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Preface to "Heterocyclic Compounds from
Marine Organisms”

Marine natural products have played an important role in the development of new bioactive
compounds with a variety of interesting properties (antiviral, cytotoxic, antitumor, anti-inflammatory,
antimicrobial, etc.). Within the molecules these marine organisms produce, the presence of
heterocyclic subunits is quite frequent. The structural diversity of this group of marine compounds,
together with their diverse biological activities, have attracted the attention of the scientific
community. This Special Issue on "Heterocyclic Compounds from Marine Organisms” aimed to
provide an overview of the most recent developments related to the isolation, characterization,
synthesis or biosynthesis of marine compounds containing heterocyclic units or their analogs. The
authors who contributed to this Special Issue are gratefully acknowledged. We hope that readers will
be interested in this content.

Asunciéon Barbero
Editor
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Abstract: A chemical study of the CH,Cl, —MeOH (1:1) extract from the sponge Ernsta naturalis col-
lected in Rodrigues (Mauritius) based on a molecular networking dereplication strategy highlighted
one novel aminopyrimidone alkaloid compound, ernstine A (1), seven new aminoimidazole alkaloid
compounds, phorbatopsins D-E (2, 3), calcaridine C (4), naamines H-I (5, 7), naamidines J-K (6, 8),
along with the known thymidine (9). Their structures were established by spectroscopic analysis
(1D and 2D NMR spectra and HRESIMS data). To improve the investigation of this unstudied cal-
careous marine sponge, a metabolomic study by molecular networking was conducted. The isolated
molecules are distributed in two clusters of interest. Naamine and naamidine derivatives are grouped
together with ernstine in the first cluster of twenty-three molecules. Phorbatopsin derivatives and
calcaridine C are grouped together in a cluster of twenty-one molecules. Interpretation of the MS/MS
spectra of other compounds of these clusters with structural features close to the isolated ones allowed
us to propose a structural hypothesis for 16 compounds, 5 known and 11 potentially new.

Keywords: Ernsta naturalis; marine sponge; aminoimidazolones alkaloids; aminopyrimidone alkaloid;
molecular network

1. Introduction

Calcispongiae (Calcarea Bowerbank, 1864), commonly called calcareous sponges are
much less studied chemically compared to another class of Porifera, the Demospongiae,
due both to their relatively low number of representatives within the Porifera phylum
and to their low biomass [1]. The result is an underexplored source of natural products
while these sponges are prolific sources of bioactive alkaloids, especially 2-aminoimidazole
alkaloids. The biological activities reported for this kind of alkaloids include antifungal [2],
antimicrobial [3], cancer cell toxicity [4], or Mammalian and Protozoan DYRK and CLK
kinases inhibitors [5]. Nowadays, more than sixty 2-aminoimidazole alkaloids have been
isolated from Calcarea sponges, almost all belonging to the genus Leucetta. A few studies de-
scribed the chemical composition of other calcareous sponges’ genera such as Clathrina [6],
Leucosolenia [7], Leucascandra [8,9], or Pericharax [10,11]. The genus Ernsta (Klautau, Azevedo
and Céndor-Lujan, 2021) belongs to the order Clathrinida, and comprises 20 species, and
despite a ubiquitous distribution, there is no report of chemical investigations of sponges
belonging to this genus so far. The genus Ernstia was erected by Klautau et al. in 2013
after a thorough molecular evaluation and some species formerly belonging to the genus
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Clathrina were placed under this newly erected genus. However, the genus name was
already taken by a gastropod and in 2021, the new genus name Ernsta was proposed to
replace Ernstia including Ernstia naturalis, thus presently known as Ernsta naturalis (Klautau
etal., 2021) [12].

In our continuing search for bioactive metabolites from marine invertebrates, Ernsta
naturalis (Van Soest and De Voogd, 2015, 2018) collected in Rodrigues (Indian Ocean) was
investigated [13]. The organic crude extract of this animal exhibited moderate inhibitory
activity against proteasome and tyrosinase. Our chemical investigation of this extract led
to the isolation of a novel aminopyrimidone alkaloid compound, ernstine A (1), seven
aminoimidazole alkaloid compounds, phorbatopsins D-E (2-3), calcaridine C (4), naamines
H-I(5, 7), naamidines J-K (6, 8), together with the known thymidine (9). We report herein
the purification and the structure elucidation by spectroscopic analysis including HRESIMS
and 2D NMR for the new compounds (1-8) and comparison with published data for
thymidine (9) [14]. In order to improve the investigation of this unstudied calcareous marine
sponge, a metabolomic study by molecular networking (MN) was conducted. A molecular
network is a computational strategy that may help visualization and interpretation of
complex data from MS analysis, as crude extracts analysis, by organizing tandem mass
spectrometry data through spectral similarities [15]. In MN, MS/MS data are represented
in a graphical form, where an ion with an associated fragmentation spectrum is represented
by a node and the links between two nodes indicate similarities between the two spectra.
Consequently, only compounds with close fragmentation pathways will be linked together
and will be grouped in clusters, highlighting families of compounds with the same skeletons.
This representation can be particularly useful for the propagation of annotations from
isolated compounds to other molecules of the crude extracts with close MS/MS data and
so enhance the dereplication of the extract.

2. Results and Discussion
2.1. Characterization of New Compounds

The CH,Cl,-MeOH extract was first subjected to reverse-phase silica gel column chro-
matography to yield nine fractions. The fractions were subjected to SPE, repetitive reverse-
phase semi-preparative, and analytical HPLC to yield nine compounds (1-9) (Figure 1).
Eight were new: ernstine A (1), phorbatopsins D-E (2, 3), calcaridine C (4), naamines H-I
(5, 7), naamidines J-K (6, 8) described below and in addition, one other known compound
was identified as thymidine (9) by comparison with published spectroscopic data.

Ernstine A (1) was obtained as a yellow solid. The molecular formula, C19H;9N3O3,
was established from HRESIMS molecular ion peak at m/z 338.1497 [M+H]*. Analysis of
the 1D and 2D 'H, and ¥C NMR data for 1 (CD30D, Table 1) revealed resonances and
correlations consistent with those of two para-substituted phenol, but not linked with
an aminoimidazolone moiety, such as calcarine A, but linked with an aminopyrimidone
moiety (Figure 2). The 'H NMR spectrum of 1 recorded in CD;0D showed the presence of
two AA’BB’ spin systems at 6H 6.94 and 6.74 (each 2H, d, ] = 8.8 Hz) and at 6H 7.08 and
6.88 (each 2H, d, ] = 8.8 Hz), one singlet at H 3.78 (3H, s), one singlet at 5H 3.73 (3H, s), and
one singlet at 8H 3.56 (2H, s). Analysis and comparison of HSQC and HMBC correlations
pointed out one methylene C-7 (6H 3.56; 5C 39.6), two oxymethyl carbons C-12, C-17 (6H
3.73,3.78; 5C 55.4, 55.4), eight aromatic methines C-9, C-9’, C-10, C-10’, C-14, C-14/, C-15,
C-15', (BH2 % 6.94,2 x 6.74,2 x 7.08,2 x 6.88; 56C 2 x 129.9,2 x 114.1,2 x 132.2,2 x 114.1)
of four chemically equivalent spin-pairs indicating a symmetry in the aromatic moieties,
four quaternary aromatic carbons C-8, C-11, C-13, C-16 (6C 130.4, 158.4, 126.5, 159.1), two
quaternary sp2 carbons due to the double bond C-5, C-6 (5C 115.9, 154.8), a guanidine-like
carbon C-2 (5C 158.4) and one amide carbonyl group C-4 (5C 163.0). The COSY correlations
between H-9 and H-10 in addition of the HMBC correlations between H-9 and C-7, C-9’and
C-11 and between H-10 and C-8 and C-10’ indicated a symmetry and the presence of a
para-phenolic group linked to the methylene C-7 in C-8. The HMBC correlations between
H-12 and C-11 confirmed the substitution of the aromatic moiety in C-11 by the methoxy
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group C-12. In the same way, the COSY correlations between H-14 and H-15 in addition to
the HMBC correlations between H-14 and C-14’ and C-16, between H-15 and C-13, and
C-15" and between H-17 and C-16 also revealed the presence of symmetry and a second
para-phenolic moiety substituted by the methoxy group C-17 in C-16. The connection of the
different moieties is confirmed by the NOE correlation cross-peaks (Figure 2). The HMBC
correlation between H-14 and C-5 allowed linking the second nonprotonated carbon of this
moiety C-13 to the quaternary sp? carbon C-5. HMBC correlations between H-7 and C-2,
C-4, C-5, and C-6, in addition to the molecular formula, C19H;9N3O3 indicating 12 degrees
of insaturations, revealed the presence of the aminopyrimidone moiety. This is the first
report of an aminopyridine alkaloid from a calcareous sponge.

1
¢o
7 5 N
/)
ro-io~7 8 AN
o NH,

Phorbatopsin D (2) R=H
Phorbatopsin E (3) R=CHj Calcaridine C (4)

HO OH

Naamine H (5) R=CHj
Naamine | (7) R=H Naamidine J (6) R=CH3
Naamidine K (8) R=H

Thymidine (9)

Figure 1. Chemical structures of compounds 1-9.

Table 1. The 1D and 2D NMR spectroscopic data (*H, 13C 600/150 MHz, CD30D) for ernstine A (1).

n° §C, Type SH(JinHz)  COSY (‘H-'H) HMBC (‘H-*C) NOESY (*H-'H)
2 158.4,C - - - -
4 163.0,C - - - -
5 115.9,C - - - -
6 154.8,C - - - -
7 39.6, CH, 3.56,2H, s - 2,4,5,6,8,9,9 9,9,14,14
8 1304, C - - - -
9,9'* 129.9,CH  6.94,2H,d (8.8) 10, 10/ 7,9,9,11 7
10, 10" * 114.1,CH  6.74,2H,d (8.8) 9,9 8,10, 10/ 12
11 158.4,C - - - -
12 55.4, CHs 3.73,3H, s - 11 10, 10’
13 126.5,C - - - -
14, 14" * 132.2,CH  7.08,2H,d (8.8) 15,15 5,14,14/, 16 7
15,15' * 1142,CH  6.88,2H,d (8.8) 14, 14' 13,15,15' 17
16 159.1,C - - - -
17 55.4, CH, 3.78,3H, s - 16 15,15’

* Chemically equivalent spin-pairs.
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— "H-"H cosy
# 'H-3C HMBC
"V 'H-"H NOE

HO™™

Calcaridine C (4)

0
Naamidine J (6)

Figure 2. Key COSY, HMBC and NOE correlations for compounds 1, 2, 4, 5 and 6.

Phorbatopsin D (2) was obtained as a yellow solid. The molecular formula, C1;H;3N303,
was established from HRESIMS molecular ion peak at m/z 236.1029 [M+H]*. Analysis of
the 1D and 2D 'H, and ¥C NMR data for 2 (CD30D, Table 2) revealed resonances and
correlations (Figure 2) consistent with those of a para-substituted phenol linked with an
aminoimidazolone group, such as phorbatopsin B and C [16]. The 'H NMR spectrum of
2 recorded in CD30D showed the presence of an AA’XX’ spin system at $H 7.01 and 6.64
(each 2H, d, ] = 8.4 Hz), one singlet at 5H 3.17 (3H, s), and one AB spin system at 6H 3.00
and 2.95 (each 1H, d, ] = 13.7 Hz). Analysis of the HSQC and HMBC correlations and
the comparison with the latter compounds pointed out one methylene C-6 (6H 3.00 and
2.95; 5C 41.9), one oxymethyl C-11 (6H 3.17; 5C 51.6), four aromatic methines C-8, C-8/,
C-9,C-9 (8H 2 x 7.01,2 x 6.64; 6C 2 x 132.4, 2 x 115.9) of two chemically equivalent
spin-pairs indicating a symmetry in the aromatic moiety, two quaternary aromatic carbons
C-7, C-10 (6C 125.7, 157.1), one quaternary carbon of hemiaminal C-5 (6C 95.2) and one
amide carbonyl group C-4 (6C 188.3). Compound 2 was different from phorbatopsin C
by the presence of the oxymethyl C-11 and the quaternary carbon of hemiaminal C-5
instead of one aminomethine. The COSY correlations between H-8 and H-9 in addition
to the HMBC correlations between H-8 and C-6, C-8’ and C-10, and between H-9 and
C-7 and C-9’ indicated a symmetry and the presence of a para-phenolic group linked to
the methylene C-6 in C-7. The HMBC correlation between H-6 and C-4, C-5, C-7, and
C-8 indicated the substitution of the methylene by the para-phenolic core and by the
quaternary carbon of hemiaminal C-5. The HMBC correlation between H-11 and C-5
indicated the substitution of the quaternary carbon of hemiaminal C-5 by a methoxy group.
The chemical shift of the amide carbonyl group C-4 (5C 188.0) of phorbatopsin D (2) was
close to that of phorbatopsin C (5C 188.7) but 17.0 ppm higher than that of phorbatopsin B
(5C 171.0) described by Nguyen et al. [16]; this difference could be explained by the annular
tautomerism (as classified by Katritzky and Lagowski [17]) of the aminoimidazolone moiety.
The chemical shift of C-4 in phorbatopsin D and phorbatopsin C corresponded to the C-4 of
the tautomer a (Figure 3), whereas the chemical shift of C-4 in phorbatopsin B corresponds
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to the C-4 of the tautomer b [18,19]. Indeed, Krawczyk et al. [18], had demonstrated that
for creatinines substituted at position 5 with an electron-withdrawing substituent, the
amine tautomer a is preferred in a polar solvent. Compound 2 was named phorbatopsin D
according to phorbatopsin B and C reported in 2012 [16].

Table 2. The 1D and 2D NMR spectroscopic data (‘H, 3C 600/150 MHz, CD;0D) for phorbatopsin
D (2) and E (3).

Phorbatopsin D (2) Phorbatopsin E (3)
B . HMBC . HMBC
n 8C, Type SH (J in Hz) (H-B0) 8C, Type SH (J in Hz) (H-BC)
2 - - - - - -
4 188.3, C - - 186.3, C - -
5 95.2,C - - 95.0,C - -
2.95,1H, d (13.7) , 3.01,1H, d (13.6) ,
6 N9,CH: S0y aasy Y5788 M4CH S G are 45788
7 125.7,C - - 126.8, C - -
8,8 * 132.4,CH 7.01,2H, d (8.4) 6,8,8,10 132.1,CH 7.11,2H, d (8.5) 6,8,8,10
9,9'* 1159, CH 6.64,2H, d (8.4) 7,9,9 114.3,CH 6.78,2H, d (8.6) 7,9,9,10
10 157.1,C - - 160.1, C - -
11 51.6, CH3 3.17,3H, s 5 51.1, CH3 3.19,3H,s 5
12 - - - 55.2, CH3 3.73,3H,s 10
* chemically equivalent spin-pairs.
£TP A4 ;gj
\H -~ NH —<—— NH
N HN N=
HN \<
NH, NH NH,
a b N

Figure 3. Three tautomeric forms (a—c) of the 5-substituted aminoimidazolone moiety.

Phorbatopsin E (3) was obtained as a yellow solid. The molecular formula, C1,H;5N303,
was established from HRESIMS molecular ion peak at /z 250.1188 [M+H]*. Analysis of the
1D and 2D 'H, and 3C NMR data for 3 (CD;0D, Table 2) revealed resonances and correla-
tions consistent with those of a para-substituted phenol linked with an aminoimidazolone
group, such as phorbatopsin D (2). Compound 3 was different from 2 by the presence of
the oxymethyl C-12 (8H 3.73; 5C 55.2) instead of an alcohol group. This is confirmed by
the HMBC correlations between H-12 and C-10 and NOE correlations between H-12 and
H-9/H-9'.

