented the first example naturally occurring
peptide with a tetrahydropyridoindole moiety. On the basis of Marfey’s acid hydrolytic
analysis and solid-phase total synthesis, the absolute configuration of 4 was assigned to be
as alternating LDLD chirality and named psegynamide D.

Psegymamides E-F (5–6) were obtained as white amorphous powders with the molec-
ular formulas of C32H41N5O5 and C32H41N5O6 by HRESIMS, respectively. The 1D NMR
spectra of 5 and 6 (Table 2) indicated a skeleton similar to psegynamide D (4). The differ-
ence between 4 and 5 was the replacement of the hydroxide group by a methoxy group
(δC 52.3/δH 3.57) in the Phe unit, which was confirmed by HMBC correlation from OCH3
(δH 3.57) and C-1 (δC 172.7). The difference between 4 and 6 was the presence of Tyr-
OCH3 residue instead of Phe residue. Thus, the planar structures of 5–6 were established.
Similarly, the absolute configuration of 5–6 was assigned as alternating LDLD chirality
by Marfey’s method and solid-phase total synthesis and finally named psegynamides
E-F, respectively.
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Nicotinic acetylcholine receptors (nAChRs) belong to the ligand-gated ion channel
superfamily [23,24]. There are a large number of nAChR subunits, such as α1-10, β1-4, γ, δ,
and ε, which may mediate analgesic effects and adverse reactions [25,26]. Targeting specific
nAChRs subtypes may reduce adverse reactions while maintaining efficient analgesia and
becoming a real new analgesic target. All new compounds (1–6) were evaluated for their
activity at ACh-evoked currents mediated by human (h) α1β1εδ, α1β1γδ, α3β2, α3β4, α4β2,
α7, and α9α10 nAChRs, among which compound 2 showed significant inhibitory activity
at all subtypes (>70% inhibition) except α7 (Figure 3, Table S1). Interestingly, compound
2 selectively inhibited (>98% inhibition, n = 8–11) the α1β1εδ and α1β1γδ subtypes. For
comparison, the α-conotoxin GI peptide from the marine cone snail Conus geographus
venom antagonizes ACh-evoked currents mediated by hα1β1εδ with a half-maximal in-
hibitory concentration (IC50) of 20 nM [27]. According to the structural features of 1–6, the
preliminary structure–activity relationship (SAR) of inhibitory activities was tentatively
discussed. Generally, compounds 1–3 exhibited stronger activities than compounds 4–6,
indicating that the presence of tetrahydropyridoindoles unit decreases inhibitory activities.
Psegynamide B (2) showed stronger activities than psegynamide A (1), suggesting that
C-terminal replacement with the methoxy group was beneficial to the activity.

Figure 3. Bar graph of compounds (1–6) (100 μM) inhibition of ACh-evoked peak current amplitude
mediated by human (h) α1β1εδ, α1β1γδ, α3β2, α3β4, α4β2, α7 and α9α10 nAChRs. Whole-cell currents
at hα1β1εδ and hα1β1γδ were activated by 5 μM ACh, hα3β2 and hα9α10 were activated by 6 μM
ACh, and hα3β4, hα4β2, and hα7 were activated by 300, 3, and 100 μM ACh, respectively (mean ± SD,
n = 6–11).

To explain the different inhibitory activities and obtain further insight into the mech-
anism of nAChRs inhibition, molecular docking studies were carried out to explore the
possible binding modes of compounds 1–6 and key interactions with nAChRs. The crystal
structure of hα4β2 (PDB code: 5KXI) was used for further docking. The results in the
docking study matched well with the inhibition activities (Table S2), compounds with
lower calculated docking scores are considered to have higher binding affinities with the
target. Among them, compound 2 showed the highest binding affinity to hα4β2 with
the most negative free binding energy (−4.2 kcal/mol). Analysis for optimized binding
conformation of compound 2 displayed that the hydrogen at N-6 in Trp interacts with Ser
A180 through a hydrogen bond with a distance of 2.2 Å, and the Trp formed H-pi stacked
bonds with Gln B50 with a distance of 4.0 Å (Figure 4). While the Trp residue was replaced
by the tetrahydropyridoindoles unit, the H-H and H-pi bond was lost. In addition, the NH
in Val (2) of compound 2 interacts with Asp A49 through a hydrogen bond with a distance
of 2.5 Å. It is interesting to find that the Arg B45 may be important for the activity because
of that NH2 in Trp and the C=O in Phe-OCH3 of compound 2 simultaneously interact

34



Mar. Drugs 2022, 20, 593

with Arg B45 through a hydrogen bond with distance of 2.2 Å and 3.3 Å, respectively.
Furthermore, considering non-steroidal anti-inflammatory drugs and narcotics (opioids)
are currently the most commonly used analgesic drugs, these drugs exhibit limitations in
efficacy, unwanted side effects, and the problem of drug abuse [28,29]. The above findings
provided that compound 2 might be helpful in developing different analgesic drugs by
inhibiting nicotinic acetylcholine receptors.

Figure 4. Docking models of compound 2 with the crystal structure of hα4β2 (PDB code: 5kxi). (A)
H-bonding interactions of compound 2 with hα4β2. (B) 2D schematic diagram of compound 2 with
hα4β2. The H-bonds and H-pi stacked bonds are shown in yellow dashed lines and blue dashed
lines, respectively.

3. Materials and Methods

3.1. General Experimental Procedures

NMR spectra were obtained on JEOLJN M-ECP 600 MHz spectrometers, of which
TMS was an internal standard. The optical rotation of new compounds was calculated
in MeOH on a JASCOP-1020 digital polarimeter. By using an LTQ Orbitrap XL (Thermo
Fisher Scientific, Waltham, MA, USA) mass spectrometer, HRESIMS data were obtained.
The spray voltage, capillary voltage, and tube lens were 4.0 kv, 16 v, and 35 v, respectively.
The capillary temperature was 275 ◦C with a sheath gas flow rate of 10 arb. unit, and FT
full mass spectra were acquired in the positive ionization mode at a resolution of 30,000
with 100–1500 Da mass range. The crude extract of Pseudogymnoascus sp. HDN17-933 were
analyzed by reversed-phase HPLC (5 × 250 mm YMC C18 column, 5 μm) with a linear
gradient of MeOH (A) and 0.1% aqueous TFA (B) from 5% to 100% A over 60 min at a
flow rate of 1 mL/min. Column chromatography was carried out using the following chro-
matographic substrates: silica gel (300–400 mesh; Qingdao Marine Chemical Industrials,
Qingdao, China), Sephadex LH-20 (GE Healthcare, Bio-Sinences Corp, Piscataway, NJ,
USA). HPLC of the Waters company equipped with a 2998 PDA detector was performed
on an ODS column (YMC-Pack ODS-A, 10 × 250 mm, 5 μm, 3 mL/min). UV spectra
were carried out on Waters 2487 developed by Waters Corporation, Milford, USA. All
Fmoc-amino acids were purchased from GL Biochem Ltd. (Shanghai, China). 2-chlorotrityl
chloride resin at 1 mmol scale was purchased from Tianjin Nankai Hecheng S&T Co., Ltd.
(Tianjin, China).

3.2. Fungal Material and Fermentation

The fungal strain HDN17-933 was isolated from Fildes Peninsula, Antarctica, and
identified as Pseudogymnoascus sp. based on internal transcribed spacer DNA sequencing.
The sequence is available with the accession number MZ268166 at Genbank. It has been
submitted to the Key Laboratory of Marine Drugs, working under the Ministry of Education
of China, School of Medicine and Pharmacy, Ocean University of China. The fungus was
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cultured under the static condition at 15 ◦C in winter for 30 days in 1 L Erlenmeyer flasks,
each containing rice (80 g) and naturally collected seawater (Huiquan Bay, Yellow Sea)
(120 mL).

3.3. Extraction and Purification

All fermentation broth (40 L) was extracted with MeOH, filtered, concentrated, and
partitioned between EtOAc and H2O. The EtOAc extract was evaporated under reduced
pressure to give a crude gum (18.5 g). Moreover, the extract was subjected vacuum
chromatography on silica gel (200–300 mesh) and eluted with stepped gradient elution via
DCM:MeOH (100:1–1:1) to yield eight combined fractions (Fr.1 to Fr.8). Fr.6 was further
separated using ODS (MeOH: H2O; 30:80–100:0) to obtain Fr.6-1 to Fr.6-6. Then Fr.6-3
and Fr.6-4 were further subjected to a Sephadex LH-20 column and eluted with MeOH
to provide subfractions (from Fr.6-3-1 to Fr.6-3-4 and from Fr.6-4-1 to Fr.6-4-5). Fr.6-4-2
was purified by HPLC eluted with MeCN-H2O (38:62) to give compounds 1 (4.2 mg,
tR = 11.5 min), 2 (3.4 mg, tR = 7.2 min), and 5 (3.5 mg, tR = 8.0 min), respectively. Fr.6-3-
2 was purified by HPLC eluted with MeOH-H2O (65:35) to give compounds 3 (5.1 mg,
tR = 10.2 min), 6 (4.3 mg, tR = 11.0 min), and 4 (3.2 mg, tR = 13.5 min), respectively.

3.4. Physical and Chemical Data

Psegynamide A (1): white amorphous powder; [α]20
D + 30.2 (c 0.2, MeOH); UV (DAD)

λmax 218 nm, 283 nm; 1H and 13C NMR (DMSO-d6), see Table 1; HREIMS m/z 550.3025
[M + H]+ (cacld for C30H40N5O5, 550.3024).

Psegynamide B (2): white amorphous powder; [α]20
D + 23.8 (c 0.3, MeOH); UV (DAD)

λmax 217 nm, 283 nm; 1H and 13C NMR (DMSO-d6), see Table 1; HREIMS m/z 564.3172
[M + H]+ (cacld for C31H42N5O5, 564.3180).

Psegynamide C (3): white amorphous powder; [α]20
D + 25.3 (c 0.3, MeOH); UV (DAD)

λmax 217 nm, 282 nm; 1H and 13C NMR (DMSO-d6), see Table 1; HREIMS m/z 566.2977
[M + H]+ (cacld for C30H40N5O6, 566.2973).

Psegynamide D (4): white amorphous powder; [α]20
D − 14.7 (c 0.3, MeOH); UV (DAD)

λmax 217 nm, 282 nm; 1H and 13C NMR (DMSO-d6), see Table 2; HREIMS m/z 562.3032
[M + H]+ (cacld for C31H40N5O5, 562.3024).

Psegynamide E (5): white amorphous powder; [α]20
D − 17.8 (c 0.2, MeOH); UV (DAD)

λmax 216 nm, 282 nm; 1H and 13C NMR (DMSO-d6), see Table 2; HREIMS m/z 576.3186
[M + H]+(cacld for C32H42N5O5, 576.3180).

Psegynamide F (6): white amorphous powder; [α]20
D − 20.3 (c 0.2, MeOH); UV (DAD)

λmax 216 nm, 283 nm; 1H and 13C NMR (DMSO-d6), see Table 2; HREIMS m/z 592.3133
[M + H]+ (cacld for C32H42N5O6, 592.3130).

3.5. Advanced Marfey’s Analysis of Acid Hydrolytic for Val, Phe, Tyr

Compounds 1–6 (1.0 mg each) were reacted with 6 M HCl (1.5 mL) at 110 ◦C for 12 h;
the hydrolysates were concentrated to dryness. The hydrolysates and standard amino
acids (150 μM) were then successively treated with water (300 μL), FDAA (10 mg/mL
solution in acetone, 100 μL), acetone (300 μL), and NaHCO3 (1 M, 150 μL) at 45 ◦C water
bath heating for 2.0 h. Then, the reaction was stopped with HCl (2 M, 75 μL) prior to HPLC
analysis. Amino acid standards were similarly derivatized with FDAA. The resulting
FDAA derivatives of compounds 1–6, L- and D-Val, L- and D- Phe, L- and D- Tyr were
analyzed by HPLC eluted with a linear gradient of MeOH (A) and 0.10% aqueous TFA (B)
from 40% to 100% in an over 45 min with UV detection at 340 nm.

3.6. Modified Marfey’s Analysis of Alkaline Hydrolytic for Trp

Considering that Trp FDAA derivatives were not detected in the resulting FDAA
derivatives of compounds 1–3, it might result from that Trp amino acid was hydrolytic and
destroyed in strong hydrochloric acid. Therefore, Marfey’s alkaline hydrolytic method was
considered to determine the absolute configuration of Trp residue. Through continuous
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attempts, the alkaline hydrolytic condition of 5 M LiOH at 110 ◦C for 16 h was finally
adopted, and the absolute configuration of Trp was determined as L.

3.7. Solid-Phase Total Synthesis of 1a, 1b

Compounds 1a, 1b were synthesized by 2-chlorotrityl chloride resin (loading
1 mmol/g) as described in Scheme 1. Then, 4 equiv of Fmoc-D-Phe (2 mmol) was added
to a suspension of 1 equiv of 2-chlorotrityl chloride resin (0.50 g, 0.5 mmol), 4 equiv of
HCTU (2 mmol), 8 equiv of DIEA (4 mmol), and DCM/DMF (v:v = 1:1). After stirring for
2 h, the resin was filtered and washed with DCM/DMF (1:1) for three times. The reaction
mixture was treated with piperidine:DMF (v:v = 1:4) for stirring 30 min to deprotect the
Fmoc group. After filtering and washing, the resin was used as resin-D-Phe4-NH2 for the
next coupling reaction.

A solution of HCTU (2 mmol) and DIEA (4 mmol) in DCM/DMF (1:1) was added
to a mixture of resin-D-Phe4-NH2, Fmoc-L-Val/ Fmoc-D-Val (2 mmol). After the reaction
mixture was stirred for 60 min, the resin was filtered and washed. To remove the Fmoc
group, the same procedure was repeated as above. The resin was used as resin-D-Phe4-L-
Val3-NH2/D-Phe4-D-Val3-NH2 for the subsequent next coupling reaction, respectively. A
solution of HCTU (2 mmol) and DIEA (4 mmol) in DCM/DMF (1:1) was added to a mixture
of resin-D-Phe4-L/D-Val3-NH2, Fmoc-D-Val/ Fmoc-L-Val (2 mmol). After the reaction
mixture was stirred for 60 min, the resin was filtered and washed. To remove the Fmoc
group, the same procedure was repeated as above. The resin was used as resin-D-Phe4-L-
Val3-D-Val2-NH2/D-Phe4-D-Val3-L-Val2-NH2 for the next coupling reaction, respectively.

A solution of HCTU (2 mmol) and DIEA (4 mmol) in DCM/DMF (1:1) was added
to a mixture of resin-D-Phe4-L/D-Val3-D/L-Val2-NH2, Fmoc-L-Trp (Boc)-OH (2 mmol).
After the reaction mixture was stirred for 60 min, the resin was filtered and washed. To
remove the Fmoc group, the same procedure was repeated as above. The resin was used
as resin-D-Phe4-L-Val3-D-Val2-L-Trp1(Boc)-NH2/D-Phe4-D-Val3-L-Val2-L-Trp1(Boc)-NH2,
respectively. Subsequent to TFA cleavage (TFA: TIPS: H2O, 90:5:5, 3 h), the reaction solution
was treated with cold ether to obtain precipitation. The precipitate was furtherly purified
by HPLC to give the compounds 1a (L-Trp1-L-Val2-D-Val3-D-Phe4) and 1b (L-Trp1-D-Val2-
L-Val3-D-Phe4), respectively.

3.8. Xenopus Laevis Oocyte Preparation and Microinjection

All procedures were approved by the University of Wollongong Animal Ethics Com-
mittees (project number: AE2003). Female Xenopus laevis were sourced from Nasco (Fort
Atkinson, WI, USA), and a maximum of four frogs were kept in a 15 L aquarium at 20–26 ◦C
with 12 h light/dark cycle. Oocytes were obtained from five-year-old frogs anesthetized
with 1.7 mg/mL ethyl 3-aminobenzoate methanesulfonate (pH 7.4 with NaHCO3). Stage
V-VI oocytes (Dumont’s classification; 1200–1300 μm diameter) were defolliculated with
1.5 mg/mL collagenase Type II (Worthington Biochemical Corp., Lakewood, NJ, USA) at
room temperature for 1–2 h in OR-2 solution containing (in mM): 82.5 NaCl, 2 KCl, 1 MgCl2
and 5 HEPES at pH 7.4.

The human muscle nAChR clones (α1, β1, γ, δ and ε) were purchased from Integrated
DNA Technologies (Coralville, IA, USA), whereas the human α3, α9, α10, β2, and β4 clones
were purchased from OriGene (Rockville, MD, USA), and all were subsequently inserted
into the pT7TS vector. The human α4 and α7 clones were obtained from Prof. Jon Lindstrom
(University of Pennsylvania, Philadelphia, PA, USA). Plasmid constructs of the human
nAChR clones were linearized for in vitro mRNA synthesis using mMessage mMachine
transcription kit (AMBION, Forster City, CA, USA).

Oocytes were injected with 5 ng cRNA for hα1β1γδ, hα1β1εδ, hα3β2, hα3β4 and hα4β2,
10 ng cRNA for hα7 nAChR, and 35 ng cRNA for hα9α10 nAChR (concentration confirmed
spectrophotometrically and by gel electrophoresis). The muscle subunit cRNA ratio was
2:1:1:1 (α1:β1: γ/ε:δ), whereas the heteromeric α and β subunit cRNA ratio was 1:1, injected
using glass pipettes pulled from glass capillaries (3-000-203 GX, Drummond Scientific Co.,
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Broomall, PA, USA). Oocytes were incubated at 18 ◦C in sterile ND96 solution composed
of (in mM): 96 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, and 5 HEPES at pH 7.4, supplemented
with 5% fetal bovine serum, 50 mg/L gentamicin (GIBCO, Grand Island, NY, USA) and
10,000 U/mL penicillin-streptomycin (GIBCO).

3.9. Oocyte Two-Electrode Voltage Clamp Recording and Data Analysis

Electrophysiological recordings were carried out 2–5 days post cRNA microinjection.
Two-electrode voltage clamp recordings of X. laevis oocytes expressing human nAChRs
were performed at room temperature (21–24 ◦C) using a GeneClamp 500B amplifier and
pClamp9 software interface (Molecular Devices, Sunnyvale, CA, USA) at a holding potential
−80 mV. Voltage-recording and current-injecting electrodes were pulled from GC150T-7.5
borosilicate glass (Harvard Apparatus, Holliston, MA) and filled with 3 M KCl, giving
resistances of 0.3–1 MΩ. Due to the Ca2+ permeability of α9α10 nAChRs, 100 μM BAPTA-
AM incubation was carried out before recording to prevent the activation of X. laevis oocyte
endogenous Ca2+-activated chloride channels. Oocytes expressing hα9α10 nAChRs were
perfused with ND115 solution containing (in mM): 115 NaCl, 2.5 KCl, 1.8 CaCl2, and
10 HEPES at pH 7.4, whereas oocytes expressing all other nAChR subtypes were perfused
with ND96 solution using a continuous Legato 270 push/pull syringe pump perfusion
system (KD Scientific, Holliston, MA, USA) at a rate of 2 mL/min in an OPC-1 perfusion
chamber of <20 μL volume (Automate Scientific, Berkeley, CA, USA).

Initially, oocytes were briefly washed with ND115/ND96 solution, followed by 3 ap-
plications of ACh at a half-maximal excitatory ACh concentration (EC50) for the nAChR
subtypes (3 μM for hα4β2, 5 μM for hα1β1γδ and hα1β1εδ, 6 μM for hα3β2 and hα9α10,
100 μM for hα7 and 300 μM for hα3β4) [27]. Washout with bath solution was performed for
3 min between ACh applications. Oocytes were incubated with compounds for 5 min with
the perfusion system turned off, followed by co-application of ACh and compound with
flowing bath solution. All compound solutions were prepared in ND115/ND96 + 0.1%
bovine serum albumin (BSA). Incubation with 0.1% BSA was performed to ensure that
the BSA and the pressure of the perfusion system had no effect on nAChRs. Peak current
amplitudes before (ACh alone) and after (ACh + compound) compound incubation were
measured using Clampfit version 10.7.0.3 software (Molecular Devices, Sunnyvale, CA,
USA), where the ratio of ACh + compound-evoked current amplitude to ACh alone-evoked
current amplitude was used to assess the activity of the compounds at the nAChRs. All
electrophysiological data were pooled (n = 6–11) and represent means ± standard deviation
(SD). Data analysis was performed using GraphPad Prism 5 (GraphPad Software, La Jolla,
CA, USA).

3.10. Molecular Docking

Molecular docking studies were performed using MOE 2016. The crystal structure
of human α4β2 nAChR (PDB identifier: 5kxi) was obtained from the Protein Data Bank
(http://www.rcsb.org, accessed on 28 September 2016). Prior to docking, heteroatoms
and water molecules in the protein were removed. In the meantime, compounds were
minimized. The result of each ligand was furtherly analyzed by using PyMOL.

4. Conclusions and Discussion

In conclusion, the genus Pseudogymnoascus is a group of psychrophilic fungi that
possess good potential in serving structurally unique structures but not widely investi-
gated. In this study, chemical investigation of secondary metabolites from the psychrophilic
fungus Pseudogymnoascus sp. HDN17-933 led to the discovery of six new tetrapeptides
psegynamides A–F (1–6), among which psegynamides D–F (4–6) was the first naturally
occurring peptide bearing a tetrahydropyridoindoles moiety. To the best of our knowl-
edge, only a few synthetic peptides bearing the tetrahydropyridoindoles motif have been
reported [30,31], for example, tetrahydropyridoindoles as cholecystokinin and gastrin
antagonists in 1992 [30]. Solid synthesis techniques assisted by Marfey’s method were
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employed to work out the absolute configuration, especially in solving the challenges of
determining the order of L-Val and D-Val isomers in the peptide sequences. Moreover,
compound 2 was found to have bioactivity by inhibiting human nAChRs. Considering
that non-steroidal anti-inflammatory drugs and narcotics (opioids) are currently the most
commonly used analgesic drugs, these drugs exhibit limitations in efficacy, unwanted side
effects, and the problem of drug abuse. To overcome these problems, the discovery of
different molecular participants in the pain pathways could bring new opportunities for
therapeutic intervention. Compound 2 might be helpful in developing potential natural
short peptide inhibitor of nAChRs from Antarctica-derived fungus. The above findings
illustrate and highlight the validity of exploiting psychrophilic fungus for the discovery of
structurally novel and bioactive natural products.
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Marfey’s acid/alkaline hydrolytic analysis of compounds 1–6, and NMR spectra of solid-phase total
synthesis. Table S1. Table of compounds (1–6) inhibition of ACh-evoked peak current amplitude
mediated by human (h) α1β1εδ, α1β1γδ, α3β2, α3β4, α4β2, α7 and α9α10 nAChRs. Table S2. Free
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Abstract: The in-depth study of fungal secondary metabolites (SMs) over the past few years has led
to the discovery of a vast number of novel fungal SMs, some of which possess good biological activity.
However, because of the limitations of the traditional natural product mining methods, the discovery
of new SMs has become increasingly difficult. In recent years, with the rapid development of gene
sequencing technology and bioinformatics, new breakthroughs have been made in the study of fungal
SMs, and more fungal biosynthetic gene clusters of SMs have been discovered, which shows that the
fungi still have a considerable potential to produce SMs. How to study these gene clusters to obtain
a large number of unknown SMs has been a research hotspot. With the continuous breakthrough
of molecular biology technology, gene manipulation has reached a mature stage. Methods such as
gene knockout and heterologous expression techniques have been widely used in the study of fungal
SM biosynthesis and have achieved good effects. In this review, the representative studies on the
biosynthesis of fungal SMs by gene knockout and heterologous expression under the fungal genome
mining in the last three years were summarized. The techniques and methods used in these studies
were also briefly discussed. In addition, the prospect of synthetic biology in the future under this
research background was proposed.

Keywords: fungi; secondary metabolites; gene knockout; heterologous expression

1. Introduction

Microorganisms can produce a wide variety of SMs (e.g., polyketides, terpenoids,
saponins, and non-ribosomal peptides), most of which show good biological activity, such
as antibacterial, anti-tumor, and immunoregulation properties [1–3]. The research on SMs
from prokaryotes (such as Actinomyces, Streptomyces, and other bacteria) started earlier and
more thoroughly, while the research on SMs from eukaryotes is relatively scarce. However,
with the in-depth study of fungi in recent years, it has been shown that fungi possess more
potential to produce SMs than bacteria, and the products have better biological activity,
which has attracted more extensive attention and research [4,5]. At the same time, with the
ongoing advancement of gene sequencing technology and bioinformatics, a large amount
of genomic information on bacteria and fungi has been analyzed and annotated [6,7]. After
“mining” this gene information, numerous “silent” biosynthetic gene clusters (BGCs) of
SMs from bacteria and fungi still have not been characterized, while fungi show more
powerful production potential for SMs than bacteria because of their larger and more
complex genomes [8]. The continuous progress of molecular biology technology, such as
gene knockout and heterologous expression, as well as the application of combinatorial
biosynthesis strategies, makes the manipulation of genes increasingly convenient, which
greatly expands the research on microbial SMs [9,10]. All of these promote the biosynthetic
pathway study for microbial SMs and show great advantages in the field of biosynthesis.
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Gene knockout and heterologous expression are common and mature strategies for
the study of the biosynthesis of microbial SMs under the genome mining. The com-
mon gene knockout methods mainly include PEG/CaCl2-mediated homologous recombi-
nation, Agrobacterium-mediated transformation, and the CRISPR/Cas technology [11].
In the heterologous expression, the model strains mainly include Escherichia coli and
Bacillus subtilis in the prokaryotes and Saccharomyces cerevisiae and filamentous fungi such
as Aspergillus nidulans and Aspergillus oryzae in the eukaryotes [12]. For the prokaryotes,
gene knockout and heterologous expression techniques have been well experienced and
established because the BGCs of the SMs are usually distributed in clusters and exist in
the form of operons, which are convenient for the investigation and operation of target
genes (clusters) [13]. For eukaryotes, because of the intact nucleus and genetic system
and the larger and more complex genome of fungi, the BGCs of the SMs are usually scat-
tered, which makes it very challenging to dig out and analyze the fungal target genes [14].
Additionally, due to the high level of fungal evolution, it is difficult to establish genetic
operating systems, which consequently started late and are relatively scarce in the study of
the biosynthesis of fungal SMs [15]. Nowadays, more and more scholars are dedicated to
the genome mining of fungal SMs and have obtained a series of achievements. Therefore, it
is important and necessary to summarize the research on the molecular biology technology
in the secondary metabolites of fungi, especially the gene knockout and the heterologous
expression techniques.

In this paper, we primarily concentrated on the representative studies of the biosynthe-
sis of fungal SMs by gene knockout and heterologous expression under the fungal genome
mining in the last three years, of which the techniques and methods were briefly introduced.
The purpose of this paper is to classify and summarize the strains which have been studied,
elucidating the fact that some gene knockout and heterologous expression methods are
indeed applicable to the gene manipulation of certain species of fungi, which can provide
some ideas and references for future research. In addition, we look forward to the prospect
and direction of biosynthesis in the future and to providing new ideas for the biosynthesis.

2. Traditional Strategies of Diversity of SMs from Fungi

Microorganisms are important sources of natural products, most of which are isolated
from bacteria and fungi. The SMs from fungi have attracted extensive attention and
research because of their novel structure (e.g., terpenoids, polyketides, anthraquinones,
steroids, and non-ribosomal polypeptides), diverse biological activity (e.g., antibacterial,
anti-inflammatory, anti-tumor, and immunoregulation), and rich yield [1–3].

Studies on the diversity of SMs from fungi primarily followed the traditional natu-
ral product discovery strategy before information on fungal genomes became available
(Figure 1). To obtain more SMs with diverse structures and biological activity from the
same fungus, the most representative method is the OSMAC strategy. Generally, the same
strain may produce various amounts or even distinct kinds of natural products from the
different culture conditions (such as the composition of the culture medium, the fermenta-
tion conditions, the added precursors, etc.). The scientists have discovered numerous novel
and bioactive natural products by the OSMAC method, showing that different culture
conditions may activate the silent genes to produce new secondary metabolites [16–18]. The
OSMAC strategy will continue to be used as a valuable method to exploit the biosynthetic
potential of strains. Co-culture, the other traditional natural product mining method, can
activate silent genes or clusters through interspecific interactions [19]. In the two-way chem-
ical communications between the co-cultured strains, the signal molecules are transmitted
back and forth to interfere with the compound library of co-cultured strains to enrich the
quantity of the compounds. Epigenetic regulation is to activate the silent gene clusters
through DNA methylation and histone modification without changing the DNA sequence
to regulate the secondary metabolic pathway of the strain to obtain new products [18,20].
However, no matter what the traditional method is, the essence is a random selection of
the de-silencing of the secondary metabolic pathway, and any conditions affecting the
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response of a strain to the external conditions may be used to change the transcriptome and
then to change the proteome; finally, it can be read out in the variable SMs. This “blind”
selection and these changes make it neither possible to accurately understand the law of
the biosynthesis of the strains from the perspective of genes, nor to directionally discover
the SMs that interested us under the guidance of the genomic information, which still has
great limitations in the process of mining natural products.

Figure 1. Traditional strategies for fungal secondary metabolites discovery. These mainly include
OSMAC strategy, strains co-culture, and epigenetic regulation, aiming to stimulate the expression
of biosynthetic gene clusters of SMs through changes of external conditions or exchange of signal
molecules between strains in order to obtain more SMs.

3. Gene Mining and Bioinformatics Broaden the Discovery of SMs of Fungi

With the rapid development of genome sequencing technology, many fungal genome
data have been identified and reported, which makes it possible to predict which kinds of
compounds may be produced. More and more bioinformatics tools have been developed
with the continuous improvement of bioinformatics analysis. BLAST and FASTA are
currently the most commonly used database search programs based on local similarity
and are tools for the sequence similarity search, which can be used for homologous gene
retrieval in public databases [21]. TOUCAN [22] and ARTS [23] can be used for gene mining;
antiSMASH [24–26] and cluster finder [27,28] were used for analyzing and predicting BGCs;
these have greatly promoted the research on fungal SM BGCs. A new stage in the study of
the SMs of fungi has been entered. The fungi have large and complex genomes, restricting
the analysis of gene clusters. After mining the BGCs of the SMs of fungi, it has been shown
that most of the gene clusters (>90%) were unknown [29–31]. The genomes of the marine
fungi Calcarisporium sp. and Pestalotiopsis sp. possessed 60 and 67 BGCs, respectively, by
bioinformatics analysis, of which the new clusters accounted for 98% and 97%, respectively,
and only a small number of BGCs were expressed after RNA-seq verification [30]. Gao et al.
reported the high-quality genome sketch sequence of the endophytic fungus Neonectria
sp. DH2, of which 14,163 genes are predicted to encode proteins, and 557 of the genes
are unique. According to the neighborhood-linked phylogenetic tree of the ITS region,
there were 47 BGCs in the DH2 genome, of which only 5 BGCs were previously reported,
showing the huge production potential of the SMs of fungi [31].

Unlike the traditional research strategy, the study of the fungal SMs based on the
gene mining is to associate the SMs with the BGCs by bioinformatics analysis, predict
the potential biosynthesis pathway, and then verify the prediction by molecular biology
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techniques and to analyze the biosynthesis pathway of the SMs. In this research strategy, it
is more definite to discover what we want, master the law of biosynthesis, and to develop
it more accurately. Gene knockout and heterologous expression have been widely used in
the study of fungal secondary metabolic biosynthesis and have played an important role.

4. Application of Gene Knockout Strategy in Biosynthesis of SMs of Fungi

Gene knockout is one of the important methods for studying the biosynthesis pathway
of fungal SMs; it mainly focuses on the in vivo verification of the gene function of the
studied strains (Figure 2). The studied genes (clusters) are usually predicted to be expressed
in the original strain, rather than silent genes. The research idea is usually to determine the
existence of interesting compounds in the fermentation broth of the original strain first, then
to sequence the gene of the strains, predict the biosynthesis pathway (gene clusters) of the
interesting compounds after homologous gene mining and bioinformatics analysis of the
genomes, and then verify the correlation between the gene cluster and the biosynthesis of
the natural products by the gene knockout. The function of the studied genes in the natural
product biosynthesis can be roughly judged by the construction of single or multiple gene
mutants and the accumulation of intermediate metabolites, which preliminarily analyzed
the biosynthetic pathway of the products.

Figure 2. Application of gene knockout strategy in the study of fungal secondary metabolites. It
mainly includes the determination of target BGCs, construction of mutants, and identification of
intermediate products, which verifies the biosynthetic pathway.

4.1. Application of Different Gene Knockout Methods

Different strains have formed different physiological and biochemical characteristics
in the long process of evolution. Even if the evolutionary tree shows that the strains are in
the same genus, their morphological, physiological, and biochemical characteristics are also
quite different. Therefore, the establishment of the genetic transformation system needs to
be investigated and selected according to the actual situation of the different strains. Cur-
rently, PEG-mediated homologous recombination, Agrobacterium-mediated transformation,
and PEG-mediated CRISPR/Cas technology are the main methods used in the research on
the gene knockout related to the biosynthesis of fungal secondary metabolites.

4.1.1. PEG-Mediated Homologous Recombination

PEG-mediated homologous recombination is a classic method for fungal gene research,
based on the preparation of high-quality protoplasts, which induces foreign DNA into
cells by PEG/CaCl2 and other methods. PEG is a cell fusion agent which can interfere
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with the recognition between cells by causing the disorder of the surface charge of the
cell membrane, thus facilitating the intercellular fusion and the entry of foreign DNA
molecules into the protoplast. The homologous recombination reaction strictly depends on
the homology between the DNA molecules. The homologous recombination reaction is
usually based on the formation and resolution of cross molecules or the Holliday junction
structure, that is, the precursor stage, the formation of the synaptonemial complex, and the
resolution of the Holliday structure.

It has been widely used in the biosynthesis of SMs derived from Aspergillus. In
knocking out the key genes GedF and GedK of the anthraquinones biosynthesis from
A. fumigatus, a revised questin ring-opening mechanism was elucidated; this caused a clas-
sic Baeyer–Villiger oxidation hypothesis, which has been challenged [32]. By comparing
the metabolites of wildtype A. fumigatus and crmA, a deleted strain grown under Cu2+, it
was found that at the level of trace Cu2+ CrmA participated in two different biosynthetic
pathways to improve the adaptability under environmental pressure [33]. After knocking
out the oxepinamides biosynthesis gene derived from A. ustus, the necessary intermedi-
ates were obtained, and the biosynthesis pathway was analyzed for the first time [34].
Analyzing the azaphilones biosynthesis gene derived from A. terreus, synthesized by two
independent gene clusters, provides a new idea for the biological mechanism of complex
compounds synthesized by filamentous fungi [35]. At the same time, it has also been ap-
plied in the study of the biosynthesis pathways of natural products, such as the oxygenated
phenethyl derivative from A. ustus [36] and the hopane-type triterpenoid glycoside from
A. fumigatus [37], indicating that it is generally applicable to Aspergillus fungi. In addition,
for xylomyrocins from Paramyrothecium sp., their biosynthesis pathway was identified
through gene knockout and stable isotope feeding, which clarified the fusion coordina-
tion between carbohydrate metabolism and NRPS skeleton synthesis and enriched the
biosynthesis sources of the special assembly units of non-ribosomal peptides [38]. Liu et al.
confirmed the biosynthetic gene cluster of sordarin in the Sordaria araneosa, proving that four
P450 oxidases play an important role in the rearrangement process [39]. The PEG-mediated
homologous recombination method has also been used in the study of biosynthetic genes
in epidithiodiketopiperazines derived from Trichoderma hypoxylon [40] and indolizidine
alkaloids derived from Curvularia sp. [41], showing that this method has been widely used
in gene knockout.

4.1.2. PEG-Mediated CRISPR/Cas Technique

The CRISPR/Cas technique uses RNA to guide the Cas protein to modify the targeted
sequences; this has been widely used in various fields as a hot spot. The CRISPR-Cas9
gene editing technology is to identify the target genome sequence through the artificially
designed sgRNA (guide RNA) and to guide the Cas9 protease to effectively cut the double
strands of DNA to form double strand breaks. The damage repair will cause gene knockout
or knock-in and finally achieve the goal of modifying the genome DNA.

In the fungi gene study, CRISPR/Cas technology often requires PEG-mediated proto-
plast transformation. Scientists knocked out the meroterpenoids biosynthesis gene from ma-
rine fungus Talaromyces purpureogenus and evaluated two NHI proteins from a heterodimer
for catalysis, analyzing the biosynthesis of heteroterpene [42]. Several biosynthetic genes
of aculenes derived from A. aculeatus were inactivated, which provided reference for the
synthesis and derivation of daucane sesquiterpenes [43]. In addition, CRISPR/Cas technol-
ogy has played an important role in the functional research on phomoxanthone A, derived
from marine fungus Diaporthe sp. [44], and flavoprotein monooxygenase, derived from
A. terreus [45]. This technique is becoming mature, with more and more applications in the
future study of fungi genes.

4.1.3. Agrobacterium-Mediated Transformation

There are relatively few studies on fungal gene knockout mediated by Agrobacterium
because of the difficulty of the genetic operation and the low transformation efficiency
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of the fungi. Mycotoxin patulin isolated from Penicillium expansum can cause fruit and
product pollution. Li et al. used Agrobacterium-mediated transformation to study the
patulin biosynthesis gene cluster and confirmed the function of all the genes involved in
its biosynthesis, providing the support for the prevention and treatment of pathogenic
microorganisms [46]. Zhang et al. knocked out a pyrone meroterpenoid oxalicine B
gene cluster from P. oxalicum and further elucidated its biosynthesis pathway and oxidase
catalytic mechanism through in vitro biochemical verification. Oxalicine B possessed good
anti-influenza virus activity [47]. Research on a “super” gene cluster of Metarhizium robertsii
shows that this cluster contains three secondary metabolic gene clusters. It is confirmed
that different gene deletions do not affect the insecticidal virulence of M. robertsii but
do significantly affect the ability of M. robertsii to resist different bacteria because of the
different gene deletions leading to the production of different structural compounds [48].

4.2. Other Applications of Gene Knockout Strategy

Gene knockout could also be applied to the diverse study of SMs in fungi, except for
the verification of the function of genes, such as for the activating of silent gene clusters
and increasing product diversity. Wei et al. knocked out the key genes in the biosyn-
thesis of rubratoxins, the main product of P. dangeardi, which makes it easier to inhibit
the production of the main compounds and competitively obtain common precursors
of polyketide synthesis and isolate novel skeleton compounds [49]. Qi et al. realized
the abundant accumulation of emodin, the precursor of physcion, by knocking out the
key emodin-1-OH-O-methyltransferase gene in A. terreus [50]. This method could also
apply in the agricultural pathogenic bacteria, such as the biosynthesis of toxin ustilagi-
noidins derived from Ustilaginoidea virens [51], the infection of fusaoctaxin B derived from
Fusarium graminearum on the plant virulence factor [52], and the verification of the multiple
gene function in the biosynthesis pathway of penifulvin, an anti-insect compound derived
from P. griseofulvum, which provides an important reference for the prevention and control
of agricultural pathogenic microorganisms and the development of new green biological
pesticides [53].

4.3. Limitations of Gene Knockout Strategy

There are also many defects and limitations in the study of fungal SM biosynthesis by
gene knockout technology. First of all, because of the high level of evolution and incomplete
genetic system of fungi, it is difficult for most strains to establish a genetic transformation
system by conventional methods. Regardless of the PEG-mediated homologous recombina-
tion or CRISPR/Cas technology, they both require the high-quality protoplasts, while the
low transformation efficiency is common in the protoplasts [54]. In addition, there were
usually a lot of verification works needed in the screening of mutant strains. Secondly, it
is difficult to analyze and identify all the metabolites in the fermentation by the current
separation and identification techniques because of the unknown metabolic pathways of
most of the studied strains and the complex metabolite compositions. Based on this, the
gene deletion is easy to ignore in the regulation of biological metabolites. In the process
of studying the biosynthesis pathway of mycotoxin flavipucine derived from A. nidulans,
gene knockout could only determine the protein involved in the synthesis of the toxin.
When the single gene in the BGC was knocked out, there were no intermediates observed;
this needs to use the heterologous expression strategy to clarify its specific biosynthesis
pathway [55]. Gene knockout strategies play the role of “verifier” in most studies focusing
on whether genes (clusters) are involved in the synthesis of certain SMs, but they cannot
explain how genes participate in biosynthesis exactly. This rough verification can be used
as a guiding tool to study the primary stage of fungal SMs.

