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The marine environment has proven to be a rich source of diverse natural products
with relevant activities such as anticancer, anti-inflammatory, antiepileptic, immunomod-
ulatory, antifungal, antiviral, and antiparasitic [1,2]. The global marine pharmaceutical
clinical pipeline comprises of 48 compounds originating from different marine invertebrates
and marine microorganisms, including 15 approved drugs by the most representative ap-
proving agencies, 5 drug candidates in phase III, 12 in phase II, and 16 in phase I of drug
development clinical phases [3]. Marine invertebrates and associated microorganisms are
capable of synthesizing diverse classes of secondary metabolites and, in some cases, novel
chemical leads of which terrestrial counterparts have never been discovered.

The Red Sea is the world’s northernmost tropical sea, acting as an inlet of the Indian
Ocean, lying between Africa and Asia. It has a surface area of roughly 450,000 km? and is
approximately 2250 km long, with a maximum depth of around 3000 m. The Red Sea is
approximately 5% greater than the world average salinity, due to a high rate of evaporation
and a lack of significant rivers or streams draining into it [4]. The Red Sea is a rich and
diverse ecosystem due to the 2000 km of coral reef extending along its coastline. It is
inhabited by over 1000 invertebrate species and 200 soft and hard corals [5]. Due to this
high biodiversity and limited research, the Red Sea is a promising, underexplored habitat
for the discovery of new bioactive marine natural products.

This Special Issue contains nine articles, including eight research articles on different
topics related to the natural products derived from the Red Sea and one review article. In
the following sections, we would provide a short overview of what the reader will find in
our Special Issue.

Qader et al. reported the isolation and identification of a new cyclic tripeptide named
epicotripeptin, along with four known cyclic dipeptides and one acetamide, derivative
from seagrass-associated endophytic fungus Epicoccum nigrum M13 recovered from the
Red Sea. Moreover, they reported two new compounds, cyclodidepsipeptide phragamide
A and trioxobutanamide derivative phragamide B, together with eight known compounds
from plant-derived endophyte Alternaria alternata 13A collected from a saline lake of the
Wadi El Natrun depression in the Sahara Desert. The antimicrobial screening indicated
that seven of the tested compounds exhibited considerable (MIC range of 2.5-5 ug/mL)
to moderate (1020 pg/mL) antibacterial effect against the tested Gram-positive strains,
and moderate to weak (10-30 ng/mL) antibacterial effect against Gram-negative strains.
On the other hand, four of the tested compounds showed considerable antibiofilm effects
against biofilm-forming Gram-positive and Gram-negative strains [6].

Cocultivation is a productive technique to trigger microbes’ biosynthetic capacity by
mimicking the natural habitats’ features, principally by competition for food and space
and interspecies cross-talks. Alhadrami et al. used coculture of two Red Sea-derived
actinobacteria, Actinokineospora spheciospongiae strain EG49 and Rhodococcus sp. URS59,
resulting in the induction of several non-traced metabolites in their axenic cultures, which
were detected using LC-HRMS metabolomics analysis. Antimalarial guided isolation of
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the cocultured fermentation led to the isolation of the angucyclines actinosporins E, H,
G, tetragulol, and the anthraquinone capillasterquinone B. The isolated angucycline and
anthraquinone compounds exhibited in vitro antimalarial activity and good biding affinity
against lysyl-tRNA synthetase (PfKRS1), highlighting their potential to be developed as a
new antimalarial structural motif [7].

Tammam et al. were able to isolate six new, and twenty known, steroids from the
extract of the soft coral Sinularia polydactyla, collected from the Hurghada reef in the Red
Sea. They evaluated the cytotoxic, anti-inflammatory, anti-angiogenic, and neuroprotec-
tive activities of the isolated compounds and their effect on androgen receptor-regulated
transcription in human tumours and non-cancerous cells. Two steroids showed significant
cytotoxicity in the low micromolar range against the HeLa and MCF7 cancer cell lines.
Additionally, two compounds exhibited neuroprotective activity on neuron-like SH-SY5Y
cells [8].

Shaala et al. investigated the actinomycete strain Streptomyces coelicolor LY001 recov-
ered from the sponge Callyspongia siphonella. The chemical analysis resulted in the isolation
of three new natural chlorinated 3-phenylpropanoic acid derivatives, 3-(3,5-dichloro-4-
hydroxyphenyl)propanoic acid, 3-(3,5-dichloro-4-hydroxyphenyl)propanoic acid methyl
ester, and 3-(3-chloro-4-hydroxyphenyl)propanoic acid, along with 3-phenylpropanoic
acid, E-cinnamic acid, and the diketopiperazine alkaloids cyclo(L-Phe-trans-4-OH-L-Pro)
and cyclo(L-Phe-cis-4-OH-D-Pro). The compounds demonstrated significant and selective
activities towards Escherichia coli, Staphylococcus aureus and Candida albicans [9].

In the article by Abdelhameed et al., the seagrass Thalassodendron ciliatum (Forssk.)
Den Hartog was investigated. In this work, a new ergosterol derivative named thalas-
sosterol was identified from the methanolic extract of T. ciliatum, along with two known
sterols, namely ergosterol and stigmasterol. Thalassosterol exhibited significant in vitro
antiproliferative potential against the human cervical cancer cell line (HeLa), and human
breast cancer (MCF-7) cell lines. Those results aligned with docking studies on the new
sterol which explained the possible binding interactions with an aromatase enzyme; this
inhibition is beneficial in both cervical and breast cancer therapy [10].

Cocultivation has been known as an effective approach for the enhancement of the pro-
duction of natural products from bacteria and fungi. In the study by Hifnawy et al. liquid
chromatography coupled with high-resolution mass spectrometry-assisted metabolomic
profiling of two sponge-associated actinomycetes, Micromonospora sp. UR56 and Actinoki-
neospora sp. EG49, resulted in the induction of phenazine-derived compounds that were
later identified, upon fermentation, as dimethyl phenazine-1,6-dicarboxylate, phenazine-
1,6-dicarboxylic acid mono methyl ester (phencomycin, phenazine-1-carboxylic acid (tu-
bermycin), N-(2-hydroxyphenyl)-acetamide, and p-anisamide. The antibacterial, an-
tibiofilm, and cytotoxic properties of these metabolites were evaluated via in vitro and
docking studies. This study highlighted that microbial cocultivation is an efficient tool for
the discovery of new antimicrobial candidates and indicated phenazines as potential lead
compounds for further development as antibiotic scaffolds [11].

Abdelhameed et al. reported the isolation of two new compounds: a ceramide,
stylissamide A, and a cerebroside, stylissoside A, from the Red Sea sponge Stylissa carteri.
Metabolomic profiling revealed the presence of diverse secondary metabolites, mainly
oleanane-type saponins, phenolic diterpenes, and lupane triterpenes. They also investi-
gated the in vitro cytotoxic activity of the isolated compounds against two human cancer
cell lines, MCF-7 and HepG2. Molecular docking experiments showed that both com-
pounds displayed high affinity to the SET protein and inhibitor 2 of protein phosphatase
2A (I2PP2A), a possible mechanism for their cytotoxic activity [12].

El-Kashef et al. investigated the marine-derived fungus Aspergillus falconensis, culti-
vated from sediment collected from the Canyon at Dahab, Red Sea, and reported a yield
of two new chlorinated azaphilones, falconensins O and P in addition to four known
azaphilone derivatives. Interestingly, replacing NaCl with NaBr induced the accumulation
of three additional new azaphilones, falconensins Q—S, including two brominated deriva-
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tives along with three known analogues. Some of the tested compounds showed NF-«B
inhibitory activity against the triple-negative breast cancer cell line MDA-MB-231. This
study highlights the OSMAC approach as a successful approach to increase the diversity
of secondary metabolites from marine fungi [13].

El-Hossary et al. provided a comprehensive review that compares the natural products
recovered from the Red Sea in terms of ecological role and pharmacological activities. In
this review, which covers the literature to the end of 2019, they summarized the diversity
of bioactive secondary metabolites derived from Red Sea micro- and macro-organisms, and
discuss their biological potential whenever applicable. Moreover, the diversity of the Red
Sea organisms is highlighted, as well as genomic potential [14].

Finally, we could see that Red Sea derived natural products were diverse in terms of
chemical scaffolds as well as pharmacological activities.

As guest editors, we appreciate the efforts provided by all of the authors who con-
tributed their excellent results to this Special Issue, all of the reviewers who carefully
evaluated the submitted manuscripts, and the editorial boards of Marine Drugs for their
support and kind help.
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Abstract: Marine natural products have achieved great success as an important source of new lead
compounds for drug discovery. The Red Sea provides enormous diversity on the biological scale in
all domains of life including micro- and macro-organisms. In this review, which covers the literature
to the end of 2019, we summarize the diversity of bioactive secondary metabolites derived from
Red Sea micro- and macro-organisms, and discuss their biological potential whenever applicable.
Moreover, the diversity of the Red Sea organisms is highlighted as well as their genomic potential.
This review is a comprehensive study that compares the natural products recovered from the Red Sea
in terms of ecological role and pharmacological activities.

Keywords: Red Sea; marine natural products; marine organisms; biodiversity; marine metagenomics;
bioactivity

1. Introduction

Around 24 million years ago, the separation of the African and Arabian plates created the
Red Sea [1]. Since then, the Red Sea has been characterized by exclusive assets such as location,
relatively high temperature and relatively young geologic age. In the north, the Suez Canal connects
the Mediterranean Sea with the Red Sea. While in the south, the Red Sea is connected to the Gulf
of Aden and the Indian Ocean through Bab El-Mandeb Strait (Figure 1). The Red Sea exhibits an
enormous diversity of life in all domains of life [2]. However, its biosphere is still underexplored and
poorly understood [3,4]. Since 2000, no less than 58 new endemic species were identified in the Red
Sea, for example, Inermonephtys aramco from the southern region [5,6]. These new species expanded our
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understanding of the previously discovered organisms such as Aglaophamus lobatus, Aglaophamus cf.
verrilli and Micronephthys stammeri [6]. The Red Sea acts as a unique source of biological diversity by
exporting species and genetic lineages for the global marine biodiversity patterns [7-9].

SRR
' Arabia

Figure 1. A satellite image of the Red Sea. The marine organisms were collected from Egypt (El Gouna,
Hurghada, Ras Gharib, Ras Muhammad, Safaga, Gulf of Aqaba, and Sharm El-Sheikh), Saudi Arabia (Hakel
area, Jazan, Obhur, Al-Lith, Jeddah, Salman Gulf and Yanbu), Israel (Gulf of Eilat), Eritrea (Dahlak archipelago
and Massawa), Djibouti (Ardoukoba), Jordan (Agaba) and Yemen (Hanish Islands).

The Red Sea biosphere is divided into macrofauna (organisms larger than 0.5 or 1 mm in
diameter) [10], meiofauna (organisms less than 0.5 mm in diameter) [11] and microorganisms [12-14].
In general, biodiversity may be influenced by nutrients localization [15], sediment particle size
ranges [15], salinity, degree of oxygenation [16], depth (pressure) [17,18], temperature [19],
organic matter, hydrodynamics [20], light conditions [21], as well as any natural or anthropogenic
changes in these abiotic factors [22]. The Red Sea has an oligotrophic nature, which affects the
biodiversity due to the deficiency of major nutrients, including nitrate, ammonium, phosphate and
silica [21]. The most oligotrophic location is the central northern region owing to weak mixing
and limited nutrient flux [2,23]. However, in the south, nutrient-rich flux from the Indian Ocean
compensates for oligotrophy [24,25]. It is important to notice that the marine ecosystem has a capacity
to equilibrate different factors including the major nutrients [26]. A salinity gradient is observed from
north to south (42 to 37 psu) [1,27]. Surface temperatures vary from 24 to 35 °C in spring to summer,
respectively [27]. Due to abiotic factors, the central Red Sea holds the highest species richness of marine
organisms [27].

The anthropogenic activity of SCUBA diving (self-contained underwater breathing apparatus) was
reported to negatively affect the corals which may lead to imbalances in the associated corallivorous
and herbivorous fish [28]. The sedimentation rate changes depending on the diving intensities [28].
Moreover, the anthropogenic activities are related to warming of the Red Sea which was initiated in
the mid-90s, with an 0.7 °C increment after 1994 [29]. Since the Red Sea is a bio-source for the global
marine biodiversity, artificial conditions might be used to simulate this dynamicity to scrutinize the
anthropogenic negative effects [30].

On the other hand, marine environment has proven to be a very rich source of diverse
natural products with biological activities such as anticancer, antibacterial, antifungal, antiviral and
antiparasitic [31-34]. The global marine pharmaceutical clinical pipeline comprises about 30 compounds
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originating from different marine invertebrates and marine microorganisms. These 30 compounds
include 8 approved drugs by the most representative approving agencies and 22 drug candidates in
phase I, II or III of drug development clinical phases [35-39]. Marine invertebrates and associated
microorganisms are capable of synthesizing diverse classes of secondary metabolites and, in some
cases, novel chemical leads that have never been discovered in terrestrial counterparts.

In March 2017, a review article containing a listing of natural products, isolated from Red Sea
marine organisms, was published [40]. This published review covered the literature until the year 2014,
and presented the chemical structures of 435 natural products together with their biological activities
whenever applicable. The natural products mentioned in this published review were categorized
according to their chemical classes, including terpenes, alkaloids, sterols, steroidal glycosides and
other metabolites.

In our review, we conducted a comprehensive literature search covering the time period until
December 2019, with the inclusion of extra five years (from 2015 to 2019). We found that a total of
677 marine natural products were isolated form Red Sea marine organisms until the end of 2019.
Publications that describe extracts and structurally uncharacterized marine natural products have
been excluded from our review. The structures and biological activities of selected 111 marine
natural products are illustrated in this review, and categorized according to their isolation source
(marine organism), including microorganisms, invertebrates, algae and sea grasses. The presented
111 marine natural products were selected due to their potent biological activities. These selected
compounds exhibited a wide range of potent biological activities, such as antioxidant, anticonvulsant,
anticancer and anti-infective activities. In the Supplementary data, a list of the remaining 566 marine
natural products from the Red Sea (with lower or no biological activities) is presented in Table S1.

The review illustrates also the geographical distribution of the collection sites of the marine
organisms. Marine organisms, which are mentioned in this review, were collected from the Red Sea
coasts of seven countries (Figure 2). These countries include Egypt, Saudi Arabia, Israel, Eritrea,
Djibouti, Jordan and Yemen. The locations of collection of each marine organism are presented in
Table S2 in the Supplementary data. The numbers of the collected marine micro- and macro-organisms
from the Red Sea are presented in Figure 3.

Djibouti, 2 | |Jordan,2 | |Yemen, 1

Eritrea, 10

sracl, 14 \“

Saudi Arabia, 21

Egypt, 75

Figure 2. Numbers of marine organisms according to the location of collection in the Red Sea.

Taxonomy of the marine organisms collected from the Red Sea is also presented in Table S3
in the Supplementary data. The correlation between the numbers and chemical classes of the
isolated compounds and their isolation sources (marine organisms) is shown in Figure 4. Moreover,
a comprehensive study on the genomic potential of the Red Sea organisms is included in the review.
To the best of our knowledge, this is the first comprehensive review that presents and discusses
the marine natural products of the Red Sea until the end of 2019, with regard to their chemistry,
biological activities, biodiversity of the collected marine organisms, geographical distribution of the
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Figure 4. Numbers and chemical classes of the isolated compounds and their isolation sources
(marine organisms).

2. Marine Natural Products Isolated from Marine Microorganisms

2.1. Marine Bacteria

Nuclear magnetic resonance- and mass spectrometry-guided fractionation of the extract of
Okeania sp. marine cyanobacterium, collected from the Saudi coast from the Algetah Alkabira reef near
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Jeddah, afforded the bioactive metabolites lyngbyabellin O (1), lyngbyabellin P (2), lyngbyabellin G
(3) and dolastatin 16 (4) (Figure 5). The identified compounds 1, 2, 3 and 4 were evaluated for their
antifouling activity, using Amphibalanus amphitrite larvae. Compounds 1, 2 and 3 displayed remarkable
antifouling activity with ECsy values of 0.38, 0.73 and 7.4 uM, respectively. Compound 4, which is
reported as a potent antifouling agent, was the most active one with ECsy value of 0.09 pM. On the
other hand, compound 2 was cytotoxic to MCF7 cells with Gl5y value of 9 uM, while compound 3
showed no cytotoxicity to MCF7 cells (Glsg > 160 uM). Lyngbyabellin G (3) exhibited cytotoxicity
on MCF7, H460 and Neuro-2a cells with Glsg values of 120, 2.2 and 4.8 uM, respectively [41-43].
Okino and co-workers isolated a cytotoxic cyanobactin, wewakazole B (5), from the brownish-red
filamentous cyanobacterium Moorea producens (formerly Lyngbya majuscula), which was collected near
Jeddah, Saudi Arabia (Figure 5). Wewakazole B (5) exhibited cytotoxic activity towards human MCF7
breast cancer cells (IC5p = 0.58 uM) and human H460 lung cancer cells (ICs59 = 1 uM). Unlike what
was reported for many cyanobactins, wewakazole B (5) exhibited no metal-binding activity at 89 uM,
excluding its function as siderophore [44].
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Figure 5. Chemical structures of lyngbyabellin O (1), lyngbyabellin P (2), lyngbyabellin G (3),
dolastatin 16 (4), wewakazole B (5), apratoxin H (6), apratoxin A sulfoxide (7), grassypeptolide D (8)
and grassypeptolide E (9).
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A cultivated Moorea producens, collected from the Nabq Mangroves in the Gulf of Agaba near
Sharm el-Sheikh, Egypt, was the source of the cyclic depsipeptides apratoxin H (6) and apratoxin
A sulfoxide (7) (Figure 5). Apratoxin H (6) showed potent cytotoxicity to human NCI-H460
lung cancer cells with ICsy value of 3.4 nM, while apratoxin A sulfoxide (7) was 26-fold less
active than apratoxin H (6) (IC5p =89.9 nM). It is worth mentioning that the S-oxide function
in apratoxin A sulfoxide (7) led to about 36-fold reduction in potency in comparison with its
parent compound apratoxin A, the well-studied analog as anticancer agent [45]. Two macrocyclic
depsipeptides, namely grassypeptolide D (8) and grassypeptolide E (9), were isolated from the marine
cyanobacterium Leptolyngbya sp., which was collected from the SS Thistlegorm shipwreck in the Red Sea
(Figure 5). Grassypeptolide D (8) and grassypeptolide E (9) exhibited potent cytotoxicity at nanomolar
concentrations to HeLa cells (IC5p = 335 and 192 nM, respectively) and mouse neuro-2a blastoma cells
(IC50 = 599 and 407 nM, respectively) [46].

The actinosporin analogues actinosporin C (10) and actinosporin D (11) were isolated from the
calcium alginate beads culture of sponge-associated Actinokineospora sp. strain EG49, which was
cultivated from the sponge Spheciospongia vagabunda (Figure 6). Actinosporin C (10) and actinosporin
D (11) exhibited significant antioxidant activity at a concentration of at 1.25 uM, and protective
capacity from the genomic damage induced by hydrogen peroxide in the human promyelocytic (HL-60)
cell line. Compounds 10 and 11 did not show any significant cytotoxicity against the mammalian
cells HL-60 after 4 h at concentrations of up to 50 pM, while after 24 h, significant cytotoxicity for
compound 10 was observed at a concentration of 50 uM [47]. In another study, compounds 10
and 11 were also isolated from Actinokineospora spheciospongiae sp. nov, which was isolated from
the sponge Spheciospongia vagabunda that was collected from offshore Ras Mohamed, Egypt [48].
Saadamycin (12) was isolated from the endophytic Streptomyces sp. Hedaya48, isolated from the marine
sponge Aplysina fistularis, which was collected from the Egyptian coast of Sharm El-Sheikh (Figure 6).
Saadamycin (12) displayed significant antifungal activity against nine dermatophytes and other clinical
fungi, with ICs( values of 1-5.16 ug/mL [49]. Chromatographic separation of the organic extract of the
marine cyanobacterium Moorea producens, collected from the Saudi coast near Obhur, led to the isolation
of lyngbyatoxin A (13) and debromoaplysiatoxin (14) (Figure 6) [50]. In a previous report, compound 14
was also isolated form the same marine cyanobacterium, which was collected near Jeddah [51].
Compounds 13 and 14 exhibited potent antiproliferative activity against HeLa cancer cells with ICsq
value of 9.2 nM and 3.03 uM [50]. The (1H)-pyrazinone alkaloid 3,6-diisobutyl-2(1H)-pyrazinone
(15) was isolated from the tunicate-derived actinomycete Streptomyces sp. Did-27, collected from a
location near Obhur, Saudi Arabia (Figure 6). The alkaloid 15 displayed selective cytotoxicity against
HCT-116 cell line with IC5y value of 1.5 pg/mL [52]. The four bioactive metabolites chrysophanol
8-methyl ether (16), asphodelin (17), justicidin B (18) and ayamycin (19) were isolated from the
actinomycete Nocardia sp. ALAA 2000, derived from the marine red alga Laurencia spectabilis,
which was collected from the Egyptian coast in Ras-Gharib (Figure 6). Compounds 16-19 showed
significant antimicrobial potential against eight pathogenic bacterial strains, including Gram-positive
and Gram-negative bacteria, as well as six fungal strains, with MIC values ranging from 0.1 to
10 pg/mL [53]. Fridamycin H (20) was isolated from the elicited marine sponge-derived bacterium
Actinokineospora spheciospongiae sp. nov., collected from offshore Ras Mohamed, Egypt. Fridamycin H
(20) exhibited antitrypanosomal activity (against Trypanosoma brucei strain TC221) after 48 and 72 h,
with ICsq values of 7.18 and 3.35 uM, respectively. Furthermore, compound 20 has no cytotoxic activity
against J774.1 macrophages (ICs9 > 200 uM) [48].
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Figure 6. Chemical structures of actinosporin C (10), actinosporin D (11), saadamycin (12), lyngbyatoxin A
(13), debromoaplysiatoxin (14), 3,6-diisobutyl-2(1H)-pyrazinone (15), chrysophanol 8-methyl ether (16),
asphodelin (17), justicidin B (18), ayamycin (19) and fridamycin H (20).

2.2. Marine Fungi

The xanthone derivative AGI-B4 (21) and the cyclic depsipeptide scopularide A (22) were isolated
from solid rice cultures of the marine-derived fungus Scopulariopsis sp., which was obtained from the
hard coral Stylophora sp. (Figure 7). Compounds 21 and 22 showed significant cytotoxicity against
L5178Y mouse lymphoma cells with ICsy values of 1.5 and 1.2 pM, respectively, which were lower
than that of the positive control kahalalide F (IC5y = 4.3 uM) [54].
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Figure 7. Chemical structures of AGI-B4 (21) and scopularide A (22).
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3. Marine Natural Products Isolated from Marine Invertebrates

3.1. Sponges

Several cyclic peroxide norterpenoids have been isolated from the sponge Diacarnus erythraeanus,
which was obtained from Elfanadir (Hurghada Coast, Egypt). These metabolites include norsesterterpene
derivatives 23, 24 and (—)-muqubilin A (25) (Figure 8). The three compounds displayed potent growth
inhibitory activity against seven different human cancer cell lines, the Hs683 oligodendroglioma,
MCEF-7 breast, PC-3 prostate, U373 and U251 glioblastoma, SKMEL-28 melanoma and A549 non-small cell
lung cancer cells, with a range of ICs, values from 1 to 8 uM. Further studies on (-)-muqubilin A (25)
revealed that it possesses cytotoxicity without selectivity between normal and cancer cells. It induces
reactive oxygen species (ROS) production in cancer cells; it is less likely that (—)-muqubilin A (25) exerts
its cytotoxic action via stimulation of pro-apoptotic processes. It is worth mentioning that, the presence
of the free carboxylic acid group in the structure of these metabolites may be critical for their growth
inhibitory activity in various cancer cell lines [55]. Sipholenol A (26) is a sipholane triterpenoid that was
isolated from the marine sponge Callyspongia siphonella (formerly known as Siphonochalina siphonella),
which was collected from Hurghada, at the Egyptian coast (Figure 8) [56]. In another three published
studies, compound 26 was also isolated from the marine sponge Callyspongia siphonell, collected from
Sharm Obhur in Jeddah, Saudi Arabia [57] and from Hurghada in Egypt [58,59]. It was shown
that Sipholenol A (26)—at non-cytotoxic concentration (5 ptM)- could increase the sensitivity of the
resistant cervical adenocarcinoma KB-C2 cells by 16 times towards colchicine through the reversal of
P-Glycoprotein-mediated MDR. Compound (26) did not affect the ICs5q value of colchicine to the parent
cell line KB-3-1(which do not express P-gp) [56]. In a later report, the same research group isolated
from the marine sponge Callyspongia (Siphonochalina) siphonell other sipholane triterpenoids with the
perhydrobenzoxepine nucleus including sipholenone E (27), Sipholenol L (28) and siphonellinol D
(29) (Figure 8) [60]. Compound 28 was also isolated from the marine sponge Siphonochalina siphonella,
collected from Sharm Obhur, Jeddah, Saudi Arabia [57]. Compound 29 was also isolated from the
sponge Siphonochalina siphonella, which was collected near Hurghada, Egypt [58]. The sipholane
triterpenoid 27 was shown to be a superior compound compared to sipholenol A (26), in reversing
the P-gp-mediated multidrug resistance. Compounds 28 and 29 were comparable to sipholenol A
(26) in potency. Compounds 26-29 were found to be non-toxic to the human epidermoid cancer
cells KB-3-1 and KB-C2, with ICs value higher than 50 uM for both cell lines [60]. Latrunculin A
(30), latrunculin B (31) and 16-epi-latrunculin B (32) were isolated from the marine sponge Negombata
magnifica, collected from the coast of Eilat (Figure 8). Latrunculins are macrolides that were reported to
cause unique microfilament inhibition due to one-to-one reversible complex with monomeric actin,
disrupting its polymerization and consequently its functions within the cell. Latrunculin A (30) and
latrunculin B (31) were able to show activity in the actin-disruption assay in concentrations of 0.5-1
and 0.5-10 ug/mL, respectively (these are the concentrations where microfilament loss is detected).
Compound 32 was less active than compounds 30 and 31, and showed activity at 5-10 pg/mL [61].
Latrunculin B (31) inhibited also the migration of B16B15b tumor cell in a wound-healing assay at
1 uM [62].

Compounds 33 and 34 were isolated as a ceramide mixture from the marine sponge Negombata
corticata, which was collected from Safaga in Egypt (Figure 9). The mixture was evaluated for its in vitro
anticonvulsant activity in the pentylenetetrazole-induced seizure model. It showed antiepileptic effect
comparable to that of the reference drug diazepam [63]. The bis-1-oxaquinolizidine N-oxide alkaloid
araguspongine C (35) was isolated from the sponge Xestospongia exigua, which was obtained from
vertical reef slopes at Bayadha, north of Jeddah on the Saudi Arabian coast (Figure 9). Araguspongine C
(35) was reported to be active against Plasmodium falciparum African (D6) clone with an ICsy value of
0.67 pg/mL and selectivity index >7.1, and against P. falciparum Indochina (W2) clone with ICsj value
of 0.28 ug/mL and selectivity index >17. Additionally, araguspongine C (35) was also shown to possess
high activity against the H37Rv strain of Mycobacterium tuberculosis with MIC value of 3.94 uM [64].
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The norsesterterpene peroxide acids muqubilin (36) and sigmosceptrellin B (37) were isolated from
the marine sponge Diacarnus erythraeanus, which was obtained from the Egyptian coast northeast of
Hurghada (Figure 9) [65]. In another published study, muquabilin (36) was also identified and isolated
from the sponge Diacarnus erythraenus, which was collected from El Qusier, 120 km south of Hurghada,
Egypt [66]. Sigmosceptrellin B (37) was also identified and isolated in another two studies from the
same marine sponge, which was collected from Hurghada [55,67]. Muqubilin (36) and sigmosceptrellin
B (37) could show potent in vitro antiparasitic activity against Toxoplasma gondii at a concentration
of 0.1 uM without significant toxicity to HFF or L929 cells. Sigmosceptrellin B (37) exhibited also a
significant in vitro antimalarial activity against Plasmodium falciparum (D6 and W2 clones) with ICs
values of 1.2 and 3.4 ug/mL, respectively. The functional group homology of compounds 36 and 37
with artemisinin suggests that the bioactivity may be due to the peroxide moieties [65]. The sponge
Theonella swinhoei, which was collected in Hurghada, was reported to be the source of swinholide
I (38) (a macrolide with a symmetric 44-membered dilactone skeleton) and hurghadolide A (39)
(asymmetric 42-membered dilactone) (Figure 9). Both compounds showed in vitro cytotoxicity against
human colon adenocarcinoma (HCT-116) with ICs; values of 5.6 and 365 nM, respectively. However,
on measuring the actin microfilament-disrupting effects, hurghadolide A (39) showed 10 times higher
potency compared to swinholide I (38) (these compounds caused disruption of the actin cytoskeleton
at concentrations of 7.3 and 70 nM, respectively). This suggested that swinholide I (38) has higher
selectivity for cancer cells and there might be other mechanisms that initiate cytotoxicity in cancer cells.
The nonspecific toxicity of hurghadolide A (39) might be also indicated by its higher potency against
Candida albicans (MIC = 31.1 pug/mL for compound 39 vs. 500 pg/mL for compound 38) [68].
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Figure 8. Chemical structures of compound 23, compound 24, (—)-muqubilin A (25), sipholenol A (26),
sipholenone E (27), sipholenol L (28), siphonellinol D (29), latrunculin A (30), latrunculin B (31) and
16-epi-latrunculin B (32).

The C22-polyacetylenic alcohols callyspongenol A (40) and callyspongenol B (41) together with
dehydroisophonochalynol (42) were isolated from the organic extract of the sponge Callyspongia sp.,
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which was collected from the Hurghada, Egypt (Figure 10). Compounds 40, 41 and 42 displayed
cytotoxicity against P388 and HeLa cells with a range of ICs values ranging from 2.2 to 5.1 ug/mL [69].
A cytotoxic polyacetylenic amide, callyspongamide A (43), was isolated from the marine sponge
Callyspongia fistularis collected from Hurghada, Egypt (Figure 10). Callyspongamide A (43) exhibited a
cytotoxic activity against HeLa cells with an ICsy value of 4.1 ug/mL [70]. The two indole alkaloids
hyrtioerectine B (44) and hyrtioerectine C (45) were isolated from the marine sponge Hyrtios erectus,
which was collected from Hurghada, Egypt (Figure 10). The alkaloids 44 and 45 exhibited cytotoxic
activity against HeLa cells with IC5( values of 5 and 4.5 pg/mL, respectively [71]. The dichloromethane
extract of the sponge Dysidea cinereal, which was collected near Ras Zaatir in the Gulf of Eilat, yielded the
avarol and avarone derivatives avarone A (46), 3’,6’-dihydroxyavarone (47), avarol C (48) and avarone
E (49) (Figure 10). The avarone derivatives 47 and 49 showed activity as inhibitors of HIV-1 reverse
transcriptase, with ICs values of 5 and 1 pg/mL, respectively. The cytotoxicity of the compounds
was also measured against P388 mouse leukemia cells. The IC5( values were found to be 0.6, 1.2 and
<0.6 pg/mL for compounds 46-48, respectively [72].

(36) (37)

(38) (39)

Figure 9. Chemical structures of compounds 33, compound 34, araguspongine C (35), muqubilin (36),
sigmosceptrellin B (37), swinholide I (38), hurghadolide A (39).
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Figure 10. Chemical structures of callyspongenol A (40), callyspongenol B (41), dehydroisophonochalynol
(42), callyspongamide A (43), hyrtioerectine B (44), hyrtioerectine C (45), avarone A (46),
3’,6’-dihydroxyavarone (47), avarol C (48) and avarone E (49).

In 1993, a bioassay-guided fractionation of an organic extract of the sponge Toxiclona toxius yielded
the hexaprenoid hydroquinones toxiusol (50), shaagrockol C (51), toxicol A (52) and toxicol B (53)
(Figure 11) [73]. In the same year, another study published the isolation of toxiusol (50), toxicol A (52)
and toxicol B (53) form the marine sponge Toxiclona toxius [74]. One year earlier, shaagrockol C (51)
was also identified and isolated from the sponge Toxiclona toxius [75]. Compounds 50, 51, 52 and 53
exhibited inhibitory activity of both DNA polymerizing functions of HIV-1 RT (RNA-dependent DNA
polymerase RDDP and DNA-dependent DNA polymerase DDDP), but did not inhibit the RT-associated
ribonuclease H activity. The hexaprenoid hydroquinones 50, 51, 52 and 53 inhibited RDDP function
with ICsg values of 1.5, 3.3, 3.1 and 3.7 uM, and DDDP function with ICg, values of 6.6, 0.8, 2.7 and
8.2 uM, respectively [73]. Chemical investigation of Suberea mollis, a marine sponge collected from
Hurghada, yielded the two brominated compounds subereaphenol B (54) and subereaphenol C (55) [76].
In a more recent study, subereaphenol C (55) was also isolated from the verongid sponge Suberea
species, which was collected off Yanbu in Saudi Arabia [77]. Biological evaluation of compounds 54 and
55, using the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) solution-based chemical assay, revealed a
significant antioxidant activity (Figure 11). The high antioxidant activity could be due to the phenolic
nature of the two compounds. None of compounds 54 and 55 exhibited any cytotoxicity against the
human colon cancer cells, at a concentration of 10 ug/mL [76]. In another study, compound 55 showed
antiproliferative activity against HeLa cells with ICsy value of 13.3 uM and no antimigratory activity
against MDA-MB-321 cells (IC5p > 50 uM) [77]. The two brominated compounds moloka’iamine (56)
and moloka’iakitamide (57) were isolated from the marine sponge Pseudoceratina arabica, which was
collected from Sharm El-Sheikh [78] and Hurghada [79] in Egypt (Figure 11). Compounds 56 and
57 displayed significant parasympatholytic effects on isolated rabbit heart and jejunum, with no
cytotoxicity against the HCT-116 cells, at a concentration of 10 ug/mL [78]. Moloka’iamine (56) was also
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isolated from the same marine sponge (Pseudoceratina arabica) collected from Anas Reef off Obhur in
Saudi Arabia [80]. The dibrominated alkaloid ceratinine H (58) together with psammaplysin E (59) were
isolated from the Red Sea marine Verongid sponge Pseudoceratina arabica, collected from Anas Reef off
Obhur (Figure 11). The two alkaloids 58 and 59 were examined for their antimigratory activity against
the highly metastatic human breast cancer cell line MDA-MB-231, and for their antiproliferative activity
against HeLa cells. Ceratinine H (58) and psammaplysin E (59) exhibited antiproliferative activity
against HeLa cells with ICs( values of 2.56 and 2.19 uM, respectively. Compound 59 displayed also high
antimigratory activity against MDA-MB-231 cells with ICsj value of 0.31 uM [80]. Psammaplysin A
(60) was isolated from the marine sponge Pseudoceratina arabica, which was obtained from both Anas
Reef off Obhur at the Saudi coast [80] and Sharm El-Sheikh at the Egyptian coast [78]. In another report,
psammaplysin A (60) and psammaplysin E (59) were isolated and identified from the verongid sponge
Aplysinella species, harvested from Jizan, Saudi Arabia. Psammaplysin A (60) exhibited cytotoxic
activity against MDA-MB-231, HeLa and HCT 116 cell lines with ICs5g values of 3.9, 8.5 and 5.1 uM,
respectively. While, psammaplysin E (59) showed a more potent cytotoxic activity against the same
cell lines with ICs, values of 0.29, 2.1 and 3.7 uM, respectively [81].
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Figure 11. Chemical structures of toxiusol (50), shaagrockol C (51), toxicol A (52), toxicol B (53),
subereaphenol B (54) and subereaphenol C (55), moloka’iamine (56), moloka’iakitamide (57), ceratinine H
(58), psammaplysin E (59) and psammaplysin A (60).

The scalarane sesterterpene phyllospongin A (61), phyllospongin B (62), phyllospongin C (63),
phyllospongin D (64), phyllospongin E (65), 12x-acetoxy20,24-dimethyl-25-norscalar-16-en-24-one
(66), 120t-acetoxy-13f3,183-cyclobutan-20,24-dimethyl-24oxoscalar-16-en-253-ol (67) and 12-acetoxy
-24,25-epoxy-24-hydroxy-20,24-dimethylscalarane (68) were isolated from the sponge Phyllospongia
lamellosa, which was collected from Shaab Saad area northern Hurghada (Figure 12). Compounds 64,
65 and 67 showed antibacterial activities against the Gram-positive pathogens Staphylococcus aureus
ATCC25923 and Bacillus subtilis NCTC2116, with a range of MIC values from 1.7 to 2.5 pg/mL,
and against the Gram-negative bacteria Vibrio parahaemolyticus NCTC10441 with MIC values of 6.8,
9.8 and 7 pg/mL, respectively. In addition, compounds 61-68 showed cytotoxic activities against
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three human cancer cell lines (HePG-2, MCF-7, and HCT-116), with a range of ICs values from 0.29
to 2.1 pg/mL [82].

(67) (68)

Figure 12. Chemical structures of phyllospongin A (61), phyllospongin B (62), phyllospongin C (63),
phyllospongin D (64), phyllospongin E (65), compounds 66-68.

The scalarane-type sesterterpenes 123,20-adihydroxy-163-acetoxy-17-scalaren-19,20-olide (69),
heteronemin (70) and 12-deacetyl-12,18-di-epi-scalaradial (71) were isolated and identified from the
marine sponge Hyrtios erectus, collected from Sharm El-Sheikh in Egypt (Figure 13). Compounds 69-71
displayed remarkable antiproliferative activities against the breast adenocarcinoma MCEF-7 cells
(IC50 =12.7,1.1 and 3.3 uM, respectively), the colorectal carcinoma HCT-116 cells (IC59 = 3.5, 0.7 and
3.4 uM, respectively) and the hepatocellular carcinoma HepG2 cells (IC5p = 9.6, 1.1 and 1.7 uM,
respectively) [83]. The scalarane-type sesterterpenes sesterstatin 7 (72), 12-epi-24-deoxyscalarin (73)
and 19-acetylsesterstatin 3 (74) were isolated from the sponge Hyrtios erectus, together with compounds
69-71 (Figure 13) [84]. Sesterstatin 7 (72) was also isolated from the sponge Hyrtios erectus, collected from
Safaga in Egypt [85]. In another published study, compounds 72 and 73 were isolated from specimen
of the marine sponge Hyrtios erectus, which was collected from Sharm El-Sheikh [83]. Compound 74
was also identified in another study and isolated from the sponge Hyrtios erecta, which was collected
from El Quseir, 120 km south of Hurghada, Egypt [86]. Compounds 69, 71-74 exhibited anti-tubercular
activity against a nonvirulent Mycobacterium tuberculosis strain (ATCC 25177, H37Ra), with MIC values
of 4.23,5.05, 0.45, 1.12 and 4.39 uM, respectively. Sesterstatin 7 (72) exhibited also antibacterial activity
against a strain of Helicobacter pylori (American Type Culture Collection, H.b., ATCC 700392), with MIC
value of 4.39 uM. On the other hand, Compounds 69-71 showed significant cytotoxic activities against
three human cancer cell lines (MCF-7, HCT-116 and HepG2) with a range IC5q values ranging from 0.4
to 12.4 uM [84].

Chromatographic fractionation of the organic extract of the sponge Theonella swinhoei, collected from
Hurghada, led to the isolation of the bicyclic glycopeptide theonellamide G (75) (Figure 14).
Compound 75 exhibited significant antifungal activity against the wild and the amphotericin B-resistant
strains of the fungal pathogen Candida albicans, with ICs values of 4.49 and 2 uM, respectively. It showed
also cytotoxicity against HCT-16 cells with ICsy value of 6 uM [87]. Bioassay-guided fractionation of
the extract of the sponge Suberea mollis, collected from Hurghada, afforded the brominated alkaloid
subereamolline A (76) (Figure 14) [76,79]. Compound 76 was a potent inhibitor of the migration and the
invasion of MDA-MB-231 cells (a highly metastatic human breast cancer), with ICsy value of 1.7 pM [79].
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The steroidal glycoside eryloside A (77) was purified from the methanol extract of the marine sponge
Erylus lendenfeldi, which was collected from the north of Hurghada (Figure 14). Compound 77 exhibited
cytotoxicity against the yeast strain Saccharomyces cerevisiae with 1Csg value of 3.5 uM, and higher
cytotoxicity against its mutant strain (deficient in double strand break repair), with ICsy value of
0.8 uM [88]. The polychlorinated pyrrolidinone derivative dysidamide (78) was isolated from a sponge
Dysidea sp. [89] and the sponge Dysidea herbacea [90]. In a later study, dysidamide (78) was isolated
again from the dichloromethane extract of the marine sponge Lamellodysidea herbacea, which was
collected from the Red Sea during the Ardoukoba expedition (Figure 14). Dysidamide (78) led to entire
and rapid death of mesencephalic and cortical murine neurones at a dose of 0.8 ug/mL [91]. The two
cytotoxic metabolites asmarine A (79) and asmarine B (80) were identified and isolated from the marine
sponge Raspailia sp., collected from Dahlak archipelago, Eritrea (Figure 14) [92,93]. Compounds 79 and
80 were found to have cytotoxicity against P-388 murine leukemia cells, A-549 human lung carcinoma
cells, HT-29 human colon carcinoma cells and MEL-28 human melanoma cells, with ICsy range from
0.12 to 1.8 uM [92].

(72) (73) — (74)

Figure 13. Chemical structures of compound 69, heteronemin (70), compound 71, sesterstatin 7 (72),
12-epi-24-deoxyscalarin (73) and 19 acetylsesterstatin 3 (74).

The two tripyridine alkaloids niphatoxin A (81) and niphatoxin B (82) were isolated from the
sponge Niphates sp. (Figure 15). Compounds 81 and 82 showed cytotoxic activity against P-388 cells,
with ICsy value of 0.1 pug/mL [94]. The B-carboline alkaloid hyrtiomanzamine (83) was identified
and isolated from the marine sponge Hyrtios erecta (Figure 15). Hyrtiomanzamine (83) showed
immunosuppressive activity in the B lymphocytes reaction assay with ECs value of 2 pug/mL, with no
cytotoxicity against KB cells [95]. The polyacetylene derivative petrosolic acid (84) was isolated
from the sponge Petrosia sp. (Figure 15). Petrosolic acid (84) was tested for its inhibitory activity
against various activities of HIV-1 RT (RNA-dependent DNA polymerase (RDDP), DNA-dependent
DNA polymerase (DDDP) and RNase H functions), and showed inhibitory activity of RDDP and
DDDP with ICsy values of 1.2 and 5.9 pM, respectively [96]. The alkyl benzoate compound 85
and the oxysterol 3-3-hydroxycholest-5-en-7-one (86) were purified from the methylene chloride
fraction of the marine sponge Hyrtios erectus, collected from the Saudi coast of Jeddah (Figure 15).
Compounds 85 and 86 showed cytotoxic activities against MCF-7 cells, with ICsy values of 2.4 and
3.8 uM, respectively. Compound 86 displayed also cytotoxicity against HepG 2 cells with ICsy value of
1.3 uM [97]. Bioactivity-guided fractionation of the marine sponge Callyspongia aff. Implexa, collected
from Safaga in Egypt, afforded the sterol compound gelliusterol E (87) (Figure 15). Compound 87
was tested against Chlamydia trachomatis, which is the leading cause of ocular and genital infections,
and displayed antichlamydial activity in a dose-dependent manner with ICs value of 2.3 uM [98].
Two new bioactive brominated oxindole alkaloids 88 and 89 were recently isolated from the sponge
Callyspongia siphonella, collected from Hurghada. The two metabolites 88 and 89 revealed antibacterial
activity against B. subtilis with MIC value of 4 pg/mL and S. aureus (MIC = 8 and 16 pg/mL, respectively).
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The two brominated oxindole alkaloids 88 and 89 showed also moderate in vitro antitrypanosomal
activity and inhibited the biofilm formation of the Gram-negative bacterium P. aeruginosa. Both of
88 and 89 exhibited significant cytotoxicity against three cell lines, including HT-29, OVCAR-3 and
MM.1S, with ICsg values ranging from 9 to 12.5 uM [59].
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Figure 14. Chemical structures of theonellamide G (75), subereamolline A (76), eryloside A (77),
dysidamide (78), asmarine A (79) and asmarine B (80).
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Figure 15. Chemical structures of niphatoxin A (81), niphatoxin B (82), hyrtiomanzamine (83),
petrosolic acid (84), compounds 85-86, gelliusterol E (87), compounds 88 and 89.

3.2. Corals

The heptacyclic norcembranoid dimer singardin (90) and the sesquiterpene guaianediol (91)
were obtained from the soft coral Sinularia gardineri (Pratt) (Alcyoniidae), collected near Hurghada
in Egypt (Figure 16). Both compounds exhibited similar cytotoxic activity against murine leukemia
(P-388) cells ICs9 = 1 ug/mL), human lung carcinoma (A-549) cells (ICsy = 2.5 pug/mL), human colon
carcinoma (HT-29) cells (IC59 = 5 pg/mL) and human melanoma (MEL-28) cells (IC5p = 5 pg/mL) [99].
Bioassay-guided fractionation of the soft coral Litophyton arboretum, collected from Sharm
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El-Sheikh, led to the isolation of 7(-acetoxy-24-methylcholesta-5-24(28)-diene-3,19-diol (92) and
erythro-N-dodecanoyl-docosasphinga-(4E,8E)-dienine (93) (Figure 16). Compounds 92 and 93
displayed potent inhibitory activity against HIV-1 PR with ICsg values of 4.85 and 4.8 uM, respectively.
Compound 92 exhibited also cytotoxicity against HeLa cells at CCsg value of 4.3 uM with selectivity
index of 8.1, while compound 93 did not show cytotoxic activity [100]. Chemical investigations
of the soft coral Sarcophyton glaucum, collected from Hurghada, afforded the peroxide diterpene
12(S)-hydroperoxylsarcoph-10-ene (94), together with 8-epi-sarcophinone (95) and enf-sarcophine (96)
(Figure 16) [101]. Compounds 95 and 96 were also isolated from the soft coral Sarcophyton trocheliophorum,
collected from the Hurghada [102]. Compounds 94-96 were inhibitors of the phase I enzyme cytochrome
P450 1A with ICsj values of 2.7, 3.7 and 3.4 nM, respectively [101]. The polyhydroxylated sterol
97 together with the three ceramides 98-100 were isolated from the soft coral Sinularia candidula,
collected from the Egyptian coast of Safaga (Figure 16). Compounds 97-100 exhibited antiviral activity
against H5N1 virus and reduced the virus titer, at a concentration of 1 ng/mL, by 55.16%, 48.81%,
10.43% and 15.76%, respectively [103]. Fractionation of the organic extract of the soft coral Sarcophyton
glaucum, collected from north of Jeddah in Saudi Arabia, yielded the two cembranoids sarcotrocheliol
(101) and sarcotrocheliol acetate (102) (Figure 16). Sarcotrocheliol (101) and its acetate derivative 102
showed cytotoxic activity against MCF-7 cells with ICs, values of 2.4 and 3.2 uM, respectively [104].

