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Anna Toruńska-Sitarz

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Hanna Mazur-Marzec

University of Gdańsk

Poland

Anna Toruńska-Sitarz
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Preface to ”Bioactive Molecules from Marine

Microorganisms”

Microorganisms live in all types of habitats and under variety of environmental conditions,

including extreme ones. They are the most abundant organisms on Earth, highly diverse and

classified into different domains. The diversity of marine microorganisms and their products

represents high, but still unexplored, pharmaceutical potential. The most frequently observed

effects of microbial products include anticancer, anticoagulant, antibacterial, antiviral, neurotoxic

and immune-modulating activities. Metabolites of marine microorganisms have also been used as

templates for the development of new pharmaceuticals with unique mechanisms of action. Despite

the enormous potential offered by marine microorganisms, so far only a few of their metabolites have

been successfully developed into FDA-approved drugs or have entered clinical trials. The fact that

only a small fraction of marine microorganisms and their bioactive molecules has been discovered

gives a great chance to further explore them and develop them into high added value products.

For this Special Issue book, ten papers focusing on novel bioactive molecules from different

marine microorganisms, including fungi, cyanobacteria, actinobacteria and diatoms, were selected.

The isolated biomolecules represent different structures and showed anticancer, antiviral, antifungal,

antibacterial, anti-inflammatory and enzyme-inhibiting activities. One of the papers is a review article

on microviridins, a class of bioactive cyanobacterial peptides.

Hanna Mazur-Marzec, Anna Toruńska-Sitarz

Editors
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Abstract: Cyanobacteria are a rich source of secondary metabolites with a vast biotechnological
potential. These compounds have intrigued the scientific community due their uniqueness and
diversity, which is guaranteed by a rich enzymatic apparatus. The ribosomally synthesized and post-
translationally modified peptides (RiPPs) are among the most promising metabolite groups derived
from cyanobacteria. They are interested in numerous biological and ecological processes, many
of which are entirely unknown. Microviridins are among the most recognized class of ribosomal
peptides formed by cyanobacteria. These oligopeptides are potent inhibitors of protease; thus, they
can be used for drug development and the control of mosquitoes. They also play a key ecological
role in the defense of cyanobacteria against microcrustaceans. The purpose of this review is to
systematically identify the key characteristics of microviridins, including its chemical structure and
biosynthesis, as well as its biotechnological and ecological significance.

Keywords: cyanobacteria; oligopeptide; microviridin; biotechnology; ecology

1. Introduction

Cyanobacteria are among the first living beings to exist on Earth. The oldest fossil
cyanobacteria registries date back 3.8 billion years ago. Their presence was crucial to the
creation of an aerobic atmosphere, resulting in the emergence of an enormous species
variety [1]. They are defined as prokaryotic oxygen photosynthetic microorganisms and
are mainly known for their ability to synthesize structurally diverse and biologically
active natural products [2]. In addition, similar to other bacteria, these microorganisms
are nucleus-free and have an immense morphological diversity. The various structural
shapes encountered in these species are the result of their ability to alter their morphology
according to the environment allowing for higher energy accumulation and growth [3,4].

These microorganisms are at mercy of various stress situations found in diverse types
of environments, including water-based and land-based. The ability to thrive in these het-
erogenous environments can be attributed to an enormous secondary metabolite repertory,
which has intrigued numerous scientists for its rarity and richness [5,6]. Peptides generated
by ribosomal synthesis and produced by large multi-domain enzymes called nonribosomal
peptide synthetases (NRPS) are among these metabolites [7,8]. The macrolides present in
these photosynthetic species derive from an enzyme complex called polyketide synthase,
which is also modular in nature, similar to animal fatty acid synthase. Some molecules
are synthesized from the combination of these two metabolic pathways, such as toxin
nodularin and microcystin. Products from these two pathways constitute the majority of
the secondary metabolites described in cyanobacteria [9].

The ribosomal peptide pathway forms a group very diverse and complex of products,
and it is present in all three domains of life. The building blocks used by this pathway

Mar. Drugs 2021, 19, 17. https://doi.org/10.3390/md19010017 https://www.mdpi.com/journal/marinedrugs
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are usually limited to 20 proteinogenic amino acids. The enormous structural diversity
of these proteinaceous substances can be enriched by post-translational modifications,
which are also responsible for the functional diversity contained in this category. Such
modifications occur in the side chains and can lead to different forms of macrocycliza-
tion [10,11]. The precursor peptide is mainly formed by a leader peptide (LP) and core
peptides (CP), which act as recognition and modification sites, respectively. This identi-
fication assists post-translational enzymes to focus a biosynthetic effort on a particular
precursor peptide. The different types of post-translational modifications (PTMs) are used
to differentiate the subfamilies of this group and can enhance the stability of the peptide
and its activities [12,13].

Microviridins are among the most promising peptides found in cyanobacteria. These
molecules are potent inhibitors of protease found in an enormous variety of cyanobacteria,
mainly those of the genus Microcystis, Planktothrix, Anabaena, Nostoc and Nodularia [14].
An in silico analysis revealed that the occurrence of microviridins in bacteria belonged to
other phyla [15,16]. Here, we present a review of the microviridins produced by cyanobac-
teria and their biotechnological and ecological relevance.

2. Microviridin

Microviridins are one of the most known and largest oligopeptides formed by cyanobac-
teria. They are ribosomally produced, classified as depsipeptides. Their size can vary from
12 to 20 amino acids, where the N-terminal residue is typically acetylated [17–19]. By post-
translational modifications, the side chains of some of these amino acids lead to ω-ester
and an ω-amide linkage, which result in distinct ring formations. When completely cyclic,
microviridins typically exhibit two ester bonds between the Thr-Asp/Glu and Ser-Asp/Glu
side chains and an amide bond formed between the Lys side chain at position 9 and Glu or
Asp at position 2. The formation of amide and ester bonds are catalyzed by ATP-grasp en-
zymes. Mono- and bicyclical structures may also be formed, possibly due to the lack of one
of the PTM enzymes or further modification of the tricyclic microviridin [14,15,20]. These
oligopeptides are capable of inhibiting the hydrolytic activity of several serine protease,
including elastase, trypsin, thrombin and chymotrypsin, as well as tyrosinase. Hence, they
have cogitated as promising agent in the treatment of several metabolic disorders [21,22].
Their selectivity can be related to their amino acid sequence, especially that occupying the
fifth position from the C-terminal. All known microviridins normally share the TxKxPSD
motif and possess Asp, Thr, Ser and Lys residues (Figure 1) [20].

Microviridins have been identified in different cyanobacterial genera, mostly isolated
from freshwater. The screening of environmental samples and isolated strains showed
a wide distribution and diversity of this oligopeptide [14]. The majority of reports focused
mainly on the strains of Microcystis and Planktothrix, as these genera are bloom-forming
and are usually found in the eutrophic ambient. Over the last few years, more microviridin
variants have been discovered in phyla other than cyanobacteria [15,16].
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Figure 1. Diversity of microviridin sequences and the conserved KYPSD motif. Multiple align-
ment was obtained by Clustal Omega (https://www.ebi.ac.uk) and visualized using JalView
software (https://www.jalview.org), and the consensus sequence was generated by WebLogo
(https://weblogo.berkeley.edu).

3. Microviridin Structure

Microviridin was firstly described in the toxic Microcystis viridis (NIES-102), which
was isolated from a bloom on Kasumigaura Lake, by Ishitsuka et al. (1990) [21]. Its amino
acid sequence was defined as Ac-Tyr (I)-Gly (I)-Gly (I)-Thr-Phe-Lys-Tyr (II)-Pro-Ser-Asp-
Trp-Glu (I)-Glu (II)-Tyr-OH, where Lys is bound to Glu (II) through its ε-NH with γ-CO
of Glu (II). Thr and Ser amino acids are esterified and form ester bonds with the γ and
δ carboxylic moieties of Asp and Glu (I), respectively (Figure 2). After the discovery of
microviridin A, Okino et al. (1995) [23] identified a further two novel microviridins in the
freshwater cyanobacterium M. aeruginosa (NIES-298). They were named microviridin B and
C, the former exhibiting high similarity to microviridin A. They differ solely by three amino
acid residues: Phe, Thr and Leu, which occupy the same position of Tyr (I), Gly (I) and
Phe in microviridin A. The microviridin B amino acid composition was defined as Ac-Phe-
Gly-Thr-(I)-Thr (II)-Leu-Lys-Tyr-Pro-Ser-Asp-Trp-Glu-(I)-Glu (II)-Tyr-OH. Microviridin
C is closely related to microviridin B, exhibiting the same amino acid composition but
containing a methoxy group in the γ carboxylic acid of Glu (I) and one additional hydroxyl
group correlated to Ser. In this oligopeptide, neither Ser nor Glu are esterified. The slight
difference between anti-elastase activity exhibited by both inhibitors was important to
demonstrate that the ester bond between Ser and Glu(I) is not included in the reactive site.
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One year later, Shin et al. (1996) [24] revealed the presence of three novel microviridins
in Planktothrix agardhii (NIES-2014), known as microviridins D, E and F. Microviridin D
is a bicyclic peptide, the N-terminal of which is occupied by an acetylated Tyr. Similar
to microviridin A, this metabolite also possesses a ester bond formed between the side
chains of the Thr and Asp residues. Differing from the former, microviridin D has Asn
and Met residues instead of Gly and Phe, respectively. Furthermore, the ester bond
between the γ-carboxyl of the Glu and the Ser hydroxyl group is missing in microviridin
D, since γ-carboxyl of the Glu existed as a methyl ester. Microviridin E was the first
microviridin composed of 13 amino acids described. In microviridin E, three Phe residues
replaced two Tyr and one Trp residues of microviridin D. Unlike the other microviridins
mentioned above, which have Glu occupying the second position from the C-terminal, this
oligopeptide presents the residue of Asp in this position. Microviridin F seems to be a
hydrolyzed microviridin E product with the same amino acid sequence. The absence of an
ester bond between Thr and Asp is the main difference compared to other microviridins
mentioned above. Nostoc minutum (NIES-26) was uncovered in 1997 as a source of two
novels microviridins (G and H). Microviridin G is structurally related to microviridins A
and B, while microviridin H has its structure closely related to microviridin C. These newly
identified peptides have the same amino acid compositions. However, microviridin H does
not have an ester bond between the Ser and Glu amino acid residues [25].

Microviridin I was firstly identified in the nontoxic P. agardhii strains 2 and 18. This
oligopeptide exhibits high similarity to microviridins A, B and G. They share the Lys-
Tyr (2)-Pro (2)-Ser-Asp (1)-Trp-Glu amino acid sequence, as can be seen in Figure 1 [26].
Microviridin J was firstly described in M. aeruginosa strain UWOCC MRC, being composed
of 13 amino acids organized in three rings and two linear side chains. Unlike the previous
microviridins, this peptide has arginine residues between Thr and Lys, which confer
a special arrangement with the hydrophobic regions formed between the side chain of
this residue and other amino acid residues. This novel structure conferred by the Arg
residue occupying the fifth position provides ring stabilization and may be associated with
a strong inhibition of trypsin, which has been identified solely in this microviridin [27]. The
N-acetyl group of microviridin J also contributes to a marginal increase in the inhibition of
trypsin by hydrogen bond formation [28]. The greatest amount of this toxin was obtained
by utilizing MeOH at a concentration between 40–80%. The lowest yield was achieved by
utilizing absolute methanol [27].

Reshef and Carmeli (2006) [29] isolated, for the first time, three microviridins with
the nonproteinogenic amino acid β-hydroxyaspartic acid (Has) bound to lysine through
an amide bond. These oligopeptides received the names of microviridin SD1684, SD1634
and SD1652 and were isolated from the extract of M. aeruginosa (IL-215). All these mi-
croviridins exhibit the same amino acid compositions. However, they differ regarding the
number of ester bonds. SD1684 has no ester bonds (solely the amide bond), while SD1634
possesses the two-ester bonds and SD1552 contains only one ester bond, Ser-Glu.

Vegman and Carmeli (2014) [30] isolated from the extract of a yellow-brown bloom
material composed of Microcystis spp. (TAU IL-376) the microviridin LH1667, whose amino
acid sequence was defined as Ac-Tyr (I)-Ser(I)-Thr-Leu-Lys-Tyr (II)-Pro-Ser (II)-Asp-Trp-
Glu(I)-Glu (II)-Tyr (III), with a Lys side chain amine and Glu (II) side chain carboxylic acid
connected via a lactam, Ser (II) side chain hydroxyl and Glu (I) side chain carboxylic acid
connected via a lactone and a side chain of Thr forming a lactone ring with a side chain
carboxylic acid of Asp [30].

The increased number of genome sequences belonging to cyanobacteria opened the
doors to a deeper knowledge about microviridins, allowing the discovery and engineering
of new variants. The structure of microviridin K was determined by Philmus et al (2008) [15]
in P. agardhii CYA126/8. Its amino acid composition is similar to microviridin D. However,
the residue of Glu12 is not methylated. This oligopeptide thus contains two rings of lactone.
Microviridin L, detected in cyanobacterium M. Aeruginosa (NIES843), was one of the first
cyanobacterial oligopeptides to be characterized with the assistance of genomic data. The

6



Mar. Drugs 2021, 19, 17

gene cluster of this metabolite was inserted into a fosmid and subsequently expressed in
Escherichia coli [31].

Microviridins N3−N9 were identified in the model strain N. punctiforme PCC73102 via
a genomic approach. These unusual microviridins contain between 15 and 20 amino acid
residues and are not acetylated. The name was given to highlight the difference between
the number of N-terminal amino acids, which can range from three to nine [19].

Two new microviridins have recently been discovered in strain M. aeruginosa EAWAG
127A: microviridin 1777 and microviridin O [32]. The former is the most potent chy-
motrypsin inhibitor of the microviridin class, while the latter was not detected in the
extract, although the precursor peptide gene was contained in the genome (EZJ55 03525).
An antiSMASH analysis allowed the identification of its gene cluster. This oligopeptide
exhibits high similarly with microviridins A, B, G and J. They share the Lys-Tyr (2)-Pro
(2)-Ser-Asp (1)-Trp-Glu amino acid sequence. Its peptide sequence is AC-Tyr-Asn-Val-Thr-
Leu-Lys-Tyr-Pro-Ser-Asp-Trp-Glu-Glu-Phe.

Based on the number and structure of the ester bonds, microviridins can be classi-
fied into four classes. The amide bond is conserved in all of them. Group I consists of
microviridins with two ester bonds. The second and third groups have only one ester bond
between Thr1-Asp7 and Ser6-Glu9, respectively. In the fourth, microviridins are present
with only the amide bond conserved (Figures 2–5).

Figure 3. Microviridin structures belonging to group II.

7
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Figure 4. Microviridin structure belonging to group III.

 

Figure 5. Microviridin structure belonging to group IV.

4. Microviridin Biosynthesis

Owing to their atypical conformation, microviridins have been mistakenly labeled
as nonribosomal peptides. This concept has been discarded, because numerous studies
have failed in the quest for biosynthetic gene clusters with mechanisms linked to NRPS
genes and being similar to ribosomally biosynthesized peptides, such as cyanobactins
(patellamides, tencyclamides and patellins) and trichamide [15,33]. In addition, NRPS
products usually have nonproteinogenic amino acids in their structure and can be paired
with hydroxy acids. Furthermore, their amino acids can also be in a D-configuration. These
characteristics are not usually present in the family of microviridins [15,33]. Microviridins
have recently been identified as ω-ester-containing peptides, along with plesiocins and
thuringinins of the ribosomally synthesized and post-translationally modified peptide
(RiPP) family [34].

Apart from the fact that microviridins have been isolated and characterized since
the 1990s, their biosynthesis started to be elucidated by two groups independently using
separate approaches in 2008 [14,15]. Firstly, Ziemert et al. [14] pursued a NRPS gene
cluster related to microviridin production in Anabaena; however, they detected a gene
with similar sequence to microviridin, known as mdnA. In the immediate proximity of
mdnA, two additional genes were discovered, named mdnB and mdnC [14]. In comparison,
Philmus et al. 2008 [15] detected similar genes from Planktothrix agardhii. This filamentous
cyanobacterium possesses a homologous mdnA sequence, named mvdE, and homologous
genes of mdnB and C encoding two ATP-grasp ligases (mvdB and mvdC). In addition,
an acetyl transferase (mvdB) and an ATP-binding cassette transporter (mvdA) were detected,
which their homologous genes were identified in Microcystis named mdnD and mdnE,
respectively (Table 1) [15].

8
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Table 1. Genes involved in microviridins biosynthesis.

Genes Product Role

mdnA/mvdE Microviridin prepeptide
Contains the leader peptide at

N-terminal and the core
peptide at C-terminal

mdnB/mvdC

Family of
carboxylate-amine/thiol
ligases belonging to the

ATP-grasp fold superfamily

Lactam rings formation
through amide bonds.

mdnC/mvdD

Family of
carboxylate-amine/thiol
ligases belonging to the

ATP-grasp fold superfamily

Lactone rings formation
through ester bonds

mdnD/mvdB N-acetyltransferase of the
GNAT family

Acetylation of microviridin at
N-terminal

mdnE/mvdA ATP-binding cassette (ABC)
transporter

Stabilization of the
biosynthetic enzymes

These genes have been analyzed by various methods, confirming their roles during the
synthesis of microviridins. The heterologous expression of microviridin B mdnA-C genes
from Microcystis in E. coli produced a tricyclic microviridin-lacking leader peptide [14].
Concurrently, the in vitro reconstitution of the MvdB-E enzymes from P. agardhii also
confirmed that these genes were linked to the production of microviridins [15]. These
studies were important to demonstrate that the microviridin biosynthetic clusters have
different organizations, with or without different genes (Figure 6) [14,15,35].

Figure 6. Graphical representation of microviridin biosynthetic clusters. The gene cluster compilation
was accomplished through the Gene Graphics application (https://katlabs.cc/genegraphics/app).

Through an extensive bioinformatics study of microviridin biosynthetic gene clusters,
a number of variations between them have been identified. The majority of these clusters
consisted of mdnA-C genes, where mdnB and -C are normally in strict order. However,
mdnD is only present in a subset of the clusters found. In comparison, mdnE is also absent
in microviridin gene clusters or replaced by the C39 peptidase, which is followed by the
HlyD3 homolog protein, normally linked to the transport of proteases across membranes.

9
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Several other gene clusters carry additional proteins, likely linked to the noncommon
post-translational modification of the core sequence, such as mdnF and G [21,33].

One of the first steps needed to produce a completely tricyclic N-acetylated mi-
croviridin is the production of prepeptide. The microviridin precursor gene (mdnA) pro-
duces an immature peptide that its leader peptide (LP) has preserved among different
variants and possessing a highly conserved PFFARFL motif among the microviridin gene
clusters, which has a α-helix structure in a solution (Figure 7) [36]. The core sequence
frequently contains Asp, Thr, Ser and Lys residues, as well as the TxKxPSD motif, in
which both features are related, to form lactone and lactam rings [20]. When evaluating
different cyclized peptides with ω-ester and ω-amide bonds, their core sequences have
a high frequency of conserved Thr and Glu residues, which are highly related to lactone
ring formations. In addition, when contrasting plesiocin, thuringinins and microviridins,
the residues involved in both ester and amide bonds are arranged in a similar order: the
nucleophilic residues (Lys, Ser and Thr) always precede the acidic residues (Glu or Asp),
indicating their relationship to the directionality of the modification enzymes, as described
below [34].

Figure 7. Leader peptide sequences from different microviridins. The PFFARFL motif is highly conversed among them.
This sequence and some of its flanking amino acids are structured as an α-helix, responsible for recognition by ATP-grasp
ligases. Multiple alignment was obtained by Clustal Omega (https://www.ebi.ac.uk) and visualized using JalView software
(https://www.jalview.org).

The PFFARFL motif and its α-helix structure is crucial as a recognition motif for the
ATP grasp-type ligases (MdnB and -C), as can be visualized in Figure 8A, considering that
both enzymes do not modify the core microviridin peptide when the leader peptide is
absent, and lactonization and lactamization occur with the PFFARFL motif presence [36–38].
The PFFARFL motif is also present in the leader peptide of marinostatin, a double-cyclic
peptide with serine protease inhibitor activity, which, by a phylogenetic analysis, suggests
that this bicyclic peptide is derived from microviridins [20,37]. Nevertheless, the N-terminal
ten-residues sequence of MdnA is not relevant for MdnB and C activity, as this modified
prepeptide still containing a PFFARFL motif can also be cyclized and processed. However,
a N-His6-tagged MdnA with an integral LP fused to three consecutives core peptides was
not able to be processed by MdnC from Anabaena sp. PCC7120 [36,39].
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Figure 8. Microviridin biosynthesis. (A) Ester bond formations by MvdD/MdnC. (B) Amide bond formations by
MvdC/MdnB. (C) Removal of a peptide leader by a proteolytic enzyme. (D) N-acetylation by MvdB/MdnD.

In addition to this motif, a proline-rich segment is present in the C-terminal region
of the leader peptide in a variety of microviridins from Microcystis organisms, close to
those eukaryotic signal peptides normally associated with cleavage sites. In contrast,
microviridin K obtained from Planktothrix aghardii CYA128/8 possesses only one proline at
the same region [15,35,40]. However, the substitution of these prolines in Microcystis did
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not affect the removal of the peptide leader but resulted in the cessation of microviridin
production [37], suggesting the necessity of the β-turn of peptide leaders MdnB and C.

Ahmed et al [20] analyzed several mdnA sequences among their biosynthetic clusters
and divided this gene into three different classes. Class I precursor peptides contain the
LP fused to only one core sequence and are often associated with the presence of mdnE,
which occurs in a majority of the strains. Class II precursor peptides present a single leader
peptide for up to five core peptides in tandem, separated or not by double-glycine cleavage
sites, and these clusters normally encode a C39 peptidase membrane protein. Finally,
class III is identical in length to class II, but the former has its core sequence only at the
C-terminal of the prepeptide [20]. This indicates a number of pathways for the genetic
organization of mdnA.

After mdnA has been expressed, prepeptides should be submitted for cycling by the
sequential catalysis of the enzymes. Thus, in order to understand the mechanisms related
to this stage, Philmus et al. [15,37] were the first to define, through biochemical methods,
the steps taken by MvdC and D of P. agardhii CYA126/8. Both enzymes are carboxylate-
amine/thiol ligases that belong to the ATP-grasp superfamily and act by requiring ATP
and Mg2+ [38,40] to form a carboxylate–phosphate intermediate, which is then susceptible
to nucleophilic attacks to form ester, amide or thioester bonds [17,36]. MvdD/MdnC
are responsible for the first step in the formation of both ester bonds (Figure 8A) and,
subsequently, lactone rings in the linear prepeptide, while MvdC/MdnB are responsible
for the formation of lactam rings by amide bonds [15,35].

Both enzymes are homodimers with related assemblies, similar to most proteins of
this family, having three subdomains: N-domain, central domain and C-domain. Besides
their overall similarities, there are differences comparing their central and C-domains.
MdnC/MvdD possess a two-stranded antiparallel β-sheet forming a hairpin structure,
followed by a reasonably ordered α-helix that anchors the leader peptide. Meanwhile, this
hairpin region is located at the C-domain of MdnB/MvdC, followed by a flexible loop in
the α-helix region. The MdnB has a closed conformation, compared to MdnC, because the
antiparallel β-sheet hairpin blocks the pocket site where MdnA interacts. Those differences
can be related to their specificity and mode of action, as can be seen below. Regarding
the ATP-binding pocket, it is structurally conserved, as confirmed by mutagenesis, where
substitution of the key amino acids completely abolished the MdnC reaction [36].

Phylogenetic studies and the study of preserved sequences of different classes of
prepeptides forming cyclic structures by the action of ATP-grasp ligases (plesiocins, mi-
croviridins and thuringinins) suggest that the enzymes coevolved with their respective
precursor peptides due to the specificity of the preserved residues present in the core
sequence [36]. Consequently, the association between microviridin production and ATP-
grasp enzymes indicates that cyanobacteria recycled primary metabolic enzymes for the
production of natural products, such as ribosomal peptides, as most ATP-grasp ligases
are engaged to primary metabolism [15,17,35,36]. In addition, MdnC is well-conserved
among Microcystis species, suggesting its derivation from a common ancestor, as well as its
dependence on the core motif KYPSD and threonine and aspartate conservation sites of
microviridins, as seen by the mutagenesis and phylogenetic analysis [14,15].

As described by Li et al. (2016) [36], the reaction of the bond formation by MdnC
(Protein Data Bank (PDB) code 5IG9) is driven by the interaction with the leader peptide.
Thus, the PFFARFL motif structured as a α-helix and its flanking amino acids interact
with the MdnC hairpin, inducing its movement towards the linear prepeptide bound to
the enzyme, then acting as an allosteric region. Considering the ATP-grasp ligase from
Microcystis aeruginosa, these interactions occur between the amino acids Arg17 (MdnA) and
Glu191, Asp192 and Asn195 (MdnC) and Ser20 (MdnA) and Val182 (MdnC). However,
Glu191 is mostly replaced by an aspartate residue among all microviridin macrocyclases
but still bears the negative charge required to recognize the LP [36].

After binding to the peptide leader through the PFFARFL motif, the ester bond
formations are strictly required to occur in a specific order in microviridins: MvdD catalyze
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the lactone ring between Asp44 and Thr38, then Glu46 and Ser43 into the prepeptide,
by phosphorylating the carboxyl side chain of Asp and Glu with ATP, thus forming the
large then small lactone rings, respectively [37]. These residues participating in the amide
bond and ring formation are highly conserved among the cyclic peptides, suggesting their
requirement for the correct cyclization and similar catalysis between ATP-grasp ligases
from different groups [34].

When a site-directed mutagenesis was applied to produce different variants of MvdE/
MdnA, S43A and T38A, it has been noticed that MvdD catalyzes a reaction following
a N-terminal-to-C-terminal direction, as the S43A variant is still lactonized, producing
a monocyclic microviridin. In addition, the amino acid bearing the hydroxyl group is crucial
for the reaction, as it seems that MvdD cannot react when it is moved one position in either
the N- or C-terminal direction [15,37,41]. It seems that both ATP-grasp ligases are highly
tolerant for nonconserved residues, then being able to catalyze different microviridins.
However, they are not flexible to conserved residues that are involved in cyclization [34,35].

For a better understanding of the different MdnC/MvdD enzymes, Zhang et al. [39]
characterized a homolog of these enzymes from Anabaena sp. PCC7120, AMdnC, which
belonged to a biosynthetic cluster with a prepeptide of class II, with a LP followed by three
consecutives core sequences (AMdnA). The mode of action of AMdnC indicates a distribu-
tive catalysis, where the ATP-grasp ligase dissociates from the processed peptide after each
monocyclization, until achieving all lactone ring formations. This feature has been also
described in other modification proteins from RiPP pathways, such as the NisB, LctM,
LabKC and HalM2 enzymes from lanthipeptides processing; microcin B17 synthetases;
ATP-grasp enzyme PsnB and N-methylation enzyme OphA of omphalotin. Additionally,
AMdnC also demonstrates a preferential N-to-C directionality when catalyzing the reaction
but not unstrict. Thus, this homolog of MdnC can process each core peptide independently
from AMdnA. Moreover, the calculated Km from AMdnC when catalyzing AMdnA or
MdnA is comparable to MdnC values when processing MdnA; however, the kcat of the
ATP hydrolysis of AMdnC were up to 60 times faster, suggesting a different mechanism
for processing a prepeptide with multiple core sequences.

MdnB has a similar structure and mechanism of activation as MdnC, where the
PFFARFL motif interacts with the hairpin, resulting in the activation of the enzyme [36].
Then, the bicyclic prepeptide produced by MvdD/MdnC is catalyzed by MndB/MvdC, and
the lactam ring is formed through the amide bond formation between the ε-amino group of
Lys40 and δ-carboxyl group of Glu47 (Figure 8B). The omega-amide bond is similar to those
present in microcin J25 and capistruin; however, the enzymatic mechanism is different,
because microviridin K synthesis occurs via an acyl-adenylated intermediate [17].

Both preformed lactone rings are required by MvdC/MdnB, as the linear and mono-
cyclic peptides are not modified. A single mutation in the PFFARFL pattern in the leader
peptide prevents the formation of amide bonds, as well as the proper conformation of
the β-turn by the proline-rich region at the C-terminal of microviridin from Microcystis,
suggesting a lower flexibility compared to MndC [39]. In addition, the amino acid sequence
of the core peptide can also influence the correct cyclization, even those not well-conserved,
requiring the TxKxPSD motif and Lys and Glu residues [41].

MdnC/MvdD is less rigid than MdnB/MvdC, as it can still catalyze both lactone
rings besides single and double mutations in the PFFARFL motif and proline-rich region
of the leader peptide (in Microcystis) but could result in producing different microviridin
variants differing at the N-terminal [37]. This versatility is possibly due to the more open
conformation of the hairpin structure and to the binding interaction between MdnC and
the prepeptide relative to MdnB. As seen in vitro, the binding interaction between LP
and MdnC is approximately tenfold higher compared to the LP and MdnB, resulting in
a rapid processing of the linear prepeptide compared to the bicyclic modification. It is
also believed that this is due to the fact that linear MdnA is less stable, requiring prompt
modification [36]. However, this post-translational modification does not seem to be strictly
sufficient for further steps, as bicyclic microviridins can still be cleaved and N-acetylated
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and possessing inhibitory activity against proteases [41]. As seen by bioinformatic analyses,
the absence of MdnB is normal and is likely to lead to the formation of marinostatin,
a peptide that lacks an amide bond and is closely related to microviridins [20]. Firstly,
it was suggested that MdnE, an ABC transporter, could be related to the removal of the
leader peptide through peptide cleavage due to the presence of a N-terminal C39 peptidase
domain from Anabaena PCC7120 [14,37]. However, not all MdnE carry that domain, and
the heterologous expression of the microviridin cluster lacking this protein still produces
this tricyclic peptide, indicating other roles [14,37]. Comparing the microviridin expression
with the presence and absence of MdnE, it was noted that these peptides were not correctly
processed at the N-terminal and were incompletely cyclized due to a lack of lactam rings, as
was the amount of MdnB observed in the cytoplasmic fraction when the ABC transporter
was absent. This pattern then suggests the hypothesis that MdnE is a scaffolding protein,
anchoring and stabilizing the microviridin biosynthesis complex on the cytosolic side of
the membrane [37]. In addition to its similarity to transporter proteins, its function in
exporting microviridin from the cell has not been demonstrated.

Knowledge on the removal of a peptide leader has so far been scarce in the literature.
However, the heterologous expression of microviridin suggests that this step can be medi-
ated by a nonspecific proteolytic enzyme (Figure 8C), as E. coli expressing only MdnA-C
was capable of producing microviridin lacking a LP [14]. Moreover, GluC endoprotease is
capable of cleaving peptide bond C-terminals to glutamic acid residues, and during the
in vitro production of class II microviridin with three core sequences, this enzyme released
all three mono-, bi- and tricyclized microviridins [40]. Finally, another hypothesis related
to MdnE was raised. As described above, this enzyme may have a peptidase domain,
typically present in class II clusters. This function may be linked to the presence of inter-
spaced regions between the core sequences of MdnA and the release of each individual
microviridin [14,20,37,39].

Acetylation is one of the last steps for the development of a fully matured tricyclic mi-
croviridin. Microviridin synthesis in vitro has shown that MvdB from P. aghardii CYA126/8
does not require the presence of the peptide leader to acetylate the microviridin N-terminal.
In addition, MdnD/MvdB can react with mono-, bi- and tricyclic, being more flexible than
MdnB and C. Thus, it can be assumed that this step occurs after the peptide leader removal,
or this enzyme does not interact with this region (Figure 8D) [38]. In addition, a 12 amino
acid-long tricyclic peptide is not N-acetylated by MdnD from P. aghardii CYA126/8, but
those microviridin with 13/14 amino acids are acetylated, indicating that there a specific
size requirement by this enzyme, and it is flexible regarding the core sequence [20], thus
suggesting that N-acetylation occurs only after leader peptide removal [15,20,35,38].

5. Occurrence

Genome mining has shown that cyanobacteria have the potential to generate much
more microviridin than is typically found under normal growth conditions. A study of this
type has contributed to the expansion of knowledge on the chemical and genetic diversity
of microviridins. They have been detected in various cyanobacterial genera and species,
and these microorganisms are notorious producers of different groups of peptides and
can be found in many environments, whether in fresh or salt water (Table 2). Due to
this great variety, these bacteria have been evaluated for their significant biotechnological
potential. The genus Microcystis and the species M. aeruginosa are the largest producers of
microviridins—currently, of the 25 isolated microviridins, 11 belong to the genus Microcystis,
and eight of these belong to the species M. aeruginosa [21,23,27,29–31]. Microviridin gene
clusters have also been found in genomes of a number of bacteria, such as bacteroidetes
and proteobacteria phyla [20].
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Table 2. Occurrence of microviridins.

Species/Genera
Isolation
Source

Trophic State
Sequenced

Genome
Microviridins Mass (Da) Ref.

Microcystis.
viridis NIES-102 Aquatic Eutrophic + Microviridin A 1729.7 [21]

Microcystis.
aeruginosa NIES-

298
Aquatic Eutrophic + Microviridin B 1723.8 [23]

Microcystis.
aeruginosa
NIES-298

Aquatic Eutrophic + Microviridin C 1755.8 [23]

Planktothrix
agardhii

NIES-204
Aquatic Eutrophic +

Microviridin D 1802.7
[24]Microviridin E 1665.7

Microviridin F 1683.7

Nostoc minutum
NIES-26

Terrestrial Mesotrophic +
Microviridin G 1806

[24]Microviridin H 1838

Planktothrix
agardhii

CYA126/8
Aquatic N.I. - Microviridin K 1769 [15]

Planktothrix.
agardhii strain 2

& 18
Aquatic Eutrophic - Microviridin I 1764.7 [26]

Microcystis
aeruginosa

UWOCC CBS
Aquatic N.I. - Microviridin J 1684.4 [27]

Microcystis
aeruginosa
NIES-843

Aquatic Eutrophic + Microviridin L 1715 [31]

Planktothrix sp. Aquatic Eutrophic -

Microviridin I 1765.8

[43]
Microviridin

1642 1642.8

Microviridin
1663 1663.7

Microcystis
aeruginosa Aquatic Mesotrophic - N.I. N.I. [44]

Microcystis sp. Aquatic N.I. - Microviridin
LH1667 1666.7 [30]

Microcystis
aeruginosa PCC

7820
Aquatic N.I. - Microviridin

1706 1707.8 [46]

Planktothrix
rubescens

NIVA-CYA 98
Aquatic Mesotrophic + Microviridin 1971.8 [33]

Microcystis sp. Aquatic Mesotrophic -

Microviridin
1667 1668.6

[42]

Microviridin
1684 1695.8

Microviridin
1699 1699.8

Microviridin
1777 1778.8

Chroococcidiopsis
sp. CENA 353 Leaf Surface N.I. - N.I. N.I. [45]
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Table 2. Cont.

Species/Genera
Isolation
Source

Trophic State
Sequenced

Genome
Microviridins Mass (Da) Ref.

Desmonostoc sp.
CENA365 Leaf Surface N.I. - N.I. N.I. [45]

Nostocaceae
CENA358 Leaf Surface N.I. - N.I. N.I. [45]

Nostocaceae
CENA376 Leaf Surface N.I. - N.I. N.I [45]

N.I.: not informed.

The genus Microcystis was the first to be described in the literature as a cyanobacteria
producer of microviridins. This peptide was isolated from the bloom-forming M. viridis
(NIES-102) on Kasumigaura Lake by Ishitsuka et al. (1990) [21]. This new oligopeptide
demonstrated a noncanonical structure and was named microviridin by the name of
the viridis species. In addition, other microviridins from the cyanobacteria of the genus
Microcystis have been identified as microviridin B, C, L, SD1684, SD1634, SD1652, LH1667,
1777, O and M. Each of these microviridins has a considerable inhibition for at least one
serine protease, such as elastase or trypsin [21,23,27,29–31].

An in-situ diversity investigation of the Microcystis communities present in lakes
located around and in the city of Berlin, Germany demonstrated that 20% of 165 colonies
analyzed were capable of producing microviridin. These cyanobacteria were present in
almost all investigated areas. The majority of the microviridins producers also synthe-
sized microcystins and cyanopeptolins. The coproduction of microviridin-aeruginosins
and -microginins was rarely reported among the strains, being present in only 4% and
2%, respectively. The metabolomic profile of the peptides can be utilized to distinguish
Microcystis strains with elevated morphological similarity whose visualization in the light
microscope is not sufficient to differentiate them [42].

Martins and collaborators [43] isolated strains of cyanobacteria M. aeruginosa from a
large range of lakes, rivers and reservoirs in Portugal. These strains were examined for the
presence of secondary metabolites, such as aeruginosins, microviridins and microcystins.
In this analysis, 47 strains from different sites were isolated among the identified peptides;
microcystin was the most recurrent, appearing in 26 strains, and microviridins were
contained in only three. The results of the analysis of the coproduction showed that the
strains that produced microviridins did not produce microcystins. In another study, Walker
et al [44] isolated the microviridin-producing strains of the Planktothrix genus from Maxsee
in Germany incapable of producing microcystins.

In a study accomplished by Andreote [45], the purpose of which was to obtain infor-
mation on the cyanobacterial community present in the phyllosphere of native plants from
the Atlantic Forest, identified 40 cyanobacterial strains belonging to the genera Nostocaceae,
Desmontosc and Chroococcidiopsis as microviridin producers obtained from Merostachys neesii
(bamboo), Euterpe edulis (palmeira jacura), Guapira opposita and Garcinia gardneriana.

Andreote [45] was the pioneer in the identification of these peptides in the Desmontosc
and Chroococcidiopsis genera. To identify the presence of this peptide in the strains, PCR
amplifications of the mdnA, mdnB and mdnC genes were performed, which were related to
the biosynthetic pathways of the microviridins. The strains Nostocaceae sp. CENA358 and
CENA376, Desmonostoc sp. CENA365 and Chroococcidiopsis sp. CENA353 demonstrated
the presence of these genes. Other strains lacked at least one of these genes, which did not
rule out the synthesis of this peptide by these microorganisms due to the primers utilized
that were constructed for strains of Microcystis, causing low-amplification performances,
which implies that they might have more strains producing microviridins or possessing a
biosynthetic cluster [45].

Eleven cyanopeptides from four different groups were reported from samples of
cyanobacterial bloom in the Salto Grande reservoir, located in the State of São Paulo,
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Brazil, including the microviridin variant 1706. Cyanopeptides such as aeroguniosins,
microcystins and cyanopeptolin were also detected. The morphological research showed
that the bulk of the population of cyanobacteria belonged to the genus Microcystis [46].

Variants of microviridins were characterized in two cyanobacteria isolated from Brazil-
ian reservoirs. R. fernandoii strain 28 was obtained from the Furnas Reservoir, which is
situated in the southeastern region of Brazil and is described as an oligo-to-mesotrophic
aquatic environment that receives organic matter contributions from domestic, farming
and agriculture wastewaters. The R. fernandoii 86 strain was identified in an urban eu-
trophic reservoir located in the city of Belo Horizonte, Brazil, which suffers a great impact
from domestic pollution, industrial sewage. A total of twelve peptides were found in the
two strains. In the R. fernadoii 28 strain, a microviridin MV-1709 was found, and, in the
strain R. fernadoii 86, two microviridins were reported, MV-1707 and MV-1739. Along with
microviridins, peptides such as microcystins, cyanopeptolin and an unidentified peptide
were also detected [47].

6. Microviridin Ecology

Microviridins play a significant ecological function as antifeeding agents against
cyanobacterial natural predators. This activity is correlated with their ability to inhibit
proteolytic enzymes (Figure 9). The first study to explain this mechanism was performed by
Rohrlack et al. (2014) [48]. A previous work, however, had already indicated microviridins
as an agent capable of causing the interrupting the feeding of Daphnia microcrustacean
via enzymatic inhibition. This ability can partly explain the dominance of these microor-
ganisms in some habitats, including those with a high population density of Daphnia [49].
In a similar way, protease inhibitors are produced by terrestrial plants to protect against
herbivores. Metatranscriptomic analyses of the Kranji Eutrophic Reservoir, located in
Singapore, revealed important information on the functional dynamics between different
bacterial phyla, including cyanobacteria, which were dominant microorganisms, especially
those belonging to the Microcystis genus. The microviridin transcripts were found in high
quantities, along with those involved in the buoyancy and photosynthetic operation. The
highest peak of the gene expression related to microviridin biosynthesis was observed
when the population of Daphnia moved from the mesopelagic zone to the epipelagic zone,
corroborating its antipredator activity [49].

Figure 9. Ecological role of microviridins as antifeedant against the microcrustacean Daphnia.

Kaebernick et al. (2001) [50] compared the feeding inhibition of Daphnia galeata and
D. pulicaria by a microcystin-producing Microcystis (MRD) and a microcystin-deficient
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Microcystis (MRC), and it has been realized that this hepatotoxin is not associated with
the ingestion rate reduction in both planktonic grazers. However, this metabolite was
responsible for causing both species to decrease their survival rates. Before the death
provoked by this hepatotoxin, these microcrustaceans remained immobile in the bottom of
the vial and shifted only when the surrounding area suffered disturbances. In addition, the
filter legs and antenna were momentarily paused, and the midgut was disrupted.

The same authors [50] described further effects of Microcystis strain UWOCC MRC
ingestion by D. galeata and D. pulicaria. These microcrustaceans had a dysfunction in the
peritrophic membrane. This membrane acts as a barrier formed by the chitin–protein
complex created by the midgut cells. The consumption of Microcystis made this organ
more enervated, as a result of which, food transport was impaired, resulting in particle
aggregation in this region and in the digestive diverticula. The ingestion of these cells also
disturbed the molting process. The old integument was not entirely separate from the
Daphnia body, attached to the legs and filter antennas, and strongly hindered the ability of
these species to swim and feed themselves. Individuals subjected to these conditions were
more likely to die of malnutrition within two days. It was also confirmed that the freshly
developed integument remained soft both in the presence of the old integument and after
its mechanical removal. Under field conditions, these affected species would become easy
prey to predators, since they would not be able to flee to any shelter.

The typical chitin–protein complex occurs in both structures (peritrophic membrane
and integument), indicating that the reported effects were probably caused by the same
bioactive compound in which the microviridin variant was cogitated. By its ability to
inhibit the serine protease, this oligopeptide could be preventing the tyrosine conversion
into dihydroxyphenylalanine (DOPA) and its subsequent transformation into dopamine
by the enzyme DOPA decarboxylase [51]. Dopamine is involved in the cross-linkage of
orthoquinones, which results in the cuticle sclerotization [52]. A complementary process
was proposed by Rohrlack et al. (2003) [48]. According to this mechanism, Daphnia’s death
was associated with incomplete protein digestion, which resulted in an important amino
acid deficiency for tegument development and other structures. Ingestion of the strain
of Microcystis UWOCC CBS, a producer of microviridin J, causes the same activity in the
molting process of D. pulicaria. However, several additional findings have been made.
Particles derived from food suspensions were found on the entire surface of the Daphnia
body. This dysfunction was possibly due to the secretion of body fluids. Deformation on
the freshly generated tegument has become more intense as the effort to eradicate it by
these animals has increased. The same phenomenon was visualized when only the purified
microviridin J was added.

Czarnecki et al. (2006) [53] detected eight microviridins distributed in three Microcystis
strains (HUB08B03, HUB11G02 and HUB19B05) with ability to inhibit trypsin-like activity
in the planktonic crustacean Daphnia. In addition to microviridins, other classes of protease
inhibitors, such as some cyanopeptolins, were found in the extract obtained from these
cyanobacteria. This ability of unique cyanobacterium or different cyanobacteria from the
same genus can generate a variety of combinations of different oligopeptides with distinct
proteolytic targets and inhibitory activity. This feature acts as an evolutionary barrier,
preventing the adaptation process among zooplankton population.

Microviridin toxicity was also accessed in the fairy shrimp Thamnocephalus platyurus,
which belonged to order Anostraca. In the course of searching for natural products with
cytotoxicity property, Sieber et al. (2019) [32] detected in the extract of M. aeruginosa strain
EAWAG 127 deleterious activity against this microcrustacean (LD50 = 0.43 mg.mL−1). A
metabologenomic approach revealed the presence of two novel microviridins: microviridin
1777 and microviridin O. The former showed a LD50 value of 95 μM for Thamnocephalus
platyurus. This activity was ascribed to the strong capacity of this peptide in inhibiting
elastase and chymotrypsin activity with an IC50 of 160 nM and 100 nM, respectively.

In addition to Cyanobacteria having a low susceptibility to a zooplankton attack, these
microorganisms are also the target of various pathogenic bacteria and fungi that play an
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important role in controlling their growth [54,55]. True zoosporic fungi, commonly known
as chytrids, are among the most pathogenic organisms capable of causing a significant
number of deaths in the cyanobacterial community [56]. The success of this pathogen
in infecting these photosynthetic microorganisms can be attributed to the development
of chemotactic zoospores and the presence of rhizoids, which are capable of locating the
target and used to extract the nutritional contents, respectively. Oligopeptides produced by
cyanobacteria with an inhibitory activity against a predator’s key enzymes is a great defense
mechanism. The comparison between the cyanobacterial strain P. agardhii CYA126/8 with
its mutants, each one with a type of disability in producing microcystins, anabaenopeptins
or/and microviridins, was conclusive to defining the protective role of these metabolites.
The wild strain when incubated with the chytrid strain was unaffected, while all mutant
strains were infected, including those non-microviridin-producing strains [57].

Chytrides are a rich source of protease used as a mechanism to digest their hosts.
Microviridins and anabaenopeptins can target these enzymes, reducing the virulence of
these fungi. The vast variety of microviridins, as well as other oligopeptides, is a major
obstacle in the process of the adaptation of these parasites. On the basis of the literature, the
protection mechanism referred to above appears to be constitutive, since these substances
typically form an oversaturated or saturated solution in the cytoplasm [57]. Microviridin
was also found in bacteria belonging to the microbiome of the plant Populus. Unlike
the lanthipeptides that are widely distributed among the member of this community,
microviridins were restricted only to the genus Chryseobacterium, being present in 16 out
of the 18 sequenced bacteria. Its role in this microbiome is not clear. A gene cluster
for microviridin in this genus showed from one to four precursor peptides belonging to
class I [20]. Different from cyanobacterial microviridin, the core peptide was composed
of 18 amino acid residues. Only half of the microviridin clusters analyzed had a N-
acetyltransferase gene. A resistant gene presence in the majority of the microviridin
clusters suggested that this oligopeptide could have antibacterial properties, conferring a
protection to plants against pathogenic microorganisms [58].

Other features given to microviridins are related to their allelochemical properties.
Cyanobacteria produce a variety of proteases that are essential to different processes,
including nutrient absorption, protein activation, unfolded or aggregated protein removal,
photoacclimation and stress response [59]. Ghosh et al. (2008) [60] demonstrated that
a cyanobacterial oligopeptide with the partial structure of a microviridin affected the
proteolysis in M. aeruginosa PCC 7806, strongly inhibiting its capacity to degrade N-alpha-
benzoyl-DL-Arg-p-nitroanilide (BApNA). The authors’ hypothesis was that microviridin-
producing Microcystis colonies could form an aggregate that could eventually develop as a
bloom and suppress the growth of competing organisms by targeting critical functions that
rely on protease activity. Another possibility is that microviridins will have a significant role
to play in stress conditions by self-regulating the protease activity among cyanobacterial
cells and thus enhancing their survival rates [60].

Some microviridins are not easily detected in environmental samples, since they may
be rapidly degraded by other bacteria. M. viridis has its microviridin A content totally con-
sumed when transferred to a nonaxenic medium [21]. The aquatic bacterium Sphingomonas
sp. B-9, firstly isolated for its microcystin-degradation ability, has hydrolytic enzymes
capable of degrading different cyclopeptides, including microviridin I. The degradation of
this peptide by this bacterium is very slow, lasting around 48 h to reduce 50% of its initial
content. This process occurs in two steps. Initially, the residue at the C-terminal region is
removed, and, subsequently, the molecule undergoes a linearization step [61].

7. Regulation

Environmental factors play an important role in the regulation of the synthesis of
oligopeptides, as they can increase the growth rate and, consequently, the production of
these metabolites. In certain cases, however, the best conditions for growth did not lead to
the most desirable conditions for their production [62]. Microcystin was the key subject of
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these studies [63]. Stress situations can alter the cell’s physiological state and act as trigger
for increasing the construction of these molecules. Nitrogen and phosphorus bioavailability
are among the most nutritional factors investigated in cyanobacterial behaviors [64,65].
Both are involved in protein synthesis and in the energy dynamic. Due to anthropic actions,
these elements have become more abundant in the aquatic environment [66].

Other parameters, such as temperature, pH and light intensity, have also been inves-
tigated and challenge many scientists [67,68]. An assessment of the combined effect of
different environmental elements on the development of cyanopeptides can provide a link
between field research and laboratory research. Any of these variables can be associated.
As the culture reaches the stationary phase, the quantity of nutrients decreases, as well as
the light availability among cells, thereby reducing their growth rate.

One method used by Rohrlack et al. (2007) [67] to individually determine the light
impact was to track and maintain a constant nutrient load in the medium. This technique
was used to analyze the production of microviridin I by P. agardhii strain PT2. The quantity
of cell-bound microviridin I expressed in units per biovolume decreased until the eighth
day. This behavior reversed when the light availability began to decline. Nitrogen and
phosphate reduction also led to a decrease in the production of this microviridin. A similar
trend was reported for microcystins and anabaenopeptins. Some authors strongly believe
that many of these oligopeptides play the same ecological function. The loss of one can
have, as a consequence, the enhanced production of another, unaffecting the cyanobacterial
growth [69,70].

The influence of light intensities was also evaluated by Pereira et al. (2012) [47]
on the profiles of toxic and nontoxic oligopeptides obtained from two strains of the
cyanobacterium: R. fernandoii 28 and 86. In the course of the experiment, they employed
three different irradiances, which were classified as low (25 μMol.m−2.s−1), medium
(65 μMol.m−2.s−1) and high (95 μMol.m−2.s−1). Different from other oligopeptides in-
vestigated in this study, such as microcystins and cyanopeptolins, microviridins were not
encountered in all growth conditions. Microviridin 1709 production reached the maxi-
mum amount when the cells of strain 28 were exposed to a medium light intensity, while
microviridin 1707, identified in strain 86, was detected solely at low light conditions.