5. Application of Heterologous Expression Strategy in Biosynthesis of SMs of Fungi

Because of the disadvantages and limitations of the gene knockout strategy, the
heterologous expression strategy has become the other important method in the study of
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the biosynthesis of the SMs of fungi. Gene data mining reveals that many fungi possess
cryptic BGCs that appear to be silent when cultivated in the conventional fermentation
conditions [8]. It is difficult to study the function of these genes by gene knockout when
carrying out a detailed study of the biosynthetic pathway of complex SMs, while it is
necessary to use heterologous hosts with a clear genetic background and mature genetic
transformation system to express these silent or complex biosynthetic genes (clusters)
(Figure 3). The general research idea of heterologous expression mainly includes the whole
genome sequencing of the original strain, blasting and searching for the homologous
genomic data to obtain the gene clusters encoding the biosynthesis of the SMs of interest.
After the bioinformatics analysis of these genes (clusters), the meaningful genes (clusters)
are cloned. Finally, the genes were heterologously expressed by genetic transformation, and
the corresponding biosynthetic pathway was clarified by the identification and analysis
of the products. There could be the heterologous expression not only of a single gene, but
also of the whole gene cluster. When a single gene was heterologously expressed, it mainly
combined with the in vitro enzyme experiments to characterize the expressed proteins
in detail; when the gene cluster was heterologously expressed, it mainly combined with
precursor feeding to verify the hypothetical biosynthesis pathway.

Figure 3. Application of heterologous expression strategy in the study of fungal secondary metabo-
lites. It mainly includes the screening of target BGCs, heterologous expression of recombinant strain,
feeding of precursor, in vitro enzymatic verification, and identification of intermediate products, in
order to predict the biosynthetic pathway.

5.1. Application of Different Heterologous Hosts

The selection of the heterologous host is the key to the successful application of
heterologous expression. Firstly, it is important to determine the clear genetic background
of the heterologous expression strain. Secondly, the heterologous expression strain should
have the advantages of simple culture and fast growth. Finally, the simple and easy
manipulation and high transformation efficiency of the genetic transformation were chosen.
At present, the mature and commonly used expression systems in the biosynthesis of SMs of
fungi include Escherichia coli and Bacillus subtilis in prokaryotes and Saccharomyces cerevisiae
and filamentous fungi in eukaryotes, such as Aspergillus nidulans and Aspergillus oryzae.
The selection of model strains should consider the sources of different genes (clusters) and
the physical and chemical properties of the expressed products.

5.1.1. Application of Filamentous Fungi as Heterologous Hosts

With the in-depth study of filamentous fungi, there are more outstanding advantages
than the model strains with, for example, prokaryotes and yeast as the heterologous
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hosts. The filamentous fungi can correctly splice introns from heterogenous fungi and
express multiple biosynthetic genes in fungi concurrently, which plays a role in protein
translation and post-modification to obtain the target product. At present, the filamentous
fungi expression systems commonly used in fungal heterologous expression were mainly
A. nidulans and A. oryzae.

As a filamentous fungus, A. nidulans has a relatively clear genetic background after
years of research, and a relatively mature genetic transformation system has been estab-
lished. It has been widely used as a model strain in the study of the heterologous expression
of the SMs of fungi. With the combined heterologous expression of the biosynthesis gene
cluster of sordarinane, derived from Sordaria araneosa with enzyme experiments in vitro, a
group of P450 multi-enzyme systems was confirmed. The new catalytic function of the P450
family oxidases was demonstrated, which laid a foundation for the development of P450
multi-enzyme synergistic catalysis for the synthesis of new chemical entities [56]. Wei et al.
identified the functions of some P450 enzymes and sesquiterpene synthetases by the het-
erologous expression of the BGC of asperaculin A, isolated from A. aculeatus [57]. Due to
the failure of the gene knockout strategy, Zhong et al. heterogeneously expressed the BGC
of rumbrin, isolated from Auxarthron umbrinum, and found an autoantibody gene, verifying
that the product had anti-HIV activity [58]. In addition, the BGCs of flavunoidine-1 derived
from A. flavus were recombinantly arranged and heterologously expressed in A. nidulans
in different combinations, and the BGCs containing both TC and NRPS core enzymes
were identified [59]. In addition, the BGCs of harzianic acid [60] and trichoxide [61] from
Trichoderma, citridone [62] and ilicicolin H [63] from Penicillium, and decarestricitine from
Beauveria bassiana were heterologously expressed in A. nidulans, combined with precursor
feeding, which clarified the biosynthesis pathway to some extent, respectively [64].

A. oryzae, a heterologous host, has similar characteristics and advantages to A. nidulans,
which is also widely used as a model strain of biosynthetic genes in the SMs of fungi. In the
reconstruction of the biosynthetic pathway of phlegmacins derived from Talaromyces sp., an
unprecedented laccase-involved unsymmetrically regioselective oxidative coupling reac-
tion was shown, which provides a new reference for the synergistic catalytic mechanism of
laccases and other proteins [65]. The BGC of funiculolides derived from A. funiculosus were
heterogeneously expressed to elucidate the fact that α-ketoglutarate-dependent dioxyge-
nase FncG catalyzed spirocyclopentanone [66]. By the heterologous expression of CJ-20557
biosynthetic gene clusters from A. duricaulis, in combination with in vitro enzyme experi-
ments, it was clarified that the SAT domain of polyketide synthase DrcA was responsible
for the formation of the depside bond, which enriched the understanding of the mechanism
of fungal NR-PKS biosynthesis [67]. Chen et al. confirmed that the enzyme IlIS, a sesquiter-
pene synthase from Irpex lactous, was responsible for the synthesis of the tremulane skeleton
through heterologous expression and in vitro enzymatic reaction, and four new tremulane
sesquiterpene products were isolated [68]. The specific PKS synthase GrgF in the BGC
of gregatin A derived from Penicillium sp. [69] and the trichobrasilenol terpene cyclase
derived from Trichoderma atroviride [70] were verified by the heterologous expression of
A. oryzae. In addition, the NRPS-PKS gene cluster from A. candidus was heterologously
expressed to obtain a pyrrolobenzazepine alkaloid [71]. Additionally, conidiogenone [72],
brevianamide A [73], and brevione E [74] derived from Penicillium were heterologously
expressed in A. oryzae, combined with the precursor feeding, which is helpful in analyzing
the biosynthesis pathway.

5.1.2. Application of Saccharomyces cerevisiae as Heterologous Host

Because of the early study of the genetic background and the mature genetic ma-
nipulation system, Saccharomyces cerevisiae was widely used as the heterologous expres-
sion model strain in the study of the SMs of fungi in the past. Eukaryotic S. cerevisiae
could translate proteins correctly and post-modify. Zhang et al. heterologously expressed
P. funiculosum source chrodrimanin-type meroterpenoids BGCs and verified them in in vitro
catalytic experiments to clarify the function of CdnC protein, obtaining a series of new
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chrodrimanins compounds [75]. In the biosynthetic path of cyclohexanoid terpenoids de-
rived from Aspergillus sp., two key enzymatic functions were characterized by heterologous
expression and in vitro enzymology experiments [76]. In addition, S. cerevisiae has also
been applied for the expression of entire BGCs. S. cerevisiae was used as an expression
vector in the heterologous expression of the BGC of the formation central C ring in the
tetracyclic ergoline derived from A. fumigatus [77]. In the study of the biosynthesis path-
way of shimalactones derived from Emericella variecolor [78], and flavunoidine 1 [59] and
diorcinol [79] derived from Aspergillus, S. cerevisiae was also the heterologous expression
vector. However, compared with filamentous fungi as expression vectors, S. cerevisiae still
has some shortcomings, such as the lack of an advanced mRNA splicing system and the
difficult in expressing complex BGCs; it is only suitable for expression of single or simple
BGCs, which restricts its further application in the study of fungal SMs.

5.1.3. Application of Escherichia coli as Heterologous Host

As the earliest heterologous host, Escherichia coli has been widely used in genetic
engineering, metabolic engineering, and other fields. Because of its advantages, such as
simple cultivable, rapid growth, high transformation efficiency, and so on, E. coli has a good
effect on the heterologous expression of BGCs from prokaryotes. However, it has similar
shortcomings with S. cerevisiae, lacking the introns splicing of eukaryotes and the post-
translational modification process, (glycosylation, phosphorylation et al.), which restrict
the heterologous expression of the fungal biosynthetic gene cluster. It is generally used to
heterologously express a single gene of BGC and is combined with in vitro enzyme exper-
iments to characterize the protein function. The key genes in the BGCs of nanangelenin
A [80], diorcinol [79], and asperaculin A [57], derived from Aspergillus, fumiquinazoline [81],
and brevianamide A [73], derived from Penicillium, and trichobrasilenol, derived from
T. atroviride [70], were heterogeneously expressed in E. coli., combined with in vitro cataly-
sis and other experiments, which clarified the functions of a series of key enzymes in the
biosynthesis pathway.

5.2. Application of Heterologous Expression Strategy in Mining Silent BGCs

The rapid development of gene mining and bioinformatics has brought new break-
throughs to the discovery of fungal SMs. A large number of terpenoid, PKS, and NRPS
gene clusters have been predicted from the genome sequences of many fungi, most of
which are unknown. The actual kinds of obtained secondary metabolites of the strains
were far less than the predicted kinds based on the BGCs’ functions because of the gene
silence under conventional experimental conditions. How to activate these silent genes to
obtain lots of SMs is the current research focus. At present, there are generally two ways to
activate the silent gene clusters. One is to overexpress the silent gene clusters by adding
strong promoters to or regulating the transcription factors of the original strains. Seven
new compounds were obtained by overexpressing the specific transcription factor tenS of
Beauveria bassiana-derived silent gene clusters [82]. However, it has not been widely used in
fungi because of the difficulty in establishing genetic system in the original strain. The other
is to clone these silent gene clusters and transform them into model strains for heterologous
expression, which is a common research method at present. Nine new sesquiterpenes were
discovered after the heterologous expression of silent gene clusters derived from A. ustus in
A. oryzae, which strongly supports the application of heterologous expression in the gene
mining of silent BGCs [83].

5.3. Limitations of Heterologous Expression Strategy

Although heterologous expression technology has significant advantages in the study
of fungal secondary metabolite biosynthesis, it still has some limitations, especially in
terms of the compatibility of heterologous strains with foreign genes. The proteins could be
expressed and modified well by heterologous host filamentous fungi, but filamentous fungi
still have some defects. When the silent hancockinone A BGC, derived from A. hancockii,
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was heterologously expressed in A. nidulans, the target product was not obtained due to
intron cleavage and inactive expressed protein [84]. Moreover, the genetic stability of the
recombinant strain is very important. How to maintain stable genetic characteristics is a
problem to be solved. In short, the heterologous expression system still needs continuous
technical optimization in order to better serve the biosynthesis of SMs of fungi.

6. Conclusions

With the advent of the post-genome era, the research on SMs has gradually deepened
from the characterization of phenomena to the process of mining essence, which gene
sequencing and bioinformatics have strongly promoted. The research on the SMs of fungi
has entered a new stage. In the study of fungal SMs biosynthesis, gene mining provides a
theoretical foundation; molecular biology sets up the essential circumstances, and strategies
such as gene knockout and heterologous expression were the methodologies. The further
exploration of synthetic biology will exert a profound impact on the biosynthetics of SMs
and will continue to promote the discovery process of SMs.

Synthetic biology is the extension and future development direction of biosynthesis
research, which is the rebuilding process of the life. It starts from the basic elements
to build the parts step by step, hoping to design and synthesize new life processes or
organisms based on the human will. It mainly included the construction of chassis cells;
the selection and optimization of gene elements; design synthetic pathways, such as gene
integration and modular synthesis strategies; and the establishment of cell factories to
regulate metabolism, all of which are accompanied by advances in molecular biology
techniques and the development of gene editing tools. It is reported that different BGCs of
decalin-containing diterpenoid pyrones have been retrieved from five fungal genera, and
five natural pathways, one shunt pathway, and four extension pathways were recombined
by the selection and integration of genes in A. oryzae, producing 15 new compounds, which
exhibited the role of synthetic biological methods in enriching the diversity of fungal
SMs [85]. Synthetic biology has unique advantages in stabilizing the source and yield of
SMs, which is bound to bring new hope for the directional and controllable biosynthesis
of SMs.
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Abstract: The marine environment represents the largest ecosystem on the Earth’s surface. Marine-
derived fungi are of remarkable importance as they are a promising pool of diverse classes of bioactive
metabolites. Bergamotane sesquiterpenoids are an uncommon class of terpenoids. They possess
diverse biological properties, such as plant growth regulation, phototoxic, antimicrobial, anti-HIV,
cytotoxic, pancreatic lipase inhibition, antidiabetic, anti-inflammatory, and immunosuppressive traits.
The current work compiles the reported bergamotane sesquiterpenoids from fungal sources in the
period ranging from 1958 to June 2022. A total of 97 compounds from various fungal species were
included. Among these metabolites, 38 compounds were derived from fungi isolated from different
marine sources. Furthermore, the biological activities, structural characterization, and biosynthesis of
the compounds are also discussed. The summary in this work provides a detailed overview of the
reported knowledge of fungal bergamotane sesquiterpenoids. Moreover, this in-depth and complete
review could provide new insights for developing and discovering new valuable pharmaceutical
agents from these natural metabolites.

Keywords: bergamotanes; sesquiterpenoids; marine; fungi; biosynthesis; biological activities

1. Introduction

Nature has substantially participated in the discovery of drugs for human remedial
treatments since the beginning of mankind [1]. The marine environment, with more than
70% of the surface of the Earth, represents the largest ecosystem and is characterized by
quite variable physicochemical parameters (e.g., limited light access, low temperature,
high pressure, and high salinity) [2]. Among the various marine microbes, fungi are a
superabundant and ecologically substantial component of marine microbiota [3]. Fungi are
one of nature’s treasures that inhabit various environments on the earth’s surface, including
the marine environment [4–7]. They play a growing relevant role in drug development and
biomedicine research, either directly as drugs or indirectly as lead structures for bio-inspired
drug synthesis [8–12]. In the last decades, natural product chemists and pharmacologists
have turned their research interests to marine-derived fungi, which are renowned as a
vast unexploited reservoir of metabolic diverseness and found to have the capability to
produce structurally unique bio-metabolites [6,7,12–16]. Furthermore, research on fungi-
derived metabolites has tremendously increased because of the need for compounds with
potential economical values and pharmaceutical applications. Sesquiterpenes belonging
to various classes, including hirsutane, alliacane, tremulane, bergamotane, drimane, etc.,
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are reported from fungi [17–19]. The biosynthesis of their C15 skeleton from FPP (farnesyl
pyrophosphate) was catalyzed by sesquiterpene synthases [19,20].

Among these metabolites, the bergamotane family represents an uncommon class of
natural sesquiterpenes that includes bi-, tri-, or tetracyclic derivatives [19]. Bergamotane
sesquiterpenoids having a bridged 6/4 bicyclic skeleton involved in an isopentyl unit
are biosynthesized by fungi and plants [21,22]. Interestingly, polyoxygenated derivatives
featuring a 6/4/5/5 tetracyclic framework represent a rare class of natural metabolites,
and all polycyclic bergamotanes are mainly encountered in fungi [23–26]. Bergamotane
sesquiterpenoids have been reported from various marine sources such as sponges, sea
mud, deep-sea hydrothermal sulfide deposits, and sea sediments. These metabolites could
gain the interest of chemists and biologists because of their unusual structural features
and diversified activities, such as phytotoxicity, plant growth regulation, antimicrobial,
anti-HIV, cytotoxic, pancreatic lipase inhibition, immunosuppressive, antidiabetic, and
anti-inflammatory properties. It is noteworthy that no available work has addressed this
class of sesquiterpenes in term of their sources, bioactivities, and biosynthesis. In the
current work, the reported fungal bergamotane sesquiterpenoids ranging from 1958 to
June 2022 have been listed. They have been classified according to their ring system,
i.e., into bi-, tri-, or tetracyclic derivatives (Table 1). Additionally, their fungal sources,
structural characterization, biosynthesis, and biological relevance have been provided.
Moreover, some of their reported structural characteristics and methods of separation and
characterization, as well as their structure–activity relation, are discussed.

Table 1. Naturally occurring fungal bergamotane sesquiterpenoids (name, source, extract/fraction,
molecular weights and formulae, and location).

Compound Name Fungal Source/Host Extract/Fraction
Mol.
Wt.

Mol.
Formula

Location Ref.

Bicyclic Bergamotane Sesquiterpenoids

α-trans Bergamotene
(1)

Nectria sp. HLS206
(Nectriaceae)/Gelliodas carnosa

(marine sponge Geodiidae)
EtOAc extract 204 C15H24 China [27]

β-trans Bergamotene
(2)

Aspergillus fumigatus
(Trichocomaceae)/Cultured Acetone extract 204 C15H24 Japan [28]

β-trans-2β,5,15-
Trihydroxybergamot-

10-ene
(3)

Aspergillus fumigatus YK-7
(Trichocomaceae)/Sea mud EtOAc extract 254 C15H26O3

Intertidal zone sea
mud, Yingkou,

China
[29]

E-β-trans-5,8,11-
Trihydroxybergamot-

9-ene
(4)

Aspergillus fumigatus YK-7
(Trichocomaceae)/Sea mud EtOAc extract 252 C15H24O3

Intertidal zone sea
mud, Yingkou,

China
[29]

Massarinolin C (5) Massarina tunicata (Lophios-
tomataceae)/Submerged twig EtOAc extract 266 C15H22O4

Lemonweir River
in Adams County,
Wisconsin, USA

[23]

Craterellus odoratus
(Cantharellaceae) EtOAc extract - -

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Paraconiothyrium sporulosum
YK-03 Verkley

(Leptosphaeriaceae)/Sea mud
EtOAc extract - -

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Donacinoic acid B (6)

Montagnula donacina
(Montagnulaceae)/Craterellus

odoratus (fruiting bodies,
Cantharellaceae)

EtOAc extract 266 C15H22O4

Southern part of
the Gaoligong
Mountains in

Yunnan, China

[32]
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Table 1. Cont.

Compound Name Fungal Source/Host Extract/Fraction
Mol.
Wt.

Mol.
Formula

Location Ref.

Craterodoratin M (7) Craterellus odoratus
(Cantharellaceae) EtOAc extract 252 C15H24O3

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin N (8) Craterellus odoratus
(Cantharellaceae) EtOAc extract 268 C15H24O4

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin O (9) Craterellus odoratus
(Cantharellaceae) EtOAc extract 250 C15H22O3

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin P (10) Craterellus odoratus
(Cantharellaceae) EtOAc extract 250 C15H22O3

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin Q (11) Craterellus odoratus
(Cantharellaceae) EtOAc extract 308 C17H24O5

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Necbergamotenoic
acid A (12)

Nectria sp. HLS206
(Nectriaceae)/Gelliodas carnosa

(marine sponge, Geodiidae)
EtOAc extract 264 C15H20O4 China [27]

Necbergamotenoic
acid B (13)

Nectria sp. HLS206
(Nectriaceae)/Gelliodas carnosa

(marine sponge, Geodiidae)
EtOAc extract 266 C15H22O4 China [27]

Sporulamide C (14)
Paraconiothyrium sporulosum

YK-03 Verkley
(Leptosphaeriaceae)/Sea mud

EtOAc extract 265 C15H23NO3

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Sporulamide D (15)
Paraconiothyrium sporulosum

YK-03 Verkley
(Leptosphaeriaceae)/Sea mud

EtOAc extract 249 C15H23NO2

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Xylariterpenoid A
(16)

Xylariaceae fungus (No.
63-19-7-3)/Everniastrum

cirrhatum (Fr.) Haleex Sipman
(lichen, Parmeliaceae)

EtOAc extract 252 C15H24O3
Zixi Mountain,
Yunnan, China [33]

Graphostroma sp. MCCC
3A00421/Deep-sea

hydrothermal sulfide deposit
EtOAc extract - - Atlantic Ocean,

China [34]

Eutypella sp. MCCC 3A00281
(Diatrypaceae)/Deep-sea

sediment
EtOAc extract - - South Atlantic

Ocean, China [35]

Xylariterpenoid B
(17)

Xylariaceae fungus (No.
63-19-7-3)/Everniastrum

cirrhatum (Fr.) Haleex Sipman
(lichen, Parmeliaceae)

EtOAc extract 252 C15H24O3
Zixi Mountain,
Yunnan, China [33]

Graphostroma sp. MCCC
3A00421/Deep-sea

hydrothermal sulfide deposit
EtOAc extract - - Atlantic

Ocean, China [34]

Eutypella sp. MCCC 3A00281
(Diatrypaceae)/Deep-sea

sediment
EtOAc extract - - South Atlantic

Ocean, China [35]
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Table 1. Cont.

Compound Name Fungal Source/Host Extract/Fraction
Mol.
Wt.

Mol.
Formula

Location Ref.

Eutypeterpene B (18)
Eutypella sp. MCCC 3A00281

(Diatrypaceae)/Deep-sea
sediment

EtOAc extract 268 C15H24O4
South Atlantic
Ocean, China [35]

Eutypeterpene C (19)
Eutypella sp. MCCC 3A00281

(Diatrypaceae)/Deep-sea
sediment

EtOAc extract 266 C15H22O4
South Atlantic
Ocean, China [35]

Eutypeterpene D (20)
Eutypella sp. MCCC 3A00281

(Diatrypaceae)/Deep-sea
sediment

EtOAc extract 250 C15H22O3
South Atlantic
Ocean, China [35]

Eutypeterpene E (21)
Eutypella sp. MCCC 3A00281

(Diatrypaceae)/Deep-sea
sediment

EtOAc extract 250 C15H22O3
South Atlantic
Ocean, China [35]

Eutypeterpene F (22)
Eutypella sp. MCCC 3A00281

(Diatrypaceae)/Deep-sea
sediment

EtOAc extract 252 C15H24O3
South Atlantic
Ocean, China [35]

(10S)-
Xylariterpenoid A

(23)

Graphostroma sp. MCCC
3A00421/Deep-sea

hydrothermal sulfide deposit
EtOAc extract 252 C15H24O3

Atlantic Ocean.
China [34]

(10R)-
Xylariterpenoid B

(24)

Graphostroma sp. MCCC
3A00421/Deep-sea

hydrothermal sulfide deposit
EtOAc extract 252 C15H24O3

Atlantic Ocean.
China [34]

Xylariterpenoid E
(25)

Graphostroma sp. MCCC
3A00421/Deep-sea

hydrothermal sulfide deposit
EtOAc extract 208 C12H16O3

Atlantic Ocean.
China [34]

Xylariterpenoid F
(26)

Graphostroma sp. MCCC
3A00421/Deep-sea

hydrothermal sulfide deposit
EtOAc extract 270 C15H26O4

Atlantic Ocean.
China [34]

Xylariterpenoid G
(27)

Graphostroma sp. MCCC
3A00421/Deep-sea

hydrothermal sulfide deposit
EtOAc extract 270 C15H26O4

Atlantic Ocean.
China [34]

Eutypeterpene A (28)
Eutypella sp. MCCC 3A00281

(Diatrypaceae)/Deep-sea
sediment

EtOAc extract 294 C16H22O5
South Atlantic
Ocean, China [35]

Craterodoratin A (29) Craterellus odoratus
(Cantharellaceae) EtOAc extract 252 C15H24O3

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin C (30) Craterellus odoratus
(Cantharellaceae) EtOAc extract 268 C15H24O4

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin D (31) Craterellus odoratus
(Cantharellaceae) EtOAc extract 268 C15H24O4

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin E (32) Craterellus odoratus
(Cantharellaceae) EtOAc extract 284 C15H24O5

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]
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Compound
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Fungal Source/Host Extract/Fraction
Mol.
Wt.

Mol.
Formula

Location Ref.

Craterodoratin F
(33)

Craterellus odoratus
(Cantharellaceae) EtOAc extract 284 C15H24O5

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Dihydroprehelminth
osporol (34)

Bipolaris sp. No. 36/Johnson
grass leaf EtOAc extract 238 C15H26O2

Wake County,
North Carolina,

USA
[36,37]

Helminthosporal
acid (35)

Bipolaris sp. No. 36/Johnson
grass leaf EtOAc extract 250 C15H22O3

Wake County,
North Carolina,

USA
[36]

Helminthosporol
(36)

Bipolaris sp. No. 36/Johnson
grass leaf EtOAc extract 236 C15H24O2

Wake County,
North Carolina,

USA
[36]

Helminthosporic
acid (37)

Bipolaris sp. No. 36/Johnson
grass leaf EtOAc extract 252 C15H24O3

Wake County,
North Carolina,

USA
[36]

Tricyclic Bergamotane Sesquiterpenoids

Prehelminthosporol
(38)

Bipolaris sp. No. 36/Johnson
grass leaf EtOAc extract 236 C15H24O2

Wake County,
North Carolina,

USA
[36,37]

Prehelminthosporolactone
(39)

Bipolaris sp. No. 36/Johnson
grass leaf EtOAc extract 234 C15H22O2

Wake County,
North Carolina,

USA
[37]

Victoxinine (40) Helminthosporium victoriae
(Totiviridae)

Diethyl ether
extract 263 C17H29NO USA [36,38,39]

Helminthosporium sativum
(Totiviridae)

Diethyl ether
fraction/CHCl3

extract
- - Canada [40]

Victoxinine-α-
glycerophosphate

(41)
H. sativum (Totiviridae) n-BuOH extract 417 C20H36NO6P USA [41]

Craterodoratin S
(42)

Craterellus odoratus
(Cantharellaceae) EtOAc extract 277 C17H27NO2

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Isosativenediol
(43)

Bipolaris sp. No. 36/Johnson
grass leaf EtOAc extract 236 C15H24O2

Wake County,
North Carolina,

USA
[36]

Pinthunamide
(44)

Ampulliferina sp. No. 27
(Ampullicephala)/Pinus

thunbergii (dead tree, Pinaceae)
Acetone extract 277 C15H19NO4 Japan [42]

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

Acetone extract - -
Dongling

Mountain, Beijing,
China

[43]

Brasilamide A
(45)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

Acetone extract 293 C15H19NO5

Dongling
Mountain, Beijing,

China
[43,44]
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Mol.
Wt.

Mol.
Formula

Location Ref.

Brasilamide B (46)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

Acetone extract 265 C15H23NO3

Dongling
Mountain, Beijing,

China
[43]

Brasilamide C (47)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

Acetone extract 279 C15H21NO4

Dongling
Mountain, Beijing,

China
[43,44]

Brasilamide D (48)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

Acetone extract 321 C17H23NO5

Dongling
Mountain, Beijing,

China
[43]

Brasilamide K (49)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

EtOAc extract 279 C15H21NO4

Dongling
Mountain, Beijing,

China
[44]

Brasilamide L (50)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

EtOAc extract 265 C15H23NO3

Dongling
Mountain, Beijing,

China
[44]

Brasilamide M (51)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

EtOAc extract 293 C15H19NO5

Dongling
Mountain, Beijing,

China,
[44]

Brasilamide N (52)

Paraconiothyrium brasiliense
Verkley (M3–3341)

(Leptosphaeriaceae)/
Acer truncatum Bunge

(branches, Sapindaceae)

EtOAc extract 279 C15H21NO4

Dongling
Mountain, Beijing,

China
[44]

Craterodoratin I (53) Craterellus odoratus
(Cantharellaceae) EtOAc extract 250 C15H22O3

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin J (54) Craterellus odoratus
(Cantharellaceae) EtOAc extract 282 C15H22O5

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin K (55) Craterellus odoratus
(Cantharellaceae) EtOAc extract 282 C15H22O5

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin L (56) Craterellus odoratus
(Cantharellaceae) EtOAc extract 278 C15H18O5

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]
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Wt.

Mol.
Formula

Location Ref.

Sporulosoic acid A
(57)

Paraconiothyrium sporulosum
YK-03 Verkley

(Leptosphaeriaceae)/Sea mud
EtOAc extract 282 C15H22O5

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Sporulosoic acid B
(58)

Paraconiothyrium sporulosum
YK-03 Verkley

(Leptosphaeriaceae)/Sea mud
EtOAc extract 280 C15H20O5

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Sporulamide A (59)
Paraconiothyrium sporulosum

YK-03 Verkley
(Leptosphaeriaceae)/Sea mud

EtOAc extract 265 C15H23NO3

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Sporulamide B (60)
Paraconiothyrium sporulosum

YK-03 Verkley
(Leptosphaeriaceae)/Sea mud

EtOAc extract 249 C15H23NO2

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Massarinolin B (61)
Massarina tunicata (Lophios-

tomataceae)/Submerged
twig

EtOAc extract 266 C15H22O4

Lemonweir River
in Adams County,
Wisconsin, USA

[23]

Craterellus odoratus
(Cantharellaceae) EtOAc extract - -

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Massarinolin B
methyl ester (62)

Paraconiothyrium sporulosum
YK-03 Verkley

(Leptosphaeriaceae)/Sea mud
EtOAc extract 280 C16H24O4

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Craterodoratin R (63) Craterellus odoratus
(Cantharellaceae) EtOAc extract 282 C15H22O5

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin G (64) Craterellus odoratus
(Cantharellaceae) EtOAc extract 278 C16H22O4

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Craterodoratin H (65) Craterellus odoratus
(Cantharellaceae) EtOAc extract 278 C16H22O4

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Brasilterpene A (66)

Paraconiothyrium brasiliense
HDN15-135

(Leptosphaeriaceae)/Deep-
sea

sediment

EtOAc extract 294 C16H22O5
Indian Ocean,

China [45]

Brasilterpene B (67)

Paraconiothyrium brasiliense
HDN15-135

(Leptosphaeriaceae)/Deep-
sea

sediment

EtOAc extract 294 C16H22O5
Indian Ocean,

China [45]

Brasilterpene C (68)

Paraconiothyrium brasiliense
HDN15-135

(Leptosphaeriaceae)/Deep-
sea

sediment

EtOAc extract 278 C16H22O4
Indian Ocean,

China [45]
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Brasilterpene D (69)

Paraconiothyrium brasiliense
HDN15-135

(Leptosphaeriaceae)/Deep-
sea

sediment

EtOAc extract 278 C16H22O4
Indian Ocean,

China [45]

Brasilterpene E (70)

Paraconiothyrium brasiliense
HDN15-135

(Leptosphaeriaceae)/Deep-
sea

sediment

EtOAc extract 278 C16H22O4
Indian Ocean,

China [45]

Craterodoratin B (71) Craterellus odoratus
(Cantharellaceae) EtOAc extract 266 C15H22O4

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Tetracyclic Bergamotane Sesquiterpenoids

Expansolide A (72) Penicillium expansum
(Trichocomaceae)/Fruit EtOAc extract 306 C17H22O5 France [25]

Aspergillus fumigatus Fresenius
(Trichocomaceae)/Leaf litter EtOAc extract - - Waipoua Forest,

New Zealand [26]

Expansolide C (73)
Penicillium expansum

ACCC37275/Agricultural
Culture

Acetone extract 264 C15H20O4 China [46]

Decipienolide A (74)
Podospora decipiens Niessl (JS
270) (Podosporaceae)/Sheep

dung
EtOAc extract 378 C21H30O6 South Australia [24]

Decipienolide B (75)
Podospora decipiens Niessl (JS
270) (Podosporaceae)/Sheep

dung
EtOAc extract 378 C21H30O6 South Australia [24]

Donacinolide B (76)

Montagnula donacina
(Montagnulaceae)/Craterellus

odoratus (fruiting bodies,
Cantharellaceae)

EtOAc extract 246 C15H18O3

Southern part of
the Gaoligong
Mountains in

Yunnan, China

[32]

Massarinolin A (77)
Massarina tunicata (Lophios-

tomataceae)/Submerged
twig

EtOAc extract 262 C15H18O4

LemonweirRiver in
Adams County,
Wisconsin, USA

[23]

Craterellus odoratus
(Cantharellaceae) EtOAc extract - -

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Sporuloketal A (78)
Paraconiothyrium sporulosum

YK-03 Verkley
(Leptosphaeriaceae)/Sea mud

EtOAc extract 262 C15H18O4

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Sporuloketal B (79)
Paraconiothyrium sporulosum

YK-03 Verkley
(Leptosphaeriaceae)/Sea mud

EtOAc extract 262 C15H18O4

Intertidal zone of
Bohai Bay river in
Liaoning, China

[31]

Expansolide B (80) Penicillium expansum
(Trichocomaceae) EtOAc extract 306 C17H22O5 France [25]

Aspergillus fumigatus Fresenius
(Trichocomaceae)/Leaf litter EtOAc extract - - Waipoua Forest,

New Zealand [26]
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Location Ref.

Expansolide D (81)

Penicillium expansum
ACCC37275, (Trichoco-
maceae)/Agricultural

Culture

Acetone extract 264 C15H20O4 China [46]

Donacinolide A (82)

Montagnula donacina
(Montagnulaceae)/Craterellus

odoratus (fruiting bodies,
Cantharellaceae)

EtOAc extract 246 C15H18O3

Southern part of
the Gaoligong
Mountains in

Yunnan, China

[32]

Purpurolide B (83)

Penicillium purpurogenum
IMM003

(Trichocomaceae)/Edgeworthia
Chrysantha (leaves,

Thymelaeaceae)

EtOAc extract 336 C17H20O7

Hangzhou Bay,
Hangzhou,

Zhejiang, China
[47]

Purpurolide C (84)

Penicillium purpurogenum
IMM003

(Trichocomaceae)/Edgeworthia
Chrysantha (leaves,

Thymelaeaceae)

EtOAc extract 308 C16H20O6

Hangzhou Bay,
Hangzhou,

Zhejiang, China
[47]

Purpurolide D (85)

Penicillium purpurogenum
IMM003

(Trichocomaceae)/Edgeworthia
Chrysantha (leaves,

Thymelaeaceae)

EtOAc extract 294 C15H18O6

Hangzhou Bay,
Hangzhou,

Zhejiang, China
[48]

Purpurolide E (86)

Penicillium purpurogenum
IMM003

(Trichocomaceae)/Edgeworthia
Chrysantha (leaves,

Thymelaeaceae)

EtOAc extract 278 C15H18O5

Hangzhou Bay,
Hangzhou,

Zhejiang, China
[48]

Purpurolide F (87)

Penicillium purpurogenum
IMM003

(Trichocomaceae)/Edgeworthia
Chrysantha (leaves,

Thymelaeaceae)

EtOAc extract 464 C25H36O8

Hangzhou Bay,
Hangzhou,

Zhejiang, China
[48]

Donacinoic acid A
(88)

Montagnula donacina
(Montagnulaceae)/Craterellus

odoratus (fruiting bodies,
Cantharellaceae)

EtOAc extract 264 C15H20O4

Southern part of
the Gaoligong
Mountains in

Yunnan, China

[32]

Craterellus odoratus
(Cantharellaceae) EtOAc extract - -

Southern part of
the Gaoligong-

Mountains,
Yunnan, China

[30]

Sporulaminal A (89)
Paraconiothyrium sporulosum

YK-03
(Leptosphaeriaceae)/Sea mud

EtOAc extract 247 C15H21NO2

Intertidal zone of
Bohai river in

Liaonign, China
[49]

Sporulaminal B (90)
Paraconiothyrium sporulosum

YK-03
(Leptosphaeriaceae)/Sea mud

EtOAc extract 247 C15H21NO2

Intertidal zone of
Bohai river in

Liaonign, China
[49]

Ampullicin (91)
Ampulliferina-like sp. No. 27

(Ampullicephala)/Pinus
thunbergii (dead tree, Pinaceae)

Acetone extract 259 C15H17NO3 Japan [50,51]

Isoampullicin (92)
Ampulliferina-like sp. No. 27

(Ampullicephala)/Pinus
thunbergii (dead tree, Pinaceae)

Acetone extract 259 C15H17NO3 Japan [50]
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Dihydroampullicin
(93)

Ampulliferina-like sp. No. 27
(Ampullicephala)/Pinus

thunbergii (dead tree, Pinaceae)
Acetone extract 261 C15H19NO3 Japan [51]

Eutypellacytosporin
A (94)

Eutypella sp. D-1
(Diatrypaceae)/Soil sample

CH2Cl2 fraction
of EtOAc

extract
714 C40H58O11

London Island of
Kongsfjorden of the

Ny-Ålesund
District, Arctic,

Norway

[52]

Eutypellacytosporin
B (95)

Eutypella sp. D-1
(Diatrypaceae)/Soil sample

CH2Cl2 fraction
of EtOAc

extract
714 C40H58O11

London Island of
Kongsfjorden of the

Ny-Ålesund
District, Arctic,

Norway

[52]

Eutypellacytosporin
C (96)

Eutypella sp. D-1
(Diatrypaceae)/Soil sample

CH2Cl2 fraction
of EtOAc

extract
714 C40H58O11

London Island of
Kongsfjorden of the

Ny-Ålesund
District, Arctic,

Norway

[52]

Eutypellacytosporin
D (97)

Eutypella sp. D-1
(Diatrypaceae)/Soil sample

CH2Cl2 fraction
of EtOAc

extract
714 C40H58O11

London Island of
Kongsfjorden of the

Ny-Ålesund
District, Arctic,

Norway

[52]

Surveying their bioactivities may open a new research area for the synthesis of new
agents from these metabolites by synthetic and medicinal chemists. The literature search
for the reported data was performed using diverse databases and publishers, including
Web of Science, Google Scholar, PubMed, Scopus, SciFinder, Wiley, SpringerLink, and
ACS Publications, using specific keywords (bergamotane, marine, fungi, biosynthesis, and
biological activities).

2. Structural Assignment and Stereochemistry Determination

A total of 97 metabolites have been separated from various fungal source extracts
using different chromatographic techniques and characterized by NMR, MS, and IR spectral
analyses as well as chemical derivatization. The relative configuration of these metabolites
was established using NOESY or ROESY spectral analyses. Various studies reported
the assigning of their absolute stereochemistry using total synthesis [53,54], Mosher’s
method [26], X-ray diffraction, chemical conversion [34,43,55], and ECD analyses [31]. The
reported metabolites have been categorized into bi-, tri-, and tetracyclic derivatives.

3. Biological Activities of Bergamotane Sesquiterpenoids

Various reported studies revealed the assessment of bergamotane sesquiterpenoids for
diverse bioactivities, including plant growth regulation, phototoxic, antimicrobial, anti-HIV,
cytotoxic, pancreatic lipase inhibition, antidiabetic, anti-inflammatory, and immunosup-
pressive, which were summarized in this work (Table 2). Additionally, the reported
structure–activity relation was included.
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Table 2. Biological activities of fungal naturally occurring in bergamotane sesquiterpenoids.

Compound Name
Biological
Activity

Assay, Organism, or
Cell Line

Biological Results
Ref.