(99)

07 NH OH
HO A A AN S

OH
(100)

,» ,»

(101) (102)

Figure 16. Chemical structure of singardin (90), guaianediol (91), compound 92 and 93,
12(S)-hydroperoxylsarcoph-10-ene (94), 8-epi-sarcophinone (95), ent-sarcophine (96), compounds 97-100,
sarcotrocheliol (101) and sarcotrocheliol acetate (102).
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3.3. Sea Hares

Oculiferane (103) and epi-obtusane (104) are two sesquiterpenes isolated from the acetone extract
of the digestive gland of the sea hare Aplysia oculifera, which was collected from 40 km south of
Safaga, Egypt (Figure 17). Compounds 103 and 104 showed in vitro cytotoxicity against several human
cancer cell lines, including prostate carcinoma cells (PC-3), lung carcinoma (A549), human breast
adenocarcinoma (MCF-7), hepatocellular carcinoma (HepG2) and colorectal carcinoma (HCT 116)
cells, with a range of ICsy values ranging from 0.96 to 5.9 pug/mL [105]. Isolation of dolastatin 16
(4) (Figure 5) from the sea hare Dolabella auricularia and its evaluation as anticancer agent were also
reported. Compound 4 showed anticancer activity against several human cancer cell lines at a range of
low micromolar concentrations (Glsg = 0.0012-0.00096 pg/mL) [106].
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Figure 17. Chemical structures of oculiferane (103) and epi-obtusane (104).
3.4. Tunicates

The diketopiperazine hydroxamate derivative etzionin (105) was isolated from an unidentified
red tunicate, collected in the Northern part of the Gulf of Eilat in Israel (Figure 18). Etzionin (105)
exhibited antifungal activity against the pathogenic yeast Candida albicans with MIC value of 3 pug/mL,
in RPMI-1640 broth [107].

(108)

Figure 18. Chemical structures of etzionin (105), compound 106 and 107 and fucosterol (108).

4. Marine Natural Products Isolated from Marine Algae

Two cytotoxic xenicane diterpenes, 18,19-epoxyxenic-19-methoxy-18-hydroxy-4-acetoxy-6,9,13
-triene (106) and 18,19-epoxyxenic-18,19-dimethoxy-4-hydroxy-6,9,13-triene (107), were purified from
the methanol extract of the brown alga Padina pavonia (L.) Gaill., which was obtained from Hurghada,
Egypt (Figure 18). The two cytotoxic xenicane diterpenes 106 and 107 showed significant in vitro
cytotoxic activity against lung carcinoma (H460) cells at concentrations of 1-5 ng/mL [108]. The steroidal
compound fucosterol (108) was isolated from the alcoholic extract of the brown alga Dictyota dichotoma
(Hudson) Lamouroux, which was collected from Hurgada (Figure 18) [109]. Compound 108 was also
isolated from the brown alga Dictyota dichotoma (Huds) Lamour, collected at Ras Abu-Bakr, 65 km
north of Ras Gharib on Suez-Gulf, Egypt [110]. Compound 108 displayed potent cytotoxicity against
mouse P 388 leukemia cells with ICs value of 0.6 pg/mL [109,111].
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5. Sea Grasses

Bioactivity-guided fractionation of the extracts of the sea grass Thallasodendron ciliatum,
collected from Egypt in Safaga [112] and Magawish near to Hurghada [113] led to the isolation
of the diglyceride ester 109 and asebotin (110) (Figure 19). Anti-H5N1 virus activity of compounds 109
and 110 was measured using plaque inhibition assay in Madin-Darby canine kidney. Compounds 109
and 110 displayed reduction of virus titer by 67.26% and 53.81% inhibition at concentration of 1 ng/mL,
respectively [112]. In a further study, the dihydrochalcone diglycoside thalassodendrone (111) together
with asebotin (110) have been isolated from the ethyl acetate fraction of the sea grass Thalassodendrin
ciliatum (Forsk.), which was obtained from Magawish city near Hurghada in Egypt (Figure 19).
Asebotin (110) and thalassodendrone (111) exhibited antiviral activity against influenza A virus with
ICsp values of 2 and 1.96 pg/mL, respectively, and with cytotoxic concentrations (CCsp) of 3.36 and
3.14 pg/mL, respectively [114].

o OH
|
o OH e} OH
Con »e
0 N = S HO
\n/\/\/\/\/\/\/\/ OHOH 5

(109) (110)

(111)

Figure 19. Chemical structures of compound 109, asebotin (110) and thalassodendrone (111).
6. Genomic Potential of Red Sea Organisms

Metagenomic approach plays a crucial role in evaluating biodiversity from highly diverse
and/or extreme habitats, e.g., marine environments, through direct access to genomes of inhabitant
organisms. This has been potentiated through the integration of high-throughput DNA sequencing
technologies and advanced-bioinformatic analyses, which highlighted the importance of metagenomics
in bioprospecting novel bioactive metabolites from marine sources and their potential applications
in biotechnology [115]. Metagenomic studies revealed that Red Sea harbors a unique microbial
community with unique genes, enzymes and biosynthetic pathways, compared to other marine
environments. This could be explained by the fact that Red Sea is regarded as an unusual ecosystem,
characterized by its high salinity, high temperature, high ultra-violet radiation and low nutrients,
as well as the existence of vibrant coral reefs and more than 25 hot brine pools [116]. In 2016, a group
of researchers provided an overview of the previous metagenomic studies that were performed in the
Red Sea [117]. Examination of the microbial community in the sediments of Kebrit Deep brine pool
using 16sTRNA gene PCR amplification, proved the presence of 16S sequences belonging to bacteria
and Archaea unavailable in databases, suggesting the presence of novel microbial species harbored in
Red Sea [118]. Further investigation of other brine pools in the Red Sea, gave accurate understanding
about the microbial community composition and their unique metabolic pathways associated with the
adaptation in such extreme environmental conditions [4,119].

The Red Sea coral Stylophora pistillata was found to live in symbiotic relationship with Endozoicomonas
bacteria, that play a major role in the coral defense, health and survival. Studies demonstrated that diseased
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corals had lost their Endozoicomonas and has harbored opportunistic pathogens, including Alternaria
and Achromobacter. Similarly, the symbiotic relationship between sponges, such as Theonella swinhoei,
and their microbiomes had essentially contributed in the adaptation of the sponge to drastic environmental
conditions and great tolerance to arsenite and arsenate [120]. Studies also revealed that the symbiotic
association between the host and microbe can influence the microbial symbionts evolution. For instance,
one of the unculturable sponge symbionts, the cyanobaterium Candidatus Synechococcus spongiarum associated
with the Red Sea sponge Carteriospongia foliascens, has lost partial genes encoding proteins responsible
for photosynthesis, production of polysaccharides, DNA repair mechanism and environmental stress
adaptation, when compared to free-living cyanobacterial strains. The sponge tissues were collected from
site RB4 (22°44'56" N, 38°59'35" E), located in the Rabigh Bay of Saudi Arabia along the Red Sea coast.
Metagenomic DNA was sequenced on a 454 FLX platform utilizing Titanium chemistry, which produced a
total of 315, 119 reads with a total length of 160.2 Mbp. Genome database were searched against the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database by using Basic Local Alignment Search Tool for
Protein (BLASTP). Amino acid sequences were also searched against the GenBank NR data-base, and the
output xml file was imported into MEGAN for taxonomic affiliation and SEED/Subsystems annotation.
For the phylogenomic analysis, 31 proteins encoding phylogenetic markers were predicted from the SH4
draft genome and cyanobacterial genomes in the JGI database using AMPHORA. The sequences of each
marker gene were aligned individually using ClustalW. The aligned sequences were concatenated, and a
maximum-likelihood phylogenetic tree was constructed using PhyML [121].

The genome of Euryarchaea Halorhabdus tiamatea, obtained from the Shaban deep-sea hypersaline
anoxic brine pool in the Red Sea, was sequenced by Werner et al. [122] in order to elucidate its
niche adaptations. The study demonstrated that among the sequenced archaea, H. tiamatea enclosed
the highest number of genes encoding glycoside hydrolases that could be potentially applied in
industry. Glycosidase activity measurements suggested an adaptation towards recalcitrant algal
and plant-derived hemicelluloses. Furthermore, H. tiamatea encoded proteins characteristic for
thermophiles and light-dependent enzymes (e.g., bacteriorhodopsin), suggesting that H. tiamatea
evolution was mostly not governed by a dark, cold, anoxic deep-sea habitat. The results supported
that Halorhabdus species can occupy a distinct niche as polysaccharide degraders in hypersaline
environments. H. tiamatea was sequenced on a 454 FLX Ti sequencer. Ribosomal RNA genes were
identified via BLAST searches against public nucleotide databases and transfer RNA genes using
TRNASCAN-SE v. 1.21. Selected CAZymes, from multi-functional CAZyme families, were subjected to
in-depth phylogenetic. For each family, a set of experimentally characterized proteins was selected and
aligned with their H. tiamatea homologues using MAFFT with iterative refinement and the Blosum62
matrix. Phylogenetic trees were computed from these alignments using PHYML.

Mohamed et al. [123] reported the largest number of Red Sea microbial genomes in a single study,
with the aim to understand the microbial adaptation strategies to the extreme environmental conditions
in Red Sea and allow the bioprospecting for novel thermo-and/or halo-philic enzymes. They have
reported 136 microbial genomes assembled from 45 metagenomes, sampled form multiple depths
(10-500 m), gradients in salinity, temperature, nutrients and oxygen, from 8 stations along the Red Sea.
This represented great variation in environmental conditions as well as microbial diversity. The 136
retrieved genomes belonged to seven different phyla: Thaumarchaeota, Euryarchaeota, Actinobacteria,
Cyanobacteria, Bdellovibrionaeota, Proteobacteria, and Marinimicrobia. Genomic DNA was extracted
then sequenced on a HiSeq 2000 (Illumina, San Diego, CA, USA). Reads were quality checked
and trimmed using PRINSEQ v0.20.4 generating read lengths of ~93 bp and a total of ~10 million
reads per sample. Trimmed metagenome reads were individually assembled using IDBA-UD v1.1.1.
The trimmed reads were mapped back to contigs using BWA v0.7.12 with the bwa-mem algorithm.

Ryu and coworkers [124] analyzed the hologenome data including genome, transcriptome,
and metatranscriptome of two marine sponges; Stylissa carteri and Xestospongia testudinaria in order
to investigate the host-symbiont interaction. Both species were collected at Fsar Reef (22.228408 N,
39.028187 E) on the Red Sea coast of Saudi Arabia, at a depth of 13-14 m. The paired-end and mate-pair
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sequencing was conducted using HiSeq2000 technology (Illumina), 454 and Ion proton sequencing
were also performed using standard protocols. The Markov Cluster (MCL) Algorithm was utilized to
cluster the Scavenger Receptor Cysteine-Rich (SRCR)-like domains together with the application of
Blastp bit score as a similarity metric. The peptide sequences of the SRCR-like domain from each cluster
were aligned using MAFFT v7. 123b and a custom Python script was used to compute the amino acid
frequency at each aligned position. This is considered as a valuable and unique study because S. carteri
is the first species in the order Halichondrida to have its genome sequenced whereas X. testudinaria is
the first HMA sponge to have its genome sequenced. Results showed that S. carteri, when compared
with X. testudinaria, has an expanded repertoire of immunological domains, in particular SRCR-like
domains. Furthermore, an over-representation of potential symbiosis-related domains in X. testudinari
was revealed through the metatranscriptome analyses.

The Red Sea sponge Theonella swinhoei was studied in order to investigate the uncultured majority
of its symbionts. The sponge was collected from the Gulf of Aqaba, near Eilat. The DNA of T. swinhoei
microbiome was sheared (200- to 400-bp size) and libraries were generated using the TruSeq DNA
standard protocol and pooled for sequencing on one lane of the Illumina HiSeq 2000 platform.
This study identified a complete N-acyl-homoserine lactone (AHL)-QS system (designated TswIR)
and seven partial luxI homologues in the microbiome of T. swinhoei. The TswIR system was novel
and shown to be associated with an alphaproteobacterium belonging to the order Rhodobacterales
(termed Rhodobacterales bacterium TS309). When the gene tswl was expressed in Escherichia coli,
it produced three AHLSs, two of which were also identified in the studied sponge extract. The presence
of some sponge-specific characteristics, such as ankyrin-like domains and tetratricopeptide repeats,
the taxonomic affiliation of the 16S rRNA of Rhodobacterales bacterium TS309 to a sponge-coral
specific clade, and its enrichment in sponge versus seawater and marine sediment samples, proved a
likely symbiotic nature of this bacterium [125].

Recently, another group of researchers [126] focused on the isolation of Pseudomonas sp. associated
with marine sponge Hyrtios aff. erectus, phylogenetic identification and molecular screening of their
metabolic pathways polyketide synthases and nonribosomal peptides (PSK and NRPs). The sponge
samples were obtained from the Red Sea at Hurghada city. The 165 rRNA gene sequencing of
bacterial isolate demonstrated that active metabolic pathways genes in the Pseudomonas sp. was PSK
II, which could be the reason for the antioxidant and cytotoxic bioactivity of the bacteria. The study,
including the antioxidant, cytotoxicity and bioactive metabolic screening pathways, confirmed that this
bacterial strain was shown to be an important source of natural antioxidant and cytotoxic metabolites
against free radical and cancerous cell line.

7. Conclusions

The Red Sea is a rich and diverse ecosystem with 2000 km of coral reef extending along its
coastline. It is inhabited by over 1000 invertebrate species, and 200 soft and hard corals. Due to
this high biodiversity and limited research, the Red Sea is a promising underexplored habitat for the
discovery of new bioactive marine natural products. Out of these, 677 natural products came from
organisms isolated from the Red Sea, with almost 60% of these compounds coming from reports over the
last decade (2011-2019) (Figures 20 and 21). This significant increase of reported compounds highlights
the enormous potential of marine organisms, particularly from the Red Sea. Furthermore, the diversity
of these chemical structures is quite remarkable. Majority of these compounds are represented by
terpenes but also includes other classes namely alkaloids, sterols, peptides and other nitrogenous
compounds, polyketides, fatty acids, macrolides, quinones, polyacetylene and flavonoids (Figure 22).
It is interesting to note that from these different classes of natural products, majority of the compounds
that were reported to exhibit the highest proportion of biological activities are terpenes followed by
alkaloids. The presented marine natural products in this review (compounds 1-111) exhibited a wide
range of remarkable and potent biological activities, including for example, antioxidant, anticonvulsant,
anticancer and anti-infective activities. However, biologically active marine natural products must be
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non-cytotoxic on normal cells, to be suitable for using as drugs. In the published studies, some of these
biologically active marine natural products were tested for their cytotoxicity and found to be not toxic on
normal cells. Therefore, these marine natural products could be promising compounds for developing
new drugs after further investigations. Other biologically active marine natural products, which were
not tested for their cytotoxicity, demand a testing for their cytotoxicity. Some of the illustrated cytotoxic
marine natural products have PAINS characteristics (Pan-assay interference compounds), which could
explain their cytotoxic activity. Among the organisms collected from the Red Sea, marine sponges
remain to be the most widely sampled (Figure 3). This is not surprising since diverse species of marine
invertebrates particularly sponges have been collected from the Red Sea and globally. Gram positive
bacteria such as actinomycetes as well as fungi isolated from various marine organisms from the Red
Sea have also been shown to be the prolific producers of these bioactive natural products (Figure 3).
Furthermore, majority of the reported marine organisms have been collected from Egypt and Saudi
Arabia coasts, accounting for 58% and 16% respectively. In contrast, less than 1% were isolated from
Dijibouti, Jordan and Yemen (Figure 2). This could be attributed to the high biodiversity of organisms
in Egyptian environment in comparison to other locations. Moreover, more research should be directed
to explore other environments.
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Figure 20. Numbers of natural products isolated from the Red Sea marine organisms.
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Figure 21. Numbers of published studies on natural products isolated from the Red Sea marine organisms.
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Figure 22. Chemical classes of natural products isolated from the Red Sea marine organisms.

Phenolic, 8
Polyacetylene,

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/457/s1.
Table S1, Marine natural products of the Red Sea; Table S2: Locations of collection of the Red Sea marine organisms;
Table S3: Taxonomy of marine organisms collected from the Red Sea.

Author Contributions: EM.E.-H.,, M.A.-H., E.S.I.,, SM.P-E., H.H. and U.R.A. searched the literature; EM.E.-H.,
M.A.-H.,,ESI,SM.P-E,, HH. M.EA. and U.R.A. contributed to analyzing the collected data and writing the
manuscript; EM.E.-H., J.R.N., UH. and U.R.A. contributed to reviewing and editing the final version of the
manuscript. All authors have read and approved the final version of the manuscript.

Funding: This publication was supported by the Open Access Publication Fund of the University of Wiirzburg.
Acknowledgments: We would like to thank Minia University and Deraya University for supporting this work.

Conflicts of Interest: The authors declare there is no conflict of interest.

References

1. Bosworth, W.; Huchon, P.; McClay, K. The red sea and gulf of aden basins. |. Afr. Earth Sci. 2005, 43, 334-378.
[CrossRef]

2. Raitsos, D.E,; Pradhan, Y.; Brewin, R.J.; Stenchikov, G.; Hoteit, I. Remote sensing the phytoplankton seasonal
succession of the red sea. PLoS ONE 2013, 8, €64909. [CrossRef] [PubMed]

3. Berumen, M.L.; Hoey, A.S.; Bass, W.H.; Bouwmeester, ].; Catania, D.; Cochran, J.E.M.; Khalil, M.T.; Miyake, S.;
Mughal, M.R,; Spaet, J.L.Y.; et al. The status of coral reef ecology research in the red sea. Coral Reefs 2013, 32,
737-748. [CrossRef]

4. Qian, PY,; Wang, Y,; Lee, O.O.; Lau, S.C,; Yang, J.; Lafi, EF.,; Al-Suwailem, A.; Wong, T.Y. Vertical stratification
of microbial communities in the red sea revealed by 16s rdna pyrosequencing. ISME . 2011, 5, 507-518.
[CrossRef] [PubMed]

5. DiBattista, J.D.; Roberts, M.B.; Bouwmeester, ]J.; Bowen, B.W.; Coker, D.J.; Lozano-Cortés, D.F,;
Howard Choat, J.; Gaither, M.R.; Hobbs, J.-P.A.; Khalil, M.T; et al. A review of contemporary patterns of
endemism for shallow water reef fauna in the red sea. . Biogeogr. 2016, 43, 423-439. [CrossRef]

6. Ravara, A.; Carvalho, S. Nephtyidae (polychaeta, phyllodocida) from the red sea, with record of a new
species. . Mar. Biol. Assoc. UK 2017, 97, 843-856. [CrossRef]

7. Bowen, B.W.;Rocha, L.A.; Toonen, R.J.; Karl, S.A. The origins of tropical marine biodiversity. Trends Ecol. Evol.
2013, 28, 359-366. [CrossRef]

8. Gaither, M.R.; Bowen, B.W.; Bordenave, T.-R.; Rocha, L.A.; Newman, S.J.; Gomez, J.A.; van Herwerden, L.;
Craig, M.T. Phylogeography of the reef fish cephalopholis argus(epinephelidae) indicates pleistocene isolation
across the indo-pacific barrier with contemporary overlap in the coral triangle. BMC Evol. Biol. 2011, 11, 189.
[CrossRef]

26



Mar. Drugs 2020, 18, 457

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

DiBattista, ].D.; Berumen, M.L.; Gaither, M.R.; Rocha, L.A.; Eble, J.A.; Choat, ].H.; Craig, M.T.; Skillings, D.J.;
Bowen, B.W. After continents divide: Comparative phylogeography of reef fishes from the red sea and
indian ocean. J. Biogeogr. 2013, 40, 1170-1181. [CrossRef]

Stark, J.S.; Kim, S.L.; Oliver, ].S. Anthropogenic disturbance and biodiversity of marine benthic communities
in antarctica: A regional comparison. PLoS ONE 2014, 9, €98802. [CrossRef]

Mirto, S.; Gristina, M.; Sinopoli, M.; Maricchiolo, G.; Genovese, L.; Vizzini, S.; Mazzola, A. Meiofauna as an
indicator for assessing the impact of fish farming at an exposed marine site. Ecol. Indic. 2012, 18, 468-476.
[CrossRef]

Ziko, L.; Saqr, A-H.A,; Ouf, A.; Gimpel, M.; Aziz, R K.; Neubauer, P,; Siam, R. Antibacterial and anticancer
activities of orphan biosynthetic gene clusters from atlantis ii red sea brine pool. Microb. Cell Factories 2019,
18, 56. [CrossRef] [PubMed]

Eisen, J.A. Environmental shotgun sequencing: Its potential and challenges for studying the hidden world of
microbes. PLoS Biol. 2007, 5, €82. [CrossRef]

Trommer, G.; Siccha, M.; van der Meer, M.T.; Schouten, S.; Damsté, ].S.S.; Schulz, H.; Hemleben, C.; Kucera, M.
Distribution of crenarchaeota tetraether membrane lipids in surface sediments from the red sea. Org. Geochem.
2009, 40, 724-731. [CrossRef]

Ellis, J.; Anlauf, H.; Kiirten, S.; Lozano-Cortés, D.; Alsaffar, Z.; Curdia, J.; Jones, B.; Carvalho, S. Cross shelf
benthic biodiversity patterns in the southern red sea. Sci. Rep. 2017, 7, 437. [CrossRef] [PubMed]

Hughes, D.J.; Lamont, P.A; Levin, L.A.; Packer, M.; Feeley, K.; Gage, ].D. Macrofaunal communities and
sediment structure across the pakistan margin oxygen minimum zone, north-east arabian sea. Deep Sea Res.
Part 11 Top. Stud. Oceanogr. 2009, 56, 434-448. [CrossRef]

Cox, C.B.; Moore, P.D.; Ladle, R. Biogeography: An Ecological and Evolutionary Approach; John Wiley & Sons:
Hoboken, NJ, USA, 2016.

DeLong, E.F,; Preston, C.M.; Mincer, T; Rich, V,; Hallam, S.J.; Frigaard, N.-U.; Martinez, A.; Sullivan, M.B;
Edwards, R.; Brito, B.R. Community genomics among stratified microbial assemblages in the ocean’s interior.
Science 2006, 311, 496-503. [CrossRef] [PubMed]

Feebarani, J.; Joydas, T., Damodaran, R.; Borja, A. Benthic quality assessment in a naturally-and
human-stressed tropical estuary. Ecol. Indic. 2016, 67, 380-390. [CrossRef]

Silva, R.; Filho, J.R.; Souza, S.; Souza-Filho, P. Spatial and temporal changes in the structure of soft-bottom
benthic communities in an amazon estuary (caeté estuary, brazil). J. Coast. Res. 2011, 440-444.

Acker, J.; Leptoukh, G.; Shen, S.; Zhu, T.; Kempler, S. Remotely-sensed chlorophyll a observations of the
northern red sea indicate seasonal variability and influence of coastal reefs. |. Mar. Syst. 2008, 69, 191-204.
[CrossRef]

Sommer, B.; Harrison, P.L.; Beger, M.; Pandolfi, ].M. Trait-mediated environmental filtering drives assembly
at biogeographic transition zones. Ecology 2014, 95, 1000-1009. [CrossRef] [PubMed]

Karakassis, I.; Eleftheriou, A. The continental shelf of crete: Structure of macrobenthic communities. Mar. Ecol.
Prog. Ser. 1997, 160, 185-196. [CrossRef]

Vonk, J.A.; Stapel, ]. Regeneration of nitrogen (15n) from seagrass litter in tropical indo-pacific meadows.
Mar. Ecol. Prog. Ser. 2008, 368, 165-175. [CrossRef]

Sofianos, S.; Johns, W.E.; Murray, S. Heat and freshwater budgets in the red sea from direct observations at
bab el mandeb. Deep Sea Res. Part II Top. Stud. Oceanogr. 2002, 49, 1323-1340. [CrossRef]

Pearman, J.K,; Irigoien, X.; Carvalho, S. Extracellular DNA amplicon sequencing reveals high levels of
benthic eukaryotic diversity in the central red sea. Mar. Genom. 2016, 26, 29-39. [CrossRef] [PubMed]
Edwards, EJ. Climate and oceanography. Red Sea 1987, 1, 45-68.

Hasler, H.; Ott, J.A. Diving down the reefs? Intensive diving tourism threatens the reefs of the northern red
sea. Mar. Pollut. Bull. 2008, 56, 1788-1794. [CrossRef]

Raitsos, D.; Hoteit, I.; Prihartato, P.; Chronis, T.; Triantafyllou, G.; Abualnaja, Y. Abrupt warming of the red
sea. Geophys. Res. Lett. 2011, 38. [CrossRef]

Higgins, E.; Scheibling, R.E.; Desilets, K.M.; Metaxas, A. Benthic community succession on artificial and
natural coral reefs in the northern gulf of aqaba, red sea. PLoS ONE 2019, 14, e0212842. [CrossRef]
El-Hossary, EM.; Cheng, C.; Hamed, M.M.; El-Sayed Hamed, A.N.; Ohlsen, K.; Hentschel, U;
Abdelmohsen, U.R. Antifungal potential of marine natural products. Eur. |. Med. Chem. 2017, 126,
631-651. [CrossRef]

27



Mar. Drugs 2020, 18, 457

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Abdelmohsen, U.R.; Balasubramanian, S.; Oelschlaeger, T.A.; Grkovic, T.; Pham, N.B.; Quinn, R.J;
Hentschel, U. Potential of marine natural products against drug-resistant fungal, viral, and parasitic
infections. Lancet Infect. Dis. 2017, 17, e30—e41. [CrossRef]

Liu, M.; El-Hossary, E.M.; Oelschlaeger, T.A.; Donia, M.S.; Quinn, R.J.; Abdelmohsen, U.R. Potential of
marine natural products against drug-resistant bacterial infections. Lancet Infect. Dis. 2019, 19, e237-e245.
[CrossRef]

Shady, N.H.; El-Hossary, E.M.; Fouad, M.A.; Gulder, T.A.M.; Kamel, M.S.; Abdelmohsen, U.R. Bioactive natural
products of marine sponges from the genus hyrtios. Molecules 2017, 22, 781. [CrossRef]

Pereira, F. Have marine natural product drug discovery efforts been productive and how can we improve
their efficiency? Expert Opin. Drug Discov. 2019, 14, 717-722. [CrossRef] [PubMed]

Pereira, F.; Aires-de-Sousa, J. Computational methodologies in the exploration of marine natural product
leads. Mar. Drugs 2018, 16, 236. [CrossRef]

Wiese, J.; Imhoff, ].E. Marine bacteria and fungi as promising source for new antibiotics. Drug Dev. Res. 2019,
80, 24-27. [CrossRef]

Newman, D.J.; Cragg, G.M. Drugs and drug candidates from marine sources: An assessment of the current
“state of play”. Planta Med. 2016, 82, 775-789. [CrossRef]

Gerwick, W.H.; Moore, B.S. Lessons from the past and charting the future of marine natural products drug
discovery and chemical biology. Chem. Biol. 2012, 19, 85-98. [CrossRef]

El-Ezz, R.A.; Ibrahim, A.; Habib, E.; Wahba, A.; Kamel, H.; Afifi, M.; Hassanean, H.; Ahmed, S. Review of
natural products from marine organisms in the red sea. Int. ]. Pharm. Sci. Res. 2017, 8, 940-974.

Petitbois, ].G.; Casalme, L.O.; Lopez, ].A.V.; Alarif, WM.; Abdel-Lateff, A.; Al-Lihaibi, S.S.; Yoshimura, E.;
Nogata, Y.; Umezawa, T.; Matsuda, F; et al. Serinolamides and lyngbyabellins from an okeania sp.
Cyanobacterium collected from the red sea. J. Nat. Prod. 2017, 80, 2708-2715. [CrossRef]

Han, B.; McPhail, K.L.; Gross, H.; Goeger, D.E.; Mooberry, S.L.; Gerwick, W.H. Isolation and structure of
five lyngbyabellin derivatives from a papua new guinea collection of the marine cyanobacterium lyngbya
majuscula. Tetrahedron 2005, 61, 11723-11729. [CrossRef]

Tan, L.T.; Goh, B.P; Tripathi, A.; Lim, M.G.; Dickinson, G.H.; Lee, S.S.; Teo, S.L. Natural antifoulants from the
marine cyanobacterium lyngbya majuscula. Biofouling 2010, 26, 685-695. [CrossRef] [PubMed]

Lopez, J.A.; Al-Lihaibi, S.S.; Alarif, W.M.; Abdel-Lateff, A.; Nogata, Y.; Washio, K.; Morikawa, M.; Okino, T.
Wewakazole B, a cytotoxic cyanobactin from the cyanobacterium moorea producens collected in the red sea.
J. Nat. Prod. 2016, 79, 1213-1218. [CrossRef] [PubMed]

Thornburg, C.C.; Cowley, E.S.; Sikorska, J.; Shaala, L.A.; Ishmael, J.E.; Youssef, D.T.; McPhail, K.L. Apratoxin h
and apratoxin a sulfoxide from the red sea cyanobacterium moorea producens. J. Nat. Prod. 2013, 76,
1781-1788. [CrossRef] [PubMed]

Thornburg, C.C.; Thimmaiah, M.; Shaala, L.A.; Hau, A.M.; Malmo, J.M.; Ishmael, J.E.; Youssef, D.T.;
McPhail, K.L. Cyclic depsipeptides, grassypeptolides d and e and ibu-epidemethoxylyngbyastatin 3, from a
red sea leptolyngbya cyanobacterium. J. Nat. Prod. 2011, 74, 1677-1685. [CrossRef] [PubMed]

Grkovic, T.; Abdelmohsen, U.R.; Othman, E.M.; Stopper, H.; Edrada-Ebel, R.; Hentschel, U.; Quinn, R.J.
Two new antioxidant actinosporin analogues from the calcium alginate beads culture of sponge-associated
actinokineospora sp. Strain eg49. Bioorg. Med. Chem. Lett. 2014, 24, 5089-5092. [CrossRef]

Tawfike, A.; Attia, E.Z.; Desoukey, S.Y.; Hajjar, D.; Makki, A.A.; Schupp, PJ.; Edrada-Ebel, R.; Abdelmohsen, U.R.
New bioactive metabolites from the elicited marine sponge-derived bacterium actinokineospora spheciospongiae sp.
Nov. AMB Express 2019, 9, 12. [CrossRef]

El-Gendy, M.M.; El-Bondkly, A.M. Production and genetic improvement of a novel antimycotic agent,
saadamycin, against dermatophytes and other clinical fungi from endophytic streptomyces sp. Hedaya48.
J. Ind. Microbiol. Biotechnol. 2010, 37, 831-841. [CrossRef]

Youssef, D.T.; Shaala, L.A.; Mohamed, G.A.; Ibrahim, S.R.; Banjar, Z.M.; Badr, ] M.; McPhail, K.L,;
Risinger, A.L.; Mooberry, S.L. 2,3-seco-2,3-dioxo-lyngbyatoxin a from a red sea strain of the marine
cyanobacterium moorea producens. Nat. Prod. Res. 2015, 29, 703-709. [CrossRef]

Shaala, L.A.; Youssef, D.T.; McPhail, K.L.; Elbandy, M. Malyngamide 4, a new lipopeptide from the red sea
marine cyanobacterium moorea producens (formerly lyngbya majuscula). Phytochem. Lett. 2013, 6, 183-188.
[CrossRef]

28



Mar. Drugs 2020, 18, 457

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Shaala, L.A.; Youssef, D.T.; Badr, ].M.; Harakeh, S.M. Bioactive 2(1h)-pyrazinones and diketopiperazine
alkaloids from a tunicate-derived actinomycete Streptomyces sp. Molecules 2016, 21, 1116. [CrossRef]
[PubMed]

El-Gendy, M.M.; Hawas, U.W.,; Jaspars, M. Novel bioactive metabolites from a marine derived bacterium
nocardia sp. Alaa 2000. J. Antibiot. 2008, 61, 379-386. [CrossRef] [PubMed]

Elnaggar, M.S.; Ebada, S.S.; Ashour, M.L.; Ebrahim, W.; Miiller, W.E.G.; Mandi, A.; Kurtan, T.; Singab, A.;
Lin, W,; Liu, Z.; et al. Xanthones and sesquiterpene derivatives from a marine-derived fungus Scopulariopsis sp.
Tetrahedron 2016, 72, 2411-2419. [CrossRef]

Lefranc, F; Nuzzo, G.; Hamdy, N.A.; Fakhr, I.; Moreno, Y.B.L.; Van Goietsenoven, G.; Villani, G.; Mathieu, V.;
van Soest, R.; Kiss, R.; et al. In vitro pharmacological and toxicological effects of norterpene peroxides
isolated from the red sea sponge diacarnus erythraeanus on normal and cancer cells. J. Nat. Prod. 2013, 76,
1541-1547. [CrossRef]

Jain, S.; Laphookhieo, S.; Shi, Z.; Fu, L.W.; Akiyama, S.; Chen, Z.S.; Youssef, D.T.; van Soest, R W.; El Sayed, K.A.
Reversal of p-glycoprotein-mediated multidrug resistance by sipholane triterpenoids. . Nat. Prod. 2007, 70,
928-931. [CrossRef]

Angawi, R.; Saqer, E.; Abdel-Lateff, A.; Badria, F.; Ayyad, S.-E. Cytotoxic neviotane triterpene-type from the
red sea sponge Siphonochalina siphonella. Pharmacogn. Mag. 2014, 10, 334-341.

El-Beih, A.A.; El-Desoky, A.H.; Al-hammady, M.A.; Elshamy, A.l; Hegazy, M.-E.E,; Kato, H.; Tsukamoto, S.
New inhibitors of rankl-induced osteoclastogenesis from the marine sponge siphonochalina siphonella.
Fitoterapia 2018, 128, 43-49. [CrossRef]

El-Hawary, S.S.; Sayed, A.M.; Mohammed, R.; Hassan, H.M.; Rateb, M.E.; Amin, E.; Mohammed, T.A;
El-Mesery, M.; Bin Muhsinah, A.; Alsayari, A.; et al. Bioactive brominated oxindole alkaloids from the red
sea sponge callyspongia siphonella. Mar. Drugs 2019, 17, 465. [CrossRef]

Jain, S.; Abraham, I.; Carvalho, P; Kuang, Y.H.; Shaala, L.A.; Youssef, D.T.; Avery, M.A.; Chen, Z.S,;
El Sayed, K.A. Sipholane triterpenoids: Chemistry, reversal of abcb1/p-glycoprotein-mediated multidrug
resistance, and pharmacophore modeling. J. Nat. Prod. 2009, 72, 1291-1298. [CrossRef]

Vilozny, B.; Amagata, T.; Mooberry, S.L.; Crews, P. A new dimension to the biosynthetic products isolated
from the sponge negombata magnifica. J. Nat. Prod. 2004, 67, 1055-1057. [CrossRef]

El Sayed, K.A.; Youssef, D.T.; Marchetti, D. Bioactive natural and semisynthetic latrunculins. J. Nat. Prod.
2006, 69, 219-223. [CrossRef] [PubMed]

Ahmed, S.A.; Khalifa, S.I; Hamann, M.T. Antiepileptic ceramides from the red sea sponge negombata
corticata. J. Nat. Prod. 2008, 71, 513-515. [CrossRef] [PubMed]

Orabi, K.Y,; El Sayed, K.A.; Hamann, M.T.; Dunbar, D.C.; Al-Said, M.S.; Higa, T.; Kelly, M. Araguspongines k
and 1, new bioactive bis-1-oxaquinolizidine n-oxide alkaloids from red sea specimens of xestospongia exigua.
J. Nat. Prod. 2002, 65, 1782-1785. [CrossRef] [PubMed]

El Sayed, K.A.; Hamann, M.T.; Hashish, N.E.; Shier, W.T,; Kelly, M.; Khan, A.A. Antimalarial, antiviral,
and antitoxoplasmosis norsesterterpene peroxide acids from the red sea sponge diacarnus erythraeanus.
J. Nat. Prod. 2001, 64, 522-524. [CrossRef]

Youssef, D.T.; Yoshida, W.Y.; Kelly, M.; Scheuer, PJ. Cytotoxic cyclic norterpene peroxides from a red sea
sponge diacarnus e rythraenus. J. Nat. Prod. 2001, 64, 1332-1335. [CrossRef]

Youssef, D.T.A. Tasnemoxides a—c, new cytotoxic cyclic norsesterterpene peroxides from the red sea sponge
diacarnus erythraenus. J. Nat. Prod. 2004, 67, 112-114. [CrossRef]

Youssef, D.T.; Mooberry, S.L. Hurghadolide a and swinholide i, potent actin-microfilament disrupters from
the red sea sponge theonella swinhoei. J. Nat. Prod. 2006, 69, 154-157. [CrossRef]

Youssef, D.T.; van Soest, R.W.; Fusetani, N. Callyspongenols a-c, new cytotoxic c22-polyacetylenic alcohols
from a red sea sponge, callyspongia species. |. Nat. Prod. 2003, 66, 679-681. [CrossRef]

Youssef, D.T.; van Soest, R.W.; Fusetani, N. Callyspongamide a, a new cytotoxic polyacetylenic amide from
the red sea sponge callyspongia fistularis. J. Nat. Prod. 2003, 66, 861-862. [CrossRef]

Youssef, D.T. Hyrtioerectines a-c, cytotoxic alkaloids from the red sea sponge hyrtioserectus. J. Nat. Prod.
2005, 68, 1416-1419. [CrossRef]

Hirsch, S.; Rudi, A.; Kashman, Y.; Loya, Y. New avarone and avarol derivatives from the marine sponge
dysidea cinerea. . Nat. Prod. 1991, 54, 92-97. [CrossRef] [PubMed]

29



Mar. Drugs 2020, 18, 457

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Loya, S.; Tal, R; Hizi, A ; Issacs, S.; Kashman, Y.; Loya, Y. Hexaprenoid hydroquinones, novel inhibitors of the
reverse transcriptase of human immunodeficiency virus type 1. J. Nat. Prod. 1993, 56, 2120-2125. [CrossRef]
Isaacs, S.; Hizi, A.; Kashman, Y. Toxicols ac and toxiusol-new bioactive hexaprenoid hydroquinones from
toxiclona toxius. Tetrahedron 1993, 49, 4275-4282. [CrossRef]

Isaacs, S.; Kashman, Y. Shaagrockol B and C; two hexaprenylhydroquinone disulfates from the red sea
sponge toxiclona toxius. Tetrahedron Lett. 1992, 33, 2227-2230. [CrossRef]

Abou-Shoer, M.1,; Shaala, L.A.; Youssef, D.T.; Badr, ].M.; Habib, A.A. Bioactive brominated metabolites from
the red sea sponge suberea mollis. J. Nat. Prod. 2008, 71, 1464-1467. [CrossRef]

Shaala, L.; Youssef, D.; Badr, J.; Sulaiman, M.; Khedr, A. Bioactive secondary metabolites from the red sea
marine verongid sponge suberea species. Mar. Drugs 2015, 13, 1621-1631. [CrossRef]

Badr, J.M.; Shaala, L.A.; Abou-Shoer, M.L.; Tawfik, M.K.; Habib, A.A. Bioactive brominated metabolites from
the red sea sponge pseudoceratina arabica. J. Nat. Prod. 2008, 71, 1472-1474. [CrossRef]

Shaala, L.A.; Youssef, D.T.; Sulaiman, M.; Behery, F.A.; Foudah, A.I; Sayed, K.A. Subereamolline a as a potent
breast cancer migration, invasion and proliferation inhibitor and bioactive dibrominated alkaloids from the
red sea sponge pseudoceratina arabica. Mar. Drugs 2012, 10, 2492-2508. [CrossRef]

Shaala, L.A.; Youssef, D.T.A.; Badr, ].M.; Sulaiman, M.; Khedr, A.; El Sayed, K.A. Bioactive alkaloids from the
red sea marine verongid sponge pseudoceratina arabica. Tetrahedron 2015, 71, 7837-7841. [CrossRef]
Shaala, L.A.; Youssef, D.T.A. Cytotoxic psammaplysin analogues from the verongid red sea sponge aplysinella
species. Biomolecules 2019, 9, 841. [CrossRef]

Hassan, M.H.A.; Rateb, M.E.; Hetta, M.; Abdelaziz, TA,; Sleim, M.A.; Jaspars, M.; Mohammed, R.
Scalarane sesterterpenes from the egyptian red sea sponge phyllospongia lamellosa. Tetrahedron 2015, 71,
577-583. [CrossRef]

Elhady, S.S.; Al-Abd, A.M.; El-Halawany, A.M.; Alahdal, AM.; Hassanean, H.A.; Ahmed, S.A.
Antiproliferative scalarane-based metabolites from the red sea sponge hyrtios erectus. Mar. Drugs 2016, 14,
130. [CrossRef] [PubMed]

Alahdal, AM.; Asfour, HZ.; Ahmed, S.A.; Noor, A.O.; Al-Abd, A.M.; Elfaky, M.A.; Elhady, S.S.
Anti-helicobacter, antitubercular and cytotoxic activities of scalaranes from the red sea sponge hyrtios
erectus. Molecules 2018, 23, 978. [CrossRef] [PubMed]

Youssef, D.T.; Shaala, L.A.; Emara, S. Antimycobacterial scalarane-based sesterterpenes from the red sea
sponge hyrtios e recta. J. Nat. Prod. 2005, 68, 1782-1784. [CrossRef] [PubMed]

Youssef, D.T.; Yamaki, R K.; Kelly, M.; Scheuer, PJ. Salmahyrtisol a, a novel cytotoxic sesterterpene from the
red sea sponge hyrtios e recta. |. Nat. Prod. 2002, 65, 2-6. [CrossRef]

Youssef, D.T.; Shaala, L.A.; Mohamed, G.A.; Badr, ] M.; Bamanie, FH.; Ibrahim, S.R. Theonellamide g,
a potent antifungal and cytotoxic bicyclic glycopeptide from the red sea marine sponge theonella swinhoei.
Mar. Drugs 2014, 12, 1911-1923. [CrossRef]

Sandler, J.S.; Forsburg, S.L.; Faulkner, D.]. Bioactive steroidal glycosides from the marine sponge erylus
lendenfeldi. Tetrahedron 2005, 61, 1199-1206. [CrossRef]

Gebreyesusa, T.; Yosief, T.; Carmely, S.; Kashmanb, Y. Dysidamide, a novel hexachloro-metabolite from a red
sea sponge Dysidea sp. Tetrahedron Lett. 1988, 29, 3863-3864. [CrossRef]

Carmely, S.; Gebreyesus, T.; Kashman, Y.; Skelton, B.; White, A.; Yosief, T. Dysidamide, a novel metabolite
from a red sea sponge Dysidea herbacea. Aust. ]. Chem. 1990, 43, 1881-1888. [CrossRef]

Sauleau, P.; Retailleau, P.; Vacelet, J.; Bourguet-Kondracki, M.-L. New polychlorinated pyrrolidinones from
the red sea marine sponge lamellodysidea herbacea. Tetrahedron 2005, 61, 955-963. [CrossRef]

Yosief, T.; Rudi, A.; Stein, Z.; Goldberg, I.; Gravalos, G.M.D.; Schleyer, M.; Kashman, Y. Asmarines A-C;
three novel cytotoxic metabolites from the marine sponge Raspailia sp. Tetrahedron Lett. 1998, 39, 3323-3326.
[CrossRef]

Yosief, T.; Rudi, A.; Kashman, Y. Asmarines A—F, novel cytotoxic compounds from the marine sponge
raspailia species. J. Nat. Prod. 2000, 63, 299-304. [CrossRef] [PubMed]

Talpir, R.; Rudi, A.; Ilan, M.; Kashman, Y. Niphatoxin a and b; two new ichthyo- and cytotoxic tripyridine
alkaloids from a marine sponge. Tetrahedron Lett. 1992, 33, 3033-3034. [CrossRef]

Bourguet-Kondracki, M.L.; Martin, M.T.; Guyot, M. A new [3-carboline alkaloid isolated from the marine
sponge hyrtios erecta. Tetrahedron Lett. 1996, 37, 3457-3460. [CrossRef]

30



Mar. Drugs 2020, 18, 457

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Isaacs, S.; Kashman, Y.; Loya, S.; Hizi, A.; Loya, Y. Petrosynol and petrosolic acid, two novel natural
inhibitors of the reverse transcriptase of human immunodeficiency virus from Petrosia sp. Tetrahedron 1993,
49,10435-10438. [CrossRef]

Hawas, U.W.; El-Kassem, L.T.A.; Abdelfattah, M.S.; Elmallah, M.L.Y.; Eid, M.A.G.; Monier, M.; Marimuthu, N.
Cytotoxic activity of alkyl benzoate and fatty acids from the red sea sponge hyrtios erectus. Nat. Prod. Res.
2018, 32, 1369-1374. [CrossRef]

Abdelmohsen, U.R.; Cheng, C.; Reimer, A.; Kozjak-Pavlovic, V.; Ibrahim, A.K.; Rudel, T.; Hentschel, U.;
Edrada-Ebel, R.; Ahmed, S.A. Antichlamydial sterol from the red sea sponge callyspongia aff. Implexa.
Planta Med. 2015, 81, 382-387. [CrossRef]

El Sayed, K.A.; Hamann, M.T. A new norcembranoid dimer from the red sea soft coral sinularia gardineri.
J. Nat. Prod. 1996, 59, 687-689. [CrossRef]

Ellithey, M.S.; Lall, N.; Hussein, A.A.; Meyer, D. Cytotoxic, cytostatic and hiv-1 pr inhibitory activities of the
soft coral litophyton arboreum. Mar. Drugs 2013, 11, 4917-4936. [CrossRef]

Hegazy, M.E.; Gamal Eldeen, A.M.; Shahat, A.A.; Abdel-Latif, EF.; Mohamed, T.A.; Whittlesey, B.R.; Pare, PW.
Bioactive hydroperoxyl cembranoids from the red sea soft coral sarcophyton glaucum. Mar. Drugs 2012, 10,
209-222. [CrossRef]

Hegazy, M.-E.F; Mohamed, T.A.; Abdel-Latif, EF,; Alsaid, M.S.; Shahat, A.A.; Pare, PW. Trochelioid a and b,
new cembranoid diterpenes from the red sea soft coral sarcophyton trocheliophorum. Phytochem. Lett. 2013,
6, 383-386. [CrossRef]

Ahmed, S.; Ibrahim, A.; Arafa, A.S. Anti-h5n1 virus metabolites from the red sea soft coral, sinularia candidula.
Tetrahedron Lett. 2013, 54, 2377-2381. [CrossRef]

Abdel-Lateff, A.; Alarif, WM.; Ayyad, S.E.; Al-Lihaibi, S.S.; Basaif, S.A. New cytotoxic isoprenoid derivatives
from the red sea soft coral sarcophyton glaucum. Nat. Prod. Res. 2015, 29, 24-30. [CrossRef]

Hegazy, M.-E.F.,; Moustfa, A.Y.; Mohamed, A.E.-H.H.; Alhammady, M.A.; Elbehairi, S.E.I; Ohta, S.; Paré, PW.
New cytotoxic halogenated sesquiterpenes from the egyptian sea hare, aplysia oculifera. Tetrahedron Lett.
2014, 55, 1711-1714. [CrossRef]

Pettit, G.R.; Xu, J.P; Hogan, E; Williams, M.D.; Doubek, D.L.; Schmidt, ].M.; Cerny, R.L.; Boyd, M.R.
Isolation and structure of the human cancer cell growth inhibitory cyclodepsipeptide dolastatin 16.
J. Nat. Prod. 1997, 60, 752-754. [CrossRef] [PubMed]

Hirsch, S.; Miroz, A.; McCarthy, P.; Kashman, Y. Etzionin, a new antifungal metabolite from a red sea tunicate.
Tetrahedron Lett. 1989, 30, 4291-4294. [CrossRef]

Awad, N.E,; Selim, M.A.; Metawe, H.M.; Matloub, A.A. Cytotoxic xenicane diterpenes from the brown alga
padina pavonia (1.) gaill. Phytother. Res. 2008, 22, 1610-1613. [CrossRef]

Gedara, S.R.; Abdel-Halim, O.B.; el-Sharkawy, S.H.; Salama, O.M.; Shier, T.W.; Halim, A.F. Cytotoxic hydroazulene
diterpenes from the brown alga dictyota dichotoma. Z. Nat. C 2003, 58, 17-22. [CrossRef]

Abou-El-Wafa, G.S.; Shaaban, M.; Shaaban, K.A.; El-Naggar, M.E.; Maier, A.; Fiebig, H.-H.; Laatsch, H.
Pachydictyols b and c: New diterpenes from dictyota dichotoma hudson. Mar. Drugs 2013, 11, 3109-3123.
[CrossRef]

Sheu, ].H.; Wang, G.H.; Sung, PJ.; Chiu, Y.H.; Duh, C.Y. Cytotoxic sterols from the formosan brown alga
turbinaria ornata. Planta Med. 1997, 63, 571-572. [CrossRef]

Ibrahim, A.K.; Youssef, A.L; Arafa, A.S.; Foad, R.; Radwan, M.M.; Ross, S.; Hassanean, H.A.; Ahmed, S.A.
Anti-h5n1 virus new diglyceride ester from the red sea grass thallasodendron ciliatum. Nat. Prod. Res. 2013,
27,1625-1632. [CrossRef]

Hamdy, A.H.; Mettwally, W.S.; El Fotouh, M.A ; Rodriguez, B.; El-Dewany, A.I; El-Toumy, S.A.; Hussein, A.A.
Bioactive phenolic compounds from the egyptian red sea seagrass thalassodendron ciliatum. Z. Nat. C 2012,
67,291-296.