Calcaridine C (4) was obtained as a yellow solid. The molecular formula, C1gHj9N3Oy4,
was established from HRESIMS molecular ion peak at m/z 342.1449 [M+H]*. Analysis of
the 1D and 2D 'H, and 3C NMR data for 4 (CD30D, Table 3) revealed resonances and
correlations consistent with those of two para-substituted phenol linked with an aminoimi-
dazolone moiety, such as calcarine A [3]. Compound 4 was different from calcaridine A by
the presence of an alcohol group in C-15 instead of a methoxy group and the substitution of
N-1 which was substituted by a proton instead of a methyl. Moreover, the chemical shift of
the amide carbonyl group C-4 (5C 189.8) of calcaridine C (4) was 15.8 ppm higher than that
of calcaridine A (8C 174.0) described by Edrada et al. [3], calcaridine C corresponded to the
tautomer a (Figure 3) whereas calcaridine A corresponded to tautomer b. This difference
in isomeric protonation states could be explained by differences in the isolation protocol,
herein all the compounds had been isolated in acidic conditions (0.1% formic acid) while
Edradra et al. had isolated calcaridine A without acid. Compound 4 was named calcaridine
C according to calcaridine A reported in 2003 [3] and calcaridine B reported in 2018 [20].
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Table 3. The 1D and 2D NMR spectroscopic data (*H, 1*C 600/150 MHz, CD;0D) for calcaridine C (4).

n° 8C, Type §H (J in Hz) CcosyY (*H-'H) HMBC (‘H-*C)
2 - - - -
4 189.8, C - - -
5 75.3,C - - -
2.35,1H, d (13.8)
6 39.5, CH, 294 1H. d (13.8) 6 4,5,7,8,8
7 1264, C - - -
8,8 * 132.2,CH 6.86,2H,d (8.2) 9,9 6,8,8,10
9,9'* 115.9, CH 6.58,2H, d (8.2) 8,8/ 7,9,9,10
10 157.4,C - - -
11 86.2, CH 435,1H, s - 5,12,13,13, 16
12 128.3,C - - -
13,13/ * 130.6, CH 7.25,2H, d (8.3) 14,14/ 11,13,13, 15
14,14'* 116.4, CH 6.86,2H, d (8.3) 13,13 12,14,14, 15
15 159.0, C - - -
16 57.1, CH, 3.15,3H, s - 11

* Chemically equivalent spin-pairs.

Naamine H (5) was obtained as a yellow solid. The molecular formula, C;gH19N30;,
was established from HRESIMS molecular ion peak at m/z 310.1544 [M+H]*. Analysis of
the 1D and 2D 'H, and '*C NMR data for 5 (CD30D, Table 4) showed that it was closely
related to naamine A to G [4,21-27], namely resonances and correlations consistent with
those of two para-substituted phenol linked with a 2-aminoimidazole group (Figure 2).
Compound 5 was different from naamine A by the lack of a methyl group attached to the
N-3 of the 2-aminoimidazole ring.

Table 4. The 1D and 2D NMR spectroscopic data (*H, 13C 600/150 MHz, CD30D) for Naamines H (5)
and I (7).

Naamine H (5) Naamine I (7)
° . HMBC . HMBC
n 8C, Type S8H (J in Hz) (H-3C) 8C, Type §H (J in Hz) (H-BC)
2 - R - - - -
4 123.8,C - - 1264, C - -
5 123.8,C - - 1264, C - -
6 29.3, CH, 3.73,2H, s 4,5,7,8,8 29.7, CHy 3.80,2H, s 4,57,8,8
7 129.9,C - - 1284, C - -
6.98,2H, d 6.95,2H, d 6,8,8,9,9
/s , 2H, / , 2H, ,8,8,9,9,
8,8 129.8, CH 8.5) 6,8,8,10 129.3,CH 83) 10
6.70,2H, d 6.71,2H, d
/% ,2H, / ,2H, /
9,9 115.8, CH 8.5) 7,9,9 115.6, CH 85) 7,9,9
10 1569, C - - 156.1,C - -
11 29.3, CH, 3.76,2H, s 4 5’123' 13, 29.7, CHy 3.80,2H, s 4 5'113%' 13,
12 131.3,C - - 1284, C - -
7.08,2H, d 11,13,13/ 6.95,2H, d 11,13,13
/% '’ 7 ’ ', ’ '’ ’ ’ '’ ’
13,13 129.8, CH 8.6) 15 129.3, CH 83) 15
6.84,2H, d 6.71,2H,d
/x ,2H, ' ,2H, /
14, 14 114.4,CH ®.7) 12,14, 14 115.6, CH 8.5) 12,14, 14
15 159.6, C - - 156.1,C - -
16 54.9, CH; 3.76,3H, s - - - -

* chemically equivalent spin-pairs.

Naamidine ] (6) was obtained as a yellow solid. The molecular formula, CH1N5O4,
was established from HRESIMS molecular ion peak at m/z 420.1664 [M+H]*. Analysis of
the 1D and 2D 'H, and 3C NMR data for 6 (CD;0D, Table 5) showed that it was closely
related to naamine H (5) and to naamidines A to I [22,23,28,29]. Namely, as naamine H (5),
resonances and correlations were consistent with those of two para-substituted phenol
linked with a 2-aminoimidazole ring but herein this 2-aminoimidazole ring was also linked
to a hydantoin ring. The substitution of the benzyl rings was the same as naamine H (5),
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namely, one alcohol function and one methoxy group and the substitution of the hydantoin
ring was the same as naamidine A, by one methoxy group on nitrogen.

Table 5. The 1D and 2D NMR spectroscopic data (*H, 13C 600/150 MHz, CD30D) for naamidines
J (6) and K (7).

Naamidine J (6) Naamidine K (8)
° . HMBC . HMBC
n 8C, Type S8H (J in Hz) (H-30) 8C, Type S8H (J in Hz) (H-C)
2 - - - - - -
4 129.0,C - - 1264, C - -
5 129.1,C - - 1264, C - -
6 30.6, CH, 3.88,2H, s 4,5,7,8,8 29.7, CHy 3.80,2H, s 4,5,7,8,8
7 130.4,C - - 1284, C - -
6.97,2H, d 6.93,2H, d
/ % ’ ’ / ’ 4 /
8,8 130.4 CH ®2) 6,8,8 10 129.3, CH 85) 6,8,8,10
6.69,2H, d 6.71,2H,d
/% , 2H, / ,2H, /
9,9 116.4, CH 82) 7,9,9 115.6, CH 85) 7,9,9
10 157.2,C - - 156.1,C - -
11 30.6, CH, 3.85,3H, s 5,13,13' 29.7, CHy 3.80,3H, s 4,5,13,13
12 131.7,C - - 1284, C - -
/
13,13 * 1304, CH 7'06(’8?)_1’ d 1, 1135’ 1%, 129.3, CH 6'93(é251;1’ d 11,13,13' 15
6.82,2H, d 6.71,2H, d 12,14, 14/
% 4 4 ’ ’ - 7 2 ’
14, 14 115.1, CH ©3) 14,14/,12 115.6, CH 85) 15
15 160.0, C - - 156.1, C - -
17 - - - - - -
18 1664, C - - 157.6,C - -
20 163.9,C - - 159.5, C - -
22 24.7,CHj; 3.04,3H, s 18,20 24.4,CHj 3.06,3H, s 18,20
23 55.71, CH3 3.75,3H, s 15

* Chemically equivalent spin-pairs.

Naamine I (7) and Naamidine K (8) were obtained as a yellow solid mixture. The
molecular formula, C17H17N30;, of naamine I was established from HRESIMS molecular
ion peak at m/z 296.1389 [M+H]* and the molecular formula, C;H19N504, of naamidine K
was established from HRESIMS molecular ion peak at m/z 406.1502 [M+H]*. Analysis of
the 1D and 2D 'H, and 3C NMR data of the mixture of 7 and 8 (CD3;OD, Tables 4 and 5)
showed that it was closely related to naamine H (5) and to naamidine J (6). They were only
differing by the substitution of the benzyl rings by two hydroxyls instead of one hydroxyl
and one methoxy group.

2.2. Dereplication of the Crude Extract

To obtain the first molecular fingerprint of the unstudied Rodrigues calcareous marine
sponge Ernsta naturalis, the CH,Cl,-MeOH extract was profiled by HPLC-HRMS/MS.
These data were subsequently processed by GNPS [30]. Beforehand, the mass spectra
of the eight new molecules isolated and characterized by NMR were submitted to the
library of the GNPS (Accession codes of the isolated compounds). These molecules could
thus be reported directly in the molecular network of the extract. The molecular network
(Figure 4) contains 167 nodes including 111 clustered molecules. The isolated molecules
are distributed in two clusters of interest. Naamine and naamidine derivatives grouped
together with ernstine A (1) in the first cluster 1 of twenty-three molecules (Figure 5).
Phorbatopsin derivatives (2, 3) and calcaridine C (4) grouped together in cluster 2 of
twenty-one molecules (Figure 6).

Using the same approach, the cluster of phorbatopsin derivatives could be partially
characterized. This cluster is divided into two parts. The first one contains two nodes
identified as calcaridine C (4) with similar spectra but different retention times. Calcari-
dine C is characterized by the ions 107.0490 m/z [C;H;O]* and 137.0597 m/z [CsHyO»]",
characterized by the phenolic group. However, the fragmentation is distinguished by a
loss of neutrality in CgHygO,. This part of the cluster possesses many nodes with the same
masses and similar spectra probably due to the presence of isomers. It complicates the
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interpretation of compound spectra, so no additional annotation was added in this part of
the cluster. Finally, phorbatopsin D and E (2, 3) were projected in the second part of the
cluster where six other molecules could be proposed (Table 7). For these molecules, the
losses of neutrals CO, CH4O, and C;H,N,O due to fragmentation in the 2-aminoimidazolin-
4-one cycle and the characteristic ions 107.0492 m/z [C;H7O]* and 121.0646 m/z [CgHoO]*
which correspond to the phenolic group without and with a methoxy are found. Two
known molecules with the same 2-aminoimidazolin-4-one moiety were proposed to be
phorbatopsins A and C, along with three new compounds. Only one molecule with a dif-
ferent moiety has been proposed, leucettamine C, with a loss of C3HgN,O corresponding
to a 2-imino-3-methyl-imidazolidin-4-one moiety.

JBHJBHRB
BBV BHRBRD
PBHJRBPIBHRHRBL

RBHJRHJIBVIBHRD

Figure 4. Molecular network of Ernsta naturalis crude extract. Isolated molecules are in green in the
molecular network.
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Cluster 1

Naamine D isomer

o

Ernstine A Naamidine D

o}

o NH - HN\< HN\( /N NH
o

Naamidine J

/N NH

B N'\ NH

Figure 5. Cluster 1 of the molecular network of Ernsta naturalis crude extract. Isolated molecules are
in green in the molecular network, the proposals of known molecules in red, and the proposals of
new molecules in blue.

The naamidine derivatives cluster was characterized by the presence of neutral
loss (C7HO and C¢HgO) which correspond to the methoxylated or hydroxylated phe-
nolic group. In addition to the loss of neutral, characteristic ions were observed, as
160.0758 m/z [C190H190NO]* which determines the presence of the phenolic group with the
2-aminoimidazole moiety. Moreover, the presence of the loss of neutral (C3H3NO; or
C3H4N0 or C4HgN,O) corresponding to the fragmentation in the 3-methyl-imidazolidin-
4-one ring helps to indicate whether the group corresponds to either 3-methylimidazolidine-
2,4-dione (as naamidine), or 2-imino-3-methyl-imidazolidin-4-one or 2-methylimino-3-
methyl-imidazolidin-2-one. With these elements, it is possible to propagate the annotations
of cluster 1 by characterizing other nodes. Thus, structural hypotheses of nine additional
molecules have been proposed (Table 6), in addition to the spectral confirmation of the
five compounds already isolated and characterized by NMR. With this methodology, two
nodes seem to correspond to naamine D isomers [23] and one node to naamidine D [22],
two molecules isolated from the calcareous sponge Leucetta, eight other nodes seem to
correspond to new molecules and for the last seven ones, the hypothesis was too uncertain
to propose a structural hypothesis.
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Calcaridine C

isomer

HO

Calcaridine C

Cluster 2

PhorbatopsinC o
S N
HO AN
----- NH;,

Phoorbatopsin A

HO NH

Phorbatopsin D Leucettamine C

Figure 6. Cluster 2 of the molecular network of Ernstia naturalis crude extract. Isolated molecules are
in green in the molecular network, the proposals of known molecules in red, and the proposals of
new molecules in blue.

2.3. Biosynthetic Pathway

Even if a clear definition of biosynthetic origin of the 2-aminoimidazole alkaloids from
the calcareous sponges has not been established at the present time, different hypotheses
of biological pathway have been proposed but no experimental confirmation has been
reported [31]. Crews had proposed a biosynthesis pathway including an intermediate with
one phenyl ring coming from guanidine and p-hydroxyphenylpyruvic acid [31,32]. The
presence in the crude extract of Ernsta naturalis of a compound with an ion peak in HRESIMS
at m/z 220.1078 [M+H]* corresponding to the molecular formula of the intermediate p-
methoxyphorbatopsin C, in addition to the presence of both aminoimidazole alkaloids with
one phenyl ring and aminoimidazole alkaloids with two phenyl rings are in agreement
with this proposal.

10
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3. Materials and Methods
3.1. General Experiment Procedures

Optical rotations were measured on a MCP 200 Anton Paar modular circular polarime-
ter at 25 °C (MeOH, c in g/100 mL). H and 13C NMR data were acquired with a Bruker
Avance II+—600 MHz spectrometer equipped with a TCI Cryoprobe at 300 K with 2 mm
o0.d. Match NMR tubes. Chemical shifts were referenced using the corresponding solvent
signals (8y 3.31 and ¢ 49.00 for CD30D). The spectra were processed using 1D and 2D
NMR MNova software (Version No. 14.1.1-24571, Mestrelab Research S. L., Santiago de
Compostela, Spain). HRESIMS spectra were recorded using a Waters SYNAPT G2 HDMS
mass spectrometer (Waters, Guyancourt, France).

The sponge was lyophilized with Cosmos —80 °C CRYOTEC. MPLC separations
were carried out on a Buchi Sepacore flash system C-605/C-615/C-660 and glass column
(230 x 15 mm i.d.) packed with Acros Organics C18-RP, 23%C, silica gel (40—63 um). Pre-
coated TLC sheets of silica gel 60, Alugram SIL G/UV254 were used, and spots were
visualized on the basis of the UV absorbance at 254 nm and by heating silica gel plates
sprayed with formaldehyde—sulfuric acid or Dragendorff reagents. HPLC analyses were
carried out using a Phenomenex Gemini C;g (150 x 4.6 mm i.d., 3 um) column and were
performed on a Thermo Scientific Dionex Ultimate 3000 system equipped with a photo-
diode array detector and a Corona detector with Chromeleon software. Semi-preparative
HPLC was carried out using a Phenomenex Geminin Cyg (250 x 10 mm i.d., 5 um) column
and was performed on a Thermo Scientific Dionex Ultimate 3000 system equipped with
a photodiode array detector. All solvents were analytical or HPLC grade and were used
without further purification.

3.2. Animal Material

The sponge Ernsta naturalis (phylum Porifera, class Calcarea, order Clathrinida, family
Clathrinidae) was collected in October 2016 in Passe Balidirou, Rodrigues (19°40.098' S,
63°27.784" E at 12-15 m depth). One voucher specimen (RMNH Por. 11633) was deposited
in the sponge collection of Naturalis Biodiversity Center, the Netherlands. Sponge samples
were frozen immediately and kept at —20 °C until processed.

3.3. Extraction and Isolation

The frozen sponge (53.5 g, dry weight) was chopped into small pieces, lyophilized and
extracted exhaustively by maceration with CH,Cl,-MeOH (1:1 v:v) (2 x 1.5 L, each 24 h)
at room temperature. After evaporating the solvents under reduced pressure, a brown,
oily residue (3.07 g) was obtained. The extract was then subjected to MPLC over C18-RP
silica gel in a glass column (230 x 15 mm i.d.), eluting with a combination of water and
MeOH of decreasing polarity (15 mL min~ ). Nine fractions were obtained: FO eluted with
H;O-MeOH (95:5) over 5 min; F1 eluted with HyO—MeOH (95:5) over 5 min; F2 eluted
with HyO-MeOH (75:25) over 5 min, F3 eluted with H,O—MeOH (50:50) over 5 min, F4
eluted with H,O-MeOH (25:75) over 5 min; F5 to F8 eluted with H,O-MeOH (95:5) over
20 min.

Fraction FO (1.21 g) was fractionated by C-18 SPE, eluted with a combination of water
and MeOH of decreasing polarity and three subfractions were obtained (SFO-SF2).

Subfraction SF1 (57 mg) was subjected to semipreparative HPLC (Phenomenex Gemi-
nin C18 column, 250 x 10 mm i.d., 5 um., 4.5 mL min ! gradient elution with 5% ACN-H,O
(+0.1% formic acid) over 5 min, then 5% to 15% ACN-H,O (+0.1% formic acid) over 30 min
and 15% ACN-H,O (+0.1% formic acid) over 10 min; UV 220, 280 nm) to provide pure
compounds 2 (phorbatopsin D, 1.6 mg), 3 (phorbatopsin E, 2.7 mg), 4 (calcaridine C, 2.1 mg)
and 9 (thymidine, 4.2 mg).