Ferreira et al. (2006) [71] evaluated the combination of different light intensities,
nutritional contents, temperatures and growth phases on the oligopeptide production in
distinct strains of Microcystis and Aphanizomenon, including microviridins. This protease
inhibitor was detected solely in the Microcystis strain RST9501. In the absence of nitrate
and phosphate, this peptide was produced in higher quantities. In the majority of the cases,
the intracellular fraction was responsible for over 80% of the total microviridin pool. At the
same nutritional conditions, an atypical behavior was found when the cells were cultivated
at 20 ◦C. In this condition, the intracellular microviridin concentration diminished to 60%.

The cell-to-cell communication is also a factor to be considered in peptide produc-
tion. When this mechanism is dependent on cell density, it is called quorum sensing.
Nealson and Hastings (1979) [72] were pioneers in studying this phenomenon in the
Gammaproteobacterium Vibrio fischeri. These two scientists were capable of demonstrat-
ing that the enzyme luciferase, whose role is to transform chemical energy into light
energy, was expressed only at a high cell density, having its production controlled by
autoinducer signaling molecules [72]. The most known autoinducers described are the
acylated homoserine lactones [73]. The aquatic environment has a natural tendency to
dilute the metabolites released by microorganisms. For this reason, some authors believe
that oligopeptide production is regulated by quorum sensing [74]. There is little knowledge
about this mechanism in cyanobacteria. During a bloom episode, the cyanobacterial popu-
lation increased significantly, creating a favorable environment for quorum sensing. In this
type of situation, the high cell density augments the concentration of signaling molecules
in the environment [75].

To evaluate the quorum sensing effect on oligopeptide production, Pereira et al. [74]
grew the cyanobacteria in a semicontinuous culture system. Hence, the biomass level and
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nutritional content were maintained constant. The growth rates of high and low cell density
cultures were similar. Microviridin production was detected only in a low cell density
culture of R. fernandoii (strain R28). In contrast, the microviridins N3-N9 in N. punctiforme
PCC73102 had their synthesis optimized under high cell density conditions [19].

The cyanobacterial lifestyle may also have an effect on its oligopeptide content. Some
cyanobacteria are typically located on the water and sediment surface. There are also those
with a biphasic lifestyle, where they migrate to the top during the summer and to the
bottom during the winter [76]. A comparative genomics of the genus Planktothrix with
different lifestyles performed by Pancrace et al. (2016) [77] demonstrated that all planktonic
strains investigated harbored the microviridin gene cluster. In contrast, in the benthic
Planktothrix, this gene cluster was absent, with the exception of Planktothrix sp. PCC 11201,
which is phylogenetically closer to free-living Planktothrix.

8. Application of Microviridins

Proteases play an important role in the regulation of biological processes in all living
organisms by controlling the maintenance, recovery, development and modification of
tissues, which may be beneficial or harmful. They may modulate protein–protein interac-
tions that create bioactive molecules involved in DNA replication and transcription [78]. In
plants, these enzymes lead to the maturation and degradation of a series of unique proteins
relevant to the environmental condition and the stage of growth [79]. Thus, molecules with
inhibitory activity against these enzymes have an immense biotechnological potential with
a multitude of applications (Figure 10).

Figure 10. Potential applications of microviridins.

Tyrosinase is a multifunctional and metalloenzyme widely distributed among plants,
microorganisms and animals, where it plays a key role in the development of melanin [80].
The excessive synthesis of this photoprotective pigment may lead to a condition known as
hyperpigmentation, which may lead to an esthetic problem where one part of the skin is
more pigmented than the other [81]. In addition, this disorder has been linked to many
diseases, such as skin cancer and Parkinson’s disease [82]. Molecules with the capacity to
interfere with the catalytic activity of tyrosinase have been extensively studied as a skin-
whitening agent. They can also be used as food additives, reducing the browning process
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of mushrooms and fruits caused by tyrosinase [83]. Some of these commercially available
compounds exhibit low stability and safety [84]. Among the microviridins reported in the
literature, microviridin A was demonstrated to be tyrosinase inhibitor. However, its action
mechanism is not clear, and information regarding its toxicity to human cells has never
been accessed (Table 3) [21]

Table 3. Inhibitory activities of microviridins.

Microviridin
Inhibitory Activity (IC50)

Reference
Tyrosinase Elastase Trypsin Chymotrypsin Thrombin Plasmin Papain

A 0.33 mM * ND ND ND ND ND ND [21]
B ND 25.5 nM 33.7 μM 1.45 μM >58.1 μM >58.1 μM ND [23]
C ND 47.9 nM 18.2 μM 2.8 μM >57.1 μM >57.1 μM ND [23]
D ND 388.5 nM >55.5 μM 665.9 nM >55.5 μM >55.5 μM >55.5 μM [24]
E ND 360.1 nM >60 μM 660.3 nM >60 μM >60 μM >60 μM [24]
F ND 3.4 μM >59.5 μM >59.5 μM >59.5 μM >59.5 μM >59.5 μM [24]
G ND 10.5 nM >55.4 μM 775.6 nM >55.4 μM >55.4 μM >55.4 μM [25]
H ND 16.9 nM >54.4 μM 1.6 μM >54.4 μM >54.4 μM >54.4 μM [25]
I ND 192.7 nM 14.9 μM 12.3 μM >56.7 μM ND ND [26]
J ND >5.9 μM 20–90 nM 1.7 μM ND ND ND [27]
L ND >58 μM 42 μM 58 μM ND ND ND [31]

1777 ND 160 nM >10 μM 100 nM ND ND ND [32]
SD1684 ND ND Inactive Inactive ND ND ND [29]
SD1634 ND ND 8.2 μM 15.7 μM ND ND ND [29]
SD1652 ND ND Inactive Inactive ND ND ND [29]
LH1667 ND 20 nM >45.5 μM 2.8 μM ND ND ND [30]

* IC50 not defined. ND, not determined.

The mechanism of coagulation is regulated by proteases. Serine protease inhibitors
therefore function as essential regulators in this pathway, such as proteins in the serpin
superfamily. Malfunctioning of one of these elements can lead to coagulation disorders.
Excessive blood clotting can lead to a disorder known as thrombosis, where the blood
flow is blocked by thrombus [85]. Thrombin is one the major target of anticoagulant
drugs, since it acts in the conversion of soluble fibrinogen into insoluble filamentous of
fibrins, which, together with platelets, are responsible for a hemostatic plug formation,
impeding the bleeding. The thrombin inhibition by microviridin B is superior to the
positive control Leupeptin, possessing an EC50 (half maximal effective concentration) value
equal to 4.58 μM. This value was inferior than that encountered for Micropeptin K139,
a serine protease also detected in cyanobacteria. In contrast, microviridins D-F do not affect
thrombin activity, most likely due to the absence of an indole motif, which is encountered
in microviridin B, suggesting its role as a recognition motif for thrombin [86].

Human neutrophil elastase is a proteolytic enzyme that belongs to the serum protein
family of chymotrypsin-like. This highly active enzyme has revealed a wide substrate
specificity and is one of the few proteases capable of degrading the extracellular matrix
protein elastin, resulting in the enzyme’s name [87]. The elastase overactivity is involved
in tissue destruction and inflammation characteristic of various diseases, such as chronic
obstructive hereditary emphysema, pulmonary disease, cystic fibrosis, adult respiratory
distress syndrome and ischemic-reperfusion injury [88]. Pharmaceuticals already use
elastase inhibitors for the treatment of diseases related to this enzyme, such as the drug
Sivelastat, which has been cogitated in the treatment of COVID-19 [89].

A study by Masahiro Murakami et al. (1997) [25] evaluated the elastase inhibitory
effect of some microviridins, synthesized by the cyanobacterium Nostoc insulare (NIES-26).
The results of the analysis showed two new peptides, microviridin G and microviridin
H. In the experiment, both IC50 were compared with the values of other microviridins
already described in the literature. Microviridin A showed no inhibitory effect on elastase;
microviridins D and F had the weakest values for inhibiting this enzyme. Microviridins G
and H had the best results, followed by microviridins B and C, respectively. After the work
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of Murakami et al. [25], three new microviridins were described as elastase inhibitors: I,
LH1667 and 1777 (Table 3) [26,30,32].

Proteases are also essential for the growth of insects, such as in the larval and adult
stages, where they are present in the intestine and play an important role in digestion [90].
For example, silkworms, near the final stage of their metamorphosis, produce cocoonase,
a serine protease capable of hydrolyzing silk protein, which enables the adult moth to
emerge [91]. During the embryony phase, proteases digest egg-specific proteins, such as
vitellin, for the amino acid release, which are utilized as a nitrogen source [92]. Serine
protease can also confer protection against predation. The South American Saturniid
caterpillars belonging to the genus Lonomia harbor in their hemolymph a toxic protease
that some mammals who come in contact with can have, as a consequence, bleeding
disorders [93]. Nowadays, various studies have focused on the search for a protease
inhibitor whose target are proteases produced by insects involved in disease transmission,
such as the Aedes aegypti, one of the largest vectors of arboviruses, being responsible for the
propagation of the dengue virus, yellow fever, zika virus and chikungunya fever [94].

Microviridins have already shown to be good inhibitors of enzymes present in micro-
crustaceans intestines, such as those of the genus Daphnia and Thamnocephalus [32,50]. For
instance, in the presence of microviridins B, C, I, J, L and SD1652, the enzyme trypsin has its
activity negatively affected [23,26,27,29,31] (Table 3). They act by inhibiting enzymes that are
closely related to the diet of these crustaceans. In insects, many of these serine proteases are
located in the intestines as well [95], sharing similar functions. Two of these serine proteases
are trypsin and chymotrypsin, well-known targets of some microviridins (Table 3).

Plants have served as a great heterology expression system for bioactive peptides.
Hilder et al. (1987) [96] were the first to use these organisms to express serine protease
inhibitors with the potential to kill predatory larvae insects. There is a considerable number
of works employing plants as hosts of ribosomally synthesized and post-translationally
modified peptides [97–99]. Plant-based microviridins have promises for future applications,
since they can replace the use of pesticides to help control insect pests with low costs and
low environmental impacts. Furthermore, they can be easily purified with a high yield,
retaining full activity.

One of the bottlenecks for microviridin production and the evaluation in cyanobacteria
is a low yield of this peptide. Several extraction approaches in different genus of this
phylum demonstrated that these organisms are not well-suited for industrial applications
when considering both the time and volume of the cultivations. A heterologous expression
in E. coli demonstrated to be an efficient method for microviridin biosynthesis resulted in
a yield of 60 ◦C 70 mg of microviridin L per 100 g of dried cells after five hours of cultivation.
In comparison, about 0.87 mg.g−1 of microviridin A was obtained from Microcystis viridis
(NIES-102) by a cultivation period of 10 ◦C for 14 days. In filamentous cyanobacteria, this
yield was even lower, with a production of 9.1 mg.g−1 of microviridin E after the same
period of incubation of Planktothrix in 400 L [21,25,31].

However, the problems related to microorganism cultivation, heterologous expression
and laborious purification can still be tackled, and techniques have been developed to
overcome these barriers in order to explore the diversity of the microviridins. As a con-
sequence, the development of microviridins obtained from environmental DNA can be
accomplished by the synthesis of the solid-phase peptide of the core peptide coupling with
MdnC and -B enzymes fused to the leader peptide in the N-terminal. This chemoenzymatic
approach allows an in vitro production of a fully processed microviridin, demonstrating
the efficiency during production of different variants of this peptide [34]. Another approach
for microviridin production in vitro is to provide the LP in trans for both MdnB and -C,
also achieving a tricyclic microviridin J [36].

Another important feature for the biotechnological application of microviridin is its
binding affinity to serine proteases. Microviridin J demonstrated a KD value of 0.68 μM
from its interaction with trypsin. This mode of inhibition is similar to a cyclic depsipeptide
A90720A produced by a nonribosomal peptide synthetase [34,37]. However, the NRPS
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pathways are not well-susceptible to genetic engineering compared to RiPPs. Thus, in
addition to the possibility of genetic modifications, the microviridin biosynthetic cluster is
smaller than NRPS, facilitating a heterologous expression [37].

The crystallography structure of trypsin bound to N-acetylated tricyclic microviridin J
(PDB codes: 4KTU and 4KTS; pH 6.5 and 8.5, respectively) has been determined to better
understand the relationship between the microviridin structure and its enzymatic target
(Figure 11). It was therefore possible to observe that the N-terminal of microviridin J was
flexible and bound to the hydrophobic surface of trypsin [100]. As far as the catalytic
domain is concerned, both crystallized structures showed the interface as a substrate-like
trypsin-binding motif. The threonine residue at position 4 of microviridin J interacts with
Leu99 at the S2 pocket through its methyl group. At the S1 pocket, Asp189 coordinates the
side chain of arginine at position 5, which is located between the residues making ester
and amide bonds. A van der Waals contact by the aliphatic region of Lys6 of microviridin
is made with the disulfide bond between Cys43 and Cys58 of the S1’ subsite. Finally,
the C-terminal of microviridin J, Ser9-Trp14, stabilizes a helical structure of trypsin by
the intramolecular covalent linkages of this inhibitor. The interaction between these two
structures showed a KD value of 0.68 μM, which is similar to the NRPS cyanobacterial
inhibitor A90720A [100].

Figure 11. Interaction between microviridin J and trypsin at pH 8.5 (Protein Data Bank (PDB) code:
4KTS). (A) 3D representation of the interaction. (B) 2D view of the major interaction between microviridin
J and trypsin. Hydrogen bonds are in green, while the hydrophobic interactions are in red.

As far as the Ser-His-Asp triad of trypsin is concerned, these three residues are located
in the direction of the Arg5 carbonyl of microviridin. However, the peptide bond between
Arg5 and Lys6 was not affected, suggesting that the rings and the compact structure of
microviridin J neutralize the cleavage of this tricyclic structure [100].

24



Mar. Drugs 2021, 19, 17

According to the crystallized structures, it could be concluded that position 5 of the
microviridins is essential to its inhibitory activity due to the interaction of the trypsin triad.
This hypothesis supports the mutagenesis approach to the modification of residue 5 of
microviridin L, which modified both the specificity and the inhibitory activity against
different proteases. The wild-type microviridin L has its most potent inhibition against
subtilisin (IC50 = 5.8 μMol.L−1); however, the replacement of Phe5 for other amino acids
changed this activity. The F5L mutant improved the elastase inhibition; in comparison,
F5R increased its inhibition toward trypsin. The F5Y variant shifted its activity against
chymotrypsin, and F5M had an IC50 = 0.09 μMol.L−1 toward subtilisin. In contrast, the
exchange of amino acids at positions 7, 9 and 11 did not boost the inhibitory activity at the
same scale, nor did any inhibition cease [20,100].

The G2A variant coupled with the shift in position 5 of microviridin J not only en-
hanced the post-translational modification performances but, also, increased the inhibitory
function. The positive charged residues of Arg and Lys at position 5 had superior activity
towards subtilisin and trypsin, while the latter was the only variant with a low micromolar
activity against plasmin [100]. Similar findings were also observed with microviridin B
variants L5R and L5K [38]. In addition, the hydrophobic residues of Leu and Val also
demonstrated the inhibition of subtilisin and inhibition of elastase inhibitory activity, with
minor variations compared to the single mutants at position 5 [100]. As a result, the amino
acids at position 5 of the microviridins have shown great potential to be the focus for
therapeutic development, with the goal of enhancing and defining the inhibitory action of
microviridins by different synthetic chemical techniques.

9. Final Considerations

Microviridins are one of the largest oligopeptides present in cyanobacteria. While they
were firstly identified in this community of microorganisms, the genomic approach has
revealed gene clusters for these metabolites in bacteria belonging to another phyla. Their
production is affected by abiotic and biotic factors such as temperature, pH, nutritional
content and quorum sensing. This latter is poorly explored in cyanobacteria and can act as
a powerful tool in the control of these microorganisms in the environment. Due to their
protease inhibitory property, microviridins can be utilized for various purposes, such as
an anticoagulant and as whitening agent, as well as in the control of disease vectors.

One of the greatest bottlenecks to the commercial application of microviridins is the
low yield and the absence of information about their use in humans and animals. The
former issue can be mitigated with the utilization of a heterologous expression system,
which has well-described in the literature for this oligopeptide, mainly in the model
organism E. coli. Others approaches would be the in vitro chemoenzymatic synthesis or
the variations in the culture conditions, which could serve as an elicitor, leading to an
upregulation of the metabolite. The strong inducible insertion of the promoter may make
this process less laborious. In relation to health risks, further studies are required to better
develop the inhibitory mechanism of microviridins, as well as their toxicity to humans.
However, since they are a ribosomally synthesized and post-translationally modified
peptide, they possess a certain plasticity for engineering that can reduce their risks and
increase their specificity. The bulk of the cyanobacterial gene cluster remains undiscovered.
The ability of these photosynthetic microorganisms to generate biomolecules is greater
than was assumed before the genome age. Future studies will disclose new microviridins,
as well as knowledge on their biological significance.
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and Hanna Mazur-Marzec 1,*

1 Division of Marine Biotechnology, Faculty of Oceanography and Geography, University of Gdańsk,
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Abstract: Nostocyclopeptides (Ncps) constitute a small class of nonribosomal peptides, exclusively
produced by cyanobacteria of the genus Nostoc. The peptides inhibit the organic anion transporters,
OATP1B3 and OATP1B1, and prevent the transport of the toxic microcystins and nodularin into
hepatocytes. So far, only three structural analogues, Ncp-A1, Ncp-A2 and Ncp-M1, and their linear
forms were identified in Nostoc strains as naturally produced cyanometabolites. In the current work,
the whole genome sequence of the new Ncps producer, N. edaphicum CCNP1411 from the Baltic
Sea, has been determined. The genome consists of the circular chromosome (7,733,505 bps) and
five circular plasmids (from 44.5 kb to 264.8 kb). The nostocyclopeptide biosynthetic gene cluster
(located between positions 7,609,981–7,643,289 bps of the chromosome) has been identified and
characterized in silico. The LC-MS/MS analyzes of N. edaphicum CCNP1411 cell extracts prepared
in aqueous methanol revealed several products of the genes. Besides the known peptides, Ncp-A1
and Ncp-A2, six other compounds putatively characterized as new noctocyclopeptide analogues
were detected. This includes Ncp-E1 and E2 and their linear forms (Ncp-E1-L and E2-L), a cyclic
Ncp-E3 and a linear Ncp-E4-L. Regardless of the extraction conditions, the cell contents of the linear
nostocyclopeptides were found to be higher than the cyclic ones, suggesting a slow rate of the
macrocyclization process.

Keywords: cyanobacteria; nostocyclopeptides; Nostoc; ncp gene cluster; nonribosomal peptide
synthetase

1. Introduction

Secondary metabolites produced by cyanobacteria of the genus Nostoc (Nostocales) are
characterized by a high variety of structures and biological activities [1–6]. On the basis of chemical
structure, these compounds are mainly classified to peptides, polyketides, lipids, polysaccharides
and alkaloids [7]. Abundantly produced cyanopeptides with anticancer, antimicrobial, antiviral
and enzyme-inhibiting activity, have attracted attention of many research groups [6,8–12]. Some of
the metabolites, such as nostocyclopeptides (Ncps) or cryptophycins are exclusively produced by
the cyanobacteria of the genus Nostoc (Figure 1A). Ncps constitute a small class of nonribosomal
peptides. Thus far, only three analogues of the compounds and their linear forms have been discovered.
This includes Ncp-A1 and Ncp-A2 detected in Nostoc sp. ATCC53789 isolated from a lichen collected
at Arron Island in Scotland [13]. The same peptides were detected in Nostoc sp. ASN_M, isolated
from soil samples of paddy fields in the Golestan province in Iran [14] and in Nostoc strains from
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liverwort Blasia pusilla L. collected in Northern Norway [15]. A different analogue, Ncp-M1, was found
in Nostoc sp. XSPORK 13A, the cyanobacterium living in symbiosis with gastropod from shallow
seawaters at the Cape of Porkkala (Baltic Sea) [16].

 

Figure 1. Nostoc edaphicum CCNP1411 (A) and the proposed chemical structure of Ncp-E1 (B).

Ncps are composed of seven residues and a unique imino linkage formed between C-terminal
aldehyde and an N-terminal amine group of the conserved Tyr1 (Figure 1B) [13,16]. The presence
of modified amino acid residues, e.g., 4-methylproline, homoserine and D-configured glutamine,
indicated the nonribosomal biosynthetic pathway of the molecules. Genetic analysis of Nostoc sp.
ATCC53789 revealed the presence of the 33-kb Ncp gene cluster composed of two genes, ncpA and ncpB,
encoding NcpA1-A3 and NcpB1-B4 modules. These proteins catalyze the activation and incorporation
of Tyr, Gly, Gln, Ile and Ser into the Ncp structure [17]. They show high similarity to NosE and NosF
which take part in the biosynthesis of nostopeptolides in Nostoc sp. GSV224 [18]. The ncpFGCDE
fragment of the Ncp gene cluster is involved in the synthesis of MePro (ncpCDE), transport (ncpF) and
proteolysis (ncpG) of the peptides. The characteristic features of the Ncp enzymatic complex in Nostoc sp.
ATCC53789 is the presence of the epimerase domain (NcpA3) responsible for D-configuration of
glutamine, and the unique reductase domain at C-terminal end of NcpB which catalyze the reductive
release of a linear peptide aldehyde [19,20].

The activity of Ncps have been explored [13] and their potential as antitoxins, inhibiting the
transport of hepatotoxic microcystin-LR and nodularin into the rat hepatocytes through the organic
anion transporter polypeptides OATP1B1/1B3 was revealed [21]. As OATP1B3 is overexpressed in
some malignant tumors (e.g., colon carcinomas) [22], Ncps, as inhibitors of this transporter protein,
are suggested to be promising lead compounds for new drug development.

In our previous studies, Nostoc edaphicum CCNP1411 (Figure 1A) from the Baltic Sea was found to
be a rich source of cyanopeptolins, the nonribosomal peptides with potent inhibitory activity against
serine proteases [6]. In the current work, the potential of the strain to produce other bioactive metabolites
was explored. The whole-genome sequence of N. edaphicum CCNP1411 has been determined, and the
nostocyclopeptide biosynthetic gene cluster has been identified in the strain and characterized in silico
for the first time. Furthermore, the new products of the Ncp gene cluster have been detected and their
structures have been characterized by LC-MS/MS.

2. Results and Discussion

2.1. Analysis of N. edaphicum CCNP1411 Genome

Total DNA has been isolated from N. edaphicum CCNP1411, and the whole genome sequence
has been determined. Identified replicons of N. edaphicum CCNP1411 genome consist of the circular
chromosome of 7,733,505 bps, and five circular plasmids (Table 1). Within the total size of 8,316,316 bps
genome (chromosome and plasmids, Figure 2), we have distinguished, according to annotation,
the total number of 6957 genes from which 6458 potentially code for proteins (CDSs), 415 are classified
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as pseudo-genes and 84 are coding for non-translatable RNA molecules. Pseudo-genes can be divided
into subcategories due to the shift in the coding frame (180), internal stop codons (77), incomplete
sequence (228), or occurrence of multiple problems (63). Genes coding for functional RNAs consist of
those encoding ribosomal (rRNA) (9), transporting (tRNA) (71) and regulatory noncoding (ncRNA) (4),
all embedded on the chromosome. Out of total coding and pseudo-genes sequences (6873), the vast
majority (5846) initiates with the ATG start codon, while GTG and TTG occur less frequently (561 and
217 times, respectively). The frequencies of stop codons were set out as follows: TAA (3455), TAG
(1750), TGA (1526). Coding and pseudo-genes sequences are distributed almost equally on the leading
and complementary strand, including 3408 and 3465 sequences, respectively.

Table 1. Composition and coverage of N. edaphicum CCNP1411 genome.

Replicon
Accession
Number

Length
(bp)

Topology
G+C

Content (%)
Coverage (x)

Nanopore Data
Coverage (x)

Illumina Data

pNe_1 CP054693.1 44,503 Circular 42.3 115.5 244.8
pNe_2 CP054694.1 99,098 Circular 40.2 168.4 135.3
pNe_3 CP054695.1 120,515 Circular 41.3 256.4 177.1
pNe_4 CP054696.1 53,840 Circular 41.6 102.4 211.5
pNe_5 CP054697.1 264,855 Circular 41.0 226.3 160.7

chr CP054698.1 7,733,505 Circular 41.6 160.7 116.9

 

Figure 2. Map of the N. edaphicum CCNP1411 genome where chromosome (chr) and five plasmids
(pNe_1–5) are presented. The ORFs are indicated with grey arrows split into two rings outermost
showing ORFs on direct strand and inner showing complementary strand ORFs. The middle circle
shows GC content (black) and the innermost circle shows GC skew (green and purple). Genes for
putative NRPS/PKS are marked on the chromosome in their proper position (red within a black
circle), with closeup on NRPS in position 7,609,981–7,643,289 putatively coding for Ncp biosynthetic
gene cluster.
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2.2. Non-Ribosomal Peptide Synthetase (NRPS) Gene Cluster of Nostocyclopeptides

Having the whole genome sequence of N. edaphicum CCNP1411, we have analyzed in detail the
non-ribosomal peptide synthetase (NRPS) cluster, containing potential genes coding for enzymes
involved in the synthesis of nostocyclopeptides. To establish correct spans for non-ribosomal peptide
synthetases, 35 complete nucleotide sequence clusters derived from Cyanobacteria phylum were aligned
resulting in hits scattered around positions 2,287,143–2,323,617 and 7,609,981–7,643,289 within the
N. edaphicum CCNP1411 chromosome (7.7 Mbp) (Figure 2). This method of characterization presented
the overall similarity of selected spans to micropeptin (cyanopeptolin) biosynthetic gene cluster [23] and
nostocyclopeptide biosynthetic gene cluster [17], respectively. To confirm these results, the antiSMASH
analysis was employed resulting in confirmation of previously defined NRPS spans and adding two
more regions 1,213,069–1,258,319 and 5,735,625–5,780,238, to small extent (12% and 30%, respectively)
similar to anabaenopeptin gene cluster [24]. For the purpose of this study, we focused on putative
nostocyclopeptide producing non-ribosomal peptide synthetase. Annotation of the selected region
revealed nine putative open reading frames (ORFs), transcribed in reverse (7) and forward (2) direction.
The identified cluster was arranged in a similar fashion to AY167420.1 (nostocyclopeptide biosynthetic
gene cluster from Nostoc sp. ATCC 53789), with the exception of two ORFs (>170 bp), intersecting
operon (ncpFGCDE) putatively encoding proteins involved in MePro assembly, efflux and hydrolysis
of products of the second putative operon ncpAB (Figure 3).

Figure 3. Schematic alignment of genes coding for putative non-ribosomal peptide synthetase from N.
edaphicum CCNP1411 (red) and two related Ncp-producing synthetases AY167420.1 and CP026681.1
(white). The grey bar in the lower right corner shows the identity percentage associated with color of
the bars connecting homologous regions. The analysis was conducted at the nucleotide level.

Two sequences ORF1 (HUN01_34350) (837 bp) and ORF2 (HUN01_34355) (1107 bp) embedded
on 3′ end of nostocyclopeptide gene cluster resemble nosF and nosE genes, found in the nostopeptolide
(nos) gene cluster [18] with 96% nucleotide sequence identities in both instances, putatively encoding
for zinc-dependent long-chain dehydrogenase and a Δ1-pyrroline-5-carboxylic acid reductase. Further
upstream, there is an ORF3 (HUN01_34360) (798 bp) of 98% homology to unknown gene from
AF204805.2 gene cluster, suggested previously to be involved in 4-methylproline biosynthesis [17,25],
due to close proximity of downstream genes encompassing this reaction, but no experimental evidence
was presented. Alignment of the sequence of this putative protein have shown a sequence homology,
to some extent, to 4′-phosphopantetheinyl transferase, crucial for PCP aminoacyl substrate binding
(Figure 4) [26]. Moreover, partially present adenylate-forming domain within ORF4 (HUN01_34365)
(165 bp) belongs to the acyl- and aryl- CoA ligases family, and may putatively engage substrate for
post-translational modification of the PCP domain. Facing the same direction, an ORF5 (HUN01_34370)
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(1605 bp)-bearing putative domain classified as transpeptidase superfamily DD-carboxypeptidase and
ORF6 (HUN01_34375) (2010 bp) homologous to ABC transporter ATP-binding protein/permease may
be engaged in ncpAB peptide product transport [27]. Neither the ORF7 (HUN01_34780) Shine–Delgarno
(SD) sequence upfront translation start codon could be assigned nor the TA-like signal ~12 nucleotides
upstream could be found.

 
Figure 4. Structure-based sequence alignment of 4′-phosphopantetheinyl transferase and partial ORF3.
Amino-acids highlighted in black color indicate conserved residues, whereas those in grey color indicate
conservative mutations.

The main part of the Ncp biosynthetic gene cluster is located on the forward strand comprising
two large genes which nucleotide sequences are homologous over 80% to ncpA and ncpB subunits
of the ncp cluster in Nostoc sp. ATCC53789 [17]. Both these genes code for proteins consisting of
repetitive modules incorporating single residue into elongating peptide. ORF 8 (HUN01_34785)
(11,334 bp) encompasses three of these modules, whereas ORF 9 (HUN01_34380) (14,157 bp) encodes
four modules. The core of one NRPS module consists of three succeeding domains: condensation (C),
adenylation (A) and peptidyl carrier protein (PCP). Moreover, adjacent to coding spans of extreme
modules, two tailoring domains were found within ORF8 and ORF9 genes (Figure 5).

 
Figure 5. Schematic representation of conserved domains within ncpA and ncpB coding nucleotide
sequences. They are composed of repetitive modules condensation (C), adenylation (A) and peptidyl
carrier protein (PCP) domains adjacent to delineating docking, epimerization and reductase domains
aligned with two related synthetases AY167420.1 and CP026681.1. The analysis was conducted at the
nucleotide level.

Alignment of nucleotide sequences to the ncpAB operon revealed major differences in consecutive
NcpB3 and NcpB4 modules. Utilizing the selected spans conjoined with conserved domain search
allowed us to distinguish and compare C, A and PCP amino-acid sequences (Figure 6). Intrinsic
modules of NRPS, with an exception of NcpB3 adenylation domain sequence, were found homologous
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above 91%, whereas extremes have shown the biggest composition differences ranging from 13–15% to
24% in the NcpB4 adenylation domain (Figure 6).

Figure 6. Heatmap of the highest (light blue) and lowest (black) percentage of similarities between NcpA
and NcpB domains in N. edaphicum CCNP1411 and ATCC53789; values scaled by rows. The analysis
was conducted at the amino acid level.

The determination of the whole genome sequence of N. edaphicum CCNP1411 allowed us to
perform analyses of genes coding for enzymes involved in the synthesis of nostocyclopeptides.
The general analysis demonstrated homology of the NRPS/PKS clusters of N. edaphicum CCNP1411
to systems occurring in other cyanobacteria, however, with some differences. The non-ribosomal
consensus code [28,29] allowed to recognize and predict the substrate specificities of NRPS adenylation
domains: tyrosine (NcpA1), glycine (NcpA2), glutamine (NcpA3) for NcpA and isoleucine/valine
(NcpB1) serine (NcpB2) 4-methylproline/proline (NcpB3) phenyloalanine/leucin/tyrosine (NcpB4) for
NcpB (Table 2). This prediction was found to be in line with the structures of the Ncps detected in
N. edaphicum CCNP1411.

Table 2. Characterization of substrate binding pocket amino acid residues adenylation domains of
NcpA and NcpB modules based on gramicidin S synthetase (GrsA) phenylalanine activating domain.
Residues in brackets mark inconsistency with AY167420.1 residues.

NRPS
Module

Adenylation Domain Residue Position Proposed
Substrate235 236 239 278 299 301 322 330 331

NcpA1 D A S T [I] A A V C Tyr
NcpA2 D I L Q L G L I W Gly
NcpA3 D A W Q F G L I D Gln
NcpB1 D A F F L G V T F Ile/Val
NcpB2 D V W H I S L I D Ser
NcpB3 D V Q [F] I A H V A Pro/MePro
NcpB4 D A W [T] I G [A] V C Phe/Tyr/Leu

To devolve elongating product onto subsequent condensation domain, the studied synthetase
utilizes PCP domains, subunits responsible for thiolation of nascent peptide intermediates,
where post-transcriptional modification of conserved serine residue shifts the state of the domain
from inactive holo to active apo. Modification of this residue is related to PPTase which transfers
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a covalently-bound 4′-phosphopantetheine arm of CoA onto the PCP active site, enabling peptide
intermediates to bind as reactive thioesters. Case residue which undergoes a nucleophilic attack by the
hydroxyl group was conserved in every module within the PCP domain predicted at the front of the
second helix [30].

The stand-alone docking domain (D) (7,617,812–7,617,964 bp) found on N-terminus of NcpA
may be an essential component mediating interactions, recognition and specific association within
NRPS subunits. The potential acceptor domain, based on sequence homology of conserved residues to
C-terminal communication-mediating donor domains (COM), was found at the NcpB4 PCP domain
second helix, encompassing conserved serine residue within potential binding sequence [31]. Moreover,
this communication-mediating domain may putatively bind to C-terminus of NcpB3 and NcpB4
condensation (C) domains based on conserved motif LLEGIV, found by sequence homology to last
five amino-acids of C-terminal docking domains residues, key for their interactions [32]. Within the
same β-hairpin, a group of charged residues (ExxxxxKxR) putatively determines the binding affinity
of the N-terminal domain [33].

Two tailoring domains encoded at the 5′ ends of ncpA and ncpB genes were classified as
epimerization (E) (7,627,742–7,629,043 bp) domain and reductase (R) (7,642,183–7,643,238 bp) domain,
accordingly. Epimerization domain catalyzes the conversion of L-amino acids to D-amino acids,
a reaction coherent with D-stereochemistry of the peptide glutamine residue, where His of the conserved
HHxxxDG motif and Glu from the upstream EGHGRE motif raceB comprise an epimerisation reaction
active site [34]. Homologous HHxxxDG conserved motif sequence is found in condensation domains
(C), where a similar reaction is catalyzed within peptide bond formation, putatively by the second
His residue [35]. As in ncp cluster [17], module NcpA1 motif includes degenerate sequences in two
positions HQIVGDL with leucine instead of phenylalanine residue at the start of the helix. The second
histidine site-directed mutagenesis abolished enzymatic activity which might suggest that NcpA1
condensation domain is inactive [36].

Reductase domain (R) found at the C-terminus of NRPS was classified as oxidoreductase.
Despite 15% discrepancy in domain composition compared to NcpB core catalytic triad Thr-Tyr-Lys
and Rossmann-fold, a NAD (P) H nucleotide-binding motif GxxGxxG positions were not affected. The
mechanism driving this chain release utilizes NAD (P) H cofactor for redox reaction of the final moiety
of the nascent peptide to aldehyde or alcohol [37,38].

2.3. Structure Characterization of Ncps Produced by N. edaphicum CCNP1411

Thus far, only three Ncps, Ncp-A1, A2 and M1, and their linear aldehydes were isolated as pure
natural products of Nostoc strains [13,16]. Ncp-A3, with MePhe in the C-terminal position, was obtained
through aberrant biosynthesis in the Nostoc sp. ATCC53789 culture supplemented with MePhe [13].
The linear aldehydes of Ncp-A1 and Ncp-A2, with Pro instead of MePro, were chemically synthesized
and used to study the Ncps epimerization and macrocyclization equilibria [19,20]. In our work, ten
Ncps, differing mainly in position 4 and 7, were detected by LC-MS/MS in the N. edaphicum CCNP1411
cell extract (Table 3, Figure 1, Figure 7, Figure 8 and Figure S1–S7). These include five cyclic structures,
four linear Ncp aldehydes, and one linear hexapeptide Ncp. The putative structures of the six peptides,
which were found to be naturally produced by Nostoc for the first time, are marked in Table 3 in bold
(Ncp-E1, Ncp-E1-L, Ncp-E2, Ncp-E2-L, Ncp-E3 and Ncp-E4-L).
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Table 3. The putative structures of nostocyclopeptides (Ncps) detected in the crude extract of N.
edaphicum CCNP1411 and the structure of Ncp-M1 identified in Nostoc sp. XSPORK 13 A [16]. The new
analogues are marked in bold and the peptides detected in trace amounts are marked with [T]. The
variable residues in position 4 and 7 are marked in blue.

Compound Structure
m/z [M+H]+ Retention

Time [min]Cyclic Linear–COH

Ncp-A1 cyclo[Tyr+Gly+Gln+Ile+Ser+MePro+Leu] 757 7.1
Ncp-A1-L Tyr+Gly+Gln+Ile+Ser+MePro+Leu 775 5.8
Ncp-A2 cyclo[Tyr+Gly+Gln+Ile+Ser+MePro+Phe] 791 6.0

Ncp-A2-L Tyr+Gly+Gln+Ile+Ser+MePro+Phe 809 5.6
Ncp-E1 cyclo[Tyr+Gly+Gln+Ile+Ser+Pro+Phe] 777 [T] 7.2

Ncp-E1-L Tyr+Gly+Gln+Ile+Ser+Pro+Phe 795 5.7
Ncp-E2 cyclo[Tyr+Gly+Gln+Ile+Ser+Pro+Leu] 743 [T] 6.3

Ncp-E2-L Tyr+Gly+Gln+Ile+Ser+Pro+Leu 761 5.1
Ncp-E3 cyclo[Tyr+Gly+Gln+Val+Ser+MePro+Leu] 743 [T] 7.0

* Ncp-E4-L [Tyr+Gly+Gln+Ile+Ser+MePro] 677 [T] 6.0
** Ncp-M1 cyclo[Tyr+Tyr+HSe+Pro+Val+MePro+Tyr] 882 27.5

* Ncp-E4-L is the only linear Ncps analogue with carboxyl group in C-terminus. ** Identified in Nostoc sp.
XSPORK [16].

 
Figure 7. Postulated structure and enhanced product ion mass spectrum of the linear
aldehyde nostocyclopeptide Ncp-E1-L; Tyr+Gly+Gln+Ile+Ser+Pro+Phe characterized based on
the following fragment ions: m/z 795 [M+H]; 777 [M+H−H2O]; 759 [M+H−2H2O]; 646
[M+H – Phe]; 614 [M+H – Tyr−H2O]; 575 [M+H−(Tyr+Gly)]; 549 [Tyr+Gly+Gln+Ile+Ser+H];
531 [Tyr+Gly+Gln+Ile+Ser+H−H2O]; 462 [Tyr+Gly+Gln+Ile+H]; 349 [Tyr+Gly+Gln+H]; 334
[Ser+Pro+Phe+2H]; 247 [Phe+Pro+H]; 229 [Phe+Pro+H]; 201 [Phe+Pro+H – CO]; 148 [Tyr−NH2]; 136
Tyr immonium; 129, 101 (immonium), 84 Gln; 70 Pro immonium.

The process of de novo structure elucidation was performed manually, based mainly on a series of
b and y fragment ions produced by a cleavage of the peptide bonds (Figures 7–9, Figures S1–S7), and on
the presence of immonium ions (e.g., m/z 70 for Pro, 84 for MePro, 136 for Tyr) in the product ion mass
spectra of the peptides. The process of structure characterization was additionally supported by the
previously published MS/MS spectra of Ncps [14]. The fragment ions that derived from the two amino
acids in C-terminus usually belonged to the most intensive ions in the spectra and in this study they
facilitated the structure characterization. For example, in the product ion mass spectrum of Ncp-A1
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(Figure S1) and Ncp-E3 (Figure S7), ions at m/z 209 [MePro+Leu+H] and m/z 181 [MePro+Leu+H−CO]
were present, while in the spectrum of Ncp-E2 (Figure S5) with Pro (instead MePro), the corresponding
ions at 14 unit lower m/z values, i.e., 195 and 167 were observed. The spectra of the linear Ncps contained
the intensive Tyr immonium ion at m/z 136. Based on the previously determined structures of Ncp-A1
and Ncp-A2 [13], we assumed that in Ncp-E2, the amino acids in position 4 and 7, are Ile and Leu,
respectively (Table 3; Figure S5). These two amino acids are difficult to distinguish by MS. Definitely,
the NMR analyses are required to confirm the structures of the Ncps. The presence of Val in position 4,
instead of Ile, distinguishes the Ncp-E3 from other Ncps produced by N. edaphicum CCNP1411. As it
was previously reported [17], and also confirmed in this study, the predicted substrates of the NcpB1
protein encoded by ncpB and involved in the incorporation of the residue in position 4 are Ile/Leu and
Val. However, the domain preferentially activates Ile, which explains why only traces of Val-containing
Ncps were detected in N. edaphicum CCNP1411 (Table 3).

Figure 8. Postulated tructure and enhanced product ion mass spectrum of a linear nostocyclopeptide
Ncp-E4-L [Tyr+Gly+Gln+Ile+Ser+MePro] characterized based on the following fragment ions:
m/z 677 [M+H]; 659 [M+H−H2O]; 642 [M+H−H2O−NH3]; 549 [Tyr+Gly+Gln+Ile+Ser+H]; 531
[Tyr+Gly+Gln+Ile+Ser+H−H2O]; 521 [Tyr+Gly+Gln+Ile+Ser+H−CO]; 462 [Tyr+Gly+Gln+Ile+H]; 434
[Tyr+Gly+Gln+Ile+H−CO]; 349 [Tyr+Gly+Gln+H]; 329 [Gln+Ile+Ser+H]; 312 [Ile+Ser+MePro+H];
221 [Tyr+Gly+H]; 193 [Tyr+Gly+H−CO]; 148 [Tyr−NH2]; 136 Tyr immonium; 86 Ile immonium; 84,
101 (immonium), 129 Gln; 84 MePro immonium.

Methylated Pro (MePro) in position 6 is quite conserved. MePro is a rare non-proteinogenic amino
acid biosynthesized from Leu through the activity of the zinc-dependent long chain dehydrogenases
and Δ1-pyrroline-5-carboxylic acid (P5C) reductase homologue encoded by the gene cassette
ncpCDE [17,18,25]. The genes involved in the biosynthesis of MePro were found in 30 of the 116 tested
cyanobacterial strains, majority (80%) of which belonged to the genus Nostoc [39]. The new Ncp-E1
and Ncp-E2, detected at trace amounts, are the only Ncps produced by N. edaphicum CCNP1411
which contain Pro (Table 3). The presence of m/z 84 ion in the fragmentation spectra of the two Ncps
complicated the process of de novo structure elucidation. This ion corresponds to the immonium ion
of MePro and could indicate the presence of this residue. However, the two ions m/z 101 and 129,
which together with ion at m/z 84, are characteristic of Gln, suggested the presence of this amino acid
in Ncp-E1 and Ncp-E2. The detailed characterization of Ncp fragmentation pathways is presented in
Figures 7–9 and in Supplementary Materials (Figures S1–S7).
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Figure 9. Enhanced product ion mass spectrum of the cyclic nostocyclopeptide Ncp-E1

with putative structure cyclo[Tyr+Gly+Gln+Ile+Ser+Pro+Phe] characterised based on the
following fragment ions: m/z 777 [M+H]; 759 [M+H−H2O]; 741 [M+H−2H2O]; 690
[M+H−Ser]; 672 [M+H−Ser−H2O]; 662 [M+H−Pro−H2O]; 646 [M+H−Phe]; 628 [M+H−Phe−H2O];
575 [M+H−(Ser+Pro)−H2O]; 549 [Tyr+Gly+Glu+Ile+Ser+H]; 480 [Phe+Tyr+Gly+Gln+H]; 462
[Tyr+Gly+Gln+Ile+H]; 444 [Tyr+Gly+Gln+Ile+H−H2O]; 434 [Tyr+Gly+Gln+Ile+H−CO]; 392
[Pro+Phe+Tyr+H]; 352 [Phe+Tyr+Gly+H]; 335 [Phe+Tyr+Gly+H−H2O]; 316 [Ser+Pro+Phe+H]; 307
[Phe+Tyr+Gly+H−H2O -CO]; 298 [Ile+Ser+Pro+H]; 229 [Phe+Pro+H]; 201 [Phe+Pro+H−CO]; 158
[Gly+Gln+H−CO]; 132 Phe; 70 Pro immonium. Structure of the peptide is presented in Figure 1.

In addition to the heptapeptide Ncps, N. edaphicum CCNP1411 produces a small amount of the
linear hexapeptide, Ncp-E4-L, whose putative structure is Tyr+Gly+Gln+Ile+Ser+MePro (Table 3,
Figure 9). This Ncp was detected only when higher biomass of Nostoc was extracted. As the proposed
amino acids sequence in this molecule is the same as the sequence of the first six residues in Ncp-A1
and Ncp-A2, the hexapeptide can be a precursor of the two Ncps. The other option is that the cell
concentration of the Ncps is self-regulated and the Ncp-E4-L is released through proteolytic cleavage
of the final products. This hypothesis could be verified when the role of the Ncps for the producer
is discovered. In the ncp gene cluster, the presence of ncpG encoding the NcpG peptidase, with high
homology to enzymes hydrolyzing D-amino acid-containing peptides was revealed by Becker et al. [17]
and also confirmed in this study. Therefore, the in-cell degradation of Ncps by the NcpG peptidase is
possible, but it probably proceeds at D-Gln and gives other products than Ncp-E4-L.

2.4. Production of Ncps by N. edaphicum CCNP1411

Apart from the structural analysis, we also made attempts to determine the relative amounts
of the individual Ncps produced by N. edaphicum CCNP1411. To exclude the effect of the extraction
procedure on the amounts of the detected peptides, different solvents and pH were applied. As the
process of Ncp linearization during long storage of the freeze-dried material was suggested [16], both
the fresh and lyophilized biomasses were analyzed. Regardless of the extraction procedure, Ncp-A2-L
with Phe in C-terminus was always found to be the main Ncp analogue (Figure 10A–D). In addition,
when MePro and Pro-containing peptide were compared separately, the peak intensity of the linear
Ncps with Phe in C-terminus (i.e., Ncp-A2-L and Ncp-E1-L) was higher than the Ncps with Leu. These
results might indicate preferential incorporation of Phe into the synthesized peptide chain.
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Figure 10. Relative cell contents of nostocyclopeptides extracted from 10 mg of lyophilized (A,B,D)
or 500 mg fresh (C) biomass of N. edaphicum CCNP1411 with MilliQ water (A), 50% methanol in
water (B), and 20% methanol in water (C,D). The cell content was expressed as peak intensity in
LC-MS/MS chromatogram.

The study also showed that the cell contents of the linear Ncps are higher than the cyclic ones.
(Figure 10A–D and Figure S8). The release of Ncps from the synthetase as linear aldehydes is catalyzed
by a reductase domain, located in the C-terminal part of the NcpB [17]. This reductive release triggers
the spontaneous, and enzyme independent, macrocyclization of the linear peptide [19,20]. The reaction
leads to the formation of a stable imino bond between the C-terminal aldehyde and the N-terminal
amine group of Tyr [19,20]. In N. edaphicum CCNP1411 cells, depending on the Ncp analogue,
the analyzed material (fresh or lyophilized) and extraction solvent, the cyclic Ncps constituted from
even less than 10% (Ncp-A2, fresh biomass) to over 90% of the linear peptide (Figure 10A–D and
Figure S8). In case of Ncp-A1, with MePro-Leu in C-terminus, the contribution of the cyclic form was
always most significant, and at pH 8 it reached up to 91.7% of the linear peptide aldehyde (Ncp-A1-L)
(Figure 10A–D and Figure S8). The cyclic analogues, Ncp-E1 and Ncp-E3 were produced in trace
amounts and their spectra were sporadically recorded. It was proven that the macrocyclization process
of Ncps is determined by the geometry of the linear peptide aldehyde and the conformation of D-Gln
and Gly is crucial for the folding and formation of the imino bond [19]. As these two residues are
present in all detected Ncps, then, probably other elements of the structure affect the cyclization
process, as well. We hypothesize that due to the steric hindrances, the cyclization of Ncp-A1 with
Leu in C-terminal position is easier than the cyclization of Ncp-A2 with Phe. As a consequence, the
proportion of the cyclic Leu-containing Ncp-A1 to the linear form of the peptide is higher.

Thus far, Ncps synthesis was reported in few Nostoc strains, and the structural diversity of the
peptides was found to be low. Other classes of NRPs were detected in cyanobacteria representing
different orders and genera, and within one class of the peptides numerous analogues were detected. For
example, the number of naturally produced cyclic heptapeptide microcystins (MCs), is over 270 [40,41]
and in one cyanobacterial strains even 47 MCs analogues were detected [40]. Cyanopeptolins
are produced by many cyanobacterial taxa and so far more than 190 structural analogues of the
peptides have been discovered [41]. In this work, cyanopeptolin gene cluster was identified in N.
edaphicum CCNP1411 and thirteen products of the genes were previously reported [6]. These peptides
contain seven amino acids and a short fatty acid chain, and only one element of the structure,
3-amino-6-hydroxy-2-piperidone (Ahp), is conserved [6]. The structural diversity of NRPs is generated
by frequent genetic recombination events and point mutations in the NRP gene cluster. The changes in
gene sequences affect the structure and substrate specificity of the encoded enzymes. The tailoring
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enzymes can further modify the product, leading to even higher diversity of the synthetized
peptides [42]. In case of Ncps, both the number of the producing organisms and the structural
diversity of the peptides are limited. Ncp-M1 from Nostoc living in symbiosis with gastropod [16] is
the only Ncp with structure distinctly different from Ncp-A1, Ncp-A2 and other Ncps described in
this work.

The diversity within one class of bioactive metabolites offers a good opportunity for
structure-activity relationship studies, without the need to synthesize the variants. The studies
are of paramount importance when the efficacy and safety of a drug candidate are optimized.
Therefore, in our future work, when sufficient quantities of pure Ncps are isolated, the activity of
individual analogues against different cellular targets will be tested and compared, in order to select
the lead compound for further studies.