Mohammed, M.M.; Hamdy, A.H.; El-Fiky, N.M.; Mettwally, W.S.; El-Beih, A.A.; Kobayashi, N. Anti-influenza
a virus activity of a new dihydrochalcone diglycoside isolated from the egyptian seagrass thalassodendron
ciliatum (forsk.) den hartog. Nat. Prod. Res. 2014, 28, 377-382. [CrossRef] [PubMed]

Barone, R.; De Santi, C.; Palma Esposito, F,; Tedesco, P.; Galati, F.; Visone, M.; di Scala, A.; de Pascale, D.
Marine metagenomics, a valuable tool for enzymes and bioactive compounds discovery. Front. Mar. Sci.
2014, 1. [CrossRef]

31



Mar.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Drugs 2020, 18, 457

Gurvich, E.G. Metalliferous Sediments of the World Ocean: Fundamental Theory of Deep-Sea Hydrothermal
Sedimentation; Springer: Berlin/Heidelberg, Germany, 2006.

Behzad, H.; Ibarra, M.A.; Mineta, K.; Gojobori, T. Metagenomic studies of the red sea. Gene 2016, 576, 717-723.
[CrossRef] [PubMed]

Eder, W.; Ludwig, W.; Huber, R. Novel 16s rrna gene sequences retrieved from highly saline brine sediments
of kebrit deep, red sea. Arch. Microbiol. 1999, 172, 213-218. [CrossRef] [PubMed]

Thompson, L.R; Field, C.; Romanuk, T.; Ngugi, D.; Siam, R.; El Dorry, H.; Stingl, U. Patterns of ecological
specialization among microbial populations in the red sea and diverse oligotrophic marine environments.
Ecol. Evol. 2013, 3, 1780-1797. [CrossRef]

Bayer, T.; Neave, M.].; Alsheikh-Hussain, A.; Aranda, M.; Yum, L.K.; Mincer, T.; Hughen, K.; Apprill, A.;
Voolstra, C.R. The microbiome of the red sea coral stylophora pistillata is dominated by tissue-associated
endozoicomonas bacteria. Appl. Environ. Microbiol. 2013, 79, 4759-4762. [CrossRef] [PubMed]

Gao, ZM.; Wang, Y.; Tian, RM.; Wong, Y.H.; Batang, Z.B.; Al-Suwailem, A.M.; Bajic, V.B.; Qian, P.Y.
Symbiotic adaptation drives genome streamlining of the cyanobacterial sponge symbiont “candidatus
synechococcus spongiarum”. mBio 2014, 5, e00079-14. [CrossRef] [PubMed]

Werner, J.; Ferrer, M.; Michel, G.; Mann, A.J.; Huang, S.; Juarez, S.; Ciordia, S.; Albar, J.P.; Alcaide, M.; la
Cono, V.; et al. Halorhabdus tiamatea: Proteogenomics and glycosidase activity measurements identify
the first cultivated euryarchaeon from a deep-sea anoxic brine lake as potential polysaccharide degrader.
Environ. Microbiol. 2014, 16, 2525-2537. [CrossRef] [PubMed]

Haroon, M.E;; Thompson, L.R.; Parks, D.H.; Hugenholtz, P.; Stingl, U. A catalogue of 136 microbial draft
genomes from red sea metagenomes. Sci. Data 2016, 3, 160050. [CrossRef]

Ryu, T.; Seridi, L.; Moitinho-Silva, L.; Oates, M.; Liew, Y.J.; Mavromatis, C.; Wang, X.; Haywood, A.; Lafi, EF.;
Kupresanin, M.; et al. Hologenome analysis of two marine sponges with different microbiomes. BMC Genom.
2016, 17, 158. [CrossRef] [PubMed]

Britstein, M.; Devescovi, G.; Handley, KM.; Malik, A.; Haber, M.; Saurav, K.; Teta, R.; Costantino, V.;
Burgsdorf, I; Gilbert, ].A.; et al. A new n-acyl homoserine lactone synthase in an uncultured symbiont of the
red sea sponge theonella swinhoei. Appl. Environ. Microbiol. 2016, 82, 1274-1285. [CrossRef] [PubMed]
El-Moneam, N.; El-Assar, S.; Shreadah, M.; Adam, A. Isolation, identification and molecular screening of
pseudomonas sp. Metabolic pathways nrps and pks associated with the red sea sponge, hyrtios aff. Erectus,
egypt. J. Pure Appl. Microbiol. 2017, 11, 1299-1311. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

32



&JX marine drugs MPY

Article
Azaphilones from the Red Sea Fungus
Aspergillus falconensis

Dina H. El-Kashef 1202, Fadia S. Youssef 132, Rudolf Hartmann 4, Tim-Oliver Knedel 5,
Christoph Janiak >, Wenhan Lin ¢, Irene Reimche 7, Nicole Teusch 7{*, Zhen Liu "*© and
Peter Proksch 1/8:*

1 Institute of Pharmaceutical Biology and Biotechnology, Heinrich-Heine-University Duesseldorf,

40225 Duesseldorf, Germany; dina.elkashef@mu.edu.eg (D.H.E.-K.);
fadiayoussef@pharma.asu.edu.eg (F.S.Y.)
Department of Pharmacognosy, Faculty of Pharmacy, Minia University, 61519 Minia, Egypt
Department of Pharmacognosy, Faculty of Pharmacy, Ain Shams University, Abbassia, 11566 Cairo, Egypt
Institute of Complex Systems: Strukturbiochemie, Forschungszentrum Jiilich GmbH, ICS-6, 52425 Jiilich,
Germany; r.hartmann@fz-juelich.de
Institut fiir Anorganische Chemie und Strukturchemie, Heinrich-Heine-Universitat Diisseldorf,
40225 Diisseldorf, Germany; tim-oliver.knedel@hhu.de (T.-O.K.); janiak@uni-duesseldorf.de (C.J.)
State Key Laboratory of Natural and Biomimetic Drugs, Peking University, Beijing 100191, China;
whlin@bjmu.edu.cn
Department of Biomedical Sciences, Institute of Health Research and Education, University of Osnabrtick,
49074 Osnabriick, Germany; irene.reimche@uni-osnabrueck.de (I.R.);
nicole.teusch@uni-osnabrueck.de (N.T.)
Hubei Key Laboratory of Natural Products Research and Development, College of Biological and
Pharmaceutical Sciences, China Three Gorges University, Yichang 443002, China
*  Correspondence: zhenfeizi0@sina.com (Z.L.); proksch@uni-duesseldorf.de (P.P);

Tel.: +49-211-81-14163 (Z.L. & P.P)

check for
Received: 4 March 2020; Accepted: 5 April 2020; Published: 10 April 2020 updates

Abstract: The marine-derived fungus Aspergillus falconensis, isolated from sediment collected from
the Canyon at Dahab, Red Sea, yielded two new chlorinated azaphilones, falconensins O and P
(1 and 2) in addition to four known azaphilone derivatives (3—6) following fermentation of the fungus
on solid rice medium containing 3.5% NaCl. Replacing NaCl with 3.5% NaBr induced accumulation
of three additional new azaphilones, falconensins Q-5 (7-9) including two brominated derivatives
(7 and 8) together with three known analogues (10—12). The structures of the new compounds were
elucidated by 1D and 2D NMR spectroscopy and HRESIMS data as well as by comparison with
the literature. The absolute configuration of the azaphilone derivatives was established based on
single-crystal X-ray diffraction analysis of 5, comparison of NMR data and optical rotations as well as
on biogenetic considerations. Compounds 1, 3-9, and 11 showed NF-«kB inhibitory activity against
the triple negative breast cancer cell line MDA-MB-231 with ICs( values ranging from 11.9 to 72.0 uM.

Keywords: Aspergillus falconensis; OSMAC; azaphilones; X-ray diffraction; NF-«B inhibition

1. Introduction

In the last two decades, marine-derived fungi have gained considerable attention for drug discovery
due to their ability to produce a vast diversity of bioactive secondary metabolites [1]. Up until today,
hundreds of secondary metabolites have been characterized from marine-derived fungi exhibiting
promising biological and pharmacological properties [2,3]. In particular, the diketopiperazine alkaloid
halimide, obtained from a marine-derived fungus Aspergillus sp., was the lead structure for the putative
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anticancer drug plinabulin, which has entered Phase III of clinical trials against non-small cell lung
cancer [4-6]. Interestingly, genomic sequencing revealed that under conventional culture conditions,
many biosynthetic fungal gene clusters remain silent and transcriptionally suppressed [7,8]. Changing
the cultivation conditions of fungi may activate silent biosynthetic gene clusters and eventually lead to
either upregulation of constitutively present compounds or accumulation of new natural products [9].
The OSMAC (One Strain MAny Compounds) approach, first described by Zeeck et al. [10], represents
one of the strategies which triggers diversification of the metabolic profile of fungi by altering the
cultivation conditions. Fungi of the genus Aspergillus are rich sources of numerous bioactive secondary
metabolites [11-13]. Consequently, as a part of our ongoing research on marine-derived fungi [14-16],
we have investigated the fungus Aspergillus falconensis (formerly known as Emericella falconensis [17])
that was isolated from sea sediment collected at a depth of 25 m from the Canyon at Dahab, Red Sea,
Egypt. The previously isolated soil-derived fungus, Emericella falconesis, is known as a producer of
anti-inflammatory azaphilone derivatives [18-21]. Herein, we report the isolation, structure elucidation,
and bioactivity of azaphilones obtained from A. falconensis following fermentation of the fungus on
solid rice medium that contained either 3.5% NaCl or 3.5% NaBr. Following this approach, we were able
to obtain two new chlorinated azaphilones (1 and 2) together with four known azaphilone derivatives
(3—6) when the fungus was cultivated in the presence of NaCl and three additional new azaphilone
derivatives (7-9) including two brominated analogues (7 and 8) in addition to three known derivatives
(10-12) in the presence of NaBr. Compounds 1, 3-9, and 11 were examined with regard to their
nuclear factor kappa B (NF-«B) inhibitory activity in the triple negative breast cancer (TNBC) cell line
MDA-MB-231. In TNBC, constitutive activation of the proinflammatory NF-«B is associated with
tumor aggressiveness [22]. All tested compounds revealed inhibition of NF-kB signaling with ICsq
values at two-digit micromolar concentrations.

2. Results and Discussion

After fermentation of A. falconensis on solid rice medium containing 3.5% NaCl (similar to
the salinity of sea water), chromatographic separation of the EtOAc extract of the fungus yielded
two new chlorinated azaphilone derivatives (1-2). In addition, four known azaphilones (3-6) were
identified including falconensins A (3) [18], M (4) [23], N (5) [23], and H (6) [19] by comparison of their
spectroscopic data with the literature.

Compound 1 was isolated as a yellow oil. Its HRESIMS analysis showed an isotope pattern
characteristic for two chlorine atoms in the molecule at m/z 511/513/515 (9:6:1), corresponding to the
molecular formula Cp4H4Cl,Og with 12 degrees of unsaturation. The UV pattern and NMR data of 1
(Tables 1 and 2) were similar to those of the co-isolated known falconensin M (4), which was previously
reported from Emericella falconensis [23], suggesting 1 to be an azaphilone derivative [24]. However,
the 'H NMR spectrum of 1 displayed the signal of an additional methyl group at 6y 2.07 (s) when
compared to 4. The Heteronuclear Multiple Bond Correlation (HMBC) correlations from the protons of
this additional methyl and H-8 to a carbonyl carbon at 6¢ 170.0 together with the obvious deshielded
chemical shift of H-8 (6y 6.11) indicated the replacement of the hydroxy group by an acetoxy group at
C-8in 1. Detailed analysis of the 2D NMR spectra of 1 indicated that the remaining substructure of
1 was identical to that of 4. The large values of 3]H_8,H_8a (10.7 Hz) and 3 JH-1b,H-8a (13.0 Hz) and the
small value of 3]H_1a,H_8a (5.0 Hz) obtained from the "H NMR spectrum of 1, indicated trans-diaxial
orientation between H-8a (611 2.98) and H-8 and between H-8a and H-1b (0g1 3.96) and cis-orientation
between H-8a and H-1a (0y 4.34). The NOE correlations from H-8a to H-1a and Me-9 (0y4 1.56) as
well as between H-8 and H-1b confirmed that H-1a, H-8a and Me-9 were on the same side of the ring
(x-oriented) whereas H-1b and H-8 were on the opposite side (3-oriented). Thus, compound 1 was
elucidated as 8-O-acetyl analogue of 4, representing a new falconensin derivative, for which the trivial
name falconensin O is proposed. Incubation of putative precursors of 1 such as 4 in EtOAc over three
days failed to generate the corresponding acetates, thus ruling out the possibility that the acetylated
azaphilones isolated in this study are artefacts generated during chromatographic workup.
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Table 1. 13C NMR data of compounds 1, 2,7, 8, and 9 in CDCl3.

No. 1ac 2ac 7 b g ac 9 b
1 67.8, CH, 68.2, CH, 68.5, CH, 68.4, CH, 68.0, CH,
3 160.2, C 168.2, C 160.5, C 160.2, C 160.2, C
4 102.4, CH 100.9, CH 102.8, CH 102.6 CH 102.8, CH
4a 1494, C 149.2, C 150.3, C 149.9, C 148.9, C
5 116.6, CH 115.7, CH 116.6, CH 116.6, CH 117.1,CH
6 192.3,C 192.7,C 1938, C 1934, C 193.3,C
7 83.4,C 83.4,C 85.6, C 85.4,C 82.5,C
8 70.1, CH 70.4, CH 69.8, CH 69.7, CH 70.7, CH
8a 38.1,CH 38.0,CH 37.8, CH 37.5,CH 38.2, CH
9 17.9, CH; 18.2, CHj 16.8, CHj 16.6, CHj 18.2, CHj
10 124.9, CH 36.4, CH, 125.4, CH 125.3, CH 125.2, CH
11 134.1, CH 20.0, CH, 133.9, CH 133.6, CH 133.9, CH
12 18.2, CH; 13.6, CHj 18.4, CH; 18.2, CHj 18.4, CHs
1 164.3, C 164.4, C 165.3, C 164.9, C 166.2, C
2/ 122.2,C 122.3,C 117.4,C 117.2,C 1155, C
3’ 152.8, C 152.9,C 156.2, C 157.3,C 159.0, C
4 1129, C 112.8, C 97.1, CH 93.8, CH 96.9, CH
5’ 149.2,C 149.8, C 154.0,C 155.8, C 157.6,C
6’ 117.0,C 1171, C 105.3, C 106.6, C 109.2, CH
7’ 134.3,C 134.5,C 137.4,C 138.1, C 140.0, C
8’ 16.9, CH; 17.1, CH; 20.2, CHj 20.1, CHj 19.6, CHj
8-OAc 170.0, C 170.1, C 169.7, C
20.5, CH; 20.8, CHj 20.8, CHj
3’-OMe 62.4, CHj 62.6, CHy 56.5, CHy 56.3,4 CH, 56.0, CHj
5’-OMe 56.4,9 CH;

a Measured at 150 MHz; ® Measured at 175 MHz; ¢ Data extracted from the HSQC (Heteronuclear Single Quantum
Coherence) and HMBC spectra; ¢ interchangeable.

Table 2. 'H NMR data of compounds 1, 2,7, 8, and 9 in CDCl3.

No. 12 22 7b 82 9b
434,dd (11.0,5.0); 4.29,dd (11.0,5.1); 4.77,dd (10.5,5.1);  4.77,dd (10.6,5.0);  4.32,dd (10.8, 5.0);

1 3.96,dd (13.0,11.0) 3.93,dd (132,11.0) 3.84,dd (13.0,10.5) 3.84,dd (13.0,10.6) 3.93,dd (13.0, 10.8)

4 559,s 553, s 556, 557,s 557,

5 5.86,d (1.7) 5.79,d (1.9) 5.80, d (1.6) 5.80,d (1.8) 5.85,d (1.9)

8 6.11,d (10.7) 6.09,d (10.7) 474,d (10.7) 4.75,d (10.7) 6.11,d (10.7)

% 298,dddd (130,  2.94,dddd (132, 2.88, dddd (13.0, 2.88, dddd (13.0, 2.96, dddd (13.0,

10.7,5.0, 1.7) 10.7,5.1,1.9) 10.7,5.1, 1.6) 10.7,5.0, 1.8) 10.7,5.0, 1.9)

9 1.56, s 1.56, s 147, s 147, s 1.54,s

10 591, dq (15.4, 1.3) 2.20, m 590,dq (154,14)  590,dd (154,1.5)  5.90,dd (153, 1.6)

11 6.45,dq (154, 7.0) 1.58, m 647,dq(154,7.0)  646,dd (154,7.0)  6.42,dd (15.3,7.0)

12 1.88,dd (7.0, 1.3) 0.94, t (7.4) 1.87,dd (7.0,14)  188,dd (7.0,15)  1.87,dd (7.0, 1.6)

4 6.52, s 6.38,s 6.23,s

6 6.22, s

8 2550, 2.50, s 248, 251, 239, s
8-OAc 217, 2.16, s 215,
3’-OMe 3.83,s 3.83,s 3.83,s 392,¢s 374,s
5'-OH 6.04, s 6.04, s
5'-OMe 3.89,%s

a Measured at 600 MHz; ® Measured at 700 MHz; ¢ interchangeable.

The molecular formula of compound 2 was deduced as Cp4HyCl,Og, containing two additional
protons when compared to 1. Investigation of the 'H and *C NMR data of 2 (Tables 1 and 2)
demonstrated the close structural similarity between 1 and 2 except for signals of the side chain at C-3.
In particular, the resonances for the olefinic methine protons at 651 5.91 (H-10) and 6.45 (H-11) of 1 were
replaced by two methylene groups at dyy 2.20 (H,-10) and 1.58 (H;-11) in 2. The COSY correlations
between H;-10/H;,-11/Me-12 together with the HMBC correlations from Hj-11 to C-3 (6¢ 168.2) and
from Hj-10 to C-3 and C-4 (0¢ 100.9) confirmed the attachment of a n-propyl moiety at C-3 in 2. The
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remaining substructure of 2 was determined to be identical to that of 1 by comparison of the 2D NMR
data of 1 and 2. The similar coupling constants and NOE relationships between 1 and 2 indicated that
both share the same relative configuration.

When 3.5% NaCl as a constituent of the rice medium was replaced with 3.5% NaBr, a profound
change in the metabolic profile of the fungus was observed. In total, two new brominated azaphilone
derivatives (7 and 8), one new non-halogenated azaphilone (9), in addition to the known falconensins
K (10) [23] and I (11) [23] were obtained.

The 'H and '3C NMR spectra of 7 (Tables 1 and 2) were comparable to those of the co-isolated
known compound, falconensin K (10) [23]. The HRESIMS data of 7 established the molecular formula
CypHp3BrOy, differing from that of 10 by the replacement of the chlorine with a bromine atom. The
HMBC correlations from Me-8" (0y 2.48) to C-2/ (6¢ 117.4), C-6" (0¢c 105.3), and C-7’ (6¢ 137.4), from
H-4" to C-2’, C-6", C-3’ (6¢ 156.2), and C-4’ (6¢ 154.0), from 3’-OMe (6 3.83) to C-3’ together with the
NOE correlation between 3’-OMe and Me-9 (0y 1.47) indicated the position of the bromine atom at C-6’
in 7. The remaining azaphilone core structure including the relative configuration of 7 was confirmed
to be identical to that of 10 after further inspection of the 2D NMR spectra of 7. Thus, the structure of 7
was elucidated as shown (Figure 1), and the trivial name falconensin Q is proposed for this compound.

10 12
Cl 0 > 0]
O : T H
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HO OMe

Cl
oo XX
Cl . A 0]
o cl
OH
RO OMe © HO
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3R =Me cl 6
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Figure 1. Structures of azaphilones isolated from A. falconensis.

Falconensin R (8) was isolated as a yellow oil. Its molecular formula was determined as Cp3Hp5BrO7 by
HRESIMS, containing an additional methyl group when compared to 7. The NMR data of 8 (Tables 1 and 2)
were similar to those of 7 except for the appearance of two methoxy groups at 6c 56.4 and 56.3, and at
Op1 3.89 (5’-OMe) and 3.92 (3’-OMe) instead of one methoxy group in 7. The location of the additional
methoxy group at C-5’" in 8 was confirmed by the HMBC correlations from 3’-OMe to C-3" (¢ 157.3),
from 5’-OMe to C-5’ (6¢ 155.8), and from H-4" to C-2" (6¢ 117.2), C-6" (¢ 106.6), C-3’ and C-5’, as well
as based on the NOE correlations from H-4’ to 3’-OMe and 5'-OMe.

The molecular formula of 9 was determined as Cy4H¢Og by HRESIMS, indicating 42 amu more
than that of the co-isolated known falconensin I (11) (Cy;H407) [23]. Comparison of the H and 13C
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NMR spectra revealed that the structure of 9 was closely related to that of 11, except for the appearance
of an additional acetoxy group at 6y 2.15 and 6¢ 20.8 and 169.7 in 9. The location of this additional
acetoxy group at C-8 was confirmed by the COSY correlations between H-1ab/H-8a/H-8 and the HMBC
correlations from H-8 to the carbon of the additional acetoxy group. The similar NOE correlations of
9 and 11 suggested that they shared the same configuration. Thus, compound 9 was elucidated as
8-O-acetyl analogue of falconensin I (11).

The specific optical rotation values of 1, 2, 7, 8, and 9 are positive (+99 — +233), which is in
agreement with the positive values reported for other known falconensin derivatives with 7R, 85, and
8a$ configuration, suggesting that the new compounds share the same absolute configuration as the
known derivatives [18,20,25]. Although the absolute configuration of other falconensin derivatives
had been determined previously by Mosher’s reaction and observation of Cotton effects of CD
curves [18,20,25], no crystal structure had so far been reported for these compounds. To independently
assign the absolute configuration of the isolated compounds, a single crystal X-ray diffraction analysis
through anomalous dispersion of the known falconensin N (5), for which crystals of sufficient quality
were obtained, was conducted. Herein, we present for the first time the crystal structure of falconensin
N (5) (Figure 2). From the single-crystal structure refinement, the absolute structure assignment was
based on the Flack parameter of 0.016(5) (Table S1) [26-29]. The crystal structure of falconensin N
(5) is in agreement with the previously reported absolute configuration [18,20,25]. Based on these
data, all falconensin derivatives isolated in this study are suggested to share the same 7R, 8S, and 8aS
absolute configuration.

Figure 2. Molecular structure of 5 from a single-crystal X-ray structure determination (50% thermal

ellipsoids; H atoms with arbitrary radii). The propyl group is disordered, and the two respective atom
positions were refined with equal occupation factors.

Azaphilones constitute a class of fungal metabolites possessing various biological activities,
including antiviral, antibacterial, antioxidant, hypolipidemic, cytotoxic, and anti-inflammatory
properties [24,30]. For falconensins in particular, anti-inflammatory activity against
12-O-tetradecanoylphorbol-13-acetate-induced inflammatory ear edema in mice had been reported [21].
Compounds 1, 3-9, and 11 were evaluated for their anti-inflammatory activity in the triple negative
breast cancer cell line NF-kB-MDA-MB-231. The IC5; values were calculated based on inhibition of the
NF-kB-dependent luciferase activity and revealed NF-«B blockade for all compounds (Table 3). To
exclude that cytotoxicity caused reduction of NF-kB activity, cell viability was determined in parallel.
Compounds 1, 4-7, 9, and 11 did not influence cell viability within the selected concentration range,
whereas compound 8 reduced cell viability with an ICsy of 126.8 + 5.4 uM, thus showing about
9-times higher potency in NF-«kB-blockade compared to its cytotoxicity. Compound 3 with an ICsg of
89.7 + 9.1 uM in the cytotoxicity assay only showed around 2-times higher potency in NF-kB-blockade.
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Plotting the pICsg, which is calculated as the negative decadic logarithm of ICs, of the cell viability
against the pICsy of NF-kB inhibition, illustrates a greater anti-inflammatory potential of the examined
compounds compared to their cytotoxic potential (Figure S40). In conclusion, inhibition of NF-xB
signaling in the TNBC cell line MDA-MB-231 could be induced by 1, 3 — 9, and 11, with 7 being the
most potent compound.

Table 3. 1Cs5g values (uM) of the compounds tested in MDA-MB-231 cells for NF-«B inhibition and
inhibition of cell viability. #

Compound NF-kB inhibition Cell viability inhibition
Falconensin O (1) 157+ 0.7 > 200
Falconensin A (3) 532 +214 89.7 £9.1
Falconensin M (4) 56.5 + 8.3 > 200
Falconensin N (5) 71.0+73 > 200
Falconensin H (6) 72.0 +28.1 > 400
Falconensin Q (7) 119 +21 > 200
Falconensin R (8) 146+17 126.8 + 5.4
Falconensin S (9) 20.1 £5.6 > 200
Falconensin I (11) 195+25 > 400

2 Average ICs of at least three individual experiments + SD tested in the concentration range of 400 uM to 0.78 uM
(3, 6, and 11) and 200 uM to 0.78 uM (1, 4, 5, 7, 8, and 9) in a two-fold serial dilution.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured using a Jasco P-2000 polarimeter. The compounds were dissolved
in optically pure solvents Uvasol® (spectroscopic grade solvents, Merck). 1D and 2D NMR spectra
were recorded on Bruker Avance III 300 or 600 or 700 MHz NMR spectrometers (Bruker BioSpin,
Rheinstetten, Germany). Low-resolution mass spectra were recorded with an Ion-Trap-API Finnigan
LCQ Deca (Thermo Quest) mass spectrometer, while high-resolution mass data were measured on
a FTHRMS-Orbitrap (Thermo-Finnigan) mass spectrometer. HPLC analysis was conducted using
a Dionex UltiMate-3400 SD with an LPG-3400SD pump coupled to a photodiode array detector
(DAD3000RS) and employing a Knauer Eurospher C;g analytical column (125 X 4 mm i.d., 5 um).
Purification of the compounds was performed using semipreparative HPLC on the VWR Hitachi
Chromaster HPLC system, 5160 Pump; 5410 UV detector; Eurosphere-100 Cyg, 300 mm X 8 mm i.d.,
10 pm, Knauer, Germany) with MeOH and H2O as eluents utilizing a flow rate of 5 mL/min. Column
chromatography was performed using different stationary phases including Merck MN silica gel
60 M (0.04-0.063 mm), silica gel 60 RP-18 (40-63 um), and Sephadex LH-20 (Merck). TLC plates
precoated with silica gel 60 Fys4 (Merck) were used for monitoring fractions resulting from column
chromatography. Detection of spots on the TLC was done by UV absorption at 254 and 365 nm
followed by anisaldehyde spray reagent.

3.2. Fungal Material

The fungus was isolated from marine sediment which was collected at a depth of 25 m from
the Canyon at Dahab, Red Sea, Egypt in November 2016. The fungus was identified as A. falconensis
(GenBank accession No. MN905375) through amplification and sequencing of the internal transcribed
spacer region including the 5.8S ribosomal DNA following by a subsequent BLAST search in NCBI as
described before [31]. A deep-frozen specimen of the fungal strain has been deposited in one of the
author’s laboratory (P.P).
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3.3. Fermentation, Extraction, and Isolation

Initial fermentation of the fungus was conducted in ten 1L Erlenmeyer flasks. To each flask, 100 g
of rice (Oryza Milchreis), 100 mL of demineralized water, and 3.5 g of NaCl were added. Thereafter,
the flasks were autoclaved at 121 °C for 20 min and after cooling to room temperature, the fungus was
inoculated on the rice medium. Fermentation of the fungus was continued under static conditions for
21 days at 20 °C until the fungus had totally overgrown the medium. Then, each flask was extracted
with 600 mL EtOAc. After overnight soaking in EtOAc, the rice medium was cut into small pieces
and shaken for 8 h at 150 rpm followed by evaporation of EtOAc, yielding around 16 g of EtOAc
extract. For the OSMAC experiment, the same cultivation and extraction procedures of the initial
cultivation were conducted except for the replacement of the added 3.5% NaCl with 3.5% NaBr and the
cultivation on three flasks instead of ten. Eventually, the OSMAC experiment yielded approximately
2 g of EtOAc extract.

The initial crude extract of the large scale cultivation of the fungus obtained in presence of NaCl
(16 g) was fractionated by vacuum liquid chromatography (VLC) on silica gel as a stationary phase
utilizing a step gradient of solvents consisting of mixtures of n-hexane/EtOAc and CH,Cl,/MeOH, to
yield 12 fractions (V1 to V12). Fraction V4 (874 mg) was further separated by Sephadex LH20 column
chromatography using CH,Cl,-MeOH (1:1) as mobile phase affording eight subfractions (V4-51 to
V4-58). Subfraction V4-54 (162.8 mg) was purified by semi-preparative HPLC using acetonitrile-H,O
containing 0.1% formic acid (from 60:40 to 95:5 in 22 min) to afford 1 (1.8 mg), 2 (1.5 mg), and 3 (11.8 mg).
Subfraction V4-S5 (139.6 mg) was further purified by semi-preparative HPLC using gradient elution
with acetonitrile-H,O containing 0.1% formic acid (60:40 to 95:5 in 22 min) affording 4 (6.3 mg) and 5
(2.2 mg). Fraction V6 (686.1 mg) was submitted to RP-VLC column using H,O-MeOH gradient elution
to yield 10 subfractions (V6-R1 to V6-R10). Subfraction V6-R7 (110 mg) was further purified using
semi-preparative HPLC with a gradient of MeOH-H,O containing 0.1% formic acid (67:33 to 80:20 in
20 min) to afford 6 (15.1 mg).

The EtOAc extract (2 g) obtained from the OSMAC experiment with addition of 3.5% NaBr,
was also fractionated by VLC on silica gel as described before to give 13 fractions (BrV1 to BrV13).
Subsequent purification of BrV5 (157 mg), BrVé6 (32 mg), and BrV10 (140 mg) using Sephadex LH20
column chromatography with CH,Cl,-MeOH (1:1) as mobile phase and semi-preparative HPLC with
a gradient of MeOH-H,O containing 0.1% formic acid to afford 7 (3.1 mg), 8 (2.1 mg), 9 (1.2 mg), 10
(0.9 mg), and 11 (2.0 mg).

Falconensin O (1): Yellow oil; [a]g) +176 (c 0.2, MeOH); UV (MeOH) Amax 355 and 206 nm; 'H and
13C NMR data, Tables 1 and 2; HRESIMS m1/z 511.0923 [M + H]* (calcd for Cp4H,5Cl,Og, 511.0921).

Falconensin P (2): Yellow amorphous powder; [a]ZDO +233 (¢ 0.2, MeOH); UV (MeOH) Apax 329 and
216 nm; 'H and 13C NMR data, Tables 1 and 2; HRESIMS m/z 513.1073 [M + H]* (calcd for Cp4H,7Cl,Os,
513.1077).

Falconensin Q (7): Yellow oil; [a]%)o +182 (c 0.2, MeOH); UV (MeOH) Amax 354 and 205 nm; 'H and
13C NMR data, Tables 1 and 2; HRESIMS m/z 479.0702 [M + H]* (calcd for CyyHy4BrO7, 479.0700).

Falconensin R (8): Yellow oil; [a]g) 499 (c 0.2, MeOH); UV (MeOH) Amax 353 and 206 nm; 'H and
13C NMR data, Tables 1 and 2; HRESIMS 1/z 493.0853 [M + H]* (calcd for Cp3H,4BrO7, 493.0856).

Falconensin S (9): Yellow oil; [a]ZDO +105 (c 0.2, MeOH); UV (MeOH) Amax 355 and 201 nm; 'H and
13C NMR data, Tables 1 and 2; HRESIMS m/z 443.1700 [M + H]* (calcd for Co4H,7Og, 443.1700).

3.4. Crystallographic Analysis of Compound 5

Crystals were obtained by solvent evaporation (MeOH). Data Collection: compound 5 was
measured with a Bruker Kappa APEX2 CCD diffractometer with a microfocus tube and Cu-K«
radiation (A = 1.54178 A). APEX2 was used for data collection, SAINT for cell refinement and data
reduction [32], and SADABS for experimental absorption correction [33]. The structure was solved
by intrinsic phasing using SHELXT [34], and refinement was done by full-matrix least-squares on F?
using SHELXL-2016/6 [35]. The hydrogen atoms were positioned geometrically (with C-H = 0.95 A for
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aromatic CH, 1.00 A for aliphatic CH, 0.99 A for CH,, and 0.98 A for CH) and refined using riding
models (AFIX 43, 13, 23, 137, respectively), with Uiso(H) = 1.2 Ueq(CH, CHy), and 1.5 Ueq(CH3). The
absolute structure configuration of 5 was solved using anomalous dispersion from Cu-Ke, resulting
in a Flack parameter of 0.016(5) using Parsons quotient method. All graphics were drawn using
DIAMOND [36]. The structural data have been deposited in the Cambridge Crystallographic Data
Center (CCDC No. 1976223).

3.5. Triple Negative Breast Cancer Studies

3.5.1. Cell Culture and Chemicals

Culture medium and supplements were purchased from Gibco (Fisher Scientific, Schwerte,
Germany). Cell plates were obtained from Greiner bio-one (Frickenhausen, Germany). Cells were
grown and incubated in a humidified 5% CO; atmosphere at constant 37 °C. The metastatic breast
cancer cell line, MDA-MB-231, was purchased from the European Collection of Authenticated Cell
Cultures (ECACC) (Salisbury, UK). Sub-culturing was performed in RPMI 1640 medium (#21875-034)
supplemented with 15% (v/v) fetal calf serum (FCS) and 1% (v/v) penicillin-streptomycin (pen-strep)
(10,000 U/mL). The MDA-MB-231 cell line stably expressing a plasmid with the NF-«B response element
and the gene sequence for the firefly-luciferase protein (NF-kB- MDA-MB-231) was purchased from
Signosis (Santa Clara, CA, USA; #5L-0043). For selection, 100 pg/mL hygromycin B (Life Technologies,
Darmstadt, Germany; #10687010) was applied in high glucose DMEM (#41966-029) supplemented with
10% (v/v) FCS, 1% (v/v) pen-strep. Starvation medium for the NF-«B inhibition assay contained 1% (v/v)
FCS, 1% (v/v) pen-strep, and 100 pg/mL hygromycin B. Cell detachment occurred by trypsinization in
0.25% trypsin-EDTA and cell counting was performed at 1:1 (v/v) dilution in Erythrosin B (BioCat,
Heidelberg, Germany; #L.13002) using the LUNA II automated cell counter (BioCat). Compounds 1, 4,
5,7, 8, and 9 were dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 10 mM, whereas
the compounds 3, 6, 11 were dissolved at 20 mM in DMSO. Further dilutions in cell culture medium
contained maximal 2% DMSO.

3.5.2. NF-kB Inhibitory Assay

3 x 10* NFkB-MDA-MB-231 cells were seeded in total 100 uL medium per well in a 96-well plate
(Greiner; #655098). On the next day, medium was exchanged, and triplicates were pre-incubated
for 20 min without (negative control) or with compounds in total 100 uL starvation medium. Final
concentration of the compounds ranged a twofold serial dilution starting from 400 uM (compound 3,
6, and 11) or 200 uM (compound 1, 4, 5, 7, 8, and 9) to 0.78 pM. To activate NF-«B signaling, untreated
cells (positive control) or compound treated cells were subsequently stimulated for 24 h with 20 ng/mL
TNF« (Peprotech, Hamburg, Germany; #300-01A). Finally, cell lysis and measurement were done
according to the manufacturer’s instruction of the Luciferase Assay System (Promega, Mannheim,
Germany; #E1500). Injection of equal volume of luciferase substrate with 10 s integration time and
subsequent luminescence measurement was performed using the Spark® microplate reader (TECAN,
Minnedorf, Switzerland).

3.5.3. Cell Viability Assay

Using the CyBio® Well vario pipetting robot (Analytik Jena, Jena, Germany; #013381-24-730),
18 uL of the MDA-MB-231 cell suspension (2.8 x 10° cells/mL) were seeded per well in a 384-well plate
(Greiner; #781074) and incubated for 24 h. The final concentration of the compounds ranged in twofold
serial dilution steps starting from 400 uM (compound 3, 6, and 11) or 200 pM (compound 1, 4, 5, 7, 8,
and 9) to 0.78 uM. After 24 h compound stimulation in quadruples, cell lysis and measurement were
done as prescribed in the manufacturer’s instruction of the CellTiter-Glo® Luminescent Cell Viability
Assay (Promega; #G7570). In short, it was applied equal volume of the CellTiter-Glo® reagent and
luminescence was measured using the Spark® microplate reader (TECAN).
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3.5.4. Statistical Analysis

Data of the NF-«B inhibitory assay and cell viability assay represent at least three individual
experiments and were analyzed using GraphPad Prism (GraphPad Software, San Diego, USA; Version
8.1.2). For the NF-«B inhibitory assay, data below the relative light unit (RLU) of the negative
control were excluded for further analysis. Half maximal inhibitory concentration (ICsq) values
were determined by nonlinear regression analysis based on the dose-response inhibition calculation
“log(inhibitor) vs. response—variable slope (four parameters)” without curve fitting.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/4/204/s1,
UV, HRMS, 1D and 2D NMR spectra of all the new compounds 1, 2 and 7-9 as well as NF-«B inhibitory potential
of the tested compounds and crystal data for compound 5.
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Abstract: Epicotripeptin (1), a new cyclic tripeptide along with four known cyclic dipeptides
(2-5) and one acetamide derivative (6) were isolated from seagrass-associated endophytic fungus
Epicoccum nigrum M13 recovered from the Red Sea. Additionally, two new compounds, cyclodidep-
sipeptide phragamide A (7) and trioxobutanamide derivative phragamide B (8), together with eight
known compounds (9-16), were isolated from plant-derived endophyte Alternaria alternata 13A
collected from a saline lake of Wadi El Natrun depression in the Sahara Desert. The structures of the
isolated compounds were determined based on the 1D and 2D NMR spectroscopic data, HRESIMS
data, and a comparison with the reported literature. The absolute configurations of 1 and 7 were
established by advanced Marfey’s and Mosher’s ester analyses. The antimicrobial screening indicated
that seven of the tested compounds exhibited considerable (MIC range of 2.5-5 ug/mL) to moderate
(10-20 pg/mL) antibacterial effect against the tested Gram-positive strains and moderate to weak
(10-30 ug/mL) antibacterial effect against Gram-negative strains. Most of the compounds exhibited
weak or no activity against the tested Gram-negative strains. On the other hand, four of the tested
compounds showed considerable antibiofilm effects against biofilm forming Gram-positive and

Gram-negative strains.

Keywords: epicotripeptin; phragamide; Epicoccum; Alternaria; antimicrobial; antibiofilm

1. Introduction

Marine microorganisms are considered a rich source for drugs, drug leads, and agro-
chemicals [1-4]. Fungi isolated from different marine environments have been widely
studied since they are cosmopolitan organisms that can survive in all phases of marine habi-
tats regardless of environmental conditions. As a result, complex secondary metabolites
are produced by marine fungi and analysis of their chemical profiles provides structurally
diverse metabolites with new and novel chemical scaffolds, as well as promising biological
activities [5,6].

Alternaria and Epicoccum are two ubiquitous fungal genera that are widely distributed
in Nature [7,8]. They are found as endophytic, pathogenic, and saprophytic fungi [8,9].
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Alternaria spp. are known as opportunistic pathogens that cause more than 300 plant
diseases, having a detrimental impact on the agricultural economy [10]. The literature indi-
cated that different alkaloids, terpenoids, steroids, phenolics, quinones, and pheromones
are biosynthesised by more than one Alternaria species [11]. These metabolites are known
to have potential phytotoxic, cytotoxic, antifungal and antimicrobial, and anticancer ac-
tivities [11]. Meanwhile, Epicoccum spp. have been isolated as potential endophytic fungi
residing in the sugarcane plant, which significantly impacts high root biomass and controls
sugarcane pathogens [12]. Similarly, Epicoccum spp. are well known for their biocontrol
activity against host pathogens, especially in sunflower, cotton, apple, and peaches [12].
Chemically, Epicoccum spp. have been shown to produce a rich number of carotenoid
pigments, heterocyclic compounds, sulphur compounds, phenolics, and polysaccharides,
which exhibit biologically important activities such as antioxidant, antimicrobial, her-
bicidal, antiviral, phytotoxic, anticancer, antitumor, and immunosuppressive [9,13-17].
Moreover, E. nigrum produces a range of diketopiperazine or cyclic dipeptides, which
showed potential bioactivities such as anti-HIV, antifungal, and antibacterial [14,15]. The
Epicoccum-derived metabolites are characterised by the presence of sulphur bridges, which
possess diverse pharmacological effects. Though sulphur-containing metabolites are fre-
quently found in Nature, the secondary metabolites with cross-ring sulphur bridges and
S-methyl groups are rare and mainly reported from fungi [13].

In 2017, we initiated a collaborative project between Egypt and the UK aiming at the
isolation of new endophytic fungal strains from different under-explored marine habitats
in Egypt to be screened for their antimicrobial effect, with the ultimate aim of incorporating
their bioactive extracts or metabolites into textiles used in Egyptian hospitals to reduce
nosocomial infections. As a result, 21 out of 32 endosymbiotic marine-derived fungal
isolates were isolated from both Hurghada, Red Sea and Wadi El-Natrun depression in
Sahara, identified by molecular biological traits, and selected for further study based on
their antimicrobial effects [18]. In this study, the chemical profiles following large scale
fermentation of two endophytic fungal isolates, Epicoccum nigrum M13 isolated from the
seagrass Thalassia hemprichii collected from Hurghada, Red sea and Alternaria alternata 13A
recovered from the leaves of Phragmites australis collected from Wadi El-Natrun depression
were studied. Herein, we report the large-scale fermentation, isolation, structure elucidation
of new and known fungal metabolites of different chemical classes and their antimicrobial
and antibiofilm activities on a panel of various pathogenic organisms.

2. Results and Discussion
2.1. Isolation and Identification of the Endophytic Fungal Strains

Out of the 21 endosymbiotic marine-derived fungal isolates recovered and prioritized
in our previous study, we have selected the isolates M13 and 13A for scale up due to
their promising antimicrobial effects and prolific chemical profiles established by the
LC-HRMS analysis. The fungal strains M13 and 13A were isolated from the marine
seagrass Thalassia hemprichii (collected from Makady bay, south Hurghada, Egypt) and
the plant Phragmites australis (collected from Lake El-Bida, Wadi El-Natrun, Egypt) and
identified using morphological features and genetic markers (ITS rDNA and (-tubulin) as
Epicoccum nigrum and Alternaria alternata, respectively, as described previously [18].

2.2. Fermentation, Isolation, and Structure Elucidation

Large scale fermentation of the pure culture of E. nigrum M13 was performed on a
modified marine ISP2 medium. The total extract was prepared using methanol (MeOH),
defatted with n-hexane, and sequentially extracted with dichloromethane (DCM) and ethyl
acetate (EtOAc). Both DCM and EtOAc fractions were analysed for their metabolite profiles
using analytical RP-HPLC equipped with a diode array UV detector. The antimicrobial
screening indicated the DCM fraction as the active subfraction, and further purification
was carried out using RP-HPLC analysis which yielded six compounds (1-6, Figure 1).
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Figure 1. Structures of the fungal metabolites isolated from the E. nigrum M13 (1-6) and A. alternata 13A (7-16).

