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Abstract: In the course of our continuing efforts to identify bioactive secondary metabolites from
Red Sea marine sponges, we have investigated the sponge Hemimycale sp. The cytotoxic fraction of
the organic extract of the sponge afforded three new compounds, hemimycalins C–E (1–3). Their
structural assignments were obtained via analyses of their one- and two-dimensional NMR spectra
and HRESI mass spectrometry. Hemimycalin C was found to differ from the reported hydantoin
compounds in the configuration of the olefinic moiety at C-5–C-6, while hemimycalins D and E were
found to contain an 2-iminoimidazolidin-4-one moiety instead of the hydantoin moiety in previ-
ously reported compounds from the sponge. Hemimycalins C–E showed significant antimicrobial
activity against Escherichia coli and Candida albicans and cytotoxic effects against colorectal carcinoma
(HCT 116) and the triple-negative breast cancer (MDA-MB-231) cells.

Keywords: Red Sea sponge; Hemimycale sp.; marine alkaloids; hydantoin and
2-iminoimidazolidin-4-one backbones; hemimycalins C–E; cytotoxicity; antimicrobial activity

1. Introduction

The marine environment has played an essential role in the discovery of compelling
secondary metabolites with fascinating antitumor, immunomodulatory, analgesic, anti-
inflammatory, anti-allergic, antimicrobial, and antiviral effects [1,2]. Since 1963, more than
30,000 new chemical entities have been identified from marine organisms, including macro-
and micro-organisms [3]. Secondary metabolites obtained from marine invertebrates
have received great attention from pharmacologists and chemists due to their remarkable
chemical diversity and biological activities [4–6]. The fact that 14 marine-derived approved
drugs and another 23 drug leads in different phases (I–III) of clinical trials [7], mostly from
marine invertebrates [7], clearly indicates the role of marine invertebrates as a vigorous
source for the drug-discovery process [7]. Sponges belonging to the genus Hemimycale are
excellent producers of alkaloids with both guanidine [8,9] and hydantoin backbones [10,11].
Ptilomycalin A, with its exceptional polycyclic guanidine backbone linked with a ω-
hydroxyhexadecanoyl-spermidine moiety via an ester linkage, has displayed notable
antimicrobial and antiviral activities [8,9].

The skeletal muscle relaxant dantrolene and the anticonvulsive drugs phenytoin, norantoin,
mephenythoin, ethotoin, methetoin, and fosphenytoin are hydantoin-derived compounds
[11,12]. Similarly, 5-substituted hydantoins (5,5-dithienylhydantoin, 5,5-dipyridylhydantoin,
dithiohydantoins, thiohydantoin, and spirothiohydantoin) have anticonvulsive activity [13,14].

Mar. Drugs 2021, 19, 691. https://doi.org/10.3390/md19120691 https://www.mdpi.com/journal/marinedrugs

https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com
https://orcid.org/0000-0002-1866-8258
https://orcid.org/0000-0003-2217-4039
https://doi.org/10.3390/md19120691
https://doi.org/10.3390/md19120691
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/md19120691
https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com/article/10.3390/md19120691?type=check_update&version=1


Mar. Drugs 2021, 19, 691 2 of 10

Other significant activities for hydantoin derivatives include antimicrobial (nitrofurantoin),
antiarrhythmic (azimilide), and nonsteroidal antiandrogens (nilutamide) activities. Allantoin is
used as an antacid, antipsoriatic, keratolytic, and astringent, as well as in wound remedy [12].
Additionally, antiviral, antidepressant, and antithrombotic and enzyme inhibition are additional
pharmacological properties of hydantoins [15]. Finally, the herbicidal effects of spirohydantoin
and thioxohydantocidin, as well as the fungicidal properties of clodantoin, are attributed
to the hydantoin backbone in their structures [16,17]. Recently, the in vitro anti-growth and
anti-invasive effects of (Z)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione and its analogue
(Z)-5-(4-(ethylthio)benzylidene)-hydantoin against PC-3M prostate cancer were reported [18].
The compounds reduced the growth of orthotopic tumors and repressed the formation of tumor
micrometastases in distant organs without apparent cytotoxic effects at the test doses [18].

As a continuation of our work to uncover biologically active alkaloids from marine
organisms [19–22], the cytotoxic fractions of a methanolic extract of the sponge Hemimycale
species were investigated. Three new alkaloids, hemimycalins C–E (1–3) with hydantoin
and 2-iminoimidazolidin-4-one backbones, were obtained from the active fractions of
the extract, and their structures were characterized. Here, we report on the structural
determination and the antimicrobial and cytotoxic activities of the compounds.