3. Materials and Methods

3.1. Isolation, Purification and Culturing of Nostoc CCNP1411

Nostoc strain CCNP1411 was isolated in 2010 from the Gulf of Gdańsk, southern Baltic Sea,
by Dr. Justyna Kobos. Based on the 16S rRNA sequence (GenBank accession number KJ161445)
and morphological features, such as the shape of trichomes, cell size (4.56 ± 0.30 μm wide and
4.12 ± 0.72 μm long) and lack of akinetes [43,44], the strain was classified to N. edaphicum species.
Purification of the strain was carried out by multiple transfers to a liquid and solid (1% bacterial
agar) Z8 medium supplemented with NaCl to obtain the salinity of 7.3 [45]. To establish the strain
as a monoculture, free from accompanying heterotrophic bacteria, a third-generation cephalosporin,
ceftriaxone (100 μg/mL) (Pol-Aura, Olsztyn, Poland) was used. In addition, the purity of the culture
was regularly tested by inoculation on LA agar (solid LB medium with 1.5% agar) [46] and on agar
Columbia +5% sheep blood (BTL Ltd. Łódź, Poland), a highly nutritious medium, recommended for
fastidious bacteria. Cyanobacteria cultures were grown in liquid Z8 medium (100 mL) at 22 ± 1 ◦C,
continuous light of 5–10 μmol photons m−2 s−1. After three weeks of growth, the cyanobacterial
biomass was harvested by passing the culture through a nylon net (mesh size 25 μm) and then
freeze-dried before further processing.

3.2. Isolation and Sequencing of Genomic DNA

Genomic DNA of N. edaphicum CCNP1411 was isolated using SDS/Phenol method as described
previously [47,48]. DNA quality control was performed by measuring the absorbance at 260/230 nm,
template concentration was determined using Qubit fluorimeter (Thermo Fisher Scientific, Waltham,
MA, USA), and DNA integrity was analyzed by 0.8% agarose gel electrophoresis and by PFGE using
Biorad CHEF-III instrument (BioRad, Hercules, CA, USA).

Paired-end sequencing library was constructed using the NEB Ultra II FS Preparation Kit
(New England Biolabs, Beverly, CA, USA) according to the manufacturer’s instructions. The library
was sequenced using an Illumina MiSeq platform (Illumina, San Diego, CA, USA) with 2 × 300
paired-end reads. Sequence quality metrics were assessed using FASTQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) [49].

The long reads were obtained using the GridION sequencer (Oxford Nanopore Technologies,
Oxford, UK). Prior to long-read library preparation, genomic DNA was sheared into 30 kb fragments
using 26 G needle followed by size selection on Bluepippin instrument (Sage Science, Beverly, MA,
USA). DNA fragments above 20 kb were recovered using PAC30 kb cassette. 5 μg of recovered DNA
was taken for 1D library construction using SQK-LSK109 kit and 0.5 μg of the final library was loaded
into R9.4.1 flowcell and sequenced on MinION sequencer.
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3.3. Genome Assembling

Raw nanopore data was basecalled using Guppy v3.2.2 (Oxford Nanopore Technologies,
Oxford, UK). After quality filtering using NanoFilt [50] and residual adapter removal using
Porechop (https://github.com/rrwick/Porechop), the obtained dataset was quality checked using
NanoPlot [50]. Long nanopore reads were then assembled using Flye v2.6 [51]. Flye assembled
contigs were further polished using Illumina sequencing reads and Unicycler_polish pipeline
(https://github.com/rrwick/Unicycler).

3.4. Genome and NRPS Alignment

Genome assembly was annotated using the NCBI Prokaryotic Genome Annotation Pipeline [52]
with the assistance of prokka [53] refine annotation, with additionally curated database comprised of
sequences selected by Nostocales order from NCBI non-redundant and refseq_genomes (280 positions)
databases, enriched by 35 NRPS/PKS clusters selected by cyanobacteria phylum. To create circular
maps of N. edaphicum CCNP1411 genome, the CGView Comparison Tool [54] was engaged with
additional GC skew and GC content analyses.

Selected span for potential NRPS cluster was confirmed with BLASTn, BLASTp [55] and
antiSMASH [56]. ORFs start codons within a putative cluster were verified by the presence of
ribosome binding sites, 4–12 nucleotides upstream of the start codon. Schematic comparison of
ORF BLASTn from relative synthetases, AY167420.1 and CP026681.1, was visualized by EasyFig
program (http://mjsull.github.io/Easyfig/files.html). Annotated regions of NRPS span were subjected
for NCBI Conserved Domain Database search [57] with a set e-value threshold (10−3), determining
evolutionarily-conserved protein domains and motifs against CDD v3.18 database. Recognized motifs
were selected using samtools v.1.9 and were subjected for protein structure and function prediction
by I-TASSER [58], and results were confirmed with literature reports, PKS/NRPS Analysis Web-site
prediction [59] and reevaluated using MEGAX suite [60]. Amino-acid sequence was visualized by
BOXSHADE 3.2 program (https://embnet.vital-it.ch/software/BOX_form.html). Determination of
domain ligand binding and active sites was achieved using COFACTOR and COACH part of I-TASSER
analyses confirmed by MUSCLE amino acid alignment from MEGA X.

3.5. Data Deposition

Genomic sequences generated and analyzed in this study were deposited in the GenBank database
under BioProject number: PRJNA638531.

3.6. Extraction and LC-MS/MS Analysis

For LC-MS/MS analyses of Ncps, the lyophilized (10 mg DW) biomass of N. edaphicum CCNP1411
was homogenized by grinding with mortar and pestle, and extracted in 1 mL of milliQ water, 20%
methanol (pH 3.5, 6.0 and 8.0) and 50% methanol in water. The pH was adjusted with 0.5 M HCl and
1.0 M NaOH. In addition, the fresh material (500 mg FW) was extracted in 20% methanol in water. The
samples were vortexed for 15 min and centrifuged at 14,000 rpm for 10 min, at 4 ◦C. The collected
supernatants were directly analyzed by LC-MS/MS system.

The LC-MS/MS was carried out on an Agilent 1200 HPLC (Agilent Technologies, Waldbronn,
Germany) coupled to a hybrid triple quadrupole/linear ion trap mass spectrometer QTRAP5500
(Applied Biosystems MDS Sciex, Concord, ON, Canada). The separation was achieved on a Zorbax
Eclipse XDB-C18 column (4.6 mm ID × 150 mm, 5 μm; Agilent Technologies, Santa Clara, CA, USA).
The extract components were separated by gradient elution from 10% to 100% B (acetonitrile with 0.1%
formic acid) over 25 min, at a flow rate of 0.6 mL/min. As solvent A, 5% acetonitrile in MilliQ water
with 0.1% formic acid was used. The mass spectrometer was operated in positive mode, with turbo ion
source (5.5 kV; 550 ◦C). An information-dependent acquisition method at the following settings was
used: for ions within the m/z range 500–1100 and signal intensity above the threshold of 500,000 cps
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the MS/MS spectra were acquired within the m/z range 50–1000, at a collision energy of 60 eV and
declustering potential of 80 eV. Data were acquired with the Analyst ® Sofware (version 1.7 Applied
Biosystems, Concord, ON, Canada).

4. Conclusions

Genes coding for subunits of the non-ribosomal peptide synthetase, in nostocyclopeptide-
producing N. edaphicum CCNP1411, revealed differences in nucleotide compositions, compared to
the previously described ncp cluster of Nostoc sp. ATCC53789. Although the analysis of fragments
of genes coding for active sites and ligand binding sites of the conserved protein domains derived
from N. edaphicum CCNP1411 and Nostoc sp. ATCC53789 indicated identical amino-acid compositions,
residues within adenylation domains and substrate binding sites were different between compared
sequences. This finding may highlight sites prone to mutations within regions accounted for structure
and substrate stability. Analysis of ncp gene products in N. edaphicum CCNP1411 led to the detection of
new nostocyclopeptide analogues. However, modifications in their structure were minor and limited
to three positions of the heptapeptides. Although the naturally produced nostocyclopeptides were
previously described as cyclic structures, in N. edaphicum CCNP1411 they are mainly present as linear
peptide aldehydes, indicating a slow cyclization process.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/442/
s1. Figure S1: Structure and enhanced product ion mass spectrum of the cyclic nostocyclopeptide
Ncp-A1 cyclo [Tyr+Gly+Gln+Ile+Ser+MePro+Leu] identified based on the following fragment ions:
m/z 757 [M+H]; 739 [M+H−H2O]; 729 [M+H−CO]; 721 [M+H−2H2O]; 628 [M+H−MePro−H2O],
626 [M+H−Ile−H2O]; 594 [M+H−Tyr]; 549 [Tyr+Gly+Gln+Ile+Ser+H]; 541 [M+H−(Ser+MePro)−H2O],
446 [M+H−(Ile+Ser+MePro)]; 428 [M+H−(Ile+Ser+MePro)−H2O]; 386 [Gly+Gln+Ile+Ser+H]; 372
[MePro+Leu+Tyr+H]; 300 [Leu+Tyr+Gly+H−H2O]; 209 [MePro+Leu+H]; 181 [MePro+Leu+H−CO]; 86−Ile/Leu
immonium; 84 MePro immonium, Figure S2: Structure and enhanced product ion mass spectrum of
the linear peptide aldehyde Ncp-A1-L (linear aldehyde of Ncp-A1) Tyr+Gly+Gln+Ile+Ser+MePro+Leu
identified based on the following fragment ions: m/z 775 [M+H]; 757 [M+H – H2O]; 739
[M+H−2H2O]; 660 [M+H−Leu]; 549 [Tyr+Gly+Gln+Ile+Ser+H]; 531 [Tyr+Gly+Gln+Ile+Ser+H−H2O];
521 [Tyr+Gly+Gln+Ile+Ser+H−CO]; 532 [M+H−(MePro+Leu)−H2O]; 462 [Tyr+Gly+Gln+Ile+H]; 434
[Tyr+Gly+Gln+Ile+H−CO]; 386 [Gly+Gln+Ile+Ser+H]; 349 [Tyr+Gly+Gln+H]; 301 [Gln+Ile+Ser+H−CO];
227 [MePro+Leu+H]; 221 [Tyr+Gly+H]; 209 [MePro+Leu+H−H2O]; 181 [MePro+Ile+H−H2O−CO]; 148
[Tyr−NH2]; 136 Tyr immonium; 86−Ile/Leu immonium; 84, 101 (immonium),129 Gln; 84 MePro immonium,
Figure S3: Structure and enhanced product ion mass spectrum of the cyclic nostocyclopeptide Ncp-A2
cyclo[Tyr+Gly+Gln+Ile+Ser+MePro+Phe] identified based on the following fragment ions: m/z 791
[M+H]; 773 [M+H−H2O]; 763 [M+H−CO]; 755 [M+H−2H2O]; 745 [M+H−CO−H2O]; 678 [M+H−Ile]; 628
[M+H−Tyr]; 593 [M+H−(Ser+MePro)]; 549 [Tyr+Gly+Gln+Ile+Ser+H]; 531 [Tyr+Gly+Gln+Ile+Ser+H−H2O]; 480
[M+H−(Ile+Ser+MePro)]; 462 [Tyr+Gly+Gln+Ile+H]; 406 [MePro+Phe+Tyr+H]; 379 [MePro+Phe+Tyr+H−CO];
349 [Tyr+Gly+Gln+H]; 335 [Phe+Tyr+Gly+H−H2O]; 312 [Ile+Ser+MePro+H]; 307 [Phe+Tyr+Gly+H−H2O−CO];
243 [MePro+Phe+H]; 215 [MePro+Phe+H−CO]; 158 [Gly+Gln+H−CO]; 132 Phe; 84 MePro immonium, Figure
S4: Structure and enhanced product ion mass spectrum of the linear nostocyclopeptide aldehyde Ncp-A2-L
(linear aldehyde of Ncp-A2) Tyr+Gly+Gln+Ile+Ser+MePro+Phe identified based on the following fragment
ions: m/z 809 [M+H]; 791 [M+H−H2O]; 773 [M+H−2H2O]; 763 [M+H−CO−H2O]; 660 [M+H−Phe]; 628
[M+H−Tyr−H2O]; 549 [Tyr+Gly+Gln+Ile+Ser+H]; 531 [M+H−(MePro+Phe)−H2O]; 462 [Tyr+Gly+Gln+Ile+H];
434 [Tyr+Gly+Gln+Ile+H−CO]; 312 [Ile+Ser+MePro+H]; 261 [MePro+Phe+H]; 243 [MePro+Phe+H – H2O];
221 [Tyr+Gly+H], 193 [Tyr+Gly+ H−CO]; 148 [Tyr−NH2]; 136 Tyr immonium; 84, 101 (immonium), 129
Gln; 84 MePro immonium, Figure S5: Proposed structure and enhanced product ion mass spectrum
of cyclic nostocyclopeptide Ncp-E2 cyclo[Tyr+Gly+Gln+Ile+Ser+Pro+Leu] characterized based on the
following fragment ions: m/z 743 [M+H]; 725 [M+H−H2O]; 715 [M+H−CO]; 707 [M+H−2H2O]; 697
[M+H – H2O−CO]; 656 [M+H−Ser]; 638 [M+H−Ser−H2O]; 628 [M+H−Ser−CO]; 612 [M+H−Ile−H2O];
549 [Tyr+Gly+Gln+Ile+Ser+H]; 541 [M+H−(Ser+Pro)−H2O]; 531 [Tyr+Gly+Gln+Ile+Ser+H−H2O]; 428
[M+H−(Ile+Ser+Pro)−H2O]; 349 [Tyr+Gly+Gln+H]; 300 [Leu+Tyr+Gly+H−H2O]; 195 [Pro+Leu+H]; 167
[Pro+Leu+H−CO]; 84 Gln; 70 Pro immonium, Figure S6: Proposed structure and enhanced product ion
mass spectrum of the linear nostocyclopeptide aldehyde Ncp-E2-L (linear aldehyde of Ncp-E2) with general
structure Tyr+Gly+Gln+Ile+Ser+Pro+Leu characterized based on the following fragment ions: m/z 761 [M+H];
743 [M+H−H2O]; 725 [M+H−2H2O]; 549 [Tyr+Gly+Gln+Ile+Ser+H]; 532 [Tyr+Gly+Gln+Ile+Ser+H−H2O];
462 [Tyr+Gly+Gln+Ile+H]; 349 [Tyr+Gly+Gln+H]; 434 [Tyr+Gly+Gln+Ile+H−CO]; 300 [Ser+Pro+Leu+H]; 221
[Tyr+Gly+H]; 213 [Pro+Leu+H]; 195 [Pro+Leu+H−H2O]; 148 [Tyr−NH2]; 136 Tyr immonium; 84, 101 (immonium),
129 Gln; 70 Pro immonium, Figure S7: Proposed structure and enhanced product ion mass spectrum of cyclic
nostocyclopeptide Ncp-E3 cyclo[Tyr+Gly+Gln+Val+Ser+MePro+Leu] characterized based on the following
fragment ions: m/z 743 [M+H]; 725 [M+H−H2O]; 715 [M+H−CO]; 707 [M+H – 2H2O]; 697 [M+H−H2O−CO];
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645 [M+H−Val]; 580 [M+H−Tyr]; 527 [M+H−(Ser+MePro)−H2O]; 428 [M+H−(Val+Ser+MePro)−H2O];
410 [M+H−(Val+Ser+MePro)−2H2O]; 372 [Gly+Gln+Val+Ser+H]; 344 [Gly+Gln+Val+Ser+H−CO]; 300
[Leu+Tyr+Gly+H−H2O]; 233 [Leu+Tyr+H−CO]; 209 [MePro+Leu+H]; 181 [MePro−Leu+H−CO]; 84 MePro
immonium; 72 Val immonium, Figure S8: Relative contents of nostocyclopeptides extracted from 10 mg of
lyophilized biomass of N. edaphicum CCNP1411 with 20% MeOH of different pH (3.5, 6 and 8)
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Abstract: Cyanobactins are a large family of ribosomally synthesized and post-translationally modified
cyanopeptides (RiPPs). Thus far, over a hundred cyanobactins have been detected in different free-living
and symbiotic cyanobacteria. The majority of these peptides have a cyclic structure. The occurrence
of linear cyanobactins, aeruginosamides and virenamide, has been reported sporadically and in few
cyanobacterial taxa. In the current work, the production of cyanobactins by Limnoraphis sp. CCNP1324,
isolated from the brackish water Baltic Sea, has been studied for the first time. In the strain, eighteen
new aeruginosamide (AEG) variants have been detected. These compounds are characterized by the
presence of prenyl and thiazole groups. A common element of AEGs produced by Limnoraphis sp.
CCNP1324 is the sequence of the three C-terminal residues containing proline, pyrrolidine and
methyl ester of thiazolidyne-4-carboxylic acid (Pro-Pyr-TzlCOOMe) or thiazolidyne-4-carboxylic
acid (Pro-Pyr-TzlCOOH). The aeruginosamides with methylhomotyrosine (MeHTyr1) and with the
unidentified N-terminal amino acids showed strong cytotoxic activity against human breast cancer
cells (T47D).

Keywords: cyanobacteria; aeruginosamides; Limnoraphis; cytotoxicity

1. Introduction

Nonribosomal and ribosomal cyanobacterial peptides, with their structural diversity and modified
amino acid moieties, constitute one of the most interesting and biotechnologically promising groups of
marine natural products [1–5]. Ribosomally synthesized and post-translationally modified (RiPPs)
cyanobactins constitute a large family of compounds containing from three to twenty amino acids [6–9].
The biosynthesis of these metabolites starts with the encoding of a precursor peptide that undergoes
multiple cleavages leading to a release of a core peptide that is subjected to further enzymatic
modifications. The structure of cyanobactins is characterized by the presence of heterocyclized amino
acids, mainly cysteine (cyclized to thiazole or oxidized thiazoline), threonine and serine (cyclized
to oxazole or oxazoline) [6,7,10]. Cyanobactins can also contain prenyl or, more rarely, geranyl
groups. Other modifications include carboxylation of glutamine, hydroxylation of proline, valine or
lysine, bromination of tryptophan, acetylation of tyrosine, epimerization or formation of disulfate
bridge [7,10,11].
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Some cyanobactins, such as comoramides, keenamide A, patellamides and vineramides, exhibit
cytotoxic activity against several cancer cell lines [12–17]. Venturamides, another class of the peptides,
had strong in vitro antimalarial activity against Plasmodium falciparum [18]. Cyanobactins have been also
described as allelopathic agents. Nostocyclamide from Nostoc 31 inhibited the growth of cyanobacterial
strains representing other genera Anabaena, Synechococcus and Synechocystis, diatom Navicula minima
and chlorophyceae Nannochloris coccoides [19,20].

The first cyanobactins, ulicyclamide and ulithiacyclamide with cytotoxic activity, were isolated
from a tunicate Lissoclinum patella from Palau, Western Caroline Islands [21]. It was later established that
some cyanobactins were in fact produced by the ascidians symbiont, Prochloron spp. [22,23]. Thus far,
over a hundred cyanobactins have been detected in different free-living and symbiotic cyanobacteria.
Amongst others, these compounds have been found and chemically characterized in Anabaena
(anacyclamides) [24], Arthrospira (arthrospiramides) [25], Lyngbya (aesturamides) [26], Microcystis
(aerucyclamides, aeruginosamides, kawaguchipeptins, microcyclamide, microphycin) [15,27–30],
Scytonema (scytodecamide) [31] and Sphaerospermopsis (sphaerocyclamides) [32]. Cyanobactin gene
clusters were found in up to 30% of cyanobacteria representing Prochloron, Anabaena, Microcystis,
Arthrospira and other genera [6–8,24,33,34].

Initially, cyanobactins were described as cyclic peptides. Lawton et al. [28] reported the production
of a linear aeruginosamide by M. aeruginosa from bloom sample collected in Rutland Water reservoir
(Scotland). This peptide contained the diisoprenylamine and the carboxylated thiazole moieties and
was later called aeruginosamide A (AEG-A) [34]. Further studies revealed the presence of modified
linear cyanobactins: aeruginosamides B and C in Microcystis aeruginosa PCC 9432 and a virenamide
A in Oscillatoria nigro-viridis PCC 7112 [34].

In the current study, the potential of Limnoraphis to produce cyanobactins has been explored
for the first time. The non-targeted liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis of extract and fractions from Limnoraphis sp. CCNP1324, isolated from the brackish water
Baltic Sea, led to the detection of eighteen new aeruginosamide variants. In cell viability assays some
of the aeruginosamides produced by Limnoraphis sp. CCNP1324 showed cytotoxic activity against
human breast cancer cells (T47D).

2. Results and Discussion

The existing knowledge about the structural diversity of aeruginosamides and
aeruginosamide-producing cyanobacteria is limited. To date, only three aeruginosamides have
been detected [28,34] (Table 1), and no reports on cyanobactins or genes involved in their biosynthesis
in cyanobacteria of Limnoraphis genus have been published. In our work, the production and structural
diversity of cyanobactins produced by Limnoraphis sp. CCNP1324 from the Baltic Sea were studied.
As a result, eighteen new structural analogues of the linear aeruginosamides were characterized.

Of the eighteen AEGs produced by Limnoraphis sp. CCNP1324, the cell-bound content of AEG707,
estimated on the basis of chromatographic peak area, was the highest. Ten peptides were produced
in trace amounts and were only detected when a larger portion of cyanobacterial biomass was used
for the extraction (Table 1). The structure elucidation of AEGs was based on the mass fragmentation
spectra with characteristic immonium ions (e.g., at m/z 70 (proline Pro), 86 (isoleucine Ile/leucine
Leu), 120 (phenylalanine Phe), 134 (homophenylalanine Hph/N-methyl-phenylalanine N-MePhe),
136 (tyrosine Tyr), 164 (N-methyl-homotyrosine N-MeHTyr)) and a series of other fragment ions.
In addition, the collected product ion spectra were compared with the previously published spectra of
AEG-A [28], AEG-B and AEG-C [34].
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Table 1. Postulated structures of aeruginosamides (AEGs) described thus far, and identified in
Limnoraphis sp. CCNP1324.

Aeruginosamide
AEG

m/z Retention
Time [min]

Relative Peak
Area of

Extracted Ion
AEG Chemical Structure Reference

AEG-A 561 - - (Pre)2+Ile+Val+Pyr+TzlCOOMe [28]
571 (1),(2) 572 9.94 1.39 × 109 Tyr+Val+Pro+Pyr+TzlCOOMe This study
AEG-B 575 - - Pre+Phe+Phe+Pyr+TzlCOOMe [34]
595 (2) 596 5.12 T 187+Val+Pro+Pyr+TzlCOOMe This study
603 (2) 604 9.74 T Phe+Phe+Pro+Pyr+TzlCOOMe This study

625 (1),(2) 626 4.61 6.82 × 108 Pre+Tyr+Val+Pro+Pyr+TzlCOOH This study
639 (1),(2) 640 6.78 1.23 × 109 Pre+Tyr+Val+Pro+Pyr+TzlCOOMe This study
657 (1),(2) 658 2.27 5.8 × 108 Pre+Phe+Phe+Pro+Pyr+TzlCOOH This study

667 (2) 668 8.22 T Pre+MeHTyr+Val+Pro+Pyr+TzlCOOMe This study
671 (1),(2) 672 9.24 4.45 × 108 Pre+Phe+Phe+Pro+Pyr+TzlCOOMe This study
AEG-C 674 - - Pre+Phe+Phe+Pro+Val+TzlCOOMe [34]
681a (2) 682a 7.16 T Pre+205+Val+Pro+Pyr+TzlCOOMe This study
681b (2) 682b 11.78 T 225+Phe+Pro+Pyr+TzlCOOMe This study
683 (2) 684 12.34 T Pre+207+Val+Pro+Pyr+TzlCOOMe This study
685 (2) 686 12.62 T Pre+Phe+Hph/MePhe+Pro+Pyr+TzlCOOMe This study

693 (1),(2) 694 9.10 2.85 × 109 (Pre)2+Tyr+Val+Pro+Pyr+TzlCOOH This study
705 (2) 706 8.73 T (Pre)2+Hph/MePhe+Val+Pro+Pyr+TzlCOOMe This study

707 (1),(2) 708 9.76 8.69 × 109 (Pre)2+Tyr+Val+Pro+Pyr+TzlCOOMe This study
721 (1),(2) 722 10.12 1.89 × 108 (Pre)2+Tyr+Ile/Leu+Pro+Pyr+TzlCOOMe This study

735 (2) 736 11.26 T Pre+225+Phe+Pro+Pyr+TzlCOOH This study
749 (2) 750 11.50 T Pre+225+Phe+Pro+Pyr+TzlCOOMe This study

(1) Detected in the 10 mg extract. (2) Detected in the 20 g extract and flash fractions from CCNP1324.T traces
of AEGs detected in 10 mg extract. Hph: homophenylalanine; MePhe: N-methy-phenylalanine; Ile/Leu:
isoleucine/leucine; Phe: phenylalanine, Pre: prenyl group; Pro: proline; Pyr: pyrrolidine; Tyr: tyrosine;
MeHTyr: N-methyl-homotyrosine; TzlCOOH: thiazolidyne-4-carboxylic acid; TzlCOOMe: methyl ester of
thiazolidyne-4-carboxylic acid; Val: valine; 187, 205, 225: unknown residues.

Thiazole (Tzl) group, a characteristic element of numerous cyanobactins [6,7,25,35] was present in
all AEGs produced by Limnoraphis sp. CCNP1324. In the fragmentation spectra, TzlCO gave a peak
at m/z 112, while the ion at m/z 144 was indicative of methyl ester of thiazolidyne-4-carboxylic acid
(TzlCOOMe) (Figures 1–3, Figures S1, S2, S5–S11 and S13). In the spectra of four AEGs, the ion at m/z 112
was present but instead of the m/z 144 ion, the ion at m/z 130 occurred, suggesting a modification in the
ester group of TzlCOOMe. In the spectra of these peptides, instead of ions at m/z 213 (Pyr+TzlCOOMe)
and m/z 310 (Pro+Pyr+TzlCOOMe), there were peaks at 14 units lower values, i.e., m/z 199 and 296.
Pyr stands for pyrrolidine ring which constitutes a part of the proline structure. The 14-unit shift in the
m/z value of the ions, compared to TzlCOOMe-containing peptides, and the ion at m/z 112 indicated the
presence of thiazolidyne-4-carboxylic acid (TzlCOOH). Such modifications were observed in AEG625
(Figure 4), AEG657 (Figure S3), AEG693 (Figure 5) and AEG735 (Figure S12) (Table 1). The three
C-terminal residues in aeruginosamides identified in CCNP1324, were found to be conserved. In other
AEGs identified thus far the residues adjacent to TzlCOOMe were Val (valine)+Pyr [28], Phe+Pyr or
Pro+Val [34] (Table 1).
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Figure 1. Chemical structure and enhanced product ion mass spectrum of aeruginosamide
AEG571 Tyr+Val+Pro+Pyr+TzlCOOMe identified based on the following fragment ions:
572 [M+H], 428 [M+H–TzlCOOMe], 409 [Val+Pro+Pyr+TzlCOOMe], 361 [M+H–Pyr+TzlCOOMe],
310 [Pro+Pyr+TzlCOOMe+H], 263 [Tyr+Val+H], 235 [Tyr+Val+H–CO], 213 [Pyr+TzlCOOMe+H],
144 [TzlCOOMe], 136 Tyr immonium ion, 112 TzlCO, 70 Pro immonium ion.

Figure 2. Chemical structure and enhanced product ion mass spectrum of aeruginosamide
AEG639 Pre+Tyr+Val+Pro+Pyr+TzlCOOMe identified based on the following fragment ions:
640 [M+H], 572 [M+H–Pre], 409 [Val+Pro+Pyr+TzlCOOMe], 391 [Val+Pro+Pyr+TzlCOOMe–H2O],
360 [Tyr+Val+Pro+H], 331 [Pre+Tyr+Val+H], 310 [Pro+Pyr+TzlCOOMe+H], 303 [Pre+Tyr+Val+H–CO],
263 [Tyr+Val+H], 235 [Tyr+Val+H–CO], 213 [Pyr+TzlCOOMe+H], 204 [Pre+Tyr+H–CO],
144 [TzlCOOMe], 136 Tyr immonium ion, 112 TzlCO, 72 Val immonium ion, 70 Pro immonium ion.
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Figure 3. Chemical structure and enhanced product ion mass spectrum of aeruginosamide
AEG671 Pre+Phe+Phe+Pro+Pyr+TzlCOOMe identified based on the following fragment ions:
672 [M+H], 604 [M+H–Pre], 457 [M+H–(Pre+Phe)], 439 [M+H–(Pre+Phe)–H2O], 392 [Phe+Phe+Pro+H],
363 [Pre+Phe+Phe+H], 335 [Pre+Phe+Phe+H–CO], 310 [Pro+Pyr+TzlCOOMe+H], 295 [Phe+Phe+H],
267 [Phe+Phe+H–CO], 213 [Pyr+TzlCOOMe+H], 188 [Pre+Phe+H–CO], 144 [TzlOMe], 136 Tyr
immonium ion, 120 Phe immonium ion; 112 TzlCO, 70 Pro immonium ion.

 
Figure 4. Chemical structure and enhanced product ion mass spectrum of aeruginosamide
AEG625 Pre+Tyr+Val+Pro+Pyr+TzlCOOH identified based on the following fragment ions:
626 [M+H], 558 [M+H–Pre], 296 [Pro+Pyr+TzlCOOH+H], 263 [Tyr+Val+H], 332 [Tyr+Val+Pro+H–CO],
235 [Tyr+Val+H–CO], 199 [Pyr+TzlCOOH+H], 130 [TzlCOOH], 136 Tyr immonum ion, 112 TzlCO,
70 Pro immonium ion.
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Figure 5. Chemical structure and enhanced product ion mass spectrum of aeruginosamide AEG693 (Pre)2+
Tyr+Val+Pro+Pyr+TzlCOOH identified based on the following fragment ions: 694 [M+H], 626 [M+H–Pre],
558 [M+H–(Pre)2], 477 [(Pre)2+Tyr+Val+Pro+H–H2O], 428 [Pre+Tyr+Val+Pro+H], 400 [Pre+Tyr+Val+
Pro+H–CO], 370 [(Pre)2+Tyr+Val+H–CO], 331 [Pre+Tyr+Val+H],303 [Pre+Tyr+Val+H–CO],
295 [Pro+Pyr+TzlCOOH+H], 272 [(Pre)2+Tyr+H–CO], 235 [Tyr+Val+H–CO], 204 [Pre+Tyr+H–CO],
199 [Pyr+TzlCOOH+H], 130 [TzlOH], 136 Tyr immonium ion, 112 TzlCO, 72 Val immonium ion, 70 Pro
immonium ion.

Tyr1 was found to be the most frequent residue at the N-terminus and was present in six out
of eighteen AEGs identified in this study. In other AEGs produced by Limnoraphis sp. CCNP1324,
this position was occupied by MeHTyr1, Phe1 or Hph1 (Table 1, Figures 1–5 and Figures S1–S13). In the
case of six AEGs (m/z [M+H] 596, 682a, 682b, 684, 736 and 750) we were not able to fully elucidate the
structure and identify the N-terminal residue. Based on the fragmentation spectrum it was concluded
that the residues gave strong immonium ions at m/z 160, 178, 180 and 198 and their residue masses were
187, 205, 207 and 225 respectively. In previously described linear cyanobactins such as virenamide A–C,
aeruginosamide B and C, and viridisamide A, Phe1 was the most commonly identified N-terminal
residue [12,34]. In other cyanobactins, position 1 was occupied by Ile [28,36] or Val [37]. The high
residue masses of the unidentified amino acids and a frequent occurrence of aromatic amino acids
at N-terminus of AEGs produced by Limnoraphis sp. indicated the presence of modified Tyr or Phe
variants in this position. In some RiPPs, such as cyanobactins and microviridins, the presence of
acetylated Tyr (AcTyr) was reported [11,38]. Based on the mass fragmentation spectrum, the presence
of AcTyr1 in AEG681a is also possible (Figure S5). The position 2 in AEGs produced by Limnoraphis sp.
CCNP1324 was least conserved and occupied by both aliphatic and aromatic amino acids: Val, Ile, Phe
and Hph/MePhe (Table 1, Figures 1–5 and Figures S1–S13).

Limnoraphis sp. CCNP1324 synthesizes aeruginosamides with two, one and no prenyl groups at
N-terminus (Table 1, Figures 1–5 and Figures S1–S13). The presence of prenyl was confirmed by the loss
of one or two 68-Da fragments from the pseudomolecular ion of the analyzed peptides. The differences
in retention times between AEGs without and with prenyl group (Table 1), indicate that the former
ones are not the products of in-source degradation. In other cyanobactins, the number of Pre groups
also varied depending on the peptide. Doubly prenylated cyanobactin, virenamide A, was reported
from D. virens [12], while monoprenylated AEG-B, AEG-C, viridisamide A [34] and virenamide B and
C [12] were identified in M. aeruginosa PCC9432, O. nigro viridis PCC7112 and D. virens, respectively.
Prenyl groups at both C- and N-terminus were found in muscoride A and B from N. muscorum IAM
M-14, Nostoc sp. PCC7906 and Nostoc sp. UMCC0398 [36,37].
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Due to the chromatographic behaviour of AEG671, which allowed for the isolation of the
peptide (1 mg) as a pure compound, the structural analyses with application of Nuclear Magnetic
Resonance (NMR) were possible. Unfortunately, under the chromatographic conditions used in the
current study, the majority of the detected aeruginosamides were poorly separated. They occurred in
the chromatograms as broad peaks or/and co-eluted with other components of Limnoraphis extract.
The NMR analyses of the isolated AEG671 confirmed the correctness of structure elucidation performed
based on the MS/MS fragmentation pattern of pseudomolecular ion. The 1H NMR spectrum of
the studied compound displayed a typical pattern of a peptide. The Correlation Spectroscopy
COSY, Total Correlation Spectroscopy TOCSY and Heteronuclear Multiple Bond Correlation HMBC
data (Figures S14–S19) allowed for the identification of the residues in AER671 as Dma (Dma = 1,
1-dimethylallyl), Phe, Phe, Pro, Pyr and TzlCOOMe (Table 2, Figure 6). Proton and carbon chemical
shifts unambiguously showed that the prenyl group in the studied compound was in reverse prenyl, 1,
1-dimethylallyl form.

Figure 6. Key Rotation Frame Nuclear Overhauser Effect Spectroscopy ROESY and Heteronuclear
Multiple Bond Coherence HMBC correlations for aeruginosamide AEG671.

The signals occurring in the aromatic region of the spectrum (δH 7.1–7.5 ppm) and the TOCSY
interaction between 19 (26), 20 (27) and 21 (28) protons were indicative of the presence of two aromatic
phenylalanine residues in the molecule. The existence of proline residue and pyrrolidine ring was
confirmed by their characteristic spin systems in the TOCSY spectrum. HMBC correlation of proton
6 (δH 5.32 ppm) to thiazole carbon 5 (δC 173.4 ppm) confirmed the connection of Pyr to Tzl ring.
The presence of methyl thiazole-carboxylate was shown by characteristic proton (δH 3.81 ppm) and
carbon (δC 51.1 ppm) chemical shifts and HMBC correlation of methyl protons 1 (δH 3.81 ppm) to
carbon 2 (δC 160.3 ppm), and by HMBC and Heteronuclear Single Quantum Correlation HSQC of
proton 4 (δH 8.43 ppm) to carbons 2 (δC 160.3 ppm), 5 (δC 173.4 ppm), and 4 (δC 128.0 ppm).
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Table 2. Nuclear Magnetic Resonance NMR Spectroscopic Data (500 MHz, dimethyl sulfoxide-d6

DMSO-d6) for aeruginosamide AEG371 (Dma-Phe-Phe-Pro-Pyr-Tzl-COOMe).

Residue Position äC, Type äH (J in Hz) ROESY a HMBC b

Tzl-COOMe

1 51.1, CH3 3.81, s 4 2

2 160.3, C

3 144.5, C

4 128.0, CH 8.43, s 1 2, 5

5 173.4, C

Pyr

6 57.5, CH 5.32, dd (8.2, 2.4)

5
7 30.5, CH2

2.05, m
2.27, m

8 23.3, CH2
1.87, m
1.96, m

9 45.9, CH2 3.70, m 11

Pro

10 169.7, C

11 56.7, CH 4.68, brs 9 10

12 27.1, CH2
1.81, m
2.20, m

13 23.7, CH2 2.04, m

14 46.0, CH2
3.50, m

163.66, m

Phe

15 168.2, C

16 50.0, CH 4.77, brs 14 15, 18

17 36.1, CH2
2.76, dd (14.1, 8.8)

19 15, 16, 182.97, dd (14.1, 4.3)

18 136.3, C

19 128.6, CH 7.11, d (7.1) 17

20 127.1, CH 7.23, m

21 125.3, CH 7.18, m

NH(1) 8.18, d (8.9) 23 22

Phe

22 173.3, C

23 57.1, CH 3.03, dd (9.0, 4.2) 30, NH(1) 29

24 39.6, CH2
2.35, dd (13.3, 9.0)

26 22, 23, 252.67, dd (13.3, 4.1)

25 137.4, C

26 128.6, CH 7.11, d (7.1) 24

27 127.1, CH 7.23, m

28 125.4, CH 7.18, m

NH(2)

Dma c

29 53.2, C

30 24.7, CH3 0.79, s 23

31 26.6, CH3 0.76, s 32

32 144.9, CH 5.26, dd (17.5, 10.7) 31 29, 31

33 110.9, CH2 4.72, m
a ROESY Rotation Frame Nuclear Overhauser Effect Spectroscopy; b HMBC correlations are given from proton(s)
stated to the indicated carbon atom; c Dma: 1,1-dimethylallyl.
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Apart from reversed prenyl as present in AEG671, cyanobactins can also contain a forward prenylated
N-terminus (e.g., AEG-A [28] and virenamide A [12]), as well as, a forward C-, and reverse prenylated
N-terminus (muscoride A [36]) or forward prenylated both C- and N-termini (muscoride B [37]).

Protein prenylation is an important posttranslational modification which increases the lipophilicity
and affinity of compounds for biological membranes [39–41]. Prenylation also increases the biological
activity of natural products [42,43]. The cytotoxic activities of prenylated licoflavone C and
isobavachinas from plants, as well as their non-prenylated analogues (apigenin, liquiritigenin),
were examined against glioma (C6) and rat hepatoma (H4IIE) cells. The prenylated compounds
showed pronounced cytotoxicity against both types of cells while their non-prenylated analogues were
weakly active [42].

The activity of cyanobactins and cyanobactin-like peptides has been tested against bladder
carcinoma (T24), colon adenocarcinoma (HT29), lung carcinoma (A549) and murine leukemia (P388)
cell lines, proving the pharmacological potential of these compounds [12–17]. Cyanobactins also
showed multidrug-resistance reversing activity [44].

The existing knowledge about the activity of aeruginosamides is scarce. To date, only mild
cytotoxic effects of aeruginosamide A against human ovarian tumor (A2780) and human leukemia
(K562) cells have been reported [28]. In our work, the cytotoxic activity of three chromatographically
separated samples labelled as A, B and C, was tested against T47D cancer cells. The sample marked as
A contained AEG671, sample B contained partially separated AEG681a and, in sample C, a mixture
of AEG681a and AEG667 was present. After 24-h exposure, sample B containing partially separated
AEG681a with unknown residue in position 1 (residue mass 205) reduced the relative cell viability to
4.2% ± 0.5% at 200 μg mL−1. Sample C, containing a mixture of AEG681a and AEG667 (with MeHTyr1),
reduced the relative cell viability to 21% ± 1.2% at 200 μg mL−1. These effects were dose dependent.
No activity was observed for Phe1 containing AEG671 present in sample A. Unfortunately, the cytotoxic
peptides with the unidentified residues are produced by Limnoraphis sp. CCNP1324 in minute amounts
(Table 1), which seriously restricts the ability to perform more detailed structural analyses with the
application of NMR technique.

The vast structural diversity of AEGs, as well as the cytotoxic activity of some of the variants, create
an opportunity for more detailed studies on the structure-activity relationship. Several cyanobacterial
peptides are already in clinical or pre-clinical trials as potent anti-cancer agents [45]. The most successful
was the development of Auristatine (brentuximab vedotin), a synthetic analogue of dolastatin 10
isolated from Dolabella auricularia, but actually produced by the cyanobacterium Symploca sp. [46].
This microtubule-impacting agent was approved by the Food and Drug Administration (FDA), and is
globally used in the treatment of Hodgkin’s lymphoma [47].

3. Materials and Methods

Limnoraphis sp. CCNP1324 was isolated from the Puck Bay in the Southern Baltic Sea (54.45 N,
18.30 E) by Dr. Justyna Kobos in 2012. The strain was obtained from the Culture Collection of
Northern Poland (CCNP) at the University of Gdańsk and grown in F/2 medium (7 PSU), at 22 ◦C ± 0.5,
with constant illumination (10 μM photons m−2 s−1) provided by standard cool white fluorescent lamps.

3.1. Extraction and Isolation

Freeze-dried Limnoraphis CCNP1324 cells were homogenized using mortar and pestle. The ground
cyanobacterial biomass (10 mg) was extracted with 75% methanol in MilliQ water (1 mL) by vortexing
(5 min). The sample was then centrifuged (10,000× g; 15 min; 4 ◦C) and the content of aeruginosamides
in the obtained supernatant was analyzed using LC-MS/MS.

For fractionation and isolation of aeruginosamides, the homogenized biomass (20 g) was extracted
twice with 75% methanol in MilliQ water (2 × 500 mL) by vortexing (20 min). After centrifugation
(4000× g; 15 min; 4 ◦C), the supernatants were combined and diluted with MilliQ water, so that the
final concentration of MeOH in the extract was <10%. For flash and preparative chromatography

57



Mar. Drugs 2020, 18, 446

a Shimadzu HPLC system model LC-20AP (Shimadzu, Canby, OR, USA) equipped with isocratic and
binary pumps, a fraction collector and photodiode array detector (PDA) was used. PDA operated in
a range from 190 nm to 500 nm and, during all chromatographic runs, the absorbance at 210 nm and
280 nm was recorded.

To perform flash chromatography, the aqueous methanol extract (MeOH < 10%) was loaded onto
a preconditioned 120 g SNAP KP-C18-HS cartridge (Biotage Uppsala, Sweden) using an isocratic pump,
at a flow rate of 15 mL min−1. Components of the extract were separated with a mixture of a mobile
phase composed of MilliQ water (A1) and 100% MeOH (B1). The gradient started at 10% B1 and went
to 30% B1 within 20 min. After 90 min, the content of B1 increased to 70% and was kept at that level for
10 min before increasing to 100% B1 within the next 30 min. The flow rate of the eluent was 20 mL m−1

and 50 mL fractions were collected.
AEGs-containing flash fractions, eluted with 86–93% B1 (Prep1), and 58–68% B1 (Prep2),

were combined and concentrated in a centrifugal vacuum concentrator (MiVac, SP Scientific, Ipswich,
UK). Dried samples (Prep1 and Prep2) were first solubilized using 0.6 mL of 60% MeOH, followed by
0.6 mL of 20% MeOH. After centrifugation, the supernatants were loaded onto a preparative column
using the Rheodyne injector. The sample components were separated on a Jupiter Proteo C12 column
(250 × 21.2 mm; 4 μm; 90 Å) (Phenomenex, Aschaffenburg, Germany) with a mobile phase composed
of 5% acetonitrile in MilliQ water (A2) and acetonitrile (B2), both with the addition of 0.1% formic acid.
During the separation process the flow rate was 20 mL m−1 and 4 mL fractions were collected.

In the case of fractions 86–93% (Prep1), the gradient started at 20% B2, then went to 30% B2 in
25 min, after 10 min B2 reached 90%. After another 2 min, B2 increased to 100% and was kept at that
level for 13 min. Fractions eluted with 25–27% B2 (vials 75–103) and containing an isolated single peak
were pulled, vacuum concentrated and marked as sample A (1 mg). Fractions eluted with 23–25% B2

(vials 40–74), which also corresponded to a single peak in HPLC-PDA chromatogram, were pulled,
evaporated to dryness and marked as sample B (0.9 mg).

The preparative separation of flash fractions 58–68% B1 (Prep2) started at 15% B2 and went to 30%
B2 in 20 min, after 10 min B2 reached 90%. After another 2 min, B2 increased to 100% and was kept at
that level for 8 min. Fractions eluted with 24–27% B2 (with AEGs) were prepared as described above
and subjected to further separation. In the subsequent run, the gradient started at 5% B2 and went to
40% B2 in 20 min, after 5 min B2 reached 100% and was kept at that level for 5 min. Fractions eluted
with 27–37% B2, containing a single peak were pulled evaporated to dryness and marked as sample
C (1.2 mg). The samples A, B and C were subjected to LC-MS/MS analyses and cytotoxicity assays.
For sample A, the NMR analyses were additionally performed.

3.2. LC-MS/MS Analysis

The contents of cyanobacterial extracts, fractions and isolated compounds, were analyzed with the
application of an Agilent 1200 (Agilent Technologies, Waldboronn, Germany) HPLC system coupled
with a hybrid triple quadrupole/linear ion trap mass spectrometer (QTRAP5500, Applied Biosystems,
Sciex, Concorde, ON, Canada). For peptide separation a Zorbax Eclipse XDB-C18 column (4.6× 150 mm;
5 μm) (Agilent Technologies, Santa Clara, CA, USA) was used. The mobile phase was composed of
a mixture of 5% acetonitrile in MilliQ water (A2) and acetonitrile (B2), both with the addition of 0.1%
formic acid. A gradient elution at 0.6 mL min−1 was applied. The system operated in positive mode
with a turbo ion spray (550 ◦C; 5.5 kV). The non-targeted information-dependent acquisition (IDA)
mode was applied to screen the content of the samples. Fragmentation spectra of ions within the m/z
range 400–1000, and signal intensity above 500,000 cps were collected, at a collision energy of 60 ± 20 eV.
The structures of aeruginosamides were additionally characterized using targeted enhanced product
ion (EPI) mode.
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3.3. NMR Analysis

The 1D 1H NMR and 2D homo- and heteronuclear NMR (COSY, TOCSY, ROESY, HSQC,
and HMBC) were acquired with the application of a Varian Unity Inova 500 spectrometer (500
MHz). Spectra were recorded in dimethyl sulfoxide-d6 (DMSO-d6). NMR data were processed and
analyzed by TopSpin (Bruker, Billerica, MA, USA) and SPARKY software (3.114, Goddard and Kneller,
freeware (https://www.cgl.ucsf.edu/home/sparky).

3.4. Cytotoxicity Assays

The cytotoxic activity of the isolated and identified AEG671 as well as the activity of two
other samples containing AEGs as the main components was tested. For the purpose the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assays with the application of
a human breast adenocarcinoma cell line T47D (Merck KGaA, Darmstadt, Germany) were performed
as described by Felczykowska et al. [48] and Szubert et al. [49]. T47D cells were plated at 1 × 104 cells
per well of 96-well plate containing RPMI1640 (Carl Roth GmbH) medium supplemented with 10%
fetal bovine serum (Merck KGaA) and penicillin-streptomycin solution (50 u and 0.05 mg per 1 mL of
medium respectively; Merck KGaA) (24 h at 37 ◦C, 5% CO2). The cytotoxic effects of tested samples
dissolved in 1% DMSO, at final concentrations 25, 50, 100 and 200 μg ml−1 (in culture medium) were
examined after 24 h incubation (37 ◦C, 5% CO2) using a microplate reader (Spectramax i3, Molecular
Devices, LLC. San Jose, CA, USA). Cell viability was calculated as the ratio of the mean absorbance
value, for the six replicates containing the samples, to the mean absorbance of the six replicates of
the corresponding solvent control, and expressed as a percentage. The results were considered as
significant when cell viability decreased below 50%.

4. Conclusions

In this work, Limnoraphis sp. CCNP1324 was revealed to be a new producer of aeruginosamides.
Some of the peptides were cytotoxic against a breast cancer cell line. The cytotoxic activity of these
compounds is probably determined by the unknown amino acid residues in N-terminal position.
Unfortunately, the data collected with MS/MS were insufficient to resolve their structures. LC-MS/MS
analyses of samples are key elements of bioassay-guided fractionation and structure characterization
of bioactive metabolites. Due to high sensitivity and selectivity, trace amounts of the compounds
in complex matrices can be detected. However, like any technique, it has also some limitations.
The unequivocal elucidation of peptide structure with unknown modifications is impossible or bears
a high risk of error. Therefore, in our future work, the chromatographic conditions have to be further
optimized, to isolate the bioactive peptides in sufficient amounts for structural analysis by NMR.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/446/s1,
Figures S1–S13. Enhanced product ion mass spectrum of aeruginosamides: AER595, AEG603, AEG657, AER667,
AER681a, AER681b, AER683, AER685, AEG705, AEG707, AEG721, AER735, AER749, Figure S14. 1H NMR
Spectrum of aeruginosamide AEG671 in DMSO-d6, Figure S15. COSY Spectrum of aeruginosamide AEG671 in
DMSO-d6, Figure S16. TOCSY Spectrum of aeruginosamide AEG671 in DMSO-d6, Figure S17. ROESY Spectrum
of aeruginosamide AEG671 in DMSO-d6, Figure S18. HSQC Spectrum of aeruginosamide AEG671 in DMSO-d6,
Figure S19. HMBC Spectrum of aeruginosamide AEG671 in DMSO-d6.
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Abstract: Aspergillus terreus has been reported to produce many secondary metabolites that exhibit
potential bioactivities, such as antibiotic, hypoglycemic, and lipid-lowering activities. In the
present study, two new thiodiketopiperazines, emestrins L (1) and M (2), together with five known
analogues (3–7), and five known dihydroisocoumarins (8–12), were obtained from the marine-derived
fungus Aspergillus terreus RA2905. The structures of the new compounds were elucidated by
analysis of the comprehensive spectroscopic data, including high-resolution electrospray ionization
mass spectrometry (HRESIMS), one-dimensional (1D) and two-dimensional (2D) nuclear magnetic
resonance (NMR), and electronic circular dichroism (ECD) data. This is the first time that the
spectroscopic data of compounds 3, 8, and 9 have been reported. Compound 3 displayed antibacterial
activity against Pseudomonas aeruginosa (minimum inhibitory concentration (MIC) = 32 μg/mL) and
antifungal activity against Candida albicans (MIC = 32 μg/mL). In addition, compound 3 exhibited an
inhibitory effect on protein tyrosine phosphatase 1 B (PTP1B), an important hypoglycemic target,
with an inhibitory concentration (IC)50 value of 12.25 μM.