Epicotripeptin (1) was isolated from the DCM fraction as pale yellow coloured amor-
phous solid. The molecular formula Cy5H6N4O3, indicating fifteen degrees of unsaturation,
was determined by the HRESIMS analysis which showed a quasimolecular ion peak at m/z
453.1899 [M + Na]*. NMR data of compound 1 (Table 1) indicated the presence of 25 car-
bons which included five diastereotopic methylenes, three methines, ten aromatic/olefinic
protons, four quaternary carbons, and three carbonyl carbons. The molecular formula
together with the distinct 'H and '*C NMR profile indicated a peptide molecule. Analysis
of 1D and 2D NMR data strongly suggested the presence of the amino acids phenylalanine
(monosubstituted benzene ring at 6y 7.26/H-23/27,7.25/H-24/26, 7.19/H-25), tryptophan
(1,2-disubstituted benzene ring, 6y 7.36/H-8, 7.05/H-9, 6.96/H-10, 7.56 /H-11, 7.17 /H-6),
and proline (5y 3.26-3.38/H;-14, 1.61-1.71/H,-15, 1.39-1.98/H,-16, 10.85, 7-NH). This
assignment was corroborated by the COSY spectrum, while HMBC correlations from 7-NH
to C-5, Hy-4 to C-3 and C-5, H-3 to C-12, H-17 to C-18, H-23/25 to C-21, H,-21 to C-1,
as well as 19-NH to C-17 and C-1 allowed for connecting the carbonyl groups and the
aliphatic moieties with the respective aromatic substructures and established the sequence
of the amino acids within the tripeptide (Figure 2A).

The absolute configuration of the three amino acid residues of 1 was established using
the advanced Marfey’s method [19], which upon comparison with authentic standards
revealed all of them to be present as their respective L-forms. Therefore, the absolute
configuration of 1 was established as cyclo(L-Trp-L-Pro-L-Phe), a new natural product for
which the name epicotripeptin is proposed.
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Table 1. 'H (600 MHz) and '3C (150 MHz) NMR spectroscopic data for 1 (DMSO-ds, 298 K).

Position TH (Mult., J in Hz) 13C, Mult. HMBC
Tryptophan moiety
1-CO 165.1,C
2-NH 7.73 (br s) C-3,C+4,C-12,C-17,C-18
3 4.30 (t,5.4) 55.2, CH C4,C-5,C-12,C-18
4 3.24-3.07 (m) 25.8, CH, C-3,C-5,C-6,C-12,C-11a
5 109.4, C
6 7.17 (m) 124.3, CH C-5,C-7a,C-11a
7-NH 10.85 (br s) C-5,C-6,C-7a, C-11a
7a 136.0, C
8 7.32(d,7.9) 111.2, CH C-10, C-11a
9 7.05 (t,7.6) 120.8, CH C-11,C-7a
10 6.96 (t, 7.6) 118.2, CH C-8,C-11a
11 7.56 (d, 7.8) 118.6, CH C-5,C9,C-7a,C-11a
11a 127.4,C
Proline moiety
12-CO 165.5, C
14 3.38-3.26 (m) 445, CH, C-15, C-16, C-17
15 1.71-1.61 (m) 21.8, CH, C-14, C-16,C-17
16 1.98-1.39 (m) 27.7, CHy C-14, C-15,C-17,C-18
17 4.08 (m) 58.4, CH C-16, C-18
Phenylalanine moiety
18-CO 168.9, C
19-NH 7.97 (br s) C-1, C-17,C-18, C-20, C-21
20 4.34 (t,5.4) 55.7, CH C-1,C-18,C-21,C-22
21 3.03 (dd, 14.6, 4.9) 35.4, CH, C-1,C-20,C-22,C-23/27
22 137.3,C
23/27 7.26 (d, 6.8) 129.8, CH C-21,C-25
24/26 7.25 (t, 6.8) 127.9, CH C-22
25 7.19 (m) 126.3, CH C-23/C-27

Figure 2. (A) Key COSY ™ and HMBC 77X correlations of compounds 1, 7, and 8; (B) molecular mechanics
simulations of compound 7.

The other isolated compounds from E. nigrum M13 were identified as the known
cyclo(L-Pro-L-Val) (2) [20], cyclo(L-Pro-L-Ile) (3) [20], cyclo(L-Pro-L-Phe) (4) [21], cyclo(L-
Pro-L-Tyr) (5) [21], and N- (2-phenylethyl)acetamide (6) [22] (Figure 1) based on their
accurate mass analysis, NMR spectral, and other physical data in comparison with data
reported in the literature.

Similarly, large scale fermentation of the pure culture of A. alternata 13A was performed
on a rice medium prepared in seawater, followed by extraction and fractionation steps.
Antimicrobial screening indicated that both DCM and EtOAc fractions were active, thus
both were selected for further processing. Purification of the DCM and EtOAc fractions
using different chromatographic techniques and finally using RP-HPLC yielded a total of
10 fungal metabolites (7-16).

Compound 7, obtained as pale yellow amorphous solid, had the molecular formula of
Cy0H17NOy4 with three degrees of unsaturation as determined by HRESIMS (m/z 214.1082
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[M - HJ"). The NMR data showed that the molecule contained three methyl, four methine,
one diastereotopic methylene, and two carbonyl carbons (Table 2). Inspection of the NMR
data revealed the presence of an isoleucine moiety in 7, similar to the known compound
tenuazonic acid (9), which was confirmed by the COSY spin system including H3-12, Hs-11,
H,-10, H-9, H-6, and the NH signal. Similarly, the COSY spectrum also indicated the
presence of a 2-hydroxypropyl moiety, as evident from the spin system comprising oy 4.65,
(H-3), g1 4.05 (H-7), 811 5.45 (OH), and 6y 1.14 (H3-8) (Figure 2A). Two carbonyl groups at
d¢c 168.1 (C-2) and 8¢ 166.0 (C-5) were connected to these two substructures based on their
correlations in the HMBC spectrum (Figure 2A), clearly establishing the planar structure
of 7 as 3-(sec-butyl)-6-(1-hydroxyethyl)morpholine-2,5-dione, a new natural product for
which the trivial name phragamide A is proposed.

Table 2. 1H (600 MHz) and 13C (150 MHz) NMR spectroscopic data for 7 and 8 (DMSO-dg, 298 K).

. Phragamide A (7) Phragamide B (8)
Position
Sy (Mult., J in Hz) 8¢, Mult. Sy (Mult., ] in Hz) 8¢, Mult.

1 2.15 (s) 30.0, CHj3
2 168.1, C 201.9,C
3 4.65 (s) 81.8, CH 3.76 (br s) 52.9, CH,
4 169.1, C
5 166.0, C
6 4.10 (brs) 57.5,CH 176.7,C
7 4.05 (m) 68.4, CH 2.50 (m) 41.8,CH
8 1.14 (d, 6.2) 18.6, CHj 1.51-1.33 (m) 26.3, CH,
9 1.93 (m) 38.3, CH 0.81 (t,7.6) 10.9, CH3
10 1.41-1.28 (m) 24.5, CH, 0.98 (d, 6.9) 16.2, CHj
11 0.87 (t,7.2) 11.8, CHj
12 0.92(d, 7.5) 14.7, CHj

1-NH 8.36 (br s)

5-NH 10.76 (br s)

7-OH 5.45 (brs)

To determine the absolute configuration of the secondary alcohol at C-7, the modified
Mosher ester reaction [23] was carried out. Positive Ad were observed for the H-3, H-6,
H-9, H-10, H-11, and H-12, whereas negative A5 were observed in H-8 (Table S1), which
allowed us to assign the absolute configuration as R. Based on the small coupling constant
between H-3 and H-7, a syn-configuration was proposed with the chiral centre at C-3,
which was thus judged to have S-configuration. The advanced Marfey’s method [19] was
carried out to establish the absolute configuration of the isoleucine residue. The retention
time for the FDLA-derivatized amino acid residue of 7 was compared to that of the FDLA-
derivatized standard amino acid, allowing the assignment of an L-configuration (6S,9R)
to the isoleucine residue. This was further confirmed by the strong ROESY correlations
between H-3/H-7, H-3/H-6, and H-6/H-9, as well as the molecular mechanics simulations
(Figure 2A). It is worth noting that phragamide A (7) is a cyclodidepsipeptide belonging to
the rare dioxomorpholine class of compounds and is closely related to three fungal metabo-
lites previously characterised from Hypericum barbatum-derived endophyte Fusarium
sporotrichioides [24].

Compound 8 was obtained from the DCM fraction as brownish oil. HRESIMS showed
a quasimolecular ion peak at m/z 184.0979 [M — H] indicating the molecular formula of
CyoH15NOj3 with three degrees of unsaturation. 'H and '3C NMR spectra showed that the
molecule contained one methine, two methylene, and three methyl groups together with
three carbonyl groups and an NH proton. From the chemical shift values and the multi-
plicities together with the COSY spin system observed, a 2-methylbutanoyl moiety was
readily identified (Table 2), similar to compound 7 (vide supra). Analysis of the remaining
signals, including HMBC correlations (Figure 2A) established the planar structure of 8
as 2-methyl-N-(3-oxobutanoyl) butanamide, a new compound for which the trivial name
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phragamide B is proposed. No attempt was made to establish the absolute configuration
of 8 due to the scarcity of material obtained. It is interesting to note that 8 displays a degree
of chemical similarity to the well-known tenuazonic acid (9), which was likewise detected
in the same culture of A. alternata 13A.

The other isolated compounds from A. alternata 13A were identified as the known
tenuazonic acid (9) [25], altechromone A (10) [26], altenusin (11) [27], alternariol (12) [28],
alternariol monomethylether (13) [26], altertoxin I (14), altertoxin II (15) [29], and alter-
perylenol (16) [30] (Figure 1) based on the comparison of their accurate masses, NMR
spectra, and optical rotation data with literature values.

2.3. Biological Activity
2.3.1. Antimicrobial Activity

The rapid development of antimicrobial resistance is considered one of the major
health concerns, with pathogenic microorganisms increasingly becoming resistant to antimi-
crobial or anti-infective agents. If left unattended, diseases associated with drug-resistant
pathogens could kill more people than cancer [31]. For the discovery of new antimicrobial
agents from natural sources that could be efficient in the incorporation of textiles, we have
performed initial antimicrobial screening which indicated that the total extract of each
of M13 and 13A exhibited promising antimicrobial effects against a panel of pathogenic
strains tested [18]. The antimicrobial activity of the pure compounds (1-6) of E. nigrum
M13 and compounds (7-16) of A. alternata 13A was assessed against a panel of pathogenic
microorganisms comprising Gram-positive bacteria (Staphylococcus aureus and Bacillus sub-
tilis), Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonia,
and Proteus vulgaris), and yeast (Candida albicans) (Table 3). Epicotripeptin (1) showed
considerable activity against both Gram-positive tested bacteria, while a moderate to weak
inhibition was observed against all tested Gram-negative bacteria and C. albicans. Cyclo(L-
Pro-L-Val) (2) and cyclo(L-Pro-L-Ile) (3) displayed a weak antibacterial activity only against
Gram-positive bacteria, while cyclo(L-Pro-L-Phe) (4) and cyclo(L-Pro-L-Tyr) (5) displayed
a moderate antibacterial activity against Gram-positive bacteria, weak activity against
Gram-negative bacteria, and no antifungal activity.

Table 3. Minimum inhibitory concentrations (MIC) of the pure compounds (1-16) isolated from E. nigrum M13 and

A. alternata 13A against bacterial and fungal pathogens.

Minimum Inhibitory Concentration (MIC, pg/mL) *

Compound - , ) , , ,
S. aureus B. subtilis E. coli K. pneumonia P. vulgaris P. aeruginosa  C. albicans

1 25 25 10 20 10 30 30
2 50 40 - - - - -
3 20 20 - - - - -
4 10 10 30 30 30 - -
5 10 10 30 30 30 - -
6 40 40 - - - - 40
7 5 5 20 - - 10 20
8 30 40 30 40 40 - 50
9 10 10 - - - - -
10 - - - - - - -
11 20 20 - - - 30 50
12 20 30 - - - 40 50
13 30 30 - - - - 40
14 30 30 - - - - 40
15 30 20 - - - - 40
16 30 20 - - - - 30
Cip 0.62 0.31 1.25 1.25 1.25 2.5 -
Nys - - - - - - 5

* The average of two independent replicates, positive controls: Cip: Ciprofloxacin; Nys: Nystatin; -: not detected.
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Previous reports indicated that the diketopiperazine (DKP) derivatives isolated from
different microbial sources exhibited antibacterial [32] and antifungal [33] activities. Li et al. iso-
lated two cyclic dipeptides, cyclo(D-Pro-L-Tyr), and cyclo(L-Pro-L-Tyr) from Lactobacillus reuteri
and found that the latter exhibited antibacterial activity against Staphylococcus aureus [34]. Cim-
mino et al. have isolated five DKPs, cyclo(L-Pro-L-Tyr), cyclo(L-Pro-L-Val), cyclo(D-Pro-D-Phe),
cyclo(L-Pro-L-Leu), and cyclo(D-Pro-L-Tyr) with antibacterial activity against phytopathogenic
Gram-positive bacterium Rhodococcus fascians LMG 3605 [35]. Cyclo(L-Pro-L-Phe), produced
by Pseudonocardia endophytica, showed antibacterial activity against Gram-negative bacte-
ria (Xanthomonas campestris and Xanthomonas malvacearum) and antifungal activity against
(Fusarium oxysporum and Fusarium solani) [36]. Interestingly, mixing of cyclo(L-Phe-L-Pro)
and cyclo(L-Leu-L-Pro) showed a good synergetic antimicrobial activity against E. coli,
Micrococcus luteus, S. aureus, C. albicans, and Cryptococcus neoformans [37].

On the other hand, the MIC results for A. alternata 13A pure compound indicated
that phragamide A (7) exhibited considerable antimicrobial activity against P. aeruginosa,
C. albicans, and both Gram-positive strains (Table 3). Phragamide B (8) displayed moderate
activity against C. albicans but showed weak activity against bacterial pathogens. Tenu-
azonic acid (9) exhibited a moderate antibacterial activity against Gram-positive strains,
which is in accordance with a previous report of the antibacterial activity of 9 towards
Paenibacillus larvae [38]. Altenusin (11) and alternariol (12) exhibited a similar antimicrobial
activity towards S. aureus, B. subtilis, P. aeruginosa, and C. albicans. Altenusin (11) was
reported to have antibacterial activity against S. aureus [39]. Moreover, Kjer et al. [40]
reported strong antimicrobial activity of altenusin (11) against S. aureus, P. aeruginosa, and
C. albicans. Additionally, alternariol monomethylether (13) and altertoxin I (14) showed
weak antimicrobial activity against S. aureus and C. albicans, which is in agreement with
previous reports by Sun et al. [25] who found that 13 had moderate antimicrobial activ-
ity against a panel of pathogenic bacteria and fungi including S. aureus, Penicillium sp.,
Aspergillus sp., and also weak antibacterial and antifungal properties observed for 12 and
13 [41]. Finally, altertoxin I (14), altertoxin II (15), and alterperylenol (16) exhibited a weak
antibacterial activity against Gram-positive strains. Previously, 14 showed an antifungal
activity against Valsa ceratosperma, a serious phytopathogenic fungus which causes canker
disease for apples and induces the growth of lettuce seedlings [30], whereas 14 and 15
showed considerable inhibitory effect in an anti-HIV assay [29].

Our results show that out of the 16 compounds tested, only compounds 1 and 7
exhibited promising antimicrobial effects against Gram-positive strains. Moreover, all the
other tested compounds showed a range of moderate, weak or no effect against the tested
Gram-negative bacteria and C. albicans. This finding could be attributed to the loss (through
isolation) of synergistic effects of the major and minor molecules present in the total fungal
extract of E. nigrum M13 or A. alternata 13A which exhibited more promising results than
the pure compounds alone, which is consistent with a previous study in the literature [37]
and our own previous research [18].

2.3.2. Biofilm Inhibitory Activity

Bacterial biofilm formation has been found to play a critical role in the persistence
of bacterial nosocomial infections. This phenomenon facilitates bacterial colonization on
living or non-living surfaces and is associated with 65 to 80% of all clinical infections. Due
to such adaptive changes, biofilm-forming bacteria are 10- to 1000-fold more resistant to
conventional antibiotics, which thus presents a great challenge to develop antimicrobials
specifically to treat biofilms [42]. Results of conventional antimicrobial susceptibility test-
ing in vitro such as the MIC determination might not be appropriate to guide therapy for
biofilm-associated infections. In fact, antimicrobial treatments based on MIC results often
fail to eradicate surface-attached bacteria [43]. Consequently, we have screened the 16 pure
isolated fungal metabolites against four clinical biofilm-forming pathogenic bacterial clini-
cal isolates from Egyptian hospitals for their biofilm inhibitory activity using a microtiter
biofilm plate assay. The obtained results showed that only three compounds 1, 3, and 5
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from E. nigrum M13 displayed biofilm inhibitory activity against the tested clinical isolates.
At 100 ng/mL, epicotripeptin (1) showed moderate biofilm inhibitory activity against
the tested Gram-positive strains (55-70% inhibition), and weak activity against the tested
Gram-negative strains (20-30%) (Figure 3). Cyclo(L-Pro-L-Ile) (3) and cyclo(L-Pro-L-Tyr) (5)
exhibited a moderate biofilm formation inhibition against both Gram-positive strains
but were not active against the tested Gram-negative strains. On the other hand, four
pure compounds of A. alternata 13A were active towards the evaluated microorganisms
at 100 pg/mL. Phragamides A and B (7 and 8), tenuazonic acid (9), and altechromone
A (10) exhibited considerable biofilm formation inhibition against the tested Gram-positive
strains (70-80% inhibition) and a moderate effect on Gram-negative strains (40-60%). Al-
tenusin (11) exhibited moderate biofilm formation inhibition only against B. subtilis but a
weak effect against the other three tested strains (Figure 3).
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Figure 3. Biofilm inhibition effect of isolated pure compounds from E. nigrum M13 and A. alternata 13A against S. aureus,
B. subtilis, E. coli, and P. aeruginosa. The biofilm was quantified using a microtiter plate and crystal violet assay. The bars on
the graph represent the mean & SD as a percentage of biofilm inhibition. Inactive compounds were not reported.

It is worth noting that cyclic dipeptides were previously reported to exhibit biofilm
inhibitory effects against Gram-positive biofilm forming strains [44,45]. Additionally,
tenuazonic acid (9) is known to have antibiofilm activity through interference with bacterial
quorum sensing [46]. It should be noted that it is difficult to interpret whether the observed
effects in our study are compounded by the impact of the compound on general cell
viability, as non-selective (for example, membrane lytic) activity may well be involved.
Further tests using red blood cells or other mammalian cells could provide a clearer picture
but were beyond the focus of the present study.

3. Material and Methods
3.1. General Experimental Procedures

The structure characterisation of all compounds was based on TH NMR, 13C NMR,
COSY, HSQC, HMBC, and ROESY data, which were obtained on a Bruker Avance III
600 MHz spectrometer (BRUKER UK Ltd., Coventry, UK). An Agilent 1100 series HPLC
system connected to the diode array G13158B detector was used for analytical and semi-
preparative RP-HPLC purification (Agilent Technologies UK Ltd., Cheadle, UK). HPLC
conditions were as follows: Phenomenex RP-C18 column (Luna 5 w, 250 x 10 mm, L x i.d.)
using a gradient of MeCN in H,O over 35 min from 10 to 100% and ending up with
100% MeCN for 5 min at a flow rate of 1.5 mL/min. HRESIMS data were obtained using
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a Thermo LTQ Orbitrap coupled to an HPLC system (PDA detector, PDA autosampler,
and pump). The following conditions were used: Capillary voltage of 45 V, capillary
temperature of 260 °C, auxiliary gas flow rate of 10—20 arbitrary units, sheath gas flow
rate of 40—50 arbitrary units, spray voltage of 4.5 kV, and mass range of 100—2000 amu
(maximal resolution of 60,000). Optical rotations were recorded using a PerkinElmer
343 polarimeter (PerkinElmer, Waltham, MA, USA). UV spectra were obtained using a
PerkinElmer Lambda2 UV /Vis spectrometer (PerkinElmer, Waltham, MA, USA).

3.2. Fungal Strains

The fungal strain M13 was obtained from Thalassia hemprichii leaves collected from
Makady bay, South Hurghada, Red sea, Egypt and identified as Epicoccum nigrum based on
its morphological features, together with ITS rDNA (GenBank accession number MK953943)
and p-tubulin (GenBank accession number MT184348) phylogenetic analysis [18]. Strain
13A was isolated from the leaves of Phragmites australis collected from Lake El-Bida, Wadi
El-Natrun depression, Beheira Governorate, Egypt, and identified as Alternaria alternata
based on its morphological characteristics and its ITS rDNA sequence (GenBank accession
number MK248606) [18].

3.3. Cultivation and Fermentation of Endophytic Fungi

The strain M13 was grown on a modified marine ISP2 broth medium (consisting of
yeast extract 0.4%, malt extract 0.4%, and dextrose 0.4% for 1 L of distilled water incor-
porated with sea salts (consisting of 0.025% KI and MgSQOy, 0.05% CaCl, and 0.5% NaCl)
adjusted to pH 6 before sterilization. Equal-sized agar plugs with mycelium were asepti-
cally transferred to broth media (12 L) in 1 L conical flasks and incubated for 28 days under
static conditions.

For the strain 13A, a seed culture was prepared by inoculation of the pure fungal
myecelia into a 250 mL Erlenmeyer flask containing 100 mL of potato dextrose-SW broth
(PDB-SW) medium and incubated at 28 °C for 4 days. In addition, 5 mL of the broth culture
were transferred into 1 L conical flasks (10 L) containing a rice medium: 100 g commercial
rice and 100 mL 50% seawater. The flasks were incubated for 15 days at 28 °C.

3.4. Extraction and Isolation

For the M13 isolate, the resulting thick mycelium bed was separated and extracted
with MeOH at the end of the fermentation period. Then, about 5 g of Diaion HP20 was
added to each flask containing 500 mL of broth media and shaked at 180 rpm for 5 h.
Thereafter, Diaion HP20 was filtered and extracted with MeOH (3 x 500 mL). Both MeOH
extracts were combined and evaporated under a vacuum to obtain the total crude extract,
which was defatted with n-hexane and subsequently fractionated with DCM and EtOAc.
Then, DCM and EtOAc were analysed for their metabolite profile via 'H NMR spectroscopy
and analytical HPLC (Agilent Technologies UK Ltd., Cheadle, UK, Phenomenex RP-C18
column Luna 5 pm, 250 x 4.60 mm, L x id.) at a flow rate of 1.0 mL/min using a
gradient of 10-100% of MeCN in H,O over a period of 25 min and 100% MeCN for 5 min.
Further purification and isolation of compounds from the DCM fraction were carried out
using semi-preparative RP-HPLC (Phenomenex RP-C18 column Luna 5 pm, 150 x 10 mm,
L x i.d.) using a gradient of 10 to 100% MeCN in H,O over a period of 35 min followed by
100% MeCN for 5 min at a flow rate of 1.5 mL/min to produce compounds 1 (R; 16.5 min,
2.0 mg), 2 (R¢ 10.9 min, 2.1 mg), 3 (R¢ 14.0 min, 3.6 mg), 4 (R 15.8 min, 4.5 mg), 5 (R 11.1 min,
2.0 mg), and 6 (R¢ 18.4 min, 2.5 mg).

For the 13A isolate, after the incubation period, the fermented rice was soaked
overnight in EtOAc (1:1 v/v), and the extract was then collected and evaporated. The
obtained crude extract was suspended in 50% aqueous methanol (100 mL) and sequentially
partitioned using n-hexane, DCM, and EtOAc. Purification of DCM and EtOAc fractions
over different chromatographic techniques were carried out. Final purification of DCM
extract using semi preparative HPLC over a period of 60 min yielded compounds 7 (R¢
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14.6 min, 2.0 mg), 8 (R 25.2 min, 1.1 mg), 9 (R 19.1 min, 37 mg), 10 (R¢ 21.6 min, 1.7 mg),
12 (Rt 28.9 min, 4 mg), 13 (R; 38.6 min, 4.2 mg), while the EtOAc fraction over a period of
25 min following the same HPLC conditions as above furnished 11 (R; 9.2 min, 2 mg), 14
(R¢ 14.3 min, 2.0 mg), 15 (R¢ 11.6 min, 1.4 mg), and 16 (R; 18.2 min, 2.5 mg).

Epicotripeptin (1): Pale yellow solid; []& = —19.65 (c 0.01, MeOH); UV (MeOH)
Amax (loge) 218 (3.90), 252 (3.15), 284 (2.75) nm; 'H NMR and '3C NMR data, see Table 1;
HRESIMS [M + Na]* at m/z 453.1899 C,5H»4N4O3Na (Calc. 453.1897).

Phragamide A (7): Pale yellow amorphous solid; [o]5 = —13.7 (c=0.3, MeOH),
Amax M€OH: 214 224, 254 nm; 'H NMR and *C NMR data, see Table 2; HRESIMS: [M - H]
at m/z 214.1082 C19H17NO4 (Calc. 214.1085).

Phragamide B (8): Brown oil; [a]5 = —8.3 (c=0.2, MeOH), AmaxMeOH: 214, 224, 256 nm;
'H NMR and 3C NMR data, see Table 2; HRESIMS: [M - H]" at m/z 184.0979 CoH15NO3
(Calc. 184.0979).

3.5. Advanced Marfey’s Analysis

Epicotripeptin (1, 0.2 mg) or phragamide A (7, 0.2 mg) was hydrolysed in 0.4 mL of
6 N HCl at 110 °C for 24 h. The reaction mixture was subsequently cooled, the solvent
evaporated under Ny, and residual HCI completely removed by freeze-drying the sample
overnight. The hydrolysate was dissolved in 50 pL of HO. To 50 pL of a 50 mM standard
amino acid solution (aqueous) or the hydrolysate, 20 uL of 1 M NaHCOs3 and 100 pL of 1%
FDLA (1-fluoro-2,4-dinitrophenyl-5-L-leucinamide) in acetone were added. The reaction
mixtures were incubated at 40 °C for 1 h, with frequent mixing. After the mixtures had
been cooled at room temperature, the reactions were quenched by the addition of 10 uL of
2 N HCL. The samples were diluted by increasing the volume to 1 mL with MeOH. A 5 uLL
aliquot of each sample was analysed by LC-MS using a Kinetex C18 column (2.6 tm, 100 A,
2.10 x 100 mm), eluted with a solvent gradient of 10 to 80% MeCN in H,O containing
0.1% formic acid over 30 min, at a flow rate of 1 mL/min. The comparison of the retention
times of derivatised hydrolysed amino acids with that of derivatised D- and L-amino acid
standards revealed the L-configuration for the amino acid residues [19].

3.6. Mosher Ester Analysis

To 0.5 mg of compound 7, 180 uL of dry pyridine-ds was added, and the solution
was transferred into an NMR tube. To initiate the reaction, 20 pL of (R)-MTPA-CI was
added with careful shaking and then monitored immediately by 'H NMR after 30 min.
Analogously, for an equal amount of 7 dissolved in 180 uL of dry pyridine-ds, a second
NMR tube with 20 pL of (S)-MTPA-CI was reacted for 30 min, to afford the mono (R)-
MTPA and (S)-MTPA ester derivatives of 7, respectively [24]. The chemical shift difference
(A = 85-MTPA-ester — OR-MTPA-ester) Of the protons near C-7 were observed.

3.7. Bioactivity Studies
3.7.1. Antimicrobial Assay

For the antimicrobial testing, two Gram-positive bacteria (Bacillus subtilis ATCC6633
and Staphylococcus aureus NRRLB-767), five Gram-negative bacteria (Escherichia coli
ATCC25955, Pseudomonas aeruginosa ATCC10145, Klebsiella pneumonia ATCCBAA-1705,
and Proteus vulgaris ATTC7829), and one yeast (Candida albicans ATCC10231) were obtained
from the Microbiology and Immunology Department, Faculty of Medicine, Al-Azhar
University, Egypt. The antimicrobial assay and MIC were performed as described by
Ingebrigtsen et al. 2016 [47], in which 10 uL of bacterial or fungal suspension at the log
phase were added to 180 puL of lysogeny broth (LB), followed by the addition of 10 uL of
the tested pure compounds. The final concentrations of the mixture were 50, 40, 30, 20,
10, 5, 2.5, 1.25, 0.62, 0.31, and 0.15 pg/mL. After inoculation, the plates were incubated
overnight at 37 °C for 24 h. Then, the absorbance was measured at 600 nm for bacteria
and 340 nm for C. albicans using a Spectrostar Nano Microplate Reader (BMG LABTECH
GmbH, Allmendgrun, Germany). The MIC were reported as the average of the lowest
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concentrations with no observable growth of microorganisms. The MIC were determined
in two independent experiments. Ciprofloxacin and nystatin were used as positive controls.

3.7.2. Biofilm Inhibitory Activity

The antibiofilm formation activity was performed using a microtiter plate assay. The
effect of the fungal 13A and M13 crude extract and the isolated pure compounds on
the biofilm formation on four biofilm-forming pathogenic bacterial clinical isolates from
Egyptian hospitals (B. subtilis, s. aureus, p. aeruginosa, and E. coli) was measured in a
96-well polystyrene microtiter plate [43]. The test bacteria were first inoculated in a 100 mL
Erlenmeyer flask containing LB media and incubated at 37 °C overnight in an orbital shaker
at 150 rpm. Each individual well was filled with 180 pL of LB broth, then inoculated with
10 uL of pathogenic bacterial suspension and incubated for 12 h. To this, 10 uL of the test
crude and pure compounds was added along with the control (without the test sample)
and incubated statically at 37 °C for 24 h. After incubation, the contents of the wells were
carefully removed and washed with 200 uL per well of phosphate buffer saline (PBS) pH
7.2, to remove the free-floating bacteria. The microplate was air-dried for 1 h, stained with
200 pL/well of crystal violet solution (0.1%, w/v), and left at room temperature for 10 min.
The microplate wells were washed three times with 200 uL/well distilled water and kept
for drying to remove the excess stain. To solubilise the dye, the dried microplate was
washed with 200 pL/well of 95% ethanol, and the intensity was measured at an optical
density of 570 nm using a Spectrostar Nano Microplate Reader (Spectrostar Nano, Belfast,
Northern Ireland).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3390/
md19040232/s1, Table S1: Chemical shift difference of (S)-MTPA and (R)-MTPA ester of 6 (pyridine-ds
at 298 K, Figures S1-S30: 1D and 2D NMR spectra of compound 1, 7, and 8 and TH NMR of all the
known compounds.
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Abstract: Coculture is a productive technique to trigger microbes’ biosynthetic capacity by mimicking
the natural habitats’ features principally by competition for food and space and interspecies cross-
talks. Mixed cultivation of two Red Sea-derived actinobacteria, Actinokineospora spheciospongiae strain
EG49 and Rhodococcus sp. UR59, resulted in the induction of several non-traced metabolites in their
axenic cultures, which were detected using LC-HRMS metabolomics analysis. Antimalarial guided
isolation of the cocultured fermentation led to the isolation of the angucyclines actinosporins E (1),
H (2), G (3), tetragulol (5) and the anthraquinone capillasterquinone B (6), which were not reported
under axenic conditions. Interestingly, actinosporins were previously induced when the axenic
culture of the Actinokineospora spheciospongiae strain EG49 was treated with signalling molecule N-
acetyl-D-glucosamine (GluNAc); this finding confirmed the effectiveness of coculture in the discovery
of microbial metabolites yet to be discovered in the axenic fermentation with the potential that
could be comparable to adding chemical signalling molecules in the fermentation flask. The isolated
angucycline and anthraquinone compounds exhibited in vitro antimalarial activity and good biding
affinity against lysyl-tRNA synthetase (PfKRS1), highlighting their potential developability as new
antimalarial structural motif.

Keywords: Actinokineospora; Rhodococcus; co-culture; metabolomics; antimalarial; docking

1. Introduction

Exploring microbial forms of communication and utilising them in the production
of secondary metabolites is of benefit in the process of natural products drug discov-
ery [1]. Thus far, microbial secondary metabolites remain the major source for antimicrobial
agents [2-4]. However, gene sequencing of many microbial genome showed that several
species, mainly filamentous bacteria and fungi, apply a considerable part of their genes
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for secondary metabolism (10-15%) [5,6]. Remarkably, most microorganism genes are
silent and have no role during laboratory cultivation [7]. Robert Koch used cultures for
only one species of microorganism “axenic growth” to provide an apparent elucidation
for this phenomenon of silent genes [8]. Microorganism culture in laboratory included
macro- and micro-nutrients, constant temperature, adjusted pH, high water activity, and no
contact with other world microbes, and thus a significant part of microorganisms’ secondary
metabolites, mainly those responsible for interaction, communication, or involving in fights
with other species, are not found in microbial metabolites. Therefore, the new approach
of co-cultivation provides a massive chance to motivate the silent genes and increase the
opportunity to discover cryptic bioactive metabolites [1]. The fortune of “uncultivable”
diversity is represented as the “microbial dark matter”, the part of microorganisms that was
unable to be cultivated in the laboratory until now [1]. The first reported mixed culture
was in 1918; it was a coculture of Escherichia coli and Bacillus paratyphosus [9]. Up until now,
natural product discovery, biotechnology, and microbiology scientists work on the discovery
of coculture or mixed culture experiments to study the difference in the secondary metabo-
lites produced during these trials compared to “axenic growth” [1]. From the examples
for coculture and secondary metabolites production, mixed culture of Acremonium sp. and
Mycogonerosea that produced new lipoaminopeptides, the acremostatins A-C [10]. Coculture
of the marine-derived fungi Aspergillus fumigatus together with two desert bacterial isolates
yielded new compounds, namely, luteoride D and pseurotin G [11]. Furthermore, a new
N-methoxypyridone was discovered from a mixed fermentation of two endophytic fungi
Camporesia sambuci and Epicoccum sorghinum isolated from the fruit of Rhodomyrtus tomentosa
plant, collected on the Big Island in Hawaii [12]. New antifungal pulicatin derivatives H
and I were induced following coculturing of plant-derived bacterium Pantoea agglomerans
and the fungus Penicillium citrinum [13]. All these examples exemplify that co-cultivation
of microorganisms induces new secondary metabolites that can be recommended as an
appropriate way to produce diverse bioactive microbial metabolites.

Malaria was identified as a lethal disease caused by Plasmodium parasites, which
infect humans through the malaria vector Anopheles mosquitoes. To date, five species
of parasites have been identified as causatives of malaria in humans; two of them cause
serious infections—P. falciparum and P. vivax. Studying the malaria cases worldwide
revealed that 29 countries accounted for 95% of malaria cases. The majority of cases
(82%) and deaths (94%) were reported in the WHO African region, followed by the WHO
South-East Asia region (10% cases and 3% deaths) (https://www.who.int/publications/i/
item /9789240015791, accessed on 30 January 2021). Malaria management and suppression
require a complicated method. Up until now, two important antimalarial drugs are used
to control infection. These two bitter principle drugs are derived from plants: artemisinin
obtained from Artemisia annua L. (4th century, China), and quinine alkaloid obtained from
Cinchona sp. (17th century, South America) [14]. The WHO recommends artemisinin
combination therapy (ACT) as the first treatment plan in most malarial cases. However, in
2009, resistance to artemisinin combination therapy was reported. The emerging of drug
resistance led to increased malaria cases and an increase in mortality [15]. Thus, the WHO
endorsed using a combination of two drugs that work in different mechanisms to control
drug resistance. The latest reports from Southeast Asia and India [16] showed the limitation
of disease resistance to combination of artemisinin and other drugs as mefloquine and
piperaquine [17]. Lacking effective new generation of medicines against malarial invasion,
the number of new cases and deaths may rise. Thus, developing antimalarial therapeutics
is important to save a large number of lives.

In this work, we discuss the application of co-cultivation of two actinobacteria:
Actinokineospora spheciospongiae strain EG49 and Rhodococcus sp. UR59 recovered from
Red Sea sponges as a strategy to stimulate silent genes and discover cryptic secondary
metabolites within both strains. Additionally, antimalarial-guided fractionation of the bac-
terial coculture extract led to the isolation and characterisation of a few active metabolites
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against P. falciparum. A potential antimalarial target is proposed on the basis of molecular
docking experiments against a number of reported targets.

2. Results and Discussions
2.1. Identification of Red Sea Sponge-Associated Actinobacteria

Two Red sea sponge-associated actinobacteria were isolated and taxonomically iden-
tified. Actinokineospora spheciospongiae strain EG49 was previously characterised [18,19].
The other actinobacterial strain was taxonomically identified as Rhodococcus sp. UR59,
according to its morphology and its 165 rRNA genome sequence and phylogenetic analyses

(Figure 1).
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o Rhodococcus sp. stram TM-AT715 (MHESSERT. 1)
— Rhodococcus sp. JOM 28285 (LC133632 2)
72

RhAodococcus sp. ZAV0T (UX564535.7)
—— Rhodococcus opacus strain B-4 (ABT178563 1)

R Rhodococcus opacus strain ICN24 (KFO17568 1)

Rhodococcus marinonascens straimn DSM 43752 (INR 026783 1)

Rhodococcus gingshengi strain: S32227 (AB649077.7)

Actinomycetales bacterium HPEATL0 (DQ 744278 1)

77
- ——— Rhodococcus sp. URSS (MIV453743)
- ’7 Rhodococcus sp. SCSI0 00026 (GQRE7T747 1)
o | Rhodococcus nanhalensis strain AL 38 (KUZ58234 1)
Rhodococcus sp. SWO02 (DQ227674. 1)
—_—

0.0a50

Figure 1. Phylogenetic tree of the Rhodococcus sp. UR59 isolate and the closest relatives in terms of the 165 rRNA gene
marker. The accession numbers are indicated in brackets.

2.2. Metabolomics Analysis of the Coculture Extract of Actinokineospora spheciospongiae Strain
EG49 and Rhodococcus sp. UR59 Using LC-HRMS

The analysis of the metabolomics data (Table 1) revealed 34 microbial secondary
metabolites, of which 9 were detected from Actinokineospora spheciospongiae strain EG49
and the rest from Rhodococcus sp. UR59. Additionally, the analysis revealed the presence of
diverse microbial chemical classes, namely, 10 angucyclines, 7 peptides, 3 macrolides, 3 an-
thraquinones, 2 polyenes, 2 polyethers, 2 phenolics, and 1 glycolipid. The predicted formula
Ci6H18N,0O4 was annotated as mitomycin-K [20,21], whereas C15H140¢ was dereplicated
as fluostatin-B, an inhibitor of dipeptidyl peptidase III that was previously isolated from
Streptomyces sp. TA-3391 [22]. Moreover, the predicted formulas C3pH33015 and C31H33013
were dereplicated as actinosporin A and C, respectively, which were discovered from the
culture of Actinokineospora spheciospongiae strain EG49 [23,24]. The formula Cy1H13Og was
dereplicated as daunomycinone, which was reported from Streptomyces coeruleorubid [25].
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The formulas CpsHy5011 and CpsHp4Og were dereplicated as atramycin A and B, re-
spectively. These isotetracenone metabolites were discovered from Streptomyces atratus
BY90 [26]. Additionally, the suggested molecular formula C1gH;,O5 was dereplicated
as lagumycin B, which was previously isolated from Micromonospora sp. [27], while the
formula C14H1,05 was dereplicated as the isoflavonoid kakkatin that was reported from
the soil-derived Streptomyces strain YIM GS3536. Moreover, it was discovered in an-
other terrestrial Streptomyces sp. GW39/1530 [28,29]. Furthermore, the molecular formula
CyHyNO3 was dereplicated as erbstatin, a simple dehydrotyrosine derivative isolated from
Streptomyces amnkusaensis [30,31]. Additionally, the molecular formula C36Hs3N>Og was
dereplicated as ansatrienin A, previously detected in Streptomyces collinus [32]. Moreover,
the formulas Cp5H47N504, CosHi9N504, and CpgHs53N504 were dereplicated as cyclic
tetrapeptides rhodopeptin C1, C2, and B5, respectively, which were formerly reported in
Rhodococcus sp. [33,34]. The formula C3pHigNgOg was dereplicated as the peptide acti-
noramide B, which was detected in a marine bacterium highly corelated to the genus
Streptomyces [35]. Likewise, the formula C1;HpcO4 was dereplicated as cineromycin-B
antibiotic that showed significant MRSA inhibition, which was isolated from the actino-
myecetales strain INA 2770 [36]. The formula C19H;7N507 was annotated as heterobactin
B, a siderophore discovered from Rhodococcus erythropolis IGTS8 [37], while the formula
Co6H39NOs was dereplicated as piericidin-F, which was reported from Streptomyces sp.
CHQ-64 [38]. Additionally, the formula CyH39NO7 was annotated as migrastatin, which
was reported as a tumour cell migration inhibitor and isolated from Streptomyces sp. MK929-
43F1 [39]. Moreover, the formula Cy4H46NgOg was dereplicated as proferrioxamine-Al,
a siderophore isolated from Streptomyces xinghaiensis NRRL B-24674T [40]. Furthermore,
the formula Cp3H3305 was dereplicated as the 16-membered lactone protylonolide, which
was identified as the metabolite of mycaminose idiotroph that has been obtained from
Streptomyces fradiae KA-427 [41]. Moreover, the formula C3yHgOq7 was dereplicated
as the polyether 26-deoxylaidlomycin isolated from Streptoverticillium olivoreticuli IMET
43,782 [42], while the suggested formula C35HsgO19 was dereplicated as macrolide kai-
monolide B, which was discovered in Streptomyces sp. no. 4155 and shown to signifi-
cantly inhibit plant growth [43]. Furthermore, the formula Cy5H4407 was dereplicated as
8,15-dideoxylankanolide, which was reported in Streptomyces rochei 7434AN4 [44]. The
molecular formula C34HgyO19 was identified as the polyether antibiotic ferensimycin-A,
previously discovered in Streptomyces sp. no. 5057 [45]. Likewise, the formula CpsH46NgOs
was identified as the cytotoxic peptide lucentamycin C, which was reported from a marine-
derived actinomycete Nocardiopsis lucentensis CNR-712 [46]. Finally, the formula C50HgpO14
was dereplicated as glucolipsin-A, a glucokinase activator that has been isolated from
Streptomyces puvpuvogenisclevoticus [47].

It is worth noting that the compounds listed in Table 1 were traced in the LC-HRESIMS
analysis of the coculture extract. The producing strain for each compound was predicted
on the basis of literature. However, mitomycin-K, 8,15-dideoxylankanolide, piericidin-F,
migrastatin, kaimonolide B, rhodopeptin C1, rhodopeptin C2, and rhodopeptin B5 were
also traced in the axenic culture of Rhodococcus sp. UR59. Additionally, actinosporins A
and C, and UK-2B were also traced in the axenic culture of Actinokineospora spheciospongiae
strain EG49. All other reported metabolites in Table 1 were not traced in the axenic cultures
and were induced during the coculture fermentation.
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Table 1. Metabolomics analysis of the coculture extract of Actinokineospora spheciospongiae strain EG49 and Rhodococcus sp.

UR59.

(ni{itn) M nlliﬂ, [Mn:-/il]* hgg:_f;ﬁ}:r Tentative Identification ISEtGrzlgn %tlliasl; Coculture  Bioactivity Ref.
2.47 303.1341  Cy1H1sNOq4 Mitomycin-K - + + antitumor 20
291 327.0866 C18H140¢ Fluostatin-B - - + antinociceptive 22
294 657.1821 C3H33015 Actinosporin A + - + anti-trypanosomal 23
2.96 613.1926 31H33013 Actinosporin C + - + antioxidant 24
2.99 399.1075 Cy1H;150g Daunomycinone - - + - 48
3.04 599.2125 C31H34012 Actinosporin F - - + - 49
3.08 469.1492 Cp5Hp4O9 Actinosporin E - - + - 49
3.11 467.1336 CpsH»rOg Actinosporin H - - + - 49
3.15 513.1399 CoeHp5011 Atramycin A - - + antitumor 26
3.25 451.1389 Cy5Hp,Og Actinosporin G - - + - 49
3.30 309.0757 C18H1205 Lagumycin B - - + anticancer 27
3.76 178.0499 CoHgNO3 Erbstatin - - + anticancer 30
3.81 635.3315 C36HygN,Og Ansatrienin A - - + antifungal 32
3.93 192.0655 C1oH11NO;3 Spoxazomicin C - - + anti-trypanosomal 50
412 661.3568  C3pHygNgOg Actinoramide B - - + antimalarial 51
4.17 293.1749 C17Hp604 Cineromycin-B - - + antibacterial 52
4.54 438.1974  Ci9HyyN507 Heterobactin B - - + siderophore 37
6.41 451.1391 Cy5Hp4Og Atramycin B - - + antitumor 26
6.34 4442744 C6H39NOs5 Piericidin-F - + + anticancer 38
6.91 488.2649 CyyH39NOy Migrastatin - + + anticancer 53
7.24 547.3455  Cp4HyeNgOg Proferrioxamine-Al - - + siderophore 40
7.40 393.2640 Cy3H3505 Protylonolide - - + antibiotic 41
7.58 683.4347 Cs7HeO11 26-Deoxylaidlomycin - - + antibacterial 54
7.76 482.3687  CysHyyN504 Rhodopeptin C1 - + + Antifungal 33
8.15 6394084  CasHsgOnp Kaimonolide B - ¥ plantgrowth — 145)
9.09 496.3846  CygHy9N504 Rhodopeptin C2 - + + antifungal [34]
9.14 524.4156  CpgHs53N504 Rhodopeptin B5 - + + antifungal [34]
9.80 3150865  CyyHy4Of Capillasterquinone B - - + NOproduction 55
9.81 305.0810 C19H1204 Tetrangulol - - + antibiotic [56]
9.98 457.3141 CpsHyy O7 8,15-Dideoxylankanolide - + + - [44]
10.22 5272022  Cy7H31N>O9 UK-2B + - + antifungal [57]
11.01 629.4242 C34HgoO1p Ferensimycin-A - - + antibiotic [45]
11.23 523.3601  CpHygNgOs5 Lucentamycin C - - + anticancer [46]
11.28 917.6546  CsoHopOr4 Glucolipsin-A - - + glucokinase [47]

2.3. Identification of the Isolated Compounds (1-8)

Chemical structures of the purified metabolites 1-8 from the coculture were assigned
on the basis of comparing the LC-HRESIMS analysis, 1D and 2D NMR spectral data, and op-
tical rotation measurements to the published literature (Figure 2). Accordingly, compounds
1-3 have been previously isolated from Actinokineospora spheciospongiae strain EG49 and
identified as the angucyclinone antibiotics actinosporin E, H, and G, respectively, through
the activation of their cryptic gene cluster by N-acetylglucosamine [50]. Compound 4 was
assigned as spoxazomicin C of the pyochelin family of antibiotics, which was previously iso-
lated from the culture broth of the endophyte Streptosporangium oxazolinicum K07-0460T [51].
In contrast, compound 5 was previously identified as the angucyclinone antibiotic tetran-
gulol, which was previously isolated from Streptomyces rimosus [58] and recently from
Amycolatopsis sp. HCal [59]. Compound 6 was previously discovered as capillasterquinone
B, an anthraquinone that was isolated from the crinoid Capillaster multiradiatus [57]. More-
over, compound 7 was identified as L-tryptophanamide. We propose it as an artefact as
it was not traced in the LC-MS analysis of either the axenic or the coculture extracts, and
thus it was probably generated during the fractionation and purification process. Finally,
compound 8 was isolated from Streptomyces sp. 517-02 [57] and identified as UK-2B, an
antifungal antibiotic with similarity in structure to antimycin A [60].
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Figure 2. Compounds isolated from the coculture of Actinokineospora spheciospongiae strain EG49 and
Rhodococcus sp. UR59.