Fraction F2 (64 mg) was subjected to semipreparative HPLC (Phenomenex Geminin
C18 column, 250 x 10 mm i.d., 5 pm., 4.5 mL min~! gradient elution with 12% ACN-H,O
(+0.1% formic acid) over 5 min, then 12% to 35% ACN-H2O (+0.1% formic acid) over
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35 min and 35% ACN-H,0O (+0.1% formic acid) over 5 min; UV 220, 280 nm) to obtain
11 subfractions (F2SF1-F2SF11). Pure compounds 5 (naamine H, 0.9 mg), 7 (naamidine J,
1.6 mg), and 1 (ernstine A, 1.1 mg) were obtained in the subfractions, F2SF7, F2SF11 and
F2SF9, respectively.

Subfraction F2SF10 (3.1 mg) was subjected to semipreparative HPLC (Phenomenex
Geminin C18 column, 250 x 10 mm i.d., 5 um., 4.5 mL min ! isocratic elution with 26%
ACN-H;0 (+0.1% formic acid) over 20 min; UV 220, 280 nm) to provide one mixture of
compound 6 and compound 8 (naamine I and naamidine K, 1.4 mg) and a pure compound 1
(ernstine A, 1.0 mg).

Ernstine A (1). Yellow oil, [x]p? 0.0 (c 0.1, MeOH); 'H and '3C NMR, see Table 1;
HRESIMS m/z 338.1497 [M + H]* (calcd for C19HpoN3O3*, 338.1499).

Phorbatopsin D (2). Yellow oil, "H and 3C NMR, see Table 2; HRESIMS 11/z 236.1029
[M + H]Jr (calcd for C]1H14N303+, 2361030)

Phorbatopsin E (3). Yellow oil, [e]p? 0.0 (c 0.1, MeOH); 'H and 13C NMR, see Table 2;
HRESIMS m/z 250.1188 [M + H]* (calcd for C1oH16N303*, 250.1186).

Calcaridine C (4). Yellow oil, [«]p?® 0.0 (c 0.1, MeOH); 'H and *C NMR, see Table 3;
HRESIMS m/z 342.1449 [M + H]* (calcd for C1gHpoN3O4*, 342.1448).

Naamine H (5). Yellow oil, '"H and 13C NMR, see Table 4; HRESIMS m/z 310.1544
[M + H]Jr (calcd for C18H20N302+, 310.1550).

Naamidine | (6). Yellow oil, [«]p% 0.0 (c 0.1, MeOH); 'H and 13C NMR, see Table 5;
HRESIMS m/z 420.1664 [M + H]* (calcd for CooHypN5O4*, 420.1666).

Naamine I (7). Yellow oil, 'H and 3C NMR, see Table 4; HRESIMS 1/z 296.1389
[M + H]+ (calcd for C17H18N302+, 296.1394).

Naamidine K (8). Yellow oil, [x]p%® 0.0 (c 0.1, MeOH); 'H and 13C NMR, see Table 5;
HRESIMS m/z 406.1502 [M + H]* (calcd for Cp1HpoN504%, 406.1510).

3.4. UHPLC/HRMS/MS

Crude extract was analyzed on an Ultimate 3000 UHPLC system (Dionex, Germering,
Germany) hyphenated with Impact II high resolution quadrupole time-of-flight (QqTOF)
equipped with an electrospray ionization (ESI) source (Bruker Daltonics, Bremen, Germany).
Separation of extract was achieved on a Luna C18 column (150 mm x 2.1 mm, 1.6 pm) with
an injection volume of 2 pL. A binary solvent system was used as mobile phase, solvent
A consisting of water with 0.1% (v/v) formic acid and solvent B consisting of acetonitrile
with 0.1% (v/v) formic acid. The flow rate was 0.6 mL min~!, and a gradient was applied:
from 10% to 100% of B in 15min. The acquisition was carried out in ESI positive ionization
mode with a range of 50-1200 Da. The capillary voltage was maintained at 3 kV, the gas
flow to the nebulizer was set at 3.5 bars, the drying temperature was 200 °C, and the drying
gas flow was 4 L min~!. The collision-induced dissociated (CID) energy was applied from
20 to 40 eV.

Data were analyzed using Bruker Data Analysis 4.4 software. The data were processed
using MetaboScape 4.0 (Bruker Daltonics, Bremen, Germany). A mgf file was submitted to
the GNPS (Global Natural Product Social Networking) web-based platform for generating
MS based molecular network [33]. The following parameters were applied to create the
molecular network. The mass tolerance was 0.01 Da for precursor and fragment ions.
Minimum score was 0.6 between two MS/MS spectra to be connected. The minimum
number of common fragment ions between two MS/MS spectra was 3. The nearly identical
MS/MS spectra were not merged into consensus MS/MS spectrum. A node was allowed
to connect to a maximum of 10 nodes. A cluster can have a maximum of 100 nodes. The
spectra in the network were then compared with GNPS spectral libraries [31]. Each MS?
spectrum of the seven isolated compounds was assigned an individual accession number
on the GNPS (Supplementary Materials). The molecular networking was visualized using
Cytoscape (ver. 3.6.0). The obtained molecular network can be accessed at: https://gnps.
ucsd.edu/ProteoSAFe/status.jsp?task=527472b15d4247dfad0534aa80f7ebfa, accessed on
8 October 2022.
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4. Conclusions

In conclusion, one novel aminopyrimidone alkaloid compound, ernstine A (1), seven
new aminoimidazole alkaloid compounds, phorbatopsins D-E (2, 3), calcaridine C (4),
naamines H-I (5, 7), naamidines J-K (6, 8) were isolated from a CH,Cl,-MeOH extract
from Ernsta naturalis along with the known thymidine (9). To improve the investigation of
this unstudied calcareous marine sponge, a metabolomic study by molecular networking
was conducted. This strategy, based on the interpretation of MS/MS spectra of other com-
pounds grouped in the same clusters than the isolated ones due to their structural feature
similarities, allowed us to propose structural hypotheses for 16 compounds, 5 known and
11 potentially new.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20100637/s1, Figure S1: HRESIMS spectrum for ernstine
A (1), Figure S2: TH NMR (600 MHz, CD30D) spectrum for ernstine A (1), Figure S3: TH-'H COsY
NMR (600 MHz) spectrum for ernstine A (1), Figure S4: TH-1*C HSQC NMR (600 MHz) spectrum
for ernstine A (1), Figure S5: 1H-13C HMBC NMR (600 MHz) spectrum for ernstine A (1), Figure S6:
TH-TH NOESY NMR (600 MHz) spectrum for ernstine A (1), Figure S7: HRESIMS spectrum for
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Abstract: Marine flavobacterium Tenacibaculum discolor sv11 has been proven to be a promising
producer of bioactive nitrogen-containing heterocycles. A chemical investigation of T. discolor sv11
revealed seven new heterocycles, including the six new imidazolium-containing alkaloids discolins
C-H (1-6) and one pyridinium-containing alkaloid dispyridine A (7). The molecular structure of
each compound was elucidated by analysis of NMR and HR-ESI-MS data. Furthermore, enzymatic
decarboxylation of tryptophan and tyrosine to tryptamine and tyramine catalyzed by the decarboxy-
lase DisA was investigated using in vivo and in vitro experiments. The antimicrobial activity of the
isolated compounds (1-7) was evaluated. Discolin C and E (1 and 3) exhibited moderate activity
against Gram-positive Bacillus subtilis DSM10, Mycobacterium smegmatis ATCC607, Listeria monocyto-
genes DSM20600 and Staphylococcus aureus ATCC25923, with MIC values ranging from 4 pg/mL to
32 ug/mL.

Keywords: Bacteroidetes; Tenacibaculum; nitrogen-containing heterocycles; imidazolium-containing
alkaloids; pyridinium-containing alkaloid; antimicrobial activity

1. Introduction

Structurally diverse nitrogen-containing heterocycles, such as pyrroles, imidazoles,
oxazoles, pyridines, and quinolones, are widely distributed in marine organisms and
microorganisms. These naturally occurring secondary metabolites often exhibit significant
pharmacological activities, including antibacterial, antifungal, antiparasitic, and anticancer
activities [1-6]. Furthermore, these compounds are often amenable to further structural
modifications [7-10]. Currently, marine-derived imidazole alkaloids are reported mainly
to be isolated from sponges, while reports of marine bacteria as bioresource are relatively
rare [2,6,11-14].

As a member of the family Flavobacteriaceae within the phylum Bacteroidetes, isolates
of the genus Tenacibaculum have been mainly obtained from marine environments, such
as sea water, tidal flat, and aquaculture systems, as well as marine organisms like bry-
ozoan, sea anemone, oyster, sponge and green algae [15-22]. Bacteria of this genus are
the etiological agent of an ulcerative disease known as tenacibaculosis, which affects a
large number of marine fish species in the world [23]. Up to now, the natural products
isolated from Tenacibaculum strains comprise only siderophores that showed beside their
chelating activity also cytotoxicity [24-26], and phenethylamine-containing heterocycles.
The latter include two imidazole alkaloids identified in our previous search for antimicro-
bial metabolites from marine flavobacteria. It was shown that they could be synthesized
by decarboxylation of phenylalanine, catalyzed by the enzyme DisA [27]. Likewise, the
tryptamine and phenethylamine moieties of imidazole alkaloids isolated from a marine
sponge-associated Bacillus strain were proposed to be formed by an aromatic amino acid
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decarboxylase-dependent reaction [28]. In order to further expand the array of available
nitrogen-containing heterocycles, the metabolome of T. discolor sv11 was further investi-
gated. Herein, we present the isolation, structure elucidation and biological activity of new
alkaloids from the bacterium, and link the enzymatic activity of DisA to their biosynthesis
using both, in vivo and in vitro assays.

2. Results

In our continuous search for new bioactive molecules, the six new imidazolium-
containing alkaloids discolins C-H (1-6) and one pyridinium-containing alkaloid dispyri-
dine A (7) were isolated from the marine-derived bacterium T. discolor sv11 (Figure 1).
The antimicrobial activity of these new compounds was investigated, among which, com-
pounds 1 and 3 exhibited moderate activity against Gram-positive Bacillus subtilis DSM10,
Mycobacterium smegmatis ATCC607, Listeria monocytogenes DSM20600 and Staphylococcus aureus
ATCC25923. In vivo and in vitro experiments indicated that phenethylamine, tryptamine
and tyramine residues of the new alkaloids are derived from an enzymatic decarboxylation.

discolin A

4
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7

L e L ’
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@L/\N’ N’V@l ©\/‘N’ N’@/ @J\N’ N’\/@ ©\I>JN1 p
/=X )iw 7 HN- 5%
11 9 9 8 1 1

7

1 2 3

19—n

13

5 6
Figure 1. Discolin A and new compounds isolated from T. discolor sv11.

Compound 1 was obtained as a yellowish oil. The HR-ESI-MS spectrum of 1 showed
a molecular formula of CpsH3,N3* based on the prominent peak [M]* at m/z 386.2606
(calculated 386.2591, Figure S1). The analysis of 'H NMR and HSQC spectra of 1 revealed
three methyl groups at gy 0.80 (H-8), dy5 2.15 (H-9) and 4 2.20 (H-10), six methylene groups
at 6y 1.34 (H-7), 6y 2.41 (H-6), 64 2.80 (H-7"), 64 3.08 (H-10'), 6y 4.22 (H-8") and 6y 4.30
(H-11'), as well as ten aromatic protons that resonated from dy 7.00 to dy 7.39 (Table 1).
These NMR data exhibited a high similarity with the previously reported compound
discolin A that was also isolated from T. discolor sv11 [27]. Therefore, a core structure of
the 4,5-dimethyl-2-propyl imidazolium skeleton of 1 was elucidated based on the COSY
spin system from H-6 to H-7 to H-8, as well as on HMBC correlations from both H-6
and H-7 to C-2, and from both, H-9 and H-10 to C-4 and C-5. The same phenylethyl
moiety as present in discolin A was deducted from compound 1 based on the COSY spin
system between H-7" and H-8", as well as between five benzene ring protons 7.16 (2H,
H-2" and H-6"), 7.28 (H-4") and 6y 7.32 (2H, H-3" and H-5"), together with the core
HMBC correlations from H-7" to C-1" and C-2”, and from H-8" to C-1” (Figure 2). The
significant difference between compound 1 and discolin A are the HMBC correlations
from a singlet aromatic proton resonating at dyy 7.17 (H-2') to C-3/, C-4’ and C-9/, from
H-5' to C-3/, C-4/, C-7' and C-9' (Figure 2), as well as the COSY spin system from H-5'
to H-6/, to H-7' to H-8'. These results suggested an indole moiety instead of a phenyl
residue in compound 1. Together with the remaining COSY spin system between the
two methylene groups H-10' and H-11’ and the HMBC correlations from H-10' to C-2/,
C-3',C-4" and C-11/, a 3-ethylindole moiety (C19H1oN) was elucidated from compound 1,
which is further supported by the MS/MS fragment [C1oH1oN]* detected at m/z 144.0813
(calculated 144.0813, Figure S1). With the HMBC correlations from H-8" to C-2 and C-4,
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and from H-11" to C-2 and C-5, the above mentioned phenylethyl moiety and 3-ethylindole
were supposed to be located at position 3 and 1 of the imidazolium skeleton (Figure 2). This
assumption was proven by "H-""N HMBC correlations from H-6, H-9, H-7"" and H-8" to
N-3 and from H-6, H-10, H-10" and H-11' to N-1 (Figure 2). The N-atom at position 1 was
considered to be positively charged based on the detected chemical shift at dy 178.5, while
N-3 was at oy 177.3 (Figures S7 and S8) [29-31]. An additional NMR measurement with
added trifluoracetic acid (TFA) in DMSO-d; (ratio 1:3) was carried out to further prove this
conclusion (Figures S9-S13). The methylene groups of H-8" and H-7" shifted to up-field
with a deviation Ady g value of 0.13 and Adyy_,» value of 0.10 ppm, while the deviation
Adyyq1 and Adyy_1 values were 0.09 and 0.05 ppm, respectively. The addition of TFA lead
to the protonation of the tertiary N-atom at position 3, which gives a higher influence on
the chemical shift [32]. The detected different chemical shift deviations Adn.3 (155.1) and
Adn.1 (154.1) further support this result (Figures S7, S8 and S13). Thus, the structure of
compound 1 was elucidated as shown in Figure 1 and named discolin C.

Table 1. 'H (700 MHz) and '3C (175 MHz) NMR data of compounds 1-3 (DMSO-dg, 6 in ppm).

1 2 3
Position - - - -
dc, Type dy, (J in Hz) dy, Jin Hz) @ dc, Type Jdy, (J in Hz) dc, Type Jdy, (J in Hz)

2 144.8,C 144.7,C 144.7,C
4 1255, C 125.5,C 125.5,C
5 1255, C 125.5,C 125.5,C
6 23.8, CH, 2.41,t(8.0) 220, m 23.8, CH, 2.40,t (7.8) 23.7, CH, 2.30,t(8.1)
7 20.6, CH, 1.34, m 1.25, m 20.6, CH, 1.34, m 20.5, CH, 1.29, m
8 13.3, CH3 0.80, t (7.3) 0.69, t (7.3) 13.3, CH; 0.80,t (7.2) 13.2, CHs 0.71, £ (7.3)
9 7.9,CH; 215, s 2.03,s 7.9,CH; 2.13,s 8.0, CH; 222,
10 8.0, CH; 2.20,s 2.10,s 8.0, CH; 2.19,s 8.0, CH; 222,

1" NH 11.11, s 10.80, s 11.02, s 11.03, s
2/ 123.9, CH 7.17,sb 7.02,sP 123.8, CH 7.16,s 123.8, CH 7.16,s
3 109.1, C 109.1, C 109.1, C
Y 126.8,C 126.8,C 126.8,C
5/ 117.5, CH 7.39,d (7.3) 7.27,d (7.9) 117.5, CH 7.40, d (7.9) 117.5, CH 7.38, m
6 118.6, CH 7.00, t (7.7) 6.93,d (7.5) 118.6, CH 7.00, t (7.4) 118.6, CH 7.01,t (7.5)
7' 121.2, CH 7.09, t (7.5) 7.02, mP 121.2, CH 7.09, t (7.4) 121.2, CH 7.09, t (7.5)
8 111.6, CH 7.38,d (7.6) 7.32,d (8.1) 111.6, CH 7.38,d (8.0) 111.6, CH 7.38, m
9 136.1,C 136.1, C 136.1, C
10/ 25.0, CH, 3.08, t (7.0) 3.03,t (6.8) 25.0, CH, 3.07,t(6.7) 249, CH 2.95,t(7.2)
11 45.8, CH, 430, t (7.0) 4.21,t(6.7) 45.7, CH, 4.29,t(6.7) 45.6, CH 4.23,t(7.3)

e 136.8,C 126.7,C 11.03, s
2" 128.9, CH 7.16, m? 7.02, mP 129.9, CH 6.91,d (7.9) 123.8, CH 7.16,s
3" 128.6, CH 7.32,t(7.3) 7.21, m 115.3, CH 6.70, d (8.0) 109.1, C
4" 127.0, CH 7.28, m 717, m 156.5, C 126.8,C
5" 128.6, CH 7.32,t(7.3) 7.21, m 115.3, CH 6.70, d (8.0) 117.5, CH 7.38, m
6" 128.9, CH 7.16, m? 7.02, mP 129.9, CH 6.91,d (7.9) 118.6, CH 7.01,t (7.5)
7" 35.0, CH, 2.80, t (7.5) 2.70, t (7.3) 34.2, CH, 2.69,(6.9) 121.2, CH 7.09, t (7.5)
8 45.8, CH, 4.22,t(7.5) 4.09,t(7.2) 46.2, CH, 4.14,t (6.9) 111.6, CH 7.38, m
9" 136.1, C
10” 24.9,CH 2.95,t(7.2)
11” 45.6, CH 4.23,t(7.3)

2 TH NMR data of compound 1 with TFA added. b Signals overlapped. ¢ NH at 1" for compound 3.
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Figure 2. Key HMBC and "H-'H COSY correlations of compounds 1-7.