2. Results and Discussion

Compound 1 (Figure 1) was obtained as a yellow powder. The molecular formula was
C10H8N2O3, and it was obtained from the (+)-HRESIMS peak at m/z 205.0609 [M + H]+. The
interpretation of its NMR spectral data including 1H (Figures S1 and S2), 13C (Figure S3),
DEPT (Figure S4), HSQC (Figure S5) and HMBC (Figure S6) supported the structure of the
compound. The 1H NMR spectra showed two parts: a benzene ring and an imidazolidine-
2,4-dione (hydantoin) part connected together via a vinylic carbon (C-6) (Figure 1). The
HMBC cross peaks from H-6 (δH 6.23) to C-4 (δC 163.6) and C-5 (δC 127.0) and from H-8
(δH 7.82) and H-12 ((δH 7.82) to C-6 (δC 116.8) supported the connection of the fragments
of 1 through the vinylic C-6 (Table 1 and Figure 2). The 1H and 13C NMR signals of 1 were
found to be similar to those of (Z)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione [10]
with differences in the chemical shifts of some 1H and 13C NMR signals (Table 2). In a
comparison of the NMR data of (Z)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione [10]
with those of 1, a significant downfield shift of C-6 (∆δC = + 7.6 ppm) was observed in
1, suggesting a different configuration of ∆5,6 in 1. Additional 13C NMR chemical shift
variations were observed in the imidazolidine-2,4-dione moiety (C-2, C-4 and C-5) ranging
from −2.1 to +1.7 ppm (Table 2).
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It is well known that H-6 possesses a higher chemical shift value in Z-configured
double bonds than in the E-configured ones [23,24]. Additionally, the 13C chemical shift
of C-6 is more highly downfield in compounds with the E configuration than those with
the Z configuration [25]. This effect could be a result of both anisotropic and diamagnetic
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effects on H-6 by the adjacent carbonyl group (C-4) [23]. In addition, significant downfield
shifts (+0.36 ppm) for the signals of H-8 and H-12 in 1 when compared to those reported
for (Z)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione [10] were noticed. Finally, the
remaining 1H and 13C signals in 1 displayed marginal down- or up-field shifts from those
of (Z)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione [10]. Accordingly, 1 was assigned
as (E)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione and is reported as a new natural
compound and named hemimycalin C.

Table 1. NMR data of 1 (600 MHz for 1H and 150 for 13C, DMSO-d6).

Position δC, Type δH (Mult., J in Hz) HMBC

2 153.6, C
4 163.6, C
5 127.0, C
6 116.8, CH 6.23 (s) C-4, C-8, C-12
7 124.1, C
8 131.8, CH 7.82 (d, 9.0) C-6, C-7, C-10, C-12
9 115.0, CH 6.72 (d, 9.0) C-7, C-10, C-11
10 158.0, C
11 115.0, CH 6.72 (d, 9.0) C-7, C-10, C-9
12 131.8, CH 7.82 (d, 9.0) C-6, C-7, C-10, C-8

NH, OH 10.50 (br hump)

Table 2. Comparison of 13C NMR data between (E)-1 and (Z)-1 (DMSO-d6).

Position
(E)-1 (Z)-1 a ∆δ (E−Z) in ppm

δC, Type δH, (Mult., J in Hz) δC, Type δH, (Mult., J in Hz) ∆δC(E−Z) ∆δH(E−Z)

2 153.6, C 155.7, C −2.1
4 163.6, C 165.7, C −2.1
5 127.0, C 125.3, C +1.7
6 116.8, CH 6.23 (s) 109.2, CH 6.33 (s) +7.6 −0.10
7 124.1, C 123.8, C +0.3
8 131.8, CH 7.82 (d, 9.0) 131.2, CH 7.46 (d, 9.0) +0.6 +0.36
9 115.0, CH 6.72 (d, 9.0) 115.6, CH 6.76 (d, 9.0) −0.6 −0.04
10 158.0, C 158.0, C 0.0
11 115.0, CH 6.72 (d, 9.0) 115.6, CH 6.76 (d, 9.0) −0.6 −0.04
12 131.8, CH 7.82 (d, 9.0) 131.2, CH 7.46 (d, 9.0) +0.6 +0.36