Compound Positive Control

E-β-trans-5,8,11-
trihydroxybergamot-

9-ene
(4)

Cytotoxicity MTT/U937 84.9 (IC50) Doxorubicin 0.021 μM (IC50) [29]

Craterodoratin M
(7) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 15.43 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Craterodoratin N
(8) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 13.26 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Craterodoratin O
(9) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 17.12 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Craterodoratin Q
(11) Immunosuppressive BALB/c mice T and B lym-

phocyte/Concanavalin A 31.50 μM (IC50) Cyclosporin A 0.04 μM
(IC50) [30]

Xylariterpenoid A
(16) Anti-inflammatory Spectrophotometrically/LPS 17.5 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

Xylariterpenoid B
(17) Anti-inflammatory Spectrophotometrically/LPS 21.0 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

Eutypeterpene B
(18) Anti-inflammatory Spectrophotometrically/LPS 13.4 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

Eutypeterpene C
(19) Anti-inflammatory Spectrophotometrically/LPS 16.8 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

Eutypeterpene D
(20) Anti-inflammatory Spectrophotometrically/LPS 21.4 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

Eutypeterpene E
(21) Anti-inflammatory Spectrophotometrically/LPS 18.7 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

Eutypeterpene F
(22) Anti-inflammatory Spectrophotometrically/LPS 24.3 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

(10S)-
Xylariterpenoid A

(23)
Anti-inflammatory Spectrophotometrically/LPS 86.0 μM (IC50) Aminoguanidine 23.0 μM

(IC50) [34]

(10R)-
Xylariterpenoid B

(24)
Anti-inflammatory Spectrophotometrically/LPS 230.0 μM (IC50) Aminoguanidine 23.0 μM

(IC50) [34]

Xylariterpenoid E
(25) Anti-inflammatory Spectrophotometrically/LPS 120.0 μM (IC50) Aminoguanidine 23.0 μM

(IC50) [34]

Xylariterpenoid F
(26) Anti-inflammatory Spectrophotometrically/LPS 85.0 μM (IC50) Aminoguanidine 23.0 μM

(IC50) [34]
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Xylariterpenoid G
(27) Anti-inflammatory Spectrophotometrically/LPS 85.0 μM (IC50) Aminoguanidine 23.0 μM

(IC50) [34]

Eutypeterpene A
(28) Anti-inflammatory Spectrophotometrically/LPS 21.0 μM (IC50)

Quercetin 17.0 μM (IC50)
NG-monomethyl-L-

arginine 9.7 μM
(IC50)

[35]

Craterodoratin C
(30) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 12.62 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Craterodoratin S
(42) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 22.68 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Craterodoratin J
(54) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 19.40 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Craterodoratin L
(56) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 13.71 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Massarinolin B (61) Immunosuppressive BALB/c mice T and B lym-
phocyte/Concanavalin A 0.98 μM (IC50) Cyclosporin A 0.04 μM

(IC50) [30]

Brasilterpene A
(66) Hypoglycemic Spectrophotometrically/

Diabetic zebrafish model

449.3
pmol/larva

(IC50)

Rosiglitazone 395.6
pmol/larva (IC50) [45]

Brasilterpene C
(68) Hypoglycemic Spectrophotometrically/

Diabetic zebrafish model

420.4
pmol/larva

(IC50)

Rosiglitazone 395.6
pmol/larva (IC50) [45]

Expansolide C (73) α-Glucosidase
inhibition

Spectrophotometrically/α-
glucosidase

enzyme
0.50 mM (IC50) Acarbose 1.90 mM (IC50) [46]

Expansolide D (81) α-Glucosidase
inhibition

Spectrophotometrically/α-
glucosidase

enzyme
0.50 mM (IC50) acarbose 1.90 mM (IC50) [46]

Purpurolide B (83) Pancreatic lipase
inhibition

Spectrophotometrically/
pancreatic lipase enzyme 5.45 μM (IC50) Kaempferol 1.50 μM (IC50) [47]

Purpurolide C (84) Pancreatic lipase
inhibition

Spectrophotometrically/
pancreatic lipase enzyme 6.63 μM (IC50) Kaempferol 1.50 μM (IC50) [47]

Purpurolide D (85) Pancreatic lipase
inhibition

Spectrophotometrically/
pancreatic lipase enzyme 1.22 μM (IC50) Kaempferol 1.50 μM (IC50) [48]

Purpurolide E (86) Pancreatic lipase
inhibition

Spectrophotometrically/
pancreatic lipase enzyme 6.50 μM (IC50) Kaempferol 1.50 μM (IC50) [48]

Purpurolide F (87) Pancreatic lipase
inhibition

Spectrophotometrically/
pancreatic lipase enzyme 7.88 μM (IC50) Kaempferol 1.50 μM (IC50) [48]

Donacinoic acid A
(88) Immunosuppressive BALB/c mice T and B

lymphocyte/LPS 13.23 μM (IC50) Cyclosporin A 0.47 μM
(IC50) [30]

Eutypellacytosporin
A (94) Cytotoxicity CCK-8/DU145 17.1 μM (IC50) Cisplatin 2.9 μM (IC50) [52]

CCK-8/SW1990 7.3 μM (IC50) Cisplatin 1.2 μM (IC50) [52]
CCK-8/Huh7 8.4 μM (IC50) Cisplatin 2.2 μM (IC50) [52]

CCK-8/PANC-1 9.7 μM (IC50) Cisplatin 4.5 μM (IC50) [52]
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Eutypellacytosporin
B (95) Cytotoxicity CCK-8/DU145 11.0 μM (IC50) Cisplatin 2.9 μM (IC50) [52]

CCK-8/SW1990 4.9 μM (IC50) Cisplatin 1.2 μM (IC50) [52]
CCK-8/Huh7 4.9 μM (IC50) Cisplatin 2.2 μM (IC50) [52]

CCK-8/PANC-1 7.9 μM (IC50) Cisplatin 4.5 μM (IC50) [52]

Eutypellacytosporin
C (96) Cytotoxicity CCK-8/DU145 13.5 μM (IC50) Cisplatin 2.9 μM (IC50) [52]

CCK-8/SW1990 9.6 μM (IC50) Cisplatin 1.2 μM (IC50) [52]
CCK-8/Huh7 11.2 μM (IC50) Cisplatin 2.2 μM (IC50) [52]

CCK-8/PANC-1 10.2 μM (IC50) Cisplatin 4.5 μM (IC50) [52]

Eutypellacytosporin
D (97) Cytotoxicity CCK-8/DU145 13.4 μM (IC50) Cisplatin 2.9 μM (IC50) [52]

CCK-8/SW1990 8.2 μM (IC50) Cisplatin 1.2 μM (IC50) [52]
CCK-8/Huh7 9.6 μM (IC50) Cisplatin 2.2 μM (IC50) [52]

CCK-8/PANC-1 7.5 μM (IC50) Cisplatin 4.5 μM (IC50) [52]

3.1. Anti-Inflammatory Activity

NO (nitric oxide) is a substantial pro-inflammatory mediator, and its excessive pro-
duction is accompanied with various inflammatory illnesses; therefore, it possesses a
remarkable role for regulating immune responses and inflammation [56]. NO production
inhibitors may represent the potential capacity for treating various inflammatory disor-
ders. Thus, further research for fungal metabolites must be conducted to discover novel
anti-inflammation agents.

The epigenetic chemical manipulation of Eutypella sp. derived from deep-sea hy-
drothermal sulfide deposit by co-treatment with SBHA (histonedeacetylase inhibitor,
suberohydroxamic acid) and 5-Aza (DNA methyltransferase inhibitor, 5-azacytidine) was
shown to activate a biosynthetic sesquiterpene-linked gene cluster [35]. From elicitor-
treated cultures EtOAc extract, eutypeterpenes A–F (18–22 and 28) along with xylariter-
penoids A (16) and B (17) were purified using SiO2/RP-18/HPLC that were identified by
spectral analyses, as well as by using chemical conversion, X-ray diffraction, ECD, and
calculated NMR for configuration assignments.

Eutypeterpene A (28) is the first bergamotene sesquiterpene incorporating a diox-
olanone moiety. These metabolites were assessed for their NO production inhibitory
capacity induced by LPS-(lipopolysaccharide) in RAW 264.7 macrophages [35]. The results
indicated thatcompound 18 and 19 (IC50 13.4 and 16.8 μM, respectively) displayed more
effectiveness than quercetin (IC50 of 17.0 μM), whereas other metabolites had noticeable
potentials (IC50 values ranged from 18.7 to 24.3 μM) with weak cytotoxic capacities (IC50
> 100 μM). A structure–activity study revealed that the analog with a triol unit (18) at
the side chain was more effective than compound 16, 17, and 19 with a diol unit, which
were more potent than compound 20, 21, and 28 with one hydroxy group. Furthermore,
the α,β-unsaturated ketone unit (as in compound 21 and 22) and the OH-linked carbon
configuration also affected the activities (16 versus 17) [35] (Figure 1).
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Figure 1. Structures of bicyclic bergamotane sesquiterpenoids (1–17).

Biogenetically, compounds 18–22 are derived from FPP that performs a 1,6-cyclization
to produce bisabolane (A). The 4,7-cyclization of A generates bergamotane (B), which
further generates 18–22 via diverse oxidation and reduction processes. Additionally, com-
pound 28 is formed from 18 by carbonate incorporation [35] (Scheme 1).

The deep-sea-isolated Graphostroma sp. MCCC3A00421 associated with the Atlantic
Ocean hydrothermal sulfide deposits biosynthesized new bergamotane sesquiterpenoids:
(10S)-xylariterpenoid A (23), (10R)-xylariterpenoid B (24), xylariterpenoid E (25), xylariter-
penoid F (26), and xylariterpenoid G (27), which were purified using SiO2/OSD/Sephadex
LH-20/RP-18 CC and preparative TLC. They were characterized by extensive spectral
data, and their absolute configuration was established by ECD, Cu-Ka-single-crystal X-ray
diffraction, and modified Mosher’s method analyses. Compound 25 is trinor-bergamotane.
Compounds 23, 26, and 27 revealed moderate inhibition potentials (IC50s of 86, 85, and
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85 μM, respectively) of NO production in LPS-stimulated RAW264.7 macrophages com-
pared with aminoguanidine (IC50 of 23 μM). It was noted that bergamotane moiety’s 10S
configuration obviously boosted the activity as in compound 23 (10S, IC50 of 85 μM) versus
compound 24 (10R, of IC50 230 μM) (Figure 2) [34].

 

Scheme 1. Biosynthetic pathway of eutypeterpenes A–F (compounds 18–22 and 28) [35].

3.2. Phytotoxic Activity

Prehelminthosporol (38) and dihydroprehelminthosporol (34) along with compounds
35–37, 39, 40, and 43 were separated by SiO2, flash CC, and preparative TLC from the
EtOAc extract of the Bipolaris species, which is a Sorghum halepnse (Johnson grass) pathogen
(Figure 3). These metabolites were assessed for their phytotoxic potential towards Sorghum
bicolor (Sorghum) and Sorghum balepense (Johnson grass) in leaf spot assays [36,37]. Com-
pounds 34, 38, and 39 produced similar lesions to those caused by the fungus in the field.
The lesions appeared as a reddish-brown area (0.3–0.5 cm diameter) surrounded by a black
circle with an outer chlorotic zone. Compounds 34 and 38 (concentration of 25 μg/5 μL)
had comparable toxic effectiveness, while compound 38 maintained its effect at a lower
concentration of 2.5 μg/5 μL; meanwhile, the other compounds were non-toxic [36,37].
Victoxinine was also toxic to cereals in the order of oats > rye and barley > wheat > sorghum
in a root inhibition assay [37]. The phytotoxic influence of compounds 34 and 38–40 versus
sorghum, corn, bent-grass, sickle-pod, and morning glory was also assessed in leaf spot
assays. Moreover, victoxinine caused a water-soaked translucent appearance with defined
irregular necrotic edges. It is worth mentioning that 3-deoxyanthocyanidins are sorghum
stress response metabolites (phytoalexins), which were accountable for the red wound
response. Compounds 34, 38, and 39 were elicitors of a very strong reddening compared
with the wounding-produced reddening, but compound 40 did not elicit a sorghum phy-
toalexin response. In bent grass and corn, compounds 34 and 38–40 produced a light-brown
area limited by a chlorotic region, whereas in sickle pod and morning glory, they showed
necrotic lesions that extended at high concentrations beyond the under-drop area. It is
noteworthy that compound 38 was the most toxic compound versus all tested plants except
for the morning glory [37].
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Figure 2. Structures of bicyclic bergamotane sesquiterpenoids (compounds 18–28).

 

Figure 3. Structures of the bicyclic bergamotane sesquiterpenoids (compounds 29–37).
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Helminthosporium victoriae, the causative agent of oats Victoria blight disease yielded
phytotoxins, victoxinine (40) and victoxinine α-glycerophosphate (41), which were sepa-
rated from its diethyl ether extract using Sephadex LH-20 and SiO2 CC and detected on the
TLC plate by giving a blue color with 5% vanillin:H2SO4 [41] (Figure 4). The existence of
α-glycerophosphate moiety was established by coupling between the phosphorous and
carbon. Compound 40 completely prohibited the root growth of toxin-susceptible and
toxin-resistant oats (concentration of 2.5 × 10−4 M); it was ≈ 7500 times more toxic for
susceptible plants on a weight basis, while its toxicity for resistant plants was nearly similar,
suggesting a role of the victoxinine moiety on the toxicity [38,39,41]. On the other side,
compound 41 (concentration of 100 μg/mL) demonstrated little or no growth inhibition
effectiveness on either susceptible or resistant oats [41].

 
Figure 4. Structures of tricyclic bergamotane sesquiterpenoids (compounds 38–43).

3.3. Anti-HIV Activity

From Paraconiothyrium brasiliense, new tricyclic sesquiterpenoids, brasilamides A–D
(45–48) and the formerly reported pinthunamide (44), were separated from the culture’s
EtOAc extract utilizing SiO2/Sephadex LH-20 CC and HPLC. Their structures were es-
tablished using NMR and X-ray analyses (Figure 5). Compounds 45 and 46 are rare
metabolites having a 4-oxatricyclo[3.3.1.02,7]nonane moiety with a tetrahydro-2H-pyrone or
a tetrahydro-2H-pyran linked with bicyclo[3.1.1]heptane ring at C-5 and C-2, whereas com-
pounds 47 and 48 are analogs of 44, possessing an unprecedented 9-oxatricyclo[4.3.0.04,7]-
nonane core.

The differences of the above-mentioned compounds from 44 were the existence of a
tetrahydrofuran moiety connected to the bicycle[3.1.1]heptane unit instead of γ-lactone
ring, as well as different C-10 substituents. Compounds 45–48 demonstrated inhibitory
effectiveness (EC50s of 108.8, 57.4, and 48.3 μM, respectively) versus HIV-1 replication in
C8166 cells compared with indinavir sulfate (EC50 of 8.2 nM) [43]. Biogenetically, they
were derived from the mevalonate/trans-cis-farnesol/bisabolene/bergamotane pathway
(Scheme 2).
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Figure 5. Structures of tricyclic bergamotane sesquiterpenoids (44–55).

3.4. Immunosuppressive Activity

Immunosuppressants are drugs that prohibit body immunity and are principally
utilized in organ transplantation to overcome rejection and in auto-immune illnesses [57].
Currently, many immunosuppressive agents act by prohibiting T-cell proliferation; how-
ever, there is no new, safe, and efficient immune-suppressive agent that prohibits B-cell
proliferation [58].

Dai et al. separated eighteen bergamotane sesquiterpenoids from the EtOAc extract of
Craterellus ordoratus: craterodoratins A–R (7–11, 29–33, 53, 55, 56, 63–65, and 71) and a new
victoxinine derivative, craterodoratin S (42), along with the previously isolated 5, 61, 77,
and 88 by SiO2/RP-18/Sephadex LH-20/preparative HPLC (Figure 6) [30].
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Figure 6. Structures of tricyclic bergamotane sesquiterpenoids (56–63).

Their structures with absolute configurations were established by spectral, X-ray
diffraction, and ECD analyses and NMR calculations. Compounds 29 and 71 possess a
rare skeleton, where the C-14methyl in 71 showed a further 1,2-migration. On the other
hand, compounds 7–11, 53, 55, 56, and 63–65 belong to β-pinene derivatives that produced
30–33 through an alkyl migration (Figure 7). Compounds 7–10, 30, 42, 55, 61, and 88

demonstrated potent inhibitory potential versus LPS-caused B lymphocyte cell proliferation
(IC50s ranged from 0.67 to 22.68 μM) in BALB/c mice compared with cyclosporin A (IC50 of
0.47 μM), where compound 61 (IC50 0.67 μM) had the most potent effectiveness. Moreover,
compounds 11 and 61 possessed inhibition (IC50s of 31.50 and 0.98 μM, respectively)
on T lymphocyte cells proliferation induced by ConA (concanavalin A) compared with
cyclosporin A (IC50 0.04 μM). Structurally, it was noted that the α,β-unsaturated-carboxylic
acid unit could be the key functional group for the immunosuppressive potential of these
metabolites. Furthermore, compounds 61 and 7–10 with a β-pinene main core had a wider
range of bioactivities [30].

3.5. Antimicrobial Activity

From Podospora decipiens, two new tetracyclic sesquiterpenoids, decipienolides A (74)
and B (75), were separated from the EtOAc extract by SiO2 CC and HPLC analyses. They
were obtained as a mixture of inseparable epimers, having a 3-hydroxy-2,2-dimethylbutyric
acid sidechain as elucidated by an NMR analysis (Figure 8). The 74/75 mixture had an
antibacterial influence versus B. subtilis (inhibition zone diameter of 9–10 mm, concentration
of 200 μg/disk). Neither of them demonstrated capacity versus Ascobolus furfuraceus
NRRL6460, Sordaria fimicola NRRL6459, and C. albicans ATCC90029 [24]. Donacinolides
A (82) and B (76) (concentration of 50 μg/mL) revealed weak inhibition versus Salmonella
enterica subsp. enterica (inhibition rates of 24.3, 23.9, and 26.2%) in the microdilution
assay [32]. Furthermore, there were no observed antibacterial activity for purpurolides B
(83) and C (84) (concentration of 50 μM) versus E. coli ATCC25922, M. smegmatis mc2155
ATCC70084, S. aureus ATCC25923, and S. epidermidis ATCC12228 [47].
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Figure 7. Structures of tricyclic bergamotane sesquiterpenoids (64–71).

 

Figure 8. Structures of tetracyclic bergamotane sesquiterpenoids (72–79).
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3.6. Pancreatic Lipase Inhibition

Purpurolides B (83) and C (84) are new 6/4/5/5-tetracyclic sesquiterpenoids that were
separated from Penicillium purpurogenum IMM003 cultures by SiO2/RP-18/preparative
HPLC analysis. The structures and configurations of compounds 83 and 84 were established
using spectral and X-ray analyses as well as ECD and GIAO NMR data calculations
(Figure 9).

 
Figure 9. Structures of tetracyclic bergamotane sesquiterpenoids (80–93).

Compounds 83 and 84 demonstrated potent pancreatic lipase inhibition (IC50s of 5.45
and 6.63 μM, respectively), compared with kaempferol (IC50 of 1.50 μM) [47]. These com-
pounds were possibly biosynthesized via numerous the cyclization and enzyme-catalyzed
oxidation of FPP (farnesyl pyrophosphate), leading to four- and six-membered rings and
the formation of two five-membered heterocyclic rings (Scheme 3) [47].
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Scheme 2. Biosynthetic pathways of brasilamides A–D (45–48) [43].

Xia et al. separated from Penicillium purpurogenum IMM003 purpurolides D–F (85–87),
which are new polyoxygenated 6/4/5/5-tetracyclic bergamotanes, using SiO2/Sephadex-
LH-20/RP-18 CC and preparative HPLC processing [48]. Their elucidation was accom-
plished using spectral 13C NMR calculations coupled with DP4+ probability and ECD
analyses. Compound 87 had potent pancreatic lipase inhibition potential (IC50 of 1.22 μM)
compared with kaempferol (IC50 of 1.50 μM) and orlistat (IC50 of 0.75 μM), whereas
compounds 85 and 86 (IC50s of 6.50 and 7.88 μM, respectively) were five or six-fold less
powerful than 87, revealing that the C-14 hydroxylated decanoic acid moiety increased
the potency [48]. Therefore, polyoxygenated bergamotanes could be viable candidates as
pancreatic lipase inhibitors for further clinical development [48].

3.7. Antidiabetic Activity

From the deep sea-derived Paraconiothyrium brasiliense HDN15-135 EtOAc extract,
new bergamotane sesquiterpenoids, brasilterpenes A-E (66–70), featuring an uncommon
6/4/5-tricyclic ring system, were separated by SiO2/RP-18/Sephadex LH-20/HPLC and
assigned by diverse NMR analyses and X-ray diffraction, ECD, and DFT-NMR (density
functional theory calculations of nuclear magnetic resonance) data [45]. Their hypoglycemic
potential was estimated utilizing β-cell-ablated zebrafish larvae. Compounds 66 and
68 (concentration of 10 μM) remarkably lessened the glucose level down to 449.3 and
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420.4 pmol/larva respectively, compared with the β-cell-ablated group (Teton+) (glucose
level of 502.8 pmol/larva) and rosiglitazone (glucose level 395.6 pmol/larva) with no
toxic influence on zebrafish larvae up to 200 μM. It was found that compounds 66 and 68

notably minimized free blood glucose in vivo in hyperglycemic zebrafish by suppressing
gluconeogenesis and improving insulin sensitivity, which revealed that compound 68 had
promising antidiabetic potential [45]. The structure–activity study revealed that the activity
may be linked to the C-14 S-configuration of compounds 66 and 68, which represent
the main structural difference from 67 and 69. The existence of C-3-OH may weaken
the influence in 68 versus 66; however, the �2 endocyclic double bond may enhance
the potential in 70 versus 69 [45]. Therefore, compound 68 may provide a scaffold for
hypoglycemic drug development. Compounds 66–70 are also biosynthesized by the FPP
pathway (Scheme 4). The cyclization of FPP via NPP (nerolidyl diphosphate) followed by a
bisabol intermediate yields the bergamotane skeleton. These compounds are created by
further oxidation, 9-OH-nucleophilic attack, and methylation processes. Because of the
nucleophilic attack direction flexibility during the furan ring formation, compounds 66–69

appeared as C14-epimers in pairs [45] (Scheme 4).

 
Scheme 3. Biosynthetic pathway of purpurolides B and C (83 and 84) [47].

Ying et al. isolated two new derivatives, expansolides C (73) and D (81), in addition
to 72 and 80 from the plant pathogen Penicillium expansum ACCC37275 [46]. In an α-
glucosidase inhibition assay; the 73/81 epimeric mixture (ratio 2:1) possessed a more
powerful effectiveness (IC50 of 0.50 mM) compared with acarbose (IC50 1.90 mM), while
the 72/80 epimeric mixture possessed no apparent potential. It was assumed that the acetyl
group in compounds 72 and 80 impeded their binding with the α-glucosidase, resulting in
loss of activity [46].

3.8. Plant Growth Regulation

Kimura et al. purified the tricyclic amide sesquiterpenoid pinthunamide (44) from
the acetone extract of Ampulliferina sp. at pH 2.0 utilizing SiO2 and sephadex LH20 CC
processing as well as crystallization from EtOAc extract, which gave positive NH2OH-HCI-
FeCl3 and KMnO4 reactions [42]. The compound was assigned by X-ray diffraction and
NMR methods. Its plant growth regulation effectiveness was evaluated using a lettuce
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seedling assay, where it (dose 300 mg/L) produced a 150% root growth acceleration over
the control seedlings (100%) while scarcely influencing the hypocotyl elongation at the
tested concentrations [42]. Its structure combined a unique configuration of six-, five-, and
four-membered rings that was proposed to be biosynthesized via the mevalonate/trans-cis-
farnesol/bisabolene/bergamotane pathway (Scheme 5) [42].

 

Scheme 4. Biosynthetic pathway of brasilterpenes A-E (66–70) [45]. IPP: isopentenyl diphosphate;
FS: farnesyl synthase; NPP: nerolidyl diphosphate; TC: terpenyl cyclase; DMAPP: dimethylallyl
diphosphate; FPP: farnesyl diphosphate.

 
Scheme 5. Biosynthesis pathway of pinthunamide (44) [42].
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Furthermore, in 1990, Kimura et al. purified another two new plant growth regulators,
ampullicin (91) and isoampullicin (92) from Ampulliferina sp. No. 27 associated with Pinus
thunbergii dead tree by SiO2 CC utilizing benzene:acetone as an eluent [50] (Figure 10).
They were stereoisomers that had γ-lactam rings. Additionally, they (doses of 300 and
30 mg/L) were shown to promote lettuce seedling root growth by 200% over the control
lettuce seedlings (100%) [50]. In 1993, the same group separated a minor metabolite, dihy-
droampullicin (93), characterized by the absence of the C8-C9 double bond. The compound
promoted a 160% growth rate in lettuce seedling roots (dose of 300 mg/L) compared
with the control; however, it had no influence on the hypocotyl growth, indicating that
the C8-C9-double bond (C8-C9) was substantial in lettuce seedlings‘ root growth [51].
Bermejo et al. reported the synthesis of (+)−91 and 92 from (R)-(-)-carvone with a 4.5%
overall yield using a stereo-selective 18-step sequence application [59]. The EtOAc extract
of Aspergillus fumigatus Fresenius separated from leaf litter yielded expansolides A (72) and
B (80). They had 2S/4S/6S/7R/9R/11S and 2S/4R/6S/7R/9R/11S, respectively, based on
modified Mosher’s method. The compounds noticeably prohibited etiolated wheat coleop-
tiles growth by 100% and 59% at 10−3 M and 10−4 M solution compared with LOGRAN
(commercial herbicide) (%inhibition of 80 and 42%) at the same concentrations [26].

 
Figure 10. Structures of tetracyclic bergamotane sesquiterpenoids (94–97).

3.9. Cytotoxic Activity

Compounds 3 and 4, which were new β-bergamotane sesquiterpenoids, were sepa-
rated by SiO2/RP-18/HPLC from the marine-associated Aspergillus fumigatus-YK-7 EtOAc
extract. Their antiproliferative effects on the U937 and PC-3 cell lines were measured
in vitro in an MTT assay. Compound 4 revealed a weak growth inhibition capacity (IC50 of
84.9 μM) versus the U937 cell line, while 3 had no activity (IC50 > 100 μM) compared with
doxorubicin hydrochloride (IC50 of 0.021 μM). On the other sides, both had no effect versus
PC-3 cells [29]. Wu et al. reported the separation of two new derivatives, xylariterpenoids
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A and B (16 and 17), from the EtOAc extract of Xylariaceae fungus by Sephadex LH-20/ODS
CC and reversed-phase HPLC processing [33]. Their structures and stereo-configuration
were proved utilizing NMR and CD methods. They are C-10 epimers having 2S/6S/7S/10R
and 2S/6S/7S/10S configurations, respectively. Unfortunately, they (IC50 > 40 μM) exhib-
ited no cytotoxic potential versus HL-60, MCF-7, SMMC-7721, A-549, and SW480 in an
MTT assay [33].

From Paraconiothynium brasiliense Verkley, new bergamotane sesquiterpenoids brasil-
amides K-N (49–52), featuring 4-oxatricyclo-(3.3.1.02,7)-nonane (as in 49) and 9-oxatricyclo-
(4.3.0.04,7)-nonane (as in 50–52) skeletons in addition to the formerly reported brasilamides
A and C (45 and 46), were purified from the fungus scale-up fermentation cultures using
SiO2/Sephadex LH-20/HPLC processing. They were elucidated via NMR analyses and
compound 52’s configuration was assured using modified Mosher’s method. Compound
49 is a 45-hydrogenated analog that has a tetrahydro-2H-pyrone unit linked at C-2 and
C-5 to the bicyclo(3.1.1)heptane framework, forming a 4-oxatricyclo-(3.3.1.0 2,7)-nonane
skeleton, whereas compounds 50–52 displayed unusual 9-oxatricyclo-(4.3.0.0 4,7)-nonane
skeletons. Compounds 50 and 51 are hydrogenated and oxygenated derivatives of 46,
respectively, while 52 differed from 46 by having a C-8-carbonyl, C-1-methyl, and C-12
hydroxyl group instead of methylene, oxy-methylene, and ketone carbonyl, respectively.
These metabolites (concentration of 50 μM) possessed no potential versus A549, A375,
MCF-7, CNE1-LMP1, EC109, MGC, PANC-1, and Hep3B-2 in the MTS assay [44].

Montagnula donacina (edible mushroom) biosynthesized rare tetracyclic bergamotane
sesquiterpenoids, donacinolides A (82) and B (76) and donacinoic acids A (88) and B (6),
which were separated using SiO2 CC/Sephadex LH-20 CC/HPLC processing and were
characterized using spectroscopic data, X-ray diffraction analysis, and computational meth-
ods. Compounds 76 and 82 are C9 epimers with a spiroketal moiety having 1S/5S/6S/9R
and 1S/5S/6S/9S configurations, respectively, whereas 88 and 6 exhibited α,β-unsaturated
carboxylic acid moiety and had 1R/2R/5S/6S/9S/14S and 1R/3S/5R/6R/9S configura-
tions, respectively. These metabolites lacked a marked cytotoxic potential (IC50 > 40 μM)
versus HL-60, SW480, A549, SMMC-7721, and MCF-7 [32].

In addition, purpurolides B (83) and C (84) had no cytotoxicity versus M14, HCT-116,
U87, A2780, BGC-823, Bel-7402, and A549 [47], whereas compounds 85–87 (concentration
of 50 μM) were inactive versus HCT-116, BGC-823, and Bel-7402 cell lines [48].

The chemical investigation of Arctic fungus Eutypella sp. D-1′s EtOAc extract yielded
new derivatives, eutypellacytosporins A–D (94–97), which were established by spectro-
scopic analysis and modified Mosher’s method. Structurally, these metabolites are related
to decipienolides and cytosporins. They exhibited (IC50s ranging from 4.9 to 17.1 μM)
weak-to-moderate cytotoxic influence versus DU145, SW1990, Huh7, and PANC-1 in the
CCK-8 assay, whereas Huh7 and SW1990 cell lines had more sensitivity to 94–97 (IC50s
ranging from 4.9 to 8.4 μM). On the other hand, compounds 95 and 97 possessed noticeable
potential versus PANC-1 (IC50s of 7.9 and 7.5 μM, respectively) compared with cisplatin
(IC50 4.5 μM). The results revealed that the decipienolide moiety was substantial for activ-
ity; however, the C-33 configuration did not affect the activity [52]. It was proposed that
compounds 94–97 are created from gentisaldehyde precursor with subsequent isoprenyl
unit addition, double bond epoxidation, keto group hydrogenation, and an aliphatic chain
addition (Scheme 6). The other precursor, the 14-OH of decipienolide A 74 or B 75, is
produced from hydroxylation, allylic oxidation, and cyclization of farnesyl diphosphate
to give I with a bicycle[3.1.1]heptane. Additionally, (14S)-14-OH-expansolide C, (14R)-
14-OH-expansolide C, (14S)-14-OH-expansolide D, and (14R)-14-OH-expansolide D are
formed via two steps of reface- and si-face attacks of the OH groups on the ketone and
aldehyde groups, respectively. After these steps, compounds 94–97 were produced from
the two groups of 14-OH-expansolides C and D through condensation reactions with
(S)-3-hydroxy-2,2-dimethylbutanoic acid and cytosporin D, respectively [52].
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Scheme 6. Biosynthetic pathway of eutypellacytosporins A–D (94–97) [52].

4. Conclusions

Fungal metabolites are an unparalleled pool for pharmaceutical lead discovery.
Sesquiterpenoids involving the bergamotane skeleton have been separated from vari-
ous sources, including fungi. In the current work, 97 bergamotane sesquiterpenoids were
reported from various fungal species derived from different sources, including endophytic
(24 compounds), mushroom (21 compounds), sea mud (14 compounds), sea sediment
(13 compounds), deep-sea deposit (8 compounds), and sponges (3 compounds) (Figure 11).
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Figure 11. Number of bergamotane sesquiterpenoids reported from fungi derived from various
sources. End.: endophytic; Mus.: mushroom; SeaM.: sea mud-derived; SeaS.: sea sediment-
derived; SeaD.: sea deposit-derived; Mus.D: mushroom-derived; Cult.: cultured; So.: soil-derived;
Sp.D.: sponge-derived; Li.D.: lichen-derived; Sd.D.: sheep dung-derived; LeL.D.: leaf litter-derived;
Fr.D.: fruit-derived.

The majority of compounds have been reported from Paraconiothyrium (25 compounds),
Craterellus (23 compounds), and Eutypella (12 compounds) species (Figure 12). Interestingly,
many of these metabolites normally occurred as inseparable mixtures. These metabolites
were assessed for diverse bio-activities. It is obvious that cytotoxic evaluation accounts for
the largest proportion of biological assessments, where they had weak or no effectiveness
on the tested cell lines. On the other hand, there are limited reports on their phytotoxic,
plant growth regulation, antimicrobial, anti-HIV, cytotoxic, anti-inflammatory, pancreatic
lipase inhibition, immunosuppressive, and antidiabetic activities. Therefore, this suggested
more potential for trying other types of pharmacological effectiveness. Victoxinine (40)
and prehelminthosporolactone (39) displayed potential phytotoxic capacities; therefore,
they could be utilized as bioherbicides or as lead metabolites for synthesizing more ef-
ficacious phytotoxic compounds against various weeds. Pinthunamide (44), ampullicin
(91), isoampullicin (92), and dihydroampullicin (93) were found to selectively promote the
root growth. However, the phytotoxic and plant growth promotion potential should be
transferred from laboratory experiments into field settings for assessing the environmental
influences on these activities. Purpurolide F (87) had potent pancreatic lipase inhibition
potential that could be a viable candidate as a pancreatic lipase inhibitor for further clinical
development. Massarinolin B (61) had prominent immunosuppressive potential, suggest-
ing further in vivo and mechanistic investigations for the development of this metabolite
as an immunosuppressant. In silico studies for the reported metabolites that have not
been tested or have had no noticeable effectiveness in the estimated activities could be a
possible area of future research. Moreover, synthesis and structural modifications of these
metabolites may produce more potential and useful tags of these metabolites through click
chemistry, which is a new approach for synthesizing drug-like molecules that can boost the
drug discovery process.
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Figure 12. Bergamotane sesquiterpenoids from various fungal species.

Biogenetically, these metabolites are generated from acyclic farnesyl-diphosphate,
which undertakes various condensation and rearrangement reactions. This work could
be a beneficial reference for researchers studying this class of fungal metabolites. Sev-
eral strategies, including co-culture, molecular and epigenetic manipulations, OSMAC
(one strain many compounds), heterologous gene expression, and inter-species cross-talk
approaches could be successively employed to access undescribed natural metabolites from
silent biosynthetic pathways. It was found that the selective epigenetic target manipulation
utilizing small molecule inhibitors toward DNA methyltransferase and histone deacety-
lase activities resulted in the enhancement of biosynthetic pathway expression for new
secondary metabolite production. Highlighting the biosynthesis of these metabolites in this
review could draw the attention of molecular biologists and genetics-interested researchers
for isolating genes accountable for the biosynthesis of these interesting metabolites; this
could allow for the discovery of the detailed mechanisms of their formation by various
enzymes, which could allow for the preparation these metabolites and their analogs by
engineering their biosynthetic pathways.
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Abbreviations

5-Aza 5-azacytidine
A2780 Human ovarian cancer cell line
4-MUO 4-methylumbelliferyl oleate
A549 Lung adenocarcinoma epithelial cell line
Bel-7402 Human hepatoma cell line
BGC-823 Human stomach cancer cell line
BuOH n-Butanol
C8166 Human T-cell leukaemia
CC Column chromatography
CC50 The 50% cytotoxic concentration
CCK-8 Cell Counting Kit-8
CHCl3 Chloroform
CH2Cl2 Dichloromethane
CNE1-LMP1 Stable oncoprotein LMP1 integrated nasopharyngeal carcinoma cell line
DU145 Human prostate carcinoma cell line
EC109 Human esophageal cancer cell line
ED50 Half-maximal effective concentration
H2SO4 Sulfuric acid
Hep3B-2 Human hepatoma carcinoma cell line
HCT-116 Human colon cancer cell line
HIV Human immunodeficiency virus
HPLC High-performance liquid chromatography
Huh7 Human hepatoma adenocarcinoma cell line
IR Infrared
HL-60 Human myeloid leukemia cell line
LPS Lipopolysaccharide
M14 Human melanoma cell line
MCF-7 Human breast cancer cell line
MGC Human gastric cancer cell line

MTS
(3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazoliuminner salt)

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NMR Nuclear magnetic resonance
NO Nitric oxide
RP-18 Reversed phase-18
SBHA Histonedeacetylase inhibitor, suberohydroxamic acid
SiO2 Silica gel
SMMC-7721 Hepatocellular carcinoma cell line
SW480 Colon cancer cell line
SW1990 Human pancreatic adenocarcinoma cell line
PANC-1 Human pancreatic carcinoma cell line
PC-3 Human prostate cancer cell line
TLC Thin-layer chromatography
U937 Human leukemic monocyte lymphoma cell line
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Abstract: Background: Terrein (Terr) is a bioactive marine secondary metabolite that possesses
antiproliferative/cytotoxic properties by interrupting various molecular pathways. Gemcitabine
(GCB) is an anticancer drug used to treat several types of tumors such as colorectal cancer; however, it
suffers from tumor cell resistance, and therefore, treatment failure. Methods: The potential anticancer
properties of terrein, its antiproliferative effects, and its chemomodulatory effects on GCB were
assessed against various colorectal cancer cell lines (HCT-116, HT-29, and SW620) under normoxic
and hypoxic (pO2 ≤ 1%) conditions. Further analysis via flow cytometry was carried out in addition
to quantitative gene expression and 1HNMR metabolomic analysis. Results: In normoxia, the effect
of the combination treatment (GCB + Terr) was synergistic in HCT-116 and SW620 cell lines. In
HT-29, the effect was antagonistic when the cells were treated with (GCB + Terr) under both normoxic
and hypoxic conditions. The combination treatment was found to induce apoptosis in HCT-116
and SW620. Metabolomic analysis revealed that the change in oxygen levels significantly affected
extracellular amino acid metabolite profiling. Conclusions: Terrein influenced GCB’s anti-colorectal
cancer properties which are reflected in different aspects such as cytotoxicity, cell cycle progression,
apoptosis, autophagy, and intra-tumoral metabolism under normoxic and hypoxic conditions.

Keywords: terrein; gemcitabine; combination analysis; colorectal cancer; cell cycle; apoptosis;
autophagy; metabolomics; qPCR

1. Introduction

Cancer is a major health problem worldwide, and the global burden of cancer has
caused 10 million deaths in the past year [1]. While recent advances in the development
of antitumor agents have contributed to cancer therapy, resistance to chemotherapy has
led to recurrence and relapse [2]. In addition, the use of current antitumor agents has been
limited due to their toxic and deleterious effects [3]. This calls for the development of novel
anticancer agents with high efficacy to combat these issues.

Solid tumors suffer from a harsh microenvironment that has unique features and
characteristics such as having areas with compromised endothelium, poor, or avascularized
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areas hindering drugs from reaching their targets, hypoxia in certain areas within the
solid tumor, and a high level of acidosis with a noticeable pH gradient along the tumor
tissue [4]. All the above features, nonetheless hypoxia, can play a role as drug targets due
to the challenges faced with traditional chemotherapies. Oxygen levels in addition to the
availability of nutrients differ drastically during the development of tumor cells through
angiogenesis, and the recruitment of leukocytes and fibroblasts. Therefore, hypoxia can
affect gene expressions, signaling pathways, many metabolic reactions, and the response
to stress as well as the response to cytotoxic drugs [5]. Anticancer agents target various
survival/death mechanisms or pathways in cancer cells, including angiogenesis, cell cycle
regulation, apoptosis, and autophagy [6–9].

The secondary marine metabolite (+)-terrein was first isolated from Aspergillus terreus
in 1935 and subsequently drew significant attention due to its various bioactivities, includ-
ing anticancer properties [10]. Promising studies showed that terrein inhibits angiogenin
production and secretion [11,12], induces cell cycle arrest [13,14] and apoptosis [15], and
inhibits cell proliferation [16]. There is also evidence that terrein has anti-inflammatory
activity that is mediated via inactivating the nuclear factor kappa B (NF-kB) signaling
pathway. This occurs because of various mechanisms, most notably the inhibition of
p60/p50 heterodimer translocation into the nucleus and the DNA-binding activity of the
p65 subunit [12,17]. The NF-kB pathway has been implicated in various types of cancer due
to its role in regulating apoptosis [18], and its abnormal activation can lead to malignant
tumors and oncogenesis [19]. Yet, one of the major obstacles to using terrein on a large
scale is the very low yield of this compound from different marine sources [20]. In addition,
terrein and other marine-derived secondary metabolites are known for their abundance in
diverse geographical distribution and their unique chemical structure [21].