Compound 2 was obtained as a yellowish oil. The molecular formula of 2 was de-
termined to be CyH3ON3* (m/z = 402.2543, [M]*, caled. 402.2540, Figure S14) based
on the HR-ESI-MS spectrum. Comprehensive comparison of NMR data of compounds
1 and 2 revealed the high similarity except for the chemical shift of C-4”, which was
shifted from 126.96 to 156.48, and one missing aromatic proton. Together with the detected
16 Da increase in the HR-ESI-MS spectrum of compound 2, this suggested the presence of a
4-hydroxyphenylethyl moiety located at position 3 instead of a phenylethyl moiety (Table 1).
This assumption was confirmed by the upfield chemical shifts of the benzene ring protons
at 6y 6.70 (2H, H-3" and H-5") and 6y 6.91 (2H, H-2" and H-6""), which showed similar be-
havior as the reported 4-hydroxyphenylethyl-containing compound N-Acetyltyramine [33].
This effect is explained by the fact that the hydroxyl group is an electron donor, which
shields the protons of the benzene nucleus more strongly and leads to an upfield shift of
the corresponding signals. Second, the hydroxyl group that appeared at C-4” in compound
2 changes the spin system of this radical, and therefore influenced the shape of the proton
multiplets of the benzene nucleus. Furthermore, the COSY spin system between H-2"
and H-3", as well as the HMBC correlations from H-7" to C-1", C-2", from H-3" to C-1",
C-4", and from H-8" to C-2, C-4 and C-1" proved the 4-hydroxyphenylethyl group in
compound 2. The detected MS/MS fragment at m/z 282.1963 ([C13H3N3 + HJ*, caled.
282.1965, Figure S14) of compound 2, which lost the 4-hydroxyphenylethyl group (-CgHgO),
strongly indicated the above mentioned assumption. Thus, the structure of compound 2
was elucidated as shown in Figure 1 and named discolin D.

Compound 3 was also obtained as a yellowish oil. The molecular formula of 3 was
determined to be CogHa3Ny™ (m/z = 425.2702, [M]*, calculated 425.2700, Figure S20) based
on the HR-ESI-MS spectrum. The core scaffold of compound 3 shared the 4,5-dimethyl-2-
propyl imidazolium skeleton with compound 1 as deduced from a comparison of both, 1D
and 2D NMR data (Table 1), which also indicated compound 3 to be a symmetric structure.
Integration of the proton signals in the 'H NMR spectrum together with the COSY spin
system of the aromatic protons and the HMBC correlations from H-2' to C-3/, C-4’ and C-9/,
from H-10" to C-2/, C-4" and C-11’, as well as from H-11" to C-3’, C-10’, C-2, and C-5 proved
that two identical 3-ethylindole moieties were connected to the central imidazolium ring as
shown in Figure 2. Hence, compound 3 is a member of the discolin family and was named
discolin E.

Compounds 4 and 5 were each obtained as a yellowish oil. The molecula formulae
of compounds 4 and 5 were identified as CpsH31ON,* and Co5H330N,*, respectively,
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based on the HR-ESI-MS signals [M]* at m/z = 363.2442 (calculated 363.2431, compound 4,
Figure 526) and m/z = 377.2593 (calculated 377.2587, compound 5, Figure S32), respectively.
One phenylethyl moiety, one 4-hydroxyphenylethyl moiety and the 4,5-dimethyl-2-propyl
imidazolium skeleton were disclosed as constituents of compound 4 by comparing the 1D
and 2D NMR data with those of compounds 1 and 2 (Tables 1 and 2). The phenylethyl
moiety and the 4-hydroxyphenylethyl moiety were assigned to be located at positions
1 and 3 of the imidazolium skeleton of compound 4, based on the HMBC correlations
from H-8' to C-2 and C-5 and from H-8" to C-2 and C-4 (Figure 2). In compound 5,
identical phenylethyl and 4-hydroxyphenylethyl moieties were assigned to be located at
the same positions as in compound 4. Comparing the 1D and 2D NMR data of compounds
4 and 5, the only difference is one ethyl group present in compound 5, while compound
4 carries a methyl group (Table 2). The presence of an ethyl group in compound 5 is
corroborated by the COSY correlation between H-9 and H-10, and the HMBC correlations
from both, H-9 and H-10 to C-4. In contrast, in compound 4, the methyl group is directly
connected to the unsaturated carbon C-4 (Figure 2), thus verifying the assumed structural
relationship between compounds 4 and 5. The 14 Da molecular weight difference between
both compounds further supports their structural relationship. Thus, the structures of
compounds 4 and 5 were elucidated as shown in Figure 1, and the names discolin F and
discolin G were proposed, respectively.

Table 2. 'H (700 MHz) and '3C (175 MHz) NMR data of compounds 4-6 (DMSO-dg, § in ppm).

4 5 6
Position
Jdc, Type oy, (J in Hz) dc, Type ? dy, (J in Hz) Jdc, Type dy, (J in Hz)

2 144.8,C 1448, C 146.0, C
4 125.5,C 130.5, C 125.5,C
5 125.6, C 125.7,C 125.5,C
6 239, CH, 253, t (7.9) 23.8, CHy 2,55, m 16.1, CH, 2.67,q(7.6)
7 20.7, CHy 140, m 20.4, CH, 143, m 11.8, CH; 1.02, t (7.6)
8 13.4, CH; 0.89, t (7.2) 13.1, CH; 0.90, t (7.2) 7.9, CHs 211, s
9 7.9, CHs 2100r2.11, s 15.1, CH, 2.57,q(7.6) 7.9, CHs 211, s
10 7.9, CHs 210 0r2.11, s 13.3, CH; 1.07,td (7.5, 1.9)
11 7.6, CH; 2.10,d (1.5)
1 136.9, C 136.8, C 136.9, C
2 129.0, CH 7.19,d (7.2) 128.7, CH 7:20 (O; %17' d 129.0, CH 7.19,d (7.1)
3 128.6, CH 7.33,t(7.3) 128.4, CH 7.33,m 128.6, CH 7.33,t(7.3)
4 127.0, CH 7.28,t(7.2) 126.8, CH 7.29, m 127.0, CH 7.28,t(7.3)
5 128.6, CH 7.33, (7.3) 128.4, CH 733, m 128.6, CH 7.33,t (7.3)
6 129.0, CH 7.19,d (7.2) 128.7, CH 720 ‘(’; %17’ d 129.0, CH 7.19,d (7.1)
7! 35.0, CH, 2.93, t (7.0) 352, CH, 293, m 35.0, CH, 2.95, ¢ (7.3)
8/ 46.0, CH, 428, ¢ (7.0) 45.6, CH, 429, m 459, CH, 428, (7.3)
1/ 126.5,C 126.4, C 136.9, C
2! 129.9, CH 6.92,d (8.1) 129.6, CH 6:93 ?; ;590’ d 129.0, CH 7.19,d (7.1)
3" 1154, CH 6.70,d (8.1) 115.2, CH 6.71 ?Sr 2570’ d 128.6, CH 7.33,t (7.3)
4" 156.8, C 156.7, C 127.0, CH 7.28,t(7.3)
5/ 1154, CH 6.70,d (8.1) 115.2, CH 671 ‘(’g 2)70' d 128.6, CH 7.33,t (7.3)
6" 129.9, CH 6.92,d (8.1) 129.6, CH 6.93 ‘(’g %90' d 129.0, CH 7.19,d (7.1)
Vil 34.2,CH, 2.81,t(6.8) 343, CH, 281, m 35.0, CHy 2.95,t (7.3)
8/ 464, CH, 421, (6.9) 46.0, CH, 421, m 459, CH, 428,t(7.3)

2 Deduced from HSQC and HMBC spectra.
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Compound 6 was also obtained as a yellowish oil. The molecular formula of com-
pound 6 was established as Co3HygN,* based on the prominent [M]* peak in HR-ESI-MS
spectrum at m/z = 333.2329 (calculated 333.2325, Figure S37). Two identical phenylethyl
moieties were deduced from the NMR spectra of compound 6 and connected at positions 1
and 3 of the core ring based on the HMBC correlations from H-8' to C-2 and C-5, as well as
from H-8" to C-2 and C-4. The remaining signals of 6 were assigned to the 4,5-dimethyl-
2-ethyl imidazolium scaffold, which showed an ethyl group rather than a propyl group
at position 2. This difference was clarified by the COSY correlation between H-6 and H-7,
as well as the HMBC correlations from both, H-6 and H-7 to C-2 (Figure 2). Therefore,
compound 6 proved to be a representative of the discolin family and was named discolin H.

Compound 7 was isolated as a colorless powder. Its molecular formula was established
as CpHy9N,* based on the prominent ion peak [M]* observed at m/z 321.2322 (calcd.
321.2325, Figure 543). Comprehensive analysis of 1D and 2D NMR data of compound 7
revealed one 3-ethylindole moiety as found in compounds 1-3, as well as two ethyl groups
and one propyl group (Table 3). The remaining two aromatic protons at dyy 8.20 (H-4)
and &y 8.40 (H-6) in the TH NMR spectrum and five aromatic carbons at ¢ 153.07 (C-
2), dc 142.58 (C-3), ¢ 144.54 (C-4), 5¢ 140.61 (C-5) and ¢ 142.62 (C-6) in the '3C NMR
spectrum were attributed to a pyridinium ring as apparent from comparison with the data
of dispyridine, a pyridinium-containing alkaloid isolated previously [27]. The location of
the 3-ethylindole moiety was determined from the HMBC correlations from H-11' to C-2
and C-6, which also confirmed the location of the aromatic proton H-6 resonating at Jy; 8.40.
The second aromatic proton resonating at Jy; 8.20 was attributed to position 4, based on
the HMBC correlations from H-4 to C-2, C-3 and C-6. The propyl group and the two ethyl
groups attached to the pyridinium ring were located at C-2, C-3 and C-5, as inferred from
HMBC correlations from H-7 to C-2 and C-3, from H-10 to C-2, C-3 and C-4, and from H-12
to C-4, C-5 and C-6 (Figure 2). Therefore, compound 7 was found to be a new member of
the dispyridine family and named dispyridine A.

Table 3. 'H (700 MHz) and *C (175 MHz) NMR data of compound 7 (DMSO-dg, § in ppm).

Position dc, Type dn, (J in Hz) Position dc, Type Jdn, (J in Hz)
2 153.1,C 1" NH 11.06, s
3 142.6,C 2 124.2,CH 713, s
4 144.5,CH 8.20,s 3 108.3,C
5 140.6,C 4 126.8, C
6 142.6, CH 8.40,s 5 117.3,CH 7.25,d (7.9)
7 29.5, CH, 2.83,t(8.2) 6 118.6, CH 6.91,t(7.4)
8 21.8, CH, 1.56, m 7' 121.2,CH 7.06, t (7.3)
9 13.8, CH3 1.00, t (7.0) 8 111.6, CH 7.35,d (8.1)
10 24.5, CHp 2.73,q(7.5) 9 136.0,C
11 14.4, CH3 1.13,t(7.5) 10’ 26.5, CH, 3.35m?
12 24.5, CHp 2.57,q(7.5) 11 58.5, CHy 4.78, t (6.5)
13 13.9, CH3 1.01, t(7.5)

@ Signal overlapped with H,O.

Based on previous research, it was known that phenylalanine can be converted to
phenethylamine by the catalytic action of the decarboxylase DisA. This molecule could
serve as building block to yield different derivatives [27]. Hence, the newly isolated
imidazolium-containing alkaloids (1-6) were also supposed to be produced via the same
biosynthetic route, i.e., first an enzymatic decarboxylation of the aromatic-L-amino acid
tryptophan or tyrosine yielding tryptamine or tyramine, respectively, followed by a non-
enzymatic condensation to form the central imidazolium ring. To confirm this hypothesis,
the candidate enzyme DisA from T. discolor sv11 was analyzed in vivo in a heterologous
system. Therefore, the previously constructed transgenic host strain E. coli ROSETTA
(disA) carrying the respective disA gene and E. coli ROSETTA (pRSF) (negative empty
vector control) were cultivated in LB medium, whereby 2 mM tryptophan and tyrosine
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were added as substrates, respectively. After 24 h incubation, tryptamine and tyramine
were only detected in the extract of E. coli ROSETTA (disA), while only the substrates, i.e.,
tryptophan and tyrosine were detected in the negative control (Figure 3). To further validate
these results, a His-tagged version of DisA was purified using affinity chromatography
and assayed in vitro. This confirmed that tryptamine and tyramine can be obtained from
tryptophan and tyrosine by a DisA-dependent catalytic conversion (Figure 3).
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Figure 3. Invivo and in vitro decarboxylation of tryptophan and tyrosine catalyzed by DisA.
(A) Invivo decarboxylation of tryptophan to tryptamine. Extracted ion chromatograms (EICs)
of tryptophan (C11H13N,0; 205.0977 [M + H]*, in red) and tryptamine (C1oH;3N» 161.1079 [M + H]*,
in blue). (B) In vivo decarboxylation of tyrosine to tyramine. Extracted ion chromatograms (EIC)
of tyrosine (CoH,NO; 182.0817 [M + H]*, in red) and tyramine (CgH;,NO 138.0919 [M + HJ*, in
blue). In A and B, the base peak chromatogram of the extracts is given in grey. (C) Comparative
HPLC analysis of the in vitro decarboxylation of tryptophan. (D) Comparative HPLC analysis of the
in vitro decarboxylation of tyrosine. In C and D, the UV absorbance at 254 nm is shown.

25



Mar. Drugs 2022, 20, 620

All isolated compounds 1-7 were investigated for their bioactivity against bacte-
ria (B. subtilis DSM10, M. smegmatis ATCC607, L. monocytogenes DSM20600, S. aureus
ATCC25923, and E. coli ATCC25922) and fungi (Candida albicans FH2173). As shown
in Table 4, discolin C (1) showed activity against M. smegmatis ATCC607 and B. subtilis
DSM10 with MIC values ranging from 4 pg/mL to 8 ug/mL and moderate to weak activity
against S. aureus ATCC25923 and L. monocytogenes DSM20600 with MIC values ranging
from 16 ug/mL to 32 ug/mL. Discolin E (3) exhibited activity against four tested Gram-
positive bacteria with MIC values ranging from 4 ug/mL to 8 ug/mL and moderate activity
against C. albicans FH2173 with an MIC value of 16 pug/mL. The other compounds (2, 4-7)
were inactive against all the tested microorganisms in the range tested.

Table 4. MIC values (nug/mL) for Compounds 1-7.