Keywords: marine-derived fungus; Aspergillus terreus; thiodiketopiperazines; dihydroisocoumarins

1. Introduction

Marine fungi, and particularly the genus Aspergillus, have proven to be a prolific source of
structurally novel and biologically active secondary metabolites that play an eminent role in drug
discovery progress [1,2]. A wide array of bioactive compounds, including xanthones, alkaloids, cyclic
peptides, and terpenes, have been isolated from marine-derived fungi of Aspergillus species [3,4].
Among them, thiodiketopiperazines alkaloids (TDKPs) are an important class of secondary metabolites
divided into nearly twenty distinct families, and characterized by the presence of a diketopiperazine
core featuring thiomethyl groups and/or transannular sulfide bridges [5]. These compounds have
been reported to exhibit a broad range of biological properties, including immunosuppressive [6],
cytotoxic [7], antibacterial [8], antiviral [9], and anti-angiogenic activities [10]. Specifically, Aspergillus
terreus has been reported to produce diverse secondary metabolites that display multiple bioactivities,
such as antibiotic, hypoglycemic, and lipid-lowering activities [3,4,11].
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During our ongoing research for novel bioactive secondary metabolites from marine-derived
Aspergillus species, we found a series of bioactive natural products with antifungal, antibacterial,
antiviral, antifouling, and cytotoxic activities [12]. In the present study, the chemical investigation of
the ethyl acetate (EtOAc) extract of Aspergillus terreus RA2905, isolated from the fresh inner tissue of the
sea hare Aplysia pulmonica, resulted in the identification of two new thiodiketopiperazines, emestrins
L (1) and M (2), as well as five known analogues (3–7), and five known dihydroisocoumarins (8–12)
(Figure 1). Herein, we report the isolation, structural determination, and bioactivity evaluation of
these compounds.
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Figure 1. The structures of the compounds.

2. Results

The marine-derived fungus Aspergillus terreus RA2905 demonstrated a rapid growth rate on
the potato dextrose agar (PDA) plate and produced mature colonies in 3 days. The colonies were
characterized by a brown velvety surface (Figure S1). They were cultivated in starch liquid medium at
180 rpm and 28 ◦C for 7 days. The EtOAc extract (12.5 g) was subjected to column chromatography and
semi-preparative high-performance liquid chromatography (HPLC) to yield compounds 1–12, which
consisted of two new thiodiketopiperazines, emestrins L (1) and M (2), five known thiodiketopiperazines,
emethacin C (3) [13], emethacin B (4) [14], bisdethiobis(methylsulfanyl)acetylapoaranotin (5) [15],
bisdethiobis(methylsulfanyl)acetylaranotin (6) [16], and alternarosin A (7) [17], and five known
dihydroisocoumarins, (3R)-8-methoxy-6-hydroxymellein (8) [18], (3R)-6,7,8-trihydroxymellein (9) [19],
cis-4,6-dihydroxymellein (10) [20], (3R)-6,7-dimethoxymellein (11) [21], and (3R)-6-hydroxymellein
(12) [22].

2.1. Structure Elucidation

Emestrin L (1) was obtained as a white powder with the molecular formula C22H24N2O6S2

established by the HRESIMS spectrum, indicating 12 degrees of unsaturation. The stretch signals
at 3600, 3395, 2998, 2913, 1646, 1436, and 1314 cm-1 in the infrared (IR) spectrum suggested the
presence of aromatic and carbonyl groups in 1. The 1H NMR spectroscopic data revealed the signal
characteristics of the ortho-substituted phenyl group (H-6′ to H-9′) (Table 1), which were supported by
the corresponding 1H-1H correlation spectroscopy (COSY) and heteronuclear multiple bond correlation
(HMBC) correlations, as shown in Figure 2. A total of 22 carbon atoms, including two thiomethyl carbons
(δH 2.13, δC 14.4; δH 2.25, δC 13.8), one acetyl methyl (δH 1.99, δC 21.3), two heteroatom-substituted
methane carbons, two methylene carbons, two saturated quaternary carbons (heteroatom-substituted),
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ten olefinic carbons (seven protonated), and three carbonyl carbons were observed in the 13C NMR
spectrum (Table 1). The HMBC correlations from H-10 to C-2, from H-10′ to C-2′, from H-3 to C-1,
and from H-3′ to C-1′ indicated the presence of a disulfide diketopiperazine skeleton in 1 (Figure 2).
The ortho-substituted aromatic ring was connected with the diketopiperazine moiety via a methylene
bridge of C-3′ based on the HMBC correlations from H-3′ to C-4′/C-5′/C-9′. The 1H−1H COSY data
showed the presence of an isolated spin system corresponding to the C-6−C-7−C-8−C-9 fragment. A
4,5-dihydrooxepine existed in 1 based on the key HMBC correlations from H-5 to C-3/C-6/C-9 and from
H-6 to C-5/C-7/C-8, along with the chemical shifts of C-5 (δC 137.6), C-6 (δC 140.3), and C-9 (δC 61.5).
The HMBC correlations from H-3 to C-1/C-5/C-9 indicated that the 4,5-dihydrooxepine moiety was
located at C-2 of the diketopiperazine core (Figure 2). As the presence of cyclic dipeptide, aromatic
ring, 4,5-dihydrooxepine, and the other carbonyl in the molecule occupied 11 degrees of unsaturation,
C-9 should be attached to the 2-N atom to form a pyrrolidine ring on the basis of the chemical shifts of
C-9 (δH 4.79, δC 61.5). The carbethoxy was anchored at C-8 on the basis of the HMBC correlation from
H-8 to C-11. Collectively, these data permitted the assignment of the planar structure of 1.

Table 1. 1H Nuclear Magnetic Resonance (NMR) and 13C NMR Data for 1 and 2 a.

Position
1 2

δC, Type δH (J in Hz) δC, Type δH (J in Hz)

1 165.0, C 166.6, C
2 70.1, C 68.9, C
3 39.9, CH2 2.78, d (15.0) 39.9, CH2 2.74, d (15.0)

1.98, d (15.0) 1.92, d (15.0)
4 110.4, C 109.5, C
5 137.6, CH 6.70, t (2.3) 137.2, CH 6.60, t (2.3)

6 140.3, CH 6.44, dd (8.3, 2.3) 138.2, CH 6.28, dd (8.3,
2.3)

7 105.9, CH 4.71, dd (8.3, 2.0) 111.4, CH 4.81, dd (8.3,
2.0)

8 71.5, CH 5.67, dt (7.9, 2.0) 71.8, CH 4.43, dt (7.9, 2.0)
9 61.5, CH 4.79, d (7.9) 64.9, CH 4.54, d (7.9)
10 14.4, CH3 2.13, s 14.4, CH3 2.17, s
11 169.9, C
12 21.3, CH3 1.99, s
1′ 164.8, C 165.0, C
2′ 68.2, C 68.4, C
3′ 39.1, CH2 3.43, d (13.7) 39.2, CH2 3.45, d (13.7)

3.19, d (13.7) 3.19, d (13.7)
4′ 121.7, C 121.4, C
5′ 156.3, C 156.2, C

6′ 115.8, CH 6.79, dd (8.0, 1.3) 115.7, CH 6.79, dd (8.0,
1.3)

7′ 128.8, CH 7.03, td (8.0, 1.7) 128.8, CH 7.04, td (8.0, 1.7)

8′ 119.3, CH 6.67, td (7.7, 1.3) 119.2, CH 6.68, dd (7.8,
1.3)

9′ 131.7, CH 6.92, dd (7.7, 1.7) 131.8, CH 6.95, dd (7.8,
1.7)

10′ 13.8, CH3 2.25, s 14.0, CH3 2.29, s
8-OH 5.44, d (6.0)

a 500 MHz for 1H NMR and 125 MHz for 13C NMR in Dimethyl Sulfoxide (DMSO)-d6.
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Figure 2. The 1H-1H Correlation Spectroscopy (COSY) and Key Heteronuclear Multiple Bond
Correlation (HMBC) Correlations for 1 and 2.

The coupling constants of 3JH-6–H-7 = 8.3 Hz indicated that the double bond was a Z-configuration.
The 7.9 Hz coupling constants between H-8 and H-9 suggested their anti-relationship. The nuclear
Overhauser effects (NOE) were observed for H-8 and H-10′ when on irradiation of H-10, which
demonstrated that they should be on the same face (Figure 3). The absolute configurations of C-2 and
C-2′ were assigned as R and R, respectively, determined by the similar electronic circular dichroism
(ECD) data and the same biogenetic pathway as the co-isolated known compound 6 (Figures 4 and 5),
for which the absolute configuration was confirmed by X-ray data (Figure S41). Thus, the absolute
configurations of 1 were established as 2R,2′R,8S,9S.

Figure 3. The Nuclear Overhauser Effect (NOE) Correlations for 1 and 2.

Figure 4. The Electronic Circular Dichroism (ECD) Spectra of 1–3 and 6.

Emestrin M (2) was assigned the molecular formula C20H22N2O5S2, with 11 degrees of
unsaturation, on the basis of its HRESIMS data, less 42 Da compared with 1. The 1H and 13C NMR
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data were very similar to those of 1 (Table 1), which revealed the presence of a thiodiketopiperazine,
an ortho-substituted phenyl, and a 4,5-dihydrooxepine structure. The main differences were the
disappearance of the carbethoxy (δH 1.99, δC 21.3; δC 169.9) in 1, and the appearance of one hydroxyl
(δH 5.44). The hydroxyl was anchored at C-8 based on the HMBC correlations from 8-OH to C-7/C-8/C-9.
Thus, the planar structure of 2 was established. The similar coupling constants of 2 and 1 between
H-6 and H-7, and between H-8 and H-9, respectively, suggested that the relative configurations of the
4,5-dihydrooxepine of 2 were consistent with those of 1 (Figure 3). The absolute configurations of 2

were identical to those of 1 on the basis of the similar ECD data and of the same biogenetic pathway
(Figures 4 and 5).

Emethacin C (3) was isolated as a white powder. Its molecular formula was defined as
C20H22N2O3S2 by HRESIMS, with more than 16 Da compared with the known compound emethacin
B (4). The 1H NMR and 13C NMR spectroscopic data of 3 were closely related to those of 4, which
revealed the presence of a thiodiketopiperazine structure. The distinction was that one aromatic
hydrogen in 4 was replaced by one hydroxyl in 3. The hydroxyl was anchored at C-5′ based on the
1H−1H COSY correlations of H-6′/H-7′/H-8′/H-9′ and the HMBC correlations from H-3′ to C-5′/C-9′
(Figure S40). The absolute configurations of 3 were identical to those of 1 and 2 on the basis of the
similar ECD data and of the same biogenetic pathway (Figures 4 and 5). It should be noted that the
known compound 3 is listed in SciFinder Scholar with the CAS Registry Number 2166398-50-9, but
this is the first time that its spectroscopic data have been reported.

Figure 5. The Possible Biosynthesis Pathway of Thiodiketopiperazines.

(3R)-8-methoxy-6-hydroxymellein (8) was obtained as a yellow solid with the molecular formula
C11H12O4 determined by the HRESIMS data, with more than 14 Da compared with the co-isolated
known compound (3R)-6-hydroxymellein (12). The 1H NMR data of 8 displayed the presence of the
meta-coupled aromatic protons at δH 5.80 (1H, d, J = 1.9 Hz) and at δH 5.71 (1H, d, J = 1.9 Hz). The 13C
NMR spectrum revealed 17 carbons, including one carbonyl, six olefinic carbons (two oxygenated),
one oxygenated methine carbon, one methylene, and two methyl carbons (one oxygenated). These
spectroscopic features were similar to those of (3R)-6-hydroxymellein (12) except for an additional
oxygenated methyl group. The HMBC correlation from H-9 to C-8 was observed for 8 (Figure S42),
suggesting that the methoxy group was attached to C-8. The negative Cotton effect at 270 nm in the
ECD spectrum of 8 suggested that the absolute configuration of C-3 was R (Figure S43) [23]. Compound
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8 is listed in SciFinder Scholar with the CAS Registry Number 2247026-31-7, but this is the first time
that its spectroscopic data have been reported.

(3R)-6,7,8-trihydroxymellein (9) was established as C10H10O5 on the basis of the HRESIMS data,
with more than 16 Da compared with compound 12. The 1H NMR and 13C NMR spectroscopic data of
9 were nearly identical to those of 12, except that one proton at the aromatic ring in 12 was replaced by
one hydroxyl in 9. The HMBC correlations from H-5 to C-4/C-7/C-8a indicated that the hydroxyl group
was located at C-7 (Figure S42). Similar to 8, the absolute configuration of C-3 in 9 was also determined
as R by the negative Cotton effect at 270 nm (Figure S44). Compound 9 is also listed in SciFinder
Scholar with the CAS Registry Number 2407423-58-7, but this is the first time that its spectroscopic
data have been reported.

2.2. Bioassays

All of the isolated compounds were tested for their antibacterial, antifungal, cytotoxic, and
1,10-diphenyl-2-picryl-hydazyl (DPPH) scavenging activities. Their protein tyrosine phosphatase 1
B (PTP1B) inhibitory activities were also measured—PTP1B is an important hypoglycemic target in
diabetes. We found that compounds 2 and 3 displayed antibacterial activities against Pseudomonas
aeruginosa ATCC 27853 with minimum inhibitory concentration (MIC) values of 64μg/mL and 32μg/mL,
respectively. Intriguingly, compound 3 also exhibited antifungal activity against Candida albicans
ATCC10231 with a MIC value of 32 μg/mL. Compounds 3, 5, and 7 showed PTP1B inhibitory activities
with inhibitory concentration (IC)50 values of 12.25, 25.70 and 24.32 μM, respectively. In addition,
compound 9 exhibited a weak DPPH scavenging activity, with an IC50 value of 147 μM. All of the
isolated compounds showed no cytotoxicity.

3. Materials and Methods

3.1. Instrumentation

Optical rotations were measured with a JASCO P-1020 digital polarimeter (Jasco Corp., Tokyo,
Japan). UV spectra were recorded with a HITACHI UH 5300 UV spectrophotometer (Hitachi,
Tokyo, Japan). ECD data were acquired on a J-815-150S Circular Dichroism spectrometer (JASCO
Electric Co., Ltd., Tokyo, Japan). IR spectra were recorded with a Nicolet-Nexus-470 spectrometer
(Thermo Electron Co., Madison, WI, USA) using KBr pellets. NMR spectra were acquired by a
JEOL JEM-ECP NMR spectrometer (500 MHz for 1H and 125 MHz for 13C, JEOL, Tokyo, Japan),
using tetramethylsilane (TMS) as an internal standard. High-resolution electrospray ionization mass
spectrometry (HRESIMS) was measured with a Thermo MAT95XP high resolution mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany), and electron ionization mass spectrometry (EIMS) spectra
with a Thermo DSQ EImass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Single-crystal
X-ray crystallographic analysis was performed on an Agilent Xcalibur Eos Gemini diffractometer
(Agilent Technologies, Yarnton, England). Samples were analyzed and prepared using a Hitachi L-2000
HPLC system coupled with a Hitachi L-2455 photodiode array detector, and using a semi-preparative
C18 column (Kromasil 250 mm × 10 mm, 5 μm). Silica gel (Qing Dao Hai Yang Chemical Group Co.,
Qing Dao China; 300−400 mesh) and Sephadex LH-20 (Amersham Biosciences, Inc., USA) were used
for column chromatography (CC). Precoated silica gel plates (Yan Tai Zi Fu Chemical Group Co., Qing
Dao China; G60, F-254) were used for thin-layer chromatography. PTP1B (human recombinant) was
purchased from Abcam (ab51277).

3.2. Fungal Material

The fungal strain Aspergillus terreus RA2905 was isolated from a piece of fresh tissue from the
inner part of the sea hare Aplysia pulmonica, collected from the Weizhou coral reefs in the South China
Sea in April 2010. The fungus was identified as Aspergillus terreus according to its morphological
traits and a molecular protocol by amplification and sequencing of the DNA sequences of the internal

68



Mar. Drugs 2020, 18, 132

transcribed spacer (ITS) region of the ribosomal RNA (rRNA) gene by using ITS 1 and ITS 4. Its
GenBank (NCBI) access number is MK611650. The phylogenetic tree of the ITS gene was constructed
by the Neighbor-Joining method with the aid of MEGA 7 (Figure S1). The strain was deposited in the
Key Laboratory of Marine Drugs, Ministry of Education of China, School of Medicine and Pharmacy,
Ocean University of China, Qingdao, P. R. China.

3.3. Extraction and Isolation

Sixty 500-mL Erlenmeyer flasks of the fungal strain were cultivated in a starch liquid medium
(soluble starch 10 g/L, peptone 1 g/L, artificial sea salt 30 g/L, 200 mL each flask) at 150 rpm and 28 ◦C
for 7 days. The fermentation broth was filtered through a cheesecloth and extracted repeatedly with an
equal amount of EtOAc three times, and then it was evaporated in vacuo to obtain an EtOAc extract
(12.5 g). The crude extract was isolated on silica gel CC using a step gradient elution with petroleum
ether/EtOAc (10:1 to 1:4, v/v) to provide five fractions (Fr.1−Fr.5). Fr.3 was subjected to a silica gel CC
eluted with Hexane/CH2Cl2/MeOH (10:1:0 to 0:1:1) to obtain four subfractions (Fr.3.1−Fr.3.4). Fr.3.2
was further separated by the semi-preparative HPLC with MeOH/H2O (60:40) to give compounds 8

(5.5 mg) and 12 (7.1 mg). Fr.3.3 was separated by Sephadex LH-20 CC eluted with CH2Cl2/MeOH (1:1)
and the semi-preparative HPLC with MeOH/H2O (45:55) further, to obtain compounds 9−11 (3.2 mg,
3.7 mg, and 2.1 mg, respectively). Fr.4 was separated on a silica gel CC eluted with CH2Cl2/MeOH
(100:1 to 1:1) to provide four subfractions (Fr.4.1−Fr.4.4). Fr.4.1 was further subjected to Sephadex
LH-20 CC eluted with CH2Cl2/MeOH (1:1) to obtain compounds 6 and 7. Fr.4.3 was separated by the
semi-preparative HPLC with MeOH/H2O (45:55) to give compounds 1−5 (3.3 mg, 3.1 mg, 4.2 mg, 4.5
mg, and 4.3 mg, respectively).

Emestrin L (1). White powder; [α]20
D -70.4 (c 0.42, MeOH); UV (MeOH) λmax (log ε) 229 (3.83), 275

(1.61) nm; IR (KBr) vmax 3600, 3395, 2998, 2913, 1646, 1436, 1314 cm−1; 1H and 13C NMR (see Table 1);
(–)-HRESIMS m/z 475.1007 [M − H]− (calcd for C22H23N2O6S2, 475.1003).
Emestrin M (2). White powder; [α]20

D -85.1 (c 0.43, MeOH); UV (MeOH) λmax (log ε) 229 (3.75), 275 (1.75)
nm; IR (KBr) vmax 3600, 3000, 2912, 2138, 1663, 1438, 1315, 1043 cm−1; 1H NMR (500 MHz, DMSO-d6)
and 13C NMR (125 MHz, DMSO-d6) (see Table 1); (–)-HRESIMS m/z 433.0896 [M − H]− (calcd for
C20H21N2O5S2, 433.0897).

Emethacin C (3). White powder; [α]20
D -64.4 (c 0.52, MeOH); UV (MeOH) λmax (log ε) 229 (3.89), 275 (2.54)

nm; IR (KBr) vmax 2952, 2868, 1802, 1715, 1459, 1200, 1139 cm−1; 1H NMR (500 MHz, DMSO-d6): 8.97
(1H, s, 2-NH), 8.36 (1H, br s, 2′-NH), 7.18 (1H, m, H-7), 7.10 (4H, m, H-5, H-6, H-8, H-9), 6.89 (1H, td,
J = 7.8, 1.7 Hz, H-7′), 6.67 (1H, td, J = 7.8, 1.2 Hz, H-8′), 6.26 (1H, dd, J = 7.8, 1.7 Hz, H-9′), 6.22 (1H,
dd, J =7.8, 1.2 Hz, H-6′), 3.47 (1H, d, J = 13.6 Hz, H-3a), 3.05 (1H, d, J = 15.4 Hz, H-3′a), 3.01 (1H, d,
J = 15.4 Hz, H-3′b), 2.96 (1H, d, J = 13.6 Hz, H-3b), 2.25 (3H, s, H-10), 2.17 (3H, s, H-10′); 13C NMR
(125 MHz, DMSO-d6): 166.3 (C, C-1′), 165.6 (C, C-1), 155.6 (C, C-5′), 135.4 (C, C-4), 130.8 (CH × 2, C-5,
C-9), 129.9 (CH, C-9′), 128.3(CH×2, C-6, C-8), 127.7 (CH, C-7′), 127.2 (CH, C-7), 122.3 (C, C-4′), 119.4
(CH, C-6′), 115.2 (CH, C-8′), 65.5 (C, C-2), 65.2 (C, C-2′), 43.5 (CH2, C-3), 37.0 (CH2, C-3′), 14.0 (CH3,
C-10), 13.9 (CH3, C-10′); (–)-HRESIMS m/z 401.1003 [M − H]− (calcd for C20H21N2O3S2, 401.0999).

(3R)-8-methoxy-6-hydroxymellein (8). Yellow solid; [α]20
D -47.8 (c 1.00, MeOH); UV (MeOH) λmax (log ε)

238 (2.11), 251 (0.95), 319 (0.41) nm; IR (KBr) νmax 3749, 3674, 2360, 1736, 1581, 1418 cm−1; 1H NMR
(500 MHz, DMSO-d6): 5.80 (1H, d, J = 1.9 Hz, H-5), 5.71 (1H, d, J = 1.9 Hz, H-7), 4.25 (1H, m, H-3), 3.59
(3H, s, H-9), 2.57 (1H, dd, J = 15.8, 3.3 Hz, H-4a), 2.55 (1H, m, overlapped, H-4b), 1.26 (3H, d, J = 6.2 Hz,
H-10); 13C NMR (125 MHz, DMSO-d6): 172.3 (C, C-1), 163.4 (C-6), 162.1 (C, C-8), 142.5 (C, C-4a), 109.4
(CH, C-5), 100.1 (C, C-8a), 97.1 (CH, C-7), 72.0 (CH, C-3), 54.7 (CH3, C-9), 36.2 (CH2, C-4), 20.6 (CH3,
C-10); (+)-HRESIMS m/z 209.0809 [M + H]+ (calcd for C11H13O4, 209.0808).

(3R)-6,7,8-trihydroxymellein (9). Yellow solid; [α]20
D -50.1 (c 0.37, MeOH); UV (MeOH) λmax (log ε) 238

(2.03), 251 (1.05), 317 (0.23) nm; IR (KBr) νmax 3749, 3674, 2360, 1736, 1651, 1384 cm−1; 1H NMR
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(500 MHz, DMSO-d6): 6.26 (1H, s, H-5), 4.64 (1H, m, H-3), 2.82 (1H, dd, J = 16.2, 3.3 Hz, H-4a), 2.71 (1H,
dd, J = 16.2, 1.3 Hz, H-4b), 1.37 (3H, d, J = 6.2 Hz, H-9); 13C NMR (125 MHz, DMSO-d6): 170.0 (C, C-1),
153.2 (C-6), 151.1 (C, C-8), 131.3 (C, C-7), 131.0 (C, C-4a), 106.5 (CH, C-5), 100.0 (C, C-8a), 75.9 (CH, C-3),
33.2 (CH2, C-4), 20.4 (CH3, C-9); (–)-HRESIMS m/z 209.0458 [M − H]− (calcd for C10H9O5, 209.0455).

Crystal data for 6: C18H18N2O7S2, Mr = 534.11, monoclinic, a = 6.8830(3) Å, b = 12.4383(5) Å, c =
14.6020(6) Å, α = 90.00◦, β = 94.415(4)◦, γ = 90.00◦, V = 1246.41(9) Å3, space group P21, Z = 2, Dx
= 1.135 mg/m3, μ (Cu Kα) = 0.670 mm–1, and F (000) = 425. Crystal dimensions: 0.12 × 0.11 × 0.11
mm3. Independent reflections: 7369/4117 (Rint = 0.0422). The final R1 value was 0.0481, wR2 = 0.1180
(I > 2σ(I)). Flack parameter = –0.012(13). Crystallographic data for 6 are deposited at the Cambridge
Crystallographic Data Centre as supplementary publication number CCDC 1911625.

3.4. Antibacterial Assays

The antibacterial activity was evaluated following the standards recommended by the Clinical
and Laboratory Standards Institute [24]. Six pathogenic bacterial strains, Staphylococcus epidermidis
ATCC 12228, Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853, Bacillus cereus
ATCC 14579, Escherichia coli ATCC 25922, and Sarcina lutea ATCC 9341, were used, and vancomycin
was used as a positive control.

3.5. Antifungal Assays

The antifungal bioassays were conducted following the standards recommended by the Clinical
and Laboratory Standards Institute [24]. Three pathogenic fungal strains, Candida albicans ATCC 24433,
Candida tropicalis ATCC 20962, and Candida parapsilosis ATCC 22019, were used. Amphotericin B was
used as a positive control.

3.6. PTP1B Inhibition Assays

The PTP1B Inhibition assay was performed in 96-well plates [25]. The compound (10 μL) was
added to the 99-μL reaction buffer solution, which consisted of 10 mM Tris (pH 7.4), 50 mM NaCl, 2 mM
dithiothreitol (DTT), 1 mM MnCl2, and 10 mM para-nitrophenyl phosphate (pNPP). The reaction mix
was pre-warmed using a block heater at 37 ◦C. The recombinant PTP1B solution (1 mg/mL, 1 μL) was
mixed in each well. An NaOH solution (10 μL, 0.1 M) was added to stop the reaction. The absorbance
was recorded at 405 nm using a microplate. Sodium vanadate was used as a positive control.

3.7. DPPH Scavenging Activities

The DPPH scavenging assays were performed using the method described by Aquino et al. [26].
The reaction mixture consisted of freshly prepared 100 μM DPPH in methanol, mixed with different
concentrations of the compounds. The reaction mixture was incubated for 20 min at room temperature
in the dark, and the optical density was recorded at 517 nm.

3.8. Cytotoxicity Assays

The cytotoxic activities were evaluated with the sulforhodamine B (SRB) assay [27], using five
human tumor cell lines: A549, HCT116, MCF-7, Hela, and Hep G2. Adriamycin was used as a
positive control.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/3/132/s1,
Figure S1. Aspergillus terreus RA2905 and its phylogenetic tree of ITS gene, Figures S2−S39: the NMR, ESIMS and
HRESIMS spectra, Figure S40: Key HMBC correlations of compound 3, Figure S41: crystal diagram of compound
6, Figure S42: key HMBC correlations of compounds 8 and 9, Figure S43: the CD spectrum of compound 8, Figure
S44: the CD spectrum of compound 9.
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Abstract: Four new thiodiketopiperazine alkaloids, namely, 5’-hydroxy-6’-ene-epicoccin G (1),
7-methoxy-7’-hydroxyepicoccin G (2), 8’-acetoxyepicoccin D (3), and 7’-demethoxyrostratin C (4), as
well as a pair of new enantiomeric diketopiperazines, (±)-5-hydroxydiphenylalazine A (5), along with
five known analogues (6–10), were isolated and identified from the culture extract of Epicoccum nigrum
SD-388, a fungus obtained from deep-sea sediments (−4500 m). Their structures were established on
the basis of detailed interpretation of the NMR spectroscopic and mass spectrometric data. X-ray
crystallographic analysis confirmed the structures and established the absolute configurations of
compounds 1–3, while the absolute configurations for compounds 4 and 5 were determined by ECD
calculations. Compounds 4 and 10 showed potent activity against Huh7.5 liver tumor cells, which
were comparable to that of the positive control, sorafenib, and the disulfide bridge at C-2/C-2’ is likely
essential for the activity.

Keywords: Epicoccum nigrum; deep-sea-derived fungus; thiodiketopiperazines; diketopiperazine
enantiomers; cytotocxic activity

1. Introduction

Natural products have historically been a rich source of new drugs or drug candidates. Strikingly,
deep-sea-derived microorganisms survive under extreme environments, leading to special biological
diversity and prolific metabolisms differing from those of terrestrial microorganisms. Recently,
deep-sea-sourced microbial natural products have been reported with high hit-rates from bioactivity
screening, particularly in the antitumor area [1,2].

Epicoccum nigrum is a chemically distinct fungal species with potential to produce structurally
unique secondary metabolites including thiodiketopiperazines (TDKPs) [3,4], polyketides [5],
and polysaccharides [6]. Some of these metabolites exhibited intriguing biological properties, such as
antimicrobial [3], cytotoxic [4], and antioxidant activities [5,6].

The TDKP derivatives are a family of diketopiperazines which have been isolated from several
fungal sources, such as Epicoccum nigrum [3], Exserohilum rostratum [7], Penicillium brocae [8], and
Penicillium adametzioides [9].

In continuation of our research aimed at discovery of bioactive metabolites from marine-derived
microorganisms [10–12], a fungal strain of Epicoccum nigrum SD-388 was isolated from a deep-sea
sediment sample collected at a depth of 4500 m. Chemical investigation of the fungus resulted in

Mar. Drugs 2020, 18, 160; doi:10.3390/md18030160 www.mdpi.com/journal/marinedrugs73
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the isolation of spiroepicoccin A, an unusual spiro-TDKP derivative, whose stereochemistry could
not be elucidated by conventional NMR methods and was solved based on residual chemical
shift anisotropies [12]. This result encouraged us to perform a further study of the fungus
and has led to the isolation of four new TDKPs including 5’-hydroxy-6’-ene-epicoccin G (1),
7-methoxy-7’-hydroxyepicoccin G (2), 8’-acetoxyepicoccin D (3), and 7’-demethoxyrostratin C (4),
as well as a pair of new enantiomeric diketopiperazines (DKPs), (±)-5-hydroxydiphenylalazine A
((±)-5), together with five known analogues including diphenylalazine A (6) [4], emeheterone (7) [13],
epicoccins E (8) and G (9) [4], and rostratin C (10) [7] (Figure 1). Details of the isolation and purification,
structural elucidation, and cytotoxic potency against Huh7.5 liver tumor cells of compounds 1–10 are
described herein.

 

Figure 1. Structures of the isolated compounds 1–10.

2. Results and Discussion

2.1. Structure Elucidation of the New Compounds

The fungal strain E. nigrum SD-388 was cultured on the rice solid medium, which was further
exhaustively extracted with EtOAc to afford an extract. Fractionation of the extracts by a combination
of column chromatography (CC) over silica gel, Lobar LiChroprepRP-18, SephadexLH-20, as well as
semi-preparative HPLC, yielded compounds 1–10.

Compound 1, initially obtained as colorless gum, gave a pseudomolecular ion peak at m/z 455.1293
[M +H]+ by HR-ESI-MS, consistent with a molecular formula of C20H26N2O6S2, indicating 9 degrees of
unsaturation. The 1H-, 13C-NMR, and DEPT spectroscopic data (Tables 1 and 2) revealed the presence
of two methyls, four sp3 hybridized methylenes, nine methines (with five oxygenated/nitrogenated and
two olefinic), five nonprotonated carbons (with one ketone and two amide carbonyls), as well as three
exchangeable protons. Detailed analysis of the NMR data disclosed that the structure of 1 was similar
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to that of epicoccin G (9), a well described TDKP derivative identified from a Cordyceps-colonizing
fungus Epicoccum nigrum XZC04-CS-302 in 2009 [4]. However, signals for two CH2 groups at δH/δC 2.20
and 2.59/33.8 (C-6’) and at δH/δC 1.88 and 2.12/25.8 (C-7’) in compound 9, were replaced by two olefinic
CH groups at δH/δC 5.68/133.3 (C-6’) and δH/δC 5.53/129.9 (C-7’) in the NMR spectra of 1. Furthermore,
the signal for the ketone group (C-5’) of 9 (δC 207.7) was replaced by an oxygenated methine (δH/δC

4.11/71.3) in 1. The COSY correlations for the spin system from H-3’ through H-9’ via H-4’~H-8’ and
the HMBC correlations from H-5’ to C-7’ and C-9’, from H-6’ to C-4’ and C-5’, and from H-7’ to C-9’,
confirmed the proposed structure of 1 (Figure 2).

Table 1. 1H NMR spectroscopic data for compounds 1–5 a.

No. 1 2 3 4 5

2 4.17, t (6.4)

3
α 2.80, d (13.4) α 2.75, d (13.5) α 3.13, d (17.7) α 2.68, m a 3.02, dd (13.3, 6.4)

β 2.28, m β 2.35, dd (13.5, 8.5) β 2.89, m β 2.99, dd (14.8, 7.9) b 2.95, dd (13.3, 6.4)

4 2.98, t (8.0) 2.92, t (8.5) 3.06, t (8.3) 3.18, t (7.9)

6
α 2.22, m α 2.54, dd (17.1, 4.7) α 2.85, m α 2.71, m

6.79, d (7.3)
β 2.61, m β 2.65, m β 2.92, m β 2.61, m

7
α 2.19, m

3.82, ddd (10.1, 4.7, 2.0) 3.73, m 3.29, ddd (10.9, 4.7, 1.5) 6.96, m
β 1.92, m

8 4.36, m 4.56, m 4.01, dt (4.6, 2.4) 5.03, t (4.7) 6.67, td (7.3, 1.2)

9 4.33, m 4.33, m 4.67, dd (8.3, 2.4) 4.41, dd (7.9, 4.7) 6.98, m

3’
α 2.42, dd (12.5,4.9) α 2.73, d (13.4) α 2.93, m α 2.74, m

6.83, s
β 2.26, m β 2.34, dd (13.4, 8.5) β 3.29, d (19.4) β 2.93, dd (14.8, 8.0)

4’ 2.09, m 2.91, t (8.5) 3.17, d (8.1) 3.23, t (8.0)

5’ 4.11, m 7.27, d (7.3)

6’ 5.68, d (9.8)
α 2.40, dd (16.8, 4.4) α 2.89, m α 2.66, m

7.40, t (7.3)
β 2.61, m β 2.97, m β 2.27, dt (16.7, 4.1)

7’ 5.53, d (9.8) 4.12, ddd (10.2, 4.4, 2.0) 3.92, m α 1.62, td (12.5, 5.0)
7.32, t (7.3)

β 1.89, m

8’ 4.08, m 4.29, s 5.04, dd (4.3, 2.0) 4.81, m 7.40, t (7.3)

9’ 3.41, dd (12.0, 8.1) 4.34, m 4.83, dd (8.1, 2.0) 4.36, m 7.27, d (7.3)

1-NMe 2.69, s

1’-NH -b

2-SMe 1.95, s 1.93, s

2’-SMe 2.08, s 1.92, s

2” 2.04, s

5-OH 8.50, br s

8-OH 5.36, d (3.2) 5.44, br s 6.25, d (2.4) 5.64, d (4.7)

5’-OH 5.92, s

7’-OH 5.19, br s

8’-OH 5.28, d (5.8) 5.44, br s 5.49, d (4.0)

7-OMe 3.25, s 3.21, s
a Data collected at 500 MHz in DMSO-d6. b Data not detected.

The relative configuration of 1 was deduced from analysis of the NOESY spectrum. NOE
correlations from H-9 to H-3β and H-4, and from the proton of 8-OH to H-4, H-6β, and H-7β, indicated
the cofacial orientation of these groups (Figure 3). Besides, NOEs from H-3α to 2-SMe placed them
on another face, opposite to that of H-4, H-9, and 8-OH. Moreover, NOE cross-peaks from H-8’ to
H-3’α and H-4’, and from H-3’α to 2’-SMe, confirmed them on the same spatial orientation, while NOE
correlations from H-5’ to H-9’ and H-3’β placed these groups on the opposite face. On the basis of the
above observation, the relative configurations for rings A/B and D/E were determined respectively.
However, the relationship between these two units could not be correlated based on the NOESY
experiment, because no diagnostic NOE cross-peak could be detected between rings A/B and D/E.
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Table 2. 13C NMR spectroscopic data for compounds 1–5 a.

No. 1 2 3 4 5

1 168.7, C 165.5, C 158.3, C 162.2, C 167.2, C
2 71.4, C 71.6, C 71.1, C 76.2, C 55.6, CH
3 34.3, CH2 34.4, CH2 41.4, CH2 32.6, CH2 34.8, CH2
4 44.0, CH 43.8, CH 45.0, CH 46.4, CH 122.0, C
5 207.5, C 206.6, C 207.1, C 207.8, C 156.1, C
6 33.8, CH2 40.4, CH2 43.2, CH2 40.7, CH2 115.1, CH
7 25.9, CH2 75.8, CH 41.3, CH 75.5, CH 127.8, CH
8 63.6, CH 61.5, CH b 65.2, CH 61.9, CH 118.4, CH
9 64.8, CH 63.2, CH 60.3, CH 63.2, CH 131.2, CH
1’ 165.5, C 165.4, C 158.9, C 162.2, C 162.4, C
2’ 72.9, C 71.6, C 71.7, C 76.4, C 132.2, C
3’ 35.1, CH2 34.1, CH2 41.5, CH2 32.2, CH2 117.7, CH
4’ 43.4, CH 43.5, CH 45.3, CH 46.7, CH 133.8, C
5’ 71.3, CH 207.4, C 206.3, C 208.6, C 129.4, CH
6’ 133.3, CH 43.3, CH2 43.5, CH2 33.9, CH2 128.1, CH
7’ 129.9, CH 65.7, CH 38.8, CH 25.4, CH2 127.9, CH
8’ 68.9, CH 68.1, CH b 67.4, CH 60.8, CH 128.1, CH
9’ 67.8, CH 62.7, CH 57.5, CH 65.8, CH 129.4, CH
1” 168.8, C
2” 20.6, CH3

1-NMe 34.5, CH3
2-SMe 14.4, CH3 14.2, CH3
2’-SMe 14.2, CH3 13.9, CH3
7-OMe 55.8, CH3 56.0, CH3

a Data collected at 125 MHz in DMSO-d6. b Assigned by HSQC experiment.

 
Figure 2. Key 1H-1H COSY (bold lines) and HMBC (red arrows) correlations of compounds 1–5.

To fully assign the configuration of compound 1, efforts toward a single crystal X-ray study were
performed. By slow evaporation of the solvent (MeOH–H2O, 100:1) under refrigeration, quality crystals
of 1 were obtained, making it feasible for an X-ray crystallographic experiment which confirmed not
only the planar structure, but also the relative configuration of compound 1 (Figure 4). The defined
Flack parameter 0.01(3) determined the absolute configuration of 1 as 2R, 4R, 8S, 9S, 2’R, 4’S, 5’S, 8’S,
and 9’S, and the trivial name 5’-hydroxy-6’-ene-epicoccin G was assigned to compound 1.
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Figure 3. Key NOE correlations of compounds 1–4 (black solid lines: β-orientation; red dashed lines:
α-orientation).

Figure 4. X-ray crystallographic structures of compounds 1–3.

The elemental composition of 2 was established to be C21H28N2O8S2 by analysis of HR-ESI-MS
and NMR data, indicating nine degrees of unsaturation. The 1H- and 13C-NMR data of 2 were similar to
those of epicoccin G (9), a symmetrical TDKP derivative characterized from E. nigrum XZC04-CS-302 [4],
except that the signals of two methylene groups at δH/δC 1.88 and 2.12/25.8 (CH2-7 and CH2-7’) in
9 were replaced by two oxygenated methine groups at δH/δC 3.82/75.8 (CH-7) and δH/δC 4.12/65.7
(CH-7’) in 2, respectively. Moreover, signals for a methoxy group at δH/δC 3.25/55.8 (7-OMe) were also
observed (Tables 1 and 2). The methoxy group was assigned at C-7 based on the observed HMBC
correlation from 7-OMe to C-7. Supported by key COSY correlations from H-6 to H-7, and from H-6’
to H-7’, as well as by HMBC correlations from H-6 and H-9 to C-7 and from H-6’ and H-9’ to C-7’
(Figure 2), the planar structure of compound 2 was determined.

The relative configuration of 2 was assigned by analysis of J-coupling constants and NOESY data.
A coupling constant of 8.5 Hz between H-4 and H-9 as well as between H-4’ and H-9’ suggested their
cis relationships, as reported in the previous literature [7]. NOE correlations from the proton of 7-OMe
to H-4 and H-9 indicated the cofacial orientation of these groups. However, the relative configurations
of 2 could not be fully assigned due to the lack of some key NOE correlations.

A single crystal of 2 was cultivated, after attempts by dissolving the samples in MeOH–H2O
(100:1) followed by slow evaporation under refrigeration for two weeks. Once the Cu/Kα X-ray
crystallographic experiment was conducted (Figure 4), the structure and absolute configuration of
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2 were assigned as 2R, 4R, 7S, 8R, 9S, 2’R, 4’R, 7’S, 8’R, and 9’S, with a Flack parameter of 0.02(4).
Compound 2 was named 7-methoxy-7’-hydroxyepicoccin G.

The accurate mass data measured by HR-ESI-MS of compound 3 assigned its molecular formula,
C20H20N2O7S2 (12 degrees of unsaturation), and was supported by the NMR data. The 1H- and
13C-NMR data of 3 (Tables 1 and 2) showed close similarity to those of epicoccin D, a TDKP derivative
isolated from the fungal strain E. nigrum (2203) in 2007 [3]. However, resonances for an ester carbonyl
carbon (δC 168.8, C-1”) and a methyl group (δH/δC 2.04/20.6, CH3-2”) were observed in the NMR spectra
of 3. Deshielded shift at δH 5.04 for H-8’ in 3 was detected, compared to that of δH 4.00 in epicoccin D.
The above observation suggested that compound 3 was a C-8’ acetylated derivative of epicoccin D.
The relative configuration of 3 was assigned on the basis of the NOESY experiment and J-coupling
constants. For ring A of 3, NOE correlations from the proton of OH-8 to H-7 and H-9 revealed the
same orientation of these groups (Figure 3). In addition, the cis relationship between H-4 and H-9
was established by the coupling constant (J = 8.3 Hz) which is in agreement with that of rostratin B
(J = 7.2 Hz) [7]. However, the relative configurations of ring E could not be solved as it lacked some key
NOE correlations. To unequivocally determine the relative and absolute configurations, single crystals
for 3 were cultivated upon slow evaporation of the solvent (MeOH) and a Cu/Kα X-ray diffraction
analysis was conducted (Figure 4). The final refinement of the X-ray data resulted in a 0.02(3) Flack
parameter, allowing for the assignment of the absolute configuration as 2R, 4R, 7R, 8R, 9S, 2’R, 4’R, 7’R,
8’R, and 9’S.

Compound 4 was initially isolated as a colorless powder. Its molecular formula was postulated
as C19H22N2O7S2 through HR-ESI-MS analysis, indicating 10 degrees of unsaturation. The 1D NMR
data of 4 were similar to those of rostratin C (10), a DKP derivative isolated from the marine-derived
fungal strain Exserohilum rostratum CNK-630 [7], with the exception of the disappeared signals for the
oxygenated methine (C-7’) and the methoxy group attached to C-7’. In contrast, signals for a methylene
group at δH 1.62/1.89 and δC 25.4 (CH2-7’) were observed in the NMR spectra of 4 (Tables 1 and 2),
indicating that 4 is a 7’-demethoxy derivative of 10. The 2D NMR correlations supported this inference
by the COSY correlations from H-7’ to H-6’ and H-8’, and HMBC correlations from H-7’ to C-5’ and
from H-9’ to C-7’ (Figure 2).

The relative configuration for rings A and E of 4 were determined by analysis of NOESY data.
NOE correlations, with respect to ring A from H-8 to H-3α and 7-OMe, placed them on the same
face. Meanwhile, NOEs from the proton of 8-OH to H-4, and from H-3β to H-9, disclosed the cofacial
orientation of these groups. As for ring E, the coupling constant (J = 8.0 Hz) observed between H-4’ and
H-9’ revealed their cis relationship [7]. In addition, NOEs from the proton of 8’-OH to H-4’, and from
H-3’β to H-9’, revealed them on the cofacial orientation. Whereas NOE from H-3’α to H-8’ revealed
that these groups were on the other face (Figure 3).

The assignment of the absolute configurations at C-2/C-2’ were established by analysis of ECD
cotton effects (CEs) following the rules reported by the previous reference [14]. The ECD spectrum
of 4 showed a positive CE near 265 nm, which was characteristic for the 2R/2’R configurations in
TDKPs. The whole absolute configuration of 4 was further studied using the time-dependent density
functional (TDDFT)-ECD calculation in Gaussian 09. The ECD spectra of four possible stereoisomers
of 4, including (2R, 4R, 7R, 8R, 9S, 2’R, 4’R, 8’S, 9’S)-4, (2R, 4R, 7R, 8R, 9S, 2’R, 4’S, 8’R, 9’R)-4, (2R,
4S, 7S, 8S, 9R, 2’R, 4’R, 8’S, 9’S)-4, and (2R, 4S, 7S, 8S, 9R, 2’R, 4’S, 8’R, 9’R)-4, were calculated. The
experimental ECD spectrum for 4 showed agreement with that calculated for (2R, 4R, 7R, 8R, 9S, 2’R,
4’R, 8’S, 9’S)-4 (Figure 5a), allowing the elucidation of whole chiral centers as 2R, 4R, 7R, 8R, 9S, 2’R,
4’R, 8’S, and 9’S.

Compound 5, obtained as a yellow oil, was assigned the molecular formula C19H18N2O3 by
HR-ESI-MS, and required 12 degrees of unsaturation. Analysis of the 1H- and 13C-NMR data
(Tables 1 and 2) revealed that compound 5 had same basic structure as that of the previously reported
diphenylalazine A (6), which was identified from the fungus E. nigrum XZC04-CS-302 [4]. However,
the aromatic methine at C-5 in 6 (δH/δC 7.18/129.82) was replaced by a nonprotonated and hydroxylated
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carbon (δC 156.1) in 5. HMBC correlations from H-3, H-7, and H-9 to C-5, supported this deduction.
The planar structure of 5 was thus established as 5-hydroxydiphenylalazine A. However, the specific
optical rotation value of [α]D25 = 0 (c 0.10, MeOH) revealed the racemic nature of compound 5, which
was also confirmed by the fact that no cotton effects were observed in the ECD spectrum (Figure S36).
Separation of 5 by HPLC using the Daicel Chiral-pak IC column yielded (+)-5 and (–)-5 (Figure S37),
which were individually determined absolute configurations by experimental and calculated ECD
spectra (Figure 5b), and assigned (+)-5 as 2R and (–)-5 as 2S.

Figure 5. Experimental and calculated ECD spectra of compounds 4 (a) and 5 (b).

In addition to compounds 1–5, five known analogues (6–10) were also isolated. By detailed
spectroscopic analysis as well as comparison with reported data, the structures of compounds 6–10

were identified as diphenylalazines A (6) [4], emeheterone (7) [13], epicoccins E (8) and G (9) [4], and
rostratin C (10) [7].

2.2. Biological Activities of the Isolated Compounds

All of the isolated compounds were assayed for their activities against Huh7.5 liver tumor cells.
Among them, only compounds 4 and 10 displayed significant cytotoxic effects against Huh7.5 with
cell viability less than 30% at the concentration of 20 μM. As shown in Figure 6, the growth-inhibiting
effects of 4 and 10 were concentration-dependent, with IC50 values of 9.52 and 4.88 μM, respectively,
which were comparable to that of the positive control, sorafenib (IC50 8.2 μM). Compounds 4 and 10

were also measured for their cytotoxicity against human normal liver LO2 cell line. The results showed
that compound 4 exhibited the inhibitory effects against normal liver cells, similar to that of cancer
cells (Figure 6). However, compound 10 was less sensitive to normal liver cells than liver cancer cells,
only at a narrow concentration range of 4~10 μM. The results suggested that the disulfide bridge at
C-2/C-2’ is likely essential for the activity.

Figure 6. Cell viability of Huh7.5 liver cancer cells and LO2 normal liver cells treated with compounds
4 (a) and 10 (b).
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3. Experimental Section

3.1. General Experimental Procedures

Melting points were acquired through an SGW X-4 micro-melting-point apparatus (Shanghai
Shenguang Instrument Co. Ltd, Shanghai, China). Optical rotations were measured using an Optical
Activity AA-55 polarimeter (Optical Activity Ltd., Cambridgeshire, UK). UV spectra were determined
by a PuXi TU-1810 UV-visible spectrophotometer (Shanghai Lengguang Technology Co. Ltd., Shanghai,
China), and ECD spectra were obtained with a JASCO J-715 spectropolarimeter (JASCO, Tokyo, Japan).
NMR spectra were recorded on a Bruker Avance 500 spectrometer (Bruker Biospin Group, Karlsruhe,
Germany), using solvent chemical shifts (DMSO-d6: δH/δC 2.50/39.52) as reference. HR-ESI-MS were
measured on an API QSTAR Pulsar 1 mass spectrometer (Applied Biosystems, Foster, Waltham, MA,
USA). Analytical and semi-preparative reversed-phase HPLC separations were performed by a Dionex
HPLC system, equipped with P680 pump (Dionex, Sunnyvale, CA, USA), ASI-100 automated sample
injector, and UVD340U multiple wavelength detector controlled by Chromeleon software (version
6.80). Commercially available Lobar LiChroprep RP-18 (40–63 μm, Merck, Darmstadt, Germany), Si gel
(200–300 mesh, Qingdao Haiyang Chemical Co., Qingdao, China), and Sephadex LH-20 (Pharmacia,
Pittsburgh, PA, USA) were used for column chromatography. Thin-layer chromatography (TLC) was
carried out using precoated Si gel GF254 plates (Merck, Darmstadt, Germany). All solvents used were
distilled prior to use.

3.2. Fungal Material

The fungal strain Epicoccum nigrum SD-388 was isolated from the deep-sea sediment collected
in the West Pacific (depth 4500 m) on March 2015. The fungus was identified using a molecular
biological protocol by DNA amplification and sequencing of the ITS (internal transcript spacer) region.
The sequence data for the fungus have been deposited in GenBank with the accession no. MN089646.
Through the BLAST searching, the fungus was identified as Epicoccum nigrum according to the ITS
region sequence, which is the same (100%) as that of E. nigrum (accession no. KU254609). The strain is
preserved at the Key Laboratory of Experimental Marine Biology, Institute of Oceanology, Chinese
Academy of Sciences (IOCAS).

3.3. Fermentation

For chemical investigations, the fresh mycelia of the fungus were grown on PDA medium at 28 ◦C
for one week and were then inoculated into 1 L Erlenmeyer flasks. The fungus was fermented statically
at room temperature for 35 days in rice solid medium containing rice (70 g/flask), peptone (0.3%),
yeast extract (0.5%), corn steep liquor (0.2%), monosodium glutamate (0.1%), Fe2(SO4)3 (0.002%),
MgSO4·7H2O (0.07%), ZnSO4 (0.0001%), KH2PO4 (0.025%), and naturally sourced and filtered seawater
(obtained from the Huiquan Gulf of the Yellow Sea near the campus of IOCAS, 100 mL/flask).