a Data from reference [10].
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Compound 2 (Figure 1) was obtained as a yellow powder with the molecular for-
mula C10H9N3O2 obtained from the (+)-HRESIMS ion peak at m/z 204.0771 [M + H]+,
being one atomic mass unit less than 1 and thus suggesting the replacement of one of
the oxygen atoms in 2 with NH. The 1H (Figures S7 and S8) and 13C NMR (Figure S9)
data of 2 (Table 3) were found to be in good agreement with those of 1 (Table 4). These
data were supported also by HSQC (Figure S10) and HMBC (Figure S11) experiments.
A comparison of the 1H and 13C NMR of 2 with those of 1 revealed marginal chemical
shift differences between all NMR signals ranging from –0.39 to 0.0 ppm in the 1H NMR
and from –0.1 to –1.8 ppm in the 13C NMR spectra (Table 3). A noticeable chemical shift
difference was observed for C-2 (∆δ = –1.8 ppm) due to the replacement of the urea part
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(or hydantoin moiety) in 1 with a guanidine part (or 2-iminoimidazolidin-4-one) [25]
in 2. Additionally, to exclude the presence of 2-aminoimidazol-4-one moiety in 2, the
13C NMR data of the 2-iminoimidazolidin-4-one moiety in 2 were compared with those
reported for 2-aminoimidazol-4-one moiety, both measured in DMSO-d6 [23] (Figure 3).
As shown in Figure 3, the 13C NMR data of 2-f in 2 were completely different from those of
2-aminoimidazol-4-one moiety in phorbatopsin A [23]. Furthermore, the HMBC correla-
tions supported the assignment of the non-protonated carbons in 2 and the assignment
of the 2-iminoimidazolidin-4-one moiety (Table 2 and Figure 2). Thus, 2 was assigned as
(E)-5-(4-hydroxybenzylidene)-2-iminoimidazolidin-4-one and named hemimycalin D.

Table 3. NMR data of 2 (600 MHz for 1H and 150 for 13C, DMSO-d6).

Position δC, Type δH (Mult., J in Hz) HMBC

2 155.4, C
4 163.2, C
5 126.5, C
6 116.5, CH 6.23 (s) C-4, C-8, C-12
7 123.5, C
8 131.6, CH 7.43 (d, 9.0) C-6, C-7, C-10, C-12
9 114.8, CH 6.72 (d, 9.0) C-7, C-10, C-11
10 157.9, C
11 114.8, CH 6.72 (d, 9.0) C-7, C-10, C-9
12 131.6, CH 7.43 (d, 9.0) C-6, C-7, C-10, C-8

NH, OH 10.50 (br hump)
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Compound 3 (Figure 1) was found to possess the formula C14H16N4O3, as shown by
the (+)-HRESIMS ion peak at m/z 311.1118 for [M + Na]+. The 1H (Figures S12 and S13)
and 13C NMR (Figure S14) spectra of 3 displayed typical resonances for a 1,4-substituted
benzene ring, two N-methyls at δH/C 2.79/31.1 and 3.21/29.4 and an N-methylformamide
at δH/C 2.83/33.6 (H3-15/C-15) and 7.91/166.3 (H-16/C-16). The 1H and 13C NMR data
of 3 (Table 4) were found to be comparable with those reported for hemimycalin A [10],
though featuring the replacement of the 1,3-dimethylimidazolidine-2,4-dione moiety in
hemimycalin A [10] with 2-imino-1,3-dimethylimidazolidin-4-one moiety in 3. This as-
signment was confirmed by HSQC (Figure S15) experiment and by HMBC (Figure S16)
cross-peaks from H-12 (δH 7.48) to C-5 (qc, δC = 93.9), from H3-13 (δH 2.79) to C-2 (δC 153.6),
and from H3-14 (δH 3.21) to C-2 and C-4 (δC = 149.7) (Table 5 and Figure 2). In addition, the
placement of the N-methylformamide moiety at C-6 was confirmed by the HMBC cross
peaks from H3-15 (δH =2.83) to C-6 (δC =126.1), from H3-15 to C-16 (δC = 166.3), and from
H-16 (δH 7.91) to C-15 (δC = 33.6). The E configuration at the olefinic moiety ∆5,6 in 3 was
confirmed from NOESY (Figure S17) correlations between H3-13 and H3-15, H3-15, and
H-16, as well as between H3-15 and H-8,12. The NOESY correlations between H3-13 and
H3-15 observed in the compound with E configuration at ∆5,6 were also confirmed by a
comparison of the MM2-minimized drawings of the E-3 against Z-3 (Figure 4). It is very
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clear that the compound with the E configuration at ∆5,6 displayed significant NOESY
between H3-13 and H3-15 (Table 4 and Figure 4). On the other hand, the isomer with
the Z configuration at ∆5,6 was found to lack any correlation between these two methyl
groups. Thus, the E configuration at ∆5,6 in 3 was confirmed. Accordingly, compound
3 was assigned as (E)-N-((4-hydroxyphenyl)(2-imino-1,3-dimethyl-5-oxoimidazolidin-4-
ylidene)methyl)-N-methylformamide and named hemimycalin E.