Test organism

MIC (ug/mL, n = 3)

1 2 3 4 5 6 7 Rifampicin  Tetracycline Gentamicin
B. subtilis DSM10 8 >32 8 >32 32 32 >32 <0.031 2-4 0.06
M. smegmatis ATCC607 4 >32 4 >32 >32 16 >32 8-16 0.25-0.5 4-8?
L. monocytogenes
DSM20600 32 >32 8 >32 >32 >32 >32 <0.031 0.5-1 <0.031
S. aureus ATCC25923 16 >32 8 >32 >32 32 >32 <0.031 0.25-0.5 0.06-0.125
E. coli ATCC25922 >32 >32 >32 >32 >32 >32 >32 4 24 0.06
Nystatin Tebuconazole Amphotericin B
C. albicans FH2173® >32 >32 16 >32 >32 >32 >32 12 0.25 0.5-1

2 Jsoniazid was used as positive control. ® Nystatin, tebuconazole and amphotericin B were used as positive controls.

3. Conclusions and Discussion

In conclusion, seven new alkaloids were obtained from the crude extract of T. discolor
sv11 after fermentation in LB medium. In vivo and in vitro experiments proved the decar-
boxylase DisA to catalyze the decarboxylation of the aromatic-L-amino acids phenylala-
nine, tryptophan and tyrosine to phenethylamine, tryptamine and tyramine, respectively.
These molecules serve as substrates for the formation of the central imidazolium ring of
discolins A-H through a non-enzymatic condensation. Hence, by combining an enzyme-
catalyzed and a non-enzymatic reaction, the bacterium generates a mix of structurally
related molecules. Besides the understanding of the biosynthetic mechanisms of the discol-
ins, some insights into the structure—activity relationship of the antibacterial discolins A-H
were also obtained [27]. Discolin A and discolin H feature the same molecular skeleton,
except for the length of the carbon chain linked to C-2 of the central imidazolium ring. Both
molecules showed the similar moderate bioactivity, which suggests that the substructure
at position 2 can be altered without affecting the activity. The structural differences and
changes in the bioactivity of discolins C-F and discolin A indicated that the substructures at
position 1 and 3 of the central ring instead play an important role concerning antibacterial
activity. Earlier evidence indicated that the activity of imidazolium salts is highly depen-
dent upon the substituents on the nitrogen atoms of the imidazolium cation [34], which
is in agreement with our observation. In summary, our finding, together with previous
reports, clearly indicates that the genus Tenacibaculum exhibits a high potential to produce
nitrogen-containing heterocycles with a unique structure and various biological activities.
This includes positively charged imidazolium-containing natural products.

4. Materials and Methods
4.1. General Experimental Procedures

The 1D and 2D NMR spectra were recorded in DMSO-dg using a Bruker Avance Neo
700 MHz spectrometer equipped with a 5 mm CryoProbe Prodigy TCI (*H,'°N,'*C Z-GRD)
(Bruker, Ettlingen, Germany). The LC-HRMS data for new compounds were recorded
on a micrOTOF-QII mass spectrometer (Bruker, Billerica, MA, USA) equipped with an
ESI-source coupled to an Agilent Infinity 1290 UHPLC system using an ACQUITY UPLC
BEH C18 Column, 130 A, 1.7 um, 2.1 mm x 100 mm (Waters, Eschborn, Germany) with
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an ACQUITY UPLC BEH C18 VanGuard Pre-column, 130 A, 1.7 pm, 2.1 mm X 5 mm
(Waters, Eschborn, Germany). HPLC was performed using a Shimadzu HPLC system
(Shimadzu Deutschland GmbH, Duisburg, Germany) for analysis (EC 250/4.6 Nucleodur
C18 Gravity-SB, 5 um; Macherey-Nagel, Diiren, Germany), and for semi-preparative purifi-
cation (VP 250/10 Nucleodur C18 Gravity-SB, 5 um; Macherey-Nagel, Diiren, Germany).
MPLC was performed on the Interchim Puriflash 4125 chromatography system (Interchim,
Montlugon, France).

4.2. Extraction and Isolation

A fermentation (36 L) of T. discolor S11 was performed in 5 L flasks that contained
1.5 L of LB medium and were incubated at 30 °C and 140 rpm for 8 days, followed by an
extraction using EtOAc (volume ratio 1:1) for three times, affording 11.9 g crude extract.
Thirteen fractions (Fr. 1-13) were collected from reversed phase flash chromatography
(Interchim Puriflash 4125 chromatography system with Puriflash C18-AQ30 pm F0120
column) with an elution gradient starting from 10% MeOH/H,O to 100% MeOH over 1.5 h.
Fr. 11 (973.8 mg) was further subjected to size exclusion chromatography on a Sephadex
LH-20 column and eluted with 100% MeOH to give 10 subfractions (Frr. 11.1-11.10). Frr.
11.4 (229.4 mg) was further subjected to reversed phase flash chromatography (Interchim
Puriflash 4125 chromatography system with Puriflash C18-HP30 pum F0025 Flash column)
using an elution gradient from 10% MeOH/H,O to 100% MeOH over 4 h to give 10 sub-
fractions (Frrr. 11.4.1-11.4.10). Frrr. 11.4.6 was further purified by semi-preparative HPLC
(0-1 min, 22% MeCN; 146 min, gradient increased from 22% to 37% MeCN) to yield
compounds 1 (2.0 mg, fg = 43 min) and 3 (0.6 mg, tg = 45 min). Frrr. 11.4.5 was fractionated
by semi-preparative HPLC (0-38.5 min, gradient increased from 10% to 46% MeOH) to
give 6 subfractions (Frrrr. 11.4.5.1-11.4.5.6). Frrrr. 11.4.5.3 was again purified by semi-
preparative HPLC (0-57 min, isocratic gradient with 29% MeOH) to yield compounds 2
(1.2 mg, tg = 48.5 min), 4 (2.1 mg, tg =39 min) and 7 (1.5 mg, fr = 44.4 min). Purification of
Frrrr. 11.4.5.1 by semi-preparative HPLC (0-5 min, 5% MeCN; 5-50 min, gradient increased
from 5% to 35% MeCN) yielded compound 5 (0.3 mg, fg = 49.3 min). Compound 6 (0.3 mg,
tr = 51.2 min) was obtained from Frrrr. 11.4.5.6 by semi-preparative HPLC (0-5 min, 5%
MeCN; 5-56 min, gradient increased from 5% to 39% MeCN).

Discolin C (1): yellowish oil; the TH NMR (DMSO-dg, 700 MHz) and 13C NMR (DMSO-
de, 175 MHz) data are given in Table 1; HR-ESI-MS m/z 386.2606 [M]* (calculated for
C26H32N3+, 386.2591, Figure Sl)

Discolin D (2): yellowish oil; the TH NMR (DMSO-dg, 700 MHz) and *C NMR (DMSO-
de, 175 MHz) data are given in Table 1; HR-ESI-MS m/z 402.2543 [M]* (calculated for
C26H320N3+, 402.2540, Figure 514).

Discolin E (3): yellowish oil; the TH NMR (DMSO-d;, 700 MHz) and 3C NMR (DMSO-
de, 175 MHz) data are given in Table 1; HR-ESI-MS m/z 425.2702 [M]* (calculated for
CasHssNy*, 4252700, Figure S20).

Discolin F (4): yellowish oil; the TH NMR (DMSO-dg, 700 MHz) and 1*C NMR (DMSO-
dg, 175 MHz) data are given in Table 2; HR-ESI-MS m/z 363.2442 [M]* (calculated for
C24H310N2+, 363.2431, Figure 826)

Discolin G (5): yellowish oil; the TH NMR (DMSO-dg, 700 MHz) and '*C NMR (DMSO-
dg, 175 MHz) data are given in Table 2; HR-ESI-MS m/z 377.2593 [M]* (calculated for
Cy5H330N,*, 377.2587, Figure S32).

Discolin H (6): yellowish oil; the 'H NMR (DMSO-dg, 700 MHz) and 3C NMR
(DMSO-dg, 175 MHz) data are given in Table 2; HR-ESI-MS m1/z 333.2329 [M]* (calculated
for Co3Hy9Ny*, 333.2325, Figure S37).

Dispyridine A (7): colorless powder; the "H NMR (DMSO-dg, 700 MHz) and '*C NMR
(DMSO-dg, 175 MHz) data are given in Table 3; HR-ESI-MS m1/z 321.2322 [M]* (calculated
for CppHy9Ny*, 321.2325, Figure S43).
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4.3. Enzymatic Activity of Dis A

To investigate the enzymatic activity of Dis A in vivo, E. coli ROSETTA (disA) was
cultured in 30 mL kanamycin-containing (50 pg mL~!) LB medium at 30 °C overnight as
pre-culture. A volume of 100 uL of this pre-culture was used to inoculate at 37 °C in two
300 mL Erlenmeyer flasks with 100 mL kanamycin-containing (50 jtg mL~') LB medium;
0.1 mM IPTG was added into the medium when the cultures reached an ODg of 0.5 and
were cultured at 30 °C for 3 h. Then, 2 mM tryptophan or tyrosine were added to the
medium and cultured at 30 °C overnight. Next, 2 mL medium was harvested, dried in
vacuo, re-dissolved in 200 uL DMSO and analyzed by UPLC-HRMS. The E. coli ROSETTA
strain harboring the empty vector pRSF without the target disA gene was cultivated under
the same conditions and analyzed by UPLC-HRMS as the negative control.

An in vitro enzymatic characterization was carried out after the purification of the
His-tagged DisA. An inoculum of 15 mL of same pre-culture prepared for in vivo assay
was used to inoculate 1.5 L kanamycin-containing (50 ug mL~1) LB medium; 0.1 mM IPTG
was added to the medium when the cultures reached an ODg of 0.5 and were cultured
overnight. Cells were collected by centrifugation at 4 °C with 10,000 rpm and resuspended
in lysis buffer (50 mM NaH;POy4, 300 mM NaCl and 10 mM imidazole; pH 8.0). The
resulting suspensions were sonicated and centrifuged at 4 °C at maximum speed for 30 min.
The supernatant was loaded onto a pre-equilibrated 750 uL. Qiagen® Ni-NTA column. After
washing with a 3 mL lysis buffer and 3 mL wash buffer (20 mM imidazole lysis buffer),
the His-tagged protein DisA was eluted from the column using an elution buffer (250 mM
imidazole lysis buffer) (Figure S49). The protein was resuspended into an imidazole-free
buffer (50 mM NaH,POy, 300 mM NaCl; pH 8.0) and concentrated using the Amicon®
Ultra-15 centrifugation membrane column.

Enzymatic reactions were performed in 50 mM lysis buffer without imidazole (50 mM
NaHPOy, 300 mM NaCl, pH 8.0), containing 100 uM tryptophan (or 20 uM tyrosine) and
5 uM DisA in a total volume of 0.5 mL. After incubation at 30 °C overnight, the same
volume of MeOH was added to quench the reactions. The reaction mixture was then
centrifuged and the supernatant was dried and re-dissolved in 50 pL 50% MeOH and
analyzed by analytical HPLC (0-16 min, 5% MeCN; 16-26 min, gradient increased from 5%
to 100% MeCN).

4.4. Bioactivity Tests

Determination of the minimum inhibitory concentration (MIC) of purified compounds 1-7
was carried out by micro broth dilution assays in 96 well plates as described previously [27].
All compounds were dissolved in dimethyl sulfoxide (DMSO, Carl Roth GmbH + Co.,
Karlsruhe, Germany) with a concentration of 3.2 mg/mL and tested in triplicate. Dilution
series (64—0.03 ng/mL) of rifampicin, tetracycline, and gentamicin (all Sigma-Aldrich,
St. Louis, MS, USA) were prepared as positive controls for B. subtilis DSM10, L. monocy-
togenes DSM20600, S. aureus ATCC25923, and E. coli ATCC25922. Same dilution series of
rifampicin, tetracycline, and isoniazid for M. smegmatis ATCC607. For fungi (C. albicans
FH2173), tebuconazole (Cayman Chemical Company, Ann Arbor, MI, USA.), amphotericin
B (Sigma-Aldrich, St. Louis, MS, USA) and nystatin (Sigma-Aldrich, St. Louis, MS, USA)
were used as the positive control with same dilution series.

Supplementary Materials: The supporting information is available free of charge at: https://www.
mdpi.com/article/10.3390/md20100620/s1, Figures S1-548: HR-ESI-MS, HR-ESI-MS/MS and NMR
spectra for compounds 1-7; Figure S49: SDS-PAGE gel of the purified His-tagged DisA (PDF).
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Abstract: Twelve new and four known alkaloids including five different structural scaffolds were
isolated from the sponge Stylissa massa collected in the South China Sea. Compound 1 is the first
identified precursor metabolite of the classic 5/7/5 tricyclic skeleton with unesterified guanidine
and carboxyl groups, compounds 2-5 and 13-15 belong to the spongiacidin-type pyrrole imidazole
alkaloids (PIAs). Z- and E-configurations of the spongiacidin-type PIAs often appeared concomitantly
and were distinguished by the chemical shift analysis of 1>C NMR spectra. The structures of all twelve
new compounds were determined by NMR, MS, and ECD analysis combined with single-crystal
data of compounds 1, 5, and 10. In the aldose reductase (ALR2) inhibitory assay, six 5/7/5 tricyclic
compounds (2-5, 13-15) displayed significant activities. Compounds 13 and 14, as the representative
members of spongiacidin-PIAs, demonstrated their ALR2-targeted activities in SPR experiments with
Kp values of 12.5 and 6.9 uM, respectively.

Keywords: pyrrole-imidazole alkaloids; ALR2 inhibitory activities; sponge; Stylissa massa; spongiacidin

1. Introduction

Pyrrole-imidazole alkaloids (PIAs) and simple pyrrole alkaloids represent a specific
structural class of compounds isolated from sponges including those from the genus Agelas,
Axinella, Hymeniacidon, Phakellia and Stylissa [1-5]. PIAs can be divided into monomeric
and polymeric groups. Like sceptrin', palau’amine [6], ageliferin [7], and stylissadine [8]
represent members of polymeric PIAs. Biosynthesis of mono-PIAs originates from proline
and lysine [9], evolving to form several skeletons such as oroidin [10], phakellin [11],
ugibohlin [12], and spongiacidin types [13], which have 5/5 bicyclic, 5/6/5/5 tetracyclic,
5/6/5 tricyclic, and 5/7/5 tricyclic systems, respectively. Currently, although hundreds of
PIAs have been discovered from sponges, the structural diversity of this alkaloid family,
especially for the monomeric ones, is relatively conservative.

We collected the Stylissa massa sponge from the Xisha Islands (Paracel island) in the
South China Sea. Targeted isolation for methanol extraction yielded twelve new and four
known compounds. Five biosynthetic-related PIA skeletons including the 5/7 imidazole-
acyclic compound 1, 5/7/5 spongiacidins (2-5, and 13-15), 5/6/5/5 phakellins (6 and
16), 5/7 bicyclic (7-9), and pyrrole single ring alkaloids (10-12) were obtained from
Stylissa massa. Compound 1 is the first identified precursor metabolite of the classic
5/7/5 tricyclic skeleton with unesterified guanidine and carboxyl groups. Compounds 2a
and 2b are a scalemic mixture with a hydroxyl group positioned at C-9. Compounds 3a
and 3b are also scalemic mixture compounds with the E-configuration of A!%!! versus the
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Z-configuration of 2. Compound 4 has a hydroxide at C-9 with a double bond A% at a
different position, and the new compound 5 has an extra methyl group at 13-NH.

Guanidine compounds often exhibit effective diabetes related activities [14]. ALR2
is a key limiting enzyme of the glucose polyol metabolic pathway, which is the key tar-
get for the treatment of diabetes complications [15]. In the ALR2 enzyme activity assay
in vitro, spongiacidin-type PIAs (compounds 2-5, and 13-15) presented superior inhibitory
activities than the other skeletons at 20 uM. The ICs( values ranged from 8.6 to 13.6 uM,
respectively (Figure S23). The SPR experiments verified the interaction between ALR2 and
compound 14, with the Kp value of 6.9 uM. In summary, spongiacidin-PIAs are efficient
ALR2-targeted inhibitors with 5/7/5 tricyclic skeletons. Thus, the structural elucidation
and the ALR?2 inhibitory activities of these PIAs are concluded below (Figure 1).
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Figure 1. The structures of compounds 1-16.