3.4. Extraction and Isolation

The fermented rice substrate was mechanically fragmented after incubation, and then extracted
with petroleum ether (PE) to remove the low-polarity chemical constituents. The remaining culture
was extracted thoroughly with EtOAc, which was filtered and evaporated under reduced pressure to
give EtOAc extract (75.5 g).

The EtOAc extract was fractionated by Si gel VLC (vacuum liquid chromatography), using
solvents of increasing polarity (PE-EtOAc, 20:1 to 1:1, and then CH2Cl2-MeOH, 20:1 to 1:1) to yield
nine fractions (Frs. 1−9). Fr. 5 (6.6 g) was further separated by CC (Column Chromatography) over
Lobar LiChroprep RP-18 with a MeOH-H2O gradient (from 1:9 to 10:0) to yield 10 subfractions (Frs.
5.1−5.10). Fr. 5.4 (453.8 mg) was subjected to CC on Si gel eluting with a CH2Cl2-MeOH gradient (from
500:1 to 200:1) to yield compounds 6 (187.6 mg) and 7 (15.5 mg). Fr. 6 (29.2 g) was repeatedly subjected
to Si gel VLC and then fractionated by solvents of increasing polarity from CH2Cl2 to acetone to yield
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four subfractions (Frs. 6.1−6.4) based on HPLC and TLC analysis. Purification of Fr. 6.1 (6.2 g) by CC
over Lobar LiChroprep RP-18 with a MeOH-H2O gradient (from 1:9 to 10:0) yielded 10 subfractions
(Frs. 6.1.1−6.1.10). Fr. 6.1.1 (14.3 mg) was recrystallized from mixed solvents (MeOH-H2O, 10:1) to
give 3 (6.7 mg). Fr. 6.1.2 (53.7 mg) was purified by prep-TLC and CC on Sephadex LH-20 (MeOH) to
obtain 10 (34.1 mg). Fr. 6.1.3 (44.8 mg) was also recrystallized from MeOH to give 9 (21.9 mg). Fr. 6.1.4
(79.2 mg) was applied to semi-preparative HPLC (Elite ODS-BP column, 10 μm; 20 × 250 mm; 70%
MeOH-H2O, 16 mL/min) to afford 4 (18.3 mg, tR 29.6 min). Fr. 6.1. 5 (207.3 mg) was subjected to
repeated CC on silica gel (CH2Cl2-MeOH, 140:1) and purified by prep-TLC and CC on Sephadex LH-20
(MeOH) to give 5 (9.4 mg). Fr. 6.2 (6.0 g) was split by CC over Lobar LiChroprep RP-18, silica gel, and
Sephadex LH-20 to yield 2 (12.5 mg). Fr. 6.3 (6.5 g) was subjected to CC over Lobar LiChroprep RP-18,
eluted with a MeOH-H2O gradient (from 1:9 to 10:0) to yield 10 subfractions (Frs. 6.3.1−6.3.10). Fr.
6.3.1 (32.1 mg) was recrystallized from mixed solvents (MeOH-H2O, 10:1) to afford 8 (13.7 mg). Fr.
6.3.3 (108.9 mg) was purified by semi-preparative HPLC (Elite ODS-BP column, 10 μm; 20 × 250 mm;
72% MeOH-H2O, 16 mL/min) to afford 1 (46.8 mg, tR 31.2 min).

5’-Hydroxy-6’-ene-epicoccin G (1): Colorless cube crystal (MeOH-H2O); mp 161–163 ◦C; [α]D25 −95.7 (c
0.23, MeOH); UV (MeOH) λmax (log ε) 204 (3.99) nm; ECD (4.18 mM, MeOH) λmax (Δε) 200 (−1.96),
233 (+2.46), 260 (−3.07) nm; 1H and 13C NMR data, Tables 1 and 2; ESIMS m/z 455 [M + H]+; HRESIMS
m/z 455.1293 [M + H]+ (calcd for C20H27O6N2S2, 455.1305).

7-Methoxy-7’-hydroxyepicoccin G (2): Colorless cube crystal (MeOH); mp 173–175 ◦C; [α]D25 −138.9 (c
0.18, MeOH); UV (MeOH) λmax (log ε) 204 (4.16) nm; ECD (4.80 mM, MeOH) λmax (Δε) 200 (−3.35),
231 (+3.91), 259 (−2.53)nm; 1H and 13C NMR data, Tables 1 and 2; ESIMS m/z 501 [M + H]+; HRESIMS
m/z 501.1360 [M + H]+ (calcd for C21H29O8N2S2, 501.1360).

8’-Acetoxyepicoccin D (3): Colorless needle crystal (MeOH); mp 233–235 ◦C; [α]D25 +225.6 (c 0.02,
MeOH); UV (MeOH) λmax (log ε) 204 (3.75) nm; ECD (2.15 mM, MeOH) λmax (Δε) 218 (+1.24), 252
(+0.31), 290 (−0.10) nm; 1H and 13C NMR data, Tables 1 and 2; ESIMS m/z 482 [M + NH4]+, m/z 487
[M +Na]+; HRESIMS m/z 482.1045 [M +NH4]+ (calcd for C20H24O7N3S2, 482.1050), 487.0601 [M +Na]+

(calcd for C20H20O7N2NaS2, 487.0604).

7’-Demethoxyrostratin C (4): Colorless amorphous powder; [α]D25 −215.4 (c 0.13, MeOH); UV (MeOH)
λmax (log ε) 201 (4.06) nm; ECD (2.20 mM, MeOH) λmax (Δε) 200 (+0.43), 234 (−2.24), 265 (+0.53) nm;
1H and 13C NMR data, Tables 1 and 2; ESIMS m/z 455 [M + H]+; HRESIMS m/z 455.0930 [M + H]+

(calcd for C19H23O7N2S2, 455.0941).

(±)-5-Hydroxydiphenylalazine A (5): Yellow oil; UV (MeOH) λmax (log ε) 200 (4.49) nm, 216 (4.19) nm,
283 (4.14) nm; 1H and 13C NMR data, Tables 1 and 2; ESIMS m/z 323 [M + H]+; HRESIMS m/z 323.1383
[M + H]+ (calcd for C19H19O3N2, 323.1390).

(+)-5: [α]D25 +350 (c 0.18, MeOH); ECD (5.59 mM, MeOH) λmax (Δε) 209 (+2.59), 233 (+1.11), 291
(+2.41) nm.

(−)-5: [α]D25 −345 (c 0.18, MeOH); ECD (5.59 mM, MeOH) λmax (Δε) 206 (−3.11), 242 (−1.21), 288
(−2.55) nm.

3.5. X-Ray Crystallographic Analysis

Crystallographic data have been deposited in the Cambridge Crystallographic Data Centre [15].
Crystallographic data were collected on an Agilent Xcalibur Eos Gemini CCD plate diffractometer
equipped with a graphite-monochromatic Cu-Kα radiation (λ = 1.54178) Å at 293 (2) K. The data
were corrected for absorption by using the program SADABS [16]. The structures were solved by
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direct methods with the SHELXTL software package [17]. All non-hydrogen atoms were refined
anisotropically. The H atoms connected to C atoms were calculated theoretically, and those to O atoms
were assigned by difference Fourier maps [18]. The absolute structure was determined by refinement of
the Flack parameter [19], based on anomalous scattering. The structures were optimized by full-matrix
least-squares techniques.

Crystal data of compound 1: C20H26N2O6S2·H2O, F.W. = 472.56, orthorhombic space group
P2(1)2(1)2(1), unit cell dimensions a = 8.5746 (5) Å, b = 10.9602 (8) Å, c = 24.3158 (16) Å, V = 2285.2 (3) Å3,
α = β = γ = 90◦, Z = 4, dcalcd = 1.374 mg/m3, crystal dimensions 0.40 × 0.21× 0.13 mm, μ = 2.491 mm−1,
F(000) = 1000. The 5006 measurements yielded 3321 independent reflections after equivalent data were
averaged. The final refinement gave R1 = 0.0525 and wR2 = 0.1263 [I > 2σ(I)]. The absolute structure
parameter was 0.01(3).

Crystal data of compound 2: C21H28N2O8S2, F.W. = 500.57, monoclinic space group P2(1), unit
cell dimensions a = 6.8423 (4) Å, b = 20.5136 (10) Å, c = 8.2231 (5) Å, V = 1130.48 (11) Å3, α = γ = 90◦,
β = 101.635 (2)◦, Z = 2, dcalcd = 1.471 mg/m3, crystal dimensions 0.20 × 0.17× 0.10 mm, μ = 2.587 mm−1,
F(000) = 528. The 6832 measurements yielded 2789 independent reflections after equivalent data were
averaged. The final refinement gave R1 = 0.0514 and wR2 = 0.1199 [I > 2σ(I)]. The absolute structure
parameter was 0.02(4).

Crystal data of compound 3: C20H20N2O7S2·CH3OH, F.W. = 496.54, orthorhombic space group
P2(1)2(1)2(1), unit cell dimensions a = 10.1030 (6) Å, b = 10.8478 (5) Å, c = 19.6848 (10) Å, V = 2157.4 (2)
Å3, α= β= γ= 90◦, Z= 4, dcalcd = 1.529 mg/m3, crystal dimensions 0.25× 0.17× 0.13 mm, μ= 2.711 mm−1,
F(000) = 1040. The 4782 measurements yielded 3033 independent reflections after equivalent data were
averaged. The final refinement gave R1 = 0.0510 and wR2 = 0.1001 [I > 2σ(I)]. The absolute structure
parameter was 0.02(3).

3.6. Computational Section

Conformational searches were carried out via molecular mechanics with the MM+ method in
HyperChem 8.0 software (Gainesville, FL, USA). Afterwards, the geometries were optimized at the
gas-phase B3LYP/6-31G level in Gaussian09 software to afford the energy-minimized conformers.
Then, the optimized conformers were subjected to the calculations of ECD spectra using the TD-DFT at
BH&HLYP/TZVP level for 4 and PBE0/TZVP level for 5. Simultaneously, solvent effects of the MeOH
solution were evaluated at the same DFT level using the SCRF/PCM method [20].

3.7. Cytotoxic Assays

3.7.1. Cell Culture

Liver cancer Huh7.5 cell line used was obtained from the American Type Culture Collection
(ATCC). Human normal liver LO2 cell line used was purchased from China Center for Type Culture
Collection (CCTCC). Huh7.5 cells and LO2 cells were cultured at 37 ◦C in RPMI-1640 medium
and DMEM medium, respectively, supplemented with 10% fetal bovine serum (FBS, PAN Biotech,
Aidenbach, Germany), 100 U/mL penicillin, and 100 mg/mL streptomycin. All experiments were
carried out with the same batch of cell line between passages 2 and 5 [21].

3.7.2. Cell Proliferation Assay

The cytotoxic activities of compounds 1–10 against Huh7.5 liver tumor cells and human normal
liver LO2 cell line were determined by the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, 6 × 103 of logarithmically growing Huh7.5 cells and human normal liver LO2 cell
line were plated in the 96-well plate at 37 ◦C for 24 h. Then, cells were treated with DMSO (as the
vehicle control) and increasing concentrations of test compounds (with the final concentration of 1,
2, 4, 5, 8, 10, 15, 20 μM) for 48 h, respectively. MTT solution (5 mg/mL, 20 μL per well) was added
and incubated for another 4 h. After supernate from the wells were removed, DMSO was added to
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each well to dissolve purple crystals of formazan with gentle shaking for 10 min, and optical density
at 490 nm was read by a multi-detection microplate reader (Infinite M1000 Pro, Tecan, Switzerland).
Sorafenib was used as positive control. All the compounds and positive control were dissolved and
diluted in DMSO. All tests were performed in triplicate. The values of relative cell viability were
calculated as percentages of absorbance from the treated samples to absorbance from the vehicle
control [21].

4. Conclusions

In conclusion, ten diketopiperazine alkaloids including four new derivatives,
5’-hydroxy-6’-ene-epicoccin G (1), 7-methoxy-7’-hydroxyepicoccin G (2), 8’-acetoxyepicoccin
D (3), and 7’-demethoxyrostratin C (4), and a pair of new enantiomeric diketopiperazines
(±)-5-hydroxydiphenylalazine A ((±)-5), along with five known analogues (6–10) were characterized
from the deep sea-derived fungus E. nigrum SD-388. The discovery of these compounds might provide
further insight into the biosynthesis of the diketopiperazine family and provide new targets for
synthetic or biosynthetic studies. Compounds 4 and 10 exhibited potent cytotoxic activities against
Huh7.5 liver cancer cells and may provide useful candidates for further study as antitumor agents.

Supplementary Materials: Selected 1D and 2D NMR, HRESIMS, and ECD spectra of compounds 1–5 are available
online at: http://www.mdpi.com/1660-3397/18/3/160/s1.
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Abstract: Microalgae have been shown to be excellent producers of lipids, pigments, carbohydrates,
and a plethora of secondary metabolites with possible applications in the pharmacological,
nutraceutical, and cosmeceutical sectors. Recently, various microalgal raw extracts have been
found to have anti-inflammatory properties. In this study, we performed the fractionation of raw
extracts of the diatom Cylindrotheca closterium, previously shown to have anti-inflammatory properties,
obtaining five fractions. Fractions C and D were found to significantly inhibit tumor necrosis
factor alpha (TNF-α) release in LPS-stimulated human monocyte THP-1 cells. A dereplication
analysis of these two fractions allowed the identification of their main components. Our data
suggest that lysophosphatidylcholines and a breakdown product of chlorophyll, pheophorbide a,
were probably responsible for the observed anti-inflammatory activity. Pheophorbide a is known
to have anti-inflammatory properties. We tested and confirmed the anti-inflammatory activity of
1-palmitoyl-sn-glycero-3-phosphocholine, the most abundant lysophosphatidylcholine found in
fraction C. This study demonstrated the importance of proper dereplication of bioactive extracts and
fractions before isolation of compounds is commenced.
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1. Introduction

Inflammation is a complex set of interactions among soluble factors and cells (e.g., chemokines,
cytokines, adhesion molecules, recruitment, and activation of leukocytes) that can arise in any tissue
helping to protect the host from systemic infection and to restore tissue homeostasis after injury,
infection, and irritation [1–3]. Therefore, it represents a crucial defense mechanism that is important
for maintenance of health [1,2]. However, if targeted destruction and assisted repair are not properly
controlled by its mediators, the so-called “non-resolving inflammation”, they can lead to persistent
tissue damage and the insurgence of various pathologies [2]. Inflammation has important pathogenic
roles in several pathologies, such as asthma, atherosclerosis, atopic dermatitis, Crohn’s disease, multiple
sclerosis, cystic fibrosis, psoriasis, neurodegenerative diseases, as well as cancer [1,4]. It is a protective
response that involves immune cells, blood vessels, and different molecular mediators (e.g., TNF-α,
IL1, nitric oxide, and prostaglandins) and anti-inflammatory assays that are used in the literature,
generally include the study of one or more of these characteristics and mediators.

Oceans account for 71% of the earth’s surface and represent a huge, relatively untapped, reservoir
of new compounds for drug discovery [5]. One such source is the Phytoplankton, photosynthetic
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eukaryotes at the base of marine and freshwater food webs that are essential in the transfer of organic
material to top consumers such as fish [6]. These micro-organisms have shorter generation times as
compared with macro-organisms and can easily be cultivated in closed photobioreactors or in open
ponds providing access to larger amounts of biomass necessary for an eco-sustainable and eco-friendly
approach to drug discovery [7]. Diatoms, with over 100,000 species, constitute one of the major
components of marine phytoplankton, comprise up to 40% of annual productivity at sea [8] and represent
25% of global carbon-fixation [9]. Different studies have shown that diatoms are excellent sources
and producers of pigments, lipids, and bioactive compounds [7,10]. Anti-inflammatory properties
have previously been found for various diatoms, such as Porosira glacialis, Attheya longicornis [11],
Cylindrotheca closterium, Odontella mobiliensis, Pseudonitzschia pseudodelicatissima [12], and Phaeodactylum
tricornutum [13]. The activity was assessed on lipopolysaccaride (LPS)-stimulated human THP-1
macrophages, except for P. tricornutum which was tested on murine RAW 264.7 macrophages. However,
there is very little information available on the actual compounds responsible for the observed
anti-inflammatory activity.

Anti-inflammatory properties have also been found for flagellates. Extracts of Tetraselmis suecica [14],
Chlorella ovalis, Nannochloropsis oculata, and Amphidinium carterae [13], and a sterol-rich fraction of
Nannochloropsis oculata [15] were active in LPS-stimulated RAW 264.7 macrophages. Oxylipin-containing
lyophilized biomass from Chlamydomonas debaryana have been shown to have anti-inflammatory
properties in an induced colitis rat model [16–18] and Dunaliella bardawil was found to protect
against acetic acid-induced small bowel inflammation in rats [16,17]. Regarding studies on
LPS-stimulated human THP-1 monocytic leukemia cells, lipid extracts of Pavlova lutheri [19] and
monogalactosyldiacylglycerols (MGDGs) and digalactosyldiacylglycerols (DGDGs) mixtures, and the
isolated DGDGs 11 and 12 from Isochrysis galbana [20] were reported as active. Regarding the
compounds responsible for anti-inflammatory properties from flagellates, lycopene was purified from
Chlorella marina and the activity was confirmed in a rat model of arthritis [21], and phytosterols from
Dunaliella tertiolecta were tested in a sheep model of inflammation [22]. In addition, carotenoids,
the most abundant lipid-soluble phytochemicals, have shown anti-inflammatory properties [23].

In this study, we investigated the capacity of extracts of C. closterium to inhibit the release of
one of the main effectors of inflammation, TNF-α [3], in LPS-stimulated human THP-1 monocytic
leukemia cells. Bioactivity-guided fractionation was performed, and chemical contents of the active
fraction are described for the first time. This study is perfectly aligned with recent trends in analyzing
possible microalgal properties for cancer prevention and improving general human health and
well-being [24,25].

2. Results and Discussion

2.1. Testing for Anti-Inflammatory Activity in Algal Fractions

Previous studies have shown that raw extracts of the diatom C. closterium had anti-inflammatory
properties [12]. In the present study, a raw extract of C. closterium was pre-fractionated to obtain five
fractions (Fractions A to E). These were amino acids and saccharides rich fraction (named Fraction A),
nucleosides rich fraction (named fraction B), glycol- and phospholipid rich fraction (named fraction C),
free fatty acids and sterols rich fraction (named fraction D), and triglycerides rich fraction (named
fraction E), as reported in the solid phase extraction (SPE) protocol to fractionate organic extracts of
Cutignano et al. [26]. Bioactivity testing of these fractions identified fraction C as the most active,
able to inhibit TNF-α release at 100 μg/mL and 50 μg/mL concentrations (Figure 1). In particular,
at 100 μg/mL, fraction C showed 60% inhibition of TNF-α release (p < 0.01), and 40% inhibition at
50 μg/mL (p < 0.001). Fraction D showed almost 40% TNF-α inhibition at 100 μg/mL (p < 0.01) and
30% at 50 μg/mL (p < 0.001). The other fractions did not show any significant TNF-α inhibition activity
(p > 0.05). Both fractions C and D were selected for dereplication and further characterization.
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Figure 1. Anti-inflammatory assay. Inhibition of TNF-α secretion from LPS-stimulated THP-1 cells
treated with fractions A, B, C, D, and E of Cylindrotheca closterium extracts (n = 3, ** for p < 0.01 and
*** for p < 0.001, Student’s t-test).

2.2. Anti-Proliferative Activity Assay

In order to test if the active anti-inflammatory fractions of C. closterium also had antiproliferative
activities, the 3-(4,5-dimethyl-2-thizolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was
performed. In particular, A549, A2058, and HepG2 cells were incubated in the presence or in
the absence of three different concentrations (1, 10, and 100 μg/mL) of both fractions C and D.
After 72 h of incubation at 37 ◦C, cell survival was measured with the MTT assay. As shown in
Figure 2, fractions C and D did not show any significant inhibition of cell proliferation (p > 0.05).
These results suggest that these two fractions have no antiproliferative or cytotoxicity activity but
specific anti-inflammatory activity.

Figure 2. Antiproliferative assay. The histograms show the antiproliferative effects of fractions C and D
of C. closterium extracts, on A549, A2058, and HepG2 cell lines. Control sample, containing only DMSO,
was also tested (named as control). Results are expressed as percent survival after 72 h exposure (n = 3).

2.3. Dereplication

Since isolation of new compounds is very time consuming and costly [27,28], it is important
to perform an early dereplication to identify already known components. In order to identify the
bioactive compounds in the active fractions C and D, they were analyzed by UHPLC-HR-MS/MS
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and compared to the inactive fractions A and B (Figure 3). In fraction C, we found a series of
compounds that all had a common fragment at m/z 184.0740 corresponding to a molecular formula of
C5H15NO4P (see Figure S1, Supplementary Information). This is a common fragment observed when
the head group of phosphocholines is cleaved off in tandem mass spectrometry. Phosphocholines
are a class of phospholipids where the phosphocholine head group can be esterified to one or two
fatty acids. Phosphocholines with two fatty acids are common membrane-forming phospholipids
known as phosphatidylcholines (PC). When one fatty acid is removed from a PC, either enzymatically
or by spontaneous hydrolysis, lysophosphatidylcholines (LysoPCs) are formed. After calculating
the elemental compositions of the related molecules in fraction C and searching the ChemSpider
database for known compounds, they were all identified as LysoPCs with different fatty acids attached.
From the UHPLC-HR-MS/MS data we were able to determine the length of the fatty acids and
the degree of unsaturation, but we were not able to directly determine the position of any double
bonds and if the fatty acid was attached to carbon one or two on the glycerol backbone. In order
to confirm our identification of LysoPCs, we injected a commercial standard of a C16:0 LysoPC
(1-palmiotyl-sn-glycero-3-phosphocholine). The standard had the same retention time, mass, collisional
cross section, and fragmentation pattern as one of the most intense compounds in fraction C (see
Figure S2 and S3, Supplementary Information). The dominating LysoPCs in fraction C were 16:0,
16:1, 18:1, and 18:2 (approximately equal amounts) and minor LysoPCs were 14:0 and 18:3 (each
approximately 20% of the most intense LysoPCs). A summary of the most intense LysoPCs and
their retention times is given in Table S1 (Supplementary Information). There is current interest in
LysoPCs because some of these are proposed for treatment of systemic inflammatory disorders [29–35].
However, their biological roles are not completely understood and some studies even found a
putative pro-inflammatory activity [29]. Plasma LysoPC levels are diminished in human patients with
sepsis [31,36], and in rodent models of sepsis and ischemia, LysoPC treatments in ex vivo and in vivo
studies suggesting a potential role to relieve serious inflammatory conditions [29]. LysoPCs have also
been shown to prevent neuronal death both in an in vivo model of transient global ischemia and in
an in vitro model of excitotoxicity using primary cultures of cerebellar granule cells exposed to high
extracellular concentrations of glutamate (20 to 40 micromol/L).

In fraction D, trace amounts of the same LysoPCs were present. However, the most intense peak
in fraction D had a m/z value of 593.2752 with a corresponding elemental composition of C35H37N4O5

([M +H]+). When searching in the ChemSpider database, the elemental composition, as well as the
fragmentation pattern, indicated that the compound was pheophorbide a, a breakdown product of
chlorophyll (see Figure S4, Supplementary Information). Another peak in fraction D was identified
as a related breakdown product of chlorophyll, hydroxypheophorbide a (C35H36N4O6, m/z 609.2708
[M + H]+), see Figure S5 (Supplementary Information). Both pheophorbide a and its derivatives
are known to have anti-inflammatory and anticancer properties [37–43], but, to our knowledge,
this is the first case in a marine microalgae where the bioactivity was attributed to pheophorbide a.
Pheophorbide a has already been extracted from a range of different marine organisms. Examples are
the seaweed Grateloupia ellittica [40], the brown alga Saccharina japonica [39], marine diatoms [44,45],
and the freshwater glaucophyte Cyanophora paradoxa [37]. Hydroxypheophorbide a has been previously
isolated from the terrestrial plants Clerodendrum calamitosum, Neptunia oleracea, the freshwater unicellular
green alga Chlorella sp., and from the marine tunicate Trididemnum solidum, but never from a marine
diatom species. It is mainly known to have anticancer but not anti-inflammatory activity ([38,41],
Patents No. 185220/82 and US4709022A). Hence we suggest that the possible anti-inflammatory activity
observed in our experiments was due to the presence of LysoPCs and the known anti-inflammatory
pheophorbide a. In fact, pheophorbide a is known to induce a dose-dependent inhibition against
lipopolysaccharide (LPS)-induced nitric oxide (NO) production at nontoxic concentrations in RAW
264.7 murine macrophage cells and to suppress the expression of nitric oxide synthase (iNOS) [39].
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Figure 3. Base peak intensity chromatograms of fraction A, B, C, and D from the UHPLC-HR-MS/MS
analysis using positive electrospray.

2.4. Anti-Inflammatory Activity of 1-Palmitoyl-sn-glycero-3-phosphocholine

Considering that the most active fraction mainly contained various phosphocholines, we tested
one of these, 1-palmitoyl-sn-glycero-3-phosphocholine (which was the most abundant compound
in fraction C) in our AIF-assay. The effect of 1-palmitoyl-sn-glycero-3-phosphocholine on secretion
of TNF-α showed a dose-response relationship and was active at 25 μg/mL (p < 0.05) and 50 μg/mL
(p < 0.01), as shown in Figure 4.

Figure 4. Anti-inflammatory assay. Inhibition of TNF-α secretion from LPS-stimulated THP-1 cells
treated with 3.13, 6.25, 12.5, 25, and 50 μg/mL of 1-Palmitoyl-sn-glycero-3-phosphocholine (n = 3;
* for p < 0.05 and ** for p < 0.01, Student’s t-test).
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3. Conclusions

Considering that inflammation plays a crucial role in the pathogenicity of several diseases,
marine drug discovery is often directed to finding new natural products with anti-inflammatory
properties [46,47]. Our results indicate that lysophosphatidylcholines (lysoPCs) and a breakdown
product of chlorophyll, pheophorbide a, were probably responsible for the observed anti-inflammatory
activity of the diatom C. closterium, giving new insights into microalgal compound bioactivities
and their possible applications. This is the first time that a marine diatom is reported to produce
these anti-inflammatory compounds. Pheophorbide a is known to inhibit the production of NO via
inhibition of iNOS protein expression, thereby suggesting its potential use in the treatment of various
inflammatory diseases (37), but there is no further information on its anti-inflammatory mechanism of
action. Hence our study shows, for the first time, that it can inhibit TNF-α release in THP1 cells.

LysoPCs are products of phospholipase A2 enzyme activity, and similar to the enzyme, have a
direct role in pro-inflammatory [48] and anti-inflammatory responses, in a variety of organ systems.
Our results indicate that one of these LysoPCs, 1-palmitoyl-sn-glycero-3-phosphocholine (which was
the most abundant compound in fraction C), had a strong anti-inflammatory activity which has not been
demonstrated before. Microalgae, and in particular diatoms, therefore, can be considered potentially
important producers of compounds to prevent and treat different human pathologies. In recent years
they have been shown to have anti-inflammatory, antimicrobial, anticancer, antidiabetic, antiepileptic
and even antituberculosis properties [10–12,49–55]. A better understanding of the potential health
benefits from these marine organisms, the compounds they produce, and the environmental conditions
affecting their production should allow for the sustainable development of these valuable marine
resources in the future.

4. Materials and Methods

4.1. Cell Culturing and Harvesting

The diatom Cylindrotheca closterium (FE2), which has previously been shown to have
anti-inflammatory activity [12], was cultured in Guillard’s f/2 medium [56] in ten-liter polycarbonate
carboys (4 replicates). Cultures were constantly bubbled with air filtered through 0.2 μm membrane
filters and kept in a climate chamber at 19 ◦C and a 12:12 h light:dark cycle (100 μmol photons m−2 s−1).
Initial cell concentration was about 5000 cells/mL per bottle; culture growth was monitored daily by
fixing 1 ml of culture with one drop of Lugol (final concentration of about 2%) and counting cells in a
Bürker counting chamber under an Axioskop 2 microscope (20×) (Carl Zeiss GmbH, Jena, Germany).
At the end of the stationary phase, cultures were centrifuged for 15 min at 4 ◦C at 3900 g using a cooled
centrifuge with a swing-out rotor (DR 15P, Braun Biotechnology International, Allentown, PA, USA).
The supernatant was discarded, and pellets freeze-dried and kept at −80 ◦C until chemical extraction.

4.2. Extraction and Fractionation

For extraction and fractionation, the protocol by Cutignano et al. [26] was used, but with some
modifications. Briefly, a methanolic extract was firstly prepared by adding 5 mL methanol (MeOH)
for each g of pellet (algae were cultured in three different occasions in triplicate batches), sonicating
the samples for 30 s, centrifuging them at 4000 rpm for 5 min at room temperature and drying the
supernatant with a rotovapor.

For the fractionation, columns were activated (column type: 6 mL/500 mg resin) with 6 mL
methanol and 17 mL of distilled water. The resin used was a spherical poly(styrene-divinylbenzene)
resin for SPE (Chromabond®HR-X, Düren, Germany). One mL of distilled water was added for each
20 mg of methanolic extract. Samples were sonicated to obtain a good suspension and added to the
columns. The column was eluted as follows: (1) wash step with 2 mL of distilled water, throwing
away 1.5 mL to eliminate salts, (2) addition of 18 mL of distilled water to obtain fraction A, (3) addition
of 24 mL of methanol (CH3OH)/water (50:50) to obtain fraction B, (4) addition of 18 mL Acetonitrile
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(CH3CN)/water (70:30) to obtain fraction C, (5) addition of 18 mL acetonitrile (100%) to obtain fraction D,
(6) and finally addition of 18 mL of dichloromethane/methanol (CH2Cl2/CH3OH; 90:10) to obtain
fraction E.

4.3. Anti-Inflammatory Assay

The anti-inflammatory assay was performed as in Lauritano et al. [12]. Briefly, ∼106 human
monocyte THP-1 cells/mL (ATCC®TIB-202TM) supplemented with 50 ng/mL phorbol 12- myristate
13-acetate (PMA, Sigma-Aldrich) were seeded in 96-well plates and incubated at 37 ◦C, 5% CO2 for 48
h in RPMI-1640 medium (Biochrom). After 72 h, 80 μL fresh RPMI medium and 10 μL/well of test
sample were added. In particular, fractions A, B, C, D, and E were tested at 100 and 50 μg/mL, while
1-palmitoyl-sn-glycero-3-phosphocholine (Sigma L5254) was tested at 3.13, 6.25, 12.5, 25, and 50 μg/mL.
The tests were performed at least in triplicate. After incubation for 1 h, all samples were incubated with
1 ng/mL lipopolysaccharide (LPS) for 6 h at 37 ◦C and plates were then frozen at −80 ◦C. Enzyme-linked
immunosorbent assay (ELISA) was used to test TNF-α inhibition. ELISA was performed as in Lauritano
et al. [12]. Results were read at 405 nm.

4.4. In Vitro Anti-Proliferative Assay

Human cells were bought at ATCC (https://www.lgcstandards-atcc.org/). Human hepatocellular
liver carcinoma cells (HepG2; ATCC®HB-8065™) were cultured in EMEM medium, human melanoma
cells (A2058; ATCC®CRL-11147TM) were cultured in DMEM, adenocarcinomic human alveolar
basal epithelial cells (A549; ATCC®CL-185TM) were cultured in F-12K medium. The media were
supplemented with 10% fetal bovine serum, 50 U/ml penicillin, and 50 μg/ml streptomycin.

To evaluate the in vitro antiproliferative effects of the fractions, HepG2, A2058, and A549 cell
lines were seeded in 96-well microtiter plates at a density of 1 × 104 cells/well and incubated at
37 ◦C to allow for cell adhesion in the plates. After 16 h, the medium was replaced with fresh
medium containing increasing concentrations of the fractions (1, 10, and 100 μg/mL) for 72 h. Each
concentration was tested at least in triplicate. After 72 h, cell viability was assessed using the MTT test
(3-(4,5-dimethyl-2-thizolyl)-2,5-diphenyl-2H-tetrazolium bromide; A2231,0001, AppliChem Panreac
Tischkalender, Darmstadt, GmbH). Briefly, the medium was replaced with medium containing MTT
at 0.5 mg/ml and the plates were incubated for 3 h at 37 ◦C. After incubation, cells were treated
with isopropyl alcohol (used as MTT solvent) for 30 minutes at room temperature. Absorbance was
measured at OD = 570 nm using a microplate reader (Multiskan™ FC Microplate Photometer, Thermo
Fisher Scientific, Waltham, MA, USA). Cell survival was expressed as a percentage of viable cells in the
presence of the tested samples, with respect to untreated control cultures.

4.5. Statistical Analysis

Student’s t-test was performed using GraphPad Prism statistic software, V4.00 (GraphPad
Software, San Diego, CA, USA). Data were considered significant when p values were <0.05 (∗ for
p < 0.05, ∗∗ for p < 0.01, and ∗∗∗ for p < 0.001).

4.6. Dereplication of Fractions

One mg of each fraction A to E were resuspended in 100 μL 80% aqueous methanol,
centrifuged at 13,000 rpm for 5 min, and the supernatants were transferred to UHPLC injection
vials. UHPLC-HR-MS/MS analysis of the fractions was performed using a Waters Acquity I-class UPLC
system interfaced with a PDA Detector and a VION IMS-qTOF (Milford, MA, USA) using electrospray
ionization (ESI) in positive mode. The VION IMS- qTOF was operated with a capillary voltage of
0.80 kV, desolvation gas flow (N2) of 800 L/h, desolvation temperature of 450 ◦C, cone gas flow (N2) of
50 L/h and an ion source temperature of 120 ◦C. Data were acquired between m/z 50 and 2000 with a
scan time of 0.2 s. Fragment data were acquired by ramping the energy of the collision cell from 15 to
45 V, and high and low energy data were acquired in the same run. Leucine-enkephalin was used
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for internal calibration and the system was tuned to a resolution of 45,000 (FWHM). The system was
controlled, and data were processed using UNIFI 1.9.4 (Waters). Chromatographic separation was
achieved by injecting 3 μL of the dissolved fractions on a BEH C18 1.7 μm (2.1 × 100 mm) column
(Waters) operated at 40 ◦C. The fractions were eluted with a gradient of 10% to 100% acetonitrile in
water over 10 min (both containing 0.1% formic acid), followed by maintaining 100% acetonitrile until
13.5 min.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/3/166/s1,
Figure S1: Top: Base peak intensity chromatogram from the UHPLC-HR-MS/MS analysis of fraction C using
positive electrospray. Bottom: Ion chromatogram of m/z 184. 0740 from fraction C indicating the presence of
phosphocholines, Figure S2: Top: Ion chromatogram of m/z 496.3396 from fraction C showing the presence of
LysoPC. Bottom: Base peak intensity chromatogram from the UHPLC-HR-MS/MS analysis of fraction C using
positive electrospray, Figure S3: Top: Low energy mass spectrum of 1-Palmiotyl-sn-glycero-3-phosphocholine
from fraction C. Bottom: High energy mass spectrum of 1-Palmiotyl-sn-glycero-3-phosphocholine showing
fragments and mass deviations corresponding with the commercial standard, Figure S4: Top: Low energy
mass spectrum of pheophorbide A from fraction D. Bottom: High energy mass spectrum of pheophorbide A
showing fragments and mass deviations corresponding with the theoretical fragmentation of the database hit,
Figure S5: Top: Low energy mass spectrum of hydroxypheophorbide A from fraction D. Bottom: High energy
mass spectrum of hydroxypheophorbide A showing fragments and mass deviations corresponding with the
theoretical fragmentation of the database hit, Table S1: The most abundant lysophosphatidylcholines in fraction C.
The type indicates number of carbons and double bonds in the fatty acid moiety of the respective LysoPCs, and
the retention times are given in minutes.
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Abstract: Five new compounds 15R-17,18-dehydroxantholipin (1), (3E,5E,7E)-3-methyldeca-3,5,7-
triene-2,9-dione (2) and qinlactone A–C (3–5) were identified from mangrove Streptomyces
qinglanensis 172205 with “genetic dereplication,” which deleted the highly expressed secondary
metabolite-enterocin biosynthetic gene cluster. The chemical structures were established by
spectroscopic methods, and the absolute configurations were determined by electronic circular
dichroism (ECD). Compound 1 exhibited strong anti-microbial and antiproliferative bioactivities,
while compounds 2–4 showed weak antiproliferative activities.

Keywords: mangrove Streptomyces; genetic dereplication; anti-microbial; antiproliferative

1. Introduction

Microbial natural products are an important source of drug lead. Mangrove streptomycetes
were reported as a potential source of plenty of antiproliferative or anti-microbial chemicals with
novel structures [1]. The bioinformatics of easily available genome information from microorganisms
breaks the bottleneck of traditional natural product discovery to a certain extent, and secondary
metabolites isolation guided by genome sequence has increasingly become a research frontier [2].
Genome mining and silent gene cluster activation unveil the potential of diverse secondary metabolites
in bacteria [3–5]. The OSMAC (One Strain Many Compounds) approach has been proven to be a
simple and powerful tool to mine new natural products [6,7]. Due to complexity profiles of secondary
metabolites including intermediates, a strategy named “genetic dereplication” was also developed to
simplify the profiles by eliminating the major known secondary metabolites’ biosynthetic pathway, so
that more easily detecting other novel compounds and/or reversing the precursor pools for other low
expressed pathways in the microorganisms [8].

Previous studies reported that enterocin and its metabolites are the main and high-yield products
in Streptomyces qinglanensis 172205 [9]. After the whole genome sequence was obtained, we analyzed
the gene clusters of secondary metabolites, and found that more than 50% of them are coding for
unknown compounds. However, enterocin was always detected in all of the media used during
the OSMAC study. Hence, in this study, to mine the unknown compounds in strain 172205, we
carried out the genetic dereplication strategy by which we deleted the enterocin biosynthetic gene
cluster in genome and then detected the diversity of secondary metabolites profiles by OSMAC
method. A mutant strain 172205Δenc was generated by the whole enterocin biosynthetic gene cluster
deletion using double-crossover homologous recombination and tested by HPLC fingerprint profiles
for diverse products of crude extracts from 10 kinds of liquid fermentation media. The results showed
that strain 172205Δenc could produce the most diverse peaks on HPLC under fermentation in D.O.
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(dextrin-oatmeal) medium. Subsequently, a large-scale fermentation with D.O. medium was performed.
After isolation and purification of the compounds from the crude extract, five new compounds including
15R-17,18-dehydroxantholipin (1), (3E,5E,7E)-3-methyldeca-3,5,7-triene-2,9-dione (2) and qinlactone
A–C (3–5) were identified. Their structures were elucidated by one-dimensional (1D)/two-dimensional
(2D) nuclear magnetic resonance spectroscopy (NMR) data, as well as electronic circular dichroism
(ECD) calculation. In anti-microbial bioassay tests, compound 1 showed strong anti-Staphylococcus
aureus and anti-Candida albicans activities with MIC (minimum inhibitory concentration) values of
0.78 μg/mL and 3.13 μg/mL, respectively. For antiproliferative bioactivity, compound 1 exhibited
strong cytotoxicities against human breast cancer cell line MCF-7 and human cervical cancer cell line
HeLa with IC50 values of 5.78 μM and 6.25 μM, respectively, while compound 2–4 showed weaker
antiproliferative activities with IC50 values ranging from 129 to 207 μM. Therefore, the “genetic
dereplication” strategy is useful to find compounds that synthesized by low expression gene clusters
and would be of interest to colleagues in natural product discovery.

2. Results

Strain 172205Δenc was obtained by the enterocin biosynthetic gene cluster deletion (Figure 1a) and
confirmed by PCR (polymerase chain reaction) amplification (Supplementary Figure S1 and Table S1).
The HPLC profile of crude extract in D.O. medium (Figure 1b) showed that enterocin biosynthesis
were totally blocked in mutant strain 172205Δenc, including its intermediate metabolite-cinnamic acid.

 
(a) 

 
(b) 

Figure 1. (a) The organization of enterocin biosynthetic gene cluster before and after deletion.
Amplification fragments by verifying primers were labeled by fronts in red; (b) HPLC detection of
crude extracts of strain 172205 wild type and Δenc in D.O. medium.

Almost 80 grams crude extract was obtained from extraction of 60 L fermentation broth of mutant
172205Δenc and subjected to column chromatography and semi-preparative HPLC purification to
afford compounds 1–5. The chemical structures were showed in Figure 2.

Figure 2. Chemical structures of compound 1–5.
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15R-17,18-dehydroxantholipin (1) was obtained as a dark red powder with the molecular formula
of C27H16ClNO9 (HRESIMS-high resolution electrospray ionisation mass spectrometry m/z 534.0587,
calcd 534.0586 for [M +H]+), implying 20 degrees of unsaturation. Detailed comparison of 1D NMR
(Table 1) between compound 1 and the reported xantholipin [10,11] showed that 1 had the same NMR
data with xantholipin, except for the two sp2 quaternary carbons C-17 (δC 136.0) and C-18 (δC 141.5),
implying a double bond. The mass spectrum suggested the loss of a H2O group to form a double
bond between C-17 and C-18. The correlations in HMBC (heteronuclear multiple bond coherence)
from H-16a to C-13, C-15, C-17 and C-18 also located the placement at C-17 and C-18. Thus, the planar
structure of 1 was determined. The key HMBC and COSY (homonuclear correlation spectroscopy)
correlations are shown in Figure 3. Furthermore, the quantum chemical ECD calculation method was
also used to determine the absolute configuration. The calculated ECD spectrum of 1 was compared
with the experimental one, which revealed an excellent agreement between them (Figure 4). Therefore,
the absolute configuration of 1 was assigned to 15R. Thus, the structure of 1 was determined.

Table 1. 1H and 13C NMR data for Compound 1–2.

Position
1 2

δH (J in Hz) δC, Type HMBC δH (J in Hz) δC, Type HMBC

1 133.6, C 2.38 s 26.0, CH3 C-2, 4
2 7.63 d (8.8) 125.9, CH C-1, 4, 6 202.0, C
3 7.95 d (8.4) 120.8, CH C-1, 5, 10 140.7, C
4 120.6, C 7.28 d (11.4) 139.6, CH C-2, 6, 11
5 149.7, C 7.16 dd (11.5, 14.6) 137.9, CH C-3, 7
6 144.6, C 6.84 dd (11.2, 14.6) 138.8, CH C-4, 7, 8
7 7.41 dd (11.1, 15.6) 144.5, CH C-5, 6, 9
8 143.4, C 6.31 d (15.7) 133.7, CH C-6, 9, 10
9 108.2 *, C 201.3, C
10 181.4, C 2.32 s 27.4, CH3 C-7, 8, 9
11 158.9, C 1.94 d (1.0) 12.0, CH3 C-2, 3
12 109.5 *, C
13 131.4, C
14 131.3, C
15 5.15 dd (6.4, 14.0) 71.1, CH
16 a, 2.37 m 25.3, CH2 C-13, 15, 17, 18

b, 2.54 overlapped
17 136.0 **, C
18 141.5 **, C
19 178.6, C
20 117.3, C
21 145.1, C
22 182.8, C
23 6.55 s 99.6, CH C-20, 22, 24, 27
24 154.5, C

25-NH 12.67 s C-20, 23, 26, 27
26 151.9, C
27 2.36 s 19.5, CH3 C-23, 24

28 a, 5.71 d (5.9)
b, 5.48 d (5.8) 91.3, CH2

C-14, 15
C-15

29 4.08 s 61.6, CH3 C-6
11-OH 12.67 s C-9

*, ** Assignments are made in comparison with literature data for similar reported compounds. 1 (800 and 200 MHz,
DMSO-d6, δ in ppm); 2 (500 and 125 MHz, CD3OD-d4, δ in ppm).

(3E,5E,7E)-3-methyldeca-3,5,7-triene-2,9-dione (2) was obtained as a yellow powder. The molecular
formula of 2 was determined as C11H14O2 (HRESIMS m/z 179.1064, calcd 179.1067 for [M + H]+),
indicating 5 degrees of unsaturation. The 1D and HSQC (heteronuclear single quantum coherence)
NMR data (Table 1) of 2 revealed the presence of three aliphatic methyls, two carbonyls (ketone)
(δC 202.0 and 201.3), five olefinic methines (C-4 to C-8) and six olefinic carbons. The 1H-1H COSY
correlations (Figure 3) from H-4 to H-8 revealed the conjugated system indicated by bold lines in
Figure 3. HMBC correlations from H-5 to C-3 and C-7, H-6 to C-4 and C-7, H-7 to C-5 and C-6 and H-8
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to C-6 and C-7 suggested that 2 contained three conjugated double bonds. HMBC correlations from
H-11 to C-2 and C-3, and H-4 to C-2 and C-11 located one methyl (H-11) at C-3. HMBC correlations
from H-1 to C-2 and C-4, and H-11 to C-2 and C-3 supported one methyl (C-1) located at C-2 and the
connection between C-2 and C-3. Moreover, HMBC correlation from H-10 to C-8 and C-9, H-8 to C-9,
and H-7 to C-9 assigned another methyl ketone location at C-8. JH-5/H-6 = 14.6 Hz and JH-7/H-8 = 15.6 Hz
revealed two (E)-alkene between C-5-C-8. The ROESY (rotating frame overhauser effect spectroscopy)
correlation of H-4 and H-1 supported the (E)-alkene between C-3 and C-4. Thus, the (3E,5E,7E)-triene
was identified and chemical structure of 2 was established.

Figure 3. Key heteronuclear multiple bond coherence (HMBC), homonuclear correlation spectroscopy
(COSY) and rotating frame overhauser effect spectroscopy (ROESY) correlations of compound 1–5.

Qinlactone A (3) was obtained as a colorless oil. Its HRESIMS data indicated its molecular
formula is C16H22O4 (m/z 279.1587, calcd 279.1591 for [M +H]+) with 6 degrees of unsaturation. The
1D (Table 2) and HSQC NMR data of 3 revealed the presence of five aliphatic methyl groups, one
carbonyl (ketone, δC 202.2) and one carbonyl (ester, δC 183.3) and five olefinic methines (C-5 to C-9).
The 1H-1H correlations of H-5/H-6/H-7 and H-8/H-9 confirmed the same three conjugated double
bonds as 2. The HMBC correlations (Figure 3) from H-12 to C-11 (δC 202.2) and C-10, H-9 to C-11
and H-16 to C-8/C-9/C-10/C-11 confirmed the location of one methyl ketone and a methyl (C-16) at
C-10. ROESY correlations of H-12/H-9, H-8/H-16 and H-9/H-7 confirmed all the (E)-alkenes from C-5
to C-10. Additionally, HMBC correlations from H-13 to C-1/C-2/C-3/C-14 and H-14 to C-1/C-2/C-3/C-13
suggested two aliphatic methyl groups located at quaternary carbon C-2, and indicated the connection
from C1 to C3. HMBC correlations from H-15 to C-3/C-4 located the last methyl (δC 22.1) at C-4. Two
carbons connected to oxygen atoms (δC 81.5 and 88.0) suggested the OH group at C-3 and ester oxygen
connected with C-4. Thus, based on the unsaturation and ester group (δC 183.8, C-1), a γ-lactone
structure was revealed. The HMBC correlations from H-3 to C-1/C-2/C-4/C-5/C-13/C-14 also confirmed
γ-lactone in 3. Meanwhile, the HMBC correlations of H-5 to C-4 and H-6 to C-4 revealed the connection
of lactone and conjugated olefin part. Thus, the planar structure of 3 was established. The relative
configuration of 3 was established by ROESY experiment. The ROESY correlation of H-3 and H-14/H-5
suggested the relative configuration of 3R*, 4S* (Figure 3). The absolute configuration was confirmed
by a good agreement between the calculated ECD spectrum of 3 and experimental one (Figure 4).
Therefore, the absolute configuration 3 was assigned to 3R, 4S. Compound 3 was named qinlactone A.
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Qinlactone B (4) was obtained as a colorless oil and assigned the same molecular formula as
3 by HRESIMS (m/z 279.1587, [M + H]+). The 1D and 2D NMR data (Table 2) of 4 corresponded
closely to those of 3, which suggested 4 had the same planar structure with 3 as epimer instead of
enantiomer. The ROESY correlations of H-3 and H-15/H-13 suggested the relative configuration of
3R*, 4R* (Figure 3). The absolute configuration was determined as 3R, 4R by the similar Cotton effects
between the calculated ECD spectrum and experimental one of 4 (Figure 4). Thus, the structure of 4

was determined (Figure 2), named qinlactone B.

Figure 4. Experimental and calculated electronic circular dichroism (ECD) spectra for compound 1, 3

and 4.

Qinlactone C (5) was obtained as a light-yellow oil with the molecular formula C16H24O6,
determined by HRESIMS m/z 313.1650 (calcd 313.1646 for [M+H]+), implying 5 degrees of unsaturation.
Compared with 3, 1D NMR data (Table 2) of 5 revealed the absence of two olefinic methines, but
the presence of two methines connected with oxygen atoms (δC/H 72.8/4.44 and 77.9/3.63). Based on
the formula and unsaturation analysis, 5 contained a vicinal diol at C-5 and C-6, which was also
confirmed by 1H-1H COSY correlations from H-5 to H-9 and HMBC correlations from H-5 to C-3 and
C-4 (Figure 3). Therefore, the planar structure of 5 was identified. ROESY correlations of H-3 and
H-13/H-5 suggested the relative configuration of 3R*, 4R* in the lactone ring (Figure 3). However,
due to the existing vicinal diol structure, the relative and absolute configuration of 5 could not be
determined based on the present data. Thus, compound 5 was named qinlactone C.

In the anti-microbial bioassay test, only compound 1 exhibited strong bioactivity against
Staphylococcus aureus and Candida albicans, with MIC values of 0.78 μg/mL and 3.13 μg/mL, respectively.
Meanwhile, in antiproliferative bio-test, 1 showed strong inhibitory effects on MCF-7 and HeLa cell
lines with IC50 values of 5.78 μM and 6.25 μM, respectively (Table 3). Compound 2–4 showed weak
activities against MCF-7 and HeLa cell lines with IC50 values ranging from 129 to 207 μM (Table 4).

Table 3. MIC (μg/mL) against pathogenic microbes of compounds 1–5. E. coli: Escherichia coli; S. aureus:
Staphylococcus aureus; C. albicans: Candida albicans.

Compound. E. coli S. aureus C. albicans

1 >100 0.78 3.13
kanamycin 6.25 6.25 /

nystatin / / 3.13

Table 4. Cytotoxicities against MCF-7 and HeLa cells of compound 1–5 (μM).