Table 4. NMR data of 3 (600 MHz for 1H and 150 for 13C, DMSO-d6).

Position δC, Type δH (Mult., J in Hz) HMBC NOESY

2 153.6, C
4 149.7, C
5 93.9, C
6 126.1, C
7 124.5, C
8 131.3, CH 7.48 (d, 8.4) C-6, C-7, C-10 H-9, OH, H3-15
9 115.2, CH 6.73 (d, 8.4) C-7, C-10 H-8
10 159.8, C

OH 10.78 (brs) C-10 H-9, H-11
11 115.2, CH 6.73 (d, 8.4) C-7, C-10 H-12, OH
12 131.3, CH 7.48 (d, 8.4) C-6, C-7, C-10 H-11, H3-15
13 31.1, CH3 2.79 (s) C-2, C-5 H3-15
14 29.4, CH3 3.21 (s) C-2, C-4

15 33.6, CH3 2.83 (s) C-6, C-16 H-8, H-12, H-16,
H3-13

16 166.3, CH 7.91 (s) C-15 H3-15
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An MTT assay showed 1–3 were mainly active against colorectal carcinoma (HCT 116)
cells, with IC50 values of 8.6–18.8 µM (Table 5). On the contrary, 1–3 were moderately active
towards triple-negative breast cancer (MDA-MB-231), with IC50 values of 21.5–31.7 µM,
and inactive against human cervical carcinoma (Hela) cells. These data suggest that
HCT 116 cells have higher sensitivity towards compound 3 than the other cell lines.
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Table 5. Antiproliferative effects of 1–3.

Compound
IC50 (µM) (Mean + SEM) a

MDA-MB-231 HeLa HCT 116

1 28.5 ± 0.21 ≥25.0 18.6 ± 0.12
2 31.7 ± 0.25 ≥25.0 17.1 ± 0.09
3 21.5 ± 0.18 ≥25.0 8.6 ± 0.06

5-FU b 13.0 ± 0.30 12.3 ± 0.25 4.6 ± 0.23
a The results are the mean of three independent experiments; b 5-Flourourcail, a positive drug.

In a disk diffusion assay, 1–3 were evaluated for their effects on three pathogens at a
concentration of 50 µg/disc. The compounds displayed high activities against Candida albicans
(inhibition zones = 20–22 mm) and Escherichia coli (inhibition zones = 17–18 mm) but no effects
on Staphylococcus aureus (Table 6). Finally, 1–3 displayed a minimum inhibitory concentration
(MIC) value of 8 µM against C. albicans and E. coli (Table 6).

Table 6. Antimicrobial activities of 1–3.

Compound
Inhibition Zones (mm) and MIC Values (µM)

C. albicans MIC (µM) E. coli MIC (µM) S. aureus

1 22 8 17 8 NI
2 20 8 18 8 NI
3 20 8 17 8 NI

Ciprofloxacin a NT 30 0.08 22
Ketoconazole b 30 0.26 NT NT

a Positive antibacterial control (5 µg/disc); b positive antifungal control (50 µg/disc); NI = no inhibition;
NT = not tested.

3. Materials and Methods
3.1. General Experimental Procedures

The IR spectra of 1–3 were recorded on a Shimadzu Infrared-400 spectrophotometer
(Shimadzu, Kyoto, Japan). One- and two-dimensional NMR spectra were acquired on
Bruker Avance DRX 600 MHz (Bruker, Rheinstetten, Germany) spectrometer. Positive ion
HRESIMS data were obtained with a Micromass Q-ToF equipped with leucine enkephalin
lock spray, using m/z 556.2771 [M + H]+ as a reference mass. Sephadex LH-20 (0.25–0.1 mm,
Pharmacia) was used for column chromatography. Silica gel 60 F-254 plates (Merck) were
used for TLC.