2. Results

Compound 1 was obtained as a colorless bulk crystal. Its molecular formula C11H;2BrN503
was determined by HRESIMS with the ion peak at 11/z 342.0197, and 344.0170 with the
proportion of 1:1 (caled. for [M + HJ" m/z 342.0196, and 344.0176), with the unsaturation
degree of 8. The 3 C NMR and DEPT spectra revealed 11 resonances (Table S1) including one
methylene, three methines, and seven non-protonated carbons. The chemical shifts ranging
from éc 104.3 to 133.6 ppm showed six olefinic carbons, which included two methines and four
non-protonated carbons. In the low field of the 1*C NMR spectrum with the chemical shifts of
oc 170.5,162.1, and 1564, there could be two carbonyl groups and one guanidyl group that exist
in this molecule. The "H NMR and HSQC spectra (Table S2) showed the presence of two olefinic
protons at oy 6.36 (1H, d, ] =2.3 Hz), and 6y 6.04 (1H, t, | = 6.8 Hz), one methine proton at éy; 5.21
(1H, d, ] = 8.5 Hz), and one methylene proton at dy; 3.42 (2H, m), and there were three additional
heteroatomic protons at dig 12.71 (brs), g 7.80 (1H, d, ] = 8.3 Hz), and 0y 7.79 (1H, q, | = 4.7 Hz).
The "H-'H COSY spectrum (Figure 2) revealed a pyrrole conjugate ring system and another spin
system with the correlations between 1-NH and H-3, between 15-NH and H-11, between 7-NH
and Hy-8, and between H;-8 and H-9. Key HMBC correlations (Figure 2) of 1-NH/C-3, C-4, and
C-5,H-3/C-2, and C4, 7-NH/C-5, and C-9, H,-8/C-6, C-9, and C-10, H-9/C-4, C-8, and C-10
determined the existence of a 5/7 bicyclic 2-bromo-6,7-dihydropyrrolo [2,3-c] azepin-8(1H)-one
skeleton (Figure 2). The already existential bicyclic skeleton and four double bonds occupied six
degrees of unsaturation, and the remaining two degrees pointed out that there was no other
ring systems in compound 1. The final planar structure of compound 1 was settled down by the
HMBC correlations from H-11 to C-4, C-9, C-10, C-12, and C-14, together with the correlations
from H-9 to C-11 as well as 15-NH to C-12. A suitable bulk single crystal of compound 1 was
obtained to perform the X-ray diffraction experiment, which ensured the planar structure of 1
(Figure 3). The space group of 1 indicated that it was a scalemic mixture, and ECD calculation
finally determined the absolute configurations of 1a and 1b isolated through chiral HPLC by
comparison with each of their ECD spectra (Figures S1 and S2).
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Figure 3. The X-ray structures of compounds 1, 5, and 10.

Compound 2 was obtained as a yellow oil and its molecular formula was determined
as C11H11N505 by the [M + HJ* ion peak presented at 11/z 262.0936 (calcd. C11H12N503
for m/z 262.0935) in the HRESIMS spectrum with nine unsaturation degrees. One more
unsaturation degree and the similar chemical shifts of the carbons (Table S1) with 1 indi-
cated that compound 2 may have a 5/7/5 tricyclic spongiacidin-PIA skeleton, close to the
known compound 13. The HMBC correlations (Figure 2) of 1-NH/C-3, and C-4, H-2/C-3,
C-4, and C-5, H-3/C-2, C-4, and C-5, 7-NH/C-5, C-8, and C-9, H,-8/C-6, C-9, and C-10,
and H-9/C-2, C-4, C-10, and C-11, together with the COSY correlations of 1-NH/H-2/H-3,
and 7-NH/H;-8/H-9, constructed the classic 5/7/5 tricyclic structure with the hydroxyl
group substituted at C-9, taking the chemical shift of C-9 (6 62.8) into consideration. Thus,
the planar structure of 2 was established.

The 1D and 2D NMR spectra as well as the HRESIMS spectrum indicated that com-
pound 3 possessed the same planar structure with 2 (Figure 2). The Z- and E-configuration
of double bond A% in spongiacidin-type PIAs often concomitantly appeared and their
differences can be attributed to the anisotropic effect of the carbonyl at C-12 [16]. Two
configurations of known compounds 13 and 14 could be distinguished by the chemical
shift values of H-3 and H,-9, but the existence of 9-OH substituted in compounds 2 and 3
made it so that the judgement rule did not work [compound 2: éy; 6.45 (H-3), 5.80 (H-9);
compound 3: 8y 6.43 (H-3), 5.83 (H-9)]. Through careful analysis of their 3C NMR spectra,
we found the double bonds of compounds 2 and 13 could be in the Z-configuration [16]
because the signals for C-4, C-10, C-11, C-12, and C-14 were weak compared with the
stronger signals for C-2, C-3, C-5, C-6, C-8, and C-9, while the carbon signals of compounds
3 and 14 were distributed on average comparatively (Figure 4). Known compound 15
co-isolated was also determined to be of a Z-configuration with the evidence of its carbon
signal analysis in the 13C NMR spectrum. Thus, the double bond of A'%!! in compound 2

33



Mar. Drugs 2022, 20, 454

was determined as the Z-configuration and compound 3 was the E-configuration. C-9's
absolute configurations of compounds 2a, 2b and 3a, 3b were all identified based on the
ECD calculations together with the chiral HPLC method (Figures S3-56).
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Figure 4. The comparison of the 13C NMR spectra of compounds 2, 3,13, 14, and 15 (125 MHz, DMSO-d).

Compound 4 is a molecule similar to compounds 2 and 3, with the same molecular
formula C1;H11N503 by the [M + H]* ion peak presented at m/z 262.0931 (calcd. for
m/z C11H1oN503 262.0935) in the HRESIMS spectrum. The key TH-TH COSY correlations
between 7-NH and H,-8, and between H-11 and 15-NH uncovered the different structure
of 4, and its final planar structure was determined by the HMBC correlations from 1-NH to
C-2,C-3,C-4, and C-5, from H-2 to C-3, C-4, and C-5, from H-3 to C-2, C-4, C-5, and C-10,
from 7-NH to C-5, C-8, and C-9, from H-8 to C-6, C-9, and C-10, from H-11 to C-4, C-9,
C-10, C-12, and C-14, from 15-NH to C-10, and from 9-OH to C-8, C-9, and C-10 (Figure 2).
ECD calculation was also carried out to determine the absolute configurations of 4a and 4b
(Figures S7 and S8).

Compound 5 was obtained as colorless bulk crystals. Its molecular formula was
determined to be C1pH13N50, by HRESIMS (m/z 260.1148, caled. [M + H]* for m/z
260.1142), which required nine degrees of unsaturation. The 1D and 2D NMR data revealed
its similarity with the known compound 13, with the only difference at 13-NMe with the
extra signals of 5y 3.11 and d¢ 25.8 in the 'H and 3C NMR spectra (Tables S1 and S2). The
HMBC correlations from 13-NMe to C-12 and C-14 further confirmed the planar structure of
5 (Figure 2). Fortunately, a suitable bulk crystal was obtained followed by X-ray diffraction
(Figure 3), and the result showed that the previously proposed rule of distinguishing Z/E
configurations of double bond A!%!! in 5/7/5 spongiacidin-type PIAs was trustworthy.

The molecular formula of compound 6, obtained as a yellow oil, was determined to be
C12H14BrN50O3, according to the HRESIMS results, which showed a protonated molecular
ion at m/z 356.0357, 358.0329 (calcd. for [M + HJ*, m/z 356.0353, 358.0332). The analysis
of the 1D and 2D NMR spectra (Tables S3 and S4) of 6 indicated that it had a very similar
structure with the reported compound (16) obtained by organic synthesis [17], with the
only difference of 2-OMe rather than 2-OH. The relative configuration of 6 was determined
by DP4+ analysis, where the results showed that the only possibility was 2R*6R*105*,
and further ECD calculations confirmed the absolute configuration of 6 was 256510R
(Figures S9 and 5S10).
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Compounds 7-9 were 5/7 bicyclic pyrrole alkaloids, in which compounds 8 and 9
were 2-bromo substituted ones. Their structures were confirmed by HRESIMS and NMR
data (Tables S3 and S4). Compounds 7 and 8 were two pairs of scalemic mixture, and
their absolute configurations were solved by the chiral HPLC and ECD calculation method
(Figures S11-514).

Compounds 10-12 were simple pyrrole alkaloids with the 2-carboxyl and 3-bromo
characteristic, which were pairs of scalemic mixture. Their planar structures were deter-
mined by HRESIMS, NMR (Tables S3 and S4), and single crystal X-ray diffraction (Figure 3),
and the absolute configurations were confirmed by chiral HPLC and ECD calculations
(Figures 515-520).

Five characteristic skeletons of the alkaloids (1-12) above-mentioned were isolated
from the sponge Stylissa massa. Compound 1 was the first identified precursor metabolite
of the classic 5/7/5 tricyclic skeleton with unesterified guanidine and carboxyl groups.
Through the NMR data analysis of compounds 2, 3, 13, 14, and 15, an experience rule to
determine the Z/E configurations of double bond A% was summarized based on the
signal intensity in the 13C NMR spectra (Figure 4).

Some guanidine compounds were reported to exhibit advantageous biological activi-
ties on diabetes [14], which indicated the following aldose reductase (ALR2) assay in vitro.
We successfully obtained the protein AKR1B1 (ALR2) by genetic engineering methods
(Figure S21) and compounds 1-16 were tested. Compounds 2-5 and 13-15, representa-
tive of 5/7/5 tricyclic spogiacidin-type PIA compounds, displayed superior inhibitory
activities compared with other compounds (Figure S22) with epalrestat as the positive
control. Further concentration gradient experiments carried out to calculate their ICsg
values showed results that ranged from 8.6 to 13.6 M (Figure S23). The analysis of the
structure-activity relationships indicated that 9-OH and 13-NMe may enhance the ALR2
inhibitory activities of this spongiacidin-alkaloid family. Compounds 13 and 14 with the
basic 5/7/5 spongiacidin skeleton without stereoscopic configuration were isolated as the
major metabolites in sponge Stylissa massa. In order to research the interaction mechanism
between spongiacidin-skeleton compounds and ALR2, we carried out surface plasmon
resonance (SPR) binding assays of compounds 13 and 14 under the Biacore T200 instrument,
where the results showed the binding power (Kp value) between ALR2 and compound
13 was 12.5 uM (Figure 524), and 14 was 6.9 uM (Figures 5 and S25 ). Molecular docking
using the GBVI/WSA AG rescoring method was applied to screen the best docking pose
between ALR2 and compound 14. The results showed that the pyrrole and imidazole ring
systems were binding to the pocket of ALR2 by H-m and 77t conjugate bonds, respectively
(Figure 5).

>

1C4=13.1 M
ALR2 Inhibitory Assay for 14

ALR2  K:=6.89uM

— 1.5625uM
34250 uM
6.2500 M

— 12500 M

Relative response (RU)

ALR2 Inhibitory rate (%)

Figure 5. The ALR?2 inhibitory activity for compound 14. (A) Concentration dependent curve of the
ALR?2 inhibitory assay for 14. (B) The result of the surface plasmon resonance (SPR) binding assay of
14 and ALR2 with a Kp value of 6.89 uM. (C) Ligand interactions between ALR2 and 14. (D) The
3D binding model of compound 14 with ALR?2, the surface of the protein is shown in grey, and the
interaction bond is shown in the red dotted line.
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3. Materials and Methods
3.1. General Experimental Procedures

Optical rotations were measured on a JASCO P-1020 digital polarimeter. UV and
ECD spectra were obtained on a Jasco J-810 spectropolarimeter (Tokyo, Japan). The NMR
spectra were measured by a Bruker AVANCE III 500 MHz spectrometer (Bruker company,
Féllanden, Switzerland). The 2.50 ppm and 39.5 ppm resonances of DMSO-dg were used
as internal references for the 'H and '3C NMR spectra, respectively. HRESIMS data were
measured on Micromass Q-Tof Ultima Global GAA076LC (Waters, Milford, CT, USA) and
Thermo Scientific LTQ Orbitrap Exploris 480 mass spectrometers (Waltham, MA, USA).
X-ray data were obtained by a Rigaku Xtalab Synergy using Cu-K« radiation (Tokyo, Japan).
Semi-preparative HPLC utilized an ODS column (Agilent XDB C-18, 9.6 x 250 mm, 5 um).
Silica gel (200400 mesh, Qingdao, China) was used for column chromatography, precoated
silica gel plates (GF254, Qingdao, China) were used for TLC, and spots were visualized by
heating SiO, plates sprayed with 10% H;SO4 in EtOH.

3.2. Sponge Material

The marine sponge Stylissa massa was collected from the Xisha Islands of the South
China Sea in June 2013, and was frozen immediately after collection. The specimen was
identified by Nicole ]J. de Voogd, National Museum of Natural History, Leiden, The Nether-
lands. The voucher specimen (No. XS-2013-07) was deposited at lab A1007, School of
Pharmacy, Qingdao University, P. R. China.

3.3. Extraction and Isolation

Stylissa massa (8.0 kg, wet weight) was crushed and then extracted with MeOH four
times (3 days each time) at room temperature. The combined solutions were concentrated
in vacuo and the residue was subsequently desalted to yield the organic extract (191.0 g).
The extract was subjected to silica gel vacuum liquid chromatography (VLC), eluting with a
gradient of petroleum ether/EtOAc (from 10:1 to 0:1, v:v) and subsequently CH,Cl, /MeOH
(from 10:1 to 0:1, v:v) to obtain 17 fractions (Fr.1-Fr.17). Fr.5 (0.5 g) was subjected to a silica
gel CC (CH,Cl,/MeOH, 20:1, v:v) to give three fractions Fr.5-1-Fr.5-3. Fr.5-1 (200 mg) was
then subjected to a silica gel CC (petroleum ether/EtOAc, from 5:1 to 1:1, v:v) to give five
fractions Fr.5-1-1-Fr.5-1-5. Fr.5-1-2 was then purified by semi-preparative HPLC (ODS,
5 um, 250 x 9.6 mm; MeOH/H,0, 25:75, v/v; 2.0 mL/min, 33 min) to afford compound 12
(tr = 21.8 min, 1.0 mg) and compound 11 (fg = 24.3 min, 1.0 mg). Fr.7 (3.0 g) was subjected
to an ODS CC (MeOH/H;O0, from 5:95 to 100:0, v:v) to give six fractions Fr.7-1-Fr.7-6. Fr.7-2
was then purified by semi-preparative HPLC (ODS, 5 um, 250 x 9.6 mm; MeOH/H,O,
20:80-60:40, v/v; 2.0 mL/min, 45 min) to afford compound 10 (tg = 19.5 min, 3.0 mg). Fr.7-
6 was purified by semi-preparative HPLC (ODS, 5 um, 250 x 9.6 mm; MeOH/H,0O,
5:95-100:0, v/v; 2.0 mL/min, 48 min) to afford compound 8 (fg = 40.3 min, 5.8 mg)
and compound 9 (tg = 45.0 min, 4.0 mg). Fr.8 (14.5 g) was subjected to a silica gel CC
(CH,Cl,/MeOH, 50:1-1:1, v:v) to give nine fractions Fr.8-1-Fr.8-9. Fr.8-1 (5.0 g) was then
subjected to a ODS CC (MeOH/H,0, 50:1-1:1, v:v) to give five fractions Fr.8-1-1-Fr.8-
1-5. Fr.8-1-3 was then purified by semi-preparative HPLC (ODS, 5 um, 250 x 9.6 mm;
MeOH/H;0, 5:95-100:0, v/v; 2.0 mL/min, 35 min) to afford compound 16 (tg = 19.2 min,
2.0 mg), compound 6 (fg = 23.8 min, 3.7 mg) and compound 7 (tfg = 23.9 min, 3.0 mg).
Fr.8-1-5 (4.0 g) was purified subjected to an ODS CC (MeOH/H,O, from 5:95 to 100:0,
v:v) to give six fractions Fr.8-1-5-1-Fr.8-1-5-6. Fr.8-1-5-4 (200 mg) was purified by semi-
preparative HPLC (ODS, 5 pm, 250 x 9.6 mm; MeOH/H,O, 5:95-100:0, v/v; 2.0 mL/min,
36 min) to afford compound 3 (g = 21.1 min, 2.6 mg), compound 5 (tg = 26.1 min, 3.7 mg),
and compound 13 (tg = 24.7 min, 200 mg). Fr.15 (17.2 g) was subjected to a silica gel
CC (CH,Cl,/MeOH, from 10:1 to 1:1, v:v) to give four fractions Fr.15-1-Fr.15-4. Fr.15-2
(1.1 g) was then subjected to an ODS CC (MeOH/H,0O, from 5:95 to 100:0, v:v) to give
six fractions Fr.15-2-1-Fr.15-2-6. Fr.15-2-4 (300 mg) was then purified by semi-preparative
HPLC (ODS, 5 um, 250 x 9.6 mm; MeOH /H,0, 10:90, v/v; 2.0 mL/min, 55 min) to afford
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compound 2 (fg = 29.1 min, 16.0 mg), compound 15 (tg = 44.3 min, 6.0 mg), and compound
14 (tg = 47.5 min, 150 mg). Fr.17 (20.0 g) was subjected to an ODS CC (MeOH/H,0, from
5:95 to 100:0, v:v) to give seven fractions Fr.17-1-Fr.17-7. Fr.17-3 (800 mg) was then subjected
to a silica gel CC (CH,Cly/MeOH, from 10:1 to 1:1, v:v) to give six fractions Fr.17-3-1-Fr.17-
3-6. Fr.17-3-3 was then purified by semi-preparative HPLC (ODS, 5 um, 250 x 9.6 mm;
MeOH/H;0, 5:90-100:0, v/v; 2.0 mL/min, 40 min) to afford compound 4 (tg = 18.5 min,
6.8 mg). Fr.17-3-4 was then purified by semi-preparative HPLC (ODS, 5 um, 250 x 9.6 mm;
MeOH/H;0, 5:90-100:0, v/v; 2.0 mL/min, 38min) to afford compound 1 (fg = 21.2 min,
5.9 mg).