The same Actinokineospora spheciospongiae strain EG49 was subjected to N-acetyl-D-
glucosamine (GluNAc)-mediated silent gene activation to produce new actinosporins
E-H, the same actinosporins E (1), G (3), and H (2) discussed here under coculture and
aglycone angucycline tetrangulol (5), which was not reported from the axenic culture
treated with GluNAc [50]. The amino sugar GluNAc is a signalling molecule that can induce
microbial secondary metabolism. It is present as a cell wall component in peptidoglycan
or chitin in the bacterial or fungal cell wall, respectively [60,61]. Having observed a
similar induction when Actinokineospora spheciospongiae strain EG49 was cocultured with
Rhodococcus sp. UR59, we can assume that Rhodococcus sp. UR59 directed the biosynthesis
of actinosporins in a similar way to GluNAc. This could be as exudation of GluNAc by
one of the species into the coculture environment to trigger antibiotic production more
likely from Rhodococcus sp. UR59 as defence molecules. The studies further support this
and demonstrated that GluNAc is secreted by bacteria under malnourished conditions to
signal antibiotic production against opposite competitors in the vicinity [62]. However,
this requires further studies on the coculture medium to identify excreted GluNAc or
compounds with similar signalling function.

2.4. Antimalarial Screening

Angucyclines are microbial secondary metabolites known as promising antimicro-
bial, anticancer, and antimalarial agents [63—-65]. The core structure of angucyclines is
characterised by a benz[x]anthracene ring, an angular tetracycline ring system [60]. The
reported angucyclines can be categorised as aglycones such as saccharosporones A, B,
and C [60], and glycosylated angucyclines such as pseudonocardones A—C [63] and ur-
damycinone E, urdamycinone G, and dehydroxyaquayamycin isolated from fungal and
bacterial strains [62]. However, different antimalarial activity profiles between aglycones
and glycosylated angucyclines have not been explained.

The potential antiparasitic effectiveness of the angucycline scaffold and the promising anti-
malarial effect exhibited by the total extract of the coculture of Actinokineospora spheciospongiae
strain EG49 and Rhodococcus sp. UR59 (ICsq value of 0.13 pg/mL, Table 2) when screened
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against Plasmodium falciparum have encouraged us to perform large-scale coculture fer-
mentation. Large-scale fermentation followed by liquid-liquid fractionation and HPLC
purification of the active sub-fraction led to the isolation of eight metabolites. The anti-
malarial screening of the isolated compounds indicated that the angucycline glycosides 1-3
and aglycone 5 and the anthraquinone 6 exhibited antimalarial effect with ICs; values in the
range of 9-13.5 pg/mL in comparison to the ICsy value of the positive control chloroquine
(0.022 pg/mL). The activity of the compounds 1-3, 5, and 6 was further studied by docking
against a few known drug targets to suggest these compounds as potential leads to be
developed for enhanced activity. It worth noting that the isolated molecules did not show
the expected antimalarial activity, which could be attributed to either the synergistic effect
of microbial metabolites in the coculture extract or the presence of minor molecules that
were too scarce to be isolated even after large-scale fermentation.

Table 2. Antimalarial effect of the bacterial coculture derived metabolites.

Compound IC5, Values (ug/mL) !
Coculture extract 0.13
1 12.6
2 13.6
3 11.2
4 >50
5 9.7
6 9.2
7 >50
8 >50
Chloroquine 0.022

! Average of two independent runs.

2.5. Docking Analysis

Compounds (1-3, 5, 6) that showed inhibitory activity against P. falciparum were sub-
jected to molecular docking experiments against a number of reported malaria targets, e.g.,
NADH:ubiquinone oxidoreductase (PDB: 5]JWA), Kelch protein (PDB: 4YY8), P. falciparum
protein kinase (PDB: 1VOP), NADH dehydrogenase 2 (PDB:4PD4), and lysyl-tRNA syn-
thetase (PDB:6AGT). They achieved the best scores (binding energy —8.5 to —9.1 kcal /muol)
against the later target, lysyl-tRNA synthetase (PfKRS1). Moreover, they exhibited binding
mode inside the active site compared to the co-crystalised ligand [66]. As shown in Table 3
and Figure 3, these compounds exhibited multiple interactions with several amino acids
inside the enzyme’s active site, where ARG-330, HIS-338, GLU-500, ARG-559, and PHE-342
were the most common interacting ones. Hence, this attractive scaffold can be utilised in
the future design of antimalarial therapeutics targeting PfKRS1 (Table 3). Antimalarial
effect of the bacterial coculture derived metabolites.

Table 3. Binding scores and interacting amino acid residues with compounds 1-3, 5, and 6 inside the lysyl-tRNA synthetase

(PfKRS1)’s active site.

Compound Bn}ﬁgﬁnﬁgﬁrgy H-Bonding Hydrophobic Interactions
1 -89 ARG-330 ALA-446, GLU-500, LYS-607
2 —8.3 ASP-450, SER-454, MET-475 ARG-330, HIS-338, ASP-450, GLU-458, GLU-500
3 -10.3 GLU-493 ARG-330, PHE-342, ASP-450, ARG-559
5 -9.1 GLU-500, THR-337 ARG-330, HIS-338, PHE-342, ARG-559
6 —9.0 ARG-330, ASN-339 ARG-330, HIS-338, PHE-342, GLU-500, ARG-559, LYS-607
Co-crystalised ligand —-95 ASN-339, GLY-556 ARG-330, HIS-338, PHE-342
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Figure 3. Binding modes of compounds 1-3, 5, and 6 ((A-E) respectively) together with the co-crystalised ligand (F) inside

PfKRS's active site. Dashed lines indicate interactions between each ligand and the active site’s amino acid residues. Green colour

indicates H-bonding; orange colour indicates 7t-anion or mi—cation interactions; pink colour indicates hydrophobic interactions.

3. Materials and Methods
3.1. General Experimental

Extract purification was conducted by preparative Agilent 1100 series HPLC equipped
with gradient pump and DAD using a reversed-phase Sunfire (C18, 5 um, 10 x 250 mm,
serial no. 226130200125). All 1D and 2D NMR spectral data were acquired using a JEOL
ECZ-R500 NMR spectrometer equipped with a Royal 5 mm combined broadband and
inverse probe. Thermo LTQ Orbitrap coupled to an HPLC system was utilised to acquire
HRESIMS data using capillary temperature of 260 °C, capillary voltage of 45 V, sheath gas
flow rate of 40-50 arbitrary units, auxiliary gas flow rate of 10-20 arbitrary units, spray
voltage of 4.5 kV, and mass range of 100-2000 amu (maximal resolution of 60,000). Optical
rotations and UV spectra acquisition were acquired using a Perkin-Elmer 343 polarimeter
and Perkin-Elmer Lambda2 UV-VIS spectrometer, respectively.

3.2. Actinomycetes Isolation

Callyspongia sp. was collected from Hurghada (Red Sea, Egypt) at a depth of 5 m and
latitude 27°17'01.0"” N and longitude 33°46'21.0”" E. The sponge specimen was identified
by Prof. El-Sayd Abed El-Aziz (Department of Invertebrates Lab., National Institute of
Oceanography and Fisheries, Egypt). The sponge was transported in a plastic bag in
seawater to the laboratory and washed thoroughly with sterile seawater. The surface
sterilised specimen was cut into pieces of ~1 cm?, followed by vigorous homogenising
with 10 volumes of sterile seawater in a pre-sterilised mortar. Serially diluted supernatant
(10~1, 1072, 10~3) was subsequently plated on to the sterile agar plates. For the isolation of
different actinomycetes, we used M1, ISP2, and marine agar (MA) media were used [18].
The isolation of slow-growing actinomycetes was performed by supplementing all media
with filtered 25 pg/mL nalidixic acid, 25 ng/mL nystatin, and 100 pg/mL cycloheximide.
The inoculated plates were stored in an incubator for 6-8 weeks at 30 °C. Subculturing
of distinct colony morphotypes resulted in pure strains. Rhodococcus sp. UR59 was cul-
tured on ISP2 medium and preserved in 20% glycerol at —80 °C. On the other hand,
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Actinokineospora spheciospongiae strain EG49 was previously recovered and identified from
the Red Sea sponge Spheciospongia vagabunda [18].

3.3. Molecular Identification and Phylogenetic Analysis

With reference to Hentschel et al., we carried out 165 rRNA gene amplification, cloning,
and sequencing using 27F and 1492RRNA as universal primers [18]. By using the Pintail
programme, we identified chimeric sequences [67]. The sequence’s genus level affiliation
was validated using the Project Classifier of the Ribosomal Database. All the sequences
were classified at the genus level by the RDP Classifier (g 16srrna, f allran) and confirmed
with the SILVA Incremental Aligner (SINA) [68]. Using the SINA Web Aligner, an alignment
was determined again (variability profile: bacteria). The Gap-only position with trimALL
was eliminated (-noallgaps). The best fitting model was initially calculated for phylogenetic
tree construction with the Model Generator. To produce the phylogenetic tree, we applied
RAXML (-f a-m GTRGAMMA-x 12345-p 12345 -# 1000) and the estimated model with
1000 bootstrap resamples. With Interactive Tree of Life (ITOL) [69], visualisation was
achieved. The BLAST with the accession number MW453143 was deposited at Genebank.

3.4. Co-Cultivation and Extract Preparation

Rhodococcus sp. URS9 and Actinokineospora spheciospongiae strain EG49 were cultivated
on liquid media M1 and ISP2 as axenic and cocultures. A total of 20 mL of 3-day-old
culture of Rhodococcus sp. was used for large scale fermentation. Rhodococcus sp. UR59 was
transferred to 20 x 2 L Erlenmeyer flasks containing 1 L of ISP2 medium pre-inoculated
with 20 mL of 4-day-old Actinokineospora spheciospongiae strain EG49 and left for 7 days at
25 °C and 180 rpm in a shaker incubator. After fermentation, the culture was filtered, and
the supernatant was extracted twice with ethyl acetate (1.5 L each) followed by evaporation
under vacuum to provide the ethyl acetate extract (850 mg).

3.5. Metabolic Profiling

For mass spectrometry analysis, the dry ethyl acetate extracts from different microbial
and coculture samples were dissolved in MeOH at 1 mg/mL and subjected to metabolic
analysis using LC-HRESIMS according to Abdelmohsen et al. [23]. An Acquity UPLC
system coupled to a Synapt G2 HDMS qTOF hybrid mass spectrometer (Waters, Milford,
CT, USA) was used to acquire the HRMS data using capillary temperature at 320 °C,
spray voltage at 4.5 kV, and mass range of m/z 150-1500; both positive and negative ESI
modes were applied. The MS was processed using MZmine 2.20 on the basis of the
defined parameters [23]. The chromatogram builder and chromatogram deconvolution
were detected and followed by mass ion peaks. The isotopes were differentiated by grouper
isotopic peaks and the missing peaks were depicted using the gap-filling peak finder. Then,
molecular formula prediction and peak identification were conducted from the processed
positive and negative ionisation mode datasets. Finally, the peaks were dereplicated against
the Dictionary of Natural Products (DNP) database.

3.6. Metabolites Isolation

The crude co-fermentation ethyl acetate (EtOAc) (850 mg) was chromatographed on
Sephadex LH-20 (32-64 pm, 100 x 25 mm) column using an 80:20 MeOH/H,O eluent
in order to obtain 5 fractions (Fr.1-Fr.6). The third bioactive fraction (300 mg) was then
chromatographed using silica gel column with a gradient elution starting at DCM/EtOAc
(100:0 to 0:100) then 100% MeOH to obtain 8 sub-fractions. The active subfractions 4 and
5 were combined (85 mg) and further subjected to semi preparative HPLC purification
(Sunfire, C18, 5 um, 10 x 250 mm) with a gradient of 20%-100% CH3CN in HyO over 30 min
and 10 min at 100% CH3;CN at 1.5 mL/min flow rate to yield compound 7 (tg 9.6 min,
7.5mg), 2 (tg 10.7 min, 4.5 mg), 3 (tg 11.2 min, 2.5 mg), 4 (tg 15.2 min, 2.8 mg), 5 (tg 18.3 min,
2.1 mg), 1 (tg 24.6 min, 3.2 mg), 6 (tg 27.2 min, 3.8 mg), and 8 (tg 31.3 min, 1.5 mg).
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3.7. Antimalarial Screening

The Malstat assay was used as mentioned earlier to assess the compounds’ antimalarial
effect [70,71]. The compounds were dissolved in DMSO (Sigma Aldrich, Taufkirchen,
Germany) at concentrations ranging from 50 pg/mL to 0.4 pg/mL, and synchronised
P. falciparum 3D7 ring stage cultures were placed in duplicate at a parasite level of 1% in
96-well plates (200 uL/well). Chloroquine (CQ; Sigma Aldrich, Taufkirchen, Germany)
was used as a positive control. The P. falciparum 3D7 parasite was cultured with the
compounds at 37 °C in 5% Oy, 5% COy, and 90% Ny for 72 h. After this, 20 uL was
transferred to 100 uL of the Malstat reagent (0.1% Triton X-100, 1 g of L-lactate, 0.33 g
Tris, and 33 mg of APAD (3-acetylpyridine adenine dinucleotide; Taufkirchen, Germany))
dissolved in 100 mL of distilled water (pH 9.0) in a 96-well microtiter plate. The plasmodial
lactate dehydrogenase (LDH) activity was then evaluated by adding to the Malstat reaction
20 pL of a 1:1 mixture of diaphorase (1 mg/mL) and nitro blue tetrazolium (NBT). The
optical densities were estimated at 630 nM, and the ICsy values were determined using the
GraphPad Prism software version 5 from variable-slope sigmoidal dose-response curves
(GraphPad Software Inc., La Jolla, CA, USA).

3.8. Molecular Docking

Docking analysis was carried out using the Discovery Studio 2.5 software (Accel-
rys Inc., San Diego, CA, USA). Completely automatic docking tool using “Dock ligands
(CDOCKER)” procedure operating on Intel Core i32370 CPU @ 2.4 GHz 2.4 GHz, RAM
Memory 2 GB under the Windows 10.0 system. Furthermore, these docked compounds
were assembled using a software Chem 3D ultra 12.0 (Cambridge Soft Corporation, USA
(2010)), and then sent to the Discovery Studio 2.5 software. From this, an automatic protein
formulation procedure was conducted through the MMFF94 forcefield with the binding
site sphere recognised by the software. The receptor was recorded as “input receptor
molecule” in the CDOCKER protocol explorer. Establishing this, the test compounds were
subjected to force fields to obtain the minimum energy structure. These poses were ranked
and studied thoroughly, showing the best ligand-HDAC interactions from the calculations
and 2D and 3D examinations [72,73].

4. Conclusions

Microbial coculture continues to prove its efficiency in triggering the production
of cryptic microbial secondary metabolites. Mixed cultivation of two Red Sea-derived
actinobacteria, namely, Actinokineospora spheciospongiae strain EG49 and Rhodococcus sp.
UR59, resulted in the induction of several non-traced metabolites in their axenic cultures.
Interestingly, actinosporins E-H were reported to be induced when the axenic culture of
the Actinokineospora spheciospongiae strain EG49 was treated with the signalling molecule
GluNAc. Such induction was comparable to that made by the Rhodococcus sp. UR59 in
the coculture environment, providing the effectiveness of co-cultivation in the discov-
ery of microbial metabolites yet to be discovered in the axenic fermentation with the
potential that could be comparable to adding signalling molecules in the fermentation
flask. Additionally, the induced actinosporins exhibited a promising antimalarial effect
that is likely to be through the inhibition of P. falciparum lysyl-tRNA synthetase, which
requires further investigation as an interesting structural motif for the development of new
antimalarial therapeutics.
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Abstract: The actinomycete strain Streptomyces coelicolor LY0O01 was purified from the sponge
Callyspongia siphonella. Fractionation of the antimicrobial extract of the culture of the actinomycete
afforded three new natural chlorinated derivatives of 3-phenylpropanoic acid, 3-(3,5-dichloro-4-
hydroxyphenyl)propanoic acid (1), 3-(3,5-dichloro-4-hydroxyphenyl)propanoic acid methyl ester
(2), and 3-(3-chloro-4-hydroxyphenyl)propanoic acid (3), together with 3-phenylpropanoic acid
(4), E-cinnamic acid (5), and the diketopiperazine alkaloids cyclo(r-Phe-trans-4-OH-L-Pro) (6) and
cyclo(r-Phe-cis-4-OH-p-Pro) (7) were isolated. Interpretation of nuclear magnetic resonance (NMR)
and high-resolution electrospray ionization mass spectrometry (HRESIMS) data of 1-7 supported
their assignments. Compounds 1-3 are first candidates of the natural chlorinated phenylpropanoic
acid derivatives. The production of the chlorinated derivatives of 3-phenylpropionic acid (1-3) by
S. coelicolor provides insight into the biosynthetic capabilities of the marine-derived actinomycetes.
Compounds 1-3 demonstrated significant and selective activities towards Escherichia. coli and
Staphylococcus aureus, while Candida albicans displayed more sensitivity towards compounds 6 and 7,
suggesting a selectivity effect of these compounds against C. albicans.

Keywords: Red Sea sponges; marine actinomycetes; Streptomyces coelicolor LY001; halogenated
3-phenylpropanoic acid derivatives; diketopiperazine alkaloids; structural determinations;
antimicrobial activities

1. Introduction

The marine actinomycetes represent a vital source of biologically active secondary metabolites
and a promising future source for drug discovery. It is well known that marine tunicates and sponges
are highly associated with symbiotic microbes [1-3]. There are very few reports about investigation of
Red Sea actinomycetes for their chemical diversity and biomedical importance [4].

Streptomycetes represent a group within the actinomycetes with an economical importance and
represent a vigorous source of different bioactive secondary metabolites [5]. More than 75% of the
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marketed antibiotics, commercially available compounds and several agrochemicals are synthesized by
streptomycetes [6-8]. In 1990, the genus Streptomyces alone represented the main source of almost 60%
of the antibiotics and most of the agrochemicals [9]. Streptomycetes produce an array of diverse and
bioactive compounds with antimicrobial [5,9-11], anticancer [5,12,13], insecticidal and antiparasitic [14],
anti-inflammatory [15], anti-fouling [16], antiviral and anti-infective [17,18] properties. Moreover, the
genus Streptomyces is considered as a candidate of industrial importance [19-21], and a producer of
secondary metabolites with herbicidal activity and which promote plant growth [22], vitamins [23],
ribonucleases [11,13,24-27], and enzyme inhibitors [13]. These features make these microorganisms
an ideal and favorite research project for academia and industry [9]. Recent advances in marine
microbiology, including their purification and identification of bacteria that produce rich arrays of
bioactive natural products, provide a strong motivation to explore aggressively their potential as
sources of novel pharmaceutical agents [28-30]. Likewise, new methodology for rapid and affordable
sequencing of microbial chromosomes, bioinformatic and metabolic profiling enables information
on the predicted secondary metabolic diversity contained within a bacterial genome to be rapidly
evaluated and manipulated [31-33].

Due to the fast growing number of pathogenic microbes, viral infections and cancer cells that have
resistance towards current therapies, drug leads, and new chemical entities for the enhancement of new
drugs are in high demand. Tuberculosis, malaria, and Staphylococcus aureus infections are among just a
few diseases that have become difficult to treat with antibiotics [34]. There is, therefore, a pressing need
for the development of new methodologies to provide new drugs/drug leads for the future. Marine
microorganisms, such as actinomycetes that exist in association with marine invertebrates and algae,
produce novel chemical entities with potential pharmaceutical significance. The importance of natural
products, however, extends far beyond that of drug discovery to that of addressing fundamental
biological questions, taking full advantage of their structural complexity and functional diversity to
probe biological function.

The decreasing number of FDA approved therapeutics, and the low number of drugs in the
pipeline that have arisen from synthetic combinatorial libraries, has spurred renewed interest in
natural products research with the aim of identifying new structural scaffolds. Marine-derived
actinomycetes represent a promising and vigorous source of ubiquitous and diverse and bioactive
secondary metabolites that can be obtained in large-scale cultures and developed as drug leads. Overall,
there are relatively few reports of marine microbial cultivation from the highly biodiverse Red Sea.
The results from this study confirm that Red Sea marine actinomycetes represent a promising source of
new drug leads with antibiotic potential.

As a part of our endeavor to purify and characterize bioactive marine microbial candidates [35,36],
the antimicrobial fractions of extract of the culture of Streptomyces coelicolor LY001 was
investigated. Three chlorinated derivatives of 3-phenylpropanoic acid, including 3-(3,5-dichloro-4-
hydroxyphenyl)propanoic acid (1), 3-(3,5-dichloro-4-hydroxyphenyl)propanoic acid methyl ester (2),
and 3-(3-chloro-4-hydroxyphenyl)propanoic acid (3), along with 3-phenylpropanoic acid (4) [37],
E-cinnamic acid (5) and the diketopiperazine alkaloids cyclo(r-Phe-trans-4-OH-1-Pro) (6) [38,39],
and cyclo(r-Phe-cis-4-OH-p-Pro) (7) [40,41] were isolated and identified. Compounds 1-7 were
determined by assignments of their NMR and HRESIMS data. Herein, the isolation, structure
assignments, and the antimicrobial activities of 1-7 are presented.

2. Results and Discussion

2.1. Isolation of the Actinomycete, Streptomyces coelicolor LY 001

The marine-derived actinomycete LY001 (Figure 1) was isolated from the internal tissues of the
sponge Callyspongia siphonella (Figure 1). The resulting sequence of the actinomycete strain was searched
for homology with Basic Local Alignment Search Tool (BLAST) in the GenBank. The alignment with
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reported sequences in the GenBank showed that the LY001 isolate belongs to the genus Streptomyces
and displayed 100% similarity with the strain Streptomyces coelicolor AB588124.

Figure 1. The Red Sea sponge Callyspongia siphonella (A) and the actinomycete Streptomyces coelicolor
LY001 (B).

2.2. Structure Elucidation of the Compounds

The structural assignment of compound 1 (Figure 2) was supported by interpretation of its NMR
spectra (Figures S1-S5). The molecular formula of CoHgCl,O3 was suggested for 1 as supported by
HRESIMS (234.9932, CoHoCl,O5, [M + H]") (Figure S6), suggesting five degrees of unsaturation. Its
13C NMR spectrum along with the heteronuclear single-quantum correlation spectroscopy (HSQC)
experiment showed seven signals equivalent for nine carbons including the equivalent methines
(C-2 and C-6), two methylenes (C-7 and C-8) and five quaternary carbons, including two chemically
equivalent carbons (C-3 and C-5) (Table 1). Its IH NMR demonstrated a 2-proton singlet at dyy 7.12
for the chemically equivalent protons H-2 and H-6 (Table 1). This two-proton singlet at ¢y 7.12 was
correlated to the signal at ¢ 128.1 (CH, C-2/C-6) in the HSQC experiment. In the 1H-1H correlation
spectroscopy (COSY) spectrum, vicinal couplings between the methylene protons at ;7 2.86 (2H, Hy-7)
and 2.64 (2H, H,-8) was observed. Further, the protons of the methylenes at 6y 2.86 (H»-7) and
2.64 (H;-8) were correlated, in the HSQC experiment, to the 3C NMR signals at 5¢ 39.3 (CH,, C-7)
and 34.5 (CH;, C-8), respectively. In addition, the existence of the quaternary carbons at 5¢ 133.6
(qC, C-1),122.1 (qC, C-3, C-5), and 146.0 (qC, C-4) together with 5¢ 128.1 (2 x CH, C-2/C-6) suggested a
1,3,4,5-tetrasubstituted benzene moiety with OH at C-4 and symmetrical substitutions with chlorine
atoms at C-3 and C-5.

Table 1. NMR data of 1-3 (CDCl;, 'H at 850 MHz, 13C at 213 Hz).

.. 1 2 3
Position
8c (mult.) @ SHi;ml_lllZI;"] 8c (mult.) 2 éHiI(ImI_;lzl;"I 8c (mult.) 2 o (ml_lllzli"l m
1 133.6,qC 133.8,qC 133.5,qC
2 128.1, CH 712 (s) 128.1, CH 7.10 (s) 128.6, CH 717 (d, 2.5)
3 122.1,qC 121.0, qC 120.8, qC
4 146.9, qC 146.6, qC 151.7, qC
5 122.1,qC 121.0, qC 116.1, CH 6.93 (d, 8.5)
6 128.1, CH 7.12 (s) 128.1, CH 7.10 (s) 128.4, CH 7.02 (dd, 8.5, 2.5)
7 29.3, CH, 2.86 (t, 7.6) 29.8, CH, 284(t,7.6)  29.5 CH, 2.86 (t, 7.6)
8 345,CH,  264(t7.6)  353,CH,  259(47.6) 348 CH, 2.65 (t, 7.6)
9 173.8, qC 1733,qC 1739, qC
10 51.9, CHs 3.67 (s)

 Multiplicities of the '*C NMR signals were assigned from HSQC experiment.
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Figure 2. Structures of 1-7.

IH-13C Heteronuclear multiple bond correlation spectroscopy (HMBC) experiment supported
the substitution on the phenyl moiety. HMBC of H-2,6/C-1 (qC, é¢ 133.6), H-2,6/C-3,5 (qC, 5¢ 122.1),
and H-2,6/C-4 (qC, 5¢ 146.9) supported this substitution (Figure 3). Thus, 3,5-dichloro-4-hydroxyphenyl
moiety was assigned as part A of the molecule (Figure 2). Furthermore, the 'H chemical shifts
values of H-2 and H-6, and '3C values of C-1-C-6 in 1 are similar with those of (S)-2-amino-3-(3,5-
dichloro-4-hydroxyphenyl)-propanoic acid [42]. The substituent at C-1 of the phenyl moiety was
assigned as 3-substituted propanoic acid (part B) as supported from the signals at dgy,c 2.86 (2H)/29.3
(Hy-7/C-7), 2.64 (2H)/34.5 (H-8/C-8), and 6¢ 173.8 (qC, C-9) (Table 1). The HMBC from the protons at
H,-7 and Hj-8 to C-9 (8¢ 173.8) (Figure 3) supported this assignment. Finally, the connection between the
two parts (A and B) of 1 was proved by cross-peaks in the HMBC of H,-7/C-1, Hy-7/C-2,6, H»-8/C-1, and
H-2,6/C-7 (Figure 3). Thus, compound 1 was assigned as 3-(3,5-dichloro-4-hydroxyphenyl)propanoic
acid and this is the first report about its natural occurrence.

0 o
el L LA cl L 2L >
< OH ./ )
5 2
HO HO
cl cl
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N
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Figure 3. 'H-'H COSY and 'H-'*C HMBC of 1-3, 6, and 7.

Interpretation of the one- and two-dimensional NMR data (Figures S7-511) supported the
structural determination of 2 (Figure 2). It possesses molecular formula C19H19Cl,O3 as supported by
HRESIMS (249.0088, C19H11Cl,03, [M + HJ]*) (Figure S12), being 15 mass units larger than 1, proving
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the existence of an additional CHj in 2. The structure of 2 was assigned by interpretation of its NMR
spectra. The NMR data of 2 are identical with those of 1 (Table 1), suggesting similar structures.
Furthermore, the existence of an additional three-proton singlet at 6y 3.67 correlated to the signal at 6¢
51.9 (CHj;, C-10) in the HSQC, which supports the existence of a terminal methoxyl group in 2. The
HMBC from H3-10 (8y 3.67) to C-9 (8¢ 173.3) supported the existence of a methyl ester group in 2
instead of a free carboxylic acid in 1.

Further, the assignment of the substituents on the aromatic moiety was supported by HMBC
(Figure 3) as previously discussed under compound 1. Similarly, the 'H chemical shifts of H-2
and H-6, and '3C chemical shifts values of C-1-C-6 in 2 are similar to those of (S)-2-amino-3-
(3,5-dichloro-4-hydroxyphenyl)-propanoic acid [42]. Accordingly, compound 2 was assigned as
3-(3,5-dichloro-4-hydroxyphenyl)propanoic acid methyl ester and this is its first natural occurrence.

The structure determination of compound 3 (Figure 2) was assigned by examination of its NMR
spectroscopic data (Figures S13-517). Compound 3 with molecular formula of CoHoClO5 (201.0321,
CyH;oClO;3, [M + HJ*) (Figure S18), being 34 units less than 1, suggests the presence of only one
chlorine atom in 3. Its '*C NMR spectrum and HSQC exhibited nine signals for three aromatic methines
(C-2, C-5, and C-6), two methylenes (C-7 and C-8), and four quaternary carbons (Table 1). Its H
NMR spectrum showed two spin-spin coupling systems. The first one includes the aromatic ABX
coupling system at oy 7.17 (H-2, d, ] = 2.5 Hz), 6.93 (H-5, d, ] = 8.5 Hz), and 7.02 (H-6, dd, ] = 8.5,
2.5 Hz) (Table 1). These protons are correlated in the HSQC experiment to the signals at 5¢ 128.6 (C-2),
116.1 (C-5), and 128.4 (C-6), respectively. This system supported the existence of a 1,3,4-trisubstituted
aromatic moiety in 3. The second spin coupling system includes the vicinal coupling between the
methylenes at 8¢5 2.86 (Hy-7, t, | = 7.6 Hz) and 2.65 (H,-8, t, ] = 7.6 Hz). In the HMBC, Hy-7 (511 2.86)
and Hj-8 ((6y 2.65) displayed correlation to the signal at 6c 173.9 (C-9) (Figure 3), supporting the
existence of a 3-substituted propanoic acid moiety as in 1. Again, the placement of the side chain
(3-substituted propanoic acid) at C-1 was secured from HMBC of H-2/C-7, H-6/C-7, H,-7/C-1, and
H,-8/C-1 (Figure 3). Finally, HMBC of H-2/C-3 (qC, 6¢ 120.8), H-2/C-4 (qC, 5¢ 151.7), H-5/C-4, H-5/C-3,
H-5/C-1 (qC, b¢ 133.5), Hy-7/C-9 (qC, b¢ 173.9), and H»-8/C-9 (Figure 3) supported the substitution on
the benzene ring in 3. Again, the chemical shifts of the 'H (H-2, H-5 and H-6) and '*C (C-1-C-6) NMR
signals of the 3,5-dichloro-4-hydroxy phenyl moiety in compound 3 are similar with reported data
for (5)-3-(3-chloro-4-hydroxyphenyl)-2-(dimethylamino)propanoic acid [42]. Thus, 3 was assigned as
3-(3-chloro-4-hydroxyphenyl)propanoic acid and this is the first report about its natural occurrence.

Interpretation of the NMR (Figures 519-523) and MS spectra of 4 (Figure 2) supported its structure.
The NMR are identical with those reported for 3-phenylpropanoic acid from a terrestrial Streptomyces
strain [37]. Accordingly, 4 was assigned as 3-phenylpropanoic acid and this is its first occurrence from
a marine Streptomyces.

The structure of 5 (Figure 2) was assigned, from the NMR (Figures 524 and 525) and MS spectra,
as E-cinnamic acid. Its NMR spectra exhibited signals for a monosubstituted benzene ring. The | value
(J78 = 16.1 Hz) supported E configuration in 5.

The structures of 6 and 7 (Figure 2) were identified from interpretation of the corresponding
NMR (Figures 526-530 for 6 and Figures S31-535 for 7) and MS spectra. Both compounds (Figure 2)
displayed the same molecular formula of (C14H1,N>O3). The diketopiperazine nature of 6 and 7 are
obvious from the corresponding 'H and '3C resonating signals (Table 2). Those include the resonances
of two amidic carbonyls (C-2 and C-5) as well as the resonances for the methine signals at C-3 and
C-6 (Table 2). The remaining of the signals are characteristic for the presence of a hydroxylated
proline and phenylalanine moieties in 6 and 7 [38—41]. The NMR signals at yy,c 4.60/68.4 (in 6)
and ogyc 4.40/68.1 (in 7) are characteristic for the hydroxylated C-8 supporting the hydroxylation of
the proline moieties in both compounds [38-41]. The NMR data of 6 and 7 (Table 2) are similar to
those of cyclo(L-Phe-trans-4-OH-L-Pro) [38,39] and cyclo(L-Phe-cis-4-OH-p-Pro) [40,41], respectively.
Furthermore, the 2D experiments (HSQC, COSY, HMBC) (Figure 3) supported the assignment of all
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signals of the compounds (Table 2 and Figure 3). Accordingly, compounds 6 and 7 were assigned as
cyclo(r-Phe-trans-4-OH-L-Pro) and cyclo(r-Phe-cis-4-OH-p-Pro).

Table 2. NMR data of 6 and 7 (CDCl3).

Position 6 (1H at 600 MHz, 13C at 150 MHz) 7 (1H at 850 MHz, 13C at 213 Hz)
8¢ (mult.) 2 Sy (mult., J in Hz) 8¢ (mult.) 2 Sy (mult., J in Hz)
2 165.0, qC 165.2, qC
3 56.1, CH 4.33 (dd, 10.8, 3.0) 59.1, CH 4.23 (tt,4.2)
4 (NH) 5.60 (brs) 5.80 (brs)

5 169.5, qC 168.4, qC

6 57.3,CH 4.46 (dd, 10.8, 6.0) 55.8, CH 3.17 (t, 8.5)
7a 378, CH, 2.37 (dd, 13.8, 6.0) 38.0, CH, 2.37 (ddd,13.7,8.5,5.1)
7b 2.06 (ddd, 13.8, 2.20 (m)

11.4,4.2) ’

8 68.4, CH 4.60 (t, 4.2) 68.1, CH 4.40 (quin, 4.0)
9a 3.80 (dd, 13.2,4.2) 3.82 (dd, 12.7, 2.5)
9b 544, CHy 3.58 (d, 13.2) 53.4, CHy 3.35(dd, 12.7,5.1)
10a 3.63 (dd, 14.5,4.2) 3.13 (dd, 14.0, 6.8)
10b 36.6, CHy 2.77 (dd, 15.5, 10.8) 40.8, CHy 3.10 (dd, 14.0, 4.2)
11 135.7, qC 135.2,qC
12 129.0, CH 7.22(d,7.5) 129.7, CH 7.21(d, 7.3)

13 129.3, CH 7.36 (t,7.5) 128.9, CH 7.31(t,7.3)

14 127.6, CH 7.29 (t,7.5) 127.6, CH 7.30 (t,7.3)

15 129.3, CH 7.36 (t, 7.5) 128.9, CH 7.31 (t, 7.3)

16 129.0, CH 7.22(d, 7.5) 129.7, CH 7.21(d, 7.3)

a Multiplicities of the '*C NMR signals were assigned from HSQC experiment.

The derivatives of 3-phenylpropanoic acid are rarely reported from microbial organisms.
We believe that there is only one report about the occurrence of 3-phenylpropanoic acid from a
terrestrial Streptomyces strain [37]. Further, it is worth pointing out that this is the first report about
the natural existence of chlorinated derivatives of 3-phenylpropanoic acid. These results give an
understanding about the biosynthetic potential and structural diversity of the cultured marine-derived
microbes and the future application of these metabolites in drug discovery.

Phenylpropanoids area ubiquitous group of organic compounds including flavonoids, coumarins,
phenolic acids, stilbenes, and lignins. They originate from phenylalanine and tyrosine [43]. The name
phenylpropanoid is derived from a six-carbon forming a phenyl moiety connected to a three-carbon
propene unit. The coumaric acid represents the key biosynthetic intermediate in the biosynthesis
of all phenylpropanoids. Biosynthetically, a variety of natural products including flavonoids,
phenylpropanoids, isoflavonoids, catechins, coumarins, stilbenes, aurones, and lignols originates from
4-coumaroyl-CoA [44], which is originated from cinnamic acid [44].

Three pathogens were used to determine the antimicrobial effects and the minimum inhibitory
concentration (MIC) values of 1-7. Compound 1 showed the greatest inhibitory effects towards
S. aureus and E. coli with inhibition zones of 17 and 23 mm (Table 3). In addition, compounds 2
and 3 were less active than 1 against these pathogens with inhibition zones of 12-20 mm (Table 3).
Compound 4 displayed the lowest activity against these pathogens with inhibition zones of 15 and
11 mm. These findings suggest the importance of the substitution with a “3,5-dichloro-4-hydroxy”
moiety on the phenyl moiety as well as the presence of a free terminal carboxylic acid moiety for
a maximum antibacterial activity (as in 1). On the other hand, 1-4 showed modest effect towards
C. albicans (ATCC 14053) with 6-9 mm inhibition zone (Table 3), suggesting selective antibacterial
effects of these compounds against E. coli and S. aureus. Finally, the diketopiperazine alkaloids 6 and 7
displayed better activities towards C. albicans with 12-14 mm inhibition zones, while they were less

76



Mar. Drugs 2020, 18, 450

active towards E. coli and S. aureus with 7-11 mm inhibition zones, suggesting their selective antifungal
activity against C. albicans.

Table 3. Antimicrobial effects of 1-7.

E. coli S. aureus C. albicans
Compound
Inhibition MIC Inhibition MIC Inhibition MIC
Zone (mm) (ug/mL) Zone (mm) (ug/mL) Zone (mm) (ug/mL)
1 23 16 17 32 9 125
2 20 32 12 64 7 250
3 18 32 15 32 7 250
4 15 64 11 125 6 250
5 NT NT NT NT NT NT
6 7 250 9 250 12 32
7 11 125 7 250 14 32
Ciprofloxacin ? 30 0.25 22 0.5 NT NT
Ketoconazole P NT NT NT NT 30 0.5

2 positive antibacterial drug; ® positive antifungal drug.

To determine the MIC values of the compounds, a microdilution method was carried out (Table 3).
Compound 1 displayed the highest activity towards E. coli with an MIC of 16 pug/mL, while compounds
6 and 7 displayed the highest antifungal activities with an MIC of 32 ug/mL towards C. albicans. On the
other hand, compounds 2 and 3 displayed lower activities with MIC values of 32-64 ug/mL towards
E. coli and S. aureus. Other compounds were weakly active with MIC values of 64-250 pg/mL.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations, ultraviolet (UV), infra-red (IR), NMR, and HRESIMS were acquired as previously
reported [35,36]. Fractionation of the extracts and successive fractions were performed on SiO, and
Sephadex LH-20. The purification of the compounds was carried out on an analytical Shim-Pack C18
(250 x 4.6 mm, Shimadzu, Kyoto, Japan).

3.2. The Host Organism, C. siphonella

The marine sponge C. siphonella was harvested in May 2016 using scuba at a depth up to 20 m
off Jizan at the Saudi Red Sea. The pink tubular sponge is dichotomously divided with a smooth
thin-walled surface. It possesses a soft compressible consistency, which is difficult to tear. The voucher
specimen measures up to 10 cm, while the branching tubes measure up to 5 cm in height and up
to 2.5 cm in diameter. A comprehensive description of the sponge and the specimen’s codes are
previously reported [45,46].

3.3. Isolation of the Actinomycete Streptomyces coelicolor LY 001

After surface sterilization, about 1 cm? of the internal tissue of the sponge was finely mixed in
sterile seawater (10 mL), diluted, and spread on International Streptomyces Project-2 (ISP2) medium.
The medium was amended with 3% NaCl. Afterwards, cultured plates were incubated at 30 °C and
checked after actinomycetes growth regularly. The actinomycete LY001 was obtained in a pure state
after several purification steps.

3.4. Characterization of the Actinomycete, Streptomyces coelicolor

The LY001 strain was identified by analysis of its 165 rRNA sequence. DNA preparation was used
for 165 rRNA gene PCR amplification using 27f and 1492r primers. The reaction mixture composed
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of 50 pL included 1000 ng of gDNA, primers (each 20 pmol), and GoTaq Master Mixes (25 puL). The
polymerase chain reaction (PCR) thermocycler initiated with denaturation at 95 °C (2 min), 30 cycles at
95 °C (30 s for denaturation), 30 s at 58 °C (for annealing), 60 s at 72 °C (for extension), and at 72 °C
for 5 min for final completion of DNA extension. Purification of PCR products was accomplished on
Agarose Gel DNA Purification Kit (Biocompare, South San Francisco, CA, USA) as supported by the
supplier. 16S rRNA sequence displayed 100% similarity with Streptomyces coelicolor (Accession No.
AB588124). The sequence of the Red Sea Streptomyces coelicolor LY0O01 was placed in the NCBI GenBank
under the Accession Number MN883509 on 30 December 2019 (http://getentry.ddbj.nig.ac.jp/).

3.5. Large-Scale Culture of Streptomyces coelicolor

Spores of Streptomyces coelicolor were cultured in 2.0 L flasks, each containing ISP2 media
(500 mL) [47] including 10 g of malt extract, 4.0 g of yeast extract, 4.0 g of dextrose, and 3% NaCl (w/v)
in 1 L distilled water at pH of 7. Incubation of the culture was accomplished by shaking at 180 rpm at
28 °C for 14 days. The combined culture broth (10 L) was shaken against EtOAC three times (each 3 L).
The resulted EtOAc extracts dried to give 1.3 g.

3.6. Purification of 1-7

The dried extract (1.3 g) was partitioned on C18 (ODS) silica (Sigma Aldrich, St. Louis, MO, USA)
using vacuum liquid chromatography (VLC)column using H,O-MeOH gradients to give 10 fractions
(Fractions A-J). The antimicrobial fractions C (180 mg) and D (118 mg) were separately fractionated on
Sephadex LH-20 using MeOH-CH,Cl, (1:1) mixture to give five subfractions, each. Subfraction C4
(65 mg) was purified on an ODS HPLC column using 30% CH3CN to afford compounds 5 (9.1 mg), 6
(3.7 mg), and 7 (2.6 mg). Subfraction D4 (54 mg) was purified on an ODS HPLC using 45% CH3CN to
afford compounds 1 (6.2 mg), 2 (3.6 mg), 3 (3.1 mg), and 4 (4.2 mg).

Spectral Data of 1-7

3-(3,5-Dichloro-4-hydroxyphenyl)propanoic acid (1). Colorless solid; UV (MeOH) Apax (log €):
227 (4.15), 312 (4.17) nm; IR (film) vimax 3340, 3029, 1700, 1301, 1219, 935 cm™!; HRESIMS /2 234.9932
(caled for CoHgCl,O5, [M + H]*, 234.9929), NMR: Table 1.

3-(3,5-Dichloro-4-hydroxyphenyl)propanoic acid methyl ester (2). Colorless solid; UV (MeOH)
Amax (log €): 229 (4.15), 315 (4.17) nm; IR (film) vmax 3335, 3030, 1665, 1305, 1219, 937 cm™!; HRESIMS
my/z 249.0088 (calcd for C19H;1CL O3, [M + H]*, 249.0085); NMR: Table 1.

3-(3-Chloro-4-hydroxyphenyl)propanoic acid (3). Colorless solid; UV (MeOH) Amax (log €): 225
(3.95), 307 (4.00) nm; IR (film) vimax 3341, 3030, 1702, 1303, 1221, 936 cm™~!; HRESIMS m/z 201.0321
(caled for CoH1¢ClO3, [M + HJ*, 201.0318), NMR: Table 1.

3-Phenylpropanoic acid (4). Colorless solid; ESIMS my/z 151.07 (CoH110,, [M + H]), NMR data:
IH NMR (850 MHz, CDCls) &;: 7.22 (2H, m, H-2,6), 7.30 2H, m, H-3,5), 7.21 (1H, m, H-4), 2.97
(t,] = 7.5 Hy-7),2.69 (t, ] = 7.5 H-8); 13C NMR (312 MHz, CDCl3) §¢: 140.1 (qC, C-1), 128.5 (CH, C-2,6),
128.2 (CH, C-3,5), 126.4 (CH, C-4), 29.7 (CH,, C-7), 34.7 (CH,, C-8), 171.6 (qC, C-9).

E-Cinnamic acid (5). Colorless solid; ESIMS my/z 149.06 (CoHgO,, [M + H]*); NMR data: 'H NMR
(850 MHz, CDCl3) éy: 7.55 (2H, m, H-2,6), 7.41 (2H, m, H-3,5), 7.40 (1H, m, H-4), 7.79 (1H, d, ] = 16.1
Hz, H-7), 6.45 (1H, d, ] = 16.1 Hz, H-8); 13C NMR (312 MHz, CDCl3) 6¢ 134.4 (C-1), 128.1 (C-2,6), 128.9
(C-3,5),130.8 (C-4), 147.2 (C-7), 117.0 (C-8), 171.6 (C-9).

Cyclo(r-Phe-trans-4-OH-L-Pro) (6). Colorless solid; [«]p —55° (c 0.10, MeOH); UV (MeOH) Amax
(log €): 230 (4.10), 305 (4.07) nm; IR (film) vimax 3451, 1663, 1629 cm™!; HRESIMS m/z 261.1241 (calcd for
C14H17N,03, [M + H]*, 261.1239), NMR: Table 2.
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Cyclo(r-Phe-cis-4-OH-p-Pro) (7). Colorless solid; [«]p +38° (c 0.10, MeOH); UV (MeOH) Amax
(log ¢): 230 (4.10), 305 (4.07) nm; IR (film) Viax 3450, 1662, 1629 cm™!; HRESIMS m/z 261.1241 (calcd for
C14H17N203, [M + H]+, 2611239), NMR: Table 2.

3.7. Antimicrobial Evaluation of Compounds 1-7

3.7.1. Disc Diffusion Assay

Using the disc diffusion assay, the antimicrobial effects of 1-7 were evaluated at 100 pg/disc against
several pathogenic microbes including E. coli (ATCC 25922), C. albicans (ATCC 14053), and S. aureus
(ATCC 25923) and as previously described [48-50]. Ciprofloxacin (5.0 pg/disc) and ketoconazole
(50 ng/disc) were used as positive antibiotics.

3.7.2. Determination of the MIC of 1-7

The MIC values of the compounds was evaluated using a macrodilution method [51].
Briefly, MeOH was used to dissolve the compounds at a final concentration of 2000 ng/mL, while
distilled water was used to dissolve ciprofloxacin and ketoconazole at final concentrations of 100 ug/mL.
All solutions were sterilized using syringe filters (0.2 um). A two-fold serial dilution of the solutions
was used in Mueller Hinton Broth (MHB) to afford concentrations between 1.0 and 1000 ug/mL for
the compounds and between 0.125 and 64 pg/mL for ciprofloxacin and ketoconazole. From the 10°
colony-forming units (CFU)/mL microbial suspensions, 500 uL were added in sterile tubes giving
inoculua of 5 x 10° CFU/mL. Additional 100 uL of each stock solution of the compounds and antibiotics
were added into the tubes. A control tube, which contains only the test microorganisms and methanol
was prepared. The MeOH displayed no antimicrobial effect. Incubation of the tubes was accomplished
at 37 °C for 48 h. The lowest concentrations of the compounds/antibiotics, which show no microbial
growth were considered as MIC.