3.2. Biological Materials

The sponge (Figure 5) was collected by hand using SCUBA at a depth of 13 m off
Al-lith, Saudi Arabia. The dark blue encrusting sponge was found to be composed of a
1.5–2.0 cm thick soft mass. The skeleton of the sponge was plumose and composed of
parallel loose bundles of thin spicules running from the substratum upwards through the
sponge and fanning out at the surface. In between, there were many loose spicules. Bundles
had a diameter of 30–50 µm and contained 12–20 spicules in cross-section. Siliceous spicules
were straight and thin, either strongyles or styles but otherwise similar in shape and size,
ranging from 215–255 × 2–4 µm. These details conformed with the description of the type
specimen of the Red Sea sponge Hemimycale arabica, with which the current specimen was
compared. A voucher specimen is kept in the Red Sea Invertebrates Collection at King
Abdulaziz University under the code # DY21.
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3.3. Purification of Compounds 1–3

The fresh sponge materials (430 g) were crushed into small pieces and macerated in
MeOH (3 × 1500 mL), and the concentrated methanolic extract was chromatographed
on Sephadex LH-20 (150 g) with MeOH–CH2Cl2 (1:1). The cytotoxic fraction (320 mg)
was subjected to Sep-Pak C18 Cartridge (Waters, 10 g) using H2O–MeOH gradients to
provide five major fractions. The fraction eluted with 60% MeOH (86 mg) was purified
by HPLC (Cosmosil, 250 × 10 mm) using 30% CH3CN to afford 1 (7.0 mg) and 2 (3.2 mg).
Furthermore, the fraction eluted with 70% MeOH (34 mg) was purified by HPLC (Cosmosil,
250 × 10 mm) to afford 3 (4.1 mg).

3.4. Spectral Data of the Compounds

(1) Hemimycalin C (1). Yellow powder; IR γmax (film) 3382, 1721, 1644, 1595 cm−1; NMR
data: see Tables 1 and 2; HRESIMS m/z 205.0609 (calculated for C10H9N2O3 [M + H]+,
205.0607).

(2) Hemimycalin D (2). Yellow powder; IR γmax (film) 3374, 1724, 1646, 1594 cm−1; NMR
data: see Tables 3 and 4; HRESIMS m/z 204.0771 (calculated for C10H10N3O2 [M + H]+,
204.0767).

(3) Hemimycalin E (3) Yellow powder; IR γmax (film) 3375, 1723, 1647, 1595 cm−1; NMR
data: see Table 5; HRESIMS m/z 311.1118 (calculated for C14H16N4O3Na [M + Na]+,
311.1114).

3.5. Biological Evaluation of the Compounds
3.5.1. Cytotoxicity of the Compounds
Culture of Cell Lines

HCT116 (Colorectal carcinoma, ATCC CCL-247) and HeLa (human cervical carcinoma,
ATCC CCL-2) cells were cultured in an RPMI 1640 medium with 10% FBS, and 1% penicillin–
streptomycin, while MDA-MB-231 cells (triple-negative breast cancer, ATCC HTB-26) were
cultured in a DMEM medium with 1% penicillin–streptomycin and 10% FBS.

Evaluation of Antiproliferative Activity

The evaluation of the antiproliferative effects of 1–3 was performed using an MTT,
assay as reported earlier [26,27]. The cells were incubated at 37 ◦C overnight in 5% CO2/air.
After that, the compounds were added to the top row of a 96-well microtiter plate, and
descendant serial dilutions (1:4) of the concentration were performed followed via the
incubation of the cells with the compounds for 72 h. Using the CellTiter 96 AQueous
non-radioactive cell proliferation protocol, the cells’ viability was estimated at 490 nm on a
Molecular Devices Emax microplate reader. The IC50 values of the compounds (expressed
in µM) were determined using the program SOFTmax PRO. 5-Flourouracil and DMSO
were used as positive and negative controls, respectively. A concentration of 25 µM was
set as a cutoff value in this assay.
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3.5.2. Disk Diffusion Assay

The antimicrobial effects of 1–3 were evaluated using a disc diffusion assay at 50 µg/disc
against E. coli (ATCC 25922), C. albicans (ATCC 14053), and S. aureus (ATCC 25923), as de-
scribed previously [28–30]. Ciprofloxacin and ketoconazole served as positive controls in the
antimicrobial assay, while DMSO was used as a negative control.

3.5.3. Evaluation of the MIC Values

The determination of the MIC values of 1–3 against C. albicans and E. coli was per-
formed using a macro-dilution assay, as previously reported [31].