Compound 1: Colorless crystals; UV (MeOH) Ayax 226 nm; H and ¥C NMR (DMSO-
de) data, see Tables S1 and S2; HRESIMS m/z 342.0184, 344.0162 (M + H]* (caled. for
C11H13BrN503, 342.0184, 344.0165); compound 1a: [cx}zDO —19.7 (¢ 0.1, MeOH), compound
1b: [« 27.3 (c 0.1, MeOH).

Compound 2: Yellow oil; UV (MeOH) Amax 354 nm; TH and 13C NMR (DMSO-d) data,
see Tables S1 and S2; HRESIMS m/z 262.0936 ([M + H]* (calcd. for C11H12N503, 262.0935);
compound 2a: [«]3 —40.3 (c 0.1, MeOH), compound 2b: [«]3 34.5 (c 0.1, MeOH).

Compound 3: Yellow oil; UV (MeOH) Amax 346 nm; TH and 13C NMR (DMSO-d) data,
see Tables S1 and S2; HRESIMS m/z 262.0933 ([M + H]* (calcd. for C11H12N503, 262.0935);
compound 3a: [«]5 —29.8 (c 0.1, MeOH), compound 3b: [«]3 36.3 (c 0.1, MeOH).

Compound 4: Yellow oil; UV (MeOH) Amax 346 nm; TH and 13C NMR (DMSO-d¢) data,
see Tables S1 and S2; HRESIMS m/z 262.0931 ([M + H]* (calcd. for C11H12N503, 262.0935);
compound 4a: [(x]g) 30.1 (c 0.1, MeOH), compound 4b: [oc]ZDO —18.4 (c 0.1, MeOH).

Compound 5: Colorless crystals; UV (MeOH) Amax 354 nm; H and 3C NMR (DMSO-dj)
data, see Tables S1 and S2; HRESIMS m/z 260.1148 ([M + H]* (calcd. for C1oH14N50,, 260.1142).

Compound 6: Yellow oil; UV (MeOH) Amax 216 nm; 'H and '3C NMR (DMSO-dg) data,
see Tables S3 and S4; HRESIMS m/z 356.0357, 358.0353 ([M + H]* (calcd. for C1oH;5BrN5O3,
356.0353, 358.0332); [oc]g) —19.5 (¢ 0.1, MeOH).

Compound 7: Yellow oil; UV (MeOH) Amax 216 nm; 1H and 13C NMR (DMSO-dg) data,
see Tables S3 and S4; HRESIMS m/z 195.0770 (M + H]* (calcd. for CgH11N,O3, 195.0764);
compound 7a: [oc]g) 27.7 (¢ 0.1, MeOH), compound 7b: [oc]g) —24.1 (c 0.1, MeOH).

Compound 8: Yellow oil; UV (MeOH) Amax 276 nm; 1H and 13C NMR (DMSO-dg) data,
see Tables S3 and S4; HRESIMS m1/z 287.0025, 289.0003 ([M + H]* (caled. for C19H1,BrN,O3,
287.0026, 289.0005); compound 8a: [oc}%;) 23.3 (c 0.1, MeOH), compound 8b: [oc}gJ —20.8
(c 0.1, MeOH).

Compound 9: Yellow oil; UV (MeOH) Amax 250 nm; TH and 3C NMR (DMSO-d;) data,
see Tables S3 and S4; HRESIMS m1/z 284.9867, 286.9845 ([M + H]* (calcd. for C1gH1¢oBrN;Os3,
284.9869, 286.9849).

Compound 10: Colorless crystals; UV (MeOH) Apmax 240 nm; TH and 13C NMR (DMSO-
dg) data, see Tables S3 and S4; HRESIMS m/z 234.9715, 236.9695 (M + H]* (caled. for
C¢HgBrN,O3, 234.9713, 236.9692); compound 10a: [(x]g) 26.8 (¢ 0.1, MeOH), compound 10b:
[o]& ~32.4 (c 0.1, MeOH).

Compound 11: Yellow oil; UV (MeOH) Amax 216 nm; H and 3C NMR (DMSO-
dg) data, see Tables S3 and S4; HRESIMS m/z 235.9920, 237.9899 ([M + H]* (calcd. for
CyH11BrNO3, 235.9920, 237.9899); compound 11a: [oc]ZDO 52.9 (¢ 0.1, MeOH), compound 11b:
[o]& ~46.5 (c 0.1, MeOH).

Compound 12: Yellow oil; UV (MeOH) Amax 212 nm; H and *C NMR (DMSO-
dg) data, see Tables S3 and S4; HRESIMS m/z 321.0073, 323.0053 ([M + H]* (caled. for
Cy0H14BrN,Os, 321.0081, 323.0060); compound 12a: [oc]g) 20.0 (c 0.1, MeOH), compound
12b: [o]X —13.3 (c 0.1, MeOH).

Compound 13: Yellow oil; UV (MeOH) Ayax 352 nm; C11H;1N50,; TH NMR (DMSO-
dg) data, g 12.1 (brs, 1-NH), 8.04 (t, ] =4.3, 7-NH), 7.11 (t, ] = 2.4, H-2), 6.54 (, ] = 2.4,
H-3), 3.28 (m, Hp-8 and H,-9); 13C NMR (DMSO-dg) data, 6c 164.4, 163.0, 154.9, 129.6, 126.6,
122.6,121.0, 120.4, 109.6, 39.1, and 31.4. [18]
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Compound 14: Yellow oil; UV (MeOH) Apax 352 nm; C11H;1N50,; TH NMR (DMSO-
dg) data, oy 11.9 (brs, 1-NH), 7.98 (t, ] = 4.3, 7-NH), 6.91 (t, ] = 2.3, H-2), 6.79 (t, ] = 2.3, H-3),
3.26 (q, ] = 4.5, H,-8), 2.85 (q, ] = 4.5, H,-9); 3*C NMR (DMSO-dg) data, éc 163.9, 161.2, 153.4,
130.5, 126.1, 122.3, 120.4, 118.6, 112.6, 38.3, and 36.6. [16]

Compound 15: Yellow oil; UV (MeOH) Amax 360 nm; C1oH;3N503; TH NMR (DMSO-
dg) data, oy 12.0 (brs, 1-NH), 7.76 (dd, | = 6.5, 1.7, 7-NH), 7.09 (t, | = 2.8, H-2), 6.52 (m, H-3),
5.73 (d, ] = 6.7, H-9), 3.57, 3.28 (m, H,-8), 3.21 (s, 9-OMe); 13C NMR (DMSO-d;) data, dc
164.8, 162.6, 155.8, 130.3, 123.3, 122.9, 127.1, 123.3, 117.5, 110.6, 69.0, and 43.2. [19]

Compound 16: Yellow oil; UV (MeOH) Amax 214 nm; C1,H14BrN5O3; 'H NMR (DMSO-
dg) data, dgg 9.78 (brs, 9-NH), 9.44 (brs, 7-NH), 8.10 (brs, 16-NHy), 7.68 (s, H-3), 5.74 (s, H-6),
3.47,3.36 (m, Hy-13), 2.24 (m, Hy-11), 1.98 (m, H,-12); 13C NMR (DMSO-dq) data, ¢ 163.6,
163.1, 156.5, 146.0, 118.4, 85.8, 81.4, 63.9, 44.8, 39.5, 19.7 [17].

3.4. Computational Section

Conformational analyses were carried out in the MMFF minimization force field by
the Spartan 10 v1.2.4 software package (Microsoft, Redmond, WA, USA). The resulting
conformers were optimized using DFT at the B3LYP/6-31+G(d,p) level in the gas phase by
the GAUSSIAN 09 C.03 program (Gaussian, Inc. Wallingford, CT, USA). The optimized
conformations, whose Boltzmann distributions of Gibbs free energies were more than
1.0 percent, were used for the ECD calculations using the TD-DFT method with the basis set
RB3LYP/DGDZVP, or the NMR calculations using the GIAO method at the PCM/b3lyp/6-
311+G(d,p) level.

3.5. Molecular Docking

The initial receptor structure was constructed based on the crystal structure of aldose
reductase in complex with cofactor NADP+ and the inhibitor idd594 (PDB code: 1US0)
from the Protein Data Bank [20]. All nonstandard groups (HETATM) were deleted except
for the inhibitor and cofactor when preparing for the receptor structure. The Protonate 3D
module in the Molecular Operating Environment (MOE) program was used to estimate the
protonated state of titratable residues and add hydrogen atoms. Meanwhile, MOE was also
used to construct the ligand structures (compound 14). The subsequent molecular docking
was performed with an induced fit protocol. During the process, the protein—cofactor
complex was defined as the receptor and the position of the inhibitor idd594 was defined
as the docking site. The triangle matcher placement with the London AG initial scoring
methodology was set for conformational sampling and 100 poses were recorded, then the
forcefield post-placement refinement with GBVI/WSA AG rescoring methodology was
utilized to further screen the best docking pose. In addition, the MMFF94x force field was
adopted for the whole process.

3.6. ALR2 Expression and Purification

For the AKR1B1 enzyme assay and SPR measurements, the protein was expressed
and purified using the protocol related to the one reported previously [15]. The plasmid
(pET28b, Novagen) containing the open reading frame of the human ALR2 gene was kindly
provided by Atagenix, Wuhan, Hubei, China. The E. coli strain BL21 gold (DE3) (Novagen)
was used to express the hexa-histidine tagged protein after induction with IPTG (Roth) for
16 h at 293 K. The pellet from a 4 L culture was resuspended in a buffer containing 20 mM
Tris and 500 mM NaCl (pH 8.0) before being sonicated and centrifuged. A HiTrap chelating
HP column (GE Healthcare) was loaded with the supernatant. After a short washing step
with a low imidazole concentration, the fusion protein was eluted by applying a gradient
of imidazole. The buffer was exchanged with 20mM Tris-HCl, 10 mM NaCl, ImM EDTA,
and the tag cleaved by thrombin (yuanyeBio-Technology Co. Ltd. Shanghai, China). A
Hiprep DEAE FastFlow 16/10 column (GE Healthcare) was loaded with the remaining
solution. A NaCl gradient was used to elute the ALR2 from the column.
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3.7. ALR2 Enzyme Assay (In Vitro)

In the first step of the polyol pathway, glucose reduction is accompanied by the con-
versation of NADPH to NADP, where only NADPH has an obvious spectral absorption
around 340 nm and NADP has none. Thus, the decrease in OD34onm can represent the con-
sumption of NADPH. Therefore, we detect the change of OD349nm before and after reaction
to screen the effective ARIs or evaluate the AR activity; assays with epalrestat were used as
positive controls. Briefly, the incubation system contains 10 uL. ALR2 enzyme (20 pug/mL),
80 uL DL-glyceraldehyde (0.16 mmol/L) as the substrate, 1.0 mmol/L NADPH-4Na as
a coenzyme, and 0.1 mol/L PBS (pH = 6.2). The incubation mixture was minimized to a
total volume of 100 uL and ongoing in a 96-well ultraviolet plate. Then, test wells were
treated with the tested compounds for 10 min at 25 °C. Then, the absorbance was measured
using FlexStation 3 Reader (Molecular Devices, San Francisco, CA, USA) at 340 nm. The
absorbance of wells treated with PBS and NADPH was considered as 100% (OD;) and the
absorbance of wells treated with PBS and DL-glyceraldehyde was considered as 0% (OD,);
the inhibitory rate was calculated by the formula OD¢ompounds — OD2/0OD; — OD;. ICs
represents the concentration that inhibits the ALR2 enzyme by 50%.

3.8. Surface Plasmon Resonance (SPR) Binding Assay

SPR binding analysis methodology can be used to study molecular interactions.
Herein, SPR was applied to measure the interactions between compounds 13/14 and ALR2.
Initially, ALR2 was prepared in 10 mM sodium acetate (pH 5.0) and then immobilized
covalently by an amine-coupling reaction on a CM5 sensor chip. The remaining binding
sites of the sensor chip were then blocked by ethanolamine. The addition of compound
13/14, the flow-through analyte, to the chamber resulted in binding to the immobilized
protein ligand, producing a small change in the refractive index at the gold surface. In this
step, the compound was diluted in PBS-P* buffer to the desired concentration and was
injected over the chip with a flow rate of 10 pL/min. All of the above buffers, solutions,
and sensor chips were placed at room temperature before the run. The association time and
dissociation time were both set at 60 s. Binding affinities were obtained from the ratio of
rate constants to directly characterize the protein-molecular interactions. Data analysis was
completed via the state model in T200 evaluation software (Cytiva Danaher, Marlborough,
MA, USA).

4. Conclusions

In conclusion, a series of new pyrrole alkaloids including different structural scaffolds
were isolated from the sponge Stylissa massa collected in the South China Sea, which en-
riched the structural diversity of this alkaloid family. Aldose reductase (ALR2), which
participates in the glucose polyol metabolic pathway and cell inflammatory reaction,
is an important target for the treatment of diabetes complications, and 5/7/5 tricyclic
spongiacidin-PIAs isolated from sponge Stylissa massa provided a new skeleton targeted to
ALR2 which have never been previously reported.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md20070454/s1, Tables S1-54: 1H (500 MHz) and 13C
(125 MHz) NMR data for 1-14 acquired in DMSO-d6. Tables S5-57: X-ray diffraction analysis of
compounds 1, 5, and 10. Figures S1-520: The chiral HPLC data and ECD spectra of compounds
1-12; Figures S21-525: The ALR?2 inhibitory activities of related compounds. Figures S26-5117: The
spectroscopic data (including HRESIMS, 1H NMR, 13C NMR, and 2D NMR) of compounds 1-16.
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Abstract: Two new cyclized thiolopyrrolone derivatives, namely, thiolopyrrolone A (1) and 2,2-
dioxidothiolutin (2), together with the kn own compound, thiolutin (3) were identified from a marine-
derived Streptomyces sp. BTBU20218885, which was isolated from a mud sample collected from the
coastal region of Xiamen, China. Their chemical structures were determined using spectroscopic
data, including HRESIMS, 1D and 2D NMR techniques. 1 possessed a unique unsymmetrical
sulfur-containing thiolopyrrolone structure. All the compounds were tested for bioactivities against
Staphylococcus aureus, Escherichia coli, Bacille Calmette-Guérin (BCG), Mycobacterium tuberculosis, and
Candida albicans. 1 displayed antibacterial activities against BCG, M. tuberculosis, and S. aureus with
minimum inhibitory concentration (MIC) values of 10, 10, and 100 pug/mL, respectively. Thiolutin (3)
showed antibacterial activities against E. coli, BCG, M. tuberculosis, and S. aureus with MIC values of
6.25,0.3125, 0.625, and 3.125 pug/mL, respectively.

Keywords: marine-derived Streptomyces; thiolopyrrolone; antibacterial; M. tuberculosis

1. Introduction

Infectious diseases caused by infectious microorganisms continue to threaten human
health. Moreover, the development of drug resistance by Candida albicans, Staphylococcus
aureus, Escherichia coli, and Mycobacterium tuberculosi is becoming more and more serious in
hospitals and the community [1-4]. There is an urgent need to develop new drugs to fight
against these pathogens.