Compound MCF-7 (IC50 ± SD, 48 h) HeLa (IC50 ± SD, 48 h)

1 5.78 ± 0.26 6.25 ± 0.29
2 206.91 ± 9.69 183.03 ± 11.11
3 >179.86 168.13 ± 13.15
4 136.87 ± 10.67 129.14 ± 3.98

Paclitaxel <0.46 <0.46

102



Mar. Drugs 2020, 18, 255

3. Discussion

In this study, we identified five new compounds with bioactivities from mangrove Streptomyces
qinglanensis 172205 with “genetic dereplication.” Compound 1 showed strong anti-Staphylococcus aureus
and anti-Candida albicans activities with MIC values of 0.78 μg/mL and 3.13 μg/mL, respectively, and
exhibited strong cytotoxicities against MCF-7 and HeLa cell lines with IC50 values of 5.78 μM and 6.25
μM, respectively. However, compound 2–4 exhibited only weak antiproliferative activities with IC50

values ranging from 129 to 207 μM.
Attempting to activate gene clusters of possible unknown secondary metabolites in strain 172205,

we deleted the whole biosynthetic gene cluster of the main product enterocin. Through HPLC detection,
we found that this strategy in strain 172205 did not clearly activate any new metabolites in several
media. However, we still focused on some low-yield products, which produced in the wild type strain
as well (Figure 1). However, the mutant strain without the main product enterocin facilitated detection
and isolation of the low-yield products, from which we finally identified five new compounds. Thus,
“genetic dereplication” did help simplifying the process of isolation and mining the low-yield products.
This strategy would be more effective for identifying multiple types of metabolites in one strain, if
combined with other genome mining tools or methods.

15R-17,18-dehydroxantholipin is an analog of reported xantholipin [10], which exhibited similar
strong antiproliferative and anti-microbial activities. In fact, we firstly identified a gene cluster by
antiSMASH analysis in the genome of strain 172205 (Supplementary Figure S41 and Table S2), which
had a high similarity with the reported xantholipin gene cluster [12]. Then, we tried at least 10 media
to detect the similar UV absorption of xantholipin by HPLC and characterized mass for halogen
compounds by HRESIMS, and finally detected analogs in products from D.O. medium, which is
the same recipe with the reported medium to produce xantholipin. Compound with the targeted
UV absorption was identified as 15R-17,18-dehydroxantholipin. Lacking the oxidoreductase gene
xanZ2 which was proposed for the double band reduction at C-17 and C-18 [12], resulted in the
production of 15R-17,18-dehydroxantholipin in strain 172205. Hence, genome-guided compound
discovery combined with OSMAC is an effective method for isolation and identification of some
well-known and valuable compounds or potential new analogs. Moreover, multiple strategies of
genome mining will be helpful to mine the potential of natural products in one strain.

4. Materials and Methods

4.1. General Experimental Procedures

Ultraviolet (UV) spectra were recorded on a Shimadzu UV-2401 PC UV-Visible spectrophotometer.
ECD spectra were recorded on an Applied PhotoPhysics Chirascan. IR spectra were recorded on
Bruker Tensor27 spectrometer. Optical rotations were measured with JASCO P-1020. 1D and 2D
NMR spectra were recorded in DMSO-d6 and CD3OD-d4 on Bruker DRX-500. Chemical shifts (δ) were
expressed in ppm with reference to the solvent signals. High resolution mass spectra were recorded
on a Thermo Instruments MS system (LTQ Orbitrap) equipped with a Thermo Instruments HPLC
system with a Thermo Hypersil GOLD column (150 × 4.6 mm) with electrospray ionization in the
positive-ion mode. Analytical HPLC was performed on a Waters 2998 with a photodiode array detector
(PDA) detector with a Phenomenex Gemini (C18 250 × 4.6 mm) column. Semi-preparative HPLC was
carried out on an Agilent 1260 Infinity with a diode array detector (DAD) with an Agilent Zorbax
SBC18 (250 × 9.4 mm) column. Sephadex LH-20 (Shanghai kayon Biological Technology) was used for
column chromatography.

4.2. Microorganism Material and Culture

Streptomyces qinglanensis 172205 was isolated from a mangrove soil sample and identified as a
novel species [13]. This strain was cultured on ISP2 agar plates at 28 ◦C. Escherichia coli Top 10 was
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used for cloning and E. coli ET12567/pUZ8002 was used for intergeneric conjugation, which cultured
on LB agar plates at 37 ◦C.

4.3. Gene Cluster Deletion

Strain 177205 was reported to produce the main product enterocin and its biosynthesis gene
cluster was located in genome [9]. Hence, strain 172205Δenc was constructed by the whole enterocin
biosynthetic gene cluster deletion with double-crossover homologous recombination. To construct
the plasmid for gene cluster deletion, two DNA fragments, an 1870 bp Avr II-Hind III homologous
arm and another 1829 bp Nde I-Hind III homologous arm were cloned from strain 17225 genome
DNA covering both ends of the enterocin biosynthetic gene cluster. DNA fragments were ligated into
pMD19-T simple and fragment sequences were identified by DNA sequencing. Two recycled DNA
fragments were inserted into the delivery vector pYH7 [14] by Nde I-Hind III restriction sites to yield
pWHU2343 (Supplementary Figure S1). Intergeneric conjugation of plasmid pWHU2343 into strain
172205 by E. coli ET12657/pUZ8002 were carried out as protocol described in Practical Streptomyces
Genetics [15]. The donor ET12657/pUZ8002 containing plasmid and the recipient spores were mixed
and spread on Mannitol-Soy-agar (MS) plates with 10 mM MgCl2 and grown for 14 h at 28 ◦C. Then
the plates were overlaid with 1 mL sterile water contained 4 μg/mL apramycin and 25 μg/mL nalidixic
acid. Single colonies were transferred to a new MS plate with same antibiotics for further confirmation
of antibiotic resistance. To screen the double-crossover mutants, single clones from no antibiotics plate
were replicated on a MS plates with apramycin. Genome DNA of all candidates that had no apramycin
resistance were extracted for PCR identification. Four pair of primers, enc-U, enc-D, enc-UD and enc-M,
were used for screening (Supplementary Table S1), and a specific 1080 bp product for enc-UD was only
amplified in mutant clones with absence of 21.6 kb gene cluster, but specific products for enc-U, enc-D
and enc-M were only amplified in genome of wild-type clones. The mutant was also confirmed by
detecting enterocin production in fermentation.

4.4. Extraction and Isolation

Strain 172205Δenc spores were inoculated into seed broth medium, cultured at 200 rpm, 28 ◦C for
3 days. Then seed broth was transferred to 200 of 1 L flasks consisted of 300 mL fermentation medium,
shaken at 200 rpm for 7 days (media recipes in literature [12]). The broth was extracted by organic
reagent as described [9] and evaporated to dryness (80 g). Samples and fractions were tested by HPLC
fingerprint [9]. HPLC fingerprints were carried using the following gradient: H2O (A)/MeOH (B): 0
min, 10% B; 15 min, 100% B; 20 min, 100% B; 21 min, 10% B; 30 min, 10% B; flow rate of 1 mL/min.

The crude extract was subjected to column chromatography on silica gel eluted by PE:CH2Cl2
(gradient from 1:0, 1:1 and 0:1, v:v) and CH2Cl2:MeOH (gradient from 100:1, 50:1, 5:1, 2:1 to methanol,
v:v) to give A–F fractions. Importantly, the mix of crude extract and silica gel on column after elution
was extracted by DMSO. DMSO layers were mixed with equal volume of NaCl saturated solution,
and extracted again with ethyl acetate, then evaporated to fraction G. Fraction G was dissolved in
DMSO and purified by HPLC (MeOH: H2O = 75:25, flow rate 3 mL/min) to afford compound 1 (4
mg, tR = 23.2 min). Fraction D was subject to silica gel column chromatography using cyclohexane:
acetone (20:1 to 0:1 v:v) to afford five subfractions (D1–D5). Fraction D3 was purified by HPLC (MeCN:
H2O = 30:70) to afford compound 2 (15 mg, tR = 16.9 min). Fraction D2 was purified by HPLC (MeOH:
H2O = 48:52) to afford compound 3 (5 mg, tR = 30.7 min) and 4 (4 mg, tR = 31.9 min). Fraction D5 was
purified by HPLC (MeCN: H2O = 20:80) to afford compound 5 (6 mg).

15R-17,18-dehydroxantholipin (1): dark red powder; [α]20
D −168.85 (c 0.046, MeOH/CHCl3 = 5:1);

UV (MeOH) λmax (log ε): 247 (4.34), 279 (4.23), 316 (4.08), 478 (3.80) nm; CD (c 0.041, CHCl3) λmax (Δε):
231 (−7.47), 249 (+5.09), 278 (−5.78), 314 (−1.29), 352 (−6.10), 485 (+1.41) nm; IR (KBr) υmax 3428, 2925,
1633, 1028 cm−1; 1H and 13C NMR data, see Table 1; positive ion HRESIMS m/z 534.0587 [M + H]+

(calcd for C27H17ClNO9, 534.0586).
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(3E,5E,7E)-3-methyldeca-3,5,7-triene-2,9-dione (2): yellow powder; UV (MeOH) λmax (log ε): 225
(3.80), 324 (4.96) nm; IR (KBr) υmax 3430, 2955, 2930, 1709, 1664, 1361, 1253, 998, 604 cm−1; 1H and 13C
NMR data, see Table 1; positive ion HRESIMS m/z 179.1064 [M + H]+ (calcd for C11H15O2, 179.1067).

Qinlactone A (3): colorless oil; [α]19
D +31.55 (c 0.727, MeOH); UV (MeOH) λmax (log ε): 223 (4.07),

311 (4.40) nm; CD (c 0.013, MeOH) λmax (Δε): 200 (−0.6), 224 (+1.3), 316 (+0.4) nm; IR (KBr) υmax 3437,
2983, 2936, 1756, 1640, 1386, 1273, 1224, 1056, 995 cm−1; 1H and 13C NMR data, see Table 2; positive ion
HRESIMS m/z 279.1587 [M + H]+ (calcd for C16H23O4, 279.1591).

Qinlactone B (4): colorless oil; [α]19
D −93.91 (c 0.553, MeOH); UV (MeOH) λmax (log ε): 221 (4.11),

313 (4.46) nm; CD (c 0.011, MeOH) λmax (Δε): 201 (+1.2), 225 (−2.9), 310 (−3.8) nm; IR (KBr) υmax 3432,
2980, 2934, 1774, 1758, 1716, 1640, 1386, 1274, 1225,1113, 1065, 996, 954 cm−1; 1H and 13C NMR data,
see Table 2; positive ion HRESIMS m/z 279.1587 [M + H]+ (calcd for C16H23O4, 279.1591).

Qinlactone C (5): light yellow oil; [α]20
D −0.18 (c 0.552, MeOH); UV (MeOH) λmax (log ε): 201

(3.81), 229 (3.78), 275 (4.04) nm; CD (c 0.055, MeOH) λmax (Δε): 216 (−3.4), 270 (+0.4) nm; IR (KBr) υmax

3415, 3194, 2986, 2942, 1758, 1678, 1401, 1285, 1205, 1137, 1066, 954, 837, 801, 723 cm−1; 1H and 13C
NMR data, see Table 2; positive ion HRESIMS m/z 313.1650 [M + H]+ (calcd for C16H25O6, 313.1646).

4.5. Effect of Compounds on Anti-Microbial and Antiproliferative Bioactivities

Antiproliferative activities against HeLa and MCF-7 cell lines were evaluated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as described [9]. Briefly,
6000 cells were plated into 96 well plate cultured with 90 μL DMEM (Dulbecco’s Modified Eagle
Medium) medium supplemented with 10% fetal bovine serum (FBS). After overnight culture, 10 μL
compounds in 5% DMSO culture solutions with gradient final concentrations of 0.39, 0.78, 1.56, 3.13,
6.26, 12.5, 25 and 50 μg/mL were added into each well in triplicates, using positive control of paclitaxel.
After 48 h incubation, 12 μL MTT solutions (final concentration of 0.5 mg/mL in PBS - phosphate
buffered saline) were added and plates were further incubated for 4 h. Then, the medium was replaced
gently by 100 μL DMSO. Plates were shaken and read by a Tecan Infinite M200 Pro reader at 570 nm,
and the reference wavelength was 690 nm. The values of IC50 were calculated by GraphPad Prism 7.0
by applying nonlinear regression with (inhibitor) versus normalized response.

Anti-microbial activities against Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 51650 and
Candida albicans ATCC 10231 were evaluated by microtiter broth dilution method as described [16,17]
with some modifications. Briefly, 75 μL Lysogeny broth (LB) or yeast extract-peptone-dextrose (YPD)
medium and 20 μL inoculums (5 × 105 CFU/mL, colony-forming unit/mL) was plated into each well in
96 well plate. Then 5 μL test compounds with gradient final concentrations of 0.78, 1.56, 3.13, 6.26,
12.5, 25, 50 and 100 μg/mL was added into each well with three copies, using the positive control of
kanamycin (for bacteria) and nystatin (for fungus). Plates were shaken at 200 rpm and cultured at
30 ◦C for 20 h. At last, plates were examined for bacteria growth by turbidity in daylight. The MICs
were defined as the lowest concentration at which no microbial growth could be detected.

4.6. ECD Calculation

The calculations were performed using DFT on Gaussian 03, and the calculation details were
follow strictly as described in literature [18]. Briefly, the calculations were performed by using the
density functional theory (DFT) as carried out in the Gaussian 03 [19]. The preliminary conformational
distribution search was performed using Frog2 online version [20]. Further geometrical optimization
was performed at the B3LYP/6-31G(d) level. Solvent effects of methanol solution were evaluated at
the same DFT level by using the SCRF/PCM method [21]. TDDFT [22–24] at B3LYP/6-31G(d) was
employed to calculate the electronic excitation energies and rotational strengths in methanol, except
compound 1 with calculation in chloroform.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/5/255/s1,
Table S1: Oligonucleotide primers used in this study, Table S2: Deduced functions of ORFs in xanq biosynthetic
pathway of strain 172205; Figure S1: Confirmation of enterocin gene cluster disruption by PCR, Figures S2–S8:
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HERESIMS, IR, 1D and 2D spectra of compound 1, Figures S9–S16: HERESIMS, IR, 1D and 2D spectra of compound
2, Figures S17–S24: HERESIMS, IR, 1D and 2D spectra of compound 3, Figures S25–S32: HERESIMS, IR, 1D and
2D spectra of compound 4, Figures S33–S40: HERESIMS, IR, 1D and 2D spectra of compound 5. Figure S41.
Comparison of genetic organization of xanq in strain 172205 and xan in S. flavogriseus.
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Abstract: Four new indolyl diketopiperazines, aspamides A–E (1–4) and two new diketopiperazines,
aspamides F–G (5–6), along with 11 known diketopiperazines and intermediates were isolated from
the solid culture of Aspergillus versicolor, which is an endophyte with the sea crab (Chiromantes
haematocheir). Further chiral high-performance liquid chromatography resolution gave enantiomers
(+)- and (−)-4, respectively. The structures and absolute configurations of compounds 1–6 were
determined by the comprehensive analyses of nuclear magnetic resonance (NMR), high-resolution
mass spectrometry (HR-MS), and electronic circular dichroism (ECD) calculation. All isolated
compounds were selected for the virtual screening on the coronavirus 3-chymoretpsin-like protease
(Mpro) of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), and the docking scores
of compounds 1–2, 5, 6, 8 and 17 were top among all screened molecules, may be helpful in fighting
with Corona Virus Disease-19 (COVID-19) after further studies.

Keywords: endophyte fungus; Aspergillus versicolor; diketopiperazines; ECD calculation; enantiomers

1. Introduction

Endophytic fungi refer to harmless parasitic fungi that live in the internal organs of plants
and animals without causing any adverse reactions. The host provides nutrients for endophytes,
and endophytes produce bioactive substances, giving the host an advantage in survival competition [1].
Symbionts coexist with symptomless fish, sponges, algae, and soft corals that grow in a relatively harsh
marine environment characterized by high salinity, scarce nutrients, and high osmotic and hydraulic
pressures, which provides many environment-specific microorganisms that could coevolve with their
hosts by undergoing the rapid and dynamic change of their genomes [2,3]. Thus, endophytic fungi are
considered as a treasure trove of unique structural compounds and bioactive metabolites.

Indolyl diketopiperazines (IDKPs), cyclic dipeptides produced by the condensation of l-tryptophan
and a second amino acid, were commonly isolated from fungi, especially from the genera Aspergillus and
Penicillium [4,5]. IDKPs had drawn considerable attention from synthetic chemists, natural products
researchers, and synthetic biologists for decades due to their significant biological activities, such as
antiviral [6,7], anticancer [8–10], immunomodulatory [11,12], antioxidant [13], and α-glucosidase
inhibitory activities [14]. Specifically, the vascular disrupting and tubulin-depolymerizing agent
plinabulin, a synthetic analog based on the natural diketopiperazine (DKP) product halimide generated
by the marine-derived Aspergillus sp. CNC-139, had entered the last stage of clinical study for the
treatment of non-small-cell lung cancer [15,16]. Since the first IDKP alkaloid chaetomin isolated
from the fungus Chaetomium cochliodes in the early 1940s, a series of DKPs and their biosynthesis
clusters were reported [17–22]. In our continuous investigations of novel bioactive agents from
the endophytic fungi [23,24], the endophytic strain Aspergillus versicolor DY180635 isolated from
the sea crab was selected based on the bio-evaluation results. The ethyl acetate extracts of a rice
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solid culture of A. versicolor DY180635 showed 80% inhibition on the anti-inflammation model of the
Propionibacterium acnes-induced THP-1 cells at the concentration of 0.1 mg/mL [25]. High-performance
liquid chromatography (HPLC) analysis of the ethyl acetate extracts indicated the presence of IDKPs
with a diode array detector (DAD) through ultraviolet characteristics at λmax 236, 289, and 336 nm [26].
Thus, to discover structurally complex and/or bioactive DKPs, the spectroscopic-guided isolation was
performed in this research.

Spectroscopic-guided isolation resulted in the identification of four new IDPKs, aspamides
A–E (1–4) and two new DPKs, aspamides F–G (5–6), along with 11 known diketopiperazines
and intermediates from the ethyl acetate (EtOAc) extracts of the solid culture of A. versicolor
(Figure 1). The couple of epimers 1–2 were the first samples of brevianamides with an oxygenated
aza-acetal structure at the proline motif. All isolated compounds were tested for anti-inflammation
in P. acnes-induced THP-1 cells. Unfortunately, none showed active effect. With the appearance and
spread of SARS-CoV-2 at the end of 2019, compounds 1–17 were selected for the virtual screening
on the 3CL hydrolase (Mpro) of SARS-CoV-2, which had been exploited as a potential drug target
to fight COVID-19 [27]. The docking scores of compounds 1–2, 5, 6, 8, and 17 were top among all
screened molecules (docking scores: −5.389, −4.772, −5.146, −4.962, −5.158), which may be helpful in
fighting COVID-19 after further studies. Herein, we reported the isolation, structural identification,
and bio-evaluation of isolated compounds.

 

Figure 1. Structures of compounds 1–17.

2. Results and Discussion

The EtOAc extract of the rice solid culture of A. versicolor DY180635 was fractionated by column
chromatography (CC) on macroporous adsorbent resin, silica gel, and octadecyl silane (ODS), as well
as by preparative HPLC, to afford 15 DKPS and two intermediates. Six new DKPs, named as aspamides
A–F (1–6), were determined by comprehensive spectroscopic analysis including 1H nuclear magnetic
resonance (NMR), 13C NMR, HSQC, heteronuclear multiple bond correlation (HMBC), rotating
frame Overhauser effect spectroscopy (ROESY), and high resolution electrospray mass spectrometry
(HRESIMS) spectra. By comparing the NMR and ESIMS data to the reported literatures in detail,
11 known compounds were determined as brevianamides K, N, and M (7, 16, 17) [28], brevianamide
Q (8) [29], brevianamides V, U (9–10) [20], brevianamide F (11) [30], deoxybrevianamide E (12) [31],
N-Prenyl-cyclo-l-tryptophyl-l-proline (13) [32], 2-(2-methyl-3-en-2-yl)-1H-indole-3-carbaldehyde
(14) [33], and 2-(1,1-Dimethyl-allyl)-1H-indol-3-ylmercuric acetate (15) [34]. Herein, the details
of the isolation, structural elucidation of these new compounds, and their bioactivities are described.

Aspamide A (1) was isolated as a yellowish powder. The UV spectrum with λmax (logε) in
methanol at 200 (6.13), 224 (6.13), 284 (5.46), and 341 (5.68) nm was indicative of indole functionality
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with an extended conjugation [26]. Its molecular formula was determined as C23H27N3O3 on the
basis of high-resolution ESIMS (m/z 394.2117 [M + H]+, calcd. for C23H28N3O3, 394.2125) and 13C
NMR data, requiring 12 degrees of unsaturation. The 1H NMR, 13C NMR, and heteronuclear multiple
quantum correlation (HMQC) spectra (Table 1 and Figure S3 in Supporting Information) showed three
methyl groups (δC 27.4, δH 1.45; δC 27.8, δH 1.49; δC 15.2, δH 1.13), three sp3 methylenes (including one
oxygenated methylene) (δC 29.6, δH 1.75, δH 1.97; δC 25.9, δH 2.13, δH 2.27; δC 63.6, δH 3.65), two sp3

methine carbon signals (including one oxygen-bearing carbon) (δC 56.5, δH 4.57; δC 86.7, δH 5.59),
six sp2 methines, one sp2 methylene, seven sp2, and one sp3 non-protonated carbon. The NMR data
and UV absorptions were close to those of brevianamide V [20], with the exception that there was
an additional oxygenated aza-acetal structure located at the proline motif (δC 86.7, δH 5.59; δC 63.6,
δH 3.65; δC 15.2, and δH 1.13).

Further information about the structure was derived from heteronuclear multiple bond correlation
(HMBC) spectra analyses (Figure S4). The key HMBC correlations (Figure 2A) from OCH2CH3-6
(δH 3.65) to C-6 (δC 86.7), H-6 (δH 5.59) to C-9 (δC 56.5), H-9 (δH 4.57) to C-8 (δC 25.9) and C-1 (δC 165.9),
and H-8α (δH 2.27) to C-9 were observed. These data suggested that an oxethyl group was located
at C-6 and confirmed the oxygenated aza-acetal structure at the proline motif, which was previous
unpresented in the brevianamide analogues. Thus, the planar structure of 1 was determined as shown
in Figure 1.

In order to determine the relative configuration of 1, the rotating frame Overhauser effect
spectroscopy (ROESY, Figure S5) experiment was performed. The ROESY correlation (Figure 2B)
between NH-2 (δH 9.01) and H-13 (δH 7.29) revealed the Z configuration about Δ3,10, and the ROESY
signals between H-8β (δH 2.13) and H-6, and between H-8α (δH 2.27) and H-9 suggested that H-6
and H-9 were trans form. The absolute configuration of 1 was assigned as (6R,9S) by comparing the
experimental and calculated electronic circular dichroism (ECD) values obtained using Time-dependent
Density functional theory (TD-DFT) at the B3LYP/6–31+g (d, p) level (Figure 2C).

Figure 2. The key heteronuclear multiple bond correlation (HMBC) (A) and rotating frame Overhauser
effect spectroscopy (ROESY) (B) correlations, and experimental and calculated electronic circular
dichroism (ECD) spectra (C) of compound 1.

Aspamide B (2) was obtained as a yellowish powder. Its molecular formula was determined as
C23H27N3O3 on the basis of HRESIMS (m/z 394.2120 [M + H]+, calcd. for C23H28N3O3, 394.2125) and
13C NMR data, corresponding to 12 degrees of unsaturation. By comparing the 1H, 13C, and HMQC
data (Table 1, Figure S11) of 2 with those of 1, it was discovered that 2 possessed the identical planar
structure as that of 1. Further analyses of the 2D NMR data of 2, the key HMBC correlations from
H-6 (δH 5.35) to OCH2CH3-6 (δC 64.3) and C-9 (δC 58.7), as well as H-9 (δH 4.44) to C-1 (δC 166.8)
revealed that the oxethyl group was located at C-6. Furthermore, the difference between H-6 (δH 5.35,
dd, J = 2.8, 1.7 Hz) in 2 and H-6 (δH 5.59, dd, J = 5.7, 1.7 Hz) in 1 indicated that 2 was the C-6 epimer
of 1. Furthermore, the same ECD cotton effects (Figure 3C) of 2 compared to 1 indicated that the
absolute configuration of C-9 in 2 was consistent with that in 1. This result suggested that within the
used spectral window, the ECD cotton effects were mainly caused by the chiral center of C-9 in both
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compounds 1 and 2, and it could also be confirmed by the experimental ECD data of (+)-brevianamide
V and (−)-brevianamide V [35]. Thus, the absolute configuration of compound 2 was ascertained
as (6S,9S).

Aspamide C (3) was obtained as a yellowish powder. The molecular formula was established
as C21H23N3O3 by HRESIMS (m/z 366.1807 [M + H]+, calcd. for C21H24N3O3, 366.1812), indicating
12 degrees of unsaturation. The UV and NMR spectra were very similar to those of compound 1.
A comparison of the NMR data for 3 with 1, together with characteristic HMBC signals (Figure 3A),
suggested that the oxethyl group was replaced by a second OH in 3. However, the OH group was not
located at C-6, which was the same as the 1, to form the aza-acetal structure for which the chemical shift
of oxygenated methylene (δC 66.6) was far below the shift of C-6 (δC 86.7) in 1. Thus, the second OH
was distributed to C-7, and the planar structure of 3 was determined as shown in Figure 1. The ROESY
correlation (Figure S20) between NH-2 (δH 8.93) and H-13 (δH 7.29) confirmed the cis form of the double
bond between C-3 and C-10. Furthermore, the ROESY signals (Figure 3B) between H-8β (δH 1.98) and
H-7 (δH 4.35), and between H-8α (δH 2.12) and H-9 (δH 4.65) revealed that H-7 and H-9 were trans form.
Finally, the absolute configuration of 3 was determined as (7R,9S) by comparison of the experimental
ECD curve of 3 with that of 1 (Figure 3C).

Figure 3. The key HMBC correlations (A) and partial enlarged view of ROESY spectra (B) of 3,
and experimental ECD spectra (C) of compounds 1–3.

Table 1. 1H (600 MHz) and 13C (150 MHz) NMR data of 1–3 in DMSO-d6.

No.
1 2 3

δC δH, Mult. (J in Hz) δC δH, Mult. (J in Hz) δC δH, Mult. (J in Hz)

1 165.9 - 166.8 - 166.2 -
2 - 9.01, s - 9.43, s - 8.93, s
3 125.3 - 125.9 - 126.2 -
4 158.9 - 161.1 - 158.4 -
6a 86.7 5.59, dd (5.7, 1.7) 85.4 5.35, dd (2.8, 1.7) 54.4 3.32, m
6b - - - - - 3.75, dd (12.7, 4.5)

7a
29.6

1.75, dddd (13.4,
8.4, 5.0, 1.7) 30.7

1.92, m
66.6 4.35, t (4.5)

7b 1.97, m -

8a
25.9

2.13, dddd (12.2,
9.7, 6.7, 5.0) 24.5

1.92, m
37.6

1.98, ddd (12.7,
11.5, 4.5)

8b 2.27, m 2.10, m 2.12, dd (12.7, 6.0)
9 56.5 4.57, dd (8.9, 6.7) 58.7 4.44, m 57.0 4.65, dd (11.5, 6.0)
10 111.9 6.98, s 113.2 7.05, s 110.7 6.92, s
11 103.9 - 104.3 - 103.8 -
12 125.9 - 125.8 - 126.0 -
13 119.6 7.29, d (8.0) 119.7 7.23, d (8.0) 119.4 7.29, d (8.0)

14 119.4 6.99, m 119.3 6.99, ddd (8.0,
7.0, 1.2) 119.3 7.00, m
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Table 1. Cont.

No.
1 2 3

δC δH, Mult. (J in Hz) δC δH, Mult. (J in Hz) δC δH, Mult. (J in Hz)

15 120.7 7.08, ddd (8.0,
7.0, 1.2) 120.7 7.07, ddd (8.0,

7.0, 1.2) 120.7 7.08, ddd (8.0,
7.0, 1.2)

16 111.5 7.41, d (8.0) 111.6 7.41, m 111.4 7.41, d (8.0)
17 135.1 - 135.1 - 135.1 -
18 11.06, s - 11.06, s - 11.03, s
19 144.3 - 144.7 - 144.0 -
20 39.0 - 39.1 - 39.0 -
21 145.1 6.07, dd (17.4, 10.5) 145.1 6.09, dd (17.1, 10.8) 145.2 6.08, dd (17.3, 10.5)
22 111.7 5.05, m 111.7 5.06, m 111.6 5.04, m
23 27.4 1.45, s 27.5 1.47, s 27.4 1.46, s
24 27.8 1.49, s 27.9 1.51, s 27.7 1.50, s

6-OEt 63.6 3.65, m 64.3 3.60, m - -
15.2 1.13, t (7.1) 15.4 1.09, t (7.1) - -

The racemic (±)-aspamide D (4) was isolated as colorless gum with the molecular formula of
C23H27N3O3 from an HRESIMS peak at m/z 394.2120 [M + H]+ (calcd. for C23H28N3O3, 394.2125).
Its NMR data and UV absorption were similar to compound 1. Comparing to 1, the major change
was that two sp3 methines were replaced by one sp3 methylene and one sp3 non-protonated carbon,
suggesting that the oxethyl group was connected to C-9 rather to the C-6. Additionally, the key HMBC
signals (Figure 4) from OCH2CH3-9 (δH 3.53) to C-9 (δC 91.0), H-6 (δH 3.62) to C-4 (δC 159.4) and
C-9, and H-8a (δH 2.02) to C-1 (δC 163.1) confirmed the aforementioned planar structure. There was
no Cotton effect observed on its ECD spectra (Figure S29), which in accordance with the racemic
(±)-brevianamide X [35], indicating that 4 might be a pair of enantiomers. Furthermore, the chiral
HPLC resolution of 4 contributed to the separation of a pair of enantiomers (+)-4 and (−)-4, which
exhibited nearly mirror-image ECD spectra (Figure 5). The absolute configurations of (+)-4 and (−)-4
were discriminably determined as 9R and 9S by comparing the experimental and calculated ECD data
obtained using TD-DFT at the B3LYP/6-31+g (d, p) level (Figure 5). Correspondingly, we named (+)-4
and (−)-4 as (+)-aspamide D and (−)-aspamide D, respectively.

 

Figure 4. The key HMBC correlations of compounds 4–6.

Aspamide F (5) was obtained as a brown powder with the molecular formula of C19H17N3O3

from an HRESIMS peak at m/z 336.1336 [M + H]+ (calcd. for C19H18N3O3, 336.1343), requiring 13
indices of hydrogen deficiency. The 1H NMR, 13C NMR, and HMQC spectra (Table 2 and Figure S35)
suggested the presence of one oxygenated methyl group, one sp3 methylene, two sp3 methines carbon
signals (including one oxygen-bearing carbon), nine sp2 methines, and six sp2 non-protonated carbons.
These NMR data of 5 were similar to those of brevianamide M [28], except for the different chemical
shifts for C-2 and C-3 due to the presence of a methoxy at C-2 in 5, implying that 5 was an analogue
of brevianamide M with a methoxy at C-2. Additionally, the key HMBC correlations (Figure 4) from
OCH3-2 (δH 3.53) to C-2 (δC 83.9), from H-2 (δH 5.27) to C-3 (δC 146.9)/C-14 (δC 170.0), and from H-13
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(δH 5.53) to C-15 (δC 40.0)/C-16 (δC 135.9) confirmed the planner structure of 5 as shown in Figure 4.
The absolute configuration of 5 was determined as (2S,13S) via comparing the ECD curve (Figure 6) of
5 with the brevianamide M (17).

Figure 5. Experimental and calculated ECD spectra of 4.

Table 2. 1H (600 MHz) and 13C (150 MHz) NMR data of 4–6 (4 in DMSO-d6, 5–6 in CDCl3).

No.
4 5 6

δ δH, Mult. (J in Hz) δC δH, Mult. (J in Hz) δC δH, Mult. (J in Hz)

1 163.1 - - - - -
2 - 9.43, s 83.9 5.27, d (4.7) 78.3 6.40, d (4.3)
3 125.5 - 146.9 - 151.1 -
4 159.4 - - - -
5 - - 146.7 - 139.0 -
6 45.1 3.62, dd (8.6, 5.8) 127.8 7.74, d (8.0) 122.9 8.23, d, (8.0)
7a

19.5
1.92, m

134.9 7.79, t (8.0) 136.7 7.91, t (8.0)
7b 1.96, m
8a

32.4
2.02, m

128.0 7.53, t (8.0) 129.7 7.66, t (8.0)
8b 2.33, m
9 91.0 - 127.0 8.24, d (8.0) 127.9 8.23, d, (8.0)
10 112.7 7.02, s 120.8 - 119.1 -
11 103.9 - 160.3 - 157.4 -
12 126.3 - - - - -
13 119.1 7.21, d (8.0) 57.4 5.53, dd (8.8, 6.5) 58.1 5.54, t (7.8)
14 119.0 7.00, m 170.0 - 167.6 -
15 120.7 7.09, m 40.0 3.43, m 39.9 3.48, m
16 111.6 7.43, d (8.0) 135.9 - 134.9 -
17 135.1 - 129.8 7.29, m 129.7 7.24, m
18 11.10, s 128.6 7.28, m 128.8 7.24, m
19 144.4 - 127.0 7.24, m 127.7 7.20, m
20 39.0 - 128.6 7.28, m 128.8 7.24, m

21 145.2 6.09, ddd (17.1,
10.8, 1.6) 129.8 7.29, m 129.7 7.24, m

22 111.7 5.06, m - - - -
23 27.4 1.47, s - - - -
24 27.8 1.50, s - - - -

9-OEt 59.2 3.53, qd (7.0, 3.9) - - - -
- 15.2 1.22, td (7.0, 1.5) - - - -

2-OMe/
2-OEt

- - 56.0 3.53, s 66.2
4.04, dt (9.0, 7.0)
4.11, dt (9.0, 7.0)

- - - - 15.4 1.35, t (7.0)

Aspamide G (6) was isolated as a brown powder. The molecular formula was determined as
C20H19N3O3 by HRESIMS (m/z 350.1498 [M + H]+, calcd. for C20H20N3O3, 350.1499), which was
14 Dalton more than 5. The 13C NMR data of 6 showed a close resemblance to those of 5, except for
an additional oxygenated sp3 methylene, suggesting that there was an ethoxy group located at C-2
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in 6. The key HMBC signal (Figure 4) from H-2 (δH 6.40) to OCH2-2 (δC 66.2) verified that 6 was an
analogue of brevianamide M (17) with an ethoxy motif at C-2. In addition, similar Cotton effects at 212,
220, and 237 nm in the ECD spectra (Figure 6) of 6 suggested that 6 and 17 had the same counterpart
absolute configurations. Thus, the absolute configuration of 6 was assigned as (2S,13S), and it was
elucidated as 6-ethoxy-aspamide F.

Figure 6. Experimental ECD spectra of 5, 6, and 17.

All isolated compounds were tested for their anti-inflammatory activities in P. acnes-induced
THP-1 cells; unfortunately, none of the compounds showed moderate anti-inflammatory properties.
Aiming to give our contribution to the COVID-19 research, all compounds were selected for the virtual
screening on the 3CL hydrolase (Mpro) of SARS-CoV-2, which had been exploited as a potential
drug target to fight COVID-19 [27]. The docking scores of compounds 1–2, 5, 6, 8 and 17 were top
among all screened molecules (docking scores: −5.389, −4.772, −5.146, −4.962, −5.158), and the score of
ritonavir [36] (a potent inhibitor in vitro of human immunodeficiency virus type 1 protease) was −7.039,
which suggested that these compounds may be helpful in fighting COVID-19 after further studies.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were recorded on a JASCO P-1020 polarimeter (JASCO Corporation, Tokyo,
Japan) in MeOH at 25 ◦C. UV spectra were measured using a Shimadzu UV-1800 spectrophotometer
(Shimadzu Corporation, Tokyo, Japan). High-resolution electrospray ionization (HR-ESI-MS) were
obtained with an Agilent 6529B Q-TOF instrument (Agilent Technologies, Santa Clara, CA, USA).
ECD spectra were carried out with Chirascan circular dichroism spectrometers (Applied Photophysics
Ltd., Leatherhead, UK). Both 1D and 2D NMR spectra were acquired on a Bruker AVIII-400 and Bruker
AVIII-600 NMR spectrometers with tetramethylsilane (TMS) as an internal standard (Bruker, Karlsruhe,
Germany). Preparative high-performance liquid chromatography (Pre-HPLC) was performed utilizing
a Shimadzu LC-20 system (Shimadzu, Tokyo, Japan) equipped with a Shim-pack RP-C18 column
(20 × 250 mm i.d., 10 μm, Shimadzu, Tokyo, Japan) with a flow rate at 10 mL/min at 25 ◦C, which was
recorded by a binary channel UV detector at 210 nm and 254 nm. The analytical chiral HPLC used
was a JASCO LC-2000 system equipped with a Daicel Chiralpak AD-H column (4.6 mm × 250 mm,
5 μm) and a CD-2095 chiral detector at 280 nm. The mobile phase was n-hexane/isopropanol (80:20,
v/v) used at a flow rate of 0.5 mL/min. Column chromatography (CC) was performed with silica
gel (200–300 mesh, Qingdao Marine Chemical Inc., Qingdao, China) and ODS (50 μm, YMC, Kyoto,
Japan) on a Flash Chromatograph System (SepaBen machine, Santai Technologies, Changzhou, China).
Thin-layer chromatography (TLC) was performed using precoated silica gel GF254 plates (Qingdao
Marine Chemical Inc., Qingdao, China).
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3.2. Fungal Material

The endophytic DY180635 was isolated from a sample of crab (Chiromantes haematocheir), which
was collected from the intertidal zone of Zhoushan, Zhejiang, China, in June 2018. It was incubated
on a potato dextrose agar (PDA) plate at 28 ◦C. The strain DY180635 was identified using ITS rDNA
sequence analysis by RuiDi (Shanghai, China) and its DNA sequence using BLAST was compared to
the GenBank data. The result of BLAST searching was closest to that of Aspergillus versicolor NRRL
238 (GenBank accession number NG_067623) with 99% sequence identity. The nucleotide sequences
of the ITS gene (accession number MT361076) of A. versicolor DY180635 were deposited in GenBank.
A reference culture is stored in State Key Laboratory of Bioreactor Engineering laboratory of Shanghai
at −80 ◦C.

3.3. Fermentation, Extraction, and Isolation

The fungus was incubated on potato dextrose agar (PDA) medium at 28 ◦C for approximately
2–3 days; then it was cut into three agar pieces (nearly the size of 0.5 × 0.5 × 0.5 cm) and transferred
into a 500 mL Erlenmeyer flask, containing 200 mL of potato dextrose broth (PDB). The flasks were
cultured for 2 days at 28 ◦C on a rotary shaker at 180 rpm for inoculation. The seed cultures were
added to the 200 × 1 L flasks containing rice medium (110 g rice, 120 mL deionized water), which was
previously sterilized at 121 ◦C for 25 min. All flasks were incubated at 28 ◦C for four weeks.

Following incubation, the solid rice cultures were extracted three times by EtOAc to give a crude
extract (489.0 g); the crude extract was suspended in water and then partitioned with EtOAc to give an
EtOAc soluble fraction (185.2 g) after the solvent was removed to dryness under reduced pressure.
The EtOAc fraction was further separated on macroporous adsorbent resin with a stepped gradient
elution with EtOH-H2O (30, 50, 70 and 100%). The 50% fraction was sequentially separated by silica gel
with petroleum ether-EtOAc (5:1 to 0:1) to give four subfractions (A–D) using the TLC. The subfraction
B (9.0 g) was sequentially loaded onto silica gel CC (petroleum ether-EtOAc, 5:1) and preparative HPLC
(MeCN-H2O, 50:50, 10.0 mL/min) to yield compounds 1 (10.4 mg, tR 34.9 min), 2 (6.4 mg, tR 27.1 min),
4 (5.9 mg, tR 33.5 min), and 6 (8.7 mg, tR 23.2 min). Subfraction C (15.0 g) was further separated by an
ODS column (MeCN-H2O, 40:60) and repeated preparative HPLC with MeCN-H2O (50:50, 10 mL/min)
to give compounds 3 (4.6 mg, tR 8.8 min) and 5 (4.7 mg, tR 17.1 min).

Aspamide A (1): yellowish powder; [α]25
D + 120.0 (c 0.05, MeOH); ECD (5 mg/L, MeOH) λmax (Δε) 212

(92.18), 245 (−41.48) 335 (19.29) nm; UV (MeOH) λmax (logε) 200 (6.13), 224 (6.13), 284 (5.46), 341 (5.68)
nm; 1H and 13C NMR (DMSO-d6), see Table 1; positive HR-ESI-MS m/z 394.2117 [M + H] +, (calcd.
for C23H28N3O3, 394.2125).

Aspamide B (2): yellowish powder; [α]25
D + 112.0 (c 0.05, MeOH); ECD (5 mg/L, MeOH) λmax (Δε) 212

(83.31), 261 (−37.91), 340 (20.41) nm; UV (MeOH) λmax (logε) 200 (6.18), 224 (6.18), 283 (5.45), 345 (5.73)
nm; 1H and 13C NMR (DMSO-d6), see Table 1; positive HR-ESI-MS m/z 394.2120 [M + H]+, (calcd.
for C23H28N3O3, 394.2125).

Aspamide C (3): yellowish powder; [α]25
D + 125.0 (c 0.05, MeOH); ECD (5 mg/L, MeOH) λmax (Δε) 211

(103.75), 255 (−44.38), 334 (24.79) nm; UV (MeOH) λmax (logε) 200 (6.20), 224 (6.19), 284 (5.56), 337 (5.75)
nm; 1H and 13C NMR (DMSO-d6), see Table 1; positive HR-ESI-MS m/z 366.1807 [M + H]+, (calcd.
for C21H24N3O3, 366.1812).

(±)-Aspamide D (4): colorless gum; [α]25
D + 5.0 (c 0.05, MeOH); UV (MeOH) λmax (logε) 200 (6.07),

224 (6.06), 283 (5.33), 346 (5.60) nm; 1H and 13C NMR (DMSO-d6), see Table 2; positive HR-ESI-MS m/z
394.2122 [M + H]+, (calcd. for C23H28N3O3, 394.2125).

Aspamide F (5): brown powder; [α]25
D + 40.0 (c 0.05, MeOH); ECD (5 mg/L, MeOH) λmax (Δε)

212 (65.33), 220 (62.98), 237 (−52.79) nm; UV (MeOH) λmax (logε) 206 (5.95), 224 (6.15), 270 (5.25),
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278 (5.23) nm; 1H and 13C NMR (CDCl3), see Table 2; positive HR-ESI-MS m/z 336.1336 [M + H]+,
(calcd. for C19H18N3O3, 336.1343).

Aspamide G (6): brown powder; [α]25
D + 56.0 (c 0.05, MeOH); ECD (5 mg/L, MeOH) λmax (Δε) 212

(76.04), 221 (75.42), 237 (-62.18) nm; UV (MeOH) λmax (logε) 205 (5.92), 222 (5.88), 270 (5.16), 278 (5.13)
nm; 1H and 13C NMR (CDCl3), see Table 2; positive HR-ESI-MS m/z 350.1498 [M + H]+, (calcd.
for C20H20N3O3, 350.1499).

3.4. ECD Calculation

The relative configuration of 1 was established initially according to its ROESY NMR spectra.
Monte Carlo conformational searches were carried out by means of the Spartan’s 14 software using the
Merck molecular force field (MMFF). The conformers with Boltzmann population of over 1% were
chosen for ECD calculations, and then the conformers were initially optimized at the B3LYP/6-31G(d,p)
level in gas. The theoretical calculation of ECD was conducted in MeOH using Time-dependent Density
functional theory (TD-DFT) at the B3LYP/6-31+G(d,p) level for all conformers. Rotatory strengths for a
total of 100 excited states were calculated. ECD spectra were generated using the program SpecDis
1.6 (University of Würzburg, Würzburg, Germany) and GraphPad Prism 5 (University of California
San Diego, USA) from dipole-length rotational strengths by applying Gaussian band shapes with
sigma = 0.3 eV. And UV-shift values of all configurations were −10 nm. The spectra of enantiomers
were produced directly by mirror inversions.

3.5. Virtual Screening Against COVID-19 Main Protease

3.5.1. Protein and Ligand Preparation

The 3CL hydrolase (Mpro) of SARS-CoV-2 had been exploited as a potential drug target to fight
COVID-19 [27]. Thus, the virtual screening was conducted by using the SARS-CoV-2 enzyme (PDB ID
6LU7) obtained from the Protein Data Bank (PDB, http://www.rcsb.org/pdb), and the structure was
optimized by using the protein preparation wizard module in Maestro software package (Schrodinger
LLC, NY, USA). Specifically, the water and heteroatom were removed, the polar hydrogens were added
to the protein to the protonation state, the entire structure was assumed as a neutral pH, and the
energy of the structure was minimized by using an OPLS2005 force field. The docking grid of 20 Å size
was generated over the co-crystallized ligand. All compounds 1–17 were implemented by Ligprep
software, and the structure energy was minimized using OPL2005 force field.

3.5.2. Virtual Screening

Virtual screening was performed by the Schrodinger glide docking module, and the standard-
precision (SP) docking was designated to get accurate results [37]. The results were measured by
docking score, and only the compounds with scores in the top half were subjected to the extra-precision
(XP) docking.

3.6. Cell Culture and Cell Viability Assay

The human monocytic cell line, THP-1 (Cell Bank of China Science Academy, Shanghai, China)
and P. acnes (ATCC6919, Xiangfu biotech, Shanghai, China), were used for the anti-inflammatory
assay. THP-1 cells were cultured in RPMI1640 medium with 10% fetal bovine serum (FBS, Gibco, NY,
USA) in a humidified incubator (37 ◦C, 5% CO2). P. acnes bacteria were incubated in Cooked Meat
Medium, containing cooked beef granules (Rishui biotechnology, Qingdao, China) in an anaerobic
environment. The THP-1 cells were stimulated by the P. acnes, which was harvested at the exponential
phase. The viability of THP-1 cells was evaluated by the MTT assay, specifically, seeding the THP-1
cells in 96-well plates at a density of 2 × 105 cells/well and treated with serially diluted compounds for
36 h (37 ◦C, 5% CO2). After that, we added 20 μL MTT regent (5 mg/mL, Genetimes Technology Inc.,
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Shanghai, China) to each well and incubated the samples at 37 ◦C for 4 h. Removing the supernatant,
the formazan crystals were fully solubilized in DMSO (150 μL), and the absorbance was measured at
570 nm and 630 nm.

4. Conclusions

Chemical investigation of a marine-derived fungus Aspergillus versicolor DY180635 led to the
isolation and identification of four new IDPKs, aspamides A–E (1–4) and two new DPKs, aspamides
F–G (5–6), along with 11 known diketopiperazines and intermediates. Further chiral high-performance
liquid chromatography resolution gave enantiomers (+)- and (−)-4, respectively. The structures and
absolute configurations of compounds 1–6 were determined by the comprehensive analyses of NMR,
HRESIMS, and ECD calculation. Compounds 1–17 were selected for the virtual screening on the 3CL
hydrolase (Mpro) of SARS-CoV-2, and compounds 1–2, 5, 6, 8 and 17 possessed top docking scores
and thus may be helpful in fighting COVID-19 after further studies.

Supplementary Materials: The following are available online at: http://www.mdpi.com/1660-3397/18/7/338/s1,
Figures S1–S46: 1H, 13C, HSQC, HMBC, ROESY, UV, ECD, and HRESIMS spectra of the new compounds 1–6,
Tables S1–S6: Computational data of 1 and 4.
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Abstract: Three new bianthraquinones, alterporriol Z1–Z3 (1–3), along with three known compounds
of the same structural class, were isolated from the culture broth of a marine-derived Stemphylium sp.
fungus. Based upon the results of spectroscopic analyses and ECD measurements, the structures of
new compounds were determined to be the 6-6′- (1 and 2) and 1-5′- (3) C–C connected pseudo-dimeric
anthraquinones, respectively. Three new meroterpenoids, tricycloalterfurenes E–G (7–9), isolated
together with the bianthraquinones from the same fungal culture broth, were structurally elucidated
by combined spectroscopic methods. The relative and absolute configurations of these meroterpenoids
were determined by modified Mosher’s, phenylglycine methyl ester (PGME), and computational
methods. The bianthraquinones significantly inhibited nitric oxide (NO) production and suppressed
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) expression in LPS-stimulated
RAW 264.7 cells.

Keywords: bianthraquinones; meroterpenoids; marine-derived fungus; anti-inflammatory activity;
Stemphylium sp.

1. Introduction

Polyketides are a representative class of fungal metabolites [1,2]. These compounds possess a vast
range of structural diversity resulting in several subgroups such as anthraquinones, naphthoquinones,
benzophenones, xanthones, flavonoids, macrolides, and tropolones [3,4]. Among these, anthraquinones
are biosynthetically derived from an octaketide chain formed by the incorporation of one acetyl-CoA
and seven malonyl-CoA units [5–7]. Although widely distributed in fungi, anthraquinone derivatives
occur far frequently in the genera of Alternaria, Aspergillus, Fusarium, Stemphylium, and Trichoderma [8].
Anthraquinones typically contain various substituents (methyl, hydroxyl, methoxyl, or more complex
substituents), often attributed to characteristic colors by their properties and positions at the aromatic
core moiety [9,10].

A frequently encountered structural variation of fungal anthraquinones is the dimerization
through a C–C bond formation between two similar units [3]. The dimerization patterns for these
bianthraquinones are also diversified through both homo- and hetero- bond formation, providing
additional structural variation to the anthraquinones. To date, a vast number of fungal examples
were reported including alterporriols, icterinoidin, rubellin, and skyrin [3,11]. In addition to their
monomeric precursors, bianthraquinones often co-occur with biosynthetically related compounds of the
polyketide pathway [4,12]. Wide structural diversity, in conjunction with significant bioactivities such as
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antibacterial, anti-inflammatory, antituberculosis, and cytotoxic activities, designates bianthraquinones
as an important group of fungal polyketides [3,8,11,13].