4. Conclusions

The bioassay-directed partition and purification of the cytotoxic fraction of the Red
Sea sponge Hemimycale sp. provided three new alkaloids: hemimycalins C–E (1–3). The
structures of the compounds were assigned via analyses of their spectral data. Interest-
ingly, hemimycalin C (1) was found to possess an E configuration [25] at ∆5,6 instead
of the previously reported Z configuration of ∆5,6. In addition, hemimycalins D and E
(2 and 3) were found to possess the 2-iminoimidazolidin-4-one [25] backbone instead of hy-
dantoin (imidazolidine-2,4-dione) moiety in previously reported alkaloids from the genus
Hemimycale. Furthermore, hemimycalin D (2) was found to share the E configuration at ∆5,6

with hemimycalin C (1). Consequently, the E-configured 1 and 2 were shown to possess
higher chemical shift values for C-6 than the Z-configured compounds, while H-6 [23–25]
in the E-configured compounds [23–25] was found to resonate at lower chemical shift
values than in the Z-configured ones.

Hemimycalins C–E showed significant cytotoxic effects and selective antimicrobial
effects against E. coli and C. albicans, making them potential scaffolds for the development
of drug leads.

The current findings provide a deeper insight and understanding of the chemical
diversity and biological activities of the secondary metabolites of the Red Sea sponge
Hemimycale sp.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19120691/s1, Figures S1–S16: 1HNMR, 13C NMR, DEPT, COSY, HSQC, HMBC, and
NOESY spectra of hemimycalins C–E (1–3).

Author Contributions: Conceptualization, L.A.S. and D.T.A.Y.; methodology, L.A.S. and D.T.A.Y.;
formal analysis, L.A.S. and D.T.A.Y.; investigation, L.A.S. and D.T.A.Y.; resources, D.T.A.Y.; data
curation, L.A.S. and D.T.A.Y.; writing—original draft preparation, L.A.S. and D.T.A.Y.; writing—
review and editing, L.A.S.; supervision, L.A.S.; project administration, L.A.S.; funding acquisition,
L.A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the Deanship of Scientific Research (DSR), King Abdulaziz
University, Jeddah, under grant no. (90/141/1434).

Data Availability Statement: Data is contained within the article or Supplementary Material.

Acknowledgments: This project was funded by the Deanship of Scientific Research (DSR), King
Abdulaziz University, Jeddah, under grant no. (90/141/1434). The authors therefore acknowledge
DSR technical and financial support with thanks. We thank Rob van Soest for the identification of the
sponge materials.

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

References
1. Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2021, 38, 362–413.

[CrossRef]
2. Newman, D.J.; Cragg, G.M. Marine natural products and related compounds in clinical and advanced preclinical trials. J. Nat.

Prod. 2004, 67, 1216–1238. [CrossRef]

https://www.mdpi.com/article/10.3390/md19120691/s1
https://www.mdpi.com/article/10.3390/md19120691/s1
http://doi.org/10.1039/D0NP00089B
http://doi.org/10.1021/np040031y


Mar. Drugs 2021, 19, 691 9 of 10

3. Qiang, B.; Liu, N.; Wang, H.; Zhang, L.; Liu, Z.; Lyu, C.; Chen, T. CMNPD: A comprehensive marine natural products database
towards facilitating drug discovery from the ocean. Nucleic Acids Res. 2021, 49, D509–D515.

4. Youssef, D.T.A.; Almagthali, H.; Shaala, L.A.; Schmidt, E.W. Secondary metabolites of the genus Didemnum: A comprehensive
review of chemical diversity and pharmacological properties. Mar. Drugs 2020, 18, 307. [CrossRef]

5. Laport, M.S.; Santos, O.C.S.; Muricy, G. Marine sponges: Potential sources of new antimicrobial drugs. Curr. Pharm. Biotechnol.
2009, 10, 86–105. [CrossRef]

6. Mayer, A.M.S.; Glaser, K.B.; Cuevas, C.; Jacobs, R.S.; Kem, W.; Little, R.D.; McIntosh, J.M.; Newman, D.J.; Potts, B.C.; Shuster, D.E.
The odyssey of marine pharmaceuticals: A current pipeline perspective. Trends Pharmacol. Sci. 2010, 31, 255–265. [CrossRef]

7. Available online: https://www.midwestern.edu/departments/marinepharmacology/clinical-pipeline (accessed on
12 November 2021).