Gemcitabine is the standard drug of choice for locally advanced and metastatic pan-
creatic cancer [22]. However, it is frequently associated with treatment failure due to
intrinsic or acquired resistance. The failure of achieving good clinical outcomes in terms
of survival could partially be associated with the hypo-vascularized and dense tumor
stroma, and therefore, poor drug penetration and hypoxia [23]. Most patients acquire
resistance after weeks of treatment, resulting in poor survival. Gemcitabine resistance can
be either intrinsic or acquired and can result from molecular and cellular changes, such
as nucleotide metabolism, apoptosis pathway suppression [24], ABC transporter protein
overactivation/over-expression [25], activation of the cancer stem cells CSCs [26], activa-
tion of the epithelial-to-mesenchymal transition pathway (EMT) [27], and extracellular
signal-regulated protein kinase (ERK) 1/2 overactivity [28]. Gemcitabine resistance is also
associated with multiple genetic and epigenetic abnormalities. Changes in one or a few
genes remain crucial for maintaining drug resistance, cell survival, and malignant pheno-
type [22]. There is evidence to indicate that NF-κB [29–32], AKT [29,33,34], MAPK [34,35],
and HIF-1α pathways [36] are directly related to the resistance of gemcitabine in vitro and
in vivo models.

Metabolomics is considered one of the best approaches to studying the effectiveness
of drugs towards cancer [37] as well as assessing the reasons behind developing resistance
toward drugs [38]. In this study, a metabolomic analysis has been conducted to compare
the effect of terrein, gemcitabine, and a combination of both drugs on colorectal cells
under normoxic as well as hypoxic conditions. 1HNMR spectroscopy was utilized in
combination with chemometric statistical methods to compare the extracellular metabolites
after each treatment.

Herein, we evaluated the interaction between terrein and gemcitabine in colorectal
cancer cells under normal and hypoxic conditions in terms of a potential chemomodulatory
effect and mutual intra-tumoral metabolic influence.
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2. Results

2.1. Cytotoxicity Assessment

To study the effect of Terr on the cytotoxic profile of GCB in colorectal cancer cell
lines (HCT-116, HT-29, and SW620) under normoxic and hypoxic conditions, the viability
dose–response curves of both agents, alone and in combination, were assessed using the
Emax model as described in the Materials and Methods section. The IC50s of either agent,
alone or in combination with their CI indices, are summarized in Table 1.

Table 1. Combination analysis for GCB and Terr against HCT-116, HT-29, and SW620 colorectal
cancer cell lines. (N) indicates normoxia, and (H) indicates hypoxia.

HCT-116 HT-29 SW620

IC50 (μM) R-Fraction (%) IC50 (μM) R-Fraction (%) IC50 (μM) R-Fraction (%)

GCB (N) 0.19 ± 0.028 38.14 ± 1.40 0.01 ± 0.006 19.87 ± 12.0 0.21 ± 0.0003 32.61 ± 1.78
Terr (N) 75.22 ± 0.97 N/A 56.24 ± 11.39 N/A 72.28 ± 1.35 8.34 ± 1.37

GCB + Terr (N) 0.023 ± 0.005 24.40 ± 1.22 0.027 ± 0.005 46.45 ± 2.76 0.018 ± 0.04 32.30 ± 3.56

CI value 0.13 2.32 0.09

GCB (H) 0.01 ± 0.002 0.0 0.04 ± 0.004 42.64 ± 2.10 0.20 ± 0.008 32.59 ± 0.28
Terr (H) 20.26 ± 2.89 8.13 ± 0.98 83.30 ± 4.41 3.02 ± 3.39 59.82 ± 8.50 2.52 ± 3.39

GCB + Terr (H) 0.024 ± 0.03 41.02 ± 2.33 0.324 ± 7.95 66.74 ± 6.84 0.027 ± 0.007 48.51 ± 2.97

CI value 1.78 7.28 0.14

In the HCT-116 cells, GCB exerted potent cytotoxic activity despite a resistant fraction
of 38.14 ± 1.4% in the normoxia condition; viability started to drop significantly (p < 0.05)
from the control value at 0.03 μM and 0.01 μM in normoxia and hypoxia, respectively. The
cellular log kill was gradual in profile with IC50 of 0.19 ± 0.028 μM and 0.01 ± 0.002 μM in
normoxia and hypoxia, respectively. Terr exerted abrupt cytotoxic activity with increasing
concentration; viability started to drop significantly at 100 μM in both conditions. The
cellular log kill showed IC50 of (75.22 ± 0.97 μM and 20.26 ± 2.89 μM) in normoxia and
hypoxia, respectively. An equitoxic combination of Terr with GCB improved the cytotoxic
profile of GCB in the HCT-116 cell line in normoxia, decreasing the resistant fraction to
24.40 ± 1.22%; however, it did not improve the cytotoxic profile of GCB in hypoxia with an
increased resistant fraction to 41.02 ± 2.33%. More so, the IC50 of GCB after combination
with Terr decreased significantly compared to the single GCB treatment in normoxia and
increased in hypoxia (Supplementary Figure S1A,B). The calculated CI values for GCB
with Terr were 0.129 and 1.779 in normoxia and hypoxia, respectively. These CI values are
indicative of synergistic interaction characteristics in the HCT-116 cell line under normoxic
conditions and an antagonistic interaction under hypoxic conditions (Table 1).

For the HT-29 cells, GCB had a resistant fraction of 19.87 ± 12.0% and 42.64 ± 2.10%
in normoxia and hypoxia, respectively; viability dropped significantly (p < 0.05) com-
pared to the control cells at 0.01 μM and 0.03μM in normoxia and hypoxia, respectively
(Supplementary Figure S2A,B). The IC50s of GCB were 0.01 ± 0.006 μM and 0.04 ± 0.004 μM
in normoxia and hypoxia, respectively. The viability of the cells treated with Terr started
to drop significantly (p < 0.05) from the concentration of 30 μM in normoxia and 100 μM
in hypoxia. The IC50s of Terr were 56.24 ± 11.39 μM and 83.30 ± 4.41 μM in normoxia
and hypoxia, respectively. An equitoxic combination of Terr with GCB did not improve
the cytotoxic profile of GCB; however, it increased the resistant fractions to 46.45 ± 2.76%
and 66.74 ± 6.84% in normoxia and hypoxia, respectively. The IC50 of GCB after the
combination with Terr significantly increased compared to the single GCB treatment in
normoxia and hypoxia. Yet, the calculated CI values for GCB with Terr were 2.318 and
7.277 in normoxia and hypoxia, respectively. These CI values are indicative of antagonistic
interaction characteristics in the HT-29 cell line under both oxygen conditions.
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With respect to SW620 cells, the resistant fraction after treatment with GCB was
32.62 ± 1.78% and 32.59 ± 0.28% in normoxia and hypoxia, respectively; viability dropped
significantly (p < 0.05) at 0.3 μM in both normoxia and hypoxia. The IC50 of GCB was
0.21 ± 0.0003 μM, and 0.20 ± 0.008 μM in normoxia and hypoxia, respectively. The vi-
ability of the cells treated with Terr dropped significantly (p < 0.05) from the control
value at 100 μM in both normoxia and hypoxia. The IC50 of Terr was 72.28 ± 1.35 μM,
and 59.82 ± 8.50 μM in normoxia and hypoxia, respectively. An equitoxic combination
of Terr with GCB improved the cytotoxic profile of GCB, keeping the resistant fraction
at 32.30 ± 3.56% and 48.51 ± 2.97% in normoxia and hypoxia, respectively. IC50 of GCB
after combination with Terr decreased compared to single GCB treatment in normoxia and
hypoxia (Supplementary Figure S3A,B). The calculated CI values for GCB with Terr were
0.092 and 0.142 in normoxia and hypoxia, respectively. These CI values are an indicator of
synergistic interaction characteristics in the SW620 cell line under both oxygen conditions.

2.2. The Influence of Terr on GCB-Induced Apoptotic Cell Death in Colorectal Cell Lines (HCT-116,
HT-29, and SW620)

The tested colorectal cancer cells were exposed to the predetermined IC50 for 24 h and
48 h and stained with annexin V-FITC/PI. In HCT-116, only the combination treatment
(GCB + Terr) significantly induced apoptosis after 24 h and 48 h of exposure (0.51 ± 0.22%
and 9.59 ± 0.85%, respectively) compared to the control untreated cells (0.133 ± 0.05%
and 3.99 ± 0.37%, respectively) (Figure 1A,D). Single treatments showed no significant
difference in terms of apoptosis compared to the control untreated cells. Alternatively, GCB
alone induced significant necrosis after 24 h of exposure (14.77 ± 1.06%) compared to the
control untreated cells.

In the HT-29 cells, the GCB treatment significantly induced apoptosis after 24 h and
48 h of exposure (8.29 ± 0.92% and 6.06 ± 0.069%, respectively) compared to the control
untreated cells (1.24 ± 0.21% and 1.26 ± 0.11%, respectively). The combination treatment
(GCB + Terr) was found to significantly decrease apoptosis after 24 h and 48 h of exposure
when compared to GCB alone (10.5 ± 0.45% and 10.2 ± 0.09%, respectively). On the other
hand, there was no significant difference between GCB and Terr in terms of apoptosis at
both time points (Figure 1B,E,H).

In the SW620 cells, treatment with GCB significantly induced apoptosis after 24 h and
48 h of exposure (6.84 ± 0.47% and 2.1 ± 0.13%, respectively) compared to the control un-
treated cells (1.61 ± 0.28% and 2.24 ± 0.01%, respectively) (Figure 1C,F,I). The combination
treatment (GCB + Terr) also increased apoptosis significantly after 24 h and 48 h of exposure
(2.97 ± 0.91% and 2.84 ± 0.16%, respectively) when compared to the control untreated
cells or GCB treatment alone. The combination treatment (GCB + Terr) induced significant
necrosis after 24 h of exposure compared to the control untreated cells (5.17 ± 0.53% and
1.77 ± 0.17%, respectively). This effect was carried forward and influenced the total cell
death, where the combination treatment (GCB + Terr) showed a significant increase in total
cell death (14.14 ± 1.4%) compared to the control untreated cells (5.38 ± 0.19%) as well as
single treatments (GCB or Terr).

To further confirm the flowcytometric apoptosis-driven results, we examined apoptotic
regulator genes using the RT-qPCR technique and calculated their fold changes after
treatment under normoxic and hypoxic conditions. In HCT-116, the antiapoptotic gene,
BCL2, was over-expressed by 25-fold when the cells were treated with terrein alone under
normoxic conditions. The same gene showed no significant change in expression after
the combination treatment (GCB + Terr). The rest of the treatments in both normoxic and
hypoxic conditions resulted in the under-expression of BCL2. Similarly, the apoptosis
inhibitor gene, BIRC5, was under-expressed in all treatments in both oxygen conditions. On
the other hand, the expression of the tumor suppressor gene, TP53, was not affected after
treatment with terrein in normoxia but was under-expressed in all other treatments in both
conditions. Similarly, the apoptotic FOXO3 gene showed significant over-expression by
11-fold in normoxia when the cells were treated with terrein. FOXO3 showed no change in
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expression when the cells were treated with the combination treatment (GCB + Terr) under
hypoxic conditions. The rest of the treatments in both conditions resulted in the under-
expression of FOXO3 (Figure 2A,B). In HT-29, all genes tested for apoptosis were under-
expressed for all treatments under both normoxia and hypoxia (Figure 2C,D). Similarly,
in the SW620 cells, all genes that were tested for apoptosis were under-expressed with all
treatments under both normoxia and hypoxia (Figure 2E,F).

Figure 1. Programmed cell death (apoptosis) after treatment with Terr, GCB, and their combination
for 24 h and 48 h. The cells were stained with annexin V-FITC/PI and different cell populations were
plotted as a percentage of total events. HCT-116 under normoxia at 24 h and 48 h (A,D,G), HT-29
under normoxia at 24 h and 48 h (B,E,H), and SW620 under normoxia at 24 h and 48 h (C,F,I). Data
are presented as mean ± SD; n = 3. * Significantly different from control group.
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(A) (B) 

(C) (D) 

(E) (F) 

Figure 2. Fold change of apoptosis regulator genes after treatment with Terr, GCB, and their com-
bination under normoxic and hypoxic conditions. A fold change value below 0.5 indicates under-
expression, above 2.0 indicates over-expression, and between 0.5 and 2.0 indicates no change in
expression. HCT-116 at 24 h under normoxia and hypoxia (A,B), HT-29 at 24 h under normoxia and
hypoxia (C,D), and SW620 at 24 h under normoxia and hypoxia (E,F). The data are presented as mean
fold change ± SD.

Caspase-3 is crucial in the apoptosis process and is considered the executioner active
caspase family member; its concentration indicates the actual progression of apoptosis.
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Herein, active caspase-3 was increased in HCT-116 in response to all single and combined
treatments after 24 h and 48 h as well (Figure 3A). However, it was significantly increased in
HT-29 when treated with the terrein and GCB combination for 24 and 48 h (Figure 3B). Sim-
ilarly, the combination of terrein and GCB activated caspase-3 after 48 h only. Surprisingly,
GCB induced the activation of caspase-3 after 24 h and 48 h as well (Figure 3C).
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Figure 3. Caspase-3 level. The active caspase-3 concentration after treatment with Terr, GCB, and
their combination in HCT-116 cells (A), HT-29 cells (B), and SW-620 cells (C) for 24 h. The data are
presented as mean fold change ± SD. * Significantly different from control untreated cells.

2.3. The Effect of Terr on the Autophagic Cell Death of Colorectal Cell Lines Treated with GCB

In the HCT-116 cells, GCB induced a significant increase in autophagic cell death
by 54.63% compared to the control untreated cells after 24 h under normoxic conditions.
Surprisingly, not only Terr but also the combination of GCB + Terr had no significant
autophagic effect (Figure 4A,D,G).

In the HT-29 cells, only a combination of GCB + Terr for 48 h induced significant
autophagic cell death by 38.18% increase in acridine orange-fluorescent signal compared to
the control untreated cells (Figure 4B,D,H).

In the SW620 cells, after 24 h of exposure to the treatment, GCB induced a significant
increase in autophagic cell death by 87.62% when compared to the control untreated cells.
There was no significant difference between GCB and Terr as single treatments. However,
combination treatment (GCB + Terr) induced a significant decrease in autophagic cell
death when compared to GCB alone by 35.58%. After 48 h of treatment, the combination
treatment induced a significant increase in autophagic cell death by 36.79% when compared
to the control untreated cells. However, the combination treatment induced no significant
difference when compared with GCB alone (Figure 4C,F,I).

To further confirm flowcytometric-driven results, we examined autophagy regulator
genes (ATG5 and Beclin-1) using the RT-qPCR technique and calculated their fold changes
after treatment under normoxic and hypoxic conditions. The autophagic-forming vesicle
regulator gene, ATG5, was over-expressed when HCT-116 cells were treated with terrein
under normoxic conditions by 12-fold. However, it was significantly under-expressed
with the other treatments in both oxygen and hypoxia conditions. The golden autophagy
standard gene, Beclin-1, was under-expressed in response to all treatments in both oxygen
and hypoxia conditions (Figure 5A,B). In HT-29 and SW620, both genes tested for autophagy
were under-expressed for all treatments under both normoxia and hypoxia (Figure 5C–F).

93



Mar. Drugs 2023, 21, 271

(A) (B) (C) 

   
(D) (E) (F) 
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Figure 4. Induction of programmed cell death (autophagy) by Terr, GCB, and their combination for
24 h and 48 h. The cells were stained with acridine orange. The Average Net Fluorescent Intensity
(NFI) values were plotted and compared to control cells. HCT-116 after 24 h and 48 h (A,D,G), HT-29
after 24 h and 48 h (B,E,H), and SW620 after 24 h and 48 h (C,F,I). Data are presented as mean ± SD;
n = 3. * Significantly different from control untreated cells.
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Figure 5. Fold change of autophagy regulator genes by Terr, GCB, and their combination under
normoxic and hypoxic conditions. A fold change value below 0.5 indicates under-expression, above
2.0 indicates over-expression, and between 0.5 and 2.0 indicates no change in expression. HCT-116
cells under normoxia and hypoxia (A,B), HT-29 cells under normoxia and hypoxia (C,D), and SW620
cells under normoxia and hypoxia (E,F). The data are presented as mean ± SD.

2.4. The Effect of Terr, GCB, and Their Combination on the Cell Cycle Distribution of Colorectal
Cell Lines

In the HCT-116 cells, Terr induced a significant G2/M phase arrest and increased the
cell population after 24 h from 27.8 ± 1.1% to 38 ± 1.15%. This effect was reversed by GCB
where the cell population in the S phase dropped significantly to 32.61 ± 0.5%. As a result,
there was no significant difference between the combination treatment (GCB + Terr) and
GCB and Terr alone. On the other hand, after 48 h of exposure, there was no significant
difference observed between all treatments in terms of the S phase population (Figure 6A,B).
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Figure 6. Effect of Terr, GCB, and their combination on the cell cycle distribution after 24 h and 48 h.
The cell cycle distribution was determined using DNA cytometry analysis and different cell phases
were plotted as the percentage of total events. HCT-116 after 24 h and 48 h (A,B), HT-29 after 24 h
and 48 h (C,D), and SW620 after 24 h and 48 h (E,F).

In the HT-29 cells, Terr did not induce significant changes at the G0/G1 phase after 24 h
of exposure. However, after further exposure (48 h), Terr induced a significant reduction
in the cell population at the G0/G1 phase compared to the control untreated cells from
54.81 ± 0.7% to 42.78 ± 1.61%. Terr induced significant G2/M phase arrest after 24 h
(from 22.84 ± 0.57% to 26.5 ± 1.99%) and after 48 h (from 22.42 ± 0.99% to 34.42 ± 0.84%).
After 24 h of exposure, the combination treatment (GCB + Terr) induced a decrease in the
G0/G1cell population when compared to GCB alone from 67.3 ± 1.81% to 54.32 ± 1.49%,
where the combination treatment (GCB + Terr) increased the S phase cell population
compared to GCB (from 18.48 ± 0.09% to 31.39 ± 0.92%). Similar results were observed
after 48 h of exposure (Figure 6C,D).

In the SW620 cells, GCB increases in the G0/G1 phase cell population after 24 h of
exposure from 48.04 ± 1.28% to 77.43 ± 2.57%. This effect was also seen for the combination
treatment (GCB + Terr), where the cell population in the G0/G1 phase increased significantly
to 52.77% when compared to the control untreated cells. After 48 h of exposure, the
combination treatment induced significant G2/M phase arrest and increased the S phase cell
population from 18.96 ± 0.86% to 27.88 ± 1.14% when compared to the control untreated
cells. It also increased the G0/G1 phase cell population from 53.01 ± 2.72% to 60.16 ± 1.08%
compared to GCB alone (Figure 6E,F).

In addition, we examined cell cycle regulatory genes by RT-qPCR (CCND1, CDK4,
and MCM7). In HCT-116, only CDK4 was over-expressed due to treatment with terrein
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by 6.7-fold under normoxic conditions. CCND1 was under-expressed in response to all
treatments under both oxygen and hypoxia conditions. Similar results were observed
with the MCM7 gene (Figure 7A,B). In HT-29 and SW620, all genes tested for cell cycle
regulation were under-expressed in response to all treatments under both normoxia and
hypoxia (Figure 7C–E).

(A) (B) 

 
(C) (D) 

 
(E)  

 

Figure 7. Fold change of cell cycle regulatory genes due to treatment with Terr, GCB, and their
combination under normoxic and hypoxic conditions. A fold change value below 0.5 indicates
under-expression, above 2.0 indicates over-expression, and between 0.5 and 2.0 indicates no change in
expression. HCT-116 under normoxia and hypoxia (A,B), HT-29 under normoxia and hypoxia (C,D),
and SW620 under normoxia and hypoxia (E). The data are presented as mean fold change ± SD.
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2.5. The Effect of GCB, Terr, and Their Combination on the Colorectal Cell Lines’ Growth
and Proliferation

The combination of Terr and GCB was found to show a synergistic effect in normoxia
and an antagonistic effect in hypoxia. This was evident when checking the cell growth
regulators and cell proliferation regulators in both normoxia and hypoxia conditions. We
examined and quantified the fold changes of several genes responsible for cellular growth
(AKT1, TGF-B1, HIF1-α, and PRKDC) and cellular proliferation (PCNA and RAD18) using
the RT-qPCR technique.

In HCT-116, the AKT1 gene was over-expressed when the cells were treated with
terrein in normoxia by 45.8-fold and were under-expressed for other treatments in the same
condition. The contrary was evident in hypoxia. TGF-1β showed no change in expres-
sion for cells treated with terrein but was under-expressed when the cells were treated
with other treatment conditions under normoxia. HIF1-α showed similar results to the
ones seen by AKT1 under normoxic conditions. PRKDC showed no change in expression
for all treatments except the combination treatment (GCB + Terr) under normoxic condi-
tions. At hypoxia, TGF-1β, HIF1-α, and PRKDC were under-expressed in all treatments
(Figures 8A,B and 9A,B).

(A) (B) 

 
(C) (D) 

Figure 8. Cont.
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(E) (F) 

Figure 8. Fold change of genes by Terr, GCB, and their combination under normoxic and hypoxic
conditions. A fold change value below 0.5 indicates under-expression, above 2.0 indicates over-
expression, and between 0.5 and 2.0 indicates no change in expression. HCT-116 under normoxia and
hypoxia (A,B), HT-29 under normoxia and hypoxia (C,D), and SW620 under normoxia and hypoxia
(E,F). The data are presented as mean fold change ± SD.
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Figure 9. Cont.
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(E) (F) 

Figure 9. Fold change of genes by Terr, GCB, and their combination under normoxic and hypoxic
conditions. A fold change value below 0.5 indicates under-expression, above 2.0 indicates over-
expression, and between 0.5 and 2.0 indicates no change in expression. HCT-116 at 24 h under
normoxia and hypoxia (A,B), HT-29 at 24 h under normoxia and hypoxia (C,D), and SW620 at 24 h
under normoxia and hypoxia (E,F). The data are presented as mean fold change ± SD.

On the other hand, the cellular proliferation gene, PCNA, was over-expressed when
the cells were treated with terrein in normoxic conditions by 40-fold. However, it was
under-expressed for the rest of the treatments. At hypoxia, the combination treatment
(GCB + Terr), resulted in no change in the expression of PCNA. Yet, the remaining treat-
ments resulted in the under-expression of the gene. The RAD18 gene was under-expressed
in all treatments in both oxygen conditions except for terrein in normoxia where the gene
did not change in expression (Figure 8A,B).

In HT-29, AKT1 was only over-expressed 2.62-fold after treatment with GCB. TGF-1β
was under-expressed in all treatments under both oxygenation conditions. HIF1-α was
under-expressed in all treatments and oxygen conditions, except after treatment with
(GCB + Terr) where it showed no change in expression. PRKDC showed no change in
expression in normoxia in response to all treatment conditions (Figure 8C,D). PCNA was
under-expressed due to hypoxic conditions and no change in expression was observed
under normoxia (Figure 9C,D).

In SW620, AKT1 showed no change in gene expression for all treatments under nor-
moxia and hypoxia. However, TGF-1β and HIF1-α were under-expressed in all treatments
under normoxia and hypoxia. The PRKDC gene was only expressed under hypoxia condi-
tions for all treatments (Figure 8C,D). PCNA and RAD18 were under-expressed in this cell
line for all treatment groups under both oxygenation conditions (Figure 9E,F).

2.6. The Effect of Terr, GCB, and Their Combination on the Extracellular Metabolites within
Colorectal Cell Llines

1H-NMR comparative analysis was carried out between the metabolites released from
HCT-116 cells after three different drug treatments: Terr only, GCB only, and a combina-
tion of both Terr and GCB under normoxic conditions. Three metabolites, namely, ethyl
malonate, tyrosine, and methylhistidine were detected extracellularly from HCT-116 cells
treated with GCB only. While other metabolites such as hypoxanthine and imidazole were
identified in the HCT-116 cells treated with Terr and GCB + Terr but not in the extracellular
fluid of the HCT-116 cells treated with GCB only. On the other hand, methionine was
detected extracellularly in the HCT-116 cells treated with Terr only. Metabolites such as
formate and pipocolate appeared extracellularly in both cell lines treated with Terr and
GCB only but were not detected in cell lines treated with (GCB + Terr).

Another similar comparative analysis was performed between the metabolites released
from HCT-116 cells after the same three different drug treatments but under hypoxic
conditions. Three metabolites, namely, 4-hydroxyphenyl acetate, leucine, and pyruvate
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were detected only in the extracellular fluid of HCT-116 cells treated with both drugs
(GCB + Terr) and were not detected in the cells treated only with single drugs. Furthermore,
methionine and phenylalanine were detected in all the treatments except the GCB-treated
cell lines.

Then, a third 1H-NMR metabolomic analysis was conducted to compare the extracel-
lular metabolites released by HCT-116 cells in both hypoxic and normoxic conditions. A
total of 25 metabolites were detected from HCT-116 cells treated with the three drugs under
normoxic and hypoxic conditions. In total, 19 of them were common between the two con-
ditions (Table 2). Three metabolites, namely, 2-hydroxy valerate and 2-phosphoglycerate,
were completely absent from all normoxic treatments and detected in all hypoxic ones,
while pyruvate was exceptionally detected in the hypoxic cells treated with the combined
drugs (GCB + Terr). On the other hand, methylhistidine was uniquely detected in the
normoxic cells treated only with GCB drugs.

Table 2. Extracellular metabolites identified by 1H NMR-based profiling for HCT-116 cells under
both hypoxic and normoxic conditions. The quantification of metabolites was achieved via fitting
with its reference spectrum from the library of the Chenomx NMR suite. The mean concentration ±
standard error is shown for metabolites from a set of three biological replicates.

Name NMR Chemical
Shift

Concentration (mM)

Normoxia Hypoxia

Control Terr GCB Terr + GCB Control Terr GCB Terr + GCB

4-hydroxyphenyl
acetate

7.16 (d), 6.68 (t),
3.44 (s) 0 3.2866 2.342 2.4149 0 0 0 1.332

2-hydroxyvalerate 0 0 0 0 0 7.351 26.6519 7.033

2-phosphoglycerate 4.86 (dt), 3.76 (dd),
3.62 (dd) 0 0 0 0 0 92.55 165.354 10.4

Acetate 1.9 (s) 0 4.203 6.2544 2.8006 0 3.2218 6.9808 2.04
Alanine 1.46 (d) 8.7211 18.9587 20.264 16.0552 48.545 25.8158 19.2287 1.1259

Dimethylamine 2.5 (s) 0 20.6557 6.4366 14.3796 0 18.5201 4.2958 13.026
Ethylmalonate 0 0 11.0424 0 0 10.0587 9.8134 4.29

Formate 8.46 (s) 1.3573 3.5965 4.6718 0 0 2.0378 4.6042 1.2927

Glucose
3.23, 3.39, 3.45,
3.50, 3.71, 3.81,
3.88, 4.63, 5.22

71.7887 143.9592 193.9061 102.7318 257.7746 71.1131 108.3805 36.567

Glutamate 2.34 (m) 7.9295 17.862 8.3554 31.9252 31.8823 5.9122 29.2106 7.0509
Histamine 7.99 (s), 7.14 (s),

3.29 (t), 3.03 (m) 0 2.2367 2.0502 2.993 0 1.2942 1.0424 1.9017

Hypoxanthine 8.19 (s), 8.21 (s) 0 1.1172 0 1.3887 0 0.7355 0 1.53
Imidazole 7.28 (s), 8.18 (s) 0 3.6693 0 1.4086 0 0.8819 0 0.99

Lactate 1.31, 4.09 62.6687 144.9777 201.7872 73.772 400.2995 103.39 166.539 65.067
Leucine 0.96 (t),1.70 (m) 3.7907 8.944 9.7745 4.7783 0 0 0 3.048

Methionine 3.86 (dd), 2.65 (t),
2.23 (m) 0 6.5637 0 0 0 0.4214 0 0.84

Phenylalanine 7.37 (m), 3.98 (m),
3.27 (m), 3.11 (m) 1.4766 3.7121 1.9949 3.3628 4.721 1.3442 0 1.1259

Pyruvate 2.36 (s) 0 0 0 0 0 0 0 4.7677

Pipecolate
3.58 (dd), 3.42 (m),
3.02 (td), 2.22 (m),
1.89 (m), 1.69 (m)

0 31.4662 12.192 0 0 0 0 0

Succinate 2.39 (s) 1.4136 2.4953 0.6909 2.3995 6.888 0.4962 0.1574 0.1986
Tyrosine 7.17 (m), 6.8 (m),

3.9 (m) 1.0549 0 2.8125 0 5.7714 1.2658 1.7629 1.28

Tyramine 2.92 (t), 3.23 (t), 6.9
(m), 7.2 (m) 0 3.4448 2.7521 2.6895 0 0 0 0

Valine 3.6 (d), 2.29 (m),
1.04 (d), 0.98 (d) 2.1199 3.6865 5.2247 2.535 7.3598 2.204 2.6834 2.037

Xanthine 7.89 (s) 0 1.7549 1.6411 1.6685 0 0.9064 0 0.6265

Methylhistidine
7.67 (s), 7.0 (s), 3.97
(dd), 3.68 (s), 3.18

(dd), 3.09 (dd)
0.5439 0 1.535 0 0 0 0 0

Two multivariate statistical analyses, hierarchical cluster analysis (HCA) and partial
least squares discriminant analysis (PLS-DA), were utilized to study the overall difference
in the metabolites released because of the three different drug treatments under each of
the normoxic and hypoxic conditions individually and then were thirdly conducted to
compare between the two conditions. The first HCA classified the released metabolites
under normoxic conditions after the three drug treatments into clusters based on their
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abundance (Figure 10). Furthermore, supervised multivariate analysis, PLS-DA, showed
that metabolites from different treatments under normoxic conditions are separately clus-
tered (Figure 11A). VIP scores were selected as a criterion for choosing the most important
variables of the PLS-DA model (Figure 11B). For normoxic conditions, the significantly
different metabolites with a VIP score of greater than 1 are glutamate, histamine, hypox-
anthine, phenylalanine, xanthine, dimethylamine, tyramine, 4-hydroxyphenyl alanine,
and succinate.

Figure 10. Unsupervised hierarchical clustering and heat map analysis of extracellular metabolites
released from HCT-116 under normoxic conditions.

(A) (B) 

Figure 11. Supervised partial least squares discriminant analysis (PLS-DA) of the metabolite profiling
of HCT-166 cells treated with Terr (T), gemcitabine (G), and Terr + GCB (TG) under normoxic
conditions. (A) Two-dimensional score plot for HCT-116 cells treatments. (B) VIP score plot for
treatments of HCT-116 cells.

Similarly, hierarchical cluster analysis (HCA) and partial least squares discriminant
analysis (PLS-DA) were conducted to investigate the difference in the metabolites released
because of different kinds of drug treatments under hypoxic conditions. HCA clustered
the released metabolites based on their abundance (Figure 12). PLS-DA revealed that
metabolites from the three treatments are separately clustered (Figure 13A). VIP scores
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were also selected as criteria for choosing the most important variables of the PLS-DA
model. The most significantly different metabolites with a VIP score of more than 1 as
shown in (Figure 13B) are histamine, methionine, hypoxanthine, glucose, lactate, imidazole,
glutamate, alanine, valine, tyrosine, dimethylamine, pyruvate, 4- hydroxyphenyl alanine,
leucine, and succinate.

Figure 12. Unsupervised hierarchical clustering and heat map analysis of extracellular metabolites
released from HCT-116 under hypoxic conditions.

(A) (B) 

  

Figure 13. Supervised partial least squares discriminant analysis (PLS-DA) of the metabolite profiling
of HCT-166 cells treated with Terr (T), gemcitabine (G), and Terr + GCB (TG) under hypoxic conditions.
(A) Two-dimensional score plot for HCT-116 cells treatments. (B) VIP score plot for treatments of
HCT-116 cells.

The same multivariate analysis methods (hierarchical cluster analysis and partial least
squares discriminant analysis) were applied to assess the difference in the metabolites
released from HCT-116 cells under both normoxic and hypoxic conditions. The heat
map showed the difference in metabolites’ concentration between hypoxic and normoxic
treatments (Figure 14). Moreover, PLSD-A separated the hypoxic metabolites and normoxic
metabolites into two clusters (Figure 15A). The most significantly different metabolites
between hypoxic and normoxic cells were determined using VIP scores (Figure 15B).
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Figure 14. Unsupervised hierarchical clustering and heat map analysis of extracellular metabolites
released from HCT-116 comparing normoxic and hypoxic conditions.

(A) (B) 

Figure 15. Supervised partial least squares discriminant analysis (PLS-DA) of the metabolite profiling
of HCT-166 cells treated with Terr (T), gemcitabine(G), and Terr + GCB (TG) under normoxic and
hypoxic conditions. (A) Two-dimensional score plot for HCT-116 cells treatments. (B) VIP score plot
for treatments of HCT-116 cells.

3. Discussion

The need for novel anticancer treatment is an emerging matter as cancer is a major
health problem worldwide, and the currently available chemotherapeutic options are
becoming increasingly susceptible to resistance [1,2]. Terrein (Terr) is a bioactive marine
metabolite isolated from the fungal strain of Penicillium species SF-7181 and Aspergillus
terreus [39]. It exerts its activity via different mechanisms such as angiogenesis inhibition,
cell cycle regulation, apoptosis, and autophagy induction [6–9]. However, the exact role of
Terr as an antitumor agent remains unclear. Gemcitabine (GCB) is generally considered
to be the drug of choice for pancreatic adenocarcinoma and has also been used in other
types of cancers such as colorectal cancer; however, its major drawback is its susceptibility
to both intrinsic and acquired chemoresistance [40]. Therefore, improving the therapeutic
effect of GCB is crucial.
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In the current work, Terr showed relatively high IC50s against three different colorectal
cancer cell lines under normoxic and hypoxic conditions. Yet, several similar studies
showed that Terr induces cancer cell death; however, it is highly cell type-dependent, as
well as dose and time dependent [12,16]. On the other hand, GCB showed much higher
anticancer potencies against the same set of cell lines compared to Terr under normoxic
and hypoxic conditions. The combination indices for GCB with Terr were indicative of a
synergistic interaction in HCT-116 and SW620; however, it was antagonistic in HT-29 in
both normoxia and hypoxia.

To explain the characteristics of the interaction between GCB and Terr treatments as
well as their combination, apoptosis, autophagy, and cell cycle interference were assessed
using the flowcytometry technique. This allowed us to determine if the cell death was
due to programmed/non-programmed (apoptosis vs necrosis) cell death, autophagy in-
duction/suppression, or simply interference with cell cycle progression (antiproliferative
properties). It is worth mentioning that the role of autophagy in cancer is very controversial
as it is often referred to as either inducing cell death by suppressing tumorigenesis or
facilitating tumorigenesis [41,42]. Apoptotic cell death in GCB singular treatment was
significantly higher compared to control untreated cells in all cell lines assessed as expected.
Yet, after 24 h of treatment in HCT-116 and SW620 cell lines, the combination treatment
significantly increased apoptotic cell death compared to other treatments. The opposite
was evident in the HT-29 cell line under both normoxic and hypoxic conditions. Both
cases are in alignment with combination indices calculated in these cell lines (synergistic
versus antagonistic). It is worth mentioning that apoptosis was induced, and autophagy
was suppressed after 24 h in HCT-116 and SW620 cells under combination conditions
(GCB + Terr). This might be attributed to suppressed autophagy leading to apoptosis and
cell death. Furthermore, the gene expression profile of apoptosis and autophagy genes
confirmed this pattern. In the previous literature, cells such as HCT-116 can proceed via
apoptosis and suppress autophagy through the regulation of certain pathways, such as
PI3K/AKT/mTOR [43]. It is prevalent in colorectal cancer cells and exhibits the antag-
onistic effect between autophagy and apoptosis as a survival mechanism due to crucial
environmental factors [44]. Concerning cell cycle analysis, all cell lines that were tested
showed a significant increase in the S phase population after 24 and 48 h of treatment with
GCB, while Terr induced a significant increase in G2/M phase arrest in the same set of cell
lines. Previous studies showed similar findings and have shown that GCB induces S-phase
cell cycle arrest and regulates cell cycle-related proteins, while Terr induces G2/M phase
cell cycle arrest [45,46].

RT-qPCR analysis for single and combined treatment was conducted for apoptosis-
related genes (BCL2, BIRC5, TP53, and FOXO3), autophagy-related genes (ATG5 and
Beclin-1), cell cycle-related genes (CCND1, CDK4, and MCM7), cellular growth-related
genes (AKT1, TGF-B1, HIF1-a, and PRKDC) and cellular proliferation-related genes (PCNA
and RAD18). Most of the apoptotic genes that were studied were under-expressed in all cell
lines that were tested for all treatments under both normoxic and hypoxic conditions. The
anti-apoptotic gene, BCL2, which plays a role in programmed cell death as an antiapoptotic
protein [47], was over-expressed when HCT-116 cells were treated with Terr alone under
normoxic conditions; however, it was significantly downregulated when the cells were
treated with the combination treatment (GCB + Terr). This observation is supported by
similar combination studies that showed the downregulation of BCL2 when HCT-116 was
treated with combination treatment [48].

Similar results were observed with the autophagy-regulating genes; they were found
to be under-expressed in all cell lines tested for all treatments under both normoxic and
hypoxic conditions. ATG5, which regulates autophagy by forming autophagic vesicles and
controls mitochondrial quality after oxidative damage, was over-expressed when HCT-116
cells were treated with Terr under normoxic conditions. According to the literature, Beclin-1
is a gene that plays a significant role in regulating autophagy, proliferation, and apoptosis
in colorectal cancer cells (HCT-116 and SW620). The inhibition of Beclin-1 leads to the
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suppression of autophagy and proliferation as well as the promotion of apoptosis, which
are observed in the results [49]. The exact mechanism by which Beclin-1 promotes apoptosis
and suppresses autophagy, however, remains unclear.

Concerning cell cycle regulator genes, they followed the same pattern, and most of
the genes that were tested were under-expressed in all cell lines that were tested for all
treatments under both normoxic and hypoxic conditions. The only exception was CDK4,
which is an important gene that encodes proteins for the cell cycle G1 phase progression.
CDK4 was only over-expressed when the cells were treated with Terr under normoxic
conditions in the HCT-116 cell line. However, the combination treatment (GCB + Terr) led
to the downregulation of CDK4 in HCT-116. CDK4 is found to be amplified in colorectal
cancer cells compared to normal cells [50,51], and evidence has shown that inhibiting
certain CDKs such as CDK1, 2, 4/6, and 9 is useful in enhancing colorectal cancer cell
(HCT-116) death [52]. According to previous studies, the inhibition of CDKs has also
proven to be beneficial in suppressing colorectal cancer cells from proliferation through cell
cycle arrests, and in some cases, can also lead to apoptotic cell death [53].

Most of the cellular growth genes that were tested were observed to be under-
expressed in all cell lines in response to treatment. The AKT1 gene was of great interest and
a known target for terrein, as it works by regulating various processes such as metabolism,
proliferation, cell survival, and cell growth. In HCT-116, AKT1 was over-expressed when
the cells were treated with Terr in normoxia and under-expressed for other treatments in
the same condition. The contrary was evident in hypoxia. Hypoxia plays a major role in
tumor cell behavior and the way it responds to treatment [54]. Stegeman et. al. showed
that hypoxia stimulates AKT expression and activation in vivo and in vitro. The current
study might prove that terrein-induced pAKT inhibition can overcome the influence of
hypoxia and diminish cell survival in hypoxic cells, rather than in normoxic conditions [55].
In HT-29, AKT1 was over-expressed after treatment with GCB in normoxia, which might
explain the antagonistic interaction with terrein. In SW620, AKT1 was over-expressed
after single as well as combination treatment under both normoxic and hypoxic condi-
tions. Still, this can explain the very high resistance fraction (R-value) to treatment in
this cell line. AKT is known to regulate cellular proliferation through the degradation
of CDK inhibitors, therefore promoting cell cycle progression and inhibiting apoptosis
by inactivating pro-apoptotic molecules [56,57]. As a result, AKT plays a vital role as a
signaling biomarker, which integrates many potential oncogenic signals [58]. On the other
hand, recent studies showed that overactivation of AKT can also increase cell resistance
to oxidative stress and allow cells to be more viable in high reactive oxygen species (ROS)
conditions [59]. On the other hand, several studies showed that AKT nucleus translocation
can induce cell death via apoptin due to the activity of some anticancer drugs [60]. This
proves that the overall outcome of AKT activation or inhibition depends on the signaling
context as well as the topological characteristics [58]. Most of the cell proliferation genes
that were studied were under-expressed in response to single and combined treatment.
Yet, this might indicate the antiproliferative effect rather than the cytotoxic properties of
treatments under investigation, especially if we noticed the high resistance fraction in all
treatment conditions.