4. Conclusions

Purification of the antimicrobial fractions of the culture of the Streptomyces coelicolor LY001 afforded
three chlorinated 3-phenylpropanoic acid derivatives including 3-(3,5-dichloro-4-hydroxyphenyl)
propanoic acid (1), 3-(3,5-dichloro-4-hydroxyphenyl)propanoic acid methyl ester (2), and 3-(3-chloro-
4-hydroxyphenyl)propanoic acid (3) along with 3-phenylpropanoic acid (4), E-cinnamic acid (5),
and the dipeptides cyclo(L-Phe-trans-4-OH-L-Pro (6) and cyclo(L-Phe-cis-4-OH-p-Pro) (7). Structures
of 1-7 were determined from interpretation of their NMR and HRESIMS spectroscopic data. The
chlorinated 3-phenylpropanoic acid derivatives (1-3) showed selective and significant antimicrobial
activities against S. aureus and E. coli and displayed modest effects towards C. albicans. On the
other hand, the diketopiperazine alkaloids 6 and 7 were more active against and selective against
C. albicans and less active than E. coli and S. aureus. Interestingly, this is the first report about
natural occurrence of chlorinated 3-phenypropionic acid derivatives from a cultured marine-derived
Streptomyces. These results suggest insight into the biosynthetic capacities of the cultured marine
actinomycetes. Thus, compounds 1-3, 6, and 7 represent interesting compounds for the design of novel
and effective antibiotic drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/450/s1,

Figure S1-S36: 'H NMR, *NMR, 'H-'H COSY, multiplicity-edited HSQC, HMBC, and HRESIMS data of
compounds 1-7.
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Abstract: Thalassodendron ciliatum (Forssk.) Den Hartog is a seagrass belonging to the plant
family Cymodoceaceae with ubiquitous phytoconstituents and important pharmacological potential,
including antioxidant, antiviral, and cytotoxic activities. In this work, a new ergosterol derivative
named thalassosterol (1) was isolated from the methanolic extract of T. ciliatum growing in the Red Sea,
along with two known first-reported sterols, namely ergosterol (2) and stigmasterol (3), using different
chromatographic techniques. The structure of the new compound was established based on 1D and
2D NMR spectroscopy and high-resolution mass spectrometry (HR-MS) and by comparison with the
literature data. The new ergosterol derivative showed significant in vitro antiproliferative potential
against the human cervical cancer cell line (HeLa) and human breast cancer (MCEFE-7) cell lines, with
ICsq values of 8.12 and 14.24 uM, respectively. In addition, docking studies on the new sterol 1
explained the possible binding interactions with an aromatase enzyme; this inhibition is beneficial in
both cervical and breast cancer therapy. A metabolic analysis of the crude extract of T. ciliatum using
liquid chromatography combined with high-resolution electrospray ionization mass spectrometry
(LC-ESI-HR-MS) revealed the presence of an array of phenolic compounds, sterols and ceramides,
as well as di- and triglycerides.

Keywords: cytotoxic activity; ergosterol derivative; metabolic analysis; docking studies; seagrass;
Thalassodendron ciliatum
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1. Introduction

Seagrasses are marine flowering plants that grow underwater along temperate and tropical
coastlines, providing shelter or food for other marine organisms. They are important components
of the near-shore ecosystem and are used as biological indicators of environmental quality [1].
In East Africa, seagrasses are used as fertilizers and medicinally for the management of fever and skin
diseases [2]. Thalassodendron ciliatum (Forssk.) Den Hartog (Family Cymodoceaceae) is a sub-tidal or
shallow-depositional seagrass species that is generally found in extensive and monotonous meadows.
This sickle-leaved cymodocea, commonly known as "Majani kumbi", grows in the Red Sea, the
western Indian Ocean, and the Indo-Pacific region [3]. T. ciliatum has both horizontal and vertical
rhizomes, with a cluster of leaves at the top of each living stem [4]. The leaves of T. ciliatum are
characterized by the presence of many tannin-containing cells and are rich in phenolic constituents [5].
Pharmacological studies showed that T. ciliatum possesses antioxidant, antiviral, and cytotoxic activities,
which are highly correlated to its flavonoid content [6-8]. Several flavonoids were reported from
T. ciliatum such as quercetin 3-O-f-p-xylopyranoside, asebotin, 3-hydroxyasebotin, rutin, and racemic
catechin [6]. Recently, a new diglyceride ester and asebotin were isolated from T. ciliatum, showing
antiviral activities against the H5N1 virus through inhibition of the virus titre by 67.26% and 53.81%,
respectively [7]. A new dihydrochalcone diglycoside was also identified from T. ciliatum, exhibiting
anti-influenza A virus activity [9]. In 2018, our group isolated a cytotoxic phytosphingosine-type
ceramide from T. ciliatum of the Red Sea in addition to different sterols with anti-inflammatory
effects [10]. Gas chromatography coupled to mass spectrometry analysis (GC-MS coupling) was
performed for identification of the lipoidal matter of the n-hexane fraction of T. ciliatum, revealing the
presence of saturated and unsaturated long-chain fatty acids, such as tetradecanoic acid, eicosanoic acid,
9,12-hexadecadienoic acid, and 8,11,14- eicosatrienoic acid, in addition to other volatile compounds,
as well as 1-heneicosanol, 2,6-bis (1,1-dimethylethyl)phenol, and 1-tridecanol [11]. Some genera
of Cymodoceaceae showed different steroidal profiles, among them compounds like cholesterol,
f-sitosterol, stigmasterol, campesterol, and 22,23-dihydrobrassicasterol. Four 3-ketosteroids with a
24-ethyl cholestane side chain were also isolated from Cymodocea nodosa [12,13]. A comparative study
on five seagrasses of different families revealed a high percentage of stigmasterol and f3-sitosterol in both
Cymodocea serrulate and Halodule uninervis [14]. Our previous study was the only one that reported on
the isolation of different steroids from T. ciliatum with anti-inflammatory effects, including 7g-hydroxy
cholesterol, 75-hydroxysitosterol, stigmasterol glucoside, and S-sitosterol glucoside [10]. Therefore, we
herein continue our chemical and biological investigation on T. ciliatum growing in the Red Sea, along
with high-resolution electrospray ionization mass spectrometry (LC-ESI-HR-MS)-assisted metabolic
profiling of this important seagrass.

2. Results and Discussion

2.1. Metabolic Profiling

Metabolic profiling of the crude extract of T. ciliatum using the LC-ESI-HR-MS technique
(Figures S1 and S2) revealed the presence of a broad variety of metabolites such as flavonoids, chalcones,
phenolic acids, sterols, fatty acids, anthraquinones, and terpenoids. The LC-ESI-HR-MS profiling for
the rapid identification of natural metabolites resulted in the annotation of 20 compounds identified by
comparison of their data, particularly their accurate masses, with those from some databases, e.g., the
Dictionary of Natural Products (DNP) and the Metabolite and Chemical Entity (METLIN) database,
as shown in Figure 1. Mass accuracy was calculated as [measured mass-expected mass/expected
mass] x 10 and expressed in parts per million (ppm) error [15]. The herein-characterized metabolites of
T. ciliatum were found to be in accordance with those obtained in previous phytochemical studies, which
reported the isolation of several phenolic compounds and sterols [6,10]. From Table 1, protocatechuic
acid, butein, kaempferol, catechin, 1,4,5-trihydroxy-7-methoxy-3-methyl anthraquinone, quercetin,
2-w-dihydroxy emodin, isorhamnetin, quercetin-3-O-f-p-xylopyranoside, asebotin, and rutin were
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reported to have antioxidant activity that can protect from cardiovascular diseases, liver damage,
and proliferation of abnormal cells [6,16-20]. Butein showed an aromatase inhibition activity that
can be effective in breast cancer treatment [21]. A long-chain polyunsaturated fatty acid, namely
6E,8E,10E,12E-octadecatetraenoic acid, as well as the diterpene linearol, exhibited antimicrobial and
anticancer activities [22,23]. Likewise, both sphaerollane I and ergosterol inhibited proliferation of
various malignant cell lines [24,25]. Linearol and rutin were reported to have antioxidant, cytotoxic
and antiviral activities [18,23]. It is worth noting that the aforementioned antioxidant, antiviral,
and cytotoxic activities of the crude extract of T. ciliatum may be correlated to the activities of the
identified metabolites.

Figure 1. Chemical structures of the detected metabolites listed in Table 1.
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2.2. Identification of the Isolated Metabolites

Compound 1 (Figure 2) was obtained as a white powder and its molecular formula was determined
by ESI-HR-MS as C3pH49Os5 (found at m/z 489.3573 [M — H]~ (Figure S3), calculated for 489.3579),
indicating the presence of six degrees of unsaturation in the molecule. The NMR spectral data
of compound 1 (Table 2) (Figures S4-S7) also closely matched those reported in the literature for
ergostane-type steroids [27,37], showing signals characteristic of four secondary methyl groups
resonating at 6ry 1.06 (CH3-21), 0.92 (CH;3-28), 0.877 (CH3-27), and 0.873 (CH3-26), as well as one tertiary
methyl group at 65y 1.03 (CHz3-19), along with their carbon resonances at 6c 19.9, 18.4, 22.9, 23.1, and
14.1, respectively. The two geminally coupled (J = 12.2 Hz) one-proton doublets at 6 3.75 and 3.65, and
the corresponding oxygenated methylene carbon at 6c 60.6 were indicative of the presence of a hydroxy
group at C-18, which was corroborated by the observed Heteronuclear Multiple Bond Correlation
(HMBC) correlations of Hy-18 with C-12, C-13, and C-17 (Figure 3) (Figure S8). Additionally, the NMR
data of compound 1 displayed two one-proton doublets of doublets at 657 5.12 (J = 15.2, 6.5 Hz) and 5.23
(J =15.2,7.2 Hz), ascribable to the olefinic protons H-22 and H-23, together with their corresponding
methine carbons at 6c 137.5 and 133.1, respectively.

Figure 2. Chemical structure of the new ergosterol derivative 1 (2f,18-dihydroxy-15a-acetoxy-5,6,7,8-
tetrahydroergosterol), named thalassosterol.

Table 2. H (400 MHz) and 13C (100 MHz) NMR spectroscopic data of compound 1 (CD30D, 6 in ppm,

] in Hz).

No. 6]—1 6C
1 1.42,2.09, m 39.1
2 4.72,br. d (] =2.2) 76.0
3 4.75,br. d (] =2.2) 76.3
4 1.60, 1.80, m 30.4
5 1.59, m 40.2
6 1.25,1.50, m 28.9
7 0.96,1.59, m 323
8 1.74, m 324
9 0.83, m 56.8
10 36.5
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Table 2. Cont.

No. 6]—1 6C
11 1.37,1.56, m 21.8
12 0.96,2.62, m 36.2
13 — 48.8
14 1.20, m 59.8
15 4.99, m 744
16 1.30, 2.46, m 39.9
17 1.14, m 58.1

3.65,d (] =12.2)
18 375d ( = 12.2) 60.6
19 1.03, br. s 14.2
20 1.72, m 36.6
21 1.06,d (J = 6.4) 19.9
22 5.15,dd (J = 15.2, 6.5) 137.5
23 5.21,dd (J =15.2,7.2) 133.2
24 1.84, m 444
25 1.51, m 29.2
26 0.873,d (J = 6.64) 23.2
27 0.877,d (] = 6.64) 23.0
28 092,d (J=6.8) 18.4
-CO-CHj3; 2.00, s 21.2
-CO-CH3 — 172.6

Figure 3. Key I'H-'H COSY (==) and Heteronuclear Multiple Bond Correlation (HMBC) (/\)
interactions in thalassosterol (1), (28,18-dihydroxy-15a-acetoxy-5,6,7,8-tetrahydroergosterol). Blue bold
line represents 1H-TH COSY correlations between H1/H2, H2/H3, H3/H4, H14/H15, H15/H16, H16/H17,
H22/H23 and H23/H24, while red single-head arrow represents HMBC correlations between H1/C19,
H1/C3, H2/C3, H2/C5, H15/C13, H15/C17, H15/CO, H18/C12, H18/C17, H18/C13, H22/C17, H22/C24,
H27/C24 and H28/C23.

The position of this double bond between C-22 and C-23 was also supported by the obtained
Heteronuclear Multiple Bond Correlation (HMBC) cross peaks of H-22/C-17 and H-22/C-24, as well as
by the proton/proton Correlation Spectroscopy (*H-'H COSY) of H-22/H-23 and H-23/H-24 (Figure 3
and Figure S9), whereas the large coupling constant (15.2 Hz) between H-22 and H-23 typically
indicated a trans-configuration of that double bond. Moreover, the 'H NMR signals at 6y 4.71 (1H,
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br.d, ] =2.2Hz)and 4.74 (1H, br. d, ] = 2.2 Hz) were attributed to H-2 and H-3, respectively, suggesting
that the hydroxylation in ring A of this sterol should be at C-2 and C-3, which was also confirmed by
Heteronuclear Single Quantum Correlation (HSQC). These assignments were also substantiated with
the aid of 'H-'H COSY, HSQC, and HMBC analyses (Figure 3).

The S-configuration of the hydroxy groups at C-2 and C-3 was clearly deduced from the observed
chemical shifts of both carbons (6c 75.9 and 76.3, respectively) [38], as well as through the Nuclear
Overhauser Effect Spectroscopy (NOESY) correlations observed between H-2/H-3, H-2/H-5, H-2/H-4a,
H-3/H-1a, H-3/H-2, and H-3/H-5 (Figure 4 and Figure 510). On the other hand, the three-proton singlet
at 6y 2.0, along with its corresponding carbon resonating at 6c 21.2 and the quaternary carbonyl
signal at 6c 172.6 were consistent with the presence of an acetoxy group, which was unambiguously
allocated at C-15 based on the marked downfield shift of both H-15 (6y4 4.98) and C-15 (6¢ 74.3) in
comparison with ergosterol (2) and other related ergostane derivatives [25,37]. The noticed HMBC
correlation of H-15 with the carbonyl carbon of this acetoxy group, in addition to its three-bond
connectivities to both C-13 and C-17, were also in good agreement with the acetylation of compound 1
at C-15, while the observed NOESY correlations between H-15 and both H-7b and H-8 verified the
a-orientation of that acetoxy group (Figure 4). Based on the above-mentioned assignments, which were
totally supported by the DEPT-135, 'H-'H COSY, HSQC, HMBC, and NOESY experiments, compound
1 was identified as 2f,18-dihydroxy-15a-acetoxy-5,6,7,8-tetrahydroergosterol, or, in other words,
as (2p,3p-dihydroxy-13p-hydroxymethyl-108-methyl-174-(1,4,5-trimethyl-hex-2E-enyl)-hexadecahydro-
cyclopenta[ a]Jphenanthren-15a-yl acetate) (Figure 2). To the best of our knowledge, this molecule is a
new compound, henceforth named thalassosterol.

-~

27

Figure 4. Key Nuclear Overhauser Effect Spectroscopy (NOESY) ('/\‘) correlations of thalassosterol
(1), (28,18-dihydroxy-15a-acetoxy-5,6,7,8-tetrahydroergosterol). Green double-head arrow represents
NOESY correlations between H2/H3, H2/H5, H2/H4a, H3/H1a, H3/H2, H3/H5, H15/H7b and H15/HS.

Compounds 2 and 3 (Figure 5) were identified as the known steroids ergosterol (2) and
stigmasterol (3), respectively, by comparing their spectral data with those reported in the
literature [25,37,39,40]. Both compounds were also detected in the metabolic analysis of T. ciliatum. It is
worth mentioning that it is the first time to report on the isolation of both ergosterol and stigmasterol
from the seagrass T. ciliatum.
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HO HO

Figure 5. Chemical structures of the known metabolites ergosterol (2) and stigmasterol (3) isolated
from T. ciliatum.

2.3. Docking Study

It can be observed generally through looking at the best score poses that binding of the new
ergosterol, thalassosterol (1), at the active site is similar to that of the endogenous aromatase substrate,
exemestane [41]. The binding interaction shows that the steroidal nucleus, overlapped with the
hydrophobic environment of the binding pocket with ring D, is oriented towards the Met 374 residue
and the p-face positioned towards the heme moiety. It can be clearly noticed that, while the hydroxy
group of the ring A engages one hydrogen bond donor with the backbone amide of Met 374 as reported
(3.82 A) [42], the C15-keto oxygen atom of ring D acts as a hydrogen bond acceptor from Arg 115
(3.12 A). Moreover, three extra hydrogen bond donors were involved via the interaction with Cys
417 residue with binding interaction score —8.219 kcal/mol (Figure 6). It is worth to mention that
the H-bond interaction of the targeted new compound with Met 374 represents the selectivity of the
latter with the active site of the aromatase. Moreover, the binding interactions of the target ergosterol
derivative with different amino acids of the binding site of the aromatase did not only confirm the
selectivity but also the possible binding interactions when compared with exemestane.

(a)

Figure 6. (a) The 2D caption of thalassosterol (1), (28,18-dihydroxy-15a-acetoxy-5,6,7 8-tetrahydroergosterol),
binding to the active site of aromatase. (b) Binding pattern of compound 1 colored by element into the
receptor binding site showing five interactions (dotted lines).

2.4. In Vitro Antiproliferative Activity

The SRB assay is a rapid, sensitive, and inexpensive method for screening for antitumor activities
of chemical agents against different malignant cell lines [43]. The antitumor effects of the isolated
compounds were assessed by determination of the concentration required for 50% of growth inhibition
(IC50). The cytotoxic potentials of the new compound 1 and of doxorubicin as a positive control
are shown in Table 3 against different malignant cell lines, including the human cervical cancer cell
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line (HeLa), a human breast cancer cell line (MCF-7), and a human liver cancer cell line (HepG2).
The efficacy of compound 1 follows the order of HeLa > MCF-7 > HepG2 malignant cell lines. The ICs
of compound 11is 8.13 + 0.21 uM (mean + SD) against the HeLa cell line and this result is closely related
to the one obtained with doxorubicin as a positive control (Table 3). Moreover, compound 1 showed a
weak antiproliferative activity on cells of the normal Vero cell line (> 90 uM).

Table 3. ICs5) values (uM) of thalassosterol (1) and doxorubicin against different human cell lines, HeLa,
human liver cancer cell line (HepG2), and human breast cancer cell line (MCEF-7).

Human Cancer Cell Lines

HeLa HepG2 MCEF-7
I1C50 (uM) IC50 (uM) 1C50 (uM)
Thalassosterol (1) 8.13 +£0.21* 48.64 +0.22 * 14.26 + 0.40 *
Doxorubicin 6.77 + 0.07 9.02 + 0.06 8.65 +0.03

Human cervical cancer cell line (HeLa), human liver cancer cell line (HepG2), human breast cancer cell line (MCEF-7).
* Significantly different from doxorubicin as the positive control. Each data point represents the mean + SD of three
independent experiments (significant differences at p < 0.05).

According to the US NCI (National Cancer Institute) plant screening program guidelines, a crude
extract is considered to have in vitro antiproliferative activity if the ICsy value after incubation between
48 and 72 h is smaller than 20 pg/mL, and less than 4 pug/mL for pure compounds [44]. Based on
these NCI guidelines, the new compound 1 exhibited a high cytotoxic potential against the HeLa cell
line, with an ICsj value of 8.13 + 0.21 uM (less than 8.17 uM, equivalent to 4 pg/mL of the US NCI
guidelines). On the other hand, compound 1 showed a weak cytotoxic activity against the HepG2
cell line, with an ICsj value of 48.64 + 0.22 uM. Moreover, it was found to have a moderate cytotoxic
activity against the breast cancer cell line MCF-7, with an ICs( value of 14.26 + 0.40 pM when compared
with doxorubicin as a positive control (8.65 + 0.03 uM). This cytotoxic activity against the mentioned
types of estrogen-responsive cancers, cervical cancer and breast cancer [41] was confirmed by the
previously discussed docking study by blocking the aromatase enzyme that synthesizes estrogens.

3. Materials and Methods

3.1. Plant Material

The seagrass T. ciliatum was collected from Sharm El Sheikh at the Egyptian Red Sea, then
air-dried and stored at a low temperature (-24 °C) until further processing. The plant was identified by
Dr. Tarek Temraz, Marine Science Department, Faculty of Science, Suez Canal University, Ismailia,
Egypt. A voucher sample (no. SAA-41) was deposited in the herbarium section of Pharmacognosy
Department, Faculty of Pharmacy, Suez Canal University, Ismailia, Egypt.

3.2. General Experimental Procedures

'H and '3C NMR spectra were obtained with a Bruker Avance III HD 400 spectrometer operating
at 400 MHz for 'H and 100 MHz for 3C. Both 'H and '3C NMR chemical shifts are expressed in 6 values
in regard to the solvent peaks oy 3.3 and 6¢ 49 ppm for CD30D, and coupling constants are given in
Hertz (Hz). Thin layer chromatography (TLC) analysis was carried out on aluminum-backed plates
pre-coated with silica gel Fps4 (20 X 20 cm; 200 pm; 60 A (Merck™, Darmstadt, Germany), while silica
gel 60/230—400 um mesh size (Whatman', Sanford, ME, USA) was used for column chromatography.
Sephadex® LH-20 (Sigma Aldrich, Bremen, Germany), and reversed-phase octadecyl silica (ODS) gel
(YMC, Kyoto, Japan) were also utilized.

3.3. Extraction and Isolation

The air-dried material of T. ciliatum (90 g) was ground and extracted with a 1:1 mixture of
CH,Cl,/MeOH (2 L x 3) at room temperature. The combined extracts were concentrated under
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vacuum to afford a dark-green residue (Tc, 21 g), which was then chromatographed over an open
silica gel column using n-hexane/ethyl acetate (EtOAc) as the eluent (95:5-0:100) and EtOAc/methanol
(90:10-50:50), with gradient elution giving seven fractions, Tc-A~Tc-G. The second fraction eluted using
25% EtOAc in hexane, Tc-B, was concentrated to afford a green residue (5 g) and was purified on silica
gel using hexane/EtOAc (95:5) giving nine subfractions, Te-B-1~Tc-B-9. Among them, subfractions
Tc-B-2~Tec-B-4, having similar TLC patterns, were combined (Tc-B-1’, 90 mg) and re-chromatographed
on silica gel using hexane-EtOAc (95:5) giving four sub-subfractions, Tc-B-1’-1~Tc-B-1’-4. One of the
resulting sub-subfractions, Tc-B-1’-2, afforded compound 3 (11 mg). Another sub-subfraction, Tc-B-1"-3
(30 mg), was also applied to a Sephadex LH-20 column and eluted with CHCl3-MeOH (1:1) to afford
compounds 1 (14 mg, white powder) and 2 (16 mg). Compound 1 was finally purified on an open
ODS column using MeOH/H,O (8:2).

3.4. Metabolic Profiling

The metabolic study was performed using LC-ESI-HR-MS for dereplication purposes according
to the literature [45]. An aliquot of 10 pL of the methanolic extract of T. ciliatum (1 mg/mL) was
injected to an Accela HPLC (Thermo Fisher Scientific, Bremen, Germany) using an ACE C18 column
of 75 mm X 3 mm having 5 um internal diameter (Hichrome Limited, Reading, UK) and equipped
with an Accela UV-visible detector. This compartment was coupled to an Exactive (Orbitrap) mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). The gradient elution was done using
purified water (total organic carbon 20 ppb) and acetonitrile; each containing 0.1% formic acid with
a flow rate of 300 uL/min at ambient temperature. The gradient elution technique was assessed by
increasing the concentration of acetonitrile from 10% to 100% within 30 min, followed by an isocratic
period of 5 min and then reducing the concentration of acetonitrile to 10% within 1 min. ESI-HR-MS
analysis was performed in both positive and negative ionization modes, with a spray voltage of 4.5 kV
and a capillary temperature of 320 °C. The ESI-MS mass range was set at m/z 100-2000 using in-source
collision-induced dissociation (CID) mechanism and m/z 50-1000. The raw HR-MS data were imported
and analyzed using MZmine 2.12. Excel macros were also employed to dereplicate each m/z ion peak
with metabolites in the database, using the retention time and an m/z threshold of + 5 ppm, to attain
the tentative identification of the compounds. A chemotaxonomic filter was applied to the obtained
hits in order to limit the number of identities per metabolite and to only include the relevant ones.
The compounds were identified by a comparison of their data, particularly their accurate masses,
with those from some databases, e.g. DNP and METLIN. The retention time, m/z, molecular weight,
molecular formula, MZmine ID, name, and biological source were determined.

3.5. Modeling Study on the Binding Between the New Ergosterol Derivative 1 and the Aromatase Binding Site

Molecular Operating Environment (MOE) was adopted for docking calculations. The structures
of the compounds were generated by ChemDraw Ultra 11.0. Molecular docking calculations were
applied on human placental aromatase (PDB code 3S7S, http://www.rcsb.org/pdb/home/home.do).
Since the aromatase enzyme is complexed with the steroid exemestane as an inhibitor, this model was
chosen for steroidal scaffold inhibitors. Docking simulation was done on the test compounds with
the following protocol. Structure arrangement process was used to revise the protein errors, and a
reasonable protein structure was set up on default rules on MOE. Finally, the Gasteiger methodology
was used to calculate the partial charges of the protein [46]. The ligands were protonated and the
correction of atom and bond types were defined, hydrogen atoms were added, and finally minimization
was performed (MMFF94x, gradient: 0.01).

The default Triangle Matcher placement method was selected for docking. The GBVI/WSA dG
scoring function that determines the free energy of binding of the ligand from a given pose, was chosen
to rank the final poses. The ligand complex with the enzyme having the lowest S-score was selected.
The redocking of ligand with its target revealed an RMSD of 0.98 A, which confirmed that the ligand
binds to the same pocket and assured the dependability of parameters of docking.
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3.6. In Vitro Antiproliferative Assay

3.6.1. In Vitro Cell Culture

Human breast adenocarcinoma (MCF-7), cervical cancer (HeLa), and liver carcinoma (HepG2)
cell lines were purchased from the American Type Culture Collection (ATCC, Alexandria, MN, USA).
The tumor cell lines were preserved at the National Cancer Institute, Cairo, Egypt, by serial sub-culturing.
The cells were sub-cultured on RPMI 1640 medium supplemented with 1% penicillin/streptomycin
and 10% fetal bovine serum [47].

3.6.2. Sulforhodamine B Assay

The antiproliferative activity was determined by the sulforhodamine B (SRB) assay. SRB is a
fluorescent aminoanthracene dye with two sulfonic acid groups that bind to the amino groups of
intracellular proteins under mildly acidic conditions to provide a sensitive index of cellular protein
content. The test was performed as previously described in detail [48,49]. Cells were seeded in 96-well
microtiter plates at an initial concentration and left for 24 h to attach to the plates. Then, the three isolated
compounds were dissolved in dimethyl sulfoxide (DMSO) and added at different concentrations of
0,5,12.5, 25, and 50 pug/mL. After incubation for 48 h, 50 pL of 10% trichloroacetic acid were added
and incubated for 60 min at 4 °C to fix the attached cells. The plates were washed and stained with
50 uL of 0.4% SRB dissolved in 1% acetic acid for 30 min at room temperature. The plates were then
air-dried, and the dye was solubilized with 100 uL/well of 10 M tris base of pH 10.5 (AppliChem®,
Darmstadt, Germany). Optical density (OD) was measured spectrophotometrically at 570 nm using an
ELISA microplate reader (Sunrise Tecan reader, Crailsheim, Germany). The experiment was repeated
three times and ICs values (concentration that causes 50% decrease in cell viability) were calculated.
Doxorubicin served as a positive control at the same concentration range.

4. Conclusions

From the CH,;Cl,/MeOH extract of the Red Sea grass T. ciliatum, a new ergosterol
derivative, compound 1, was isolated. It was identified as 28,18-dihydroxy-15a-acetoxy-5,6,7,8-
tetrahydroergosterol and named thalassosterol. The new compound displayed a significant cytotoxic
activity against cervical (HeLa) and breast cancer cell lines (MCEF-7), with ICs values of 8.12 and
14.24 uM, respectively. In addition, docking studies with compound 1 explained how it works as
an aromatase inhibitor, serving a protocol of cervical and breast cancer treatment. LC-MS based
metabolic analysis of T. ciliatum furthermore revealed the presence of phenolic compounds, sterols,
ceramides, and di- and triglycerides. Therefore, the presented work highlights T. ciliatum as an
important marine source of bioactive secondary metabolites that should attract further chemical and
pharmacological investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/7/354/s1,
Figures S1-S2: LC-ESI-HR-MS of the crude extract (positive and negative modes), Figures S3-510: ESI-HR-MS,
1H NMR, 13C NMR, DEPT-135, HSQC, HMBC, COSY and NOESY of compound 1.
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Abstract:  Liquid chromatography coupled with high resolution mass spectrometry
(LC-HRESMS)-assisted metabolomic profiling of two sponge-associated actinomycetes,
Micromonospora sp. UR56 and Actinokineospora sp. EG49, revealed that the co-culture of these
two actinomycetes induced the accumulation of metabolites that were not traced in their axenic
cultures. Dereplication suggested that phenazine-derived compounds were the main induced
metabolites. Hence, following large-scale co-fermentation, the major induced metabolites were
isolated and structurally characterized as the already known dimethyl phenazine-1,6-dicarboxylate (1),
phenazine-1,6-dicarboxylic acid mono methyl ester (phencomycin; 2), phenazine-1-carboxylic
acid (tubermycin; 3), N-(2-hydroxyphenyl)-acetamide (9), and p-anisamide (10). Subsequently,
the antibacterial, antibiofilm, and cytotoxic properties of these metabolites (1-3, 9, and 10) were
determined in vitro. All the tested compounds except 9 showed high to moderate antibacterial and
antibiofilm activities, whereas their cytotoxic effects were modest. Testing against Staphylococcus
DNA gyrase-B and pyruvate kinase as possible molecular targets together with binding mode studies
showed that compounds 1-3 could exert their bacterial inhibitory activities through the inhibition of
both enzymes. Moreover, their structural differences, particularly the substitution at C-1 and C-6,
played a crucial role in the determination of their inhibitory spectra and potency. In conclusion,
the present study highlighted that microbial co-cultivation is an efficient tool for the discovery of
new antimicrobial candidates and indicated phenazines as potential lead compounds for further
development as antibiotic scaffold.
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1. Introduction

Natural products derived from marine microbes play a pivotal role in drug discovery and
development due to their diverse molecular and chemical scaffolds, which cannot be matched by
any synthetic or combinatorial libraries [1]. Marine-sponge-associated actinomycetes have recently
been used to produce a multitude of new bioactive compounds with novel molecular scaffolds and
potent pharmacological activities such as antibacterial, antifungal, antiparasitic, immunomodulatory,
anti-inflammatory, antioxidant, and anticancer activities [2-5]. However, searching for new and
promising bioactive secondary metabolites from marine microbes is becoming a serious challenge due
to the increasing rate of rediscovery of known secondary metabolites [6,7]. On the other hand, genomic
work has revealed that definite groups of bacteria and fungi have huge numbers of silent biosynthetic
gene clusters (BGCs) that encode for secondary metabolites that are not traced under normal laboratory
conditions [8,9]. Microbial competition for space and nutrition are considered eventual routes for the
induction of bioactive metabolites, mainly antimicrobial agents [10]. Several protocols have been used
to trigger such cryptic biosynthetic pathways. One of these protocols involves co-cultivation or the
so-called mixed fermentation of two or more microorganisms in a single culture flask, which results in
the production of antimicrobial secondary metabolites [11-13]. Recently, we reported the production of
new antitumor agents, saccharomonosporine A and convolutamydine F, by the co-fermentation of two
marine-sponge-associated actinomycetes, Dietzia sp. UR66 and Saccharomonospora sp. UR22, obtained
from Callyspongia siphonella [14]. A chlorinated benzophenone pestalone that showed potent antibiotic
activity was sourced from the co-cultivation of two marine-associated fungi, -proteobacterium CNJ-328
and Pestalotia sp. CNL-365 [15]. The induction of cryptic pulicatin derivatives that exhibit potent
antifungal effects through the microbial co-culture of Pantoea agglomerans with Penicillium citrinum was
recently reported [16]. Finally, the induced production of emericellamides A and B obtained from
a co-fermentation of the marine-associated fungus Emericella sp. CNL-878 and the marine derived
bacterium Salinispora arenicola was reported [17].

Phenazine compounds are heterocyclic nitrogenous compounds that consist of two benzene rings
attached through two nitrogen atoms and substituted at different sites of the core ring system. Phenazine
derivatives have been found to show a wide range of biological activities, including antibacterial,
antiviral, antitumor, antimalarial, and antiparasitic activities [18,19]. They have been isolated in large
amounts from terrestrial bacteria such as Pseudomonas, Streptomyces, and other genera from marine
habitats [20]. The iminophenazine clofazimine is an example of a successful phenazine derivative,
having been approved by the FDA for the treatment of leprosy and drug-resistant Mycobacterium
tuberculosis strains [21,22]. Another example of a phenazine is bis-(phenazine-1-carboxamide),
which acts as a strong cytotoxin and represents an attractive class of anticancer drugs [23]. In an
earlier work, we found that Actinokineospora sp. EG49 was able to induce Nocardiopsis sp. RV163 to
produce 1,6-dihydroxyphenazine upon co-cultivation [24]. On the other hand, Micromonospora sp.
are widespread actinomycetes and prolific producers of diverse antibiotics [25,26]. Consequently,
we decided to extend our co-cultivation trials on both marine-derived Actinokineospora sp. EG49
and Micromonospora sp. UR56 in order to induce the production of further antibacterial metabolites,
which were also found to be of the phenazine class. Based on earlier reports on the biological activities
of this class of compounds, we suggested both DNA gyrase B (Gyr-B) and pyruvate kinase (PK) to be
the possible molecular targets of their antibacterial activity. The working outline of the present study is
illustrated in Figure 1.
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Figure 1. Outline of the procedure used in the present study.

2. Results and Discussion

2.1. Metabolomic Profiles of the Axenic and Co-Culture Extracts

The chemical profiles of the actinomycetes Micromonospora sp. UR56 and Actinokineospora sp. EG49
were investigated via liquid chromatography coupled with mass spectrometry (LC-HRMS) analysis
after their fermentations (axenic and co-fermentation). The metabolomic profile of the co-culture
extract displayed the induction of diverse metabolites from different chemical classes compared to
those of the two axenic cultures (Figure 2, Supplementary Figure S32, and Supplementary Table S3).
Twelve metabolites were putatively identified in the Micromonospora sp. UR56-derived extract,
where phenazine derivatives were found to prevail (Figure 2; Figure 3, Supplementary Figure S30).
Most of these dereplicated phenazines e.g., phenazine-1-carboxylic acid (3), aestivophoenin c (8),
and methyl saphenate (4) have been reported to possess antimicrobial and cytotoxic properties [27].
The remaining identified compounds were found to belong to the N-containing and polyketide classes.
Within the axenic Actinokineospora sp. EG49 culture, no phenazine derivatives were traced in the
LC-HRMS analysis of the extract. Additionally, its chemical profile revealed poor diversity, with a few
identified N-containing and polyketide metabolites (Supplementary Figure S31 and Supplementary
Table 52). On the other hand, the mixed fermentation of both actinomycetes induced Micromonospora sp.
URS56 to accumulate diverse phenazine derivatives (1-8) (Figure 2). Such induction could be due to
environmental competition or chemical defense mechanisms [10]. Based on the metabolomic profiling of
the co-culture, the major induced metabolites (1-3, 9, and 10) were targeted and isolated using Sephadex
LH20 followed by silica gel column chromatography, and identified using different spectroscopic
approaches. Subsequently, they were subjected to antibacterial, antibiofilm, and cytotoxicity testing.
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Figure 3. Identified phenazine derivatives in the axenic Micromonospora sp. UR56 culture,
and after its co-culture with Actinokineospora sp. EG49. 1: dimethyl phenazine-1,6-dicarboxylate,
2: phencomycin, 3: phenazine-1-carboxylic acid, 4: methyl saphenate, 5: 1-hydroxy methyl-6-carboxy
phenazine, 6: griseolutic acid, 7: griseolutin A, 8: aestivophoenin C, 9: N-(2-hydroxyphenyl)-acetamide,
and 10: p-anisamide.

2.2. Bioactivity Testing

2.2.1. Antibacterial Activity

Based on earlier reports on their antibacterial potential, phenazine-derived compounds
have proven to be an interesting chemical scaffold for the development of new antibacterial
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agents [27]. Therefore, all isolated compounds were evaluated against Staphylococcus aureus ATCC9144,
Bacillus subtilis ATCC29212, Pseudomonas aeruginosa ATCC27853, and Escherichia coli ATCC25922
(Table 1). Compounds 3 and 10 displayed potent antibacterial activity against P. aeruginosa with growth
inhibition of 94% and 70%, respectively, while compounds 1, 2, and 9 showed considerable antibacterial
activity against S. aureus with growth inhibition of 47%, 69%, and 53%, respectively (Table 1). Based on
these results together those previously reported [27], we concluded that the phenazine-1-carboxylic
acid scaffold is essential for antibacterial activity against Gram-negative bacteria and produces no
observable activity towards Gram-positive ones. Although the addition of another carboxylic acid or
carboxyl ester at C-6 significantly decreased the inhibitory activity against Gram-negative bacteria,
it converted these phenazine derivatives to be active against Gram-positive strains (Figure 4).

Table 1. Growth inhibition % of 1-3, 9, and 10 at 15 uM against different bacterial strains.

Tested Compounds Staphylococcus aureus Bacillus subtilis Escherichia coli Pseudomonas aeruginosa
1 5719+ 12 19.61 +1.5 9.93+1.3 2341+17
2 68.87 £ 0.8 3213+ 1.3 1115+ 14 2325+22
3 NA 1.69 +1.2 2434+ 1.8 9417 +2.8
9 1.1+09 NA NA 474+ 16
10 5317 £1.2 4216 +1.9 19.27 +2.5 7023 +1.1
Gentamicin 99.1+0.7 97 +1.6 99 +0.6 99.7+0.2

NA: no activity.

N
10
9 N 1
8 . 2
SN
7 N 3
Addition of another carboxyl group or a carboxyl 4

a

antibiofilm spectrum from Gram-negative to
Gram-positive bacteria, and increases the
enzyme-inhibitory activities, in particular of PK.

ester group at C-6 converts the antibacterial and [R

Figure 4. Structure-activity relationship of the induced phenazine derivatives.
2.2.2. Antibiofilm Activity

To further evaluate the inhibitory activities of the isolated metabolites (1-3, 9, and 10), their
antibiofilm potentials against S. aureus, B. subtilis, E. coli, and P. aeruginosa were determined. Compounds
3 and 10 displayed potent antibiofilm activity against P. aeruginosa with % inhibition rates of 94% and
73%, respectively, while compounds 1, 2, and 9 showed mild to moderate inhibitory activity against
E. coli with % inhibition ranges of 34-54%. Compounds 1 and 2 both showed potent to moderate
inhibitory activity against S. aureus with % inhibition rates of 50% and 75%, respectively (Table 2).
Similar to the antibacterial results, the presence of carboxylic acids on both C-1 and C-6 of the phenazine
ring system decreased the antibiofilm effect towards Gram-negative strains, but made these derivatives
active against Gram-positive ones, particularly, S. aureus (Figure 4).

2.2.3. Cytotoxic Activity

The five induced compounds (1-3, 9, and 10) were additionally tested for their cytotoxic activity
against four human cancer cell lines (Table 3). Only compound 9 was able to induce moderate
cytotoxicity towards the tested cell lines, with ICsj values ranging from 10 to 36 uM. Regarding the
activity of phenazine derivatives (1-3), compound 2 was found to be the most active against all tested
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cell lines. Previous studies have suggested that phenazine-related compounds can exert significant
cytotoxic activities through the inhibition of topoisomerase enzymes [28-30].

Table 2. Antibiofilm activity of 1-3, 9, and 10 at 2 M against different bacterial strains.

Tested Compounds S. aureus B. subtilis E. coli P. aeruginosa
1 50.26 + 0.4 1210 + 3.2 36.66 + 2.9 18.36 = 0.9
2 7510 +2.4 18.65+1.6 54.07 £ 2.5 2228 +1.5
3 NA NA 54.67 +1.4 9398 +2.2
9 11.47 £29 491+18 3455 +2.6 739 +19
10 6120 £3.7 2029 +1.1 57.47 +3.1 7352+1.3

NA: no activity.

Table 3. Cytotoxic activity of isolated compounds 1-3, 9, and 10 at 2 uM.

Tested Compounds WI38 HCT116 HePG-2 MCF7
1 63.18 £3.6 85.04 + 3.9 92.06 + 4.7 >100
2 76.30 + 3.9 60.81 +3.5 76.11 + 3.9 8224 +44
3 51.22 +£3.2 91.27 £ 4.6 >100 >100
9 3647 £2.3 14.56 + 1.2 10.16 + 0.9 12.65 + 1.1
10 >100 >100 >100 >100
Doxorubicin 6.72+ 0.5 523 +0.3 450+0.2 4.17+0.2

2.24. In Vitro Enzyme Assay

DNA gyrase is a topoisomerase-type enzyme present exclusively in bacterial cells. Inhibition
of its subunit A (Gyr-A) leads to cell death by trapping the gyrase-DNA complex and preventing
DNA replication. On the other hand, inhibition of Gyr-B blocks ATPase activity and thus deprives
the cell of the energy source needed for DNA replication [31]. Gyr-B as a molecular target offers
an opportunity to avoid cross-resistance to the well-known Gyr-A inhibitors, quinolones. Several
phenazine and acridine derivatives have been reported to be topoisomerase I and II inhibitors in
human cancer cells [28-30]. The characteristic planar structure of this class of compounds directs
them to interact with the ATP-binding domains of the enzymes (ATPase pocket) [28]. On the other
hand, PK is known to be a critical enzyme in catalyzing the final step of glycolysis, which involves the
transfer of a phosphoryl group from phosphoenolpyruvate to ADP, producing pyruvate and ATP [32].
Recently, it was identified as a “superhub”, listed among the top 1% of all interacting proteins in
S. aureus and found to be a key regulator of the quorum-sensing system and the biofilm formation
process in staphylococci [33-35]. Considering these points together with the structural similarity of our
compounds (1-3) to previously well-known topoisomerase inhibitors, we selected Staphylococcus DNA
gyrase-B and PK as possible molecular targets to mediate the observed antibacterial and antibiofilm
activities of the induced phenazine derivatives toward S. aureus. In vitro studies (Table 4) showed 1 to
be the most active compound against both Gyr-B and PK, followed by 2 and 3. These finding indicate
a direct link between the substitutions on C-1 and C-6 and the Gyr-B- and PK-inhibitory activities
of this class of metabolites (Figure 3). Although the enzyme-inhibitory activity of compounds 1-3
was convergent, and compound 1 was slightly more active than compound 2 in the enzyme assay
studies, compound 3 was inactive, and 1 was less active than 2 in both inhibitory assays against
S. aureus. These observations could be attributed to the bacterial cell wall permeability, where S. aureus
may permit the diffusion of 2 more easily than 1 and prevent the crossing of compound 1. In the
same manner, P. aeruginosa’s outer membrane may be selective only for compound 3, and hence make
both other phenazines (1 and 2) inactive. According to a previous report [36], small, moderately
lipophilic compounds can cross the Gram-positive bacterial membrane more easily. In contrast,
Gram-negative bacteria, which have porins (hydrophilic channels) in their outer membranes, are more
selective for hydrophilic compounds. The calculated LogP (cLogP) of each compound revealed that
compound 2 had the optimum lipophilicity (cLogP = 1.9), whereas compound 1 was less lipophilic
(cLogP = 1.12) and compound 3 was more lipophilic (cLogP = 2.97) Such differences in lipophilicity
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between compounds 1 to 3 could explain the opposite observations between enzyme inhibition and
antibacterial and antibiofilm activities of compounds 1-3.

Table 4. Calculated interactions and affinities of compounds 1-3 with active-site residues of the
Staphylococcus Gyr-B and PK.

Binding Energy Hydrogen Hydrophobic
(kcal/mol) Bonding Interactions Interactions

ILE-51, VAL-79
PRO-87, ILE-86
1 19.18 + 1.69 76 ASN-54, GLU-58 ILE-102,
ILE-103
Gyr-B ILE-175
ILE-51, VAL-79
PRO-87, ILE-86
2 21.28 +2.36 75 SER-55, ILE-51 ILE-102,
ILE-103
ILE-175
ILE-51, VAL-79
PRO-87, ILE-86
3 27.69 + 1.08 72 SER-55, ILE-51 ILE-102,
ILE-103
ILE-175
ILE-51, VAL-79
PRO-87, ILE-86
Co-crystallized ligand 0.091 . ASP-81, ASN-54 ILE-102,
ILE-103
ILE-175
SER-362A, SER-362B ALA-358B,
1 7.2+ 0.07 7.7 THR-366A, THR-353B, ILE-361B,
ASN-369A LEU-370A

SER-362A, THR-366A, ALA-358B,

ILE-361B,
THR-353B, ASN-369A LEU-370A

ALA-358A,
ILE-361A
ALA-358A,
SER-362A, SER-362B, ALA-358B
ASN-369B, HIS-365A ILE-361B,
LEU-370A

Protein Target Ligand ICsp (UM) *

PK
2 9.3 +0.03 =75

3 22.5+0.04 -6.5 ASN-369B, THR-353A

Co-crystallized ligand 0.24 -

*ICsp % SD (LM).