8. Ohtani, I.; Kusumi, T.; Kakisawa, H.; Kashman, Y.; Hirsh, S. Structure and chemical properties of ptilomycalin A. J. Am. Chem.
Soc. 1992, 114, 8472–8479. [CrossRef]

9. Kashman, Y.; Hirsh, S.; McConnell, O.J.; Ohtani, I.; Kusumi, T.; Kakisawa, H. Ptilomycalin A: A novel polycyclic guanidine
alkaloid of marine origin. J. Am. Chem. Soc. 1989, 111, 8925–8926. [CrossRef]

10. Youssef, D.T.A.; Shaala, L.A.; Alshali, K.Z. Bioactive hydantoin alkaloids from the Red Sea marine sponge Hemimycale arabica.
Mar. Drugs 2015, 13, 6609–6619. [CrossRef]

11. Williams, D.A.; Lemke, T.L. (Eds.) Foye’s Principles of Medicinal Chemistry, 5th ed.; Lippincott Williams & Wilkins: New York, NY,
USA, 2002.

12. Malawska, B. New anticonvulsant agents. Curr. Top. Med. Chem. 2005, 5, 69–85. [CrossRef]
13. Byrtus, H.; Obniska, J.; Czopek, A.; Kaminski, K.; Pawlowski, M. Synthesis and anticonvulsant activity of new N-Mannich bases

derived from 5-cyclopropyl-5-phenyl- and 5-cyclopropyl-5-(4-chlorophenyl)-imidazolidine-2,4-diones. Bioorg. Med. Chem. 2011,
19, 6149–6156. [CrossRef]

14. Fiallo, M.M.L.; Kozlowski, H.; Garnier-Suillerot, A. Mitomycin antitumor compounds. Part 1. CD studies on their molecular
structure. Eur. J. Pharm. Sci. 2001, 12, 487–494. [CrossRef]

15. Gregoriou, M.; Noble, M.E.M.; Watson, K.A.; Garman, E.F.; Krulle, T.M.; Delafuente, C.; Fleet, G.W.J.; Oikonomakos, N.G.;
Johnson, L.N. The structure of a glycogen phosphorylase glucopyranose spirohydantoin complex at 1.8 angstrom resolution and
100 k—The role of the water structure and its contribution to binding. Protein Sci. 1998, 7, 915–927. [CrossRef]

16. Shiozaki, M. Syntheses of hydantocidin and C-2 thioxohydantocidin. Carbohydr. Res. 2002, 337, 2077–2088. [CrossRef]
17. Khanfar, M.A.; Hill, R.A.; Kaddoumi, A.; El Sayed, K.A. Discovery of novel GSK-3 beta inhibitors with potent in vitro and in vivo

activities and excellent brain permeability using combined ligand- and structure-based virtual screening. J. Med. Chem. 2010, 53,
8534–8545. [CrossRef]

18. Mudit, M.; Khanfar, M.A.; Muralidharan, A.; Thomas, S.; Shah, G.V.; van Soest, R.W.; El Sayed, K.A. Discovery, design, and
synthesis of anti-metastatic lead phenylmethylene hydantoins inspired by marine natural products. Bioorg. Med. Chem. 2009, 17,
1731–1738. [CrossRef]

19. Shaala, L.A.; Alzughaibi, T.; Genta-Jouve, G.; Youssef, D.T.A. Fusaripyridines A and B; highly oxygenated antimicrobial alkaloid
dimers featuring an unprecedented 1,4-Bbs(2-hydroxy-1,2-dihydropyridin-2-yl)butane-2,3-dione core from the marine fungus
Fusarium sp. LY019. Mar. Drugs 2021, 19, 505. [CrossRef]

20. Youssef, D.T.A.; Asfour, H.Z.; Shaala, L.A. Psammaceratin A: A cytotoxic psammaplysin dimer featuring an unprecedented
(2Z,3Z)-2,3-Bis(aminomethylene)succinamide backbone from the Red Sea sponge Pseudoceratina arabica. Mar. Drugs 2021, 19, 433.
[CrossRef]

21. Youssef, D.T.A.; Asfour, H.Z.; Genta-Jouve, G.; Shaala, L.A. Magnificines A and B, antimicrobial marine alkaloids featuring a
tetrahydrooxazolo[3,2-a]azepine-2,5(3H,6H)-dione backbone from the Red Sea sponge Negombata magnifica. Mar. Drugs 2021, 19,
214. [CrossRef]