Only HCT-116 cells showed a synergistic versus antagonistic interaction between
terrein and GCB under normoxic versus hypoxic conditions, respectively. Yet, it was further
assessed via a metabolomic study using 1H-NMR comparative analysis and profiling under
normoxic versus hypoxic conditions. Lately, many studies have been trying to investigate
colorectal cancer metabolic profiling compared to normal tissues [61]. Hirayama et al.
found that due to hypoxia, there is a significant variation in the energy metabolism in
the colorectal cancer tissues [62]. Denkert et al. reported that intermediates of the lipids
and tricarboxylic acid (TCA) cycle were downregulated in tumor tissue, while urea cycle
metabolites, purines, pyrimidines, and amino acids were upregulated compared to normal
tissue [63]. In the current study, the extracellular metabolites of the different treatment
conditions (single versus combination treatment) were found to be significantly different
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from one another when compared under different oxygen conditions. According to the VIP
scores, the metabolites that were believed to exhibit a significant role in the metabolic shift
when comparing the different oxygen conditions as well as when testing normoxia and
hypoxia per se were leucine, tyramine, 4-hydroxyphenyl acetate, xanthine, and tyrosine.
A study carried out by Hirayama et al. showed that tumors can have a tumor-specific
metabolism that grants them more prevalent proliferation, at the same time keeping some
metabolic characteristics of the tissues from which they originated. To put it in another
way, cancer cells are progressed via metabolic adaptation that includes the upregulation
of glucose consumption and increase in amino acids, while preserving the tissue-specific
dependency of aerobic respiration characterized by TCA intermediate and nucleotide
levels [62]. Another study performed by Frezza et al. suggests that hypoxic HCT116
cells could depend on catabolic processes to make up the energetic defect created by the
loss of mitochondrial activity and that cannot be made up by the increased glycolytic
flux [64]. Herein, these metabolic profiling data are in alignment with autophagy and
apoptosis results. Mitochondrial membrane and integrity are among the early flip points
in apoptosis/autophagy balance [44,65]. The significantly different profiles of energy
metabolites in both normoxic and hypoxic conditions mirrored the different profiles in
autophagy/apoptosis balance in the HCT-116 cells [66]. In our study, according to the
PLS-DA, there was no overlap in metabolites clustering among the different treatments.
Further analysis was conducted via a metabolite–gene–disease interaction network, which
illustrated that some of the genes that were tested were directly linked to colorectal cancer
in alignment with the metabolites that were found earlier, such as AKT1 and BCL2.

In conclusion, terrein possesses a controversial role in influencing the anticancer prop-
erties of gemcitabine in colorectal cancer cells under normoxic versus hypoxic conditions
ranging from antagonism to synergism. However, this influence is evident via significant
changes in cell proliferation patterns, cell cycle progression, apoptosis, and autophagy with
mirrored confirmatory gene expression profiles. AKT1 seems crucial in all these processes
in terms of activation and expression. On top of all these, the metabolic profile of energy
and mitochondrial function was significantly and differentially affected by single and
combined treatments under normoxia versus hypoxic conditions. It is recommended to
further study these effects under more complicated tissue culture conditions such as a 3D
culture system or even in vivo animal models to add the dimension of tissue penetration to
the current research outcome.

4. Materials and Methods

4.1. Chemicals and Drugs

Gemcitabine (GCB), terrein (Terr), and sulforhodamine-B were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). RPMI-164 media, DMEM, fetal bovine serum, and
other cell culture materials were purchased from ATCC (Houston, TX, USA). Other reagents
used were of the highest analytical grade.

4.2. Cell Culture

Colorectal cancer cell lines HCT-116 (Accession number: CRL-3504), HT-29 (Accession
number: HTB-38), and SW620 (Accession number: CVCL_0547) were obtained from ATCC
(Houston, TX, USA). Cells were maintained in RPMI-1640 and DMEM supplemented with
100 μg/mL streptomycin, 100 units/mL penicillin, and 10% heat-inactivated fetal bovine
serum in a humidified, 5% (v/v) CO2 atmosphere at 37 ◦C [67]. All cell lines and cell line
materials were confirmed to be mycoplasma free.

4.3. Cytotoxicity Assay

The cytotoxicity of GCB and Terr was tested against HCT-116, HT-29, and SW620
cells using the SRB assay as previously described. Exponentially growing cells were
harvested using 0.25% Trypsin-EDTA and plated in 96-well plates, at concentrations of
1000–2000 cells/well. Cells were exposed to GCB, Terr, and GCB + Terr for 72 h (normoxia
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and hypoxia) and subsequently fixed with TCA (10%) for 1 h at 4 ◦C. After the plates were
washed several times, the cells were exposed to a 0.4% SRB solution for 10 min in the
dark and subsequently washed with 1% glacial acetic acid. After leaving the plates to dry
overnight, Tris-HCl was used to dissolve the SRB-stained cells, and their color intensity
was measured at 540 nm using a microplate reader [68].

4.4. Data Analysis

The viability dose–response curve of the compounds was analyzed using the Emax
model (Equation (1)).

% Cell viability = (100 − R)×
(

1 − [D]m

Km
d + [D]m

)
+ R (1)

where R is the residual unaffected fraction (the resistance fraction) which is deduced from
fitting concentration versus viability on the Emax equation (Equation (1)) described above,
[D] is the drug concentration used, Kd is the drug concentration that produces a 50%
reduction in the maximum inhibition rate and m is a Hill-type coefficient. IC50 was defined
as the drug concentration required to reduce optical density to 50% of that of the control
(i.e., Kd = IC50 when R = 0 and Emax = 100 − R) [68].

4.5. Apoptosis

Annexin V conjugates allow for the identification of cell surface changes that occur
early during the apoptotic process using flow cytometry. Early in the apoptotic process,
phosphatidylserine emerges from within the cytoplasmic membrane and becomes exposed
on the cell surface, which is thought to be important for macrophage recognition of cells un-
dergoing apoptosis. The binding of Annexin V to phosphatidylserine is calcium-dependent,
reversible, and specific with a Kd of approximately 5 × 10 − 10 M [69].

4.6. Assessment of Active Caspase-3 Concentration

To assess the effect of GCB, terrein, and their combination on apoptosis, the active
caspase-3 concentration was measured using a Quantikine® caspase-3 ELISA Kit (R&D
Systems, Inc., Minneapolis, MN, USA). Briefly, the cells were exposed to the predetermined
IC50s of test compounds (single or combined treatments) or drug-free media (control
group) for 24 h. Cells were harvested and washed twice with PBS, then incubated with the
biotin-ZVKD-fmk inhibitor for 1 h. Cells were transferred into the wells of a microplate pre-
coated with a monoclonal antibody specific for caspase-3. Following a wash to remove any
unbound substances, streptavidin conjugated to horseradish peroxidase was added to the
wells and bound to the biotin on the inhibitor. Following a wash to remove any unbound
streptavidin–HRP, a substrate solution was added to the wells. The enzyme reaction yields
a blue product that turned yellow when a stop solution was added. The optical density of
each well was determined within 30 min, using a microplate reader set to 450 nm with a
wavelength correction at 540 nm or 570 nm. The concentrations of active caspase-3 were
calculated from a standard curve constructed with known concentrations of active caspase-
3. Caspase concentration was expressed as ng/mg protein. Proteins were determined by
the Bradford method using purified bovine serum albumin as a standard protein.

4.7. Autophagy

Acridine orange (AO) is a cell-permeable green fluorophore that can become hy-
dronated and consequently absorbed by acidic vesicular organelles. Its metachromatic shift
from green to red fluorescence is highly dependent on its concentration, which causes AO
to fluoresce from green to red in acidic organelles, such as lysosomes. Lysosomes tend
to increase in number and volume when autophagy occurs; AO staining is a quick and
reliable method for the assessment of autophagy [70].
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4.8. Cell Cycle Analysis

Propidium iodide (PI) is a dye that can be used to stain DNA content by intercalating
into a double-stranded nucleic acid, producing a highly fluorescent signal when excited
at 488 nm with a broad emission centered around 600 nm. The stoichiometric nature of
PI ensures accurate quantification of DNA content and reveals the distribution of cells
in the G1, S, and G2 cell cycle stages, and even in the sub-G1 cell death stage, which is
characterized by DNA fragmentation. Since PI can also bind to double-stranded RNA, it is
necessary to treat the cells with RNase for optimal DNA resolution [71].

4.9. Gene Expression Analysis

To assess the gene expression of GCB and Terr and their combination, total RNA
extraction from cells was performed using the easy-BLUE Kit® (Qiagen Inc., Valencia, CA,
USA). Reverse transcription was undertaken to construct a cDNA library from different
treatments using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). The archived cDNA libraries were then subjected to quantitative
real-time PCR reactions [72] using SYBR-green fluorophore (Fermentas Inc., Glen Burnie,
MD, USA). Primer sequences were as shown in Table 3.

Table 3. Primer sequences of target genes were used for the qPCR analysis.

Classification Primer Direction Code

Apoptosis regulators

BCL2
Forward GAT-TGT-GGC-CTT-CTT-TGA-G
Reverse CAA-ACT-GAG-CAG-AGT-CTT-C

BIRC5
Forward AGG-ACC-ACC-GCA-TCT-CTA-CAT
Reverse AAG-TCT-GGC-TCG-TTC-TCA-GTG

TP53
Forward TTC-CTC-CAA-CCA-AGA-ACC-AGA
Reverse GCT-CAG-TAG-GTG-ACT-CTT-CAC-T

FOXO3
Forward ACG-GCT-GAC-TGA-TAT-GGC-AG
Reverse CGT-GAT-GTT-ATC-CAG-CAG-GTC

Autophagy
ATG5

Forward AGA-AGC-TGT-TTC-GTC-CTG-TGG
Reverse AGG-TGT-TTC-CAA-CAT-TGG-CTC

Beclin1
Forward AGC-TGC-CGT-TAT-ACT-GTT-CTG
Reverse ACT-GCC-TCC-TGT-GTC-TTC-AAT-CTT

Cell cycle regulators

CCND1
Forward TGT-TCG-TGG-CCT-CTA-AGA-TGA-AG
Reverse AGG-TTC-CAC-TTG-AGC-TTG-TTC-AC

CDK4
Forward CTG-GTG-TTT-GAG-CAT-GTA-GAC-C
Reverse AAA-CTG-GCG-CAT-CAG-ATC-CTT

MCM7
Forward GGG-CTC-CAG-ATT-CAT-CAA-AT
Reverse ATA-CCA-GTG-ACG-CTG-ACG-TG

Cell growth

AKT1
Forward GGA-TGT-GGA-CCA-ACG-TGA-G
Reverse AGC-GGA-TGA-TGA-AGG-TGT-TG

TGF-β1
Forward GGT-ACC-TGA-ACC-CGT-GTT-GCT
Reverse TGT-TGC-TGT-ATT-TCT-GGT-ACA-GCT-C

HIF1-a
Forward GAA-CGT-CGA-AAA-GAA-AAG-TCT-CG
Reverse CCT-TAT-CAA-GAT-GCG-AAC-TCA-CA

PRKDC
Forward GAC-ATC-TCC-TGA-GCT-CTG-AC
Reverse CTC-TTG-TTC-CCC-AAC-AGT-CT

Cell proliferation
PCNA

Forward CGG-ATA-CCT-TGG-CGC-TAG-TA
Reverse TCT-CGG-CAT-ATA-CGT-GCA-AA

RAD18
Forward CTC-AGT-GTC-CAA-CTT-GCT-GTG
Reverse GAA-GAG-GAA-GAA-GCA-GGA-GAT

4.10. Metabolomics Analysis
4.10.1. Sample Processing for NMR Spectroscopy

The lyophilized extracellular cell media were mixed with the internal reference 3-
(Trimethylsilyl)-1- propane sulfonic acid-d6 sodium salt (DSS-d6, dissolved in methanol-d4,
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10 mM) to reach the final concentration of 1 mM. From each sample, 600 μL was placed in
5 mm NMR tubes for NMR analyses. Three biological replicates from each sample were
analyzed [73].

4.10.2. NMR Measurement

The 1H-NMR experiments were carried out using a Bruker NMR spectrophotometer
(Bruker Biospin GmbH, Karlsruhe, Germany) operating at 600 MHz and a temperature
of 25 ◦C.

4.10.3. NMR Spectral Processing

Metabolite annotation was conducted using ChenomX NMR Suite 8.6 (ChenomX Inc.,
Edmonton, AB, Canada), and phase and baseline corrections were performed initially. The
identification was then verified by Human Metabolome Database (http://www.hmdb.
ca/) accessed on 1 April 2021, Madison Metabolomics Consortium Database (http://
mmcd.nmrfam.wisc.edu) accessed on 1 April 2021. The metabolites with corresponding
concentrations were subjected to multivariate analysis [73].

4.10.4. Multivariate Analysis

Metabolite data from all replicates were then imported to MetaboAnalyst 5.0 platform
(http://www.metaboanalyst.ca/) accessed on 5 May 2021, for multivariate analysis [74].
Hierarchical cluster analyses were performed to visualize the grouping resulting from the
difference between the metabolites released from the HCT-116 cells treated with terrein,
GCB, and GCB + Terr under both normoxic and hypoxic conditions. Partial least squares
discriminant analysis (PLS-DA) was performed to visualize the grouping tendencies in
the samples with many variables. Significant metabolites were determined from variable
importance in projection scores (VIP) values. VIP values above 1.00 were significant [75].

4.11. Statistical Analysis

Data are presented as mean ± SD. Analysis of variance (ANOVA) with Tukey’s Honest
Significance post hoc test was carried out to test for significance using SPSS® for Windows,
Version 17.0.0. p < 0.05 was used as the cut-off value for significance.

5. Conclusions

In conclusion, while combining terrein with gemcitabine did not improve gemc-
itabine’s resistance fraction, it did however improve its cytotoxic effect against HCT-116
and SW620 cells. The current work focused on HCT-116 as it was the cell line of interest due
to the opposite effect of the combination treatment (GCB + Terr) on the cells when treated
under normoxic versus hypoxic conditions. Expression of certain genes was affected due
to the variable treatment action, more specifically BCL2, Beclin-1, CDK4, and AKT1. This
urged us to further investigate the metabolic profile of the HCT-116 cell line after treatment
with terrein, gemcitabine, and their combination, and promising results supported our
findings. A difference between the metabolites found under each oxygen condition was
found, and this could explain the synergistic effect in normoxia versus the antagonistic
effect in hypoxia.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21050271/s1, Figure S1: The effect of terrein on the cytotoxicity
of GCB (A) in normoxia and (B) in hypoxia in HCT-116 cell line. The cells were exposed to serial
dilution of terrein (�), GCB (•) or Terr/GCB combination (�) for 72 h. The cell viability was determined
using SRB assay; Figure S2: The effect of terrein on the cytotoxicity of GCB (A) in normoxia and
(B) in hypoxia in HT-29 cell line. The cells were exposed to serial dilution of terrein (�), GCB (•) or
Terr/GCB combination (�) for 72 h. The cell viability was determined using SRB assay; Figure S3: The
effect of terrein on the cytotoxicity of GCB (A) in normoxia and (B) in hypoxia in SW620 cell line. The
cells were exposed to serial dilution of terrein (�), GCB (•) or Terr/GCB combination (�) for 72 h. The
cell viability was determined using SRB assay.
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Abstract: Secondary metabolites from marine organisms are diverse in structure and function. Marine
Aspergillus is an important source of bioactive natural products. We reviewed the structures and
antimicrobial activities of compounds isolated from different marine Aspergillus over the past two
years (January 2021–March 2023). Ninety-eight compounds derived from Aspergillus species were
described. The chemical diversity and antimicrobial activities of these metabolites will provide a
large number of promising lead compounds for the development of antimicrobial agents.

Keywords: marine Aspergillus; secondary metabolites; antimicrobial activity

1. Introduction

Compared with terrestrial fungi, marine fungi are more abundant in species. Due to the
complex environment, their metabolites have novel structures and diverse activities [1–4].
As an important member of marine microorganisms, fungi play an important role in the
study of active natural products. Marine fungi can be obtained from marine animals,
plants, sediments and seawater [5–8]. Therefore, marine fungi have a wide range of
sources [6,9–15].

Aspergillus is a genus of fungi widely distributed in marine environments [16–18].
Common species include A. fumigatus, A. niger, A. versicolor, A. flavus, A. ochraceu, A. ticus, A.
terreus, etc. Marine Aspergillus is an important resource in the production of active natural
products, such as steroids, flavonoids, azolones, etc. [7,19–22]. These metabolites are
structurally diverse and exhibit a wide range of biological activities, including anticancer,
antiviral, antibacterial, anti-inflammatory, lipid-lowering and anti-diabetic [22–27].

Due to the wide range of Aspergillus sources, the diverse secondary metabolites and
the wide biological activities, the research on Aspergillus metabolites has attracted much
attention. Therefore, a series of excellent reviews on this subject have been published so
far [28–39]. In 2016, Fouillaud et al. reviewed the knowledge of anthraquinones and their
derivatives derived from filamentous fungi [40]. In 2022, Hafez Ghoran et al. updated this
study and summarized and classified the structures and activities of 296 anthraquinones
and their derivatives [41]. In 2019, Youssef et al. reviewed the chemical and biological
activities of peptides which isolated and identified from marine fungi [22]. 131 peptides
were reported from these 17 genera, and about 53% of the isolated peptides showed
cytotoxic, antibacterial and antiviral activities. In 2020, Jiang et al. reviewed the chemical
structure and bioactive properties of new terpenes from marine derived fungi, as well as the
biodiversity of these fungi from 2015 to 2019 [19]. Penicillium, Aspergillus and Trichoderma
fungi were the main producers of terpenes. In 2021, Rani et al. reviewed the research status
of microbial antibacterial molecules [10]. In 2022, Li et al., reviewed the chemistry and
bioactivity of marine-derived bisabolane sesquiterpenoids [1]. In 2013, Lee et al. reviewed
the bioactive secondary metabolites of Aspergillus derived from marine sources [42]. In
2018, Wang et al. reviewed 232 new bioactive metabolites from Aspergillus of marine origin
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from 2006 to 2016 and classified their bioactivity and chemical structures [43]. In 2020, Xu
et al. reviewed the structural diversity and biological activity of 130 heterocyclic alkaloids
produced by Aspergillus of marine origin from early 2014 to late 2018 [44]. However, there
have been no studies on the antimicrobial compounds from marine Aspergillus in the last
two years despite the fact that over the past two years, reports of antibacterial metabolites
from Aspergillus have increased [45–51]. It is believed that the study of Aspergillus living
in marine environments will facilitate the isolation of new fungal species and lead to
the discovery of new compounds. Therefore, this review updates current compounds
to cover metabolites isolated from marine Aspergillus between January 2021 and March
2023. It also provides structural diversity of compounds, as well as detailed information
on sources and associated antimicrobial activity. We introduced the structural diversity
and antimicrobial activity of 98 compounds isolated from marine-derived Aspergillus. This
study will contribute to a better understanding of the chemical properties and biological
activities of natural products from marine Aspergillus, thus facilitating drug discovery
and development.

2. Aspergillus sp. from Various Marine Sources and Their Antimicrobial Activities

2.1. Aspergillus sp. from Marine Animals and Their Antimicrobial Activities

Trypacidin (1) was isolated from the A. fumigatus HX-1 associated with clams (Figure 1).
The anti-Vibrio harveyi activity of trypacidin was the same as that of streptomycin sulfate,
and the minimum inhibitory concentration (MIC) was 31.25 μg/mL [52].

 
Figure 1. Compounds of Aspergillus sp. derived from marine animals.

Two new dipeptides, asperopiperazines A and B (2 and 3), were obtained from As-
pergillus sp. DY001 (Figure 1). The MICs of asperopiperazines A and B against Escherichia
coli were 8 and 4 μM, and 8 and 8 μM against S. aureus, respectively [53].

In conclusion, only two Aspergillus species producing antimicrobial compounds are
found from marine animals (except sponges and corals). Three compounds from these two
Aspergillus strains have been reviewed for their antimicrobial activities. Notably, asper-
opiperazines A and B from Aspergillus sp. DY001 showed potent antimicrobial activities
against E. coli and S. aureus.

2.2. Aspergillus sp. from Marine Plants and Their Antimicrobial Activities

Six new terpenoids were isolated from a seaward fungus A. alabamensis (Figure 2).
They are asperalacids A-E and 4-hydroxy-5-(6)-dihydroterrecyclic acid A (4). Compound
4 and asperalacids A–D (5–8) showed antimicrobial activities against plant pathogenic
fungi Penicillium italicum, Fusarium graminearum and F. oxysporum, as well as S. aureus and
the Gram-positive bacteria Bacillus subtilis. Both MICs of asperalacids A and D against
F. graminearum were 200 μg/mL. The MIC of asperalacids B and C against F. oxysporum
were 100 and 100 μg/mL, and 200 and 25 μg/mL against F. graminearum, respectively. The
MIC of compound 8 against P. italicum, F. graminearum, F. oxysporum and S. aureus were 200,
50, 100 and 25 μg/mL, respectively [54].
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Figure 2. Compounds of Aspergillus sp. derived from marine plants.

Eight new benzoic acid-containing alkaloids were isolated and identified from
A. alabamensis. Among these compounds, asperalins A–F (9–14) showed moderate or
strong inhibitory activities against some fish pathogens, Streptococcus parauberis, S. iniae
and Edwardsiella ictalurid (Figure 2). Asperalins C and D showed strong antibacterial activi-
ties against S. aureus, S. parauberis and S. iniae, with MIC values of 10.1, 10.1 and 5.0 μM,
respectively. Asperalin E had the strongest inhibitory effect on S. iniae with an MIC value
of 2.2 μM. Notably, the MICs of asperalin F against four Gram-positive bacteria S. aureus,
B. subtilis, S. parauberis, S. iniae and one Gram-negative bacterium E. ictalurid were 21.8,
87.3, 21.8, 43.6 and 10.9 μM, respectively [55].

In conclusion, Aspergillus species and its active metabolites from marine plant sources
(except mangrove and seagrasses) were summarized. Eleven antimicrobial compounds were
identified in the seagrass-derived fungus A. alabamensis during 2022 and 2023. Compounds
4–8 had a weak inhibitory effect on plant pathogens. However, compounds 11–14 showed
strong antibacterial effects against S. aureus, S. iniae and some Gram-positive bacteria.

2.3. Aspergillus sp. from Mangroves and Their Antimicrobial Activities

Six antibacterial compounds were isolated from the marine fungus A. brunneoviolaceus
MF180246 (Figure 3). These compounds included asperbrunneo acid (15), secalonic acid
H (16), chrysoxanthone C (17), secalonic acid F1 (18), asperdichrome (19) and penicillixan-
thone A (20). They showed antibacterial activity against S. aureus with MIC values of 200,
50, 50, 25, 25 and 6.25 μg/mL [27].

Six polyhydroxy p-terphenyls (asperterphenyllins A–F) were isolated from the en-
dophytic fungus A. candidus LDJ-5 in mangroves. Only asperterphenyllin C (21) showed
antibacterial activity against Proteus sp. with an MIC value of 19 μg/mL [56].

Two new heterodimeric tetrahydroxanthones, aflaxanthones A and B (22 and 23),
were isolated from A. flavus QQYZ. These two compounds showed potential antimicrobial
activity and broad spectrum against several pathogenic fungi such as C. albicans and
F. oxysporum, with MIC values in the range of 3.13–50 μM. They also showed moderate
antibacterial activity against several bacteria such as B. subtilis and methicillin-resistant
S. aureus (MRSA), with MIC values in the range of 12.5–25 μM [57].

In conclusion, Aspergillus and its active metabolites from mangroves were summarized.
Due to the special geographical environment, mangroves had a wide variety of organisms,
which has been thoroughly examined in previous studies of metabolites. Nine antimicrobial
compounds were found in three Aspergillus strains from mangrove sources. Most of
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the compounds showed moderate antimicrobial activities. Among these compounds,
compound 20 showed a strong inhibitory effect on S. aureus.

Figure 3. Compounds of Aspergillus sp. derived from mangroves.

2.4. Aspergillus sp. Derived from Algae and Their Antimicrobial Activities

Two C7-alkylated salicylaldehyde derivatives metabolites, namely asperglaucins A
and B (24 and 25), were isolated from the endophytic fungus A. chevalieri SQ-8 (Figure 4).
Asperglaucins A and B showed potent antimicrobial activities against plant pathogens
B. cereus and Pseudomonas syringae pv actinidae (Psa), with an MIC value of 6.25 μM. Further
analysis showed that asperglaucins A and B may change the external structure of B. cereus
and Psa and cause cell membrane rupture or deformation. The results indicated that
asperglaucins A and B may be potential lead compounds of pesticide fungicides [58].

Figure 4. Compounds of Aspergillus sp. derived from algae.

Two new diketopiperazines, namely versiamide A (26) and 3, 15-dehydroprotuboxepin
K (27), were isolated from endophytic fungus A. creber EN-602 obtained from the marine
red algae Rhodomela confervoides. Versiamide A and 3, 15-dehydroprotuboxepin K showed
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inhibitory activities against a variety of aquatic bacteria, with MIC values ranging from
8 to 64 μg/mL. Versiamide A showed antibacterial activity against Aeromonas hydrophila,
E. coli, Micrococcus luteus and P. aeruginosa, with MIC values of 64, 16, 64 and 64 μg/mL. 3,
15-dehydroprotuboxepin K showed antibacterial activity against E. tarda, E. coli, M. luteus,
P. aeruginosa and V. harveyi, with MIC values of 64, 8, 16, 32 and 64 μg/mL [59].

An antibacterial terpenoid, namely terretonin F (28), were isolated from the Aspergillus
sp. RR-YLW12, which derived from marine red algae R. confervoide. Terretonin F showed
significant inhibitory activities against Chattonella marina, Heterosigma akashiwo and Proro-
centrum donghaiense, with IC50 values of 3.1, 5.2 and 10.5 μg/mL, respectively [60].

In conclusion, Aspergillus species from marine algae and active metabolites were
summarized. Five antimicrobial compounds were found in three fungi strains of algae
origin. It should be noted that asperglaucins A and B (24 and 25) showed a strong inhibitory
effect on B. cereus. The possible bacteriostatic mechanism of the compounds was also
introduced. At present, the studies on the structure and biological activity of compounds
are abundant, but the studies on the mechanism of biological activity are limited.

2.5. Aspergillus sp. from Corals and Their Antimicrobial Activities

Three known metabolites, including demethylincisterol A2 (29), asperophiobolin E (30)
and butyrolactone I (31), were isolated and identified from the soft coral fungus A. hiratsukae
SCSIO 5Bn1003 (Figure 5). Compounds 29–31 showed potent antibacterial activity against
B. subtilis, with MIC values of 10.26 ± 0.76, 17.00 ± 1.25 and 5.30 ± 0.29 μM. Meanwhile,
asperophiobolin E and butyrolactone I showed weak activity against S. aureus, with MIC
values of 102.86 ± 4.50 and 59.54 ± 0.50 μM, respectively [61].

Five new antimicrobial α-pyranone methterpenoids H-L (32–36) and one known an-
timicrobial compound, namely neoechinulin A (37), were isolated from A. hiratsukae SCSIO
7S2001, a fungus derived from ophiophora coral. Methterpenoids H-L and neoechinulin
A showed varying degrees of antibacterial activity, with MIC values of 6.25–100 μg/mL.
The MIC values of methterpenoid H were 6.25 μg/mL for Micrococcus lutea 01, MRSA, and
Streptococcus faecalis; that of methterpenoid I was 6.25 μg/mL for MRSA; that of methter-
penoid G was 12.5 μg/mL for MRSA; that of methterpenoid K was 6.25 μg/mL for Klebsiella
pneumoniae; that of methterpenoid L was 12.5 μg/mL for M. lutea, S. faecalis and MRSA;
and that of neoechinulin A was 12.5 μg/mL for S. faecalis. [62].

Two butenolides, including versicolactone B (38) and butyrolactone VI (39), were
isolated from Aspergillus terreus SCSIO41404, a fungus derived from coral. Versicolactone B
and butyrolactone VI showed weak antibacterial activity against Enterococcus faecalis and
K. pneumoniae with IC50 values of 25 and 50 μg/mL, respectively [63].

Six chlorinated polyketones were isolated from the coral fungus A. unguis GXIMD
02505 in the Beibu Gulf. These polyketones included aspergillusethers J and F (40 and 41),
nornidulin (42), aspergillusidones B and C (43 and 44) and 1-(2, 6-dihydroxy-4-methoxy-
3, 5-dimethylphenyl)- 2-methylbutan-1-one (45). Compounds 40–45 exhibited inhibitory
activities against marine biofilm-forming bacteria, Marinobacterium jannaschii, MRSA, Mi-
crobulbifer variabilis and Vibrio pelagius, with MIC values ranging from 2 to 64 μg/mL [64].

Five antimicrobial cyclic lipopeptides, namely maribasins C-E (46–48) and maribasins
A and B (49 and 50), were isolated from the marine fungus Aspergillus sp. SCSIO 41501.
These compounds showed strong antifungal activities against five plant pathogenic fungi,
with MIC values ranging from 3.12 to 50 μg/disc [34].

In conclusion, coral-derived Aspergillus and its active metabolites were summarized.
Twenty-two antimicrobial compounds were found in five fungi strains of coral origin. It was
a relatively large variety of compounds compared with Aspergillus from other origins. Most
of the compounds had a wide antimicrobial spectrum against different bacteria and fungi.
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Figure 5. Compounds of Aspergillus sp. derived from corals.

2.6. Aspergillus sp. Derived from Sponges and Their Antimicrobial Activities

One hydroxypyrrolidine alkaloid preussin (51) was isolated and identified from ma-
rine sponge-related fungus A. candius KUFA 0062 (Figure 6). Preussin showed inhibi-
tion against vancomycin-resistant Enterococcus (VRE) and MRSA, as well as E. faecalis
ATCC29212 and S. aureus ATCC 29213 [65].

Four antimicrobial compounds were isolated from the marine sponge-derived fungus
Aspergillu flavus KUFA1152. These compounds were aspulvinones B’, H, R and S (52–55).
Aspulvinones B’, H, R and S showed antibacterial activity against some multidrug-resistant
strains isolated from the environment, and inhibited the biofilm formation of strains.
Aspulvinones B’ and H displayed activity with MIC values of 16 μg/mL for the S. aureus,
and for E. faecalis, MIC values ranged from 16 to 64 μg/mL. Aspulvinones R and S exhibited
the potent activity against all Gram-positive strains tested, with MIC values ranging from
4 to 16 μg/mL for S. aureus and E. faecalis, and from 8 to 16 μg/mL for the VRE and
MRSA [66].
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Figure 6. Compounds of Aspergillus sp. derived from sponges.

The endophytic fungus A. niger L14 has been chemically studied, and two dimers,
naphtho-γ-pyrone, fonsecinone A (56) and isoaurasperone A (57), have been isolated.
These compounds had obvious inhibitory effects on human pathogenic bacteria Helicobacter
pylori 159 and G27 with MIC values ≤ 4 μg/mL, comparable to the antibacterial effect of
ampicillin sodium [67].

One antimicrobial compound, namely dizinc hydroxy-neotriamycin (58), was iso-
lated from the sponge-related fungus A. ochraceopetaliformis SCSIO 41018. Dizinchydrox-
yneoaspergillin showed potent inhibition against MRSA, Acinetobacter baumannii, E. fae-
calis, Staphyloccocus aureus and Klebsiella pneumonia, with MIC values ranging from 0.45 to
7.8 μg/mL [68].

Two new chlorinated biphenyls, including aspergetherins A and C (59 and 60), and
two known biphenyl derivatives, including methyl 3, 5-dichloroasterric acid (61) and
methyl chloroasterrate (62), were isolated from a marine sponge symbiotic fungus A. terreus
164018. The antibacterial activity of these compounds against MRSA was evaluated, with
MIC values ranging from 1.0 to 128 μg/mL. Notably, compound 61 had obvious inhibitory
effects on two different MRSA strains, with MIC values of 1 and 16 μg/mL [69].

Chemical studies of the natural compounds of the marine fungus Aspergillus sp. LS57
had resulted in the isolation of aspergilluone A (63). The MIC value of aspergilluone A was
32 μg/mL against Mycobacterium tuberculosis, 64 μg/mL against S. aureus, and 128 μg/mL
against both Gram-positive B. subtilis and Gram-negative E. coli [70].
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Two novel tetracyclic skeleton alkaloids were isolated from Aspergillus sp. LS116,
which were perinadines B and C (64 and 65). Perinadines B and C showed moderate
antibacterial activity for B. subtilis with MIC values of 32 and 64 μg/mL [71].

In conclusion, Aspergillus and its active metabolites of sponge were summarized in
this paper. Sponges are the most primitive marine animals with a large number of mi-
croorganisms, which are important sources of active natural products. Fifteen antibacterial
compounds were found in seven fungi strains derived from sponge. Aspergillus derived
from sponge was the source of antimicrobial compounds. Most of the compounds had a
wide antimicrobial spectrum against a variety of bacteria and fungi. Hydroxy-neotriamycin
(58) had a strong bacteriostatic effect on a variety of bacterial pathogens.

2.7. Aspergillus sp. from Seawater and Their Antimicrobial Activities

Nine antimicrobial compounds were isolated from marine fungus A. fumigatus H22.
These compounds included 12,13-dihydroxyfumitremorgin C (66), fumitremorgin B (67), 13-
oxofumitremorgin B (68), fumagillin (69), helvolic acid (70), 6-O-propionyl-16-O-
deacetylhelvolic acid (71), 16-O-propionyl-6-O-deacetylhelvolic acid (72), penibenzophe-
none E (73) and sulochrin (74) (Figure 7). Compounds 66 and 68 showed potent antibacterial
activity, and 69–74 exhibited strong anti-MRSA activity with MIC values between 1.25 and
2.5 μM. Additionally, compound 66 showed moderate inhibitory activity against Mycobac-
terium Bovis, with an MIC value of 25 μM, and compound 67 showed moderate inhibitory
activity against C. albicans, with an MIC value of 50 μM [72].

Figure 7. Compounds of Aspergillus sp. derived from seawater.

Three novel phenolic polyketones, namely unguidepside C (75), aspersidone B (76)
and agonodepside C (77), were isolated from A. unguis. These compounds showed a strong
activity against Gram-positive bacteria, with MIC ranging from 5.3 to 22.1 μM [73].

Five novel dimeric tetrahydroxanthones, including aculeaxanthones A-E, were ex-
tracted from the marine fungus A. aculeatinus WHUF0198. Among them, only aculeax-
anthone A (78) showed activity against B. subtilis 168, S. aureus USA300, H. pylori 159,
H. pylori 129, H. pylori 26695 and H. pylori G27, with MIC values of 1.0, 2.0, 2.0, 2.0, 4.0 and
4.0 μg/mL, respectively [74].

In conclusion, Aspergillus and its active metabolites from seawater were summarized.
Thirteen antimicrobial compounds were found in three fungi strains derived from seawater.
Compounds 69–74 exhibited strong anti-MRSA activity and aculeaxanthone A (78) showed
strong anti-bacterial pathogen activity.
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2.8. Aspergillus sp. from Marine Sediments and Their Antimicrobial Activities

Six known compounds, including cyclopiamide (79), speradine H (80), speradine G
(81), speradine B (82), speradine C (83) and cyclopiazonic acid (CPA) (84), were isolated
from A. flavus SCSIO F025 from deep-sea sediments in the South China Sea (Figure 8).
Compounds 79–84 showed weak antibacterial activity against E. coli, and CPA also exhib-
ited strong antibacterial activity against MRSA, B. subtilis, S. aureus, M. luteus and Bacillus
thuringiensis [75].

 
Figure 8. Compounds of Aspergillus sp. derived from marine sediments.
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Five novel antibacterial metabolites and one known antibacterial compound were all
isolated from the deep-sea sediment-derived fungus A. fumigatus SD-406. The novel metabo-
lites included secofumitremorgins A and B (85a and 85b), 29-hydroxyfumiquinazoline C
(86), 10R-15-methylpseurotin A (87), 1,4,23-trihydroxy-hopan-22,30-diol (88) and sphin-
gofungin I (89), and one known cyclotryprostatin B (90). Compounds 85–90 exhibited
inhibitory activities against pathogenic bacteria and plant pathogenic fungi, with MIC
values of 4–64 μg/mL [76].

One new metabolite, namely 3, 5-dimethylorsellinic acid-based meroterpenoid (91),
was isolated from the deep-sea fungus Aspergillus sp. CSYZ-1. Compound 91 showed
strong antimicrobial activity against S. aureus and H. pylori, with MIC values of 2–16 and
1–4 μg/mL, respectively [77].

Two novel antibacterial metabolites, including aspergiloxathene A (92) and Δ2′ -1′-
dehydropenicillide (93) and one known antibacterial compound, namely dehydropeni-
cillide (94), were isolated from Aspergillus sp. IMCASMF180035. Aspergiloxathene A
exhibited significant inhibition against MRSA and S. aureus, with MIC values of 22.40 and
5.60 μM. Dehydropenicillide and Δ2′ -1′-dehydropenicillide showed potent antibacterial
activities against H. pylori, with MIC values of 21.61 and 21.73 μM, respectively [30].

One alkaloid asperthrin A (95) had been isolated from the marine endophytic fungus
Aspergillus sp. YJ191021. The isolated compound had inhibitory effects on Rhizoctonia solani,
Xanthomonas oryzae pv. Oryzicola and Vibrio anguillarum, with MIC values of 25, 12.5 and
8 μg/mL, respectively [78].

Three antimicrobial compounds were isolated from the fermented extracts of As-
pergillus sp. WHUF05236. They included 6,8-di-O-methylversicolorin A (96), 6,8,1′-tri-
O-methylaverantin (97) and 6,8-di-O-methylaverantin (98). They exhibited antibacterial
activity against H. pylori, with MIC values ranging from 20.00 to 43.47 μM [79].

In conclusion, Aspergillus and its active metabolites from marine sediments were
summarized. Twenty antimicrobial compounds were found in six Aspergillus strains from
marine sediments. According to the literature, more than fifty antimicrobial compounds
were produced by Aspergillus from marine sediments between 2018 and 2020. Therefore,
marine sediments are an important source of secondary metabolites of fungi. Among them,
compound 91 showed strong antimicrobial activity against S. aureus and H. pylori.

Sources and activities of compounds from marine Aspergillus were summarized in
Table 1. We classified fungi and compounds according to Aspergillus origin.

Table 1. Sources and activities of compounds from marine Aspergillus.

Sources and Aspergillus Compounds Activities References

Marine animals

A. fumigatus HX-1 Trypacidin (1) MIC (anti-V. harveyi) was
31.25 μg/mL [52]

Aspergillus sp. DY001 Asperopiperazines A, B (2, 3) MIC (anti-E. coli) were 8 and 4 μM
MIC (anti-S. aureus) were 8 and 8 μM [53]

Marine plants

A. alabamensis
4-hydroxy-5(6)-

dihydroterrecyclic acid A (4),
asperalacids A–D (5–8)

MIC (anti-plant pathogens) was
25–200 μg/mL [54]

A. alabamensis asperalins A–F (9–14) MIC (anti-fish pathogens) was
2.2–87.3 μM [55]
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Table 1. Cont.