2.3. Docking Study

The potential binding modes of 1-3 with DNA Gyr-B and pyruvate kinase were investigated by
docking at their active binding sites. Staphylococcus Gyr-B and PK of PDB code (3g7b and 3T0T) were
selected for docking tests since they had optimum resolutions (2.3 A and 3.1 A) and are co-crystallized
with their inhibitors. The spheres surrounding the co-crystallized inhibitors were selected as active
sites for docking. All isolated compounds exhibited convergent docking poses (Figure 5) and were
comparable to the co-crystallized Gyr-B inhibitor [37]. The oxygens of both ester groups of 1 on C1
and C6 were hydrogen-bonded to ASN-54, similarly to the co-crystallized Gyr-B ligand, and GLU-58.
These interactions meant that the whole molecule was well-embedded inside the active site pocket,
where it was further stabilized by the hydrophobic interactions between the molecule’s aromatic rings
and ILE-51, VAL-79, PRO-87, ILE-86, ILE-102, ILE-103, and ILE-175. The absence of an ester group in
2 and 3 led them to take a different and less stable orientation inside the binding pocket and hence,
their carboxylic acid moieties interacted from only one side with different amino acid residues via
hydrogen bonds (SER-55 and ILE-51); however, they showed similar hydrophobic interactions to 1.
Unlike the co-crystallized Gyr-B inhibitor, 1-3 did not show any interactions with ASP-81. On the other
hand, 1 and 2 showed similar binding modes in the PK active site, although different from that of 3.
The co-crystallized PK inhibitor [38] fitted perfectly inside the pocket formed between the enzyme’s
A and B subunits (Figure 6). This binding mode was stabilized by six main hydrogen bonds with
SER-362A, SER-362B, ASN-369B, and HIS-365A (A and B notations correspond to PK subunits). These
interacting residues are of particular interest as they are not conserved in human PK, and thus are likely
to further influence the selectivity of the bacterial PK inhibitors. Herein, 1 showed a convergent binding
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mode to the co-crystallized PK inhibitor, where it anchored on one side of the PK active site (Figure 6)
through three hydrogen bonds with SER-362A and SER-362B, similarly to the co-crystallized ligand,
and through an additional hydrogen bond with THR-366A. All these interactions were from the ester
moiety of one side of the molecule; the second ester group on the other side increased the molecular
stability inside the binding site through hydrogen bonding to THR-353B and ASN-369A. Additionally,
the aromatic planar structure of 1 was sandwiched between two hydrophobic surfaces inside the
binding pocket, where it interacted via hydrophobic interactions with ALA-358B and ILE-361B from
one side, and with LEU-370A from the other side. Regarding compound 2, it revealed a binding mode
and interactions quite similar to that of 1. Such strong interactions with the PK binding side explain the
good in vitro inhibitory activity of both 1 and 2 (Table 4) in comparison to 3, which showed different
binding modes inside the enzyme’s binding cavity. Unlike 1 and 2, and due to its single carboxylic acid
moiety, 3 fitted inside the other corner of the active pocket through only three hydrogen bonds with
ASN-369B and THR-353A. Regarding hydrophobic interactions, it interacted with only two residues,
ALA-358A, and ILE-361A (Figure 6). These weaker interactions explain the inferior in vitro inhibitory
activity of 3 toward PK (Table 4). In addition, it indicates the importance of the 1,6-dicarboxylic acid
moieties in the future development of Staphylococcus PK inhibitors.
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Figure 5. Docking of 1 (A,B), 2 (C,D) and 3 (E,F) within the active site of Staphylococcal Gyr-B. (G,H)
The key binding interactions of Gyr-B co-crystallized ligand. The amino acid side chains were depicted
in (A,C,E,G) for clarification.
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Figure 6. Docking of 1 (A,B), 2 (C,D), and 3 (E,F) within the active site of Staphylococcus PK. (G,H) The
key binding interactions of the Gyr-B co-crystallized ligand. The amino acid side chains are depicted in
(A,C,E,G) for clarification.

3. Material and Methods

3.1. General Experimental Procedures

The chemical solvents used in this study, such as n-hexane, dichloromethane, ethyl acetate,
and methanol, were obtained from Sigma-Aldrich, Saint Louis, Missouri, USA. Silica gel 60 (63—200 uM,
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E. Merck, Sigma-Aldrich) and Sephadex LH20 (0.25-0.1 mm, GE Healthcare, Sigma-Aldrich) were
used for chromatographic isolation and purification. Thin-layer chromatography was performed using
pre-coated silica gel aluminum plates (E. Merck, Darmstadt, Germany, Kieselgel 60 F254, 20 x 20 cm,
0.25 mm). p-anisaldehyde (0.5: 85 : 10 : 5 p-anisaldehyde : methanol : glacial acetic acid : sulfuric acid)
was used as visualizing spray reagent for different spots accompanied by heating at 110 °C. 1D, 2D,
and 3C NMR spectra were recorded on a JEOL ECA-600 spectrometer (600 MHz for 'H and 150 MHz
for 13C, respectively). Each sample was dissolved in prober deuterated solvent such as CDCl3 and
CD3OD. All of the chemical shifts were recorded and expressed in ppm units related to the TMS signal
as an internal standard, and coupling constants (J) were recorded in Hz.

3.2. Sponge Collection

Callyspongia sp. and Spheciosponge vagabunda were collected from the Red Sea (Ras Mohamed,
Sinai; (GPS coordinates 27°47.655 N; 34°12.904 W) at a depth of 10 m in August 2006. The collected
sponges, identified by R.W.M. van Soest (University of Amsterdam, Netherlands), were transferred
to plastic bags containing sterile seawater and transported to the laboratory. Sponge biomass was
cleaned with sterile seawater, cut into fragments of ca. 1 cm?, and then carefully homogenized with 10
volumes of seawater. The freshly prepared supernatant was diluted in 10-fold series (107!, 1072, 1073)
and subsequently plated out onto agar plates.

3.3. Actinomycetes Isolation

Different media were used for isolation of actinomycetes M1 [39]—ISP2 medium [40], oligotrophic
medium [41], and marine agar [42]. The isolation of slow-growing actinomycetes needed all these
different media to be supplemented with nalidixic acid (25 ug/mL), nystatin (25 pg/mL), and 0.2 uM
pore size filtered cycloheximide (100 pg/mL). Nystatin and cycloheximide prevent fungal growth,
while nalidixic acid prevents many fast-growing Gram-negative bacteria [43]. All media consisted of
Difco Bacto agar (18 g/L) and were prepared in 1 L artificial sterile sea water [44]. Micromonospora sp.
URS56 and Actinokinospora sp. EG49 were cultivated on ISP2 medium. The inoculated agar plates were
incubated at 30 °C for a long time, ranging from 6 to 8 weeks. Distinct colony morphotypes were
selected and re-streaked many times until free of any contaminants.

3.4. Molecular Identification

16S rRNA gene amplification, cloning, and sequencing were performed using the universal
primers 27F and 1492R according to Hentschel et al. [45]. Chimeric sequences were detected using the
Pintail program [46]. The genus-level affiliation of the sequence was confirmed using the Ribosomal
Database Project Classifier. The genus-level identification of all the sequences was performed using
RDP Classifier (-g 16srrna, -f allrank) and confirmed with the SILVA Incremental Aligner (SINA) (search
and classify option) [47]. An alignment was evaluated again using the SINA web aligner (variability
profile: bacteria). Gap-only positions were removed with trimAL (-noallgaps). For phylogenetic tree
construction, the best fitting model was first estimated using Model Generator. Visualization was
performed using Interactive Tree of Life.

3.5. Microbial Fermentation and Extract Preparation

Micromonospora sp. UR 56 and Actinokineospora sp. EG49 were isolated from Red Sea sponges
Callyspongia sp and Spheciospongia vagabunda, respectively. Each microbial strain was fermented
in 10 Erlenmeyer flasks (2 L), each containing 1 L of ISP2 medium and incubated at 30 °C with
shaking (150 rpm) for 14 days. For the co-fermentation experiment, 10 mL of 5 day old culture of
Micromonospora sp. UR56 was transferred into 10 Erlenmeyer flasks (2 L), each containing 1 L of ISP2
medium inoculated with 10 mL of 5 day old culture of Actinokineospora sp. EG49. After fermentation
of axenic cultures and co-culture, filtration was performed, and the supernatant was extracted with
ethyl acetate (1.5 L) to give the ethyl acetate soluble fraction (700 mg).
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3.6. LC-HR/MS Metabolomic Analysis

LC-HR-ESI-MS metabolomics analyses were performed as previously described by
Abdelmohsen et al. [48]. Ethyl acetate soluble fraction 1 mg/mL in MeOH was uploaded and analyzed
using an Accela HPLC (Thermo Fisher Scientific, Karlsruhe, Germany) combined with UV-visible
detector and Exactive-Orbitrap mass spectrometer (Thermo Fisher Scientific, Karlsruhe, Germany)
using an HPLC column (an ACE C18, 75 mm X 3.0 mm, 5 uM column (Hichrom Limited, Reading, UK).
The gradient elution was carried out at 300 uL/min for 30 min using purified water (A) and acetonitrile
(B) with 0.1% formic acid in each mobile phase. The gradient program started with 10% B, increased
gradually to 100% B, and continued isocratic for 5 min before linearly decreasing back to 10% B for
1 min. The total analysis period for each fraction was 45 min. The injection volume was 10 uL and the
column temperature was maintained at 20 °C. High-resolution mass spectrometry was performed in
both negative and positive ionization modes with a spray voltage of 4.5 kV and capillary temperature
of 320 °C. The mass range was maintained at 150-1500 m/z. All positive and negative ionization files
used to cover the highest number of metabolites were subjected to data mining software MZmine 2.10
(Okinawa Institute of Science and Technology Graduate University, Japan) for deconvolution, peak
picking, alignment, deisotoping, and molecular formula prediction. Dictionary of natural products
(DNP), Marinlit, and METLIN databases were used for identification of all metabolites.

3.7. Isolation and Purification of Induced Metabolites

The crude ethyl acetate (EtOAc) soluble fraction (700 mg, obtained from co-fermentation) was
chromatographed on a Sephadex LH20 (32-64 uM, 100 x 25 mm) column using MeOH/H,O (80 :
20%) to afford five main fractions (Fr.1 - Fr.5). Fr.2 (200 mg) was chromatographed over a silica gel
column (CC). Gradient elution was performed using a gradient mixture of DCM : EtOAc (100: 0to 0 :
100) followed by 100% MeOH to afford 13 subfractions. SubFr.5 (30 mg) was further chromatographed
on a Sephadex LH20 using Hex: DCM (50:50) as mobile phase to yield compound 3 (15 mg, 2.14%
crude weight). SubFr.7 was washed several times with DCM, resulting in crystallization and affording
compound 9 (10 mg, 1.42% crude weight). Fr.3 (175 mg) was chromatographed over a silica gel column
with n-hexane: EtOAc (100:0 to 0:100) to yield nine subfractions (Fr.3-1 to Fr.3-9). Fr.3-7 and Fr.3-8
(30 mg and 20 mg) were further chromatographed over Sephadex LH20 using Hex: CH,CL; (50:50)
as mobile phase to afford pure compounds 1 and 2 (12 mg and 15 mg, 1.71 and 2.14% crude weight),
respectively. Fr.5 (75 mg) was further chromatographed on a Sephadex LH20 using MeOH as mobile
phase to afford pure compound 10 (8 mg, 1.14% crude weight).

3.8. Assessment of Antibacterial Activity

The antibacterial activity of all isolated pure compounds (1-3, 9, and 10) was evaluated on
Gram-positive pathogenic bacteria such as Bacillus subtilis (ATCC29212) and Staphylococcus aureus
(ATCC9144 (and Gram-negative pathogenic bacteria such as Escherichia coli. (ATCC25922) and
Pseudomonas aeruginosa (ATCC27853), as previously reported [49]. The tests were carried out in 96 well
flat polystyrene plates. First, 10 uL of each isolated compound (15 uM) was transferred to 80 uL of
lysogeny broth followed by the addition of 10 uL of bacterial suspension at log phase, and then all
inoculated plates were incubated overnight at 37 °C. After incubation, the positive effect of the tested
compounds was detected as clearance in the wells, and in compounds that showed no activity on the
bacteria, the growth medium in the wells seemed opaque. The absorbance was observed after 20 h at
OD600 in a Spectrostar Nano Microplate Reader (BMG LABTECH GmbH, Allmendgrun, Germany).
The positive control was pathogenic bacteria plus distilled water, while the negative control was
growth medium plus distilled water.
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3.9. Assessment of Antibiofilm Activity

The biofilm-inhibitory activities of the isolated pure compounds (1-3, 9, and 10) were
measured using 96 well flat polystyrene plates against four clinical microbes comprising
Gram-positive (Bacillus subtilis and Staphylococcus aureus) and Gram-negative (Escherichia coli and
Pseudomonas aeruginosa) pathogenic bacteria, according to Antunes, et al. [50] with some modifications.
Briefly, each well was filled with 180 uL lysogeny broth (LB broth) and then inoculated with 10 uL
of pathogenic bacteria followed by addition of 10 uL of sample (2 uM) along with control (without
test sample). All inoculated plates were then incubated overnight at 37 °C and, after incubation,
content in the wells was removed and wells were rinsed with 200 puL of phosphate-buffered saline
(PBS) pH 7.2 to eliminate free-floating microbes and left to dry under sterilized laminar flow for 1 h.
For staining, 200 puL/well of crystal violet (0.1%, w/v) was added, left for 1 h, and then excessive stain
was removed and plates retained for drying. Further, dried plates were rinsed with 95% ethanol and
optical density was measured at 570 nm using a Spectrostar Nano Microplate Reader (BMG LABTECH
GmbH, Allmendgrun, Germany).

3.10. Assessment of Cytotoxic Activity

MTT Assay

This assay was performed using different human cancer cell lines, including mammary gland breast
cancer (MCF-7), colorectal carcinoma (HCT-116), human lung cancer cell line (WI38), and hepatocellular
carcinoma (HePG-2). The cell lines were purchased from ATCC by (VACSERA), Cairo, Egypt.
Doxorubicin was used as a positive control drug. The cell lines were used to detect the inhibitory effects
of isolated compounds on cell growth. Cell viability was determined via colorimetric assay (MTT),
which is based on the transformation of the yellow tetrazolium bromide to a purple formazan by
mitochondrial succinate dehydrogenase. Cell lines were cultivated in rpmI-1640 medium supplemented
with 10% fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL streptomycin incubated at 37 °C
under 5% CO,. The cell lines were plated in a 96 well microtiter plate at a concentration of 1.0 x 10*
cells/well and incubated at 37 °C under 5% CO, for 2 days. Subsequently, the cells were mixed with
different concentrations of the isolated compounds and incubated for a further 24 h, and then treated
with 20 pL. of MTT solution at a concentration of 5 mg/mL and incubated for 4 h. The purple formazan
precipitates were dissolved in 100 pL of dimethyl sulfoxide (DMSQO) and the optical density for each
well was measured and recorded at an absorbance of 570 nm using a plate reader (EXL 800, Biotek®,
Winooski, Vermont, USA). The relative cell viability as a percentage was calculated as A570 of treated
samples/A570 of untreated sample x 100.

3.11. Enzyme Assays

DNA gyrase (type II topoisomerase) and topoisomerase IV (ParE) add negative supercoils into
DNA using ATP hydrolysis as a source of energy. They are considered crucial bacterial enzymes
that are absent in eukaryotes. DNA-gyrase-B- and ParE-inhibitory activities were evaluated using
the Inspiralis assay kit (Inspiralis®, London, UK) on streptavidin-coated 96 well microtiter plates
(Thermo Scientific, Hamburg, Germany), according to the manufacturer’s protocol [51]. The assay
detects the ability of the isolated compounds to prevent the ATPase activity of both gyrase-B and ParE
subunits. On the other hand, pyruvate kinase (PK) has been discovered to be an important hub protein
in the interactome of MRSA [52]. The PK-inhibitory activity of the isolated compounds was assessed
according to a previously reported method [53].

3.12. Docking Analysis

Staphylococcus Gyr-B and PK crystal structures with the of PDB codes 3g7b and 3TO0T, respectively,
were used. Docking experiments were performed using AutoDock Vina docking software [54].
Such docking engines deal with the receptor as a rigid structure and the ligand as a flexible structure
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during their calculations. The co-crystallized ligands were utilized to assign the binding sites.
The ligand-to-binding-site shape-matching root mean square threshold was set to 2.0 A. The interaction
energies were determined using the Charmm force field (CFF) (v.1.02) with 10.0 A as a non-bonded
cutoff distance and distance-dependent dielectric. Subsequently, 5.0 A was set as an energy grid
extending from the binding site. The tested compounds were energy-minimized inside the selected
binding pocket. The editing and visualization of the generated binding poses were performed using
Pymol 2.3 software (Schrédinger, Miinchen, Germany).

3.13. Structuraal Elucidation of Isolated Compounds 1-3, 9, and 10.

The structures of the known induced metabolites were confirmed by comparison of their
spectroscopic (HRMS and 'H, 3C and 2D-NMR) data with the published literature data as
1, dimethylphenazine-1,6-dicarboxylate [55]; 2, phencomycin [55-57]; 3, tubermycinB [57-60];
9, N-(2-hydroxyphenyl)-acetamide [24,56]; and 10, p-anisamide [61].

4. Conclusions

Actinomycetes genomes, in particular the order Actinomycetales, consist of numerous biosynthetic
gene clusters encoding for secondary metabolites that have not yet been detected under standard
laboratory conditions, and that need to be cultivated using elicitation approaches such as co-cultivation.
In the present work, two Red-Sea-sponge-associated actinomycetes, Micromonospora sp. UR56 and
Actinokineospora sp. EG49, were subjected to co-cultivation. Metabolomic profiling of both axenic
actinomycetes and their co-culture revealed that the latter was more diverse in its induced metabolites
profile, particularly in terms of phenazine derivatives. After isolation of the major induced metabolites
(1-3, 9, and 10), their possible antibacterial, antibiofilm, and cytotoxic activities were assessed.
Phenazine derivatives 1-3 were significantly active as antibacterial and antibiofilm agents with
mild cytotoxicity. Subsequently, they were tested against Gyr-B and PK as possible molecular
targets. The presence of carboxylic acid or an ester moiety at C-1 and C-6 was found to be crucial
for the activity spectra of these compounds, where the antibacterial and antibiofilm effects were
flipped from Gram-positive to Gram-negative strains, and their enzyme-inhibitory activities were
significantly decreased upon removal of either carboxylic acid or the ester moiety at C-6. These findings
could represent a good starting point from which to develop further phenazine-based antibiotics.
Additionally, they highlight microbial mixed fermentation as a simple and effective approach to produce
new antimicrobial agents through the induction of otherwise cryptic bacterial biogenetic pathways.
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Abstract: Six new (1, 2, 6, 8, 13, and 20) and twenty previously isolated (3-5, 7, 9-12, 14-19, and 21-26)
steroids featuring thirteen different carbocycle motifs were isolated from the organic extract of the
soft coral Sinularia polydactyla collected from the Hurghada reef in the Red Sea. The structures
and the relative configurations of the isolated natural products have been determined based on
extensive analysis of their NMR and MS data. The cytotoxic, anti-inflammatory, anti-angiogenic,
and neuroprotective activity of compounds 3-7, 9-12, 14-20, and 2226, as well as their effect on
androgen receptor-regulated transcription was evaluated in vitro in human tumor and non-cancerous
cells. Steroids 22 and 23 showed significant cytotoxicity in the low micromolar range against the
HeLa and MCF7 cancer cell lines, while migration of endothelial cells was inhibited by compounds
11, 12, 22, and 23 at 20 uM. The results of the androgen receptor (AR) reporter assay showed that
compound 11 exhibited the strongest inhibition of AR at 10 uM, while it is noteworthy that steroids
10, 16, and 20 displayed increased inhibition of AR with decreasing concentrations. Additionally,
compounds 11 and 23 showed neuroprotective activity on neuron-like SH-SY5Y cells.

Keywords: Sinularia polydactyla; soft coral; steroids; cytotoxic; anti-inflammatory; neuroprotective;
androgen receptor

1. Introduction

The Red Sea, one of the warmest and most saline marine habitats, is an extension of the Indian
Ocean, located between the Arabian Peninsula and Africa. The entire coastal reef complex extends
along a 2000-km shoreline and is characterized by a high degree of chemodiversity, including more
than 200 soft and 300 hard coral species [1]. Despite the diverse marine life hosted in the Red Sea,
marine organisms from this ecosystem have not been thoroughly studied in comparison to other
extended coral habitats, such as those encountered in the Great Barrier Reef or the Caribbean Sea [2].
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Figure 1. Chemical structures of compounds 1-26.

Over the last 50 years, soft corals (Anthozoa, Gorgonacea) have been the subject of extensive
chemical investigations which have resulted in the isolation of a large of number secondary
metabolites, mainly sesquiterpenes, diterpenes, prostanoids, and highly functionalized steroids [3].
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A significant number of these metabolites have exhibited potent biological properties, including
cytotoxic, antibacterial, antifungal, anti-inflammatory, and antifouling activity [2]. Among soft corals,
species of the genus Sinularia have been extensively studied as sources of new bioactive compounds,
most often leading to the isolation of diterpenes and steroids with noteworthy levels of bioactivity [2,3].

In the context of our continuous interest for the isolation of bioactive metabolites from marine
organisms, we recently had the opportunity to collect specimens of Sinularia polydactyla from the
coastline of Hurghada in the Red Sea (Egypt) and investigate its chemical profile. Herein we report the
isolation, structure elucidation, and evaluation of biological activity of six new (1, 2, 6, 8, 13, and 20)
and twenty previously isolated (3-5, 7, 9-12, 14-19, and 21-26) steroids (Figure 1).

2. Results and Discussion

2.1. Structure Elucidation of the Isolated Metabolites

A series of normal- and reversed-phase chromatographic separations of the organic extract of the
soft coral S. polydactyla collected from the Egyptian Red Sea coastline at Hurghada allowed for the
isolation of compounds 1-26.

Compound 1, isolated as a white amorphous solid, possessed the molecular formula Cy9H,505,
as indicated by the HR-APCIMS and NMR data. The '3C NMR and HSQC-DEPT spectra revealed the
presence of 29 carbon atoms, corresponding to seven methyls, seven methylenes, twelve methines,
and three non-protonated carbon atoms. Among them, evident were one carbonyl resonating at
Oc 213.1, four olefinic carbons resonating at 6c 127.6, 132.6, 135.2, and 142.0 and an oxygenated
carbon resonating at oc 76.6. In the 'H NMR spectrum evident were two methyls on non-protonated
carbons (6 0.94 and 1.08), five methyls on tertiary carbons (6y 0.80, 0.81, 0.89, 0.99, and 1.04),
one oxygenated methine (g 3.09), and four olefinic methines (6y 5.15, 5.20, 5.28, and 5.41). Since the
carbonyl moiety and the two carbon—carbon double bonds accounted for three of the six degrees of
unsaturation, the molecular structure of 1 was determined as tricyclic. The spectroscopic features of
metabolite 1 (Tables 1 and 2), in conjunction with the homonuclear and heteronuclear correlations
observed in its HSQC, HMBC, and COSY spectra (Figure 2) suggested that compound 1 possessed a
8-0x0-3-hydroxy-4-methyl-8,9-seco steroidal nucleus with a A%!! and a C9H;7 unsaturated side chain
with a 1,2-disubstituted double bond between C-22 and C-23. Specifically, the correlations observed
in the COSY spectrum identified three distinct spin systems, namely (a) a spin system starting from
H-1 to Hy-7, incorporating H3-29 which was coupled to H-4, (b) a short spin system from H-9 to
H,-12 through H-11, and (c) an extended branched spin system from H-14 to H3-26, including H3-21,
Hj3-27, and H3-28 which were coupled to H-20, H-25, and H-24, respectively. The HMBC correlations
of H3-19 with C-1, C-5, C-9, and C-10 concluded the six-membered ring and positioned the first
angular methyl on C-10, connecting at the same time spin systems (a) and (b). Additionally, the HMBC
correlations of H3-18 with C-12, C-13, C-14, and C-17 identified the five-membered ring and fixed
the position of the second angular methyl on C-13, connecting spin systems (b) and (c). The HMBC
correlations of Hy-6, Hy-7, and H-14 with the carbonyl carbon C-8 supported the cleavage of the
C-8/C-9 bond, giving rise to the decalin ring and connecting spin systems (a) and (c). The geometry
of the two double bonds was determined as E in both cases on the basis of the measured coupling
constants (Jg 11 = 15.3 Hz and 2323 = 15.2 Hz). The enhancements of H-3/H-5, H-3/H3-29, H-4/H3-19,
H-5/H-9, H-9/H-12«, H-9/H-14, H-11/H-123, H-11/H3-18, H-11/H3-19, H-14/H-17, and H;3-18/H-20
observed in the NOESY spectrum (Figure 2) verified the trans fusion of the six-membered and
the ten-membered rings, as well as the trans fusion of the latter with the five-membered ring and
determined the relative configuration of the stereogenic centers. The R configuration at C-24 was
proposed on the basis of the 0.3 ppm difference in the chemical shifts of C-26 and C-27 and the chemical
shift of C-28 resonating at 17.6 ppm [4]. On the basis of the above, metabolite 1 was identified as
(9E,22E,24R)-3B-hydroxy-4a,24-dimethyl-8,9-seco-5x-cholesta-9(11),22-dien-8-one.

117



"an[eA JO duLsqe - ‘ZHIA (056 ¥ PIPI0dY  ZHIA 00F ¥ PPI0ddy , ZHIA 009 3 PapIoddy

- #9) P 960 #9)PS60 (89)PS60 (€9) P60 (T9P#0'1 (19PF0T 6C
SIq 64°F ‘19 €8°F s PICT (LS P6ST (LSO POTH (LS PI9F (89) P 880 (89) P 8380 sIq €9°F ‘s1q 04'F (89) P 680 8T
(89) P01 (69 P90T (69 PSOT (89 P6L0 (89) P60 69 PI10T (89) P 080 ré
(89) P 90T (69)PSOT 69)PSoT (89) P 180 (89) P 180 (89)pP00T (89) P 180 9
(8'9) 393des g5 (6'9) 1@1des ¥ (6'9) @des 77T w ] w ] wIze w T ord
- - - w 08T weg'T - weg] ¥C
(s pees $1q 9¢°G S1q 9¢°G Fzcsprrors  (0ZTST)PPLLS w gg'T ‘W 80T (e2TsD) PP 0TS €C
(£8°£L°ST) PP 9G°S s1q 0¥ sIq /¥ (T8TsPP60S  (92°TST)PPIIS W LT WG] (I'8“TST) PP ST'S w
(§9)PeoT (02) PS80 (69 P €80 F#9)P¥60 (99) P 260 (19 P €60 (89) P 660 1T
wire w661 wogT w 96T w 86T wire wQre 0T
(EIDP6SE(STI) PISE S¢eeT $96°0 S /60 S080 $¥6°0 $¥6°0 61
SG/0 S60'T S 6870 $T6°0 $$%9°0 S60'T S80'T 81
wgry wgh ] weh ] wgoT w601 w ezl wg A
w9z ‘W H9'T W Ge'T ‘W 00T W IET W 66'T W ez WH9'T W6l W g9 T W 6h T ‘W g/ T W /H T ‘W Q4T 91
W G0'T ‘W OG'T W Op T ‘W 09T W gE'T W gGT W ezl WG T wZ0'T ‘WG] wOgT ‘WY T w g ‘W H9'T 6L
w060 w /7T w ezl wgry w g6 w0gT w 6hg i
w /T ‘W I0T W /e ‘W ETT W /T W g6 T W9T'T ‘WG’ T WL W T Wz WO WO/ W /BT 43
WG w91 (6'T) P19 <HF W gH T W 9T W F T W 9T w QT W /FT w F'g (8¢ T'TIICST) PPP 1¥'S 11
w6870 w880 w180 w080 w090 w /7' (gsT)p8es 6
w81 - - - wgzT - - 8
WG ‘W 0T W g W4T W el W H9 T W g W g9 T wOGT ‘W 69T W W ghe WG/ ‘W 67T L
weLg W 6¢T ‘W 9G] W gE'T WG] W ge T W OG T W /p T W9 T W g9'] ‘W 99T W (9T ‘W 99T 9
- (TT'611) P1690 (TTTT) PIILO (6CFT1) P1890 w g0 w z6'0 w160 S
W8T’ ‘W /ET wIpT wee'] w g w/z'T w gz T w/TT 4
w9g'¢ (06“80T) PASOE (Ts'gor) Pro0E (67 T0T) PIF0E (6% °50T) P190°E wOr'e (8% 1T01) P360E 9
W Op ] WG] W QG ‘W 6/ T W wgs T W W LT W Op T W ALT W 6H T W9/ T wgh T W9/ 4
w gl ‘W I6'T w Q0T ‘W 16T W 96°0 ‘W /T W g0 ‘W gL' T W 860 ‘W 4T W T ‘W9g T W g ‘WegT I
¢ 0T 1 €1 18 29 ¥ 1< i T uonIsoJ

‘0T Pue ‘€1 ‘8 ‘9 ‘§ ‘T ‘T spunodwod jo £[5aD ut (zH ut [ “‘widd ut 9) eyep YN Hy ‘T 2[qeL

T€9 ‘91 ‘020T sS4 N

118



Mar. Drugs 2020, 18, 632

Table 2. 13C NMR data (6 in ppm) in CDCl3 of compounds 1, 4, 6, 8, 13, and 20.

Position 112 43 614 812 132 20 15

1 38.5 36.8 37.7 37.2 37.5 329
2 30.7 31.1 30.9 30.3 30.2 31.7
3 76.6 76.6 76.8 76.4 76.5 70.8
4 39.8 39.2 39.0 38.5 38.2 419
5 53.5 51.0 51.9 51.2 52.3 134.9
6 20.0 24.2 20.5 19.8 20.0 126.8
7 471 322 40.1 39.6 39.9 30.8
8 213.1 36.0 73.6 73.5 75.3 334
9 142.0 54.6 56.6 56.0 57.6 499
10 39.1 349 36.9 36.3 36.8 41.0
11 127.6 21.1 18.3 18.1 69.8 214
12 46.8 40.2 41.6 40.5 49.0 39.6
13 55.2 424 43.0 42.7 41.8 4923
14 62.7 56.6 59.7 59.0 60.2 57.5
15 26.6 24.2 19.0 18.7 19.2 24.1
16 28.4 28.6 28.3 27.0 26.9 28.1
17 56.7 56.1 57.1 524 53.9 55.4
18 13.5 12.3 14.0 12.8 15.0 12.0
19 15.8 13.4 13.8 13.2 15.6 62.3
20 39.1 40.0 39.6 39.8 40.0 39.9
21 21.7 20.9 21.3 12.8 12.9 20.2
22 135.2 135.9 135.7 79.9 79.7 135.4
23 132.6 131.6 131.8 1194 119.2 128.8
24 43.0 428 432 142.0 142.0 153.0
25 33.2 33.1 33.8 30.8 31.1 28.8
26 19.8 19.6 19.9 21.0 21.1 21.7
27 20.1 19.9 20.2 21.0 21.1 22.1
28 17.6 17.6 18.0 70.6 70.8 109.0
29 16.4 15.1 16.0 14.9 15.2

! Chemical shifts were determined through HMBC correlations. 2 Recorded at 150 MHz. 3 Recorded at 50 MHz.
# Recorded at 100 MHz. 5 Recorded at 237.5 MHz.
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Figure 2. (a) COSY and key HMBC correlations and (b) key NOESY cross-peaks for compound 1.

Compound 2, isolated in minute amount as a white amorphous solid, displayed an ion peak at m/z
429.3725 (HR-APCIMS), corresponding to Co9Hi9O, and consistent for [M + H]*. Compound 2 shared
quite similar spectroscopic features with 1. In particular, all signals attributed to the steroidal nucleus,
with the most prominent being the signals of the two angular methyls H3-18 and H3-19 (61 1.09 and 0.94,
respectively), the methyl at C-4 (651 1.04), the oxymethine H-3 (6y 3.10), and the two olefinic protons
H-9 and H-11 (6 5.27 and 5.41, respectively), were also evident in the 'H NMR spectrum of compound
2 (Table 1). The most significant difference observed was the replacement of the 1,2-disubstituted
double bond in the side chain of 1 by a 1,1-disustituted double bond (0y 4.63 and 4.70) in the side
chain of 2. The correlations observed in the COSY spectrum of 2 identified the relevant spin systems;
however, metabolite 2 was proven unstable and degraded prior to the acquisition of heteronuclear NMR
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spectra. Nevertheless, the high structural similarity of 2 with compound 1 renders safe the proposed
identification of 2 as (9E)-3-hydroxy-4a,24-dimethyl-8,9-seco-5x-cholesta-9(11),24(28)-dien-8-one.

Compound 6, isolated as a white amorphous solid, possessed the molecular formula Cy9Hz¢O»,
as suggested by its HR-APCIMS and NMR data. The spectroscopic data of 6 were quite similar to
those of the previously reported metabolites 5 and 7 (Tables 1 and 2). The presence of the two angular
methyls at 6y 0.92 and 0.97, the doublet methyl at 6y 0.95, the oxygenated methine at 6y 3.04 and the
quaternary oxygenated carbon at ¢ 73.6, in conjunction with the correlations observed in the HMBC
and COSY spectra (Figure 3a), verified the 3,8-dihydroxy-4-methyl steroidal nucleus. The side chain
of compound 6 included four doublet methyls (6pc 0.79/20.2, 0.81/19.9, 0.88/18.0, and 0.95/16.0) and
two olefinic methines (0pyc 5.09/135.7 and 5.16/131.8) that was assigned on the basis of the COSY and
HMBC correlations. The E geometry of the A??> double bond was supported by the large coupling
constant of H-22/H-23 (] = 15.3 Hz). The enhancements of H-3/H-5, H-3/H3-29, H-4/H3-19, H-5/H-9,
H-5/H3-29, H-9/H-12«, H-9/H-14, H-123/H3-18, and H3-18/H-20 observed in the NOESY spectrum
verified the trans fusion of rings A/B, B/C, and C/D and suggested the axial orientation of the hydroxy
group at C-8. The configuration at C-24 was proposed as R due to the fact that the difference in the
chemical shifts of C-26 and C-27 was 0.3 ppm and that C-28 resonated at 18.0 ppm [4]. Therefore,
compound 6 was identified as (22E,24R)-4a,24-dimethyl-5a-cholest-22-en-34,83-diol.

- COSY “sHMBC

(a) (b)
7 \f\
HO €
D
HO — COSY ‘s HMBC
— COSY _HMBC
(c) (d)

Figure 3. (a) COSY and important HMBC correlations for compound 6. (b) COSY and important
HMBC correlations for compound 8. (¢) COSY and important HMBC correlations for compound 13.
(d) COSY and important HMBC correlations for compound 20.

Compound 8, isolated as a white amorphous solid, exhibited an ion peak at m/z 459.3475
corresponding to Cy9Hy7O4 and consistent with [M — H]™. The high degree of similarity of
the spectroscopic data of metabolite 8 (Tables 1 and 2) with those of 5-7 indicated the same
3,8-dihydroxy-4-methyl steroidal nucleus, further confirmed by the correlations observed in the
HMBC and COSY spectra (Figure 3b). Taking into account that the steroidal nucleus of 8 accounts for
four of the six degrees of unsaturation and the presence of one double bond on the side chain, the latter
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should also contain an additional ring. The 'H and '>C NMR signals corresponding to the side chain of
compound 8 included three doublet methyls (6 0.95/14.9, 1.05/21.0, and 1.05/21.0), one oxygenated
methine (6pc 4.72/79.9), one oxygenated methylene (6 4.20, 4.62/70.6), one olefinic methine (6p/c
5.36/119.4), and one non-protonated olefinic carbon (¢ 142.0). The COSY cross-peaks of H-20/H3-21,
H-20/H-22, H-22/H-23, H-25/H;3-26, and H-25/H3-27, in combination with the HMBC correlations of
Hj3-21 with C-17, C-20, and C-22, of H-23, H-25, H3-26, and H3-27 with C-24 and of H,-28 with C-23,
C-24, and C-25 verified the side chain. In accordance with the literature, H-22 was assigned to be on
the opposite side of H3-21, as also suggested by the chemical shift of C-23 which resonated at 119.4
ppm. Instead, when H-22 and H3-21 are co-planar, C-23 is shielded, resonating at 115-116 ppm [5].
Thus, metabolite 8 was identified as (23E)-22a,28-epidioxy-4«,24-dimethyl-5a-cholest-23-en-34,83-diol.

Compound 13 was isolated as a white amorphous solid. The ion peak at m/z 475.3424 observed
in its HR-APCIMS was consistent with [M — H]~, dictating the molecular formula CyHygOs.
The spectroscopic data of metabolite 13 related to the steroidal nucleus (Tables 1 and 2) displayed high
similarity with those of 9-12, suggesting a 3,8,11-trihydroxy-4-methyl steroidal nucleus that was further
verified by the correlations observed in the COSY, HMBC and NOESY spectra (Figure 3c). Additionally,
the NMR data concerning the side chain of compound 13 were rather similar to those of 8, thus allowing
for the identification of 13 as (23E)-22a,28-epidioxy-4a,24-dimethyl-5a-cholest-23-en-34,86,113-triol.

Compound 20, isolated as a white amorphous solid, had the molecular formula CpgHy40O5,
as indicated by its HR-ESIMS and NMR data. In the 'H NMR spectrum of metabolite 20 evident were
only one methyl on a non-protonated carbon (6y 0.75), three methyls on tertiary carbons (6y 1.03,
1.04 and 1.06), one hydroxymethylene (61 3.59 and 3.81), one oxygenated methine (611 3.56), three olefinic
methines (0y 5.56, 5.73 and 5.92) and an exomethylene group (6y1 4.79 and 4.83). The spectroscopic data
of 20 (Tables 1 and 2) closely resembled those of the co-occurring 19, with the main difference being the
presence of an additional 1,2-disubstituted double bond in the side chain of 20. The homonuclear and
heteronuclear correlations observed in the COSY, HMBC, and NOESY spectra (Figure 3d) verified the
3,19-dihydroxy steroidal nucleus with a A% double bond and the proposed side chain, as well as the
relative configuration of the stereogenic centers. The E geometry of the A??> double bond was assigned
on the basis of the measured coupling constant between H-22 and H-23 (J = 15.7 Hz). On the basis of
the above, metabolite 20 was identified as (22E)-24-methyl-cholesta-5,22,24(28)-trien-3f,19-diol.

Compounds 3, 5, 7, 9-12, 14-19, and 21-26 were identified by comparison of their spectroscopic
and physical characteristics with those reported in the literature as 4«,24-dimethyl-5a-cholest-24(28)-en-
3p-ol (3) [6], (22E,24R)-4ar,24-dimethyl-5a-cholest-22-en-3p-o0l (4) [7], 4a,24-dimethyl-5a-cholest-24(28)-
en-343,8f-diol (5) [8], 23-ox0-4a,24-dimethyl-5a-cholest-24(28)-en-3p,83-diol (7) [9], nebrosteroid M
(4a,24- dimethyl-5a-cholest-24(28)-en-3f,86,11-triol, (9) [10], (22E,24R)-4a,24-dimethyl-5a-cholest-22-
en-3p4,88,11p-triol (10) [4], nebrosteroid A (23-oxo0-4a,24-dimethyl-5a-cholest-24(28)-en-34,88,11p-triol,
(11) [11], 23&-acetoxy-4a,24-dimethyl-5a-cholest-24(28)-en-34,86,115-triol (12) [4], (22Z)-4a,24&-
dimethyl-5a-cholest-22-en-3f,86, 115,12a-tetraol (14) [4], 4a,24-dimethyl-5a-cholest-24(28)-en-38, 8f3,
18-triol (15) [4], (22E,24R)-4a,24-dimethyl-5a-cholest-22-en-33,86,18-triol (16) [4], 24-methyl-cholesta-
5,24(28)-dien-3$-ol (17) [12], 24-methyl-cholesta-5,24(28)-dien-3p,7p-diol (18) [13], 24-methyl-cholesta-
5,24(28)-dien-34,19-diol (19) [14], 24-methyl-cholesta-5,24(28)-dien-3p,7,19-triol (21) [15], 7p-acetoxy-
24-methyl-cholesta-5,24(28)-dien-34,19-diol (22) [16], 7B-acetoxy-cholest-5-en-3p,19-diol (23) [15], 7-oxo-
24-methyl-cholesta-5,24(28)-dien-3p,19-diol (24) [17], 24-methyl-cholesta-7,24(28)-dien-3p,5«,6p-triol
(25) [18], and (22E,24R)-24-methyl-cholesta-7,22-dien-38,5a,6p-triol (26) [18], previously isolated from
various marine organisms, mainly soft corals of the genera Litophyton and Nephthea. Even though
compound 4 has been isolated in the past, only a few characteristic 'H NMR resonances have been
reported. Analysis of its 1D and 2D spectra allowed for the full assignment of the 'H and '3C chemical
shifts of compound 4 (Tables 1 and 2).
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2.2. Evaluation of the Biological Activity of the Isolated Metabolites

Compounds 3-7, 9-12, 14-20, and 22-26, which were isolated in sufficient amounts, were evaluated
in vitro in human tumor and non-cancerous cell lines for a number of biological activities, including
cytotoxicity, anti-inflammatory, anti-angiogenic, and neuroprotective activity, as well as for their effect
on androgen receptor (AR)-regulated transcription.

Initially, the cytotoxic activity of metabolites 3-7, 9-12, 14-20, and 22-26 was evaluated in
human cancer and normal cells after 72 h of treatment. Human cervical cancer (HeLa), human breast
adenocarcinoma (MCF7) cell lines, and human normal fibroblasts (B]) were used for the screening.
Among the tested compounds, 22 and 23 strongly reduced the viability of cancer cells in the low
micromolar range (Table 3), compounds 9-12, 14-16, 18, and 24 showed moderate cytotoxic activity,
while the remaining ten steroids were proven inactive. Most of the compounds with activity against
cancer cells also showed cytotoxicity toward normal cells (BJ), except for compounds 11, 12, 14, 15,
and 18. Compared to cisplatin, these compounds exhibit a wide therapeutic window because of the
absence of cytotoxicity on normal human fibroblasts. Moreover, metabolite 22 was proven more active
against the HeLa cell line than the reference standard cisplatin.

Table 3. Cytotoxicity (ICsp; uM) of compounds 3-7, 9-12, 14-20, and 22-26 against human cancer cell
lines and fibroblasts after 72 h of treatment. Cisplatin was used as a positive control.

Compound Hela MCF7 BJ
3 >50 >50 >50
4 >50 >50 >50
5 >50 >50 >50
6 >50 >50 >50
7 >50 >50 >50
9 259 +49 364 +5.7 183 +4.0
10 329 +6.8 327+13 41+£19
11 188 +6.4 21.7+14 >50
12 157+ 20 253+ 6.5 >50
14 >50 29.1+£5.0 >50
15 19.0+4.3 189 +0.1 >50
16 329+52 33.8+1.0 232+14
17 >50 >50 >50
18 22.6+04 28.6 +5.3 >50
19 >50 >50 >50
20 >50 >50 >50
22 75+0.1 89+0.0 148 £5.8
23 120+1.7 11.2+ 05 145+39
24 21.4+£20 31.7+0.3 459 +£2.38
25 >50 >50 >50
26 >50 >50 >50
cisplatin 114+ 3.8 7717 6.9+09

Subsequently, we examined whether the isolated steroids could influence angiogenesis or
inflammation in vitro. Compounds 3-7, 9-12, 14-20, and 22-26 and 2-methoxy-estradiol, which is
known as an anti-angiogenic drug for the treatment of tumors and was used herein as positive
control [19], were tested in the migration scratch and the tube formation assays using human umbilical
vein endothelial cells (HUVEC). Only non-cytotoxic concentrations in HUVECs were used for the
scratch assay. Metabolites 11, 12, 22, and 23 partially inhibited HUVEC migration at 20 pM after 20 h of
treatment (Figure 4), while in the tube formation assay, where HUVECs may form tube-like structures,
no activity was observed for the tested compounds (data not shown). Thus, all tested steroids showed
either little or no antiangiogenic activity.
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Figure 4. Compounds 11, 12, 22, and 23 inhibited migration of HUVECs after 20 h of treatment at
20 uM. 2-Methoxy-estradiol was used as a positive control. The experiment was repeated three times
in triplicates.
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Figure 5. The influence of compounds 10, 11, 12, 16, and 20 on the androgen receptor-mediated
transcription in the 22Rv1-ARE14 reporter cell line. Control cells were grown in charcoal-stripped
serum medium (CSS). Cells were stimulated with either 1 nM methyltrienolone R1881 (R) or with
the tested compounds in six different concentrations for 24 h in CSS. The luciferase activity was
measured in the cell lysate. Enzalutamide (Enza) and galeterone (Gal) were used as positive controls.
The experiment was repeated three times in triplicates. Bars with asterisk (*) are significantly different
from the control (CSS+R) based on Tukey’s multiple comparison test (p < 0.05).

The anti-inflammatory properties of metabolites 3-7, 9-12, 14-20, and 22-26 were determined
by measuring the levels of endothelial leukocyte adhesion molecule-1 (ELAM/E-selectin), which is a
key molecular marker in the initiation of inflammation, expressed on the cell surface. Cell adhesion
molecules (ICAM-1, VCAM-1, E-selectin) are significantly increased on the vascular endothelium
activated by pro-inflammatory mediators (tumor necrosis factor o, TNFo) as a crucial step for
the extravasation of leukocytes into inflamed tissue [20]. TNF«x stimulates NFkB (nuclear factor
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kappa-light-chain-enhancer of activated B cells) and thus E-selectin (CD62E, ELAM). Endothelial
cells were pre-treated for 30 min with the tested compounds and then activated with TNFo for 4 h.
Curcumin, which inhibits activation of NF-«B and thus inhibits expression and activity of the COX-2
gene induced by TNF« [21], was used as a positive control, decreasing ELAM production to 25%
at 10 uM. None of the tested compounds decreased the levels of ELAM (Supplementary Materials
Figure S1).

We have previously observed that several steroids with bulky or long side chains, such as
galeterone derivatives or cholestanes, can also inhibit AR [22,23]. Therefore, we further analyzed
the influence of the isolated steroids on AR-mediated transcription. Compounds 3-7, 9-12, 14-20,
and 22-26 in six different concentrations were evaluated on the reporter cell line 22Rv1-ARE14 for 24 h.
Galeterone and enzalutamide, which were used as positive controls, showed a strong dose-dependent
reduction of AR-regulated transcription (22% and 20% inhibition at 10 uM, respectively). Compounds
11, 12, 16, and 20 showed clearly reduced luciferase activity in a dose-dependent manner, already at
submicromolar concentrations (Figure 5). The strongest inhibition of AR was displayed by compound
11 at 10 uM. Surprisingly, steroids 10, 16, and 20 showed increased inhibition of AR (or decreased the
luciferase activity) with decreasing concentrations (Figure 5). All other steroids tested inhibited AR by
no more than 20% (data not shown).
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Figure 6. (A) Cytotoxicity of compounds 11 and 23 in human neuron-like SH-SY5Y cells after 48 h
of treatment. All results are presented as mean + standard error of the mean (SEM) from at least
three independent experiments in triplicates. (B) Neuroprotective activity of compounds 11 and 23
in the 3-nitropropionic acid (3-NPA)-induced model of Huntington’s disease on human neuron-like
SH-SY5Y cells after 48 h of treatment. (C) Cell death of neuron-like SH-SY5Y induced by 3-NPA and
the protective effect of compounds 11 and 23 after 48 h. The results are presented as mean + standard
error of the mean (SEM) from triplicates in four independent experiments (1 = 4). N-acetylcysteine
(NAC) was used as a positive control. * p compared with vehicle with 20 mM 3-NPA, # p compared
with vehicle without 20 mM 3-NPA.