Meanwhile, tricycloalternarenes (TCAs) are a structural class of fungal meroterpenoids [14].
Structurally, these are closely related to the ACTG toxins with differences at the isoprenoid side
chain and the substitution pattern at the C-ring of TCAs [15]. Biosynthetically, these meroterpenoids
are proposed to be generated from a hybrid shikimate–isoprenoid route [16]. Exclusively found in
Alternaria and Guignardia, tricycloalternarene-type meroterpenoids are regarded as one of the key
chemical characteristics of these fungal genera [17,18]. These compounds were also reported to exhibit
diverse bioactivities, including antimicrobial, cytotoxic, and NF-κB-inhibitory [19,20].

During the course of a search for bioactive compounds from marine-derived fungi, we isolated a
strain (strain number FJJ006) of Stemphylium sp. from an unidentified sponge specimen collected off
the coast of the island of Jeju-do, Korea. LC-ESIMS and LC-UV analyses of the culture broth of this
strain showed the presence of several compounds with various profiles, prompting extensive chemical
investigation. The large-scale cultivation, sequentially followed by extraction, solvent-partitioning, and
chromatographic separations, afforded six new and three known compounds (Figure 1). Here, we report
the structures of bianthraquinone alterporriols Z1–Z3 (1–3) and meroterpenoid tricycloalterfurenes
E–G (7–9). This is first time isolating not only the tricycloalternarene-type meroterpenoids but also
their co-occurrence with polyketide-derived anthracenes from the fungus Stemphylium. Compounds 1

and 2 exhibited moderate anti-inflammatory activity in LPS-stimulated RAW 264.7 cells.

S R

R

S

R

R

S

S

 
Figure 1. Structures of 1–9.
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2. Results and Discussion

Compound 1 was an orange amorphous powder which was analyzed to have the molecular
formula of C32H26O13, with 20 unsaturation degrees, by HRFABMS analysis ([M +H]+ m/z 619.1449,
calcd C32H27O13, 619.1446). The 13C NMR data of this compound showed signals of four carbonyl
(δc 190.5, 188.7, 185.7, 183.5) and twenty deshielded methine and quaternary carbons (δc 166.9–104.6).
Aided by the HSQC data, the chemical shifts of corresponding methine protons at δH 7.65, 7.51, 6.81,
and 6.78 in the 1H NMR data revealed the presence of aromatic moieties (Table 1). Since these NMR
features were accounted for 14 unsaturation degrees, 1 must be a hexacyclic compound.

Table 1. 13C and 1H NMR data of compounds 1–3 in CD3OD.

No.
1 a 2 b 3 c

δC, Type δH (J in Hz) δC, Type δH (J in Hz) δC, Type δH (J in Hz)

1 111.7, CH 7.51, d (0.5) 111.8, CH 7.51, d (0.5) 129.0, C

2 164.0, C 163.7, C 165.5, C d

3 133.8, C 133.8, C 134.5, C

4 131.2, CH 7.65, d (0.5) 131.3, CH 7.65, d (0.5) 130.5, CH 8.00, s

4a 126.8, C 127.1, C 131.2, C

5 165.8, C 166.2, C 106.9, CH 7.20, d (2.5)

6 125.3, C 125.7, C 167.1, C

7 104.6, CH 6.78, s 104.3, CH 6.80, s 105.9, CH 6.52, d (2.5)

8 166.9, C 167.1, C 166.0, C

8a 111.9, C 111.7, C 112.1, C

9 188.7, C 188.6, C 191.0, C

9a 134.7, C 134.6, C 132.8, C

10 183.5, C 183.5, C 182.3, C

10a 133.4, C 132.8, C 137.8, C

11 16.6, CH3 2.23, s 16.6, CH3 2.23, s 17.9, CH3 2.21, s

12 56.9, CH3 3.69, s 56.9, CH3 3.70, s 56.3, CH3 3.89, s

1′ 70.6, CH 4.73, d (7.5) 70.6, CH 4.73, d (7.4) 75.2, CH 4.58, d (4.7)

2′ 75.2, CH 3.79, d (7.5) 75.2, CH 3.76, d (7.4) 70.7, CH 3.93, d (4.7)

3′ 74.6, C 74.7, C 75.4, C

4′ 70.1, CH 4.26, s 70.2, CH 4.26, s 70.6, CH 4.39, s

4a’ 143.8, C 143.9, C 144.7, C

5′ 166.3, C 166.5, C 130.7, C

6′ 123.4, C 123.9, C 166.8, C

7′ 104.6, CH 6.81, s 104.6, CH 6.82, s 104.5, CH 6.79, s

8′ 166.1, C 166.4, C 165.9, C

8a’ 111.0, C 111.0, C 110.9, C

9′ 190.5, C 190.6, C 189.6, C

9a’ 143.9, C 143.7, C 141.0, C

10′ 185.7, C 185.5, C 185.7, C

10a’ 130.8, C 130.7, C n.d. e

11′ 22.3, CH3 1.33, s 22.3, CH3 1.32, s 21.6, CH3 1.33, s

12′ 57.0, CH3 3.70, s 57.0, CH3 3.71, s 56.8, CH3 3.71, s

13′ 62.8, CH3 3.77, s
a–c Measured at 150/600, 100/400, and 200/800 MHz for 13C/1H NMR, respectively. d Assigned by HMBC data.
e Not detected.
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A combination of 13C and 1H NMR and HSQC data diagnosed the remaining NMR signals as
an oxy-quaternary carbon (δc 74.6) and three oxymethine (δC/δH 75.2/3.79, 70.6/4.73, and 70.1/4.26),
two oxymethyl (δC/δH 57.0/3.70 and 56.9/3.69), and two methyl (δC/δH 22.3/1.33 and 16.6/2.23) groups.
Aided by the literature study, the overall spectroscopic features suggested 1 to be a bianthraquinone
consisting of each one unit of anthraquinone and tetrahydroanthraquinone.

Having the information above, the structure determination of 1 was mostly accomplished by
extensive H–C long-range analyses for this proton-deficient compound (Figure 2). Firstly, long-range
correlations of two aromatic protons at δH 7.51 (H-1) and 7.65 (H-4) and a benzylic methyl proton
at δH 2.23 (H3-11) with neighboring carbons not only constructed a 2-hydroxy-3-methylbenzene
moiety (C-1-C-4, C-4a, and C-9a) but also placed two carbonyls at δC 188.7 (C-9) and 183.5 (C-10)
ortho-substituted to the benzene. Similarly, combined HMBC and LR-HSQMBC correlations of the
protons at δH 6.78 (H-7) and 3.69 (H3-12) with neighboring carbons revealed the presence of an
8-hydroxy-5-methoxybenzene moiety (C-5-C-8, C-8a, and C-10a). The linkage between C-8a and
C-9 was also secured by crucial H-7/C-9 correlation. Although it was not evidenced by HMBC data,
the carbon chemical shifts of C-10 (δC 183.5) and C-10a (δC 133.4), in conjunction with the MS-derived
unsaturation degree, directly linked these carbons, thus, constructing an anthraquinone moiety for 1.

 
Figure 2. Key correlations of COSY (bold), HMBC (arrow), and LR-HSQMBC (JCH = 2 Hz, dashed arrow)
experiments for compounds 1, 3, and 4.

Meanwhile, 1H–1H COSY data showed direct spin coupling (J = 7.5 Hz) between oxymethine
protons at δH 4.73 (H-1′) and 3.79 (H-2′) (Figure 2). Subsequently, HMBC correlations of these protons
and an isolated oxymethine and a methyl proton at δH 4.26 (H-4′) and 1.33 (H-11′), respectively, with the
olefinic and hydroxyl-bearing carbons, defined a 3-methyl-2,3,4,5-tetrahydroxy cyclohexene-type
moiety (C-1′–C-4′, C-4a’, and C-9a’). The attachment of two carbonyl carbons at δC 190.5 (C-9′) and
185.7 (C-10′) at the cyclohexene unit was also accomplished by their HMBC correlations with H-4′ and
H-1′, respectively.

The HMBC correlations of an aromatic and a methoxy proton at δH 6.81 (H-7′) and 3.70 (H3-12′),
respectively, with aromatic carbons, revealed an 8′-hydroxy-5′-methoxybenzene (C-5′–C-8′, C-8a’,
and C-10a’), analogous to the C-5–C-10a unit. Subsequently, further connection to the diketo-bearing
cyclohexene unit constructing a tetrahydroanthraquinone moiety was also accomplished by the HMBC
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and LR-HSQMBC correlations between these. Since the anthraquinone and tetrahydroanthraquinone
moieties had open ends at C-6 and C-6′, respectively, C–C linkage between these carbons was anticipated.
The crucial evidence was provided by the HMBC data, in which long-range correlations were found at
H-7/C-6′ and H-7′/C-6. Thus, the planar structure of 1 was determined as a bianthraquinone analogous
to alterporriols [3]. Although significant numbers of bianthraquinones were reported from diverse
fungi, those having a 6-6′ C–C linkage are rather rare. To the best of our knowledge, alterporriol K–M
are the only previous examples having the same type of C–C linkage [21].

The structure of 1, designated as alterporriol Z1, possessed four stereogenic centers at C-1′–C-4′ at
the aliphatic ring and a chiral axis at C-6/C-6′, requiring configurational determination. Firstly, relative
configurations at the aliphatic ring were assigned by proton–proton coupling constants and NOESY
analyses (Figure 3). The large coupling (J = 7.5 Hz) between H-1′ and H-2′ oriented both protons axial to
the cyclohexene ring that was supported by the NOESY cross peak at H-2′/1′-OH. Then, the neighboring
11′-CH3 group was equatorially oriented by the cross peak H-2′/H3-11′. Although both H-4′ and 4′-OH
protons showed spatial proximity with H3-11′, the NOESY cross peak at H-2′/H-4′ was crucial to the
axial orientation of H-4′ (Supplementary Materials, Figure S9 and Table S2). Thus, the overall relative
configurations were assigned as 1′S*, 2′R*, 3′S*, and 4′S*. The absolute configurations at these centers
were approached by computational methods and are described later.

 
Figure 3. Key correlations of NOESY (arrow) experiments for compounds 1, 3, and 7.

The configuration at the C-6/C-6′ chiral axis was assigned by ECD measurements. As shown
in Figure 4, the measured ECD profile of 1 showed significant Cotton effects at 269 (Δε 35.79) and
285 (Δε −36.06) nm, assigning an aR configuration at the C-6/C-6′ axis. Although this interpretation
was supported by the same configuration at structurally related alterporriols A and L [21,22],
a question would arise from the possible contribution of ECD by the C-1′–C-4′ stereogenic centers.
That is, the absolute configurations at these centers would remarkably influence overall ECD profiles.
Conversely, depending on the results, it would be also possible to deduce the absolute configurations
of stereogenic centers at the cyclohexene moiety. To clarify this, ECD data were calculated for the
aR atropisomeric contribution with two possible absolute configurations at the stereogenic centers.
The results were that these profiles were very similar to each other at both wavelengths and intensity
of Cotton effects, regardless of the configurations at the cyclohexene moiety (Figure 5). Thus, the aR
configuration was unambiguously assigned for the chiral axis.

125



Mar. Drugs 2020, 18, 436

 

Figure 4. Experimental ECD spectra of compounds 1–4.

 
Figure 5. Calculated ECD spectra of compounds 1 and 2.

Having fixed axial chirality, the absolute configurations at C-1′–C-4′were subsequently approached
by DP4 calculations. However, two models derived from the opposite configurations expected very
similar 13C and 1H NMR data from each other (Supplementary Materials, Figure S52 and Table S1),
which was consistent with the results of ECD analysis. Thus, the absolute configurations of the
cyclohexene moiety remained unassigned [23]. Overall, the structure of alterporriol Z1 (1) was
determined to be a bianthraquinone of the alterporriol class.

The molecular formula of alterporriol Z2 (2) was established to be C32H26O13, identical to 1,
by HRFABMS analysis ([M +H]+ m/z 619.1454, calcd for C32H27O13, 619.1446). A comparison of the 13C
and 1H NMR data of this compound with those of 1 revealed a very close structural similarity between
them (Table 1). Subsequently, the extensive 1D and 2D NMR analyses of 2 deduced the same planar
structure and relative configurations of the aliphatic ring as those of 1. Accordingly, the structural
difference was traced to the chiral axis at C-6–C-6′, in which the measured ECD spectrum of 2 showed
a quasi-mirror profile from 1 (Figure 4). The noticeably reduced intensities of Cotton effects would be
attributed from the stereogenic center-bearing cyclohexene moiety. However, the calculated ECD data
of 2 were virtually identical to each other, regardless of absolute configurations at the cyclohexene
stereogenic centers, eradicating the possibility of the reversal of measured ECD by these factors
(Figure 5). Thus, the structure of alterporriol Z2 (2) was defined as an atropisomer of alterporriol Z1 (1).

A minor constituent of alterporriol Z3 (3) was isolated as a dark red amorphous solid that was
analyzed for the molecular formula of C33H28O13 by HRFABMS analysis ([M + Na]+ m/z 655.1430,
calcd for C33H28O13Na, 655.1422). The 13C and 1H NMR data of this compound were similar to those
of 1 and 2, indicating the same bianthraquinone nature (Table 1). An extensive examination of these
data, in conjunction with a literature and database search, revealed that 3 had close structural similarity
with a congener alterporriol N (6) [23]. The most conspicuous difference in NMR data was the presence
of an additional methoxy group at δC/δH 62.8/3.77 in 3.
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Given this information, the planar structure of 3 was determined by HMBC analyses. Despite the
limited amount of obtained materials, almost all carbons and protons except for unprotonated C-10a’
were adequately assigned by HSQC and HMBC correlations (Figure 2). In this way, 3 was defined as
consisting of an anthraquinone and a tetrahydroanthraquinone moiety, as with other compounds. The
newly appeared methoxy group (C-13′) was also attached at C-1′ by COSY correlation at H-1′/H-2′
and HMBC correlation at H3-13′/C-1′. Due to the lack of neighboring protons, the C–C linkage was
not directly evidenced by HMBC data. However, the diagnostic chemical shifts of the unprotonated
C-1 and C-5′ carbons at δC 129.0 and 130.7, respectively, were indicative of the linkage between the
anthraquinone and tetrahydroanthraquinone moiety at these carbons.

The configurations at cyclohexene and C-1/C-6′ chiral axis of 3 were assigned using the same
methods as in 1 and 2. Firstly, the small coupling constants (J = 4.7 Hz) between the vicinal H-1′
and H-2′ indicated the orientations of these to be either axial–equatorial or equatorial–equatorial
to the cyclohexene ring. Then, the NOESY data showed mutual cross peaks among H-2′, H-4′,
and H3-11′, placing these at the same phase of the cyclohexene ring (Figure 3). Therefore, the former
two oxymethine protons were axially oriented, while the C-11′ methyl group was equatorially oriented
to the ring system. Aided with the additional cross peak with H-2′, the H-1′ oxymethine proton
was also equatorially oriented. Thus, the overall relative configurations were assigned as 1′R*, 2′R*,
3′S*, and 4′S*. The absolute configuration of the C-1/C-6′ chiral axis of 3 was also assigned by ECD
measurement. As shown in Figure 4, the ECD data of this compound were similar to 1, assigning the
same aR configuration. Thus, the structure of alteroporriol Z3 (3) was defined as a new bianthraquinone
of the alterporriol class.

In addition to 1–3, the crude extract of Stemphylium sp. contained three known bianthraquinones
(4–6). Based upon the results of combined spectroscopic analyses, these were identified as alterporriols
F (4) [24], G (5) [25], and N (6) [23], respectively. The spectroscopic data of these compounds were in
good accordance with those in the literature. Among these, the configuration of C-5/C-5′ chiral axis
of 4, previously unassigned, was determined to be aR by the ECD measurement in this work (Figure 4).

In addition to bianthraquinones, the culture broth of Stemphylium sp. contained three new
meroterpenoids. The molecular formula of compound 7, a brown amorphous solid, was deduced to be
C21H30O6 with seven unsaturation degrees, by HRFABMS analysis ([M + H]+ m/z 379.2118, calcd for
C21H31O6, 379.2115). The 13C NMR data of this compound showed signals of three significantly
deshielded carbons (δC 200.4, 180.9, and 170.4) and three olefinic carbons (δC 139.7, 127.5, and 107.5).
The odd numbers of the latter carbons were indicative of a highly differentiated double bond possibly
consisting of a deshielded carbon (δC 170.4) and a shielded carbon (δC 107.5). Between two carbonyl
carbons, the conspicuous one (δC 200.4) was readily assigned as a ketone, while the other one (δC 180.9)
was thought to be either a carboxylic acid or an ester group by a strong absorption band at 1755 cm−1

in the IR data. Aided by the 1H NMR and HSQC data, the remaining 15 carbons in the 13C NMR
data were diagnosed to be one oxy-quaternary (δC 85.8), three oxymethine (δC 78.1, 74.5, and 66.8),
one methine (δC 40.8), seven methylene (δC 46.8, 40.2, 34.5, 33.6, 30.5, 26.3, and 19.8), and three methyl
(δC 20.1, 17.7, and 16.4) carbons (Table 2). Overall, preliminary examination of the spectroscopic data
suggested 7 to be a tricyclic compound possessing two carbonyl groups and two double bonds.
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Table 2. 13C and 1H NMR Data of compounds 7–9 in CD3OD.

No.
7 a 8 a 9 b

δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

1 200.4, C 199.9, C 200.4, C

2 33.6, CH2
2.62, m

2.32, ddd (16.9, 6.9, 4.9) 72.4, CH 4.07, dd (12.6, 4.9) 33.6, CH2
2.62, m

2.32, ddd (17.0, 6.8, 5.1)

3 30.5, CH2
2.18, m
1.97, m 30.7, CH2 2.24, m1.83, m 30.5, CH2

2.19, m
1.97, m

4 66.8, CH 4.30, t (5.1) 28.8, CH2 2.58, m2.44, m 66.8, CH 4.29, t (5.3)

5 170.4, C 170.8, C 170.4, C

6 107.5, C 105.6, C 107.5, C

7 19.8, CH2
2.59, d (17.8)

2.22, dd (17.7, 4.2) 19.8, CH2
2.68, d (17.8)

2.20, dd (17.7, 4.2) 19.8, CH2
2.59, d (17.8)

2.22, dd (17.7, 4.2)

8 78.1, CH 3.95, dd (4.3, 1.2) 77.9, CH 3.95, dd (4.3, 1.2) 78.1, CH 3.95, dd (4.5, 1.3)

9 85.8, C 85.7, C 85.8, C

10 46.8, CH2
2.42, dd (13.6, 9.4)
2.07, dd (13.6, 3.9) 46.9, CH2

2.39, m
2.00, dd (13.7, 3.7) 46.8, CH2

2.42, dd (13.7, 9.5)
2.07, dd (13.6, 3.9)

11 74.5, CH 4.80, td (9.0, 3.9) 74.5, CH 4.80, td (9.0, 3.9) 74.4, CH 4.79, m

12 127.5, CH 5.17, br d (8.8) 127.5, CH 5.17, br d (8.8) 127.7, CH 5.17, br d (8.5)

13 139.7, C 139.7, C 139.6, C

14 40.2, CH2 1.99, m 40.3, CH2 1.98, m 40.1, CH2 1.98, m

15 26.3, CH2 1.42, m 26.5, CH2 1.42, m 26.1, CH2 1.39, m

16 34.5, CH2
1.59, m
1.38, m 34.9, CH2

1.58, m
1.35, m 34.4, CH2

1.58, m
1.38, m

17 40.8, CH 2.37, dq (13.8, 7.0) 41.6, CH 2.37, m 40.5, CH 2.46, m

18 180.9, C 182.1, C 178.9, C

19 20.1, CH3 1.35, s 19.9, CH3 1.30, s 20.1, CH3 1.35, s

20 16.4, CH3 1.65, s 16.4, CH3 1.64, s 16.3, CH3 1.65, s

21 17.7, CH3 1.11, d (7.0) 18.0, CH3 1.11, d (7.0) 17.5, CH3 1.11, d (7.0)

22 52.1, OCH3 3.65, s
a , b Measured at 100/800 and 100/500 MHz for 13C/1H, respectively.

The planar structure of 7 was determined by combined 1H–1H COSY and HMBC analyses
(Figure 2). That is, COSY data revealed a linear assembly of an oxymethine and two methylene
groups (δC/δH 33.6/2.62 and 2.32, 30.5/2.18 and 1.97, and 66.8/4.30, C-2–C-4). Then, the HMBC
correlations of these protons with neighboring carbons not only placed a ketone (δC 200.4, C-1) and
a tetra-substituted double bond (δC 170.4 and 107.5, C-6 and C-5) at the adjacent locations, but also
constructed a 4-oxygenated cyclohexanone moiety (C-1–C-6, ring A): H-4/C-2, C-3, C-5, and C-6,
H2-3/C-1, and H2-2/C-1 and C-6. The COSY data also found a direct linkage between methylene and
oxymethine (δC/δH 19.8/2.59 and 2.22 and 78.1/3.95, C-7 and C-8). Subsequently, their attachment at
C-6 of ring A was secured by the HMBC of H2-7 with ring carbons: H2-7/C-1, C-5, and C-6. Similarly,
a quaternary carbon (δC 85.8, C-9) and a methyl group (δC/δH 20.1/1.35, C-19) were linearly connected
at C-8 by a number of key HMBC correlations: H-8/C-9 and H3-19/C-8 and C-9.

The COSY data revealed the presence of another linear spin system consisting of each one of
methylene, oxymethine, and olefinic methine (δC/δH 46.8/2.42 and 2.07, 74.5/4.80, and 127.5/5.17,
C-10–C-12; Figure 2). The accomplishment of a full olefin (with δC 139.7, C-13) as well as the attachment
of a vinyl methyl group (δC/δH 16.4/1.65, C-20) was made by HMBC correlations: H-11/C-13 and
H3-20/C-12 and C-13. The linkage of this moiety at the C-9 quaternary carbon was also secured by
HMBC data: H3-19/C-10 and H2-10/C-8 and C-9.

Based on the COSY data, the remaining proton signals were found to form a linear assembly of
three methylenes, a methine, and a methyl group (δC/δH 40.2/1.99 (2H); 26.3/1.42 (2H); 34.5/1.59 and
1.38, 40.8/2.37; and 17.7/1.11, C-14-C-17, and C-21). Subsequently, the attachments of this moiety at
C-13 and a carbonyl group (δC 180.9, C-18) were secured by a series of HMBC correlations: H3-20/C-14;
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H2-14/C-12; and C-13, H-17/C-18, and H3-21/C-18. Thus, the framework of 7 was constructed as a C21

meroterpenoid of the tricycloalterfurene class.
The 2D NMR-based structure elucidation of 7 assigned, in addition to the C-1 ketone, six oxygenated

positions at C-4, C-5, C-8, C-9, C-11, and C-18, accounting for two rings inherent from the mass data.
A literature study suggested cyclic ether linkages at C-5/C-9 and C-8/C-11 constructing a dihydropyran
(ring B) and a tetrahydrofuran (ring C), respectively, while the remaining carbons were functionalized
as the 4-hydroxy and 21-carboxylic acid group. The comparison of 13C and 1H NMR data of 7 were in
good accordance with tricycloalterfurene A [15], supporting this interpretation. Crucial evidence was
provided in the process for relative and absolute configurations and described later.

The configurations at the stereogenic centers of 7 were initially approached by NOESY data
(Figure 3). The 13E configuration was assigned by cross peaks at H-11/H3-20 and H-12/H2-14 as well
as the diagnostic carbon chemical shifts of C-20 (δC 16.4) and C-14 (δC 40.2). The NOESY data also
placed H-7β (δH 2.22), H-8, H3-19, H-10β (δH 2.42), and H-11 at one phase of the B/C ring plane by a
series of cross peaks: H-7β/H3-19, H-8/H3-19, H-8/H-11, H3-19/H-10β, and H-10β/H-11. To have these
cross peaks, the B/C ring juncture must have a cis orientation. Overall, relative configurations at the
stereogenic centers were assigned as 8R*, 9R*, and 11R*.

The configurations at the remotely placed C-4 and C-17 stereogenic centers were independently
assigned by modified Mosher’s and phenylglycine methyl ester (PGME) methods, respectively. That is,
the treatments of 7 with (R)- and (S)-α-methoxy-α-(trifluoromethyl)-phenylacetyl chloride (MTPA-Cl)
produced corresponding (S)- and (R)-MTPA esters, 7-4S and 7-4R, respectively. The resulting Δδ

(δS − δR) values between these esters assigned the 4R absolute configuration (Figure 6). Similarly,
7 was also converted to (S)- and (R)-PGME amides, 7-18S and 7-18R by treatments with (S)- and
(R)-PGME, respectively. Subsequently, the Δδ (δS − δR) values between the amides clearly assigned the
17S configuration (Figure 7). As described earlier, the productions of 4-esters and 17-amides by these
reactions unambiguously confirmed the presence of 4-hydroxy and 18-carboxylic acid groups.

 
Figure 6. Δδ values [Δδ = δS − δR] obtained for (S)- and (R)-MTPA esters of 7 and 8.

 
Figure 7. Δδ values [Δδ = δS − δR] obtained for (S)- and (R)-PGME amide derivatives of 7 and 8.

Finally, given the absolute configurations at the remote stereogenic centers, those at rings
B and C were determined by computational methods. As shown in Figure 7, the measured
ECD profile of 7 matched well with the calculated one, with 8R, 9R, and 11R configurations
in both wavelength and intensity of the absorption maximum at 258 nm. Overall, the absolute
configurations of 7 were determined to be 4R, 8R, 9R, 11R, and 17S by combined NOESY, chemical
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derivatization, and computational methods. Thus, the structure of 7, designated as tricycloalterfurene
E, was determined to be a tricyclic meroterpenoid.

The molecular formula of compound 8 was deduced to be C21H30O6, identical to 7, by HRFABMS
analysis ([M + H]+ m/z 379.2120, calcd for C21H31O6, 379.2115). The spectroscopic data of this
compound were also very similar to those of 7, suggesting the same tricyclic meroterpenoid nature.
However, detailed examination of its 13C and 1H NMR and HSQC data revealed noticeable differences
in the signals of carbons and protons at the hydroxyl-bearing cyclohexanone moiety (ring A) (Table 2).
Although 1H-1H COSY data showed the presence of the same linear assembly of a hydroxyl-methine
and two methylene protons as 7, the HMBC data revealed grossly different proton−carbon correlations.
That is, the C-1 ketone (δC 199.9) was correlated with hydroxyl-methine (δH 4.07) and methylene (δH 2.24
and 1.83) protons. The latter methylene protons were additionally correlated to the C-6 (δC 105.6) and
C-5 (δC 170.8) olefinic carbons. Therefore, 8 was structurally defined to be a regioisomer of 7 bearing a
hydroxyl group at C-2.

The relative and absolute configurations of 8 were pursued stepwise as for 7. First, the NOESY
data of this compound showed identical proton–proton spatial proximities to 7, revealing the same
relative configurations at rings B and C. Then, the absolute configuration at C-2 was also assigned as R
by modified Mosher’s method (Figure 6). Strikingly, however, the 1H NMR spectra of PGME-amides
of 8 from treatments with (S)- and (R)-PGME were virtually identical to each other and consisted of
pairing proton signals. A detailed examination indeed revealed that 5 was a mixture of two 17-epimers
with a ratio of 1:0.57. Based upon the proton intensity, the PGME analysis also concluded the 17S and
17R configuration for the major and minor constituents, respectively. The analytical and spectroscopic
behaviors of 8 as not an epimeric mixture but a single compound would be attributed from the far
remote location of C-17 from other stereogenic centers. Having this, the absolute configurations of
8 were also assigned by ECD measurements. As shown in Figure 8, the measured ECD profile of 8

was very similar to that of 7, defining the same absolute configurations for the ring portion between
these compounds. This interpretation was firmly supported by the calculated ECD data of 8 with fixed
absolute configurations and epimeric ratio (1:0.57), which were almost identical to the measured one.
Thus, the structure of 8, designated as tricycloalterfurene F, was determined to be an epimeric mixture
of tricyclic meroterpene carboxylic acids.

Figure 8. Experimental and calculated ECD spectra of compounds 7–9.

The molecular formula of tricycloalterfurene G (9) was established as C22H32O6 by HRFABMS
analysis ([M + Na]+ m/z 415.2104, calcd for C22H32O6Na, 415.2091). The 13C and 1H NMR data of this
compound were very similar to those of 7, with appearance of a methoxy group (δC/δH 52.1/3.65) as
the most noticeable difference (Table 2). This methyl group was placed at the C-18 carboxylic group
by combined 2D NMR data, including crucial HMBC correlation between the methoxy proton and
carboxylic carbon (δC 178.9). After deducing the same NOESY-based relative configurations as 7,
the experimental ECD profiles of 9 were also very similar to those of 7, assigning the same absolute
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configurations between these (Figure 8). Thus, the structure of tricycloalterfurene G (9) was defined to
be an ester derivative of tricycloalterfurene E (7).

The obtained bianthraquinones (1–6) and meroterpenoids (7–9) were assayed for their cytotoxicity.
However, all of these were inactive (IC50 » 20 μM) against a number of human cancer cell-lines:
A549 (lung cancer), HCT116 (colon cancer), MDA-MB-231 (breast cancer), PC3 (prostate cancer),
SK-Hep1 (liver cancer), and SNU638 (stomach cancer). In addition, these compounds were inactive
(MIC> 128μg/mL) against diverse human pathogenic bacterial strains Enterococcus faecalis (ATCC19433),
Enterococcus faecium (ATCC19434), Klebsiella pneumoniae (ATCC10031), Proteus hauseri (NBRC3851),
Salmonella enterica (ATCC14028), and Staphylococcus arueus (ATCC6538p). These compounds were also
inactive (IC50 > 145 μM) against microbial key enzymes sortase A (SrtA) and isocitrate lyase (ICL).

In our further assay using bianthraquinones, the anti-inflammatory activities were indirectly
evaluated by ability to suppress lipopolysaccharide (LPS)-induced nitric oxide (NO) production
in RAW 264.7 mouse macrophages. As shown in Figure 9, compounds 1, 2, and 4–6 showed
moderate anti-inflammatory activity with IC50 values of 11.6 ± 0.7, 16.1 ± 1.1, 9.6 ± 1.6, 8.4 ± 0.4,
and 10.7 ± 0.6 μM, respectively, while 3 was inactive. No measurable cytotoxicity was observed against
mouse macrophages at these concentrations (Supplementary Materials, Figure S55). To further elucidate
the inhibitory mechanism on NO production, the effect of compounds on the protein expression levels
of iNOS and COX-2, the key inflammatory mediators, was evaluated. As shown in Figure 10, protein
levels of iNOS and COX-2 in RAW 264.7 cells incubated with LPS for 18 h increased in comparison
to quiescent cells, but this was significantly down-regulated by treatment of the compounds (20 μM)
30 min prior to LPS exposure. These findings showed that the bianthraquinones would be potential
candidates for the anti-inflammatory related study.

 

Figure 9. Concentration-dependent effect of 1, 2, and 4–6 on lipopolysaccharide (LPS)-stimulated NO
production in RAW 264.7 cells. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences
relative to the vehicle-treated control group.
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Figure 10. Effect of compounds 1, 2, and 4–6 on LPS-induced protein expressions of iNOS and COX-2
in RAW 264.7 cells. The cells were treated with 20 μM of compounds for 30 min prior to LPS (1 μg/mL)
treatment and incubated for 18 h. Protein expression levels were determined by Western blotting
analysis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal standard.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on a JASCO P1020 polarimeter (Jasco, Tokyo, Japan) using a 1 cm
cell. UV spectra were acquired with a Hitachi U-3010 spectrophotometer (Hitachi High-Technologies,
Tokyo, Japan). ECD spectra were recorded on an Applied Photophysics Chirascan plus CD spectrometer.
IR spectra were recorded on a JASCO 4200 FT-IR spectrometer (Jasco, Tokyo, Japan) using a ZnSe
cell. 1H and 13C NMR spectra were measured in CD3OD and THF-d8 solutions on Bruker Avance
-500, -800 instruments (Billerica, MA, USA) and JEOL -400, -600 instruments (Peabody, MA, USA).
High resolution FAB mass spectrometric data were obtained at the Korea Basic Science Institute
(Daegu, Korea), and were acquired using a JEOL JMS 700 mass spectrometer (Jeol, Tokyo, Japan) with
meta-nitrobenzyl alcohol (NBA) as the matrix. Semi-preparative HPLC separations were performed on
a Spectrasystem p2000 equipped with a Spectrasystem RI-150 refractive index detector. All solvents
used were spectroscopic grade or distilled from glass prior to use.

3.2. Fungal Material

The fungal strain Stemphylium sp. (strain number FJJ006) was isolated from an unidentified sponge
collected using SCUBA at a depth of 30 m off the coast of Jeju-do (Island), Korea, on 29 September
2014. The sponge specimen was macerated and diluted using sterile seawater. One milliliter of the
diluted sample was processed utilizing the spread plate method in YPG agar media (5 g of yeast
extract, 5 g of peptone, 10 g of glucose, 0.15 g of penicillin G, 0.15 g of streptomycin sulfate, 24.8 g of
Instant Ocean, and 16 g of agar in 1 L of distilled water) plates. The plates were incubated at 28 ◦C for
5 days. The strain was identified using standard molecular biology protocols by DNA amplification
and sequencing of the ITS region. Genomic DNA extraction was performed using Intron’s i-genomic
BYF DNA Extraction Mini Kit according to the manufacturer’s protocol. The nucleotide sequence of
FJJ006 was deposited in the GenBank database under accession number KU519425. The 18S rDNA
sequence of this strain exhibited 99% identity (577/579) with that of Stemphylium sp. PNYZ13070801
(GenBank accession number KJ481209).

3.3. Fermentation

The fungal strain was cultured on a solid YPG medium (5 g of yeast extract, 5 g of peptone, 10 g of
glucose, 24.8 g of Instant Ocean, and 16 g of agar in 1 L of distilled water) for 7 days. An agar plug
(1 × 1 cm) was inoculated for 7 days in a 250 mL flask that contained 100 mL of YPG medium. Then,
10 mL of each culture was transferred to a 2.8 L Fernbach flask containing semi-solid rice medium
(200 g of rice, 0.5 g of yeast extract, 0.5 g of peptone, and 12.4 g of Instant Ocean in 500 mL of distilled
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water). In total, 2000 g of rice media were prepared and cultivated for 35 days at 28 ◦C, agitating once
every week.

3.4. Extraction and Isolation

The entire culture was macerated and extracted with MeOH (1 L × 3 for each flask). The solvent
was evaporated in vacuo to afford a brown organic extract (5.8 g). The extract was separated by
C18 reversed-phase vacuum flash chromatography using sequential mixtures of H2O and MeOH
(seven fractions of H2O-MeOH, gradient from 60:40 to 0:100), acetone, and finally, EtOAc as the
eluents. Based on the results of 1H NMR analysis, the fractions eluted with H2O-MeOH 50:50 (550
mg), 40:60 (300 mg), and 20:80 (670 mg) were chosen for further separation. The fraction that eluted
with H2O-MeOH (50:50) was separated by semi-preparative reversed-phase HPLC (YMC-ODS-A
column, 250 × 10 mm, 5 μm; gradient from H2O-MeCN (90:10) to (50:50), 1.8 mL/min), to yield
compound 9 (tR = 52.6 min). The H2O-MeOH (40:60) fraction from vacuum flash chromatography
was separated by semi-preparative reversed-phase HPLC (H2O-MeCN, (80:20) to (30:70), 2.0 mL/min)
to afford, in the order of elution, compounds 1 (tR = 44.8 min), 2 (tR = 45.4 min), 4 (tR = 50.8 min),
6 (tR = 51.4 min), 7 (tR = 59.4 min), and 8 (tR = 61.3 min). The H2O-MeOH (20:80) fraction from
vacuum flash chromatography was separated by semi-preparative reversed-phase HPLC (H2O-MeCN,
(65:35) to (25:75), 2.0 mL/min), affording compounds 3 (tR = 51.2 min) and 5 (tR = 40.6 min). The overall
isolated amounts of 1–9 were 7.0, 3.0, 0.7, 3.0, 3.2, 3.2, 6.5, 8.2, and 2.8 mg, respectively.

Alterporriol Z1 (1): orange amorphous solid, [α]D25 +1.8 (c 0.10, MeOH); UV (MeOH) λmax (log ε)
223 (3.97), 275 (3.86), 430 (3.36) nm; ECD (c 1.62 × 10−4 M, MeOH) λmax (Δε), 220 (−4.02), 229 (−5.06),
269 (35.79), 285 (−36.06), 317 (−7.91) nm; IR (ZnSe) νmax 3544, 2970, 1622, 1593, 1372 cm−1; 1H and 13C
NMR data, see Table 1; HRFABMS m/z 619.1449 [M + H]+ (calcd for C32H27O13, 619.1446).

Alterporriol Z2 (2): orange amorphous solid, [α]D25 −2.5 (c 0.10, MeOH); UV (MeOH) λmax (log ε)
227 (3.79), 274 (3.68), 432 (3.09) nm; ECD (c 1.62 × 10−4 M, MeOH) λmax (Δε), 228 (6.18), 267 (−18.63),
284 (12.77), 317 (3.02) nm; IR (ZnSe) νmax 3412, 2973, 2938, 1638, 1580, 1397, 1293 cm−1; 1H and 13C
NMR data, see Table 1; HRFABMS m/z 619.1454 [M + H]+ (calcd for C32H27O13, 619.1446).

Alterporriol Z3 (3): dark red amorphous solid, [α]D25 +13.5 (c 0.20, MeOH); UV (MeOH) λmax (log ε)
212 (3.83), 278 (3.70), 420 (3.27) nm; ECD (c 1.58 × 10−4 M, MeOH) λmax (Δε), 218 (−18.94), 235 (8.44),
263 (15.31), 287 (−13.9) nm; IR (ZnSe) νmax 3416, 3120, 2973, 2931, 1638, 1605, 1322 cm−1; 1H and 13C
NMR data, see Table 1; HRFABMS m/z 655.1430 [M + Na]+ (calcd for C33H28O13Na, 655.1422).

Tricycloalterfurene E (7): brown amorphous solid, [α]D25 +88.2 (c 0.20, MeOH); UV (MeOH) λmax (log ε)
220 (3.53), 262 (3.48) nm; ECD (c 2.65 × 10−4 M, MeOH) λmax (Δε), 258 (9.73), 313 (1.06) nm; IR (ZnSe)
νmax 3546, 3347, 2930, 2854, 1748, 1610, 1538, 1371 cm−1; 1H and 13C NMR data, see Table 2; HRFABMS
m/z 379.2118 [M + H]+ (calcd for C21H31O6, 379.2115).

Tricycloalterfurene F (8): brown amorphous solid, [α]D25 +74.0 (c 0.20, MeOH); UV (MeOH) λmax (log ε)
225 (3.42), 258 (3.35) nm; ECD (c 2.65 × 10−4 M, MeOH) λmax (Δε), 259 (8.39), 315 (0.17) nm; IR (ZnSe)
νmax 3593, 3350, 2928, 2860, 1757, 1674, 1617, 1514, 1221 cm−1; 1H and 13C NMR data, see Table 2;
HRFABMS m/z 379.2120 [M + H]+ (calcd for C21H31O6, 379.2115).

Tricycloalterfurene G (9): brown amorphous solid, [α]D25 +58.4 (c 0.20, MeOH); UV (MeOH) λmax (log ε)
211 (3.49) nm; ECD (c 2.55 × 10−4 M, MeOH) λmax (Δε), 258 (8.67), 315 (1.07) nm; IR (ZnSe) νmax 3603,
3356, 2933, 2860, 1742, 1602, 1536, 1371 cm−1; 1H and 13C NMR data, see Table 2; HRFABMS m/z
415.2104 [M + Na]+ (calcd for C22H32O6Na, 415.2091).

3.5. Preparations of the (S)- and (R)-MTPA Esters of Compounds 7 and 8

To a solution of compound 7 (0.6 mg, 1 μM) in dry pyridine (500 μL), (S)-MTPA chloride (10 μL,
5.2 μM) and DMAP (0.5 mg) were successively added. After stirring for 3 h at 40 ◦C under N2,
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the reaction mixture was concentrated under reduced pressure, and the residue was purified by
reversed-phase HPLC (YMC-ODS column, 4.6 × 250 mm; H2O-MeCN, 73:27) to give 7-4R (0.3 mg),
the (R)-MTPA ester of 7. Compound 7-4S (0.3 mg), the (S)-MTPA ester of 7, was prepared from
(R)-MTPA chloride in a similar fashion. Compounds 8-2S and 8-2R (0.3 mg each), the (S)- and
(R)-MTPA esters of 5, respectively, were also prepared using this method.

3.5.1. (S)-MTPA Ester of 7 (7-4S)

White amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.574–7.566 (2H, m, MTPA-Ar),
7.457–7.435 (3H, m, MTPA-Ar), 5.864 (1H, dd, J = 6.5, 5.0 Hz, H-4), 5.227 (1H, dq, J = 8.7, 1.1 Hz, H-12),
4.789 (1H, td, J = 9.1, 3.8 Hz, H-11), 3.903 (1H, dd, J = 4.6, 1.5 Hz, H-8), 3.633 (3H, s, H-22), 3.574 (3H,
s, MTPA-OMe), 2.591 (1H, d, J = 18.2 Hz, H-7α), 2.512 (1H, dd, J = 8.2, 5.2 Hz, H-2α), 2.488 (1H, m,
H-2β), 2.474 (1H, m, H-3α), 2.371 (1H, m, H-17), 2.346 (1H, m, H-10α), 2.238 (1H, m, H-3β), 2.192 (1H,
ddd, J = 18.1, 4.5, 1.0 Hz, H-7β), 2.022 (2H, m, H-14), 1.945 (1H, dd, J = 13.7, 3.7 Hz, H-10β), 1.654 (3H,
d, J = 1.1 Hz, H-20), 1.612 (1H, m, H-16α), 1.428 (2H, m, H-15), 1.411 (1H, m, H-16β), 1.122 (3H, d,
J = 7.0 Hz, H-21), 1.015 (3H, s, H-19); LRESIMS m/z 609.2 [M + H]+.

3.5.2. (R)-MTPA Ester of 7 (7-4R)

White amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.575–7.567 (2H, m, MTPA-Ar),
7.459–7.431 (3H, m, MTPA-Ar), 5.804 (1H, t, J = 4.9 Hz, H-4), 5.231 (1H, dq, J = 8.7, 1.0 Hz, H-12),
4.819 (1H, m, H-11), 3.979 (1H, dd, J = 4.5, 1.4 Hz, H-8), 3.633 (3H, s, H-22), 3.579 (3H, s, MTPA-OMe),
2.619 (1H, d, J = 18.3 Hz, H-7α), 2.463 (1H, m, H-17), 2.443 (1H, m, H-10α), 2.371 (1H, dd, J = 6.2, 5.0 Hz,
H-2α), 2.343 (1H, dd, J = 8.9, 4.9 Hz, H-2β), 2.300 (1H, m, H-3α), 2.253 (1H, dd, J = 18.6, 4.3 Hz, H-7β),
2.149 (1H, m, H-3β), 2.029 (1H, dd, J = 13.7, 3.9 Hz, H-10β), 2.003 (2H, m, H-14), 1.654 (3H, d, J = 1.0 Hz,
H-20), 1.603 (1H, m, H-16α), 1.414 (2H, m, H-15), 1.402 (1H, m, H-16β), 1.295 (3H, s, H-19), 1.109 (3H, d,
J = 7.0 Hz, H-21); LRESIMS m/z 609.2 [M + H]+.

3.5.3. (S)-MTPA Ester of 8 (8-2S)

White amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.680–7.668 (2H, m, MTPA-Ar),
7.428–7.416 (3H, m, MTPA-Ar), 5.581 (1H, dd, J = 13.1, 5.3 Hz, H-2), 5.149 (1H, dq, J = 8.6, 1.1 Hz, H-12),
4.798 (1H, td, J = 9.0, 3.9 Hz, H-11), 3.966 (1H, dd, J = 4.6, 1.3 Hz, H-8), 3.615 (3H, s, H-22), 3.551 (3H,
s, MTPA-OMe), 2.742 (1H, t, J = 14.8 Hz, H-4α), 2.655 (1H, dd, J = 17.8, 1.1 Hz, H-7α), 2.526 (1H, dd,
J = 17.2, 4.1 Hz, H-4β), 2.441 (1H, m, H-17), 2.413 (1H, m, H-10α), 2.316 (1H, m, H-3α), 2.232 (1H, m,
H-7β), 2.209 (1H, m, H-3β), 2.023 (1H, dd, J = 13.7, 3.9 Hz, H-10β), 1.971 (2H, m, H-14), 1.636 (3H, s,
H-20), 1.571 (1H, m, H-16α), 1.381 (2H, m, H-15), 1.372 (1H, m, H-16β), 1.339 (3H, s, H-19), 1.095 (3H, d,
J = 7.0 Hz, H-21); LRESIMS m/z 609.2 [M + H]+.

3.5.4. (R)-MTPA Ester of 8 (8-2R)

White amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.671–7.659 (2H, m, MTPA-Ar),
7.422–7.408 (3H, m, MTPA-Ar), 5.611 (1H, dd, J = 12.8, 5.3 Hz, H-2), 5.133 (1H, br d, J = 8.6 Hz, H-12),
4.800 (1H, td, J = 9.0, 3.9 Hz, H-11), 3.973 (1H, d, J = 4.5 Hz, H-8), 3.655 (3H, s, MTPA-OMe), 3.603 (3H,
s, H-22), 2.705 (1H, m, H-4α), 2.682 (1H, dd, J = 17.9, 1.2 Hz, H-7α), 2.480 (1H, d, J = 17.2 Hz, H-4β),
2.428 (1H, m, H-17), 2.409 (1H, m, H-10α), 2.243 (1H, m, H-7β), 2.165 (1H, m, H-3α), 2.067 (1H, dd,
J = 12.4, 5.3 Hz, H-3β), 2.017 (1H, dd, J = 13.7, 3.9 Hz, H-10β), 1.956 (2H, m, H-14), 1.634 (3H, s, H-20),
1.555 (1H, m, H-16α), 1.368 (2H, m, H-15), 1.359 (1H, m, H-16β), 1.340 (3H, s, H-19), 1.082 (3H, d,
J = 7.0 Hz, H-21); LRESIMS m/z 609.2 [M + H]+.

3.6. Preparations of the (S)- and (R)-PGME Amides of Compounds 7 and 8

To a dry DMF solution (500 μL) of compound 7 (0.6 mg, 1.6 μM) and (S)-PGME (1.4 mg, 7.4 μM),
PyBOP (3.8mg, 7.4 μM), HOBT (1.0mg, 7.4 μM), and N-methylmorpholine (100 μL) were added.
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After stirring the mixture for 3 h at room temp, a 5% HCl solution and EtOAc were added to the
reaction mixture. The EtOAc layer was subsequently washed with saturated NaHCO3 solution and
brine. The organic layer was dried over anhydrous Na2SO4. After removing the solvent under vacuum,
the residue was purified by reversed-phase HPLC (YMC-ODS column, 4.6 × 250 mm; H2O-MeOH,
35:65) to give (S)-PGME amide 7-18S (0.3 mg). Compound 7-18R (0.4 mg), the (R)-PGME amide of 7,
was prepared from (R)-PGME in a similar fashion. Compounds 8-18S and 8-18R (0.3 mg each), the (S)-
and (R)-PGME amides of 5, respectively, were also prepared using this method.

3.6.1. (S)-PGME Amide of 7 (7-18S)

Brown amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.371–7.329 (5H, m, PGME-Ar), 5.427 (1H,
s, PGME-H-1), 5.202 (1H, dq, J = 8.6, 1.1 Hz, H-12), 4.802 (1H, td, J = 9.0, 4.1 Hz, H-11), 4.299 (1H, t,
J = 5.1 Hz, H-4), 3.945 (1H, dd, J = 4.6, 1.6 Hz, H-8), 3.681 (3H, s, PGME-OMe), 2.612 (1H, m, H-2α),
2.592 (1H, d, J = 17.8 Hz H-7α), 2.456 (1H, m, H-17), 2.419 (1H, dd, J = 13.7, 9.4 Hz, H-10α), 2.309 (1H,
ddd, J = 16.9, 6.9, 4.8 Hz, H-2β), 2.230 (1H, dd, J = 18.0, 4.6 Hz, H-7β), 2.169 (1H, m, H-3α), 2.090 (1H,
dd, J = 13.7, 4.1 Hz, H-10β), 2.005 (2H, m, H-14), 1.964 (1H, m, H-3β), 1.669 (3H, d, J = 1.2 Hz, H-20),
1.589 (1H, m, H-16α), 1.454 (2H, m, H-15), 1.354 (3H, s, H-19), 1.332 (1H, m, H-16β), 1.049 (3H, d,
J = 6.9 Hz, H-21); LRESIMS m/z 526.3 [M + H]+.

3.6.2. (R)-PGME Amide of 7 (7-18R)

Brown amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.361–7.318 (5 H, m, PGME-Ar),
5.466 (1H, s, PGME-H-1), 5.126 (1H, dq, J = 8.6, 1.1 Hz, H-12), 4.763 (1H, td, J = 9.1, 4.2 Hz, H-11),
4.253 (1H, t, J = 5.1 Hz, H-4), 3.933 (1H, dd, J = 4.6, 1.6 Hz, H-8), 3.697 (3H, s, PGME-OMe), 2.603 (1H,
m, H-2α), 2.587 (1H, d, J = 17.6 Hz H-7α), 2.460 (1H, m, H-17), 2.393 (1H, dd, J = 13.7, 9.4 Hz, H-10α),
2.284 (1H, ddd, J = 16.9, 6.9, 4.9 Hz, H-2β), 2.224 (1H, dd, J = 18.0, 4.7 Hz, H-7β), 2.151 (1H, m, H-3α),
2.044 (1H, dd, J = 13.7, 4.1 Hz, H-10β), 1.957 (1H, m, H-3β), 1.918 (2H, m, H-14), 1.576 (3H, d, J = 1.2 Hz,
H-20), 1.532 (1H, m, H-16α), 1.345 (3H, s, H-19), 1.321 (1H, m, H-16β), 1.288 (2H, m, H-15), 1.108 (3H, d,
J = 6.9 Hz, H-21); LRESIMS m/z 526.3 [M + H]+.