Sources and Aspergillus Compounds Activities References

Mangroves

A. brunneoviolaceus MF180246

asperbrunneo acid (15),
secalonic acids H, F1 (16, 18),

chrysoxanthone C (17),
asperdichrome (19),

penicillixanthone A (20)

MIC (anti-S. aureus) were 200, 50, 50,
25, 25, 6.25 μg/mL [27]

A. candius LDJ-5 asperterphenyllin C (21) MIC (anti-Proteus sp.) was 19 μg/mL [56]

A. flavus QQYZ aflatoxones A, B (22, 23) MIC (anti-pathogens) was 3.13–50 μM [57]

Marine algaes

A. chevalieri SQ-8 asperglaucins A, B (24, 25) MIC (anti-plant pathogens) was
6.25 μM [58]

A. creber EN-602 versiamide A (26), 3,
15-dehydroprotuboxepin K (27) MIC (anti-bacteria) was 8–64 μg/mL [59]

Aspergillus sp. RR-YLW12 terretonin F (28) IC50 (anti-three microalgae) were 3.1,
5.2, 10.5 μg/mL [60]

Marine corals

A. hiratsukae SCSIO 5Bn1003
demethylincisterol A2 (29),

asperophiobolin E (30),
butyrolactone I (31)

MIC (anti-B. subtilis) were
10.26 ± 0.76, 17.00 ± 1.25 and

5.30 ± 0.29 μM
[61]

A. hiratsukae SCSIO 7S2001 methterpenoids H-L (32–36)
neoechinulin A (37)

MIC (anti-bacteria) was
6.25–100 μg/mL [62]

A. terreus SCSIO41404 versicolactone B (38),
butyrolactone VI (39)

IC50 (anti-E. faecalis, K. pneumoniae)
were 25 and 50 μg/mL [63]

A. unguis GXIMD 02505 40–45 MIC (anti-bacteria) was 2–64 μg/mL [64]

Aspergillus sp. SCSIO 41501 maribasins C–E,A,B (46–50) MIC (anti-plant pathogens) was
3.12–50 μg/disc [34]

Sponges

A. candius KUFA 0062 preussin (51) anti-pathogens [65]

A. flavipes KUFA1152 aspulvinones B’, H, R and S
(52–55)

MIC (anti-pathogens) was
16–64 μg/mL [66]

A. niger L14 fonsecinone A (56),
isoaurasperone A (57) MIC (anti-H. pylori) was ≤4 μg/mL [67]

A. ochraceopetaliformis
SCSIO 41018 hydroxy-neotriamycin (58) MIC (anti-pathogens) was

0.45–7.8 μg/mL μM [68]

A. terreus 164018
aspergetherins A, C (59, 60)

3, 5-dichloroasterric acid (61),
methyl chloroasterrate (62)

MIC (anti-MRSA) was
1.0–128 μg/mL [69]

Aspergillus sp. LS57 aspergilluone A (63) MIC (anti-pathogens) was
32–128 μg/mL [70]

Aspergillus sp. LS116 perinadines B, C (64, 65) MIC (anti-B. subtilis) were 32 and
64 μg/mL [71]
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Table 1. Cont.

Sources and Aspergillus Compounds Activities References

Seawater

A. fumigatus H22
12,13-dihydroxyfumitremorgin C

(66),
fumitremorgin B (67)

MIC(anti-M. Bovis, C. albicans) were
25 and 50 μM [72]

A. fumigatus H22 (66),13-oxofumitremorgin B (68) antibacterial activity [72]

A. fumigatus H22

fumagillin (69),
helvolic acid (70), 6-O-propionyl-
16-O-deacetylhelvolic acid (71),

16-O-propionyl-6-O-
deacetylhelvolic acid (72),
penibenzophenone E (73),

sulochrin (74)

MIC (anti-MRSA) were 1.25 and 2.5 [72]

A. unguis unguidepside C (75), aspersidone
B (76), agonodepside C (77) MIC (anti-bacteria) was 5.3 to 22.1 μM [73]

A. aculeatinus WHUF0198 aculeaxanthone A (78) MIC (anti-bacteria) was 1.0 to 4.0 μM [74]

Marine sediments

A. flavus SCSIO F025 cyclopiamide (79), speradines
G,H,B,C (80–83), CPA (84) weak anti-bacteria [75]

A. fumigatus SD-406 85–90
MIC (anti-bacteria and plant

pathogens) were 4–64 μg/mL [76]

Aspergillus sp. CSYZ-1 meroterpenoid (91) MIC (anti-S. aureus, H. pylori) were
2–16 and 1–4 μg/mL [77]

Aspergillus sp.
IMCASMF180035 aspergiloxathene A (92) MIC (anti-MRSA, S. aureus) were

22.40 and 5.60 μM [30]

Aspergillus sp.
IMCASMF180035

Δ2′ -1′-dehydropenicillide (93),
dehydropenicillide (94)

MIC (anti-H. pylori) were 21.61 and
21.73 μM [30]

Aspergillus sp. YJ191021 asperthrins A (95) MIC (anti-plant pathogens) was
8–25μg/mL [78]

Aspergillus sp. WHUF05236

6, 8-di-O-methylversicolorin A
(96), 6,8,1′-tri-O-methylaverantin

(97),
6,8-di-O-methylaverantin (98)

MIC (anti-H. pylori) was 20.00 to
43.47 μM [79]

In recent years, marine fungi have attracted the attention of researchers due to their
bioactive compounds [10,44,46,80–85]. Combined with a series of previous excellent litera-
ture reviews, we conducted a comprehensive literature review of antibacterial compounds
produced by Aspergillus fungi of different marine origin during the period of 2021–2023.
The reported numbers of Aspergillus from marine animals, plants, mangroves, seagrasses,
coral, sponge, seawater and marine sediment are shown in Figure 9. The most Aspergillus
was derived from sponges, accounting for 23.30%. Aspergillus derived from marine coral
was found in the second place, accounting for 16.7%.
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Figure 9. The proportion of Aspergillus from different marine sources.

We summarized ninety-eight antibacterial compounds from Aspergillus strains iso-
lated from different marine sources (Figure 10). Among them, twenty-two antimicrobial
compounds were found in marine corals from January 2021 to March 2023. Marine sedi-
ments had the next highest number of antimicrobial compounds, with twenty compounds.
Therefore, in recent years, the antimicrobial compounds of Aspergillus from marine sources
mainly came from marine corals and marine sediments. Marine natural products are rich
in species and play an obvious role in the treatment of pathogen infections [86–92]. More
and more novel compounds with different chemical structures and biological activities are
being discovered [48,93–99].

Figure 10. The proportion of Aspergillus compounds from different marine sources.

3. Conclusions

This review describes antimicrobial compounds from Aspergillus species during Jan-
uary 2021 to March 2023. Ninety-eight compounds derived from Aspergillus species were
described. Only three compounds with antimicrobial activities are found from marine
animals (except sponges and corals). Twenty-two antimicrobial compounds were found
in five fungi strains of coral origin. Fifteen antibacterial compounds were found in seven
fungi strains derived from sponge. Most of these thirty-seven compounds had a wide
antimicrobial spectrum against a variety of bacteria and fungi. Except for the compounds
derived from coral and sponge, most of the compounds from other sources showed an-
tibacterial activity, but no fungal inhibitory activity. Most of the compounds had inhibitory
effects on S. aureus. Some compounds exhibited inhibitory effects on E. coli and B. subtilis.
Among them, compound 91 showed strong antimicrobial activity against H. pylori. These
active compounds have potential applications in bacterial and fungal infections and will
provide reference for the development of novel anti-infective drugs.
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Abstract: A chemical investigation of the Arctic-derived fungus Eutypella sp. D-1 based on the OS-
MAC (one strain many compounds) approach resulted in the isolation of five cytosporin polyketides
(compounds 1–3 and 11–12) from rice medium and eight cytosporins (compounds 2 and 4–11) from
solid defined medium. The structures of the seven new compounds, eutypelleudesmane A (1), cy-
tosporin Y (2), cytosporin Z (3), cytosporin Y1 (4), cytosporin Y2 (5), cytosporin Y3 (6), and cytosporin
E1 (7), were elucidated by analyzing their detailed spectroscopic data. Structurally, cytosporin Y1 (4)
may be a key intermediate in the biosynthesis of the isolated cytosporins, rather than an end product.
Compound 1 contained a unique skeleton formed by the ester linkage of two moieties, cytosporin F
(12) and the eudesmane-type sesquiterpene dihydroalanto glycol. Additionally, the occurrence of
cyclic carbonate moieties in compounds 6 and 7 was found to be rare in nature. The antibacterial,
immunosuppressive, and cytotoxic activities of all compounds derived from Eutypella sp. D-1 were
evaluated. Unfortunately, only compounds 3, 6, 8, and 10–11 displayed immunosuppressive activity,
with inhibitory rates of 62.9%, 59.5%, 67.8%, 55.8%, and 68.7%, respectively, at a concentration of
5 μg/mL.

Keywords: cytosporin; arctic fungus; Eutypella sp.; immunosuppressive activity

1. Introduction

Fungi have proven to be a valuable source of new secondary metabolites with a wide
spectrum of biological activities [1]. Natural products from Polar fungi remain the non-
negligible sources of pharmacologically active compounds [1]. Cytosporins are a family of
hexahydrobenzopyran metabolites derived from fungi with a distinct heptene side chain
residue [2]. Initially isolated from endophytic Cytospora sp. in 1996, cytosporins were
recognized as inhibitors of angiotensin II binding inhibitors [2]. To date, nearly 30 natural
cytosporins of this structural class have been predominantly isolated from four genera of
fungi: Cytospora sp. [2], Pestalotiopsis sp. [3], Eutypella sp. [4,5], and Pseudopestalotiopsis sp. [6].
The cytosporin family exhibits diverse bioactive effects, including cytotoxic, antibacterial,
and antagonistic activity [2,4]. Besides cytosporins, Eutypella species have been extensively
investigated as a rich source of various bioactive compounds, pimarane diterpenes, γ-
lactones, benzopyrans, ent-eudesmanes, cytochalasins, and dipeptides, which display a
spectrum of bioactivities [7–9].

The OSMAC approach has emerged as a powerful tool in the field of natural product
biodiscovery, stimulating the production of a wider range of new metabolites [10]. During
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our exploration of structurally diverse bioactive natural products from polar fungi, we
discovered a series of terpenoids with unique skeleton characteristics from the talented
Arctic fungus strain Eutypella sp. D-1 [5,7,9]. This strain has proven to be a prolific source
of metabolites with diverse biological activities [7,9]. To enhance the chemical diversity
of Eutypella sp. D-1, we employed the one strain many compounds (OSMAC) strategy,
utilizing different culture conditions. Through high-performance liquid chromatography
(HPLC) analysis, some structural analogs during fermentation on two distinct media,
solid rice medium and defined solid medium, were dramatically discovered. Subsequent
chemical investigation led to the isolation of 12 cytosporin derivatives, including seven
new cytosporins—eutypelleudesmane A (1), cytosporin Y (2), cytosporin Z (3), cytosporin
Y1 (4), cytosporin Y2 (5), cytosporin Y3 (6), and cytosporin E1 (7)—together with five
known biogenetic-related analogs—cytosporin X (8), cytosporin E (9), cytosporin L (10),
and cytosporins D and F (11–12) (Figure 1). Herein, we present the detailed purification,
structure elucidation, and bioactive evaluation of these compounds.

Figure 1. Structures of the isolated compounds 1–12.

2. Results

Eutypelleudesmane A (1) was isolated as a light-brown oil. The molecular formula
was determined as C36H56O7 from HRESIMS and NMR data (Table 1), indicating the
presence of nine degrees of unsaturation. The IR spectra confirmed the presence of hydroxy
(3357 cm−1) and carbonyl (1741 cm−1) groups [3–5]. Additionally, the 13C NMR analysis
revealed one ester carbonyl signal (δC 171.0) and six double-bond carbon signals (δC 121.2,
124.7, 125.1, 134.1, 135.6, and 136.4), accounting for four degrees of unsaturation. The
remaining five degrees of unsaturation were attributed to the pentacyclic ring structure
present in the molecule.
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Table 1. 1H (500 MHz) and 13C NMR (125 MHz) spectroscopic data of 1 in CDCl3.

Position δC δH, mult. (J in Hz) Position δC δH, mult. (J in Hz)

2 76.6, C 20 14.0, CH3 0.89, t (7.0)
3 73.8, CH 3.72, m 21 171.0, C

4α 35.5, CH2 1.72, dd (12.5, 5.0) 22 20.9, CH3 2.08, s
4β 2.27, t (12.0) 23 37.5, CH2 1.35, m
5 55.7, C 24 22.7, CH2 1.99, m
6 59.7, CH 3.32, s 25 121.2, CH 5.31, brs
7 64.6, CH 4.73, s 26 134.1, C
8 135.6, C 27 46.3, CH 1.97, m
9 125.1, C 28α 28.5, CH2 1.66, m

10 67.5, CH 4.38, s 28β 1.23, m
11 16.0, CH3 1.30, s 29 49.7, CH 1.50, m
12 27.7, CH3 1.29, s 30 66.7, CH 3.87, td (11.0, 5.0)
13a 61.5, CH2 4.67, d (12.5) 31α 49.4, CH2 1.15, m
13b 4.81, d (12.5) 31β 1.79, dd (12.5, 5.0)
14 124.7, CH 6.33, d (16.0) 32 33.7, C
15 136.4, CH 6.16, m 33 39.0, CH 1.87, m
16 33.5, CH2 2.17, m 34 67.5, CH2 3.67, dd (7.5, 4.0)
17 28.8, CH2 1.42, m 35 11.9, CH3 1.01, d (7.0)
18 31.4, CH2 1.27, m 36 16.5, CH3 0.79, s
19 22.5, CH2 1.28, m 37 21.2, CH3 1.61, s

Upon comparing the 1D NMR data of compound 1 and cytosporin F (12), it was
observed that one set of signals was similar to compound 12, while the remaining signals
resembled a derivative of eudesmane-type sesquiterpene, dihydroalanto glycol. By utilizing
2D NMR correlations (Figure 2), these two structural fragments, labeled as A and B, were
deduced. The COSY spectrum revealed the presence of seven continuous spin systems:
(a) C-3−C-4, (b) C-6−C-7, (c) C-14–C-15–C-16–C-17–C-18–C-19–C-20, (d) C-23–C-24–C-25,
(e) C-27–C-28–C-29–C-30–C-31, (f) C-29–C-33–C-34, and (g) C-33–C-35 (Figure 2). Fragment
A, comprising C-2 to C-22, exhibited similarity to compound 12 based on a comparison
of their 1D NMR spectra. HMBC correlations from H-4α to C-2, C-5, C-6, and C-10; from
H-6 to C-8; from H-7 to C-5, C-8, and C-9; from H-10 to C-5, C-6, C-8, and C-9; from H3-11
and H3-12 to C-2 and C-3; and from H2-13 to C-8, C-9, and C-10 were detected. These
correlations, along with the chemical shift of C-2 (δC 76.6) and C-10 (δC 67.5), indicated
the formation of two six-membered rings by connecting C-5 (δC 55.7) with C-10 and C-2
with C-10 via an O-atom, as well as the location of the two methyl groups CH3-11 and
CH3-12 both at C-2 and one methylene group CH2-13 at C-9. The presence of an oxirane
resulting from the conjugation of C-5 and C-6 via O-atom was supported by the downfield
shift of C-5 and C-6 (δC 59.7) [3,4]. Furthermore, the direct linkage between C-8 and C-14
was established by HMBC correlations from H-14 to C-7, C-8, and C-9. An additional
acetyl group was identified to be connected to C-13 based on the HMBC correlations from
H-13 and H-22 to C-21 and the chemical shift of C-13 (δC 61.5). Fragment B, spanning
from C-23 to C-37, exhibited characteristics of a eudesmane-type sesquiterpene moiety, as
deduced from the analysis of the remaining 1H and 13C NMR data. HMBC correlations
from H-31α and H-31β to C-27 and C-32; from H2-23 to C-27 and C-32; and from H3-36
to C-23, C-27, C-31, and C-32 confirmed the presence of a linkage of C-23, C-27, and C-31
via the quaternary carbon C-32, and placed the methyl group CH3-36 at C-32 as well. The
methyl group CH3-37 was demonstrated to be connected to C-25 and C-27 via C-26 by the
HMBC correlations from H3-37 to C-25, C-26, and C-27. The linkage of fragments A with B
through C-3 (δC 73.8) and C-30 (δC 66.7) via an O-atom was supported by the downfield
resonance of C-3 and C-30, along with HMBC correlations from H-30 to C-3. Additionally,
the connection of two hydroxyl groups with a downfield carbon shift at C-7 (δC 64.6) and
C-34 (δC 67.5) were determined to satisfy the molecular formula. Consequently, the planar
structure of 1 was established as depicted.
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Figure 2. Key COSY and HMBC correlations of 1–7.

The relative configuration of 1 was established by analyzing coupling constants and
NOESY experiments [9]. The trans configuration of the conjugated C-14/C-15 double bond
was inferred based on the large coupling constant (16.0 Hz) and the NOESY correlations
of H-14/H2-16. The observed similarity in the NMR chemical shift values and NOESY
correlations of H-7/H-10, H-10/H3-12, H3-12/H-4β, H-4α/H-6, and H-3/H3-11 indicated
that the relative configurations of fragment A in 1 were identical to those of 12 [3–5].
Additional NOESY correlations of H-30/H3-35, H-30/H-36β, and H-31β/H-36β and those
of H-27/H-29, H-27/H-31α, and H-27/H-33 indicated the β-orientation and α-orientation
of these protons in fragment B, respectively (Figure 3). Furthermore, the absence of a
NOESY correlation between H-3 and H-30 supported the trans relationship between these
two protons [5]. Thus, the relative structure of 1 was determined. Furthermore, the
characteristic positive Cotton effect at 242 nm in the CD spectrum of 1 was virtually
identical to that of cytosporins D and F (11–12) (Figure 4) [5], which suggested the absolute
configuration of 1 was assigned as 3S,5R,6S,7R,10S,27S,29S,30R,32S,33R.

Cytosporin X (2) was obtained as a light-brown oil and determined to have a molecular
formula of C19H30O4 based on HRESIMS and NMR data, corresponding to an unsaturation
index of 5. The presence of hydroxy functionality was indicated by IR absorption bands at
3359 cm−1. The 13C NMR (Table 2) and DEPT spectra revealed the presence of 19 carbons,
including six double-bond carbon signals (δC 117.3, 124.6, 131.4, 131.6, 135.4, and 135.9)
and five oxygenated carbon signals (δC 57.4, 59.3, 62.2, 64.3, and 69.5). The COSY spectrum
of 2 showed three distinct spin systems: C-2/C-3, C-7/C-8/C-9/C-10/C-11/C-12/C-13,
and C-15/C-16 (Figure 2). HMBC correlations from H-2 to C-4 and C-6; from H-3 to
C-1 and C-4; from H-6 to C-1, C-2, and C-4; and from H2-14 to C-4, C-5, and C-6, along
with the comparison of the chemical shifts of C-1 (δC 59.3) and C-2 (δC 57.5) to those of
cytosporins D and F [3,4], determined the oxirane-fused cyclohexene moiety with one
methylene group (CH2-14) attached at C-5. The isoamylene group was connected to C-1
based on the HMBC correlations from H2-15 to C-1, C-2, and C-6, as well as from H3-18
and H3-19 to C-16 and C-17. Further HMBC correlations from H-7 to C-3, C-4, and C-5
established the connectivity of C-4 and C-7. With this assignment secured, each of the three
oxygenated carbon at C-3 (δC 64.3), C-6 (δC 69.5), and C-14 (δC 62.2) had to be substituted
with a hydroxy group to satisfy the molecular formula. The relative stereocenter of 2 was
determined from NOESY correlations and coupling constants in comparison with those
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of 11 and 12 [3,4]. The conjugated C-7/C-8 double bond was assigned as trans upon its
large coupling constant (16.0 Hz). The NOESY correlations of H-2/H2-15 and H-6/H2-15
in CDCl3 and 3-OH/H-6 in DMSO-d6 (Figure S16), combined with the similarity between
the calculated and the experimental ECD spectra, confirmed the absolute configurations of
2 as 1R,2S,3R,6R (Figure 4).

Table 2. 1H (500 MHz) and 13C NMR (125 MHz) spectroscopic data of 2 and 3 in CDCl3.

2 3

Position δC δH, mult. (J in Hz) Position δC δH, mult. (J in Hz)

1 59.3, C 2 77.2, C
2 57.5, CH 3.29, s 3 69.7, CH 3.79, t (5.0)
3 64.3, CH2 4.72, s 4α 31.5, CH2 3.03, dd (17.0, 5.0)
4 131.6, C 4β 2.72, dd (17.0, 5.0)
5 131.4, C 5 118.8, C
6 69.5, CH 4.45, s 6 115.1, CH 6.61, s
7 124.6, CH 6.28, d (16.0) 7 146.7, C
8 135.4, CH 6.05, m 8 123.6, C
9 33.5, CH2 2.15, m 9 126.8, C

10 28.9, CH2 1.41, m 10 144.8, C
11 31.5, CH2 1.28, m 11 22.4, CH3 1.36, s
12 22.5, CH2 1.29, m 12 24.9, CH3 1.32, s
13 14.0, CH3 0.88, t (6.0) 13 58.8, CH2 4.66, s
14a 62.2, CH2 4.57, d (12.0) 14 122.7, CH 6.35, d (16.5)
14b 4.06, d (12.0) 15 140.0, CH 5.95, m
15α 29.7, CH2 2.82, dd (15.0, 8.0) 16 33.4, CH2 2.27, m
15β 2.30, dd (15.0, 8.0) 17 29.0, CH2 1.50, m
16 117.3, CH 5.20, t (7.0) 18 31.5, CH2 1.35, m
17 135.9, C 19 22.6, CH2 1.35, m
18 18.0, CH3 1.66, s 20 14.1, CH3 0.91, t (7.0)
19 25.9, CH3 1.73, s

Cytosporin Y (3) exhibited a negative HRESIMS with a pseudomolecular ion at m/z
319.1912 [M − H]−, consistent with the molecular formula of C19H28O4. The similarity of
the 1H and 13C NMR data between 3 and 11 indicated that compound 3 was the derivative
of 11. The presence of a pentasubstituted benzene moiety (δH 6.61 (1H, s); δC 115.1 (CH),
118.8 (C), 123.6 (CH), 126.8 (C), 144.8 (C), and 146.7 (C)) instead of the oxirane-fused
cyclohexene moiety in 11 was suggested by the 1H and 13C NMR spectra. This was further
confirmed by the further HMBC correlations from H-4β to C-5, C-6, and C-10; from H-
6 to C-7, C-8, and C-10; from H2-13 to C-8, C-9, and C-10; and from H-14 to C-7, C-8,
and C-9 (Figure 2). Additionally, one hydroxy group was attached to C-7, as evidenced
by its chemical shift (δC 146.7) and the molecular formula. The conjugated C-14/C-15
double bond in 3 was assigned as trans based on the similar 1H NMR chemical shift
values and coupling constants (16.5 Hz) observed in 3 and 2. To determine the absolute
configuration at C-3 in compound 3, the specific rotation ([α]25

D +12.3, MeOH, c 0.1 and
[α]25

D +1.9, CDCl3, c 0.1) was measured. The configuration of C-3 could be assigned as
S by comparison to the literature data for synthetic (R)-2,2-dimethylchromane-3,7-diol
([α]20

D −1.2, MeOH, c 0.03) [11] and (S)-2,2-dimethylchromane-3,7-diol ([α]23
D +11.5, CHCl3,

c 1.0) [12] (differences in measured versus literature values likely stem from the different
concentration and solvent).
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Figure 3. Key NOESY correlations of 1, 2, and 4–7.

 
Figure 4. ECD spectra of 1, 8, and 10–12 and calculated and experimental ECD spectra of 2.

Cytosporin Y1 (4), in the form of a light-yellow oil, had a molecular formula of
C19H32O5 based on HRESIMS (m/z 363.2139 [M + Na]+), which is larger than that of
cytosporin Y (2) by 18 amu. The NMR data of 4 (Table 3) were nearly identical to those
of 2, indicating the same carbon skeleton. Considering the degrees of unsaturation of 4,
the observed downfield shift of one quaternary carbon (δC 59.3) and one methine (δH/δC
3.29/57.5) in 2 to δC 74.3 and δH/δC 3.76/75.0 in 4, respectively, suggested that 4 was the
oxirane ring-opening product of 2. This hypothesis was further supported by further COSY
and key HMBC correlations, as shown in Figure 2. The E-geometry of the Δ7,8 double bond
was deduced from a NOESY correlation between H-7 and H2-9, as well as the coupling
constants (16.5 Hz). Additional NOESY correlations of H-2/H2-15, H-2/H-6, H-3/H-6, and
H-6/H2-15 indicated the same orientation of these protons. Furthermore, the comparison
of the calculated and the experimental ECD spectra confirmed the absolute configurations
of 4 as 1S,2R,3R,6S (Figure 5).
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Table 3. 1H (500 MHz) and 13C NMR (125 MHz) spectroscopic data of 4 and 5 in MeOD-d4.

4 5

Position δC δH, mult. (J in Hz) δC δH, mult. (J in Hz)

1 74.3, C 84.4, C
2 75.0, CH 3.76, d (4.5) 71.3, CH 3.94, d (4.5)
3 69.6, CH 4.49, d (4.5) 68.6, CH 4.41, d (4.5)
4 135.8, C 138.3, C
5 134.5, C 127.3, C
6 73.6, CH 3.88, s 76.9, CH 5.15, s
7 126.6, CH 6.24, d (16.0) 124.8, CH 6.41, d (16.0)
8 137.2, CH 6.01, m 136.7, CH 6.12, dt (16.0, 7.0)
9 35.0, CH2 2.17, m 33.1, CH2 2.21, m
10 30.5, CH2 1.46, m 28.6, CH2 1.47, m
11 32.9, CH2 1.28, m 31.2, CH2 1.33, m
12 23.9, CH2 1.34, m 22.2, CH2 1.33, m
13 14.7, CH3 0.91, t (7.0) 13.0, CH3 0.91, t (7.0)
14a 61.1, CH2 4.25, d (13.0) 58.1, CH2 4.13, d (13.0)
14b 4.38, d (13.0) 4.51, d (13.0)
15a 35.7, CH2 2.60, m 31.8, CH2 2.53, dd (15.0, 8.5)
15b 2.66, dd (15.0, 7.0)
16 119.8, CH 5.40, m 115.3, CH 5.25, m
17 136.1, C 137.7, C
18 26.7, CH3 1.76, s 24.9, CH3 1.77, s
19 18.6, CH3 1.70, s 16.9, CH3 1.68, s
20 154.8, C

  
Figure 5. Calculated and experimental ECD spectra of 4 and 5.

Cytosporin Y2 (5) was obtained as a light-yellow oil. Extensive NMR analyses and
HRESIMS data (m/z 389.1928 [M + Na]+) led to the determination of its molecular formula
as C20H30O6. The overall NMR data of 5 indicated a structure similar to 4, with the notable
difference of an additional quaternary carbon. This carbon was identified as a carbonate
moiety based on the strong IR absorption at 1647 cm−1 and the diagnostic 13C NMR signal
at δC 154.8 [4]. Another significant difference was observed for C-1 and C-2, resonating at δC
74.3 and 75.0 in compound 4, whereas in compound 5, these signals resonated at δC 84.4 and
71.3, respectively (Table 3). This observation, along with the key HMBC correlations from
H-2 to C-20, led to the linkage of the carbonyl to both oxygen atoms at C-1 and C-2 to form
a cyclic carbonate moiety. The relative configurations of 5 were determined via a detailed
analysis of the NOESY correlations of H-2/H-15a, H-3/H-15b, H-6/H-15a, H-6/H-15b,
and H-7/H2-9, as well as the coupling constants (16.5 Hz) of H-7/H2-9. Furthermore,
the calculated ECD spectrum of 5 exhibited a close resemblance to the experimental one,
confirming the absolute configuration as 1R,2R,3R,6S (Figure 5).
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Cytosporin Y3 (6) was isolated as a light-yellow oil. Its molecular formula was
determined to be C20H30O6, the same as that of 5, based on HRESIMS data. A comparison
of the IR, UV, and NMR data (Table 4) of 6 with those of 5 suggested that 6 was an isomer of
5. Further analysis of the 13C NMR chemical shift of C-2 (δC 79.2) and C-3 (δC 75.2), along
with the unambiguous HMBC correlations from H-2 and H-3 to C-20 of 2, revealed that
the cyclic carbonate moiety was fused with C-2-C-3 in 6. The relative configuration and
E-geometry of the Δ7,8 double bond in 6 were determined from the NOESY correlations
of H-2/H-3, H-2/H-6, H-3/H-6, H-2/H-15b, H-6/H-15a, H-6/H-15b, and H-7/H2-9. The
absolute configuration of 6 was subsequently determined to be 1R,2S,3S,6R based on the
opposite CD spectra (Figure 6) and a comparison of the specific rotation ([α]20

D +37.8, MeOH,
c 0.1) with that of 4 ([α]20

D −15.8, MeOH, c 0.1) and 5 ([α]20
D −60.1, MeOH, c 0.1) (Figure 6).

Table 4. 1H (500 MHz) and 13C NMR (125 MHz) spectroscopic data of 6 and 7 in CDCl3.

6 7

Position δC δH, mult. (J in Hz) Position δC δH, mult. (J in Hz)

1 72.3, C 2 77.7, C
2 79.2, CH 4.71, dd (8.0, 2.0) 3 71.6, CH 3.96, dd (12.0, 5.0)
3 75.2, CH 5.55, d (8.0) 4α 42.7, CH2 1.89, dd (12.0, 5.0)
4 129.1, C 4β 2.25, d (12.0)
5 139.4, C 5 68.0, C
6 71.5, CH 4.14, d (2.0) 6 81.3, CH 4.66, dd (8.0, 2.0)
7 126.1, CH 6.52, d (16.0) 7 78.5, CH 5.23, d (8.0)
8 136.6, CH 6.03, dt (16.0, 7.0) 8 133.3, C
9 34.9, CH2 2.21, dd (14.0, 7.0) 9 135.6, C

10 30.4, CH2 1.45, m 10 69.7, CH 4.17, d (2.0)
11 32.9, CH2 1.34, m 11 16.9, CH3 1.26, s
12 23.9, CH2 1.34, m 12 28.5, CH3 1.21, s
13 14.7, CH3 0.91, t (7.0) 13a 60.2, CH2 4.09, d (12.0)
14a 60.8, CH2 4.29, d (12.5) 13b 4.29, d, (12.0)
14b 4.43, d (12.5) 14 31.0, CH2 2.26, m
15a 35.0, CH2 2.51, dd (15.0, 6.5) 15 30.0, CH2 1.49, m
15b 2.71, dd (15.0, 8.5) 16 31.1, CH2 2.25, m
16 118.8, CH 5.38, m 17 30.5, CH2 1.35, m
17 136.9, C 18 33.3, CH2 1.31, m
18 26.7, CH3 1.77, s 19 24.0, CH2 1.32, m
19 18.6, CH3 1.71, s 20 14.7, CH3 0.9, t (7.0)
20 156.8, C 21 156.3, C

  
Figure 6. Calculated and experimental ECD spectra of 6 and 7.
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Cytosporin E1 (7) was also purified as a light-yellow oil and exhibited a HRESIMS ion
peak at m/z 407.2034 [M + Na]+, consistent with the molecular formula C20H32O7 with five
degrees of unsaturation. The 1H and 13C NMR data of 7 (Table 4) closely resembled those
of the known compound cytosporin E (9), except for two additional methylenes (δC/δH
31.0/2.26 and 30.0/1.49) in 7 and the absence of two olefinic methines (δC/δH 123.5/6.39
and 137.1/6.03) in 9. These observations indicated that C-8 in 7 was substituted by a heptane
subunit instead of the 1-heptene part in 9, which was also confirmed by COSY correlations
of H2-14 (δH 2.26)/H2-15 (δH 1.49), H2-15/H2-16 (δH 2.25), H2-16/H2-17 (δH 1.35), H2-
17/H2-18 (δH 1.31), H2-18/H2-19 (δH 1.32), and H2-19/H3-20 (δH 0.90), as well as HMBC
correlations from H2-14 to C-7 (δC 78.5) and C-8 (δC 133.3). The relative configuration
of 7 was inferred to be different from that of compound 9 through a comparison of the
13C NMR data between 7 (C-6 δC 81.3 and C-7 δC 78.5) and 9 (C-6 δC 81.0 and C-7 δC
75.3), as well as the analysis of NOESY correlations of H-3/H3-11, H-4α/H-6, H-4α/H-7,
H-4β/H-10, H-4β/H3-12, and H-10/H3-12 in MeOD-d4 and 3-OH/H-10 and 5-OH/H-10
in DMSO-d6 (Figure S75). The absolute configurations of 7 were subsequently assigned as
3S,5R,6S,7S,10S based on the similarity of its calculated and the experimental ECD spectra
(Figure 6).

In addition to the seven new compounds 1–7, the five known cytosporins—cytosporin
X (8) [13], cytosporin E (9) [4], cytosporin L (10) [14], cytosporin D (11) [4], and cytosporin F
(12) [3]—were also isolated and identified through a comparison of its NMR spectroscopic
data with reported values in the literature.

Structurally, considering the close relationship in biosynthesis among compounds
1–12, a biosynthetic pathway different from the previous literature for these compounds
is proposed (Figure 7) [3]. The possible precursor originated from phenylmethanol [3].
The subsequent addition of an isoprenyl unit, followed by hydroxylation and the addition
of an aliphatic chain, would give the intermediate i. The hydroxylation of the C-1/C-6
double bond in i gave rise to the key intermediate 4. Compound 2 was derived from 4 via a
dehydration cyclization reaction. Compound 3 was generated from i via the epoxidation
of the C-16/C-17 double bond and a cyclization reaction. Compounds 5 and 6 were
derived from the dehydration reaction of compound 4 with carbonic acid by different attack
directions and substitution positions, respectively. Compounds 7, 10, and 11 were obtained
from 6, 4, and 2 via the same cyclization reaction as 3, respectively. Compound 9 was
derived from 10 via the carbonic acid substitution, while compound 8 was formed through
the hydrogenation of 11. The cyclization of compound 2, followed by an acetylation reaction,
resulted in the formation of compound 12. Another possible precursor, the eudesmane-type
sesquiterpene dihydroalanto glycol, was generated from farnesyl pyrophosphate with two
steps of cyclization, dehydrogenation, and hydroxylation reaction [15]. Then, 1 was formed
from the above two precursors, ii and 12, via a condensation reaction.

All the isolated compounds 1–12 were evaluated for their cytotoxicity against four
human cancer cell lines, including DU145, SW1990, Huh7, and PANC-1, and antibacterial
activity against Staphylococcus aureus, Escherichia coli, and Bacillus subtilis. Unfortunately,
all compounds were not active during the above test, with IC50 values higher than 50 μM
or MIC values higher than 128 μg/mL. Additional immunosuppressive activity against
ConA-induced T cell proliferation for 1–12 was also tested. However, only compounds 3,
6, 8, and 10–11 displayed immunosuppressive activity, demonstrating inhibitory rates of
62.9%, 59.5%, 67.8%, 55.8%, and 68.7%, respectively, at a concentration of 5 μg/mL.
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Figure 7. Proposed biogenesis pathway of 1–12.

3. Materials and Methods

3.1. General Experimental Procedures

Specific rotations and IR (KBr) data were measured on a PerkinElmer model 341 po-
larimeter (Perkin-Elmer Inc., Waltham, MA, USA) and Jasco FTIR400 spectrometer (Jasco
Inc., Tokyo, Japan), respectively. CD and UV spectra were obtained on a Jasco J-715 spec-
tropolarimeter (Jasco Inc., Tokyo, Japan) and UV-8000 spectrophotometer (Shanghai Metash
instruments Co., Shanghai, China) in MeOH, respectively. 1D and 2D NMR spectra were ac-
quired using a Bruker AMX-500 instrument (500 MHz for 1H NMR, 125 MHz for 13C NMR)
(Bruker Biospin Corp., Billerica, MA, USA) at room temperature. HRESIMS data were
measured on an Agilent 6210 LC/MSD TOF mass spectrometer (Agilent Technologies Inc.
Lake Forest, CA, USA). HPLC separation was performed using a YMC-Pack Pro C18 (5 μm)
column (YMC Co. Ltd., Kyoto, Japan) using a Waters 1525 separation module equipped
with a Waters 996 Photodiode Array (PDA) detector (Waters Corp., Milford, MA, USA).
Column chromatographic purifications were performed on silica gel 60 (200–300 mesh,
Qingdao Ocean Chemical Co., Qingdao, China), ODS (50 μm, YMC Co. Ltd., Kyoto, Japan),
and Sephadex LH-20 (Pharmacia Co., Piscataway, NJ, USA).

3.2. Fungal Material

The fungus Eutypella sp. D-1 (GenBank accession number FJ430580) was separated
from the sample collected near London Island of Kongsfjorden in the Ny-Ålesund District
of the Arctic area and recognized based on 18S rDNA gene sequence analysis. The strain
(No. D-1) was deposited in the Department of Marine Biomedicine and Polar Medicine,
Naval Medical Center of PLA, Naval Medical University.

3.3. Fermentation, Extraction, and Isolation

The fungal strain Eutypella sp. D-1 was cultivated in seed medium (PDB 100 mL) in
250 mL Erlenmeyer flasks on a rotatory shaker (180 rpm) at 20 ◦C for 3 days. Subsequently,
seed medium (10 mL) was transferred into 60 × 250 mL Erlenmeyer flasks (40 g of rice
and 60 mL of water) and 60 plates of about 20 cm diameter (sucrose 51.4 g, NaNO3 3.3 g,
K2HPO4·3H2O 0.07 g, MgSO4·7H2O 0.4 g, KCl 0.625 g, yeast extract 0.7 g, CoCl2·6H2O
0.003125 g, FeSO4 0.01875 g, CaCl2 0.0065 g, and L-ornithine hydrochloride 15 g, and agar
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20.0 g, dissolved in 1 L of water), respectively, and then cultured under static conditions at
20 ◦C for 45 days.

The rice fermentation was combined and then extracted with CH2Cl2−MeOH (1:1,
1 L) three times. The organic solvent was concentrated under reduced pressure and
partitioned with EtOAc and H2O to yield the EtOAc extract (24.5 g). The EtOAc extract
was subjected to vacuum liquid chromatography (VLC) on silica gel via gradient elution
using CH2Cl2/MeOH (80:1, 60:1, 40:1, 20:1, 15:1, 10:1, 0:1, v/v) as the solvent to give seven
fractions (A–G). Fraction B (1.23 g) was chromatographed on a Sephadex LH-20 column
using CH2Cl2−MeOH (1:1) as mobile phase to afford three subfractions (Fr. B1−B3), and
subfraction B1 was further purified by reversed-phase HPLC eluting 43% MeCN/H2O
at a flow rate of 2 mL/min to afford 1 (3.2 mg, tR = 16.6 min). Compounds 2 (7.3 mg,
tR = 23.4 min) and 3 (1.4 mg, tR = 46.6 min) were isolated using reversed-phase HPLC
(63% MeOH/H2O) from subfraction B2. Fraction F (3.75 g) was separated using MPLC
on an ODS (50 μm) column to give seven fractions (Fr. F1–F7). Fr. F3 was subjected to
reversed-phase HPLC (65% MeOH/H2O, 2 mL/min) to afford 11 (15.3 mg, tR = 15.3 min).
Fr. F4 was separated with reversed-phase HPLC (40% CH3CN/H2O, 2 mL/min) to give 12

(40.1 mg, tR = 11.3 min).
The defined medium fermentation was combined and then extracted with CH2Cl2−MeOH

(1:1, 1 L) three times. The organic solvent was concentrated under reduced pressure to yield
the extract (6.86 g). The extract was subjected to silica gel VLC, eluting with a gradient of
petroleum ether/EtOAc (100:1, 80:1, 50:1, 30:1, 20:1, 10:1, 5:1, 3:1, 2:1, 1:1, v/v) to obtain
20 fractions (Fr.A−Fr.T). Fraction O (0.4 g) was subjected to an ODS (50 μm) column via
MPLC (MeOH/H2O, 50–100%) to give eight fractions, Fr. O1−Fr.O8. Fr. O6 (17.1 mg) was
then purified with semipreparative HPLC (MeOH/H2O, 63:37, v/v; 2.0 mL/min) at 250 nm
to afford 5 (6.2 mg, tR = 32.1 min). Fr. P (0.42 g) was separated with MPLC (MeOH/H2O,
60–100%) to afford five fractions, Fr. P1−Fr. P5. Fr. P4 (27.2 mg) and Fr. P5 (19.5 mg) were
purified with HPLC on an RP C18 column to give 4 (7.4 mg, MeCN/H2O 40:60, 2.0 mL/min,
tR = 24.9 min) and 6 (6.3 mg, MeCN/H2O 50:50, 2.0 mL/min, tR = 30.1 min), respectively.
Fr. Q (0.15 g) was separated with reversed-phase ODS (50 μm) MPLC eluting with a
MeOH/H2O gradient (from 60% to 100%) to afford six subfractions, Fr.Q1−Fr.Q6. Fr. Q5
(17.2 mg) was purified on an RP C18 column with HPLC (80% MeOH/H2O, 2.0 mL/min),
yielding 2 (2.4 mg, tR = 28.8 min). Fr. R (1.04 g) was chromatographed over ODS via
MPLC using a gradient elution of MeOH−H2O (from 50% to 100%) to get five fractions (Fr.
R1−R5). Fr. R3 (475.1 mg) was then subjected to a silica gel CC (petroleum ether/EtOAc,
3:1, v:v) to give five fractions, Fr. R3a−Fr. R3e. Fr. R3c (168.0 mg) was then purified with
semipreparative HPLC on an RP C18 ODS (CH3CN/H2O, 30:70, v/v; 2.0 mL/min) to afford
8 (3.5 mg, tR = 52.2 min) and 11 (116.8 mg, tR = 60.5 min). Fr. R3d (275.7 mg) was further
purified with 37% CH3CN via HPLC (2.0 mL/min) to afford 7 (6.8 mg, tR = 33.0 min)
and 9 (174.0 mg, tR = 39.8 min). Fr. S (0.55 g) was chromatographed over ODS using a
gradient elution of MeOH/H2O (from 50% to 100%) to obtain three fractions (Fr. S1−S3).
Fr. S3 (322.0 mg) was further purified with 35% CH3CN via HPLC to afford compound 10

(243.8 mg, tR = 18.6 min).
Eutypelleudesmane A (1): light-brown oil; [α]25

D –23.0 (c 0.10, MeOH); UV (MeOH)
(log ε) λmax 241 (4.07) nm; CD (MeOH) (Δε) 242 (+17.1); IR (KBr) νmax 3357, 2956, 2929, 2873,
1741, 1650, 1455, 1438, 1376, 1232, 1153, 1116, 1068, 1024, 958, 883,850,719 cm−1; 1H and 13C
NMR data, see Table 1; HRESIMS m/z 601.4074 [M + H]+ (calcd for C36H57O7, 601.4104).