22. Shaala, L.A.; Youssef, D.T.A. Pseudoceratonic acid and moloka’iamine derivatives from the Red Sea Verongiid sponge Pseudocer-
atina arabica. Mar. Drugs 2020, 18, 525. [CrossRef]

23. Nguyen, T.D.; Nguyen, X.C.A.; Longeon, K.A.; Le, M.H.; Kim, Y.H.; Chau, V.M.; Bourguet-Kondracki, M. Antioxidant benzylidene
2-aminoimidazolones from the Mediterranean sponge Phorbas topsenti. Tetrahedron 2012, 68, 9256–9259. [CrossRef]

24. Davis, R.A.; Aalbersberg, W.; Meo, S.; Moreira da Rocha, R.; Ireland, C.M. The isolation and synthesis of polyandrocarpamines A
and B. Two new 2-aminoimidazolone compounds from the Fijian ascidian, Polyandrocarpa sp. Tetrahedron 2002, 58, 3263–3269.
[CrossRef]

25. Guella, G.; Mancini, I.; Zibrowius, H.; Pietra, F. Novel aplysinopsin-type alkaloids from Scleractinian corals of the family
Dendrophylliidae of the Mediterranean and the Philippines. Configurational-assignment criteria, stereospecific synthesis, and
photoisomerization. Helv. Chim. Acta 1988, 7, 773–781. [CrossRef]

26. Shaala, L.A.; Youssef, D.T.A. Cytotoxic psammaplysin analogues from the Verongid Red Sea sponge Aplysinella species.
Biomolecules 2019, 9, 841. [CrossRef]

27. Youssef, D.T.A.; 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]

28. Acar, J.F. The Disc Susceptibility Test. In Antibiotics in Laboratory Medicine; Lorian, V., Ed.; Williams and Wilkins: Baltimore, MD,
USA, 1980; pp. 24–54.

http://doi.org/10.3390/md18060307
http://doi.org/10.2174/138920109787048625
http://doi.org/10.1016/j.tips.2010.02.005
https://www.midwestern.edu/departments/marinepharmacology/clinical-pipeline
http://doi.org/10.1021/ja00048a018
http://doi.org/10.1021/ja00206a029
http://doi.org/10.3390/md13116609
http://doi.org/10.2174/1568026053386944
http://doi.org/10.1016/j.bmc.2011.08.017
http://doi.org/10.1016/S0928-0987(00)00200-1
http://doi.org/10.1002/pro.5560070409
http://doi.org/10.1016/S0008-6215(02)00217-3
http://doi.org/10.1021/jm100941j
http://doi.org/10.1016/j.bmc.2008.12.053
http://doi.org/10.3390/md19090505
http://doi.org/10.3390/md19080433
http://doi.org/10.3390/md19040214
http://doi.org/10.3390/md18110525
http://doi.org/10.1016/j.tet.2012.08.074
http://doi.org/10.1016/S0040-4020(02)00228-4
http://doi.org/10.1002/hlca.19880710412
http://doi.org/10.3390/biom9120841
http://doi.org/10.1021/np050404a


Mar. Drugs 2021, 19, 691 10 of 10

29. Kiehlbauch, J.A.; Hannett, G.E.; Salfinger, M.; Archinal, W.; Monserrat, C.; Carlyn, C. Use of the National Committee for Clinical
Laboratory Standards Guidelines for Disk Diffusion Susceptibility Testing in New York State Laboratories. J. Clin. Microbiol. 2000,
38, 3341–3348. [CrossRef]

30. Shaala, L.A.; Youssef, D.T.A.; Alzughaibi, T.A.; Elhady, S.S. Antimicrobial chlorinated 3-phenylpropanoic acid derivatives from
the Red Sea marine actinomycete Streptomyces coelicolor LY001. Mar. Drugs 2020, 18, 450. [CrossRef]

31. CLSI. CLSI Documents M07-A9. Performance Standards for Antimicrobial Disk Susceptibility Tests, 9th ed.; Clinical and Laboratory
Standards Institute: Wayne, PA, USA, 2007.

http://doi.org/10.1128/JCM.38.9.3341-3348.2000
http://doi.org/10.3390/md18090450

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Experimental Procedures 
	Biological Materials 
	Purification of Compounds 1–3 
	Spectral Data of the Compounds 
	Biological Evaluation of the Compounds 
	Cytotoxicity of the Compounds 
	Disk Diffusion Assay 
	Evaluation of the MIC Values 


	Conclusions 
	References