3.6.3. (S)-PGME Amide of 8 (8-18S)

Major isomer; brown amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.373–7.331 (5H, m,
PGME-Ar), 5.429 (1H, s, PGME-H-1), 5.200 (1H, br d, J = 8.4 Hz, H-12), 4.799 (1H, td, J = 9.0, 4.1 Hz,
H-11), 4.067 (1H, dd, J = 12.7, 5.2 Hz, H-2), 3.944 (1H, dd, J = 4.8, 1.3 Hz, H-8), 3.683 (3H, s, PGME-OMe),
2.674 (1H, d, J = 17.8 Hz H-7α), 2.572 (1H, m, H-4α), 2.465 (1H, m, H-17), 2.446 (1H, m, H-4β), 2.396 (1H,
m, H-10α), 2.238 (1H, m, H-3α), 2.207 (1H, m, H-7β), 2.026 (1H, m, H-10β), 2.007 (2H, m, H-14), 1.823 (1H,
m, H-3β), 1.668 (3H, d, J = 0.9 Hz, H-20), 1.596 (1H, m, H-16α), 1.462 (2H, m, H-15), 1.341 (1H, m,
H-16β), 1.308 (3H, s, H-19), 1.048 (3H, d, J = 6.8 Hz, H-21); LRESIMS m/z 526.3 [M + H]+.

3.6.4. (R)-PGME Amide of 8 (8-18R)

Major isomer; brown amorphous solid; 1H NMR (CD3OD, 800 MHz) δH 7.367–7.324 (5H, m,
PGME-Ar), 5.473 (1H, s, PGME-H-1), 5.111 (1H, br d, J = 8.7 Hz, H-12), 4.759 (1H, td, J = 9.0, 4.0 Hz,
H-11), 4.060 (1H, dd, J = 12.4, 5.2 Hz, H-2), 3.933 (1H, dd, J = 4.8, 1.0 Hz, H-8), 3.695 (3H, s, PGME-OMe),
2.667 (1H, d, J = 18.0 Hz H-7α), 2.566 (1H, m, H-4α), 2.462 (1H, m, H-17), 2.445 (1H, m, H-4β), 2.370 (1H,
m, H-10α), 2.232 (1H, m, H-3α), 2.206 (1H, m, H-7β), 1.975 (1H, m, H-10β), 1.919 (2H, m, H-14), 1.815 (1H,
m, H-3β), 1.574 (3H, d, J = 0.5 Hz, H-20), 1.546 (1H, m, H-16α), 1.328 (1H, m, H-16β), 1.304 (2H, m,
H-15), 1.300 (3H, s, H-19), 1.108 (3H, d, J = 6.8 Hz, H-21); LRESIMS m/z 526.3 [M + H]+.

3.7. ECD Calculations

The ground-state geometries were optimized with density functional theory (DFT) calculations,
using Turbomole with the basis set def-SVP for all atoms and the functional B3-LYP. The ground states
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were further confirmed by the harmonic frequency calculation. The calculated ECD data corresponding
to the optimized structures were obtained with the time-dependent density-functional theory (TD-DFT)
at the B3-LYP functional. The ECD spectra were simulated by overlapping Gaussian functions for each
transition, where σ is the width of the band at 1/e height. Values ΔEi and Ri were the excitation energies
and rotatory strengths, respectively, for transition i. In the current work, the value was 0.10 eV.

Δ ∈ (E) = 1
2.297× 10−39

1√
2πσ

A∑

i

ΔEiRie[−(E−ΔEi)
2/(2σ)2] (1)

3.8. DP4 Analysis

Conformational searches were performed using MacroModel software (Version 9.9, Schrödinger
LLC, New York, NY, USA) interfaced in Maestro (Version 9.9, Schrödinger LLC) with a mixed
torsional/low-mode sampling method. Conformers within 10 kJ/mol found in the MMFF force field
were regarded and the geometry of the conformers was optimized at the B3-LYP/6-31G++ level in
the gas phase. Ground state geometry optimization of each conformer was carried out by density
functional theory (DFT) modeling with TurbomoleX 4.3.2 software. The basis set for the calculation
was def-SVP for all atoms, and the level of theory was B3-LYP at the functional level in the gas phase.
The calculated chemical shift values were averaged by the Boltzmann populations and utilized for
DP4 analysis.

3.9. Cytotoxic, Antibacterial, and Enzyme-Inhibitory Activities Assays

Cytotoxicity assay was performed in accordance with the published protocols [26]. The antimicrobial
and SrtA and ICL-inhibitory assays were performed according to previously described methods [27–29].

3.10. RAW 264.7 Cell Culture

A RAW 264.7 murine macrophage cell line was purchased from American Type Cell
Culture (Rockville, MD, USA). Cells were cultured in DMEM with 10% fetal bovine serum and
antibiotic−antimycotics (i.e., penicillin G sodium, 100 units/mL; streptomycin, 100 μg/mL; amphotericin
B, 250 ng/mL) at 37 ◦C in a humidified incubator with 5% carbon dioxide. All reagents used for cell
culture were purchased from Gibco® Invitrogen Corp. (Grand Island, NY, USA).

3.11. Nitrite Production Measurement

The concentration of nitrite in the cultured media was used as a measure of NO production.
The assay was performed as previously described [30]. RAW 264.7 cells were plated at a density of
5 × 105 per well in a 24-well culture plate and incubated in a 37 ◦C humidified incubator with 5%
CO2 in air for 18 h. The incubated cells were pretreated with phenol-red-free medium containing
various concentrations of tested compounds for 30 min, followed by 1 μg/mL of LPS treatment for
18 h more. Aliquots of the supernatant from each well (100 μL) were transferred to a 96-well plate,
and nitrite concentration was measured using Griess reagent. After the Griess reaction, MTT solution
(final concentration of 500 μg/mL) was added to each well and further incubated for 4 h at 37 ◦C. Each
medium was discarded, and dimethyl sulfoxide was added to each well to dissolve generated formazan.
The absorbance was measured at 570 nm, and percent survival was determined by comparison with
LPS treated control group. All reagents used in the nitrite production measurement were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

3.12. Western Blotting Analysis

The Western blotting analysis was performed as previously described [31]. Briefly, the samples
with cell lysates were boiled for 10 min at 100 ◦C. The concentrations of proteins in the cell lysates were
quantified using the bicinchoninic acid method. Equal amounts of protein were subjected to 8%–10%
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride
membranes (Millipore, Bedford, MA, USA) activated with 100% methanol. The membranes were
blocked using 5% BSA in a mixture of Tris-buffered saline and Tween 20 (1×), and subsequently probed
with the following antibodies: anti-iNOS, COX-2, and GAPDH (Cell Signaling Technology, Beverly,
MA, USA). The blots were visualized using an enhanced chemiluminescence detection kit (Intron
Biotechnology, Sungnam, Korea) and an ImageQuant LAS-4000 Imager (Fujifilm Corp., Tokyo, Japan).

4. Conclusions

Three new bianthraquinones, alterporriol Z1–Z3 (1–3), along with three known compounds (4–6)
of the same structural class, were isolated from the culture broth of a marine-derived Stemphylium sp.
fungus. Based upon the results of combined spectroscopic analyses and ECD measurements,
the structures of new compounds were determined to be the 6-6′- (1 and 2) and 1-5′- (3) C-C
connected pseudo-dimeric anthraquinones, respectively. The absolute configuration of the chiral
axis of 4 was also assigned similarly. In addition, three new meroterpenoids, tricycloalterfurenes
E–G (7–9), isolated from the same fungal culture broth, were structurally elucidated by combined
spectroscopic methods. The relative and absolute configurations of these meroterpenoids were
determined by modified Mosher’s, PGME, and computational methods. Although none of these
compounds were active against cytotoxic and antibacterial assays, the bianthraquinones (except 3)
exhibited significantly inhibited nitric oxide (NO) production and suppressed the expression of iNOS
and COX-2 in LPS-stimulated RAW 264.7 cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/436/s1.
Figures S1–S45: HRFABMS, 1D and 2D NMR spectra of 1–3 and 7–9, Figures S46–S49: 1H NMR spectrum of (S),
(R)-MTPA Ester of 7–8, Figures S50-S53: 1H NMR spectrum of (S), (R)-PGME Amide of 7–8, Figure S54: The results
of DP4 probability analysis of 1, Figure S55: The viability of RAW 264.7 cells was measured using the MTT assay,
Table S1: Experimental (Exp.) and calculated (Cal.) chemical shift values of enantiomers A and B on aliphatic ring
part of 1, Table S2: 1H NMR Data of 1 in THF-d8.
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Abstract: Three new and rare chromone derivatives, epiremisporine C (1), epiremisporine D (2),
and epiremisporine E (3), were isolated from marine-derived Penicillium citrinum, together with
four known compounds, epiremisporine B (4), penicitrinone A (5), 8-hydroxy-1-methoxycarbonyl-6-
methylxanthone (6), and isoconiochaetone C (7). Among the isolated compounds, compounds 2–5

significantly decreased fMLP-induced superoxide anion generation by human neutrophils, with IC50

values of 6.39 ± 0.40, 8.28 ± 0.29, 3.62 ± 0.61, and 2.67 ± 0.10 μM, respectively. Compounds 3 and
4 exhibited cytotoxic activities with IC50 values of 43.82 ± 6.33 and 32.29 ± 4.83 μM, respectively,
against non-small lung cancer cell (A549), and Western blot assay confirmed that compounds 3 and 4

markedly induced apoptosis of A549 cells, through Bcl-2, Bax, and caspase 3 signaling cascades.

Keywords: Penicillium citrinum; chromone derivatives; anti-inflammatory activity; anti-cancer activity

1. Introduction

There are many natural products isolated from marine-derived fungi. These com-
pounds are important source of biologically effective secondary metabolites, which are
very interesting and important for drug discovery. In particular, a large number of nat-
ural products with biological activities are found in the genus Penicillium, which has
diverse biological activities such as antibacterial, antifungal, antitumor, and antiviral
activities [1–18]. Diverse dihydroisocoumarins [4], citrinin [15], benzopyrans [17], ben-
zophenones [18] and their derivatives were isolated from Penicillium citrinum in the past
studies. Many of these isolated compounds showed anti-bacterial [4,17,18], anti-fungal [15],
and anti-cancer [18] activities.

Human neutrophils are known to play a critical role in the pathogenesis of various
inflammatory diseases [19,20]. In response to different stimuli, activated neutrophils secrete
a series of cytotoxins, such as superoxide anion (O2

•–), granule proteases, and bioactive
lipids [19,21,22]. Suppression of inappropriate activation of neutrophils by drugs was
proposed as a way to combat inflammatory diseases [23].

According to statistics from Taiwan’s Ministry of Health and Welfare, cancer remained
the top killer in Taiwan for many years [24]. The apoptosis-related proteins, such as Bcl-2,
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Bax, and caspase-3, regulate cancer cell apoptosis or survival, which was confirmed to be
related to many cancers and diseases [25–27]. In a preliminary screening, the methanolic
extract of P. citrinum showed anti-inflammatory and anti-cancer activities in vitro. The
current chemical investigation of this fungus led to the isolation of three new chromone
derivatives, epiremisporine C (1), epiremisporine D (2), and epiremisporine E (3), along
with four known compounds. The structural elucidation of 1–3 and anti-inflammatory and
anti-cancer properties of 1–7 are described herein.

2. Results and Discussion

2.1. Fermentation, Extraction, and Isolation

In this study, the marine-derived fungal strain Penicillium citrinum (BCRC 09F0458)
was cultured in solid-state culturing conditions, in order to enrich the diversity of the fungal
secondary metabolites. Chromatographic isolation and purification of the n-BuOH-soluble
fraction of an EtOH extract of Penicillium citrinum on a silica gel column and preparative
thin-layer chromatography (TLC) obtained three new (1–3) and four known compounds
(4–7) (Figure 1).

Figure 1. The chemical structures of compounds 1–7 isolated from Penicillium citrinum.

2.2. Structural Elucidation

Compound 1 was isolated as a yellowish amorphous powder. Its molecular formula,
C31H26O12, was determined on the basis of the positive HR-ESI-MS ion at m/z 613.13200
[M + Na]+ (calcd. 613.13219) and supported by the 1H- and 13C- NMR data. The IR
spectrum showed the presence of hydroxyl (3428 cm−1), ester carbonyl (1744 cm−1), and
conjugated carbonyl (1655 cm−1) groups. The 1H- and 13C-NMR data of 1 showed the
presence of two hydroxy groups, two methyl groups, three methoxy groups, two pairs
of meta-coupling aromatic protons, two methylene protons, and three methine protons.
The signals at δ 12.11 and 12.30 exhibited two chelated hydroxyl groups with the carbonyl
group. Comparison of the 1H and 13C NMR data of 1 with those of epiremisporine B [16]
suggested that their structures were closely related, except that the 2′-methoxyl group of
1 replaced the 2′-hydroxy group of epiremisporine B [16]. This was supported by both
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HMBC correlations between OMe-2′ (δH 3.50) and C-2′ (δC 111.1) and ROESY correlations
between OMe-2′ (δH 3.50) and H-3′ (δH 2.86). The relative configuration of 1 was elucidated
on the basis of ROESY experiments. The ROESY cross-peaks between H-3/H-4, H-3/H-
3′, H-3/Hα-4′, OMe-2′/H-3′, and H-3/H-16 suggested that H-3, H-4, H-3′, OMe-2′, and
COOMe-2 are α-oriented, and COOMe-2′ is β-oriented. To further confirm the relative
configuration of 1, a computer-assisted 3D structure was obtained by using the molecular-
modeling program CS CHEM 3D Ultra 16.0, with MM2 force-field calculations for energy
minimization. The calculated distances between H-3/H-4 (2.210 Å), H-3/H-3′ (2.491 Å),
OMe-2′/H-3′ (2.305 Å), and H-3/H-16 (2.371 Å) were all less than 4 Å (Figure 2). This
was consistent with the well-defined ROESY observed for each of these H-atom pairs. The
absolute configuration of 1 was evidenced by the CD Cotton effects at 332.5 (Δε +8.81),
293.0 (Δε −1.23), 258.5 (Δε +15.60), 239.5 (Δε −4.12), and 206.5 (Δε +4.09) nm, in analogy
with those of epiremisporine B [16]. The 1H- and 13C-NMR resonances were fully assigned
by the 1H–1H COSY, HSQC, ROESY, and HMBC experiments (Figure 3). On the basis
of the above data, the structure of 1 was elucidated, as shown in Figure 1, and named
epiremisporine C.

Figure 2. Selected ROESY correlations and relative configuration of 1.
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Figure 3. Key ROESY (a) and HMBC (b) correlations of 1.

Compound 2 was obtained as an amorphous powder. The ESI–MS demonstrated the
quasi-molecular ion [M + Na]+ at m/z 627, implying a molecular formula of C32H28O12,
which was confirmed by the HR-ESI-MS (m/z 627.12902 [M + Na]+, calcd. 627.14784)
and by the 1H- and 13C-NMR data. The IR spectrum showed the presence of hydroxyl
(3480 cm−1), ester carbonyl (1763 cm−1), and conjugated carbonyl (1657 cm−1) groups. The
signal at δ 12.36 exhibited a chelated hydroxyl group with the carbonyl group. Comparison
of the 1H and 13C NMR data of 2 with those of epiremisporine C (1), suggested that their
structures were closely related, except that the 11-methoxyl group of 2 replaced the 11-
hydroxy group of 1. This was supported by both HMBC correlations between OMe-11
(δH 3.91) and C-11 (δC 160.0) and ROESY correlations between OMe-11 (δH 3.91) and
H-10 (δH 6.58). The relative configuration of 2 was elucidated on the basis of ROESY
experiments. The ROESY cross-peaks between H-3/H-4, H-3/H-3′, H-3/Hα-4′, OMe-2′/H-
3′, and H-3/H-16 suggested that H-3, H-4, H-3′, OMe-2′, and COOMe-2 were α-oriented,
and COOMe-2′ was β-oriented. To further confirm the relative configuration of 2, a
computer-assisted 3D structure was obtained by using the molecular-modeling program
CS CHEM 3D Ultra 16.0, with MM2 force-field calculations for energy minimization.
The calculated distances between H-3/H-4 (2.200 Å), H-3/H-3′ (2.484 Å), OMe-2′/H-3′
(2.306 Å), and H-3/H-16 (2.329 Å) were all less than 4 Å (Figure 4). This was consistent
with the well-defined ROESY observed for each of these H-atom pairs. Compound 2

showed similar CD Cotton effects [330.5 (Δε +5.39), 290.5 (Δε –6.24), 262.5 (Δε +19.72), 238.5
(Δε –2.06), and 207.0 (Δε +13.72) nm] compared with 1 and epiremisporine B [16]. Thus,
2 possessed a 2S,3R,2′R,3′S-configuration. On the basis of the above data, the structure
of 2 was elucidated, as shown in Figure 1, and named epiremisporine D, which was
further confirmed by the 1H-1H COSY, ROESY (Figure 5a), DEPT, HSQC, and HMBC
(Figure 5b) experiments.
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Figure 4. Selected ROESY correlations and relative configuration of 2.

Figure 5. Key ROESY (a) and HMBC (b) correlations of 2.

Compound 3 was isolated as an amorphous powder. The ESI–MS demonstrated the
quasi-molecular ion [M + Na]+ at m/z 627, implying a molecular formula of C32H28O12,
which was confirmed by the HR–ESI–MS (m/z 627.12919 [M + Na]+, calcd. 627.14784)
and by the 1H- and 13C-NMR data. The IR spectrum showed the presence of hydroxyl
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(3466 cm−1), ester carbonyl (1761 and 1740 cm−1), and the conjugated carbonyl (1657 cm−1)
groups. The signal at δ 12.50 exhibited a chelated hydroxyl group with the carbonyl group.
Comparison of the 1H and 13C NMR data of 3 with those of epiremisporine D (2) suggested
that their structures were closely related, except that the 2′β-methoxyl group of 3 replaced
the 2′α-methoxyl group of 2. This was supported by both HMBC correlations between
OMe-2′ (δH 3.11) and C-2′ (δC 107.6), and the ROESY correlations between OMe-2′ (δH 3.11)
and Hβ-4′ (δH 2.85). The relative configuration of 3 was elucidated on the basis of ROESY
experiments. The ROESY cross-peaks between H-3/H-4, H-3/H-3′, H-3/Hα-4′, OMe-
2′/H-4′, and H-3/H-16 suggested that H-3, H-4, H-3′, COOMe-2, and COOMe-2′ were
α-oriented, and OMe-2′ was β-oriented. To further confirm the relative configuration of 3,
a computer-assisted 3D structure was obtained by using the molecular-modeling program
CS CHEM 3D Ultra 16.0, with MM2 force-field calculations for energy minimization. The
calculated distances between H-3/H-4 (2.169 Å), H-3/H-16 (2.285Å), H-3/H-3′ (2.445 Å),
and OMe-2′/Hβ-4′ (3.682Å) were all less than 4 Å (Figure 6). This was consistent with the
well-defined ROESY observed for each of these H-atom pairs. Compound 3 showed similar
CD Cotton effects [331.0 (Δε +4.01), 286.5 (Δε −7.51), 261.5 (Δε +19.77), 230.5 (Δε −4.98),
and 207.5 (Δε +12.68) nm], compared to the literature data [16]. Thus, 3 possessed a
2S,3R,2′S,3′S-configuration. The 1H- and 13C-NMR resonances were fully assigned by
1H–1H COSY, ROESY (Figure 7a), HSQC, and HMBC (Figure 7b) experiments. On the
basis of the above data, the structure of 3 was elucidated, as shown in Figure 1, and named
epiremisporine E.

Figure 6. Selected ROESY correlations and the relative configuration of 3.
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Figure 7. Key ROESY (a) and HMBC (b) correlations of 3.

The correlations between the dihedral angles (H3′-C3′-C4′-H4′α and H3′-C3′-C4′-
H4′β) and the vicinal coupling constants (J3′ , 4′α and J3′ , 4′β) of compounds 1–3 and related
analogues [16] are summarized in Table 1. The dihedral angles were calculated by using
the molecular-modeling program CS CHEM 3D Ultra 16.0, with the MM2 force-field
calculations for energy minimization. The correlations between dihedral angles (H3′-C3′-
C4′-H4′α and H3′-C3′-C4′-H4′β) and vicinal coupling constants (J3′ , 4′α and J3′ , 4′β) of
compounds 1–3 were consistent with the Karplus relationship. The 2′S,3′S-configuration
slightly decreased the J3′ , 4′β value from 11.3~12.8 to 8.3~10.3 compared to the 2′R,3′S-
configuration. These data could also support the structural confirmation of the new
compounds 1–3.

Table 1. The correlations between dihedral angles and vicinal coupling constants of compounds 1–3 and related analogues [16].

Compounds
Dihedral Angles

J3′ , 4′α (Hz)
Dihedral Angles

J3′ , 4′β (Hz)
(H3′-C3′-C4′-H4′α) (H3′-C3′-C4′-H4′β)

1 (2′R,3′S) 50.7◦ 5.3 169.8◦ 12.8
2 (2′R,3′S) 51.1◦ 5.4 170.2◦ 12.7
3 (2′S,3′S) 54.8◦ 4.7 173.9◦ 8.3

Epiremisporine B
(2′R,3′S) 53.9◦ 5.9 173.5◦ 12.5

Epiremisporine B
(2′S,3′S) 54.7◦ 6.4 173.8◦ 10.1

Epiremisporine B1
(2′R,3′S) 54.2◦ 6.6 173.8◦ 11.3

Epiremisporine B1
(2′S,3′S) 56.0◦ 6.5 175.2◦ 10.3

Remisporine B (2′S,3′R) 178.8◦ 12.2 61.0◦ 4.3

2.3. Structure Identification of the Known Isolated Compounds

The known isolated compounds were readily identified by a comparison of physical and
spectroscopic data (UV, IR, 1H-NMR, [α]D, and MS) with corresponding authentic samples or
literature values. They included epiremisporine B (4) [16] (Figures S31–S34; Tables S1 and S2),
penicitrinone A (5) [15,28] (Figures S35 and S36), 8-hydroxy-1-methoxycarbonyl-6-methylxanthone
(6) [10] (Figures S37 and S38), and isoconiochaetone C (7) [16] (Figures S39 and S40).
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2.4. Biological Studies
2.4.1. Inhibitory Activities on Neutrophil Pro-Inflammatory Responses

The anti-inflammatory effects of the isolated compounds from Penicillium citrinum
were evaluated by their ability to suppress formyl-L-methionyl-L-leucyl-L-phenylalanine
(fMLP)-induced O2

•– generation by human neutrophils. The anti-inflammatory activity
data are shown in Table 2. The clinically used anti-inflammatory agent, ibuprofen, was used
as the positive control. From the results of our anti-inflammatory tests, epiremisporine D
(2), epiremisporine E (3), epiremisporine B (4), and penicitrinone A (5) exhibited inhibition
(IC50 values ≤ 8.28 μM) of superoxide anion generation by human neutrophils, in response
to fMLP. Thus, our study suggests Penicillium citrinum and its isolated compounds (espe-
cially 2, 3, 4, and 5) could be further developed as potential candidates for the treatment or
prevention of various inflammatory diseases.

Table 2. Inhibitory effects of compounds 1–7 from Penicillium citrinum on superoxide anion generation
by human neutrophils, in response to fMLP.

Compounds IC50 (μM) a

Epiremisporine C (1) >50
Epiremisporine D (2) 6.39 ± 0.40 e

Epiremisporine E (3) 8.28 ± 0.29 d

Epiremisporine B (4) 3.62 ± 0.61 e

Penicitrinone A (5) 2.67 ± 0.10 e

8-Hydroxy-1-methoxycarbonyl-6-
methylxanthone

(6)
>50

Isoconiochaetone C (7) 38.35 ± 0.21 c

Ibuprofen b 27.85 ± 3.56 c

a Concentration necessary for 50% inhibition (IC50). b Ibuprofen (a fMLP receptor antagonist) was used as a
positive control. Results are presented as average ± SEM (n = 3). Values are expressed as average ± SEM (n = 3).
c p < 0.05; d p < 0.01; e p < 0.001 compared with the control.

2.4.2. Cytotoxic Effects and Selectivity of Compounds 1–7

In this study, the cytotoxic activities of seven compounds (1–7) against A549 (human
lung carcinoma) and HT-29 (human colon carcinoma) cells were studied; shown in Table 3.
Among the isolated compounds, compounds 3, 4, and 5 exhibited potent cytotoxic activities
with IC50 values of 43.82 ± 6.33, 32.29 ± 4.83, and 49.15 ± 6.47 μM against A549 cells,
respectively. In addition, compound 4 exhibited cytotoxic activities with an IC50 value of
50.88 ± 2.29 μM against HT-29 cells. According to the data in Table 2, compounds 3 and 5

showed selective cytotoxicity against A549 cancer cells. Among the chromone derivatives
(1–4), epiremisporine B (4) (with 2′-hydroxy group) exhibited a more effective cytotoxic
activity than its analogue, epiremisporines C–E (1–3) (without 2′-hydroxy group) against
the A549 and HT-29 cells. New compound, epiremisporines E (3) (with 2′β-methoxyl
group) exhibited a stronger anticancer activity than its analogues, epiremisporines C and
D (1 and 2) (with 2′α-methoxyl group) against A549 cells.

148



Mar. Drugs 2021, 19, 25

Table 3. Cytotoxic effects of compounds 1–7 against A549 and HT-29 cells.

Compounds
IC50 (μM) a

A549 HT-29

Epiremisporine C (1) >100 >100
Epiremisporine D (2) >100 >100
Epiremisporine E (3) 43.82 ± 6.33 c >100
Epiremisporine B (4) 32.29 ± 4.83 c 50.88 ± 2.29 c

Penicitrinone A (5) 49.15 ± 6.47 >100
8-Hydroxy-1-

methoxycarbonyl-6-
methylxanthone

(6)

>100 >100

Isoconiochaetone C (7) >100 >100
5-FU b 12.52 ± 2.02 d 40.92 ± 3.93 d

a The IC50 values were calculated from the slope of dose-response curves (SigmaPlot). Values are expressed as
mean ± SEM (n = 3). c p < 0.05; d p < 0.01 compared with the control. b 5-Fluorouracil (5-FU) was used as a
positive control.

2.4.3. New Compound 3 Inhibited Proliferation of A549 Cells

The known compounds, epiremisporine B (4) [16] and penicitrinone A (5) [28], were
reported to exhibit anticancer activities in previous studies. Epiremisporine E (3) was
selectively tested for clonogenic assay as it is a new compound and possesses cytotoxic
activity against A549. The effect of compound 3 on colony formation of A549 cells was
examined using the clonogenic assay (Figure 8). The A549 cell colonies were visualized
as blue discs, through crystal violet staining. It was clearly observed that compound 3

(25 μM) significantly reduced the colony formation of A549 cells. Moreover, compound 3

almost completely inhibited the colony formation at 50 μM.

Figure 8. Effect of epiremisporine E (3) on the colony formation of A549 cells. (A) The effect of 3 against A549 cell colony
formation. Clonogenicity was evaluated by the monolayer colony formation assay. Representative images show the blue
colonies of A549 cells stained with crystal violet. (B) Histogram presentation of A549 cell colony quantification. * p < 0.05;
*** p < 0.001 compared with the control. a 5-Fluorouracil (5-FU) was used as a positive control.
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2.4.4. Effects of Epiremisporine E (3) and Epiremisporine B (4) on Protein Expressions of
Pro-caspase 3 and Cleaved-caspase 3 in A549 Cells

Caspase 3 activation is a hallmark of apoptosis. Caspase 3 activation involves the
cleavage of pro-caspase 3 (the inactive precursor form of caspase 3), leading to the forma-
tion of cleaved-caspase 3 (which is the active caspase 3). Upon apoptosis, the pro-caspase
3 would decrease and the cleaved-caspase 3 would increase accordingly. We further in-
vestigated whether epiremisporine E (3) and epiremisporine B (4) were able to influence
these enzymatic activities of caspase 3. The results showed that compounds 3 and 4

suppressed pro-caspase 3 and increased the cleaved-caspase 3 (Figures 9 and 10). Fur-
thermore, compounds 3 and 4 markedly induced apoptosis of A549 cells through caspase
3-dependent pathways.

Figure 9. Western blot analysis for Bcl-2 (a), Bax (b), pro-caspase 3 (c), and cleaved-caspase 3 (d) in each group. Treatment
with epiremisporine C (3) significantly reduced the expression levels of Bcl-2 and pro-caspase 3, and increased the expression
levels of Bax and cleaved-caspase 3. As-terisks indicate significant differences (* p < 0.05, ** p < 0.01, and *** p < 0.001)
compared with the control group.

2.4.5. Effects of Compounds 3 and 4 on Protein Expressions of Bax and Bcl-2 in A549 Cells

To determine whether compounds 3 and 4 could influence the expression of proteins
related to A549 cells apoptosis, compounds 3 and 4 (6.25, 12.5, and 25 μM) were added
to A549 cells. Figures 9 and 10 showed that the expression level of pro-apoptotic protein,
bax was obviously higher with 25 μM treatment of compound 3 or 4 than with 12.5 or 6.25
μM treatment. On the contrary, the cells treated with 25 μM of compound 3 or 4 showed
higher Bcl-2 (anti-apoptotic protein) expression than that treated with 12.5 or 6.25 μM. The
results showed that compounds 3 and 4 suppressed the expression of Bcl-2 and increased
bax expression.
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Figure 10. Western blot analysis for Bcl-2 (a), Bax (b), pro-caspase 3 (c), and cleaved-caspase 3 (d) in each group. Treatment
with epiremisporine B (4) significantly reduced the expression levels of Bcl-2 and pro-caspase 3, and increased the expression
levels of Bax and cleaved-caspase 3. As-terisks indicate significant differences (* p < 0.05 and ** p < 0.01) compared with the
control group.

3. Experimental Section

3.1. General Procedures

Optical rotations were measured using a Jasco P-2000 polarimeter (Japan Spectroscopic
Corporation, Tokyo, Japan) in CHCl3. Circular dichroism (CD) spectra were obtained on a
J-715 spectropolarimeter (Jasco, Easton, MD, USA). Ultraviolet (UV) spectra were obtained
on a Hitachi U-2800 Double Beam Spectrophotometer (Hitachi High-Technologies Corpo-
ration, Tokyo, Japan). Infrared (IR) spectra (neat or KBr) were recorded on a Shimadzu
IRAffinity-1S FT-IR Spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Nuclear
magnetic resonance (NMR) spectra, including correlation spectroscopy (COSY), rotating
frame nuclear Overhauser effect spectroscopy (ROESY), heteronuclear multiple-bond cor-
relation (HMBC), and heteronuclear single-quantum coherence (HSQC) experiments, were
acquired using a BRUKER AVIII-500 or a BRUKER AVIII-600 spectrometer (Bruker, Bre-
men, Germany), operating at 500 or 600 MHz (1H) and 125 or 150 MHz (13C), respectively,
with chemical shifts given in the ppm (δ), using CDCl3 as an internal standard (peak at
7.263 ppm in 1H NMR and 77.0 ppm in 13C NMR spectrum). Electrospray ionization (ESI)
and high-resolution electrospray ionization (HRESI)-mass spectra were recorded on a
Bruker APEX II Mass Spectrometer (Bruker, Bremen, Germany). Silica gel [70–230 mesh
(63–200 μm) and 230–400 mesh (40–63 μm), Merck] was used for column chromatography
(CC). Silica gel 60 F-254 (Merck, Darmstadt, Germany) was used for thin-layer chromatog-
raphy (TLC) and preparative thin-layer chromatography (PTLC).

3.2. Fungal Material

The fungal strain Penicillium citrinum BCRC 09F458 was isolated from waste water,
which was collected from Hazailiao, Dongshi, Chiayi, Taiwan, in 2009. The fungal strain
was identified as Penicillium citrinum (family Trichocomaceae) by the BCRC center, based
on cultural and anamorphic data. The rDNA-ITS (internal transcribed spacer) region was
used for further identification. After searching the GenBank database through BLAST
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(nucleotide sequence comparison program), it was found to have a 100% similarity to
P. citrinum. P. citrinum BCRC 09F458 was stored in the Biological Resources Collection and
Research Center (BCRC) of the Food Industry Research and Development Institute (FIRDI).

Cultivation and Preparation of the Fungal Strain

We kept P. citrinum BCRC 09F0458 on potato dextrose agar (PDA), and cultivated
the strain on PDA at 25 ◦C for one week, and finally harvested the spores with sterile
water. The spores (5 × 105) were seeded into 300 mL shake flasks containing 50 mL RGY
medium (3% rice starch, 7% glycerol, 1.1% polypeptone, 3% soybean powder, 0.1% MgSO4,
and 0.2% NaNO3), and cultivated with shaking (150 rpm) at 25 ◦C, for 3 days. After the
mycelium enrichment step, an inoculum mixing 100 mL mycelium broth and 100 mL RGY
medium was inoculated into plastic boxes (25 cm × 30 cm) containing 1.5 kg sterile rice
and cultivated at 25 ◦C for producing rice, and the above mentioned RGY medium was
added for maintaining the growth. After 21 days of cultivation, the rice was harvested, and
used as a sample for further extraction.

3.3. Extraction and Isolation

The rice of the P. citrinum BCRC 09F0458 (1.5 kg) was extracted with 95% EtOH
(3 × 10 L, 3 d each) at room temperature. The ethanol extract was concentrated under
reduced pressure, and was partitioned with n-BuOH/H2O (1:1, v/v) to afford n-BuOH
soluble fraction (36.2 g), H2O soluble fraction (13.0 g), and insoluble fraction (500 mg). The
n-BuOH fraction (fraction A, 36.2 g) was purified by column chromatography (CC) (1.6 kg of
silica gel, 70–230 mesh ((63–200 μm); n-hexane/EtOAc 25:1–0:1, 1500 mL) to afford 13 frac-
tions: A1–A13. Fraction A2 (1.54 g) was subjected to medium pressure liquid chromatogra-
phy (MPLC) (69 g of silica gel, 230–400 mesh (40–63 μm)); n-hexane/acetone 1:0–0:1, 700 mL-
fractions) to give 11 subfractions: A2-1–A2-11. Fraction A2-6 (126 mg) was further purified
by semipreparative normal-phase high performance liquid chromatography (HPLC) (silica
gel; n-hexane/dichloromethane/EtOAc, 6:3:1) to obtain 8-hydroxy-1-methoxycarbonyl-6-
methylxanthone (6) (14.9 mg). Fraction A6 (1.18 g) was subjected to MPLC (53 g of silica gel,
230–400 mesh (40–63 μm); n-hexane/acetone 1:0–0:1, 500 mL-fractions) to give 13 subfrac-
tions: A6-1–A6-13. Fraction A6-9 (150 mg) was further purified by preparative TLC (silica
gel; n-hexane/EtOAc, 1:9) to afford penicitrinone A (5) (18.3 mg). Fraction A9 (1.44 g) was
subjected to MPLC (65 g of silica gel, 230–400 mesh (40–63 μm)); dichloromethane/EtOAc
1:0–2:3, 650 mL-fractions) to give 12 subfractions: A9-1–A9-12. Fraction A9-6 (128 mg) was
further purified by preparative TLC (silica gel; n-hexane/acetone, 3:2) to afford epiremis-
porine C (1) (12.2 mg). Fraction A10 (0.98 g) was subjected to MPLC (44 g of silica gel,
230–400 mesh (40–63 μm); n-hexane/acetone 1:0–0:1, 450 mL-fractions) to give 10 sub-
fractions: A10-1–A10-10. Fraction A10-4 (120 mg) was further purified by preparative
TLC (silica gel; n-hexane/EtOAc, 7:3) to afford isoconiochaetone C (7) (11.2 mg). Fraction
A11 (2.38 g) was subjected to MPLC (107 g of silica gel, 230–400 mesh (40–63 μm); n-
hexane/acetone 1:0–0:1, 1000 mL-fractions) to give 14 subfractions: A11-1–A11-14. Fraction
A11-2 (138 mg) was further purified by semipreparative normal-phase HPLC (silica gel;
n-hexane/EtOAc, 1:1) to afford epiremisporine D (2) (14.6 mg). Fraction A11-4 (168 mg)
was further purified by preparative TLC (silica gel; dichloromethane/methanol, 19:1) to
afford epiremisporine B (4) (23.8 mg). Fraction A12 (1.28 g) was subjected to MPLC (58 g
of silica gel, 230–400 mesh (40–63 μm); n-hexane/EtOAc 1:0–0:1, 600 mL-fractions) to give
10 subfractions: A12-1–A12-10. Fraction A12-1 (122 mg) was further purified by prepara-
tive TLC (silica gel; n-hexane/dichloromethane/acetone, 5:3:2) to afford epiremisporine E
(3) (13.7 mg).

Epiremisporine C (1): [α]25
D = +527.6◦ (c 0.22, CHCl3); UV (MeOH) λmax nm (log ε):

241 (4.35), 326 (3.50) nm; 1H NMR data, see Table 4; 13C NMR data, see Table 5.
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Table 4. 1H NMR data (500 MHz, CDCl3) for 1–3.

Position
1 2 3

δH (J in Hz)

3 3.87 (dd, 8.9, 8.6) 3.77 (dd, 8.7, 8.6) 3.48 (dd, 10.5, 8.9)
4 5.21 (d, 8.9) 5.14 (d, 8.9) 4.96 (d, 8.9)
8 6.67 (br s) 6.76 (br s) 6.81 (br s)
10 6.62 (br s) 6.58 (br s) 6.59 (br s)
15 2.33 (s) 2.36 (s) 2.38 (s)
16 3.83 (s) 3.78 (s) 3.82 (s)
3′ 2.86 (ddd, 12.8, 8.6, 5.3) 2.82 (ddd, 12.7, 8.6, 5.4) 3.06 (ddd, 10.5, 8.3, 4.7)

4′α 2.58 (dd, 15.6, 5.3) 2.55 (dd, 15.5, 5.4) 2.99 (dd, 18.6, 4.7)
4′β 2.37 (dd, 15.6, 12.8) 2.36 (dd, 15.5, 12.7) 2.85 (dd, 18.6, 8.3)
8′ 6.69 (br s) 6.69 (br s) 6.69 (br s)
10′ 6.70 (br s) 6.69 (br s) 6.68 (br s)
15′ 2.42 (s) 2.41 (s) 2.42 (s)
16′ 3.87 (s) 3.84 (s) 3.84 (s)

11-OH 12.11 (br s) - -
11-OMe - 3.91 (s) 3.91 (s)
2′-OMe 3.50 (s) 3.51 (s) 3.11 (s)
11′-OH 12.30 (br s) 12.36 (s) 12.50 (s)

Table 5. 13C NMR data (125 MHz, CDCl3) for 1–3.

Position
1 2 3

δC, Type

1 170.8, C 171.2, C 170.5, C
2 91.2, C 91.7, C 91.6, C
3 46.9, CH 46.8, CH 44.0, CH
4 36.6, CH 36.1, CH 37.3, CH
5 168.3, C 164.7, C 166.4, C
7 157.2, C 159.1, C 159.2, C
8 108.3, CH 110.7, CH 110.9, CH
9 147.4, C 145.2, C 145.1, C

10 113.1, CH 108.4, CH 108.3, CH
11 160.9, C 160.0, C 159.9, C
12 109.0, C 112.9, C 112.6, C
13 179.0, C 173.7, C 173.9, C
14 118.8, C 121.7, C 121.2, C
15 22.2, CH3 22.1, CH3 22.1, CH3
16 53.1, CH3 52.9, CH3 53.1, CH3
1′ 166.7, C 167.1, C 168.5, C
2′ 111.1, C 111.0, C 107.6, C
3′ 48.4, CH 48.4, CH 43.3, CH
4′ 27.1, CH2 27.1, CH2 25.5, CH2
5′ 165.5, C 165.5, C 165.4, C
7′ 156.0, C 156.1, C 155.9, C
8′ 107.6, CH 107.5, CH 107.3, CH
9′ 147.7, C 147.5, C 147.3, C
10′ 112.7, CH 112.6, CH 112.2, CH
11′ 160.5, C 160.5, C 160.4, C
12′ 108.5, C 108.5, C 108.3, C
13′ 179.7, C 179.8, C 180.6, C
14′ 112.8, C 113.0, C 111.7, C
15′ 22.4, CH3 22.4, CH3 22.4, CH3
16′ 52.8, CH3 52.6, CH3 52.8, CH3

11-OMe - 56.3, CH3 56.4, CH3
2′-OMe 52.7, CH3 52.7, CH3 52.2, CH3

153



Mar. Drugs 2021, 19, 25

Epiremisporine D (2): [α]25
D = +526.8◦ (c 0.10, CHCl3); UV (MeOH) λmax nm (log ε):

237 (4.25), 317 (3.52) nm; 1H NMR data, see Table 4; 13C NMR data, see Table 5.

Epiremisporine E (3): [α]25
D = +561.3◦ (c 0.09, CHCl3); UV (MeOH) λmax nm (log ε):

235 (4.30), 315 (3.54) nm; 1H NMR data, see Table 4; 13C NMR data, see Table 5.

Epiremisporine B (4): Yellow amorphous powder; [α]25
D = +523.6◦ (c 0.16, CHCl3); 1H

NMR data, see Table S1; 13C NMR data, see Table S2; HRESIMS: m/z 599.11558 [M + Na]+

(calcd. for C30H24O12 + Na, 599.11654).

Penicitrinone A (5): Orange crystalline powder; [α]25
D = +102.6◦ (c 0.12, MeOH); 1H

NMR (600 MHz, CDCl3) δ 1.32 (3H, d, J = 7.2 Hz, Me-4), 1.33 (3H, d, J = 7.0 Hz, Me-3′),
1.42 (3H, d, J = 6.4 Hz, Me-2′), 1.44 (3H, d, J = 6.7 Hz, Me-3), 2.11 (3H, s, Me-5), 2.21 (3H,
s, Me-4′), 3.12 (1H, qd, J = 7.2, 0.9 Hz, H-4), 3.16 (1H, qd, J = 7.0, 4.1 Hz, H-3′), 4.61 (1H,
qd, J = 6.4, 4.1 Hz, H-2′), 4.96 (1H, qd, J = 6.7, 0.9 Hz, H-3), 6.37 (1H, s, H-7), 8.33 (1H, br s,
OH-5′); HRESIMS: m/z 381.17094 [M + H]+ (calcd. for C23H24O5 + H, 381.17020).

8-Hydroxy-1-methoxycarbonyl-6-methylxanthone (6): Yellow amorphous solid; 1H
NMR (600 MHz, CDCl3) δ 2.44 (3H, s, Me-6), 4.03 (3H, s, COOMe-1), 6.64 (1H, br d,
J = 1.4 Hz, H-5), 6.76 (1H, br d, J = 1.4 Hz, H-7), 7.31 (1H, dd, J = 7.3, 1.1 Hz, H-2), 7.53 (1H,
dd, J = 8.5, 1.1 Hz, H-4), 7.74 (1H, dd, J = 8.5, 7.3 Hz, H-3), 12.15 (1H, s, OH-8); HRESIMS:
m/z 285.07730 [M + H]+ (calcd. for C16H12O5 + H, 285.07630).

Isoconiochaetone C (7): Colorless needles (MeOH), m.p. 99–100.5 ◦C; [α]25
D = +79.3◦ (c

0.18, MeOH); 1H NMR (600 MHz, CDCl3) δ 2.15 (1H, dddd, J = 14.0, 8.5, 2.5, 1.4 Hz, Hβ-2),
2.32 (1H, dddd, J = 14.0, 9.4, 7.4, 6.8 Hz, Hα-2), 2.40 (3H, s, Me-8), 2.77 (1H, ddd, J = 18.0,
9.4, 2.5 Hz, Hβ-3), 3.17 (1H, dddd, J = 18.0, 8.5, 7.4, 1.4 Hz, Hα-3), 3.50 (3H, s, OMe-1), 4.94
(1H, dt, J = 6.8, 1.4 Hz, H-1), 6.63 (1H, br s, H-9), 6.71 (1H, br s, H-7), 12.55 (1H, s, OH-10);
HRESIMS: m/z 247.09688 [M + H]+ (calcd. for C14H14O4 + H, 247.09703).

3.4. Biological Assay

The anti-inflammatory effects of the isolated compounds from Penicillium citrinum
were evaluated by suppressing fMLP-induced O2

•– generation by human neutrophils. In
addition, anti-cancer activity was evaluated by cytotoxicity assay and Western blot analysis.

3.4.1. Preparation of Human Neutrophils

Human neutrophils from the venous blood [21] of healthy, adult volunteers (20–35 years
old) were isolated using a standard method of dextran sedimentation, prior to centrifu-
gation in a Ficoll Hypaque gradient and hypotonic lysis of erythrocytes, as previously
described [29]. Purified neutrophils containing >98% viable cells, as determined by the
trypan blue exclusion method, were resuspended in HBSS buffer at pH 7.4 and were
maintained at 4 ◦C, prior to use [30].

3.4.2. Measurement of O2
•– Generation

The assay for measurement of O2
•– generation was based on the SOD-inhibitable

reduction of ferricytochrome c [31]. In brief, neutrophils (1 × 106 cells/mL) pretreated with
the various test agents at 37 ◦C for 5 min were stimulated with fMLP (1 μmol/L) in the
presence of ferricytochrome c (0.5 mg/mL). Extracellular O2

•– production was assessed
with a UV spectrophotometer at 550 nm (Hitachi U-3010, Tokyo, Japan). The percentage of
superoxide inhibition of the test compound was calculated as the percentage of inhibition
= {(control − resting) − (compound − resting)}/(control − resting) × 100. The software
SigmaPlot was used for determining the IC50 values [30].

3.4.3. Chemicals and Antibodies

Fluorouracil (5-FU) and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The antibodies against Bcl-2, Bax, and β-actin were pur-
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chased from Cell Signaling Technology (Danvers, MA, USA). Caspase-3 was obtained from
GeneTex International Corporation (Hsinchu, Taiwan).

3.4.4. Cells and Culture Medium

A549 (human lung carcinoma) and HT-29 (human colon carcinoma) cells were kindly
provided by Prof. T. M. Hu and Prof. Y. Su, respectively, of National Yang-Ming University,
Taipei, Taiwan.

All cell lines were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, 2 μM
L-glutamine, and 1 mM sodium pyruvate. The cells were incubated in an atmosphere
of 37 ◦C and 5% CO2 and passaged twice a week. Cells were stored in liquid nitrogen at
−155 ◦C. After the cells were thawed, the experiment was completed before 30 generations.
The purpose was to minimize experimental errors. The compound stock solution was
stored in DMSO at a concentration of 10 mM and stored at −20 ◦C, and finally melted
immediately before use.

3.4.5. Cytotoxicity Assay

A MTT colorimetric assay was used to determine cell viability. The assay was modified
from that of Mosmann [32]. MTT reagent (0.5 mg/mL) was added onto the attached cells
mentioned above (100 μL per 100 μL culture) and incubated at 37 ◦C for 3 h. Then, DMSO
was added and the amount of colored formazan metabolite formed was measured by
absorbance at 570 nm, using an ELISA plate reader (μ Quant). The optical density of
formazan formed in control (untreated) cells was taken as 100% viability.

3.4.6. Clonogenic Assay

The clonogenic assay followed as previously described with slight changes [33]. For
the clonogenic assay, cells at a density of 3000 cells/well were seeded in 6-well plates for
24 h. Next, the cells were treated with compound 3 or vehicle (DMSO) and allowed to form
colonies for 14 days. Colonies were washed with PBS, and the cells attached to the plastic
surface were fixed in 99% MeOH for 30 min and stained with 0.2% crystal violet for 15 min.
The stained cells were quantified using the ImageJ software (BioTechniques, NY, USA).

3.4.7. Western Blotting Analysis

Western blot analysis was performed according to the method previously reported [34].
In brief, A549 (1 × 105 cells) was seeded into 6 wells plate and grown until 85–90% confluent.
Then, different concentrations (3.125, 6.25, 12.5, 25, and 50 μM) of compounds 3 and 4 were
added. Cells were collected and lysed by radioimmunoprecipitation assay (RIPA) buffer.
Lysates of total protein were separated by 12.5% sodium dodecyl sulfate-polyacrylamide
gels and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking, the
membranes were incubated with anti-Bax, anti-Bcl-2 (Cell Signaling Inc., Danvers, MA,
USA), anti-caspase-3, and anti-β-actin (GeneTex Inc., Irvine, CA, USA) primary antibodies
at 4 ◦C overnight. Then, each membrane was washed with Tris-buffered saline containing
0.1% Tween 20 (TBST) and incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies at room temperature, for 1 h, while shaking. Finally, each membrane
was developed using an enhanced chemiluminescence (ECL) detection kit, and the images
were visualized by ImageQuant LAS 4000 Mini biomolecular imager (GE Healthcare,
MA, USA). The band densities were quantified using the ImageJ software (BioTechniques,
NY, USA).

3.4.8. Statistical Analysis

All data are expressed as mean ± SEM. Statistical analysis was carried out using
Student’s t-test. A probability of 0.05 or less was considered to be statistically significant.
Microsoft Excel 2019 was used for the statistical and graphical evaluation. All experiments
were performed at least 3 times.
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4. Conclusions

Three novel (1–3) and four known compounds were isolated and identified from
Penicillium citrinum. Among the isolated compounds, compounds 2–5 could significantly
inhibit fMLP-induced O2

•− generation, with IC50 values ≤ 8.28 μM. These isolated com-
pounds are worth further research, as promising new leads for developing anti-inflammatory
agents. Furthermore, compounds 3 and 4 markedly induced apoptosis of A549 cells
through the mitochondrial- and caspase 3-dependent pathways (Figure 11). This suggests
that compounds 3 and 4 are worth further investigation and might be expectantly devel-
oped as the candidates for the treatment or prevention of non-small cell lung cancer and
liver cancer.

Figure 11. Schematic diagram for cancer cell apoptosis mechanism of compounds 3 and 4 in A549 cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-339
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HRESIMS, CD, 1D, and 2D NMR spectra for epiremisporine E (3). Figures S31–S34: HRESIMS, CD,
1H and 13C NMR spectra for (4). Figures S35 and S36: HRESIMS, 1H NMR spectra for penicitri-
none A (5). Figures S37 and S38: HRESIMS, 1H NMR spectra for 8-hydroxy-1-methoxycarbonyl-6-
methylxanthone (6). Figures S39 and S40: HRESIMS, 1H NMR spectra for isoconiochaetone C (7).
Figure S41: CD and ECD spectra of epiremisporine B. Tables S1 and S2: 1H and 13C NMR spectrum
for 4 and epiremisporine B. Table S3: The ROESY correlations for compounds 1–3.
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