Cytosporin Y (2): light brown oil; [α]25
D +14.0 (c 0.10, MeOH); UV (MeOH) (log ε) λmax

241 (3.89) nm; CD (MeOH) (Δε) 238 (+9.1); IR (KBr) νmax 3359, 2956, 2927, 2857, 1454, 1376,
1261, 1014, 842, 725 cm−1; 1H and 13C NMR data, see Table 2; HRESIMS m/z 367.2125 [M +
COOH]− (calcd for C20H31O6, 367.2121).

Cytosporin Z (3): light-brown oil; [α]25
D +12.3 (c 0.10, MeOH), [α]25

D +1.9 (c 0.1, CDCl3);
UV (MeOH) (log ε) λmax 210 (5.37), 312 (3.13) nm; IR (KBr) νmax 3378, 2954, 2927, 2856, 1708,
1614, 1513, 1434, 1380, 1369, 1255, 1218, 1184, 1143, 1064, 1029, 977, 852 cm−1; 1H and 13C
NMR data, see Table 2; HRESIMS m/z 319.1912 [M − H]− (calcd for C19H27O4, 319.1909).
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Cytosporin Y1 (4): light-yellow oil; [α]25
D –15.8 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 221 (3.71), 240 (3.77) nm; IR νmax 3367, 2955, 2926, 2857, 1743, 1601, 1378, 1072,
1023 cm−1; CD (MeOH) (Δε) 208 (–6.4); 1H NMR and 13C NMR, see Table 3; HRESIMS m/z
363.2139 [M + Na]+ (calcd for C19H32O5Na, 363.2142).

Cytosporin Y2 (5): light-yellow oil; [α]25
D –60.1 (c 0.1, MeOH); UV (MeOH) λmax (log

ε) 214 (3.96), 244 (4.28) nm; IR νmax 3381, 2956, 2926, 2857, 1786, 1647, 1344, 1219, 1049,
1023, 1001, 822, 760 cm−1; CD (MeOH) (Δε) 222 (–13.2); 1H NMR and 13C NMR, see Table 3;
HRESIMS m/z 389.1928 [M + Na]+ (calcd for C20H30O6Na, 389.1935).

Cytosporin Y3 (6): light-yellow oil, [α]25
D +37.8 (c 0.1, MeOH); UV (MeOH) λmax (log ε)

217 (3.64), 241 (3.81) nm; IR νmax 3383, 2956, 2928, 2858, 1783, 1595, 1361, 1270, 1182, 1068,
907, 770, 737 cm−1; CD (MeOH) (Δε) 241 (+4.87); 1H NMR and 13C NMR, see Table 4;
HRESIMS m/z 389.1928 [M + Na]+ (calcd for C20H30O6Na, 389.1935).

Cytosporin E1 (7): light-yellow oil, [α]25
D +12.9 (c 0.1, MeOH), UV (MeOH) λmax (log ε)

200 (4.10) nm; IR νmax 3393, 2926, 2856, 1783, 1464, 1361, 1184, 1158, 1086, 1058, 1023,
917, 772, 629 cm−1; CD (MeOH) (Δε) 210 (+14.2) nm; 1H NMR and 13C NMR, see Table 4;
HRESIMS m/z 363.2145 407.2034 [M + Na]+ (calcd for C20H32O7Na, 407.2040).

3.4. Biological Assay

The antimicrobial activities of compounds 1–12 against Staphylococcus aureus, Es-
cherichia coli, and Bacillus subtilis were evaluated using a previous method [16], and lev-
ofloxacin was used as a positive control. The cytotoxicities of compounds 1–12 against
DU145, SW1990, Huh7, and PANC-1 human cancer cell lines were determined using the
CCK-8 method [17], with cisplatin used as a positive control. The immunosuppressive
activities of compounds 1–12 against ConA-induced T cell proliferation were performed as
previously described [18], with cyclosporin A as a positive control.

4. Conclusions

In summary, the utilization of the OSMAC (one strain many compounds) culture
strategy effectively modified the chemical profile of the Arctic-derived fungus Eutypella
sp. D-1 when cultivated in different media. This approach resulted in the production of
five cytosporin polyketides (compounds 1–3 and 11–12) from a rice medium and eight
cytosporins (compounds 2 and 4–11) from a solid defined medium. Remarkably, compound
1 contained a unique skeleton formed by the ester linkage of two moieties: cytosporin F
(12) and the eudesmane-type sesquiterpene dihydroalanto glycol. Compounds 6 and 7,
characterized by a cyclic carbonate-fused cytosporin skeleton, were found to be rare in
nature. However, these metabolites only exhibited weak immunosuppressive inhibitory
activity against ConA-induced T cell proliferation in the antimicrobial, cytotoxic, and
immunosuppressive evaluation. Collectively, this work showcased that changing the
fermentation medium could be an effective strategy to trigger the production of secondary
metabolites from fungi derived from the polar extreme environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md21070382/s1, 1D and 2D NMR, UV, IR, and HRESMS data of 1–7.
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Abstract: Application of a miniaturized 24-well plate system for cultivation profiling (MATRIX)
permitted optimization of the cultivation conditions for the marine-derived fungus Talaromyces sp.
CMB-TU011, facilitating access to the rare cycloheptapeptide talarolide A (1) along with three new
analogues, B–D (2–4). Detailed spectroscopic analysis supported by Marfey’s analysis methodology
was refined to resolve N-Me-L-Ala from N-Me-D-Ala, L-allo-Ile from L-Ile and L-Leu, and partial and
total syntheses of 2, and permitted unambiguous assignment of structures for 1 (revised) and 2–4.
Consideration of diagnostic ROESY correlations for the hydroxamates 1 and 3–4, and a calculated
solution structure for 1, revealed how cross-ring H-bonding to the hydroxamate moiety influences
(defines/stabilizes) the cyclic peptide conformation. Such knowledge draws attention to the prospect
that hydroxamates may be used as molecular bridges to access new cyclic peptide conformations,
offering the prospect of new biological properties, including enhanced oral bioavailability.

Keywords: talarolides; Talaromyces; cycloheptapeptide; N-OH glycine; MATRIX; GNPS molecular
networking

1. Introduction

During our ongoing investigations into the natural products of Australian marine and
terrestrial microbes, we have encountered many new and unusual cyclic and acyclic pep-
tides and depsipeptides, including the antimalarial glyco-cyclohexadepsipeptide-polyketide
mollemycin A from a north Queensland marine sediment-derived Streptomyces sp.
CMB-M0244 [1]; the antitubercular cyclohexapeptide wollamides A–B from a north Queens-
land desert soil-derived Streptomyces sp. MST-115088 [2]; the acyclic peptaibol nonapeptide
trichodermamides A–E from a Queensland termite nest-derived fungus Trichoderma virens
CMB-TN16 [3]; the nitro-depsitetrapeptide-diketopiperazine waspergillamide A from a
Queensland mud dauber wasp-derived Aspergillus sp. CMB-W031 [4]; the lipocyclopen-
tapeptide scopularides A–H from Queensland mullet gastrointestinal tract-derived Scopu-
lariopsis spp. CMB-F458 and CMB-F115, and Beauvaria sp. CMB-F585 [5]; and N-methylated
acyclic undeca- and dodecapeptide talaropeptides A–D [6], and the cycloheptapeptide hy-
droxamate talarolide A [7], from a Queensland marine tunicate-derived fungus Talaromyces
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sp. CMB-TU011. In the latter case, we took advantage of altering cultivation conditions,
with a YES broth cultivation of Talaromyces sp. CMB-TU011 yielding the talaropeptides [6]
and an M1-saline agar cultivation yielding talarolide A [7].

Notwithstanding that traditional spectroscopic and chemical approaches are generally
very effective at assigning structures inclusive of absolute configurations to cyclic peptides,
our 2017 account of talarolide A proved challenging, with the proposed structure 1a

inconsistent with a subsequent total synthesis by Brimble et al. [8]. In an effort to address
this anomaly, this report describes the application of an innovative miniaturized cultivation
profiling methodology (MATRIX) [9] to optimize the production and enable the isolation
and characterization of talarolides A–D (1–4). With access to larger quantities of talarolide
A, we were able to secure superior NMR data, which, together with refinements to the
Marfey analysis methodology, as well as partial and total syntheses, allowed us to propose a
revised structure 1 for talarolide A and to assign structures to the new analogues talarolides
B–D (2–4) as shown (Figure 1).

 

Figure 1. Structures for talarolide A, incorrect (1a) [7] and revised (1), and new analogues for
talarolides B–D (2–4) from Talaromyces sp. CMB-TU011. Highlights (light blue, green, and yellow)
show the difference between the incorrect structure (1a) and revised structure (1) of talarolide A. Pink
highlight in structures 2–4 shows the amino acid variation compared to 1.
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2. Results and Discussion

Since our initial 2017 report on talarolide A [7], we have augmented our microbial
biodiscovery efforts by implementing a miniaturized 24-well plate microbioreactor ap-
proach to support more comprehensive cultivation profiling (MATRIX) [9], to better opti-
mize production and provide higher yields. Furthermore, we have integrated our MATRIX
approach with a chemical profiling strategy employing in situ extraction followed by HPLC-
DAD-ESI(+)MS and a UPLC-DAD-QTOF-MS/MS analysis, with the latter visualized as a
Global Natural Products Social (GNPS) [10] molecular network, to better detect and priori-
tize target chemistry (i.e., new from known and rare from common). Applying MATRIX
cultivation profiling to Talaromyces sp. CMB-TU011 involved 24-well plate cultivations
using eleven different media (Table S1) under three conditions (solid agar, and static and
shaken broth) (Figure 2B) at 26.5 ◦C, over 10 days. Following incubation, the resulting
36 individual wells, together with uninoculated media controls, were extracted in situ with
EtOAc, and the resulting extracts subjected to chemical profiling. While visualization of
the HPLC-DAD-ESIMS data using single ion extraction (SIE, m/z 718) detected 1 in most
extracts, production levels were highly variable with maximum yields observed under
M1-salt, ISP-4, PDA and PYG solid agar, and static and shaken broth conditions returning
far lower yields (Figure S1). Significantly, a GNPS analysis of the MATRIX extracts revealed
a talarolide molecular family (sodiated adducts) incorporating 1 (m/z 740), and nodes
for the deoxy analogue 2 (m/z 724), lower homologue isomers 3 and 4 (m/z 726), and an
unidentified minor analogue (m/z 752) (Figure 2A). Based on these analyses, a scaled up
(×200 plate) 20-day solid phase ISP-4 agar cultivation of CMB-TU011 was extracted and
fractionated by solvent partitioning and gel and reversed phase chromatography, to yield
talarolides A–D (1–4) (Figures 2C and S2). An account of the structure elucidation of 1–4

(including structure revision of 1) is summarized below.
HRESI(+)MS analysis of 1 revealed a molecular formula (C35H55N7O9, Δmmu +2.5)

requiring 12 double bond equivalents (DBEs), consistent with our earlier 2017 account
of talarolide A [7]. Marfey’s analysis of 1 returned N-Me-L-Tyr, D-allo-Ile, N-Me-D-Leu,
L-Ala, D-Ala, and N-Me-D-Ala (Figure S34). While this analysis differed from our earlier
assessment of talarolide A (i.e., N-Me-L-Ala rather than N-Me-D-Ala), on revisiting and
repeating our earlier analytical HPLC protocols it became apparent that the relative reten-
tion times of Marfey’s D-FDAA (or L-FDAA) derivatives of N-Me-L-Ala and N-Me-D-Ala
were very similar, so much so that replicate analyses could experience a reversal in elution
times, likely due to subtle variations in eluant composition (i.e., pH) over time. To address
this lack of reliability, in this current report, we rely on new analytical HPLC conditions
optimized for the unambiguous resolution of Marfey’s derivatives of N-Me-L-Ala and
N-Me-D-Ala (Figures 3 and S38). Likewise, we also developed and applied new, superior
analytical HPLC conditions optimized for the differentiation of Marfey’s derivatives of
Leu, Ile, and allo-Ile (Figures 4 and S39). With the identity and absolute configuration of the
amino acid residues in 1 assigned, we next turned our attention to the amino acid sequence.
In our earlier structure elucidation of talarolide A, assignment of the planar sequence of
amino acid residues relied on an incomplete set of HMBC correlations and interpretation
of the MS/MS fragmentation patterns (the latter challenging for cyclic peptides). For-
tunately, the re-isolation of 1 enabled the acquisition of superior NMR (DMSO-d6) data
(Tables 1, 2 and S2, and Figures 5 and S3–S8), which allowed for a comprehensive set of
HMBC correlations and unambiguous assembly of the amino acid sequence, as shown. To
assign the regiochemistry of the L-Ala and D-Ala residues in 1, we relied on our earlier 2D
C3 Marfey’s analysis [11] where talarolide A was subjected to partial hydrolysis, derivatiza-
tion, and chromatographic fractionation to yield the dipeptide D-FDAA-D-allo-Ile-D-Ala,
with the D-Ala configuration confirmed by a subsequent round of hydrolysis and Marfey’s
analysis [7]. Thus, the revised structure for talarolide A (1) is as shown. Of particular
interest is the unprecedented N-OH-Gly residue and its ability to engage in an extensive
network of ROESY interactions (and H-bonding) across the cyclic peptide ring (Figure 5,

149



Mar. Drugs 2023, 21, 487

dashed pink), which presumably also facilitates the observed long-range ROESY linkages
(Figure 5, dashed green).

A 

B C 
(i) 

(ii) 

(iii) 

UV 210 nm 

ESI(+)MS 718 

ESI(+)MS 724 

ESI(+)MS 726 

5 10 15 
Retention time (min) 

Figure 2. (A) GNPS molecular network of Talaromyces sp. CMB-TU011 in a selection of five media,
with an expansion of the talarolide molecular family. Node segment size correlates with relative
yield/metabolite/media; (B) images of 24-well plate MATRIX cultivation in 11 different media under
three conditions: (i) agar, (ii) static broth, (iii) shaken broth; (C) HPLC-DAD-MS chromatograms of
CMB-TU011 EtOAc extract obtained from ISP4 agar cultivation, with single ion extractions showing
1–4. (* this peak is not a talarolide analogue).
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Figure 3. Optimized HPLC conditions for the resolution of Marfey’s derivatives L-FDAA-N-Me-L-
Ala (pink) and L-FDAA-N-Me-D-Ala (light blue). (A) synthetic L-FDAA-N-Me-L-Ala; (B) synthetic
L-FDAA-N-Me-D-Ala; (C) L-FDAA-N-Me-L-Ala derived from talarolide A (1); (D) synthetic L-FDAA-
N-Me-D-Ala co-injected with L-FDAA-N-Me-L-Ala derived from talarolide A (1).

 
Figure 4. Optimized HPLC conditions for the resolution of Marfey’s derivatives L-FDAA-D-allo-Ile
(red), L-FDAA-D-Ile (blue) and L-FDAA-D-Leu (green). (A) synthetic L-FDAA-D-allo-Ile; (B) synthetic
L-FDAA-D-Ile; (C) synthetic L-FDAA-D-Leu, (D) L-FDAA-D-allo-Ile derived from talarolide A (1);
(E) synthetic L-FDAA-D-Ile co-injected with L-FDAA-D-allo-Ile derived from talarolide A (1).
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Figure 5. Selected 2D NMR (DMSO-d6) correlations for talarolide A (1).

HRESI(+)MS analysis of 2 revealed a molecular formula (C35H55N7O8, Δmmu +0.4)
consistent with a deoxy analogue of 1. Indeed, Marfey’s analysis of 2 returned N-Me-L-
Tyr, D-allo-Ile, N-Me-D-Leu, L-Ala, D-Ala, and N-Me-D-Ala (Figure S35), while the NMR
(DMSO-d6) data for 2 (Tables 1, 2 and S3, and Figures 6 and S11–S16) revealed chemical
shifts and diagnostic correlations that permitted assignment of the same planar amino acid
sequence as 1, where the N-OH-Gly in 1 had been replaced by a Gly residue in 2. Partial
hydrolysis of 2 followed by derivatization with L-FDAA followed by UPLC-DAD-MS
analysis detected a dipeptide that co-eluted with an authentic synthetic sample of L-FDAA-
D-allo-Ile-D-Ala, but not synthetic L-FDAA-D-allo-Ile-L-Ala (Figure S41), confirming a D-Ala
and L-Ala regiochemistry in 2, common with that independently established for 1. To
further confirm this assignment, we carried out a successful solid phase peptide synthesis
of 2 (Scheme 1), with the synthetic sample proving to be identical to natural talarolide B
(Figures S50–S52), including co-elution on HPLC (Figure S48).

HRESI(+)MS analysis of 3 revealed a molecular formula (C34H53N7O9, Δmmu +3.0)
suggestive of a lower homologue (-CH2) of 1, with Marfey’s analysis returning N-Me-L-Tyr,
N-Me-D-Ala, D-Ala, L-Ala, D-Val, and N-Me-D-Leu (Figure S36). As with 1, the N-OH-Gly
residue in 3 was not detectable via Marfey’s analysis, although its presence was evident
in the NMR (DMSO-d6) data (Tables 1, 2 and S4, and Figures 4 and S19–S24). Diagnostic
2D NMR correlations (Figure 6) permitted assignment of a planar amino acid sequence
comparable to 1, but where the D-allo-Ile in 1 was replaced by D-Val in 3. The regiochemistry
of the D-Ala and L-Ala residues in 3 was assigned on the basis of biogenetic comparison to
1 and 2, with the structure for talarolide C (3) assigned as shown.
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Table 1. 1H NMR (DMSO-d6) data for talarolides A–D (1–4).

1 δH, Mult, (J in Hz) 2 δH, Mult, (J in Hz) e 3 δH, Mult, (J in Hz) 4 δH, Mult, (J in Hz)

N-OH-Gly1/Gly1

2a 4.75, d (17.1) 4.14 a 4.75 a 4.80 d (17.0)
2b 3.76, d (17.1) 3.54, dd (17.3, 2.9) 3.76, d (17.2) 3.71, d (17.0)

N-OH 9.31, s 9.41, s 9.13, s
N-H 7.53, dd (7.6, 2.9)

L-Ala2

2 4.49, qd (6.8, 4.1) 4.67, qd (6.7, 5.9) 4.50, qd (6.7, 4.0) 4.49, qd (6.8, 4.1)
3 1.19, d (6.8) 1.20, d (6.7) 1.20, d (6.7) 1.19, d (6.8)

N-H 8.65, d (4.1) 8.59, d (5.9) 8.65, d (4.0) 8.62, d (4.1)

N-Me-D-Leu3

2 5.05, dd (11.8, 3.9) 5.05, dd (11.8, 3.8) 5.07, dd (11.6, 3.8) 5.06, dd (11.7, 3.8)
3a 1.79, ddd (14.4, 10.3, 3.9) 1.82, ddd (14.4, 10.5, 3.8) 1.79, ddd (14.4, 10.3, 3.8) 1.79, ddd (13.4, 10.6, 3.9)
3b 1.58, ddd (14.4, 11.8, 3.9) 1.61, ddd (14.4, 11.8, 3.7) 1.57, ddd (14.4, 11.6, 3.9) 1.57, ddd (13.4, 11.7, 3.9)
4 1.37, m 1.39, m 1.38, m 1.38 a

5 0.77, d (6.5) 0.79, d (6.5) 0.78, d (6.5) 0.77, d (6.5)
6 0.88, d (6.5) 0.90, d (6.5) 0.89, d (6.5) 0.88, d (6.6)

N-Me 3.00, s 3.11, s 3.01, s 2.98, s

D-allo-Ile4/D-Val4

2 4.72 a 4.60, dd (9.3, 5.2) 4.58, dd (9.5, 4.9) 4.69, dd (9.5, 3.9)
3 1.95, m 1.95, m 2.17, m 1.91, m

4a 1.42, m 1.56, m 0.92, d (6.8) 1.39 a

4b 1.07, m 1.09 b 1.05, m
5 0.94, dd (7.3, 7.3) 0.95, dd (7.3, 7.3) 0.86, d (6.8) 0.92, dd (7.3, 7.3)
6 0.81, d (6.9) 0.92, d (6.9) 0.80, d (6.9)

N-H 7.24, d (9.6) 6.96, d (9.3) 7.23, d (9.5) 7.14, d (9.6)

D-Ala5

2 4.34, qd (7.1, 5.4) 4.42 c 4.33, qd (7.1, 5.0) 3.90, m
3 1.12, d (7.1) 1.10 b, d (7.1) 1.12, d (7.1) 1.13, d (7.1)

N-H 8.87, d (5.4) 8.63, d (5.4) 8.87, d (5.0) 8.58, d (5.2)

N-Me-L-Ala/L-Ala6

2 4.71 a 4.43 c 4.75 a 4.37, m
3 0.49, d (6.5) 0.58, d (6.5) 0.52, d (6.5) 0.63, d (6.4)

N-Me 2.70, s 2.70, s 2.71, s
N-H 8.27, d (9.5)

N-Me-L-Tyr7

2 4.80, dd (10.5, 4.9) 4.15 a 4.80, dd (9.8, 5.3) 5.01, dd (8.6, 6.6)
3a 2.84, dd (14.3, 10.5) 2.93, dd (14.1, 11.6) 2.82, dd (14.2, 9.8) 2.81, dd (14.3, 6.6)
3b 2.60, dd (14.3, 4.9) 2.55 d 2.62, dd (14.2, 5.3) 2.77, dd (14.3, 8.6)

5/9 6.93, d (8.4) 6.90, d (8.4) 6.94, d (8.4) 6.99, d (8.4)
6/8 6.64, d (8.4) 6.63, d (8.4) 6.63, d (8.4) 6.63, d (8.4)

7-OH 9.20, s 9.25, s 9.18, s 9.15, s
N-Me 2.66, s 2.86, s 2.67, s 2.64, s

a–c resonances with the same superscript within a column are overlapping, d signal is obscured by DMSO,
detected by HSQC. e occurs as an equilibrating mixture of major and minor conformers, with the major conformer
tabulated.
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Table 2. 13C NMR (DMSO-d6) data for talarolides A–D (1–4).

1 δC 2 δC 3 δC 4 δC

N-OH-Gly1/Gly1

1 167.3 169.3 167.3 167.5
2 50.2 41.3 50.1 49.9

L-Ala2

1 174.1 174.4 174.1 174.0
2 45.2 44.6 45.2 45.2
3 15.7 15.8 15.7 15.7

N-Me-D-Leu3

1 169.5 169.2 a 169.5 169.5
2 54.5 54.6 b 54.4 54.4
3 36.0 36.1 35.9 36.0
4 24.4 24.4 24.4 24.4
5 21.0 20.9 20.9 20.9
6 23.3 23.3 23.3 23.3

N-Me 31.0 30.8 31.0 30.9

D-allo-Ile4/D-Val4

1 172.0 171.2 171.6 171.8
2 53.7 54.6 b 55.3 53.8
3 38.5 38.5 31.9 38.8
4 26.2 25.7 19.4 26.4
5 12.0 12.0 17.0 11.9
6 13.7 14.2 c 13.7

D-Ala5

1 171.1 171.6 171.0 170.8
2 45.8 45.7 45.8 48.6
3 14.9 14.6 14.9 16.7

N-Me-L-Ala/L-Ala6

1 169.8 169.8 169.8 171.4
2 46.7 49.3 46.7 42.7
3 15.1 14.2 c 15.1 18.5

N-Me 28.6 a 29.1 28.6 a

N-Me-L-Tyr7

1 168.2 169.2 a 168.2 168.3
2 56.6 59.8 56.6 57.1
3 34.1 34.8 34.3 34.5
4 126.6 126.5 126.7 127.2

5/9 130.8 130.3 130.7 130.6
6/8 114.8 114.9 114.8 114.9

7 155.9 156.0 155.9 155.8
N-Me 28.6 a 29.5 28.6 a 28.6

a–c resonances with the same superscript within a column are interchangeable.

HRESI(+)MS analysis of 4 revealed a molecular formula (C34H53N7O9, Δmmu +3.0)
suggestive of an alternate lower homologue (-CH2) of 1, with Marfey’s analysis returning
N-Me-L-Tyr, D-Ala, L-Ala, D-allo-Ile, and N-Me-D-Leu (Figure S37). As with 1, the N-OH-
Gly residue in 4 was not detectable via Marfey’s analysis, although its presence was evident
in the NMR (DMSO-d6) data (Tables 1, 2 and S5, and Figures 6 and S27–S32). Diagnostic
2D NMR correlations revealed a planar amino acid sequence comparable to 1, but where
the N-Me-L-Ala in 1 was replaced by an L-Ala in 4. The regiochemistry of the D-Ala and
L-Ala residues in 4 were assigned on the basis of biogenetic comparison to 1 and 2, with
the structure for talarolide D (4) assigned as shown.
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Figure 6. Selected 2D NMR (DMSO-d6) correlations for talarolides B–D (2–4).

Of note, both the N-OH cyclic peptides 3 and 4 exhibit the same extensive pattern
of ROESY correlations (Figures S10, S18 and S26) associated with the N-OH moiety evi-
dent in 1, suggesting that all three adopt a common stable conformation dominated by
hydrogen bonding to the N-OH. Not only is such conformation stabilization not accessible
to the cyclic peptide 2, but the NMR data for 2 reveals two equilibrating conformations
(Figure S53), supporting the hypothesis that N-hydroxylation can have a pronounced effect
on cyclic peptide conformation and stabilization.

In an effort to understand this latter phenomenon, we calculated a solution structure
for 1 DMSO-d6 at 298 K using 2D ROESY NMR spectra, calculated from 41 ROE distance
restraints, three backbone ϕ-dihedral angle restraints derived from 3JNH-CHα, one cis-
amide between N-Me-L-Ala6-N-Me-L-Tyr7, and one hydrogen bond restraint between
N-OH-Gly1 and the D-Ala5 carbonyl oxygen (Figure 7). This hydrogen bond restraint was
supported by the low temperature coefficient for the N-OH-Gly1 in variable temperature 1H
NMR experiments (Figure 8). Structures were calculated in XPLOR-NIH using a dynamic
simulated annealing protocol in a geometric force field, and energy minimized using the
CHARMM force field [12,13]. The 10 lowest energy structures for talarolide A (1) had no
distance (≥0.2 Å) or dihedral angle (≥2◦) violations and were rigid, convergent structures
(average pairwise Ca RMSD 0.18 Å) (Figure 7). The structure for 1 supported observations
made in the VT (variable temperature) NMR experiments, with the N-OH-Gly1 to D-Ala5

carbonyl oxygen hydrogen bond and cis-amide bond between N-Me-L-Ala6-N-Me-L-Tyr7

forming a non-classical alpha turn centered at D-Ala5-N-Me-L-Ala6-N-Me-L-Tyr7, and with
L-Ala2 and N-Me-D-Leu3 forming a distorted beta turn. The D-allo-Ile4 amide proton
projects toward the interior of the structure and is shielded from solvent, while the D-Ala5

amide proton is in close proximity to the N-OH-Gly1 carbonyl oxygen, suggestive of a
hydrogen bond and also less accessible to solvent. The opposite side of the molecule
features an exposed L-Ala2 amide proton, making it more accessible to solvent. From these
observations, it can be concluded that the presence of the N-OH-Gly provides access to a
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hydrogen bond that defines the overall conformation of the cyclic peptide. It is intriguing
to speculate whether this effect is unique to the talarolide scaffold, with its mix of L and D

amino acid residues, or whether it is a more general phenomenon. If the latter, it is possible
that N-hydroxylation could prove to be a valuable molecular tool for accessing new peptide
chemical space.

 

Scheme 1. Top: General outline of the solid phase peptide synthesis (SPPS) of talarolide B (2).
(i) Fmoc-Gly-OH coupling to 2-CTC resin, (ii–vii) sequential peptide chain elongation of Fmoc amino
acids, (viii) cleavage of linear protected peptide from resin, (ix) cyclization of linear protected peptide
and (x) deprotection to yield 2. Bottom: Experimental details for SPPS of 2: (i) Fmoc-Gly-OH coupling
to 2-CTC resin in the presence of DIPEA (2 h), (ii) elongation of peptide sequence through a coupling
cycle: Fmoc deprotection with 20% of piperidine in DMF (twice, 5 and 10 min), and a 5 min DMF
flow-wash followed by coupling with preactivated Fmoc-amino acid (3.2 eq.) over 2 × 30 min, or
2 × 3 h for coupling of Fmoc-amino acids to sterically hindered N-Me-amino acids, (iii) cleavage of
linear protected peptide from resin using 20% HFIP/DCM (3 × 20 min), (iv) cyclization of linear
protected peptide using HATU, HOBT, and collidine (14 h), followed by deprotection of NMe-L-Tyr
using 90% formic acid 40 min to give 2 (16 mg, 23% overall yield).
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Figure 7. Backbone superimposition of the 10 lowest energy NMR calculated structures for 1 in
DMSO-d6 at 298 K showing hydrogen bonding between N-OH-Gly1 and the carbonyl in D-Ala5

(dashed line) and a cis-amide bond between N-Me-L-Ala6 and N-Me-L-Tyr7 forming a non-classical
alpha turn. The D-allo-Ile4 amide is projected inward and shielded from solvent, while L-Ala2 is
solvent exposed. Non-polar hydrogens are omitted for clarity, with backbone carbon atoms (green),
sidechain carbon atoms (grey), oxygen atoms (red), nitrogen atoms (blue), and hydrogen atoms
(cyan).

Figure 8. Temperature dependence of the amide NH and OH NMR (DMSO-d6) chemical shifts
for 1. Line slopes indicating temperature coefficients (Δδ/T) for each residue. Circle: N-OH-
Gly1 (Δδ/T = 1.4 ppb/K); triangle: L-Ala2-NH (Δδ/T = 3.9 ppb/K); black square: D-Ala5-NH
(Δδ/T = 3.5 ppb/K); opened square: D-allo-Ile4-NH (Δδ/T = 0.3 ppb/K). Small temperature coeffi-
cients (Δδ/T) for N-OH-Gly1 and D-allo-Ile4-NH indicates hydrogen-bonds or solvent shielded [14].

3. Materials and Methods

3.1. General Experimental Procedures

Chiroptical measurements ([α]D) were obtained on a JASCO P-1010 polarimeter in a
100 × 2 mm cell at 25 ◦C. Nuclear magnetic resonance (NMR) spectra were acquired on a
Bruker Avance 600 MHz spectrometer with either a 5 mm PASEL 1H/D-13C Z-Gradient
probe or 5 mm CPTCI 1H/19F-13C/15N/DZ-Gradient cryoprobe. The spectra were ac-
quired at 25 ◦C in DMSO-d6 and referenced to residual signals (δH 2.50 and δC 39.5 ppm)
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in deuterated solvents. High-resolution ESIMS measurements were obtained on a Bruker
micrOTOF mass spectrometer by direct infusion in MeCN at 3 μL/min using sodium
formate clusters as an internal calibrant. UPLC-QTOF analysis was performed on a UPLC-
QTOF instrument comprising an Agilent 1290 Infinity II UPLC (Agilent Zorbax C8 RRHD
1.8 μm, 2.1 × 250 mm column, eluting at 0.417 mL/min with a 2.50 min gradient elu-
tion from 90% H2O/MeCN to 100% MeCN with a constant 0.1% formic acid modifier)
coupled to an Agilent 6545 QTOF mass detector (Agilent, Mulgrave, Australia). Liquid
chromatography-diode array-mass spectrometry (HPLC-DAD-MS) data were acquired
on an Agilent 1260 series separation module equipped with an Agilent G6125B series
single quad mass detector and diode array detector (Agilent Poroshell 120 SB-C8 2.7 μm,
3.0 × 150 mm column, eluting at 0.8 mL/min with a 6.25 min gradient elution from 90%
H2O/MeCN to 100% MeCN with a constant 0.05% formic acid modifier). Ultra-high per-
formance liquid chromatograms (UPLCs) were obtained on an Agilent 1290 infinity UPLC
system composed of a 1290 infinity binary pump, thermostat, autosampler, and diode
array detector (Agilent, Mulgrave, AustraliaPreparative and semi-preparative HPLC were
performed using an Agilent 1100 Series diode array and/or multiple wavelength detectors
and an Agilent 1100 Series fraction collector (Agilent, Mulgrave, Australia). Nα-(2,4-dinitro-
5-fluorophenyl)-L-alaninamide (L-FDAA, synonym 1-fluoro-2-4-dinitrophenyl-5-L-alanine
amide) and Nα-(2,4-dinitro-5-fluorophenyl)-D-alaninamide (D-FDAA, synonym 1-fluoro-2-
4-dinitrophenyl-5-D-alanine amide) were purchased from Merck (Darmstadt, Germany).
Amino acids and standards were purchased from BAChem (Torrance, CA, USA) or Merck
(Darmstadt, Germany). Analytical-grade solvents were used for solvent extractions. Chro-
matography solvents were of HPLC grade supplied by Labscan (Bangkok, Thailand) or
Merck (Darmstadt, Germany) and filtered/degassed through 0.45 μm polytetrafluoroethy-
lene (PTFE) membrane prior to use. Deuterated solvents were purchased from Cambridge
Isotopes (Tewksbury, MA, USA). Microorganisms were manipulated under sterile condi-
tions using a Laftech class II biological safety cabinet and incubated in either MMM Friocell
incubators (Lomb Scientific, Taren Point, NSW, Australia) or an Innova 42R incubator
shaker (John Morris, Chatswood, NSW, Australia).

3.2. Collection and Taxonomy of Talaromyces sp. CMB-TU011

The isolation and taxonomy of Talaromyces sp. CMB-TU011 from an unidentified
tunicate collected from Tweed Heads, NSW, Australia, has been previously reported [7].

3.3. Cultivation and Fractionation of Talaromyces sp. CMB-TU011

A loop of spores from a 7-day old M1-salt culture of CMB-TU011 was streaked on
ISP-4 agar plates (×200) and incubated for 20 days at 26.5 ◦C, after which the combined
agar/mycelia was extracted with EtOAc (3 × 500 mL) and concentrated in vacuo to yield
an extract (264 mg), which was partitioned between n-hexane and aqueous MeOH to give
hexane (70 mg) and MeOH (194 mg) soluble fractions. The MeOH fraction was subjected
to gel chromatography (Sephadex® LH-20 (Merck, Darmstadt, Germany) in MeOH) to
obtain 15 fractions, which were combined based on HPLC-DAD-MS analysis to yield a
talarolides-enriched fraction (30.5 mg). Further semi-preparative HPLC (Agilent Zorbax
Eclipse C8 column, 5 μm, 9.4 × 250 mm, 32% MeCN/H2O isocratic elution at 3.0 mL/min
inclusive of an isocratic 0.01% TFA/MeCN modifier) was used to yield talarolide A (1) (tR
25.6 min, 3.4 mg, 1.3%), talarolide B (2) (tR 21.3 min, 1.1 mg, 0.42%), talarolide C (3) (tR
16.1 min, 1.1 mg, 0.42%), and talarolide D (4) (tR 19.3 min, 0.9 mg, 0.34%). (Note: % yields
are calculated as a weight to weight of the EtOAc extract) (Figure S2).

Talarolide A (1): white powder; [α]D
25 –17 (c 0.12, MeOH); 1D and 2D NMR (DMSO-d6)

see Tables 1, 2 and S2, and Figures S3–S8; UPLC-QTOF (MS/MS) fragmentation see
Figure S42; HRESI(+)MS m/z 740.3978 [M + Na]+ (calcd for C35H55N7O9Na 740.3953)
(Figure S9).

158



Mar. Drugs 2023, 21, 487

Talarolide B (2): colorless amorphous solid; [α]D
25 –15 (c 0.059, MeOH); NMR (DMSO-

d6) see Tables 1, 2 and S3, and Figures S10–S16; UPLC-QTOF (MS/MS) fragmentation
see Figure S43; HRESI(+)MS m/z 724.4008 [M + Na]+ (calcd for C35H55N7O8Na 724.4004)
(Figure S17).

Talarolide C (3): colorless amorphous solid; [α]D
25 –15 (c 0.072, MeOH); NMR (DMSO-

d6) see Tables 1, 2 and S4, and Figures S18–S25; UPLC-QTOF (MS/MS) fragmentation
see Figure S44; HRESI(+)MS m/z 726.3827 [M + Na]+ (calcd for C34H53N7O9Na 726.3797)
(Figure S25).

Talarolide D (4): colorless amorphous solid; [α]D
25 –14 (c 0.054, MeOH); NMR (DMSO-

d6) see Tables 1, 2 and S5, and Figures S26–S32; UPLC-QTOF (MS/MS) fragmentation
see Figure S45; HRESI(+)MS m/z 726.3827 [M + Na]+ (calcd for C34H53N7O9Na 726.3797)
(Figure S33).

3.4. Marfey’s Analysis of Talarolides A–D
3.4.1. Standard Marfey’s Hydrolysis and Derivatization Method #1

A sample analyte (50 μg) in 6 M HCl (100 μL) 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 N2. The hydrolysate was then treated with 1 M NaHCO3 (20 μL) and L-FDAA (1-fluoro-
2,4-dinitrophenyl-5-L-alanine amide) or D-FDAA (1-fluoro-2,4-dinitrophenyl-5-D-alanine
amide) as a 1% (w/v) solution in acetone (40 μL) at 40 ◦C for 1 h, after which the reaction
was neutralized with 1 M HCl (20 μL), diluted with MeCN (200 μL) and filtered (0.45 μm
PTFE) prior to analysis.

3.4.2. Standard Marfey’s HPLC Method #2

An aliquot of Marfey’s derivatized analyte (3 μL) (see method #1) was subjected to
HPLC-DAD-MS analysis using a binary solvent system (Phase A: 95% H2O: 5% MeCN:
0.1% formic acid; Phase B: 95% MeOH: 5% MeCN: 0.1% formic acid) on an Agilent Poroshell
120 SB-C8 2.7 μm, 3.0 × 150 mm column, at 50 ◦C with a 0.8 mL/min linear gradient over
29 min from 16% to 63% Phase B in A, and with DAD (340 nm) and ESI(±)MS monitoring,
supported by single ion extraction (SIE) methodology, and with comparison to authentic
standards of Marfey’s derivatized amino acids.