Since anti-androgens have shown neuroprotective effects in the in vivo model of Huntington’s
disease [24], selected compounds that showed cytotoxic activity and moderate activity in the migration
scratch assay were tested for their cytotoxicity on differentiated human SH-SY5Y cells (neuron-like
cells). Specifically, based on the combined results obtained for compounds 3-7, 9-12, 14-20, and 22-26
in the cytotoxicity assay, the anti-inflammatory activity assay, the migration scratch assay, and the
tube formation assay in HUVECs, as well as in the reporter assay with AR, compounds 11 and
23 were selected as the two most active compounds that were subsequently evaluated for their
neuroprotective activity. As shown in Figure 6A, compounds 11 and 23, as well as N-acetylcystein
(NAC) that was used as a positive control, did not show cytotoxic, but rather stimulatory activity.
In order to evaluate the potential neuroprotective effect of the compounds, neuroblastoma cell line
SH-SY5Y was differentiated for 48 h and further exposed to 20 mM 3-nitropropionic acid (3-NPA)

124



Mar. Drugs 2020, 18, 632

as an agent mimicking Huntington’s disease in vitro [25]. 3-NPA was used alone or in co-treatment
with the tested compounds at concentrations of 0.1-10 uM. As shown in Figure 6B, 3-NPA caused
dramatic (approx. 70%) decrease in cell viability determined by the Calcein AM assay. The positive
control (NAC) showed partial (cell viability 77.9 + 8.99% at 100 uM) or almost complete (cell viability
90.2 + 5.28% at 1000 uM) protection of cells from the negative effect of 3-NPA. Compounds 11 and
23 showed significant protective effects at 10 uM (cell viability 64.4 + 6.02% for 11 and 62.5 + 3.95%
for 23), comparable to 100 M of the positive control NAC. Being encouraged by the promising
results, we further analyzed the protective effects of 11 and 23 using an orthogonal method (propidium
iodide (PI) assay) to verify their activity. In general, PI as a positively charged dye is associated
with an increase of cell damage or death, since it penetrates cells with cell-disrupted membranes [26].
Within the 3-NPA model, its toxic effect was considered as 100% of the PI signal and thus reduction
of cell death was determined. As shown in Figure 6C, compounds 11 and 23 significantly reduced
cell death (maximal effect at 10 uM) in a manner similar to NAC (100 uM, 77.2 + 9.53%; 1000 uM,
62.1 + 4.19%), thus confirming the protective effects of 11 and 23 observed in the viability assay.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on a Kriiss polarimeter (A. KRUSS Optronic GmbH, Hamburg,
Germany) equipped with a 0.5dmcell. UV spectra were recorded on a Lambda 40 UV/Vis
spectrophotometer (Perkin Elmer Ltd., Beaconsfield, UK). IR spectra were obtained on an Alpha
II FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany). Low-resolution EI mass spectra
were measured on a Thermo Electron Corporation DSQ mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). High-resolution APCI or ESI mass spectra were measured on a LTQ Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). NMR spectra were recorded
on Bruker AC 200, DRX 400, and Avance NEO 950 (Bruker BioSpin GmbH, Rheinstetten, Germany)
and Varian 600 (Varian, Inc., Palo Alto, CA, USA) spectrometers. Chemical shifts are given on the 6
(ppm) scale with reference to the solvent signals. The 2D NMR experiments (HSQC, HMBC, COSY,
NOESY) were performed using standard Bruker or Varian pulse sequences. Column chromatography
separations were performed with Kieselgel 60 (Merck, Darmstadt, Germany). HPLC separations were
conducted on a Waters 600 liquid chromatography pump equipped with a Waters 410 differential
refractometer (Waters Corporation, Milford, MA, USA), using a Kromasil 100 C;g (25 cm X 8 mm i.d.)
column (MZ-Analysentechnik GmbH, Mainz, Germany). TLC were performed with Kieselgel 60 F;s4
aluminum plates (Merck, Darmstadt, Germany) and spots were detected after spraying with 25%
H,504 in MeOH reagent and heating at 100 °C for 1 min.

3.2. Biological Material

Specimens of S. polydactyla were hand-picked by SCUBA diving at a depth of 10 m from the reefs
near the National Institute of Oceanography and Fisheries (NOIF), Hurghada, Egypt (GPS coordinates
27°17°06”N, 33°46'24”E) in June 2015 and transported to the laboratory in ice chests, where they were
stored at —20 °C until analyzed. A voucher specimen has been deposited at the animal collection of
NOIF in Hurghada and the animal collection of the Section of Pharmacognosy and Chemistry of Natural
Products, Department of Pharmacy, National and Kapodistrian University of Athens (ATPH/MP0533).

3.3. Extraction and Isolation

Specimens of the freeze-dried gorgonian (119.9 g) were exhaustively extracted with mixtures of
CH,Cl,/MeOH (2:1) at room temperature. Evaporation of the solvents under vacuum afforded a dark
green residue (18.5 g) which was submitted to vacuum column chromatography on silica gel using
cHex with increasing amounts of EtOAc followed by EtOAc with increasing amounts of MeOH as
eluent to yield 9 fractions (A-I). Fraction B (2.5 g, 30-50% EtOAc in cHex) was fractionated by vacuum
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column chromatography on silica gel using mixtures of cHex/EtOAc of increasing polarity as mobile
phase to yield 6 fractions (B1-B6). Fraction B6 (0.5 g, 20-30% EtOAc in cHex) was further fractionated
by gravity column chromatography on silica gel using mixtures of cHex/EtOAc of increasing polarity
as mobile phase to afford 10 fractions (B6a-B6j). Fractions B6e, B6g, and B6h were subjected repeatedly
to reversed-phase HPLC, using MeOH/H,O (100:0 and 98:2) as eluent to yield compounds 3 (9.9 mg),
4 (8.8 mg), 5 (1.8 mg), 6 (5.9 mg), 8 (0.8 mg), and 17 (14.0 mg). Fraction C (2.5 g, 60-70% EtOAc in cHex)
was submitted to vacuum column chromatography on silica gel using mixtures of cHex/EtOAc of
increasing polarity as mobile phase to afford 9 fractions (C1-C9). Fractions C5, C6, C7, and C8 were
subjected repeatedly to reversed-phase HPLC using MeOH/H,O (100:0, 98:2, and 97:3) as eluent to
afford compounds 1 (0.7 mg), 2 (0.3 mg), 7 (6.3 mg), 9 (5.7 mg), and 10 (5.7 mg). Fraction D (0.9 g,
80-90% EtOAc in cHex) was fractionated by gravity column chromatography on silica gel using cHex
with increasing amounts of Me,CO as mobile phase to afford 18 fractions (D1-D18). Fractions D8, D9,
D11, and D12 were subjected repeatedly to reversed-phase HPLC using MeOH/H,O (100:0 and 98:2) as
eluent to yield compounds 11 (4.0 mg), 12 (2.2 mg), 13 (1.3 mg), 14 (1.1 mg), 15 (9.4 mg), and 16 (2.3 mg).
Fraction E (0.23 g, 100% EtOAc) was fractionated by gravity column chromatography on silica gel using
cHex with increasing amounts of Me,CO as mobile phase to afford 10 fractions (E1-E10). Fractions E3,
E5, and E6 were subjected repeatedly to reversed-phase HPLC using mixtures of MeOH/H,O (100:0
and 97:3) as eluent to yield compounds 18 (1.7 mg), 19 (17.5 mg), 20 (2.0 mg), 22 (2.1 mg), and 23
(1.0 mg). Fraction G (1.7 g, 50% MeOH in EtOAc) was separated by vacuum column chromatography
on silica gel using cHex with increasing amounts of EtOAc and EtOAc with increasing amounts of
MeOH to yield 7 fractions (G1-G7). Fractions G5 and G7 were subjected repeatedly to reversed-phase
HPLC using MeOH/H,O (100:0 and 97:3) as eluent to yield compounds 24 (6.9 mg), 25 (2.0 mg), and 26
(3.1 mg). FractionI (5.1 g, 100% MeOH) was subjected to vacuum column chromatography on silica
gel using cHex with increasing amounts of EtOAc followed by EtOAc with increasing amounts of
MeOH to afford 11 fractions (I1-111). Fractions 16 and I7 were combined and subjected repeatedly to
reversed-phase HPLC using MeOH (100%) as eluent to yield compound 21 (2.3 mg).

(9E,22E,24R)-35-Hydroxy-4a,24-dimethyl-8,9-seco-5x-cholesta-9(11),22-dien-8-one (1): White
amorphous solid; H and 13C NMR data, see Tables 1 and 2; HR-APCIMS my/z 429.3724 [M + H]* (calcd.
for C29H4902, 4293727)

(9E)-3B-Hydroxy-4a,24-dimethyl-8,9-seco-5c-cholesta-9(11),24(28)-dien-8-one (2): White amorphous
solid; 'TH NMR data, see Table 1; HR-APCIMS m/z 429.3725 [M + H]* (calcd. for CogHy9O5, 429.3727).

(22E,24R)-4a,24-Dimethyl-5a-cholest-22-en-3f,83-diol (6): White amorphous solid; [oc]zDO + 68
(c 0.25, CHCl3); UV (CHCl3) Amax (log €) 206 (2.85); IR (thin film) vmax 3440, 2954, 2856, 1466, 1384,
964 cm~!; TH and 13C NMR data, see Tables 1 and 2; HR-APCIMS m/z 413.3773 [M — H,O + H]* (calcd.
for C29H490, 4133778)

(23E)-22a,28-Epidioxy-4a,24-dimethyl-5a-cholest-23-en-34,83-diol (8): White amorphous solid;
[oc}%) =50 (¢ 0.02, CHCl3); UV (CHCl3) Amax (log €) 206 (3.94), 225 (3.84); IR (thin film) vimax 3458, 2927,
2861, 1723, 1462, 1378, 1243, 1013 cm™!; 'H and '*C NMR data, see Tables 1 and 2; HR-APCIMS m/z
459.3475 [M — H]™ (calcd. for CpoH,704, 459.3480).

(23E)-22a,28-Epidioxy-4a,24-dimethyl-5a-cholest-23-en-34,84,115-triol (13): White amorphous
solid; [oc]lz)0 +30 (c 0.1, CHCl3); UV (CHCl3) Amax (log €) 206 (3.26), 230 (2.97); IR (thin film) vimax 3403,
2923, 2873, 1725, 1450, 1377, 1261, 1045 cm™!; 'H and '3C NMR data, see Tables 1 and 2; HR-APCIMS
my/z 475.3424 [M — H]~ (calcd. for CpgHy7Os5, 475.3429).

(22E)-24-Methyl-cholesta-5,22,24(28)-trien-3,19-diol (20): White amorphous solid; [oc]g) -133
(c 0.03, CHCl3); UV (CHCI3) Amax (log €) 206 (3.61), 232 (3.76); IR (thin film) vimax 3433, 2919, 2857, 1462,
1377,1261, 1037 cm™!; 'H and 13C NMR data, see Tables 1 and 2; HR-ESIMS m/z 411.3271 [M — H]~
(caled. for CogHy30,, 411.3269).
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3.4. Cell Culture

The tested compounds were dissolved in DMSO to afford 10 mM stock solutions. Human cervical
carcinoma (HeLa) and human breast adenocarcinoma (MCEF?7) cell lines were purchased from European
Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and cultivated in Dulbecco’s
Modified Eagle Medium (DMEM) (Merck, Darmstadt, Germany), as previously reported [27]. Human
umbilical vein endothelial cells (HUVECs) were a kind gift of Prof. Jitka Ulrichova (Faculty of Medicine
and Dentistry, Palacky University, Olomouc, Czech Republic). The cultivation and assay was performed
in endothelial cell proliferation medium (ECPM, Provitro, Berlin, Germany) [23]. The 22Rv1-ARE14
reporter cell line [28] was a generous gift of Prof. Zdenék Dvorak (Department of Cell Biology and
Genetics, Palacky University). The 22Rv1-ARE14 cell line was grown in Roswell Park Memorial
Institute 1640 Medium (RPMI 1640) [22]. All cells were maintained in a humidified CO, incubator at
37 °C using the standard trypsinization procedure twice or three times a week. The SH-SY5Y human
neuroblastoma cell line (ECACC, Salisbury, UK) was cultivated in DMEM and Ham’s F12 Nutrient
Mixture (DMEM:F12, 1:1), as previously described [25]. Cells were used up to twenty passages.
All trans-retinoic acid (10 uM) in 1% FBS DMEM/F12 medium was added to SH-SY5Y cells to achieve
differentiation conditions [29,30], to reach longer neurites and reduced proliferation (48 h). All cells
were maintained in a humidified CO, incubator at 37 °C using the standard trypsinization procedure
twice or three times a week.

3.5. Evaluation of Cytotoxicity

In cytotoxicity assays, cancer cells were treated with six different concentrations of each tested
compound for 72 h. Cells were stained with resazurin and ICs values were calculated as previously
reported [26]. Triplicates from at least three independent experiments were used. For the ELAM assay,
the Calcein AM (Molecular Probes, Invitrogen, Karlsruhe, Germany) cytotoxicity assay, which assessed
HUVEC viability after 4 h treatment, was used as previously described [31].

3.6. Cell-Surface ELISA CD62E (E-Selectin, ELAM)

An enzyme-linked immunosorbent assay (ELISA) was used to detect the levels of the cell adhesion
molecule ELAM in HUVEC cells after 30 min of incubation with the tested compounds and 4 h of
stimulation with TNFe, as previously described [31].

3.7. Migration Scratch Assay

The scratch test was performed with HUVEC cells and evaluated after 20 h of treatment,
as previously reported [23].

3.8. AR-Transcriptional Reporter Assay

AR-transcriptional reporter assays were performed on 22Rv1-ARE14 cells after 24 h of incubation,
as previously described [22].

3.9. SH-SY5Y Cell Treatments and Evaluation of Cell Viability/Cytotoxicity

Cell viability of neuron-like SH-SY5Y cells growing in 96-well plates (7000 cells/well) 24 h
after treatment was evaluated using the Calcein AM assay [27], with minor modification of Calcein
AM concentration (0.75 uM). Cell death of SH-SY5Y cells (20,000 cells/well) was determined using
the propidium iodide (PI) assay according to Stone et al. with a slight modification [32]. Briefly,
PI solution in PBS is added to cell medium to reach concentration 1 pg/mL, incubated for 15 min at
room temperature and quantified at 535/617 nm (excitation/emission) by Infinite M200 Pro reader
(Tecan, Austria). The resulting fluorescence of 3-NPA toxin was considered as 100% cell death. In the
assays, neuron-like cells were treated with the tested compounds in 0.1-10 uM concentration range for
48 h. DMSO-treated cells (<0.1% v/v) were used as healthy controls.
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3.10. Statistical Analysis

All data are expressed as mean + SD or SEM. Data were evaluated by non-parametric
Kruskal-Wallis test followed by post-hoc Mann-Whitney test (Figure 6) with sequential Bonferroni
correction of p-values or ANOVA followed by Tukey’s multiple comparison test (Figure 5) using the
PAST (version 1.97) software package [33]. p-values < 0.05 were considered statistically significant.

4. Conclusions

The chemical analysis of the organic extract of the soft coral S. polydactyla collected from the
Hurghada reef in the Red Sea resulted in the isolation of 26 steroids, with six of them (1, 2, 6, 8,
13, and 20) being new natural products. Among them, 1 and 2 display the rare 8,9-seco-cholestane
steroidal nucleus. To the best of our knowledge, dictyoneolone, isolated from a sponge of the genus
Dictyonella, is the only previously reported 4-methyl-8,9-seco-cholestane derivative [34]. Evaluation
of cytotoxic, anti-inflammatory, anti-angiogenic, and neuroprotective activity of the majority of the
isolated metabolites that were isolated in adequate quantities revealed significant cytotoxicity in
the low micromolar range against the HeLa and MCF7 cancer cell lines for compounds 22 and 23,
while compounds 11, 12, 22, and 23 inhibited the migration of endothelial cells at 20 uM. Most of
the compounds with activity against cancer cells also showed cytotoxicity toward normal cells (BJ),
except for compounds 11, 12, 14, 15, and 18. Compared to cisplatin, these compounds have therefore a
broad therapeutic window due to low or zero cytotoxicity on normal human fibroblasts. Moreover,
metabolite 22 was more active against HeLa cells than cisplatin used as positive control. Furthermore,
the effect of the isolated metabolites on AR-regulated transcription was evaluated in vitro in human
tumor and non-cancerous cells, with compound 11 exhibiting the strongest inhibition of AR at 10 uM.
It is worth-noting that metabolites 10, 16, and 20 displayed increased inhibition of AR with decreasing
concentrations. In addition, compounds 11 and 23 showed neuroprotective activity on neuron-like
SH-SY5Y cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/12/632/s1.
Figure S1: Visual representation of the evaluation of the activity of the tested metabolites against ELAM.
Figures 52-529: 1D and 2D NMR and HR-MS spectra of compounds 1, 2, 6, 8, 13, and 20.
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Abstract: Bioactivity-guided isolation supported by LC-HRESIMS metabolic profiling led to the
isolation of two new compounds, a ceramide, stylissamide A (1), and a cerebroside, stylissoside
A (2), from the methanol extract of the Red Sea sponge Stylissa carteri. Structure elucidation was
achieved using spectroscopic techniques, including 1D and 2D NMR and HRMS. The bioactive
extract’s metabolomic profiling showed the existence of various secondary metabolites, mainly
oleanane-type saponins, phenolic diterpenes, and lupane triterpenes. The in vitro cytotoxic activity
of the isolated compounds was tested against two human cancer cell lines, MCF-7 and HepG2. Both
compounds, 1 and 2, displayed strong cytotoxicity against the MCF-7 cell line, with ICsy values at
21.1 £ 0.17 uM and 27.5 + 0.18 uM, respectively. They likewise showed a promising activity against
HepG2 with ICsq at 36.8 £ 0.16 uM for 1 and ICsy 30.5 + 0.23 uM for 2 compared to the standard drug
cisplatin. Molecular docking experiments showed that 1 and 2 displayed high affinity to the SET
protein and to inhibitor 2 of protein phosphatase 2A (I2PP2A), which could be a possible mechanism
for their cytotoxic activity. This paper spreads light on the role of these metabolites in holding
fouling organisms away from the outer surface of the sponge, and the potential use of these defensive
molecules in the production of novel anticancer agents.
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1. Introduction

Marine environments have proven to be an important source of unique chemical entities with
a wide range of biological activities [1-6]. Owing to its biodiversity and seasonal variations in air and
water temperatures, the Red Sea is one of the most important areas for marine research. Marine sponges
are soft-bodied, sessile organisms which belong to the Porifera phylum. In both salt and freshwater
ecosystems, more than 8000 species of sponges have been described. The sessile nature of marine
sponges has led to the development of mechanisms for chemical defense to deter marine predators such
as sharks, tortoises, and invertebrates [7]. Marine sponges are therefore an extremely rich source of
secondary metabolites possessing various biological activities. Investigation of Red Sea marine sponges
permitted detection of a wide range of secondary metabolites, including terpenes, alkaloids, sterols,
steroidal glycosides, and ceramides [8-10]. Ceramides are bioactive lipids, which have been found in
many marine invertebrate organisms. These compounds are involved in a number of physiological
functions including apoptosis, arrest of cell growth, and cell-senescence [11]. They have also been
reported to be precursors of complex sphingolipids (SLs). Ceramides possessing cytotoxic activity
have previously been isolated from marine sponges [12]. The marine sponge Stylissa carteri is abundant
in coastal Red Sea reefs, typically at depths between 5 and 15 m. Numerous secondary metabolites
have already been isolated from S. carteri, including alkaloids [13], cyclic heptapeptides [14], and the
pyrrole-2-aminoimidazoles stylissazoles A-C [15]. Alkaloids isolated from S. carteri were suggested
to be prospective supports for human immunodeficiency virus (HIV) inhibition [16]. In addition,
Stylissa carteri-associated bacteria were reported to have anti-plasmodial activity [17]. In this study,
a bioactivity-guided fractionation was performed assisted by LC-HRESIMS investigation of the Red
Sea sponge Stylissa carteri methanolic extract, which led to the isolation of two new compounds,
stylissamide A (1) and stylissoside A (2). The potential cytotoxic activities of the isolated compounds
are also reported, in addition to the investigation of a possible mechanism of cytotoxic activity through
molecular docking simulation studies.

2. Results and Discussion

2.1. Structure Elucidation of the Isolated Compounds

Compound 1 (Figure 1) was obtained as a white powder, and its molecular formula was determined
to be C3,HgsNNaOs by HRESIMS with 11/z 566.4772 [M + Na]* (caled 566.4760), representing one degree
of unsaturation (Supplementary Materials, Figure S1). The 'H and '3C NMR spectral data of compound
1 are listed in Table 1 (Supplementary Materials, Figures S2-S7). The 'H NMR spectrum (measured in
CsDsN, 400 MHz), displayed resonances of an amide proton doublet at 6g5 8.95 (d, | = 8.4 Hz) and
a long methylene chain’s protons at 6y 1.25, representing a sphingolipid skeleton. Characteristic
resonances of the hydrocarbon chain unit 2-amino-1,3,4,2’-tetrol were observed at 6y 5.12 (m), (dd,
] =8.0,4.8 Hz), 4.43 (dd, ] = 8.0, 4.8 Hz), 4.29 (m), 4.62 (m), and 4.37 (m) assigned to H-2, H-1, H-3,
H-4, and H-2’, respectively. Resonances corresponding to the aliphatic methyl groups at 6y 0.85
(t, ] = 6.8 Hz) are assigned to CH3-17 and CHj3-15'.

The 3C NMR spectrum (CsDsN, 100 MHz) of 1 showed 32 carbon signals. Characteristic
resonances of a 2-amino-1,3,4,2’-tetrol unit of the hydrocarbon chain were observed at 6c 52.7 (C-2), 61.8
(C-1),76.5 (C-3),72.7 (C-4), and 72.2 (C-2’). In addition, there was a resonance at 6c 14.5 assigned for
the two terminal methyl groups (C-17 and C-15’) and at 6c 175.0 assigned for the amide carbonyl (C-1").
Analysis of the 'H-'H COSY, HMQC, and HMBC (Supplementary Materials, Figures S8-510) spectra
led to the assignment of all proton and carbon signals for compound 1. The positions of the hydroxy
groups were confirmed by 'H-1H COSY correlations between 2H-1/H-2, H-2/H-3, H3/H-4, H-4/H-5, and
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H-2'/H-3’ and by the HMBC correlations of 2H-1/C-2, 2H-1/C-3, H-3/C-4, H-3/C-5, H-4/C-2, H-4/C-3,
H-2/C-1’, and H-2’/C-1’, leading to the assignment of C-1, C-2, C-3, C-4, C-1’, and C-2’ (Figure 2).
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Figure 1. Chemical structures of the newly isolated compounds: stylissamide A (1) and stylissoside
A(2).

Table 1. 'H (400 MHz) and '3C NMR (100 MHz) for the new compounds 1 and 2 in CsD5N.

1 2
Position oy (mult., Jy,) oc Position oy (mult., Jy,) o¢c
1 4.43,dd (8.0, 4.8) 61.8 la 4.32, m 68.2
2 5.12,dd (8.0, 4.8) 52.7 1b 4.59, m
3 429, m 76.5 2 5.29, m 50.4
4 4.62, m 72.7 3 4.39, m 76.5
5 1.25, m 30.2 4 4.28, m 72.3
6 1.25, m 30.0 5 1.27, m 31.9
7-14 1.25, m 29.7 6 1.27, m 30.2
15 1.25, m 29.9 7-18 1.27, m 29.9
16 1.25, m 22.7 19 0.85,t (6.8) 14.2
17 0.85,t (6.8) 14.1 1 - 175.0
1 - 175.0 2/ 4.63, m 72.4
2 4.37, m 72.2 3 2.00, m 31.9
3’ 2.05, m 30.2 4 1.27, m 30.2
4 1.25, m 30.0 5/-20" 1.27, m 29.9
513’ 1.25, m 29.7 21’ 0.85,t (6.8) 14.2
14’ 1.25, m 22.7 NH 8.53,d (8.4) -
15 0.85, t (6.8) 14.1 17 5.61,d (3.4) 101.2
NH 8.59,d (8.4) 2 4.64, m 70.2
3" 4.50, m 71.6
4 4.54, m 71.0
5 450, m 73.1
6"’ 4.33, m 62.6

The fatty acid length was determined on the basis of the results of its methanolysis followed
by peak detection by HRMS, which showed a molecular ion peak at 295.2249 [M + Na]* (calcd for
Ci6H32NaO3, m/z 295.2249) indicating a Cy5 fatty acid methyl ester for compound 1. The ceramide
moieties’ configuration was assigned by comparing its physical data, 'H NMR and '*C NMR (measured
in C5D5N) values with those of its analogs, (likewise using pyridine) reported in the literature, wherein
the optical rotation +17.4 (c 1.00, MeOH) and the chemical shifts of C-2 (6 52.7), C-3 (6 76.5), C-4
(6 72.7), and C-2’ (6 72.2) in addition to the chemical shifts of their corresponding protons were
in good agreement with those of phytosphingosine-type ceramides possessing (25, 3S, 4R, and
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2'R) configurations [18-20]. This evidence suggested the relative configurations of C-2, C-3, C-4,
and C-2’ to be 25, 3S, 4R, and 2'R, respectively. Accordingly, the full structure of 1 was assigned
as (R)-2’-hydroxy-N-[(25,35,4R)-1,3,4-trihydroxyheptadecan-2-yl]pentadecanamide (stylissamide A),
which, to the best of our knowledge, is a new compound.

OH

OH
Figure 2. Key 'H-'H COSY (bold) and HMBC (arrows) correlations in compound 1.

Compound 2 (Figure 1) was obtained as a white amorphous powder, and its molecular formula
was determined to be C46HgiNNaO1o by HRESIMS at m/z 840.6547 [M + Na]* (calcd for m/z 840.6541),
representing one degree of unsaturation (Supplementary Materials, Figure S11). The 'H and >*C NMR
spectral data of compound 2 are listed in Table 1 and in the Supplementary Materials, (Figures
S12-518). The 'H NMR spectrum in (CsDsN, 400 MHz) displayed resonances of an amide proton
doublet at 6y 8.48 (1H, d, ] = 8.4 Hz) and a long methylene chain’s protons at 6y 1.25, representing
a sphingolipid skeleton. Characteristic resonances of a 2-amino-1,3,4,2’-tetrol unit of the hydrocarbon
chain were observed at 6y 5.29 (1H, m), 4.63 (1H, m), 4.32 (1H, m), 4.59 (1H, m), 4.39 (1H, m), and
4.28 (1H, m) assigned for H-2, H-2’, H-1b, H-1a, H-3, and H-4 respectively. In addition, resonances
corresponding to aliphatic methyl groups at 6y 0.85 (3H, t, ] = 6.8 Hz) assigned for CH;3-19 and
CH3-21". The 3C NMR spectrum in (C5DsN, 100 MHz), showed 46 carbon signals. Characteristic
resonances of a 2-amino-1,3,4,2’-tetrol unit of the hydrocarbon chain were observed at 6c 50.4 (C-2),
724 (C-2"), 68.2 (C-1), 76.5 (C-3), and 72.3 (C-4). In addition, there was a resonance at 5¢c 14.2 assigned
for the two terminal methyl groups (C-19 and C-21’) and at 6¢ 175.0 attributed to the amide carbonyl
(C-1). The 13C NMR spectrum revealed the presence of an anomeric carbon §¢c 101.2 together with
the characteristic signals at 6¢ 70.2, 71.6, 71.0, 73.1, and 62.6 indicating the presence of a sugar moiety.
The structure of compound 2 was characterized by comparison of its 1>*C NMR spectral data with those
of the known cerebroside, agelasphin, possessing a 2-hydroxy fatty acid group [21,22]. The 'H NMR
signal at 651 5.61 (d, ] = 3.4 Hz) clearly indicated that the galactose had an «-linkage [21]. Analysis of
the 'H-'H COSY, HMQC, and HMBC (Supplementary Materials, Figures S19-521) spectra led to the
assignment of the proton and carbon signals for compound 2. The positions of the hydroxy groups
were confirmed by 'H-1H COSY correlations between 2H-1/ H-2, H-2/H-3, H-3/H-4, H-4/2H-5, and
H-2’/2H-3’ and from HMBC correlations of 2H-1/C-2, 2H-1/C-3, H-3/C-4, H-3/C-5, H-4/C-2, H-4/C-3,
H-2/C-1’, and H-2’/C-1’, leading to the assignment of C-1/C-2/C-3/C-4/C-1’/C-2’ (Figure 3).

oHP" °§|9@\/\/\/\/\/\/\/\/\
(0}
c
HO HN
OHOM
@)

(o)
Figure 3. Key 1H-1H COSY (bold) and HMBC (arrows) correlations for compound 2.
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In a similar way as for compound 1, the chain length of the fatty acid was determined based
on the results of its methanolysis followed by detecting peaks from HRMS. The HRMS showed
one molecular ion peak at 379.3188 [M + Na]* (calcd for CpHy4NaOj3: 379.3188) indicating the
presence of a Cy; fatty acid methyl ester for compound 2. As for compound 1, The cerebroside’s
relative configuration was suggested to be (25, 3S, 4R, 2’R), since the optical rotation +17.40 (c 1.00,
MeOH), the afore mentioned 'H NMR (H-2, H-3, H-4, H-2") and '*C NMR signals (C-1, C-2, C-3, C-4,
C-2’) were in good agreement with those of phytosphingosine-type cerebroside molecular species
possessing (25,3S5,4R,2’ R)-configuration [23,24]. So, the full structure of 2 was determined to be
(R)-N-[(25,35,4R)-3,4-dihydroxy-1-{[(2R,3R,4S,5S,6R)-3,4,5-trihy droxy-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)oxy]nonadecan-2-yl}-2’-hydroxyhenicosanamide (stylissoside A), which, to the best of
our knowledge, is a new compound.

2.2. Metabolomic Profiling

Metabolomics is a fast growing technology that has effectively contributed to a number of
plant-related sciences and drug discovery. The secondary metabolomes of sponges consist of widespread
chemically distinct metabolites that represent the outcome of gene expressions in cells, and thus are
valuable in recognizing different phenotypic traits [25]. In this context, metabolomic profiling of
Stylissa carteri using LC-HRESIMS for dereplication purposes (Figure 4) led to the identification of
a range of metabolites, mostly represented by oleanane saponins, phenolic diterpenes, and lupane
triterpenes. The phytochemicals (Table 2) were tentatively identified by searching in some databases,
e.g., the Dictionary of Natural Products (DNP) and METLIN [26,27].

o/CHS

Figure 4. Chemical structures of the annotated metabolites from Stylissa carteri, cyercene (3), plakortone
G (4), pedicellic acid (5), spongia-13(16),14-dien-19-al (6), plakortin (7), spongia-13(16),14-dien-19-oic acid
(8), 9,10,11-trihydroxy-(12Z)-12-octadecenoic acid (9), benzylthiocrellidone (10), methyl aeruginosate C
(11), and salarin B (12).
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Table 2. Dereplicated metabolites from Stylissa carteri.

MZMine Molecular

RT (min) D Weight Name Source Reference
1 5.108521 209 234.1261 Cyercene (3) Mollusca Cyerce cristallina [28]
2 10.04907 57 278.2253 Plakortone G (4) Porifera Plakortis sp [29]
3 8.3637 13 314.2445 Pedicellic acid (5) Didymocarpus pedicellate [30]
4 10.10114 263 300.2095 Spongia-13(16),14-dien-19-al (6) Porifera Spongia officinalis [31]
5 7.916396 12 312.2289 Plakortin (7) Plakortis halichondrioides, Sponge [32]
6 8.382825 227 316.2043 Spongia-13(16),14-dien-19-oic acid (8) Porifera Spongia officinalis [31]
7 6245154 20 3302394 9’10’11'T“hydr°"§’c'i(;2(§))'1Z'OCtadece“mC Chinese truffle Tuber indicum [33]
8 3.509688 291 4121711 Benzylthiocrellidone (10) Porifera Crella spinulata [34]
9 13.7787 225 676.4528 Methyl aeruginosate C (11) Stropharia aeruginosa [35]
10 13.4309 228 720.3484 Salarin B (12) Porifera Fascaplysinopsis sp [36]

2.3. Evaluation of the Antitumor Activity In Vitro

The potential cytotoxicity of compounds 1 and 2 isolated from Stylissa carteri was measured by
the sulphorhodamine B (SRB) assay adopting the method of Skehan et al. [37] following the protocol
described by Vichai and Kirtikara [38] on breast (MCF-7) and liver (HepG2) cancer cell lines. Color
intensity was measured on an ELISA reader and the respective ICsy (concentration of the compound
which reduces survival of cancer cells to 50%) values were calculated. As presented in Table 3, both
compounds resulted in promising anticancer activities against breast (MCF-7) and hepatic (HEPG2)
cancer cell lines. Compound 1 exhibited stronger cytotoxicity against MCF-7 with an ICsg value of
21.1 £ 0.17 uM, while compound 2 displayed a slightly lower cytotoxicity, with an ICs value of 27.5 +
0.18 uM. The case was reversed in HepG2 cancer cells, where compound 2 was more active (IC59 30.5
+ 0.23 uM) than 1 (ICsg 36.8 + 0.16 uM). The inhibitory properties of these compounds were compared
with those of the standard drug cisplatin.

Table 3. ICs( values of compounds 1 and 2 on breast (MCF-7) and liver (HEPG2) cancer cell lines.

HepG2 MCE-7
IC50 (UM)
1 36.8 £0.16 21.1+0.17
2 30.5+0.23 275 +0.18

Cisplatin 21.3 £0.40 153 £0.10

Each data point represents the mean + SD of four independent experiments (significant differences at p < 0.05).

2.4. In Silico Studies

Modeling and docking simulations of the newly isolated compounds (1 and 2) were performed
using the Molecular Operating Environment (MOE) software [39] and the crystal structure of Su(var)3-9,
enhancer of Zeste, Trithorax (SET)/inhibitor 2 of protein phosphatase 2A (I2PP2A) oncoprotein; (PDB:
2E50) [40]. D-erythro(e)-C1g ceramide was chosen as a reference compound in the simulation studies
due to its higher affinity for binding to SET protein compared to other endogenous ceramides or
sphingosine [41]. PP2A has been reported to exhibit a tumor suppressive function by inducing
apoptosis or programmed cell death in various cancerous cells [42]. Sphingolipid ceramide has long
been described to activate PP2A through a direct interaction with the PP2AC catalytic domain [43],
but its mechanistic details have so far remained unknown. Alternatively, another mechanism of
ceramide-induced activation of PP2A has been recently found to proceed through the direct binding
of ceramide with SET oncoprotein, which functions as an inhibitor of tumor suppressor PP2A [41].
Because the crystal structure of the ceramide-SET complex was not available in the protein data bank,
induced fit docking was performed using the crystal structure of the SET protein and Cyg ceramide
as a flexed ligand. The top generated pose (S = —4.5237 kcal/mol) of the initial flexible docking
revealed that the Cig ceramide chain of 1 interacts at the hydrophobic binding pocket along the
space between the helix of the dimerization domain and the (3 sheets within the protein structure.
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The pocket is predominately lipophilic with some regions of hydrophilicity (Figure 5). Furthermore,
our simulation results showed that the ceramide molecule adopts an “extended” conformation inside
the SET protein, in which the sphingosine and lipid chains are placed in opposite directions. This
finding was further confirmed by the NMR model suggested previously by De Palma et al. [41].
The docking results of compound 1 revealed that the ligand exhibited a similar extended orientation
and comparable binding interactions within the pocket (S = —6.6821 kcal/mol). The lipid chain of
compound 1 forms hydrophobic interactions with the amino acid residues Phe-68, Tyr-127, Pro-214, and
Trp-213. Additionally, along the N-terminal region, the 1,4-dihydroxy array of the dihydrosphingosine
chain donates two H-bonds to Glu-111 (2.843 and 2.849 A, respectively), while the 3-hydroxy group
accepts an H-bond from GIn-65 with 2.138 A (Figure 6A). Previous data had indicated that the amino
acid residues 36-124 of the N-terminal region are involved in the inhibition of PP2A as well as the
binding with ceramide [41]. On the other hand, compound 2 was found to exhibit a different compact
conformation within the active site, where the dihydrosphingosine backbone runs perpendicular to
both the fatty acyl chain and the sugar moiety. Therefore, compound 2 showed a weaker binding
pattern within the pocket (S = —9.2672 kcal/mol) (Figure 6B). The lipid chain of compound 2 forms
hydrophobic interactions with the amino acid residues Phe-68, Phe-67, and Pro-214. The longer chains
of compound 2 destabilize the complex by shifting the ligand from the main binding sites within the
SET structure. The hydroxy group of dihydrosphingosine chain donates an H-bond to the amide
carbonyl group of Val-112 (2.78 A), the 4-OH of lipid chain donates an H-bond to Asn-61 (2.77 A), and
the CH,OH of the sugar moiety projects out the active site and donates an H-bond to Glu-116 (2.91 A).

Figure 5. The top generated pose of the induced fit docking simulation oriented C;g ceramide (green)
in an extended conformation along the space between the helix of the dimerization domain and the 3
sheets of the SET structure, which was further used as a generated active site for the docking simulations
of compounds 1 and 2 within the SET protein.
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Figure 6. Docking of compounds 1 (A) and 2 (B) within the SET oncoprotein active site.

3. Materials and Methods

3.1. General Experimental Procedures

'H NMR (400 MHz), '*C NMR (100 MHz), DEPT-135 and 2D NMR spectra were registered on
a Varian AS 400 (Varian Inc., Palo Alto, CA, USA) using the residual solvent signal as an internal
standard. High-resolution mass spectra were recorded using a Bruker BioApex (Bruker Corporation)
machine. Pre-coated silica gel G-25 UV254 plates were used for thin layer chromatography (TLC)
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(20 cm % 20 cm) (E. Merck, Darmstadt, Germany). Silica gel (Purasil 60A, 230-400 mesh) was used for
flash column chromatography (Whatman, Sanford, ME, USA).

3.2. Sponge Material

The sponge Stylissa carteri was collected from Sharm El Sheikh in the Egyptian Red Sea. The sponge
material was air-dried and kept at low temperature (—24 °C) before further processing. Identification
of the sponge was performed by Dr. Tarek Temraz, Marine Science Department, Faculty of Science,
Suez Canal University, Ismailia, Egypt. Voucher specimens were deposited under registration number
SAA-46 in the herbarium section of Pharmacognosy Department, Faculty of Pharmacy, Suez Canal
University, Ismailia, Egypt.

3.3. Extraction and Isolation

Stylissa carteri sponge (1.5 kg) was frozen, chopped to small pieces, and then extracted with
methanol (3 x 2 L) at room temperature. The combined extract was concentrated in vacuo to give
a reddish-brown viscous residue (30 g), which was suspended in distilled water (1 L) and partitioned
with n-hexane, chloroform, and n-butanol giving rise to four fractions, namely SC-1 (4 g), SC-2 (3 g),
SC-3 (17.8 g), and SC-4 (3.5 g). Fractions SC-1 and SC-2 were concentrated and combined to give SC-C
(7 g), which was chromatographed on a silica gel column using CHCl3: MeOH (1:0 ~ 6.5:3.5) affording
eight sub-fractions (SC-C-1 - SC-C-8). Subfraction SC-C-2 (2.6 g) was chromatographed on a silica gel
column using CHCl3: MeOH (1:0 ~ 6.5:3.5) followed by a two-step purification on Sephadex LH-20
under isocratic conditions (CHCl3:MeOH 1:1) to obtain pure compound 1 (25 mg, white amorphous
powder). Subfraction SC-C-6 (450 mg) was chromatographed on a silica gel column using an isocratic
elution of CHCI3:MeOH (9:1 ~ 6.5:3.5) followed by a Sephadex LH-20 column using isocratic elution
conditions of CHCl3:MeOH (1:1) to get compound 2 (31 mg, white amorphous powder) in a pure form.

(R)-2’-Hydroxy-N-[(25,35,4R)-1,3,4-trihydroxyheptadecan-2-ylJpentadecanamide, stylissamide A
(1): white, amorphous powder; ITH NMR and '3C NMR (see Table 1); HRESIMS (positive ion mode)
mfz 566.4772 [M + Na]* (calcd for C3pHgsNNaOs, 566.4760).

(R)-N-{(2S5,35 4R)-3,4-Dihydroxy-1-[(2R,3R 45,55 ,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)oxy]nonadecan-2-yl}-2’-hydroxyhenicosanamide, stylissoside A (2): white, amorphous
powder; IH NMR and 3C NMR (see Table 1); HRESIMS (positive ion mode) m/z 840.6547 [M + HJ*
(caled for CyHg1NNaOqg, 840.6541).

3.4. Ceramide Hydrolysis

An aliquot of 5 mg of 1 and 2 were heated with 5% HCl/MeOH (0.5 mL) at 70 °C for 8 h. The mixture
was extracted with n-hexane and concentrated in vacuo to afford the corresponding hydroxy fatty
acid methyl esters. The HRMS of 1 showed a molecular ion peak at m/z 295.2249 [M + Na]* (calcd
for C14H3NaO3: 295.2249) indicating the presence of a Cy5 fatty acid methyl ester. For compound 2,
the HRMS analysis showed a molecular ion peak at 1/z 379.3188 [M + Na]™* (calcd for Cp;HyyNaOs:
379.3188) evidencing a Cp; fatty acid methyl ester.

3.5. Identification of the Sugar Moiety in Compound 2

Compound 2 (5 mg) was heated at 70 °C with 5% HCl/MeOH (0.5 mL) for 8 h then the reaction
mixture (including the esterified fatty acid) was extracted with chloroform. The methanolic layer
(containing the sugar moiety) was neutralized with Ag,COj3. The resulting precipitates were filtered off
and the filtrate was concentrated in vacuo then injected on HPLC (Cosmosil Sugar-D, 4.6 ID x 250 mm,
1 mL/min, RI detector, 95% aqueous acetonitrile). HPLC runs of standard glucose and galactose were
carried out in parallel and the respective retention times were compared with that of the unknown
sugar in 2. Galactose showed a retention time of 4.76 min, similar to that of the sugar in compound 2,
however, glucose displayed a retention time of 4.62 min, which was eluted earlier from the sugar in 2.
Therefore, the sugar in the new compound 2 was identified as galactose.
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3.6. Determination of the Configuration of the Sugar Moiety in 2

Compound 2 (2 mg) was hydrolyzed by heating in 0.5 M aqueous HCl (0.1 mL) and then
neutralized with Amberlite IRA400. After drying in vacuo, the residue was dissolved in pyridine
(0.1 mL) containing L-cysteine methyl ester hydrochloride (0.5 mg) and heated at 60 °C for 1 h in
0.1 mL solution of o-tolyl isothiocyanate (0.5 mg) in pyridine. The reaction mixture was directly
analyzed by reversed-phase HPLC (Cosmosil-5-C13-AR-II, 4.6 ID x 250 mm, 0.8 mL/min, A = 250 nm,
25% acetonitrile in 50 mM H3POy). The peaks at 19.58 min and 17.52 min coincided with those of the
respective derivatives of D-galactose. The same derivatization procedures were performed on 5 mg of
the standard compounds, D-galactose (tg = 18.6 min) and L-galactose (tgr = 19.3 min).

3.7. Metabolomic Profiling

The metabolomics profiling was performed according to a method reported by Elsayed et al. [44].
These files were imported to the data mining software MZmine 2.10 for peak picking, deconvolution,
deisotoping, alignment, and formula prediction. Dereplication of compounds was carried out by
comparison with those in the Marinlit database and the Dictionary of Natural Products (DNP) 2015.

3.8. Cytotoxicity Assays

The cytotoxicity of compounds 1 and 2 was measured by the sulphorhodamine B (SRB) assay
as described by Skehan [37], following the protocol described by Vichai and Kirtikara [38] on breast
(MCF-7) and liver (HepG2) cancer cell lines. At an initial concentration of 3 X 103 cell/well in a 150 pL
fresh medium, cells were seeded in 96-well microtiter plates, and left for 24 h to adhere to the plates.
Different concentrations of the drug were added 0, 5, 12.5, 25, and 50 pg/mL respectively.

The plates were incubated for 48 h. The cells were fixed at 4 °C with 50 uL cold trichloroacetic
acid (10% final concentration) for 1 h. The plates were washed with distilled water (automatic washer
Tecan, Germany) and stained with 50 pL 0.4% SRB dissolved in 1% acetic acid at room temperature for
30 minutes. With 1% acetic acid, the plates were washed and air-dried. 100 uL/well of 10 M tris base
(pH 10.5) was used to solubilize the dye. Using an ELISA microplate reader (Sunrise Tecan reader,
Germany), the optical density of each well was measured at 570 nm spectrophotometrically. The mean
background absorbance was automatically subtracted, and mean values were determined for each
concentration of drugs. The experiment was repeated three times, then the ICs values were calculated.

3.9. In Silico Studies

All the molecular modeling calculations and docking simulation studies were performed using
the Molecular Operating Environment (MOE 2014.0901, 2014; Chemical Computing Group, Canada)
software. All MOE minimizations were performed until an RMSD gradient of 0.01 kcal/mol/A with the
force field (Amber10:ETH) and gas phase solvation to calculate the partial charges automatically. Before
simulations, the protein was protonated using the LigX function and the monomer was identified.
Induced fit docking simulation was performed initially to predict the active site using C;g ceramide as
a flexed ligand. Triangle matching with London dG scoring was chosen for initial placement, then the
top 30 poses were refined using force field (Amber10:ETH) and Affinity DG scoring. The top pose
from this simulation was analyzed and further used as a reference for the docking simulation of the
newly isolated compounds 1 and 2. The output database dock file was created with different poses for
each ligand and arranged according to the final score function (S), which is the score of the last stage
that was not set to zero.

4. Conclusions

The present research highlighted the efficacy of LCMS profiling when combined with
bioassay-guided drug discovery from marine invertebrates to accelerate the conventionally long
processes of identifying an active metabolite by successive isolation from crude extracts. Dereplication
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experiments focused on the chemotaxonomic sorting helped in the identification of putative active
metabolites, while structural assignment of the isolated compounds, using both HRMS and NMR,
supported the identified hits. Metabolomic profiling of the bioactive extract displayed the existence
of numerous secondary metabolites, mainly oleanane saponins and phenolic and lupane di- and
triterpenes. Therefore, bio-guided isolation combined with LC-MS metabolomic profiling of the Red
Sea sponge Stylissa carteri crude extract was performed, leading to the characterization of two new
compounds, stylissamide A (1) and stylissoside A (2), which, to the best of our knowledge, have
not been isolated from any natural source before. Both compounds, showed promising cytotoxic
activity against breast (MCF-7) and liver (HepG2) cancer cell lines. Compound 1 exhibited stronger
cytotoxicity against breast (MCF-7) cancer cells, while compound 2 exhibited higher activity against
the HepG2 cancer cell line compared to cisplatin as the standard. Moreover, a docking study was
performed to investigate the possible mechanism(s) of the cytotoxic activity of 1 and 2. The newly
isolated metabolites were docked into the crystal structure of the SET oncoprotein and inhibitor 2
of protein phosphatase 2A (I2PP2A). We believe that the in vivo biological investigations of these
metabolites will be of value for future anti-cancer drug development.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/5/241/s1,
Figures S1-510: HRMS, '"H NMR, '3C NMR, and COSY, HMBC, and HMQC of Compound 1, Figures S11-521:
HRMS, 'H NMR, '3C NMR, and COSY, HMBC, and HMQC of Compound 2.
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