3.4.3. Marfey’s HPLC Method #3 Optimized for Resolving N-Me-Ala Derivatives

An aliquot of Marfey’s derivatized analyte (3 μL) (see method #1) was subjected to
UPLC-DAD-MS analysis using the same binary solvent system and detection as described
above (method #2), but with an isocratic 0.8 mL/min elution at 23% Phase B in A using an
Agilent Poroshell 120 EC-C18 2.7 μm, 3.0 × 150 mm column at 50 ◦, with comparison to
authentic standards of Marfey’s derivatized amino acids (Figures 3 and S38).

3.4.4. Marfey’s HPLC Method #4 Optimized for Resolving Leu, Ile and allo-Ile Derivatives

An aliquot of Marfey’s derivatized analyte (3 μL) (see method #1) was subjected to
UPLC-DAD-MS analysis using the same binary solvent system and detection as described
above (method #2), but with an isocratic 0.8 mL/min elution at 37% Phase B in A, with
comparison to authentic standards of Marfey’s derivatized amino acids (Figures 4 and S39).

3.4.5. Marfey’s Analysis of Talarolides A–D (1–4)

Samples of talarolides A–D (1–4) (50 μg) were subjected to standard Marfey’s hydroly-
sis and derivatization (method #1), after which individual aliquots of Marfey’s derivatized
analytes (3 μL) were subjected to each of methods #2, #3, and #4 to unambiguously identify
the following amino acid constituents:

Talarolide A (1): L-Ala, N-Me-D-Leu, D-allo-Ile, D-Ala, N-Me-L-Ala, N-Me-L-Tyr
(see Figures 3, 4 and S34)

Talarolide B (2): Gly, L-Ala, N-Me-D-Leu, D-allo-Ile, D-Ala, N-Me-L-Ala, N-Me-L-Tyr
(see Figure S35)
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Talarolide C (3): L-Ala, N-Me-D-Leu, D-Val, D-Ala, N-Me-L-Ala, N-Me-L-Tyr (see
Figure S36)

Talarolide D (4): L-Ala, N-Me-D-Leu, D-allo-Ile, D-Ala, L-Ala, N-Me-L-Tyr (see
Figure S37)

3.5. Two-Dimensional Marfey’s Analysis of Talarolide B
3.5.1. Two-Dimensional Marfey’s Method #5 Partial Hydrolysis of Talarolide B

A sample of talarolide B (2) (50 μg) was subjected to the standard Marfey’s hydrol-
ysis conditions (method #1) but with a reduced reaction time from 12 to 3 h, and after
derivatization yielded a dipeptide attributed to L-FDAA-D-allo-Ile-Ala (unspecified Ala
configuration) based on an HPLC-DAD-MS (Marfey’s method #2) [tR 22.3 min, m/z 455
(M + H)] (Figure S40).

3.5.2. Synthesis of Dipeptides L-FDAA-D-allo-Ile-L-Ala and L-FDAA-D-allo-Ile-D-Ala

Syntheses were performed using standard peptide synthesis on a 2-chlorotrityl chlo-
ride (2-CTC) resin (substitution ratio: 1.55 mmol/g, 0.1 mmol scale, 64.5 mg) using hexafluo-
rophosphate azabenzotriazole tetramethyl uranium (HATU) and N,N-diisopropylethylamine
(DIPEA) coupling, and fluorenylmethoxycarbonyl (Fmoc) protection chemistry.

3.5.3. Coupling of the First Amino Acid

After swelling the 2-CTC resin for 20 min in dry CH2Cl2 (2 mL), a solution of either
Fmoc-L-Ala-OH or Fmoc-D-Ala-OH (1.2 eq.) and DIPEA (44 μL, 0.25 mmol, 2.5 eq.) in dry
CH2Cl2 (2 mL) was added to the resin and mixed for 2 h. The resin was filtered and MeOH
(200 μL) was added and mixed for 15 min to cap the resin. The resin was washed with dry
CH2Cl2 (5 × 1 min), 1:1 CH2Cl2/MeOH (5 × 1 min) and MeOH (2 × 1 min).

3.5.4. Coupling of Fmoc-D-allo-Ile

Coupling of Fmoc-D-allo-Ile was achieved by dissolving Fmoc-D-allo-Ile (0.32 mmol,
3.2 eq.), in 0.4 M HATU/DMF (0.75 mL, 0.3 mmol, 3.0 eq.), followed by the addition of
DIPEA (105 μL, 0.6 mmol, 6.0 eq.). The coupling cycle consisted of Fmoc deprotection with
20% of piperidine in DMF (twice, 5 and 10 min), a 5 min DMF flow-wash, followed by
coupling with preactivated Fmoc-D-allo-Ile (3.2 eq.) over 2 × 30 min.

3.5.5. Derivatization with L-FDAA

Fmoc deprotection was achieved by the addition of 20% of piperidine in DMF (twice,
5 and 10 min), a 5 min DMF flow-wash, followed by coupling with L-FDAA reagent,
1% solution in acetone (3.2 eq.), in the presence of DIPEA (105 μL, 0.6 mmol, 6.0 eq.) for 1 h.
The resin was washed with acetone (5 × 1 min), dry CH2Cl2 (5 × 1 min), 1:1 CH2Cl2/MeOH
(5 × 1 min) and MeOH (2 × 1 min), then dried (vacuum desiccator).

3.5.6. Cleavage of L-FDAA Derivatized Dipeptide from Resin

After swelling the 2-CTC resin for 20 min in dry CH2Cl2 (2 mL) the resin was mixed
with 20% hexafluoro-2-propanol (HFIP)/CH2Cl2 (2 mL × 3 × 20 min) and the com-
bined filtrate evaporated in vacuo to yield analytical samples of L-FDAA-D-allo-Ile-L-Ala
[HRESI(+)MS m/z 477.1722 [M + Na]+ (calcd for C18H26N6O8Na 477.1704) and L-FDAA-D-
allo-Ile-D-Ala [HRESI(+)MS m/z 477.1692 [M + Na]+ (calcd for C18H26N6O8Na 477.1704),
both of which were shown to be pure by HPLC-DAD-MS (method as described in general
experimental section) (Figures S46 and S47).

3.5.7. Marfey’s Method #6 Optimized for L-FDAA-D-allo-Ile-Ala Diastereomers

An aliquot of Marfey’s derivatized analyte (3 μL) (see method #5) was subjected to
UPLC-DAD-MS analysis using the same binary solvent system and detection as described
above (method #2), but with an isocratic 0.6 mL/min elution at 37% Phase B in A, and with
comparison between natural and synthetic Marfey’s derivatized dipeptides (Figure S41).
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3.6. Synthesis of Talarolide B
3.6.1. Coupling of the First Amino Acid

After swelling the 2-CTC resin for 20 min in dry CH2Cl2 (2 mL), a solution of Fmoc-
Gly-OH (1.2 eq.) and DIPEA (44 μL, 0.25 mmol, 2.5 eq.) in dry CH2Cl2 (2 mL) was added
to the resin and mixed for 2 h. The resin was filtered, then MeOH (200 μL) was added and
mixed for 15 min to cap the resin. The resin was washed with dry CH2Cl2 (5 × 1 min), 1:1
CH2Cl2/MeOH (5 × 1 min) and MeOH (2 × 1 min).

3.6.2. Elongation of Peptide Sequence

Amino acid activation was achieved by dissolving an Fmoc-amino acid (0.32 mmol,
3.2 eq.) in a 0.4 M HATU/DMF solution (0.75 mL, 0.3 mmol, 3.0 eq.), followed by
the addition of DIPEA (105 μL, 0.6 mmol, 6.0 eq.). The coupling cycle consisted of
Fmoc deprotection with 20% of piperidine in DMF (twice, 5 and 10 min), and a 5 min
DMF flow-wash followed by coupling with preactivated Fmoc-amino acid (3.2 eq.) over
2 × 30 min, or 2 × 3 h for coupling of Fmoc-amino acids to sterically hindered N-Me-
amino acids. Upon completion of the synthesis the resin was washed with DMF, CH2Cl2,
and MeOH, then dried (vacuum desiccator) as described above in the synthesis of the
dipeptides.

3.6.3. Cleavage of Linear Protected Peptide

After swelling the 2-CTC resin for 20 min in dry CH2Cl2 (2 mL), the resin was mixed
with 20% hexafluoro-2-propanol (HFIP)/CH2Cl2 (2 mL × 3 × 20 min and the combined
filtrate concentrated in vacuo to give the protected linear peptide (64 mg). The product
was confirmed by HPLC-DAD-MS (method as described in general experimental section):
tR = 4.4 min, ESI(+)MS m/z 776 [M + H]+, and was used in the next step without further
purification.

3.6.4. Cyclization of Linear Protected Peptide

A solution of the linear protected peptide (0.5 mg/mL in DMF (128 mL, 64 mg,
0.082 mmol) was stirred vigorously and treated by dropwise addition over 30 min with
a mixture of 0.4 M HATU (618 μL, 0.247 mmol, 3 eq.), hydroxybenzotriazole (HOBT)
(34 mg, 0.247 mmol, 3 eq.) and collidine (33 μL, 30 mg, 0.247mmol, 3 eq.) in DMF (2 mL).
After 14 h, HPLC-DAD-MS analysis of the mixture showed the cyclization was completed.
The DMF was evaporated, and the residue dissolved in MeCN (10 mL), filtered (0.45 μm
filter), and purified by preparative HPLC (Agilent Zorbax Rx-C8 7 μm, 21.2 × 250 mm
column, with a 20 min gradient elution at 20 mL/min from 90% H2O/MeCN to 100%
MeCN with an isocratic 0.01% trifluoroacetic acid/MeCN modifier). After lyophilization,
the protected cyclic peptide was obtained as an amorphous powder. The product was
confirmed by HPLC-DAD-MS (method as described in general experimental section):
tR = 5.8 min, ESI(+)MS m/z 758.5 [M + H]+

3.6.5. Cyclic Peptide Deprotection

The protected cyclic peptide was mixed with an aqueous solution of 90% formic
acid (3 mL) for 40 min, after which it was concentrated under a stream of nitrogen gas
and the residue dissolved in MeCN (2 mL) and purified by preparative HPLC (Agilent
Zorbax Rx-C8 7 μm, 21.2 × 250 mm column, with a 20 min gradient elution at 20 mL/min
from 90% H2O/MeCN to 100% MeCN with an isocratic 0.01% trifluoroacetic acid/MeCN
modifier) to yield synthetic talarolide B (16 mg, 23% overall yield); NMR (DMSO-d6),
see Figures S50–S52; HRESI(+)MS m/z 724.4008 [M + Na]+ (calcd for C35H55N7O8Na
724.4004); identical with natural talarolide B (2), including by co-injection HPLC-DAD-MS
(Figure S48).
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3.7. Three-Dimensional Solution Structure Calculations

The distance restraints used in calculating the structure for talarolide A (1) in DMSO-d6
were derived from ROESY spectra (recorded at 298 K) using mixing time (spin-lock) of 300
ms with 41 NOEs (see Supplementary Materials). NOE cross-peak volumes were classified
manually as strong (upper distance constraint ≤ 2.7Å), medium (≤3.5Å), weak (≤5.0Å),
or very weak (≤6.0Å). Standard pseudoatom distance corrections were applied for non-
stereospecifically assigned protons. To address the possibility of conformational averaging,
intensities were classified conservatively and only upper distance limits were included in
the calculations to allow the largest possible number of conformers to fit the experimental
data. Backbone dihedral angle restraints were inferred from 3JNHCHα coupling constants
in 1D spectra, using the Karplus equation [15] with angle ± 30◦. There was one cis-amides
bond between N-Me-L-Ala6-N-Me-L-Tyr7 (i.e., strong CHα-CHα (i, i + 1) NOEs); the rest
were in trans configuration (ψ-angles were set to trans (ψ = 180◦)). Starting structures with
randomized φ and ψ angles and extended side chains were generated using an ab initio
simulated annealing protocol. The calculations were performed using the standard force-
field parameter set (PARALLHDG5.2.PRO) and topology file (TOPALLHDG5.2.PRO) in
XPLOR-NIH with in-house modifications to generated N-methylated and N-hydroxylated
residues. Refinement of structures was achieved using the conjugate gradient Powell
algorithm with 4000 cycles of energy minimization and a refined forcefield based on the
program CHARMM [12]. Structures were visualized with Pymol and analyzed for distance
(>0.2Å) and dihedral angle (>2◦) violations using noe.inp files. 1H NMR (DMSO-d6) vari-
able temperatures for 1 was obtained from 298 K to 318 K in five degrees stepwise on a
Bruker Avance III 600 MHz NMR spectrometer. The chemical shift differences of amide
NH and N-OH were plotted against temperature to generate the temperature coefficient
(Δδ/T) using Prism version 10.0.2 (Figure 8).

4. Conclusions

Application of an integrated program of cultivation (MATRIX) and chemical (HPLC-
DAD and GNPS) profiling to the marine-derived fungus Talaromyces sp. CMB-TU011
enabled access to talarolide A (1), along with three new analogues, talarolides B–D (2–4).
Detailed spectroscopic analysis, supported by chemical degradation and derivatization, and
partial and total syntheses, permitted assignment of structures to 1 (revised) and 2–4. The
talarolides include rare examples of natural cyclic peptides incorporating a hydroxamate
moiety, with a solution structure on 1 revealing H-bonding from the N-OH-Gly1 across
the macrocyclic ring to the D-Ala5 carbonyl oxygen, which both defined and stabilized
a unique conformation. This contrasts with the deoxy analogue 2 (i.e., Gly1) where the
NMR data indicate two interconverting conformers. Knowledge of the talarolides draws
attention to the possible inclusion of hydroxamate moieties in other cyclic peptides (natural
and synthetic), as a means to access new and unusual conformations with potentially new
biological properties including improved oral bioavailability [16].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21090487/s1. MATRIX study of CMB TU011; NMR spectro-
scopic data (tabulated data and spectra), Marfey’s analysis, and MS/MS spectra of 1–4; NMR spectra
comparison of natural and synthetic talarolide B (2); 3D calculations of talarolide A (1).
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Abstract: Coumarins, isocoumarins and their derivatives are polyketides abundant in fungal metabo-
lites. Although they were first discovered over 50 years ago, the biosynthetic process is still not
entirely understood. Herein, we report the activation of a silent nonreducing polyketide synthase that
encodes a C7-methylated isocoumarin, similanpyrone B (1), in a marine-derived fungus Simplicillium
lamellicola HDN13-430 by heterologous expression. Feeding studies revealed the host enzymes can
change 1 into its hydroxylated derivatives pestapyrone A (2). Compounds 1 and 2 showed moderate
radical scavenging activities with ED50 values of 67.4 μM and 104.2 μM. Our discovery fills the gap
in the enzymatic elucidation of naturally occurring C7-methylated isocoumarin derivatives.

Keywords: isocoumarins; nonreducing polyketide synthase (nrPKS); Simplicillium lamellicola; genome
mining; silent gene clusters

1. Introduction

Fungi have proven to be a tremendous source of new bioactive lead compounds with
thousands of bioactive compounds isolated [1,2]. Meanwhile, whole-genome sequencing
data revealed that the number of biosynthetic gene clusters encoded in fungi is much
larger than the types of natural products isolated, which indicates that a major portion of
biosynthetic gene clusters are still silent or poorly expressed [3,4]. To activate these silent
gene clusters and increase the silent metabolic potential, a variety of techniques have been
developed, including epigenetics regulation, co-culture, precursor feeding, heterologous
expression, changing fermentation parameters and ribosome engineering, etc. [5,6].

Among these, heterologous expression has unique advantages, especially to achieve
the de novo biosynthesis of compounds in a heterologous host, which benefits from genetic
tractability, short life-cycle, and high bio-safety [7]. As for the activation of silent gene
clusters in fungi, heterologous expression shows special superiority, such as: (1) it is more
controllable compared to other activation methods, especially, the activation is orientated
instead of randomly; (2) the ideal chassis cells with simple metabolite backgrounds make
it easy to perform the isolation of targeted compounds; (3) it is still effective without
regulators, selective markers, or strain genetic operating system, which is frequently the
major obstacle in non-model fungi [8–10].

The fungal specie, Simplicillium lamellicola, has great ecological and commercial im-
portance due to the exceptional bioactivities, particularly in microbial biopesticide [11–14].
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However, to our best knowledge, four new compounds, reported in the specie (Figure 1),
indicate a great potential for bioactive secondary compounds from S. lamellicola. Isolated
from a marine sediment collected in Pritz Bay, S. lamellicola HDN13-430 was the first strain
of this specie isolated from Antactica, which made the genome mining worthwhile. Dur-
ing our ongoing genome mining work on the fungal strain S. lamellicola HDN13-430, a
nonreducing polyketide synthase (nrPKS), termed SlPKS4, attracts our attention. SIPKS4
showed a low sequence identity to other PKSs. With the expression test of cDNA, the
nrPKS, together with the gene cluster, were proven to be completely silent under regular
laboratory conditions (Figure S1). Due to the lack of regulators in the native strain, the
following heterologous expression of SlPKS4 in Aspergillus nidulans lead to the yield of two
isocoumarin derivatives: similanpyrone B (1) and pestapyrone A (2). Compounds 1 and 2

showed radical scavenging activities, while no activity in the antibacterial bioassays was
observed. Although compounds 1 and 2 were first described more than 50 years ago, the
biosynthetic process is still not entirely understood. We proposed the biosynthetic pathway
of compounds 1 and 2, and conducted phylogenetic analysis with other PKSs responsible
for the synthesis of isocoumarin derivatives.

Figure 1. Bioactive compounds reported from S. lamellicola.

2. Results

2.1. Bioinformatic Analysis of the Target nrPKS and the Gene Cluster in S. lamellicola HDN13-430

To probe the metabolic potential of S. lamellicola HDN13-430, the whole-genome
sequencing and analysis were performed. The prediction of secondary metabolites us-
ing antiSMASH indicated 12 PKSs, 16 NRPSs, 3 terpenes, 6 hybrids and 2 other types
biosynthetic gene clusters (Figure S2). During analyzing the PKSs of strain S. lamellicola
HDN13-430, an nrPKS which we termed as SlPKS4 (Figure 2), exhibits low identities with
known nrPKSs, while the highest similarities of 41.46% and 41.20% at the amino acid
level were donated by pkbA [15] and andM [16], which are responsible for the biosyn-
thesis of compounds 3-methylorsellinic and 3,5-dimethylorsellinic acid, respectively. The
low-similarity PKS SlPKS4, located in a cluster with seven tailoring enzymes termed
Sl4001-Sl4007, with proposed functionsas quinone oxidoreductase, dienelactone hydrolase,
γ-glutamyl phosphate reductase, hypothetical protein, sulfide quinone reductase, thre-
onine dehydratase, ketol-acid reductoisomerase, respectively (details in Table S2). The
proposed functions of enzymes located in the cluster are all uncommon with a rare report in
secondary metabolites biosynthesis. However, further analysis of gene transcription status
by RT-PCR of six media based on OSMAC (one strain many compounds) and epigenetic
regulation strategies, shows that the cluster including SlPKS4 is totally silent under regular
laboratory culture conditions (Figure S1). Also, there are no reports about the construction
of a genetic operating system on the specie S. lamellicola, which prompts us to investigate
the function by heterologous biosynthesis in A. nidulans.
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Figure 2. Organization and proposed function of SlPKS4 and tailoring genes.

2.2. Heterologous Expression of the Gene Cluster and Elucidation of Compounds 1 and 2

To demonstrate the function of SlPKS4, a 9547 bp fragment containing the whole
genomic sequence of SlPKS4, plus a downstream region of 526 bp containing the native
terminator, were amplified via PCR and cloned into the expression vector pANU-SlPKS4
by homologous recombination in Saccharomyces cerevisiae. The obtained construct, pANU-
SlPKS4, was introduced into A. nidulans A1145 by polyethylene glycol (PEG)-mediated
protoplast transformation. Integration transformants, including pANU-SlPKS4, were
grown on liquid CD-Starch medium following selection by uridine and uracil autotrophy
and subsequent confirmation by PCR amplification [17]. The cultures were extracted with
ethyl acetate and analyzed by LC-MS for secondary metabolites. As shown in Figure 3, two
additional peaks of compounds 1 and 2 were detected in the extract compared to the control
strain containing the empty vector. The two compounds share similar UV spectra with
absorption maxima at 240, 280 and 330 nm, together with [M + H]+ ions at m/z = 207.1 and
223.2, respectively, indicating similar structures and differences coming from hydroxylation
(Figure S2). Following large-scale fermentation, isolation and structural elucidation by 1D
NMR analysis (Tables S3 and S4 and Figures S8–S11) confirmed compounds 1 and 2 to be
similanpyrone B and pestapyrone A, respectively [17,18]. The literature review concludes
that both compounds belong to the group of isocoumarins.

Figure 3. HPLC analysis of the secondary metabolites in A. nidulans strains. UV absorptions at
280 nm are illustrated. HPLC full chromatogram of the original A. nidulans and the strain harboring
SlPKS4 were provided to prevent the presence of compound 2 in original A.nidulans (Figure S5).
HPLC analysis method: 5:95 to100:0 MeOH-H2O (with 0.1% trifluoroacetic acid), 40 min, 1 mL/min.
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Similarly, the tailoring enzymes Sl4001-Sl4007 were separately cloned, constructed
on expression plasmids and introduced into A. nidulans A1145 (Figure S4). Unexpectedly,
after 4 days of culturing followed by extraction with ethyl acetate, no new compound,
except 1 and 2, was detected by LC-MS analysis (Figure 3). Double checking the gene
transcription status by RT-PCR was performed, confirming that all seven tailoring enzymes,
together with SlPKS4, were expressed properly (Figure S6), which exclude the possibility
of unexpression.

Compound 1 has undergone investigation through chemical synthesis [19] and isotope
labeling [20,21] since the 1980s, however, the enzyme responsible for the biosynthesis has
not been reported until now. Our report about SlPKS4 is the first discovery of PKS responsi-
ble for compound 1. Meanwhile, isocoumarins derivatives were generally discovered from
the fungal genera Penicillium, Ceratocystis, Fusarium, Artemisia, Aspergillus, Cladosporium,
Oospora, and Hydrangea [22]. To our best knowledge, there is no coumarins or isocoumarins
reported from the fungal genus Simplicillium, so this is also the first time to prove that the
fungal genus Simplicillium has the ability to produce isocoumarin derivatives.

2.3. Origin Verification of Compound 2 by Biotransformation Assay

Unexpected accumulation of compound 2 as a hydroxylated derivative of 1 raises
the question on the origin of the hydroxylation activity, due to no corresponding enzymes
for the related hydroxylation reaction. Inspired by a previous work by Li et al. [23], we
postulated that endogenous enzymes from A. nidulans were also in charge of the conversion
of 1 to 2. Intrigued by this hypothesis, we conducted a feeding experiment of compound 1

in A. nidulans A1145. After four days feeding with compound 1, compound 2 was clearly
present in the culture extract after LC-MS analysis (Figure 3). This proved that A. nidulans
can modify the initial polyketide product 1 by hydroxylation at the methyl (Figure 4).
Unfortunately, no A. nidulans candidate enzymes could be anticipated for the process.

Figure 4. Biosynthetic pathway of 1 and 2 in A. nidulans A1145.

2.4. Bioactivities of Compounds 1 and 2

In previous reports, compound 1 was tested for cytotoxic activities against the human
cancer cell lines Hela, A549, HepG2 and the mouse lymphoma cell line L5178Y, antimicro-
bial activity against Gram positive (Staphylococcus aureus ATCC 25923 and Bacillus subtilis
ATCC 6633) and Gram negative (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa
ATCC 27853) bacteria, Candida albicans ATCC 10231, and multidrug-resistant isolates from
the environment [17,18,24], while compound 2 was evaluated for the cytotoxicity activities
against a panel of cancer cell lines (A549, HL-60, K562 and L5178Y) [17,25]. All the above
investigations proved to be inactive. In our research, the antimicrobial activities against MR-
CNS (Methicillin-Resistant Coagulase-Negative Staphylococci), MRSA (Methicillin-Resistant
Staphylococcus Aureus), S. aureus, Acinetobacter baumannii, B. cereus, B. subtilis, P. aeruginosa,
and C. albicans were evaluated, but none of them presented an antimicrobial effect under
the concentration of 30 μM. Meanwhile, the radical scavenging assay based on 1,1-diphenyl-
2-picrylhydrazyl radical 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH) was used
to test the radical scavenging activity of compounds 1 and 2, and they showed similar
effects with ED50 values of 67.4 μM and 104.2 μM (the value of ascorbic acid was 12.6 μM
as positive control).
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3. Discussion

Coumarins and isocoumarins are a large family of lactonic natural products, abundant
in various organisms including bacteria, fungi, lichens, liverworts, sponges, plants and in-
sects [22,26]. The widespread distribution and possession of a broad spectrum of pharmaco-
logical activities, including antifungal, anti-inflammatory, cytotoxic, and antimicrobial prop-
erties, have led to the continuous discovery of novel isocoumarin compounds [22,27,28].
Structurally, there are six chemical active positions (C3 to C8) of isocoumarin, which make
a substantial contribution to the formation of diverse chemical derivatives containing alkyl,
halogen, heterocyclic, aryl, etc. Isocoumarins have garnered significant attention in total
synthesis due to their utility as key intermediates in the production of valuable compounds,
such as isoquinolines and isochromenes [27,29,30]. These diverse chemical substitution pat-
terns significantly augment the structural complexity and broaden the range of biological
and pharmacological activities of isocoumarins [31–33].

Several biosynthetic gene and gene clusters responsible for coumarins and isocoumarins
have been discovered [23,32–35]. In fungi, isocoumarin derivatives are primarily derived
from the polyketide pathways, which are typically catalyzed by nonreducing polyketide
synthase (nrPKS), containing domains such as starter unit ACP transacylase (SAT), β-
ketoacyl synthase (KS), acyl transferase (AT), product template (PT), acyl carrier protein
(ACP), methyltransferase (MT), and thioesterase (TE) [22,23,32]. However, despite recent
significant advancements in the chemical synthesis of isocoumarins, there are relatively
few PKSs responsible for their biosynthesis that have been documented, compared to the
abundance of isocoumarin derivatives. In fungi, the elucidated biosynthetic PKSs could
be divided into two categories. The first class, represented by Pcr9304 and cla3, have no
MT domain, which corresponds with the absence of methyls on C3,5,7, while only one
report of the second class exists with C3,5-dimethyl directed by AcreC. To date, there is no
biosynthetic enzyme report about C7-methyl isocoumarin derivatives.

Inspired by the uncommon carbon substituent at C7-methyl of 1 and 2 with raising
reported activities [22,26], we performed a comparison towards reported PKSs synthesizing
isocoumarin derivatives by phylogenetic analysis (Figure 5). The results demonstrated that
SlPKS4 is close to AcreC, which also contains an MT domain compared to others. NCBI
BLASTP at the amino acid level between SlPKS4 and AcreC shows a sequence identity
of 36.89%. However, the reason why the MT domain directed SAM on different sites
remains unknown.

Despite being located in a cluster, the SlPKS4 gene is sufficient for compound 1 pro-
duction. The reasons why the tailoring enzymes were ineffective are still unknown. We
proposed that it is possibly because of the inactivation of the genes encoding tailoring
enzymes during the rearrangements and breakages, or as a result of being flanked by
potential transposons [36–38]. Another hypothesis was that the post-translational modi-
fication rules may differ among different host strains, lead to wrong enzyme structures,
and ultimately became inactive. Moreover, we did comparative analysis between the gene
cluster containing SlPKS4 and other biosynthetic gene clusters producing isocoumarin
using clinker (Figure S7). The results suggested that our gene cluster was low and/or
similar as a whole, and the tailoring enzymes were least conversed.
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Figure 5. Phylogenetic tree analysis of SlPKS4 and reported PKSs synthesizing isocoumarin derivatives.

4. Materials and Methods

4.1. General Experimental Procedures

Genomic DNA samples were prepared using the CTAB isolation buffer at pH 8.0
(20 g/L cetyltrimethylammonium bromide, 1.4 M sodium chloride, and 20 mM EDTA).
Polymerase chain reaction (PCR) was performed using Phusion® High-Fidelity DNA
Polymerase (New England Biolabs, NEB, Beijing, China). PCR analyses were conducted
using a 2×Hieff® PCR Master Mix (With Dye, Yeasen, Shanghai, China). DNA restriction
enzymes were used as recommended by the manufacturer (New England Biolabs, NEB,
Beijing, China). RT-PCR analysis was performed using Direct-zol™ RNA MiniPrep (Zymo
Research, Irvine, CA, USA) and PrimeScript RT-PCR Kit (TaKaRa, Gunma, Japan). The gene-
specific primers are listed in Table S1. Custom oligonucleotides synthesis and fragments
sequencing were served by Shanghai Sangon DNA Technologies. LC-MS was performed
using an Acquity UPLC H-Class coupled to a SQ Detector 2 mass spectrometer using a
BEH C18 column (1.7 μm, 2.1 × 50 mm, 1 mL/min) (Waters Corporation, Milford, MA,
USA). Semi-preparative HPLC (YMC Co., Ltd., Kyoto, Japan) was performed on an ODS
column (YMC-Pack ODS-A, 10 × 250 mm, 5 μm, 3 mL/min). 1H NMR and 13C NMR
spectra were recorded on an Agilent 500 MHz DD2 spectrometer (Agilent Technologies
Inc., Santa Clara, CA, USA). The spectra were processed by the software MestReNova 6.1.0
(Metrelab, Coruña, Spain). NMR data are provided in Tables S3 and S4, and spectra in
Figures S8–S11.

4.2. Materials and Culture Conditions

The fungal strain S. lamellicola HDN13-430 was isolated from marine sediment collected
in Antarctic Pritz Bay. The strain was identified by an internal transcribed spacer (ITS)
sequence and the sequence data were submitted to GenBank (GenBank accession number
KY794926). The strains were deposited at the Ministry of Education of China, School of
Medicine and Pharmacy, Ocean University of China, Qingdao, China.

For RNA isolation, S. lamellicola HDN13-430 was cultured at 28 ◦C on media potato
dextrose agar (PDA, 20% potato, 2% dextrose, and 2% agar) plates for 5 days, and inoculated
into Elenmeyer flasks containing 150 mL of 6 different liquid culture medium for 4 days.
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For genomic DNA extraction, S. lamellicola HDN13-430 was cultured at 28 ◦C on PDA plates
for 7 days.

Escherichia coli strain XL-1 was used for plasmids preservation and amplification. Sac-
charomyces cerevisiae Y31 was used for in vivo DNA recombination for plasmids construction.

A. nidulans A1145 was grown at 28 ◦C in CD (0.1% Glucose, 0.5 v/v% 20×Nitrate
salts, 0.01 v/v% Trace elements, and 2% agar for solid media) media for sporulation, CDS
(0.1% Glucose, 1.2 M D-sorbitol, 0.5 v/v% 20×Nitrate salts, 0.01 v/v% Trace elements, and
2% agar for solid media) to screen transformants or in CD-ST (2% starch, 2% Casamino
acids, 5 v/v% 20×Nitrate salts, 0.1 v/v% Trace elements) media for heterologous expression
and compound production. All medias were prepared with appropriate supplements, in-
cluding 10 mM uridine, 5 mM uracil and/or 0.5 μg/mL pyridoxine HCl and/or 2.5 μg/mL
riboflavin, depending on the plasmids being transformed.

4.3. Sequence Analysis of the SlPKS4 Gene

The whole genome sequencing data was analyzed by antiSMASH [39]. The phyloge-
netic analysis was conducted with the MEGA7 software [40], with the amino acid sequences
of SlPKS4 and reported PKSs synthesizing isocoumarin derivatives retrieved from National
Center for Biotechnology Information (NCBI). The conserved domain of the SlPKS4 protein
was scanned by the InterProScan program [41]. Comparative analysis between the gene
cluster and other isocoumarin BGCs (Figure S7) was conducted by clinker [42].

4.4. Heterologous Expression of SlPKS4 and Sl4001-Sl4007 in A. nidulans A1145

Genes SlPKS4 and Sl4001–Sl4007 were amplified from genomic DNA extract from
S. lamellicola HDN13-430. Plasmids pANU, pANR, pANP with auxotrophic markers
for uracil (pyrG), riboflavin (riboB) and pyridoxine (pyroA) were digested with PacI
and NotI, PacI and BamHI, PacI and HindIII, respectively, and used as vectors to insert
genes. The corresponding heterologous expression plasmids were obtained by in vivo
yeast homologous recombination in S. cerevisiae Y31. The correct colonies checked by PCR
were combined, and subjected to yeast miniprep to obtain the plasmids. The plasmids
obtained from yeast miniprep using Plasmid Miniprep Kit (Zymo Research, Irvine, CA,
USA) were introduced into the competent cells of E. coli XL-1. After plasmid extraction
from E. coli to obtain transformants with a single plasmid, plasmids were sequenced to
confirm identities.

For protoplast formation of A. nidulans A1145, the strain A. nidulans A1145 was first
grown on CD plates at 37 ◦C for 3 days and fresh spores were collected and stored. Then,
the spores were germinated in a 250 mL Erlenmeyer flask containing CD media at 37 ◦C
and 180 rpm for about 8 h. Mycelia were gathered by centrifugation at 4000 rpm for
15 min, and washed by 25 mL osmotic buffer (1.2 M MgSO4, 10 mM sodium phosphate,
pH 5.8). Subsequently, the mycelia were suspended into 10 mL of osmotic buffer containing
30 mg lysing enzymes from Trichodema harzianum (Sigma) and 20 mg Yatalase (TaKaRa),
transferred into an empty sterile bottle, and cultured in a shaker of 28 ◦C at 80 rpm overnight
to form protoplast. After the whole night, the mixture was collected in a 50 mL centrifuge
tube and covered gently with isopyknic protoplast trapping buffer (0.6 M sorbitol, 0.1 M
pH 7.0 Tris-HCl). After centrifugation at 4000 rpm for 15 min at 4 ◦C, protoplasts were
collected in the interface of the above two buffers. The protoplasts were then transferred to
a sterile 50 mL centrifuge tube and washed by 20 mL STC buffer (1.2 M sorbitol, 10 mM
CaCl2, 10 mM pH 7.5 Tris-HCl). The protoplasts were resuspended in 2 mL STC buffer for
transformation.

For protoplast transformation of A. nidulans A1145, the necessary plasmids and the
corresponding empty plasmids (the desired strains were regarded as control in the follow-
ing crude analysis) were added to 100 μL A. nidulans A1145 protoplast suspension prepared
above and the mixture was incubated on ice for 60 min. Next, 600 μL of polyethylene
glycol (PEG) solution (60% PEG, 50 mM calcium chloride and 50 mM pH 7.5 Tris-HCl) was
added to the protoplast mixture, and the mixture was incubated at room temperature for
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an additional 25 min. The mixture was spread on the regeneration solid CDS medium with
appropriate supplements, including 10 mM uridine, 5 mM uracil and/or 0.5 μg/mL pyri-
doxine HCl and/or 2.5 μg/mL riboflavin, depending on the plasmids being transformed
and incubated at 37 ◦C for around 3 days.

4.5. Fermentation and Extraction

For small-scale analysis, the strains with expression plasmids and the control strains
were grown on CD plates with appropriate supplements for 3 days at 37 ◦C. Shortly after
sporing, they were inoculated into 150 mL of CD-ST medium with appropriate supplements
and cultured at 28 ◦C, 180 rpm. Meanwhile, they were spread on solid CD-ST medium
with appropriate supplements, respectively. Four days later, the cultures were extracted
with ethyl acetate and the organic phase was evaporated and dissolved in MeOH, which
was analyzed by HPLC.

For compound isolation, the selected strain was initially handled the same as above.
Then, a large-scale fermentation was performed in 500 mL Erlenmeyer flasks (total 5 L) for
further incubation. The broth was extracted three times with ethyl acetate to provide a total
of 15 L of extract solution. The organic phase was evaporated under reduced pressure to
afford a crude residue (6 g).

4.6. Compound Isolation

The extract was applied to MPLC (ODS) using a stepped gradient elution of MeOH-
H2O (40:60 to 100:0 for 60 min at 10 mL/min) to yield eight subfractions (Fr.1-Fr.8). Fr.4
was separated by semi-preparative HPLC (YMC-pack ODS, 10 × 250 mm, 3.0 mL/min)
to afford 2 (65% MeOH in H2O, 0.1% THF, 8.5 mg, tR = 25 min) and Fr.5 was purified by
semi-preparative HPLC to obtain 1 (72% MeOH in H2O, 0.1% THF, 11.0 mg, tR = 24 min).
The purity of the compounds was checked by LC-MS and the structures were confirmed by
1H and 13C NMR spectra.

4.7. Biotransformation Assay of 1 in A. nidulans

For the biotransformation assay in A. nidulans, compound 1 was dissolved in a minimal
amout of DMSO and then added into CD-ST liquid media at a final concentration of 100 μM.
The strain A. nidulans A1145 was inoculated on the prepared medium and grown for 4 days
at 28 ◦C 180 rpm. Meanwhile, a CD-ST medium with equal amount of compound 1 was
prepared without any strain, and was cultivated under the same condition as the control.
The cultures were then extracted by ethyl acetate and the organic phase was dried, dissolved
in methanol and detected by LC-MS.

4.8. Assay of Antimicrobial and Antioxidant Activities

Antimicrobial activities of compounds 1 and 2 were tested by the micro broth dilution
method, as mentioned in the previous study [43]. The microorganism suspension (198 μL,
106 cfu/mL) in MH medium (Casein Acid Hydrolysate 17.5 g/L, beef extract 2 g/L, soluble
starch 1.5 g/L, pH 7.3) was added to each well of 96-well plates. Solutions (6 mM) of the
compounds and positive drugs were made up in DMSO and dispensed into 96-well plates
to provide 16 concentrations in the range of 30–0.02 μM. Incubated at 28 ◦C for 9 h (Candida
albicans in 37 ◦C for 12 h), the growth inhibition was recorded.

In the DPPH scavenging assay, samples to be tested were dissolved in MeOH and the
solution (160 μL) was dispensed into wells of a 96-well microtiter tray. Forty microliters of
the DPPH solution in MeOH were added to each well. The mixture was shaken and left to
stand for 30 min. After the reaction, absorbance was measured at 510 nm, and the percent
inhibition was calculated. ED50 values denoted the concentration of sample required to
scavenge 50% of the DPPH free radicals [44].
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5. Conclusions

In summary, guided by the bioinformatic analysis of S. lamellicola HDN13-430, we
successfully activated the silent nrPKS gene SlPKS4 in A. nidulans, and proved its function
as an isocoumarin synthase. Furthermore, we demonstrated by feeding experiment that 2

are modification products of 1 by uncharacterized endogenous host enzymes. Based on
the DPPH scavenging assay, Compounds 1 and 2 showed moderate radical scavenging
activities with ED50 values of 67.4 μM and 104.2 μM, respectively, which was the first time
for this to be measured. Our results provide one additional example that the products of
a heterologous expressed gene can be further converted by host enzymes. Furthermore,
this is the first report of nrPKS responsible for the biosynthesis of compound 1. This is also
the first report that the fungal specie S. lamellicola could produce isocoumarin derivatives,
which expands the production methods of isocoumarins compounds.
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www.mdpi.com/article/10.3390/md21090490/s1, Table S1: The primers used in this study; Table S2:
Analysis of gene cluster; Table S3: NMR data of 1 in DMSO-d6; Table S4: NMR data of 2 in CD3OD;
Figure S1: RT-PCR analysis for gene transcription status. The results showed that all seven tailoring
enzymes together with SlPKS4 were totally silent under 6 regular laboratory conditions; Figure S2:
AntiSMASH analysis results of the genome of the strain S. lamellicola HDN13-430; Figure S3: UV ab-
sorptions of compounds 1 and 2; Figure S4: Maps of the vectors pANU-SlPKS4, pANU-SlPKS4+Sl4004,
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seven tailoring enzymes together with SlPKS4 were expressed properly; Figure S7: Comparative
analysis between the gene cluster and other isocoumarin BGCs by clinker; Figure S8: 1H NMR
(500 MHz, DMSO-d6) spectrum of compound 1; Figure S9: 13C NMR (125 MHz, DMSO-d6) spectrum
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