Streptomyces belongs to actinomycetes which are highly diverse Gram-positive bacteria
with high guanine and cytosine content in their DNA. Actinomycetes are well known as
an important resource for screening new antibiotics [5], representing 45% of the bioac-
tive secondary metabolites originating from microorganisms [6]. Moreover, Streptonyces
are the key source of many of the world’s antibiotics in clinics [7,8]. With the detailed
investigation on marine microorganisms, marine-derived actinomycetes have proven to
be an inexhaustible source for bioactive secondary metabolites [9]. A number of new
bioactive compounds were characterized from marine-derived Streptomyces, such as iso-
quinolinequinones [10], terpenoid derivatives [11,12], angucycline derivatives [13-15],
glycosylated aromatic polyketides [16], bicyclic peptides [17], depsipeptides [18], benzodi-
azepines [19], and piericidin derivatives [20].

In the course of our screening of antibacterial secondary metabolites from marine-
derived actinomycetes [21-24], the EtOAc extract of Streptomyces sp. BTBU20218885, iso-
lated from a mud sample collected from the coastal area of Xiamen, Fujian Province, China,
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showed antibacterial activity against Bacille Calmette-Guérin (BCG), the live attenuated
vaccine form of Mycobacterium bovis, with minimum inhibitory concentration (MIC) of
20 ug/mL. A chemical investigation of this Streptomyces strain resulted in the isolation
of two new cyclized thiolopyrrolone derivatives, namely, thiolopyrrolone A (1) and 2,2-
dioxido thiolutin (2), together with the known compound, thiolutin (3) (Figure 1). Details of
fermentation, isolation, structural elucidation, and antibacterial activities are reported here.
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Figure 1. Chemical structures of 1-3.

2. Results
2.1. Structure Elucidation

Compound 1 was isolated as a light-yellow amorphous powder. The molecular
formula of 1 was deduced to be Cp4H4NOgSs by the high-resolution electrospray ion-
ization mass spectroscopy (HRESIMS) measurement (m/z [M+H]* 621.0712, caled for
CosHp5NgOg6S4, 621.0713), accounting for sixteen degrees of unsaturation (Figure S1). The
'H NMR spectrum (Table 1, Figure S2) showed the presence of three exchangeable singlets
(011 10.27, s, 7-NH; 10.21, s, 7-NH; 10.17, s, 7”-NH), three olefinic protons (éy 6.58, s, H-3;
6.36, s, H-3/; 6.54, s, H-3"), three N-Me groups (0 3.19, s, Me-10; 3.47, s, Me-10’; 3.40, s,
Me-10"), as well as three methyl singlets for acetyl groups (dg1 2.07, s, Me-9 and Me-9”; 2.06,
s, Me-9'). The 13C NMR spectrum (Figure S3), in association with the heteronuclear single
quantum correlation (HSQC) spectrum (Figure S4), indicated 24 carbon signals (Table 1),
including six methyls (6¢ 29.9, C-10; d¢ 29.2, C-10'/C-10"; é¢ 22.9, C-9; é¢ 22.8, C-9'/C-9”),
three sp2 methines (6¢c 111.9, C-3; d¢ 112.5, C-3'; ¢ 112.8, C-3”), six amide carbonyls (6¢
164.0/163.7/163.8, C-5/C-5'/C-5"; dc 168.4/168.3/167.9, C-8/C-8' /C-8”), and nine sp?
quaternary carbons (6¢ 137.1/131.9/133.8, 3a/3a’ /3a”; 6c 130.7/129.8/132.7,6/6' /6”; é¢
124.6/124.6/126.4, 6a/6a’ /6a”). The amide carbonyls and olefinic carbons accounted for
twelve degrees of unsaturation, which indicated compound 1 was a tetracyclic molecule.
Comparison of the NMR data with those of the known compound thiolutin (3, Table 1) [25]
revealed that 1 was an analogue of thiolutin with a pseudo trimer structure. Furthermore,
the heteronuclear multiple bond correlation (HMBC) correlations (Figures 2, S5 and S6)
from H3z-9 and H-7-NH to C-8, H3-9' and H-7'-NH to C-8', and H3-9” and H-7"-NH to
C-8” revealed the presence of three acetamides. The HMBC correlations from H3-10 to
C-3a and C-5, H3-10" to C-3a’ and C-5/, H3-10” to C-3a” and C-5” confirmed the presence
of three N-Me amides. The moieties of 1,5-dihydro-2H-pyrrol-2-one were determined by
HMBC correlations from H-3 to C-3a and C-6a, H-7-NH to C-6 and C-6a, H-3' to C-3a’ and
C-6a’, H-7'-NH to C-6' and C-6a’, H-3"” to C-3a” and C-6a”, H-7”-NH to C-6” and C-6a”.
The monosulfur bonds between C-6a and C-3/, C-6a’ to C-3” were revealed by the HMBC
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correlations from H-3' to C-6a, and H-3"” to C-6a’. The absence of HMBC correlation from
H-3 to C-6a”, together with molecular formula of 1, indicated that the C-6a and C-3 were
linked through a disulfur bond. Thus, the structure of 1 was established (Figure 1) and
named thiolopyrrolone A.

Table 1. 'H (500 MHz) and '*C NMR (125 MHz) data of 1-3 (DMSO-ds).

1 2 3
Position
dc Jdy (J in Hz) dc Jdy (J in Hz) dc dy (J in Hz)
3/3'/3” 111.9/112.5/112.8 6.58/6.36/6.54, s 109.6 7.56, s 111.0 7.34,s
3a/3a’/3a” 137.1/131.9/133.8 1455 136.0
5/5'/5" 164.0/163.7/163.8 164.3 166.1
6/6'/6” 130.7/129.8/132.7 114.1 114.8
6a/6a’ /6a” 124.6/124.6/126.4 123.1 132.4
8/8'/8” 168.4/168.3/167.9 170.5 168.8
9/9'/9” 229/22.8/22.8 2.07/2.06/2.07,s 22.6 2.10,s 224 2.02,s
10/10'/10” 29.9/29.2/29.2 3.19/3.47/3.40, s 27.9 3.10,s 27.5 3.25,s
7/7'/7”-NH 10.27/10.21/10.17, s - 9.99, s
(0]
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Figure 2. Key HMBC (arrows) correlations in 1 and 2.

Compound 2 was isolated as a yellow amorphous powder. The molecular formula of
2 was deduced to be CgHgN,O4S; by the HRESIMS measurement (r11/z [M + H]* 260.9996,
caled for CgHgN704S,, 260.9998), accounting for six degrees of unsaturation (Figure S7).
The 'H 13C and HSQC spectra (Figures S8-510) displayed similar signals to those of 3,
including one sp2 methine (dy 7.56, s, H-3; 5¢ 109.6, C-3), one N-Me group (6 3.10, s, H3-10;
dc 27.9, C-10), and one methyl singlet for acetyl group (3 2.10, s, H3-9; dc 22.6, C-9), two
amide carbonyls (6c 164.3, C-5; 5¢ 170.5, C-8), and three sp? quaternary carbons (¢ 145.5,
C-3; 6c 114.1, C-6, o¢ 123.1, C-6a). The HMBC spectrum (Figure S11) showed correlations
from H3-9 to C-8, H3-10 to C-3a and C-5, H-3 to C-3a and C-6a (Figure 2). Together
with the molecular formula calculated by HRESIMS, there are two more oxygen atoms
in compound 2. So there are four possible structures for 2 as shown in Figure 3. The two
oxygen atoms for sulfoxides formed cis and trans conformations, but the optical rotation did
not reveal any solid data because of the decomposition of 2. So, both of the conformations
were subjected to quantum chemical calculation. By comparing the experimental and
calculated ultraviolet spectra of 2a-2d (Figure 4), the structures of 2b2 and 2d are consistent
with those of experimental data. In order to confirm the structure of 2, the 13C NMR data
of the four possible structures were also calculated by density functional theory (DFT). The
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data were evaluated based on the statistical parameters including correlation coefficient (R?)
between experimental and calculated 1*C NMR spectroscopic data with a linear regression,
the maximum error (MaxErr), and mean absolute error (MAE). Comparison of all these
parameters for calculated '3C chemical shifts of the four possible isomers with experimental
data revealed the best fit was 2d (Table 2). Thus, the structure of 2 was determined and
named 2,2-dioxidothiolutin.

o 0]
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2c 2d

Figure 3. Four possible structures of 2 for calculating '*C NMR data in DMSO-ds.
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Figure 4. Calculated UV spectra for 2a-2d and UV spectrum for compound 2.
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Table 2. Comparison of calculated (TMS as a reference standard) and experimental 13C data for 2.

Position 2a 2b1 2b2 2c 2d 2
3 115.2 110.2 111.8 107.4 103.9 109.6
3a 129.4 147.5 140.2 121.2 140.2 1455
5 162.1 160.5 159.0 159.6 159.2 164.3
6 1129 130.4 127.9 131.1 121.1 114.1
6a 138.1 1359 131.3 1245 129.5 123.1
8 167.3 164.1 163.5 163.4 163.9 170.5
9 21.3 23.1 22.8 23.0 22.6 22.6
10 27.6 27.4 26.8 26.4 27.3 27.9
R? 0.9723 0.9776 0.9812 0.9534 0.9898

MAE 5.6 54 54 7.3 4.6
MaxErr 16.1 16.3 13.8 24.3 7.0

Compound 3 was isolated as a yellow amorphous powder. The molecular formula of
3 was deduced to be CgHgN»O,S; by the HRESIMS measurement (17/z [M + H]* 229.0100,
caled for CgHgN»0O,S,, 229.0100), accounting for six degrees of unsaturation (Figure S12).
The 'H 3C and HSQC spectra (Figures S13-515) displayed almost the same signals as
those of reported thiolutin 3 [21]. In the HMBC spectrum (Figure S16), the correlations
from H3-10 (0y 3.25) to C-3a (dc 136.0) and C-5 (5¢ 166.1), H-3 to C-3a and C-6a (¢ 132.4),
H-7-NH to C-6 (6c 114.8) and C-6a determined the chemical shifts of C-3, C-6, and C-6a.
Thus, the chemical shifts for C-3a and C-6a should be swapped [21].

2.2. Biological Activity

These compounds were evaluated for their antimicrobial activities against C. albi-
cans ATCC 10231, S. aureus ATCC 25923, Mycobacterium bovis (BCG Pasteur 1173P2), M.
tuberculosis H37Rv (ATCC27294), and E. coli ATCC 25923. Compound 1 exhibited an-
tibacterial activities against BCG, M. tuberculosis, and S. aureus with MIC values of 10, 10,
and 100 pg/mL, respectively. Thiolutin (3) showed antibacterial activities against E. coli,
BCG, M. tuberculosis, and S. aureus with MIC values of 6.25, 0.3125, 0.625, and 3.125 pug/mL,
respectively (Table 3).

Table 3. Antibacterial activities of compounds 1-3 (MIC, ug/mL).

Number C. albicans S. aureus BCG M. tuberculosis E. coli
1 >200 100 10 10 >100
2 >200 50 - - >200
3 >200 3.125 0.3125 0.625 6.25

Control 12 1b 0.05 ¢ 0.025 ¢ 14

b vancomycin, ¢ isoniazid, d ciprofloxacin.

@ Rapamycin,
3. Materials and Methods
3.1. General Experimental Procedures

NMR spectra were obtained on a Bruker Avance 500 spectrometer with residual solvent
peaks as references (DMSO-dg: 613 2.50, ¢ 39.52). High-resolution ESIMS measurements
were obtained on an Accurate-Mass-Q-TOF LC/MS 6520 instrument (Santa Clara, CA, USA)
in the positive ion mode. HPLC was performed using an Agilent 1200 Series separation
module equipped with an Agilent 1200 Series diode array, Agilent 1200 Series fraction
collector, and Agilent ZORBAX SB-C18 column (250 x 9.4 mm, 5 pm).

3.2. Microbial Material, Fermentation, Extraction, and Purification

Strain Streptomyces sp. BTBU20218885 was isolated from a mud sample collected
from the intertidal zone, Xiamen, China, and grown on an ISP2 (yeast extract 0.4%, malt
extract 1%, dextrose 0.4%, agar 2%; pH 7.2) agar plate at 28 °C. Colony characteristics
of BTBU20218885 are shown in Figure S17. The genomic DNA of BTBU20218885 was
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extracted using a TINAamp Bacteria DNA Kit. PCR amplification of 165 rDNA was
carried out by using universal primers (27£:5-GAGAGTTTGATCCTGGCTCAG-3'; 1492r:
5'-CTACGGCTACCTTGTTACGA-3'). PCR amplification of the 165 rDNA was performed
on TaKaRa PCR Thermal Cycler with the initial denaturation at 94 °C for 5 min, 30 cycles
of denaturation (94 °C, 1 min), annealing (55 °C, 1 min), and elongation (72 °C, 1 min 15 s),
and a final elongation at 72 °C for 10 min, in a 25 uL system (0.4 uL 20 uM of each
primer, 2.5 pL 10x buffer, 2.5 uL. 2.5 nM dNTP, 2 U rTap polymerase, and 1 pL DNA
template). BTBU20218885 was identified as Streptomyces sp. by comparing the 16S rDNA
sequence with the GenBank database using the BLAST program. A neighbor-joining (NJ)
tree (Figure S18) was constructed using the software package Mega version 5 [26]. The
strain was assigned the accession number BTBU20218885 in the culture collection at Beijing
Technology and Business University, Beijing. The strain BTBU20218885 was inoculated on
an ISP2 agar plate and cultured for 7 days. A 250 mL Erlenmeyer flask containing 40 mL
of ISP2 medium was inoculated with BTBU20218885 and incubated at 28 °C (160 rpm)
for 36 h. Aliquots (9 mL) of the seed cultures were aseptically transferred to 20 x 1 L
Erlenmeyer flasks, each containing 300 mL of MPG media (glucose 1.0%, millet meal 2.0%,
cotton seed gluten meal 2.0%, and MOPS 2.0%; pH 7.0), and the flasks were incubated at
28 °C, 160 rpm for 7 days. The culture broths were combined and centrifuged to yield a
supernatant and a mycelial cake. The supernatant was extracted by equal volume of ethyl
acetate (EtOAc, x3 times), and the combined EtOAc extracts were evaporated to dryness
in vacuo to give a dark residue. The residue was sequentially triturated with hexane,
CH,Cl,, and MeOH to afford, after concentration in vacuo, hexane, CH,Cl,, and MeOH
soluble fractions and precipitate. The precipitate was further purified by HPLC (Agilent
ZORBAX SB-C18, 250 x 9.4 mm, 5 um column, 3.0 mL/min, elution with 30% to 100%
acetonitrile/H,O (0-20 min) to yield 1 (3.5 mg), 3 (2.6 mg), and 2 (13.2 mg).

Thiolopyrrolone A (1): Light-yellow amorphous powder; 'H and 3C NMR data,
Table 1; HRESIMS 1/z 621.0712 [M + HJ* (caled for CosHosNgOgSs, 621.0713).

2,2-Dioxidothiolutin (2): Yellow amorphous powder; 1H and 13C NMR data, Table 1;
HRESIMS m/z 260.9996 [M + H]* (calcd for CsHgN»O4S;, 260.9998).

3.3. Biological Activity

Compounds 1-3 were evaluated for their antimicrobial activities in 96-well plates
according to the Antimicrobial Susceptibility Testing Standards outlined by the Clinical and
Laboratory Standards Institute Document M07-A7 (CLSI) and our previous report [27-29].
The MIC was defined as the minimum concentration of the compound that prevented
visible growth of the microbes.

3.4. Computational Methods

A random conformational search of starting geometries in Discovery studio 4.0 was
used to produce low-energy conformers within a 10 kcal/mol energy, which were subse-
quently optimized using the DFT method at mPW1PW91/6-31g(2d,p) level with GAUS-
SIAN 09 [30]. The optimized conformers were further checked by frequency calculation at
the same level of theory, and resulted in no imaginary frequencies. The time-dependent
density functional theory (TDDFT) calculations of their low-energy conformations within
0-2.5 kcal/mol were performed to simulate their UV-vis spectra at the same level. Similarly,
their 33C NMR calculations were also carried out by GIAO method at the same level [31].
Solvent effect of dimethylsulfoxide was taken into account in the above calculations by
using the polarizable continuum model (PCM).

Their theoretical UV-vis spectra based on Boltzmann statistics were generated in the
program SpecDis 1.63 [32] by applying Gaussian band shape with a 0.40 eV exponential
half-width from dipole-length rotational strengths. Statistical parameters were used to
quantify the agreement between experimental and calculated data, including the correlation
coefficient (R?) between experimental and calculated '*C NMR spectroscopic data with a
linear regression, the mean absolute error (MAE), and the maximum error (MaxErr) [33].
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The correlation coefficient (R?) was determined from a plot of d,. (x axis) against Bexp
(y axis) for each particular compound. The mean absolute error (MAE) was defined as

n
1
Y

Jcale, i — Jexp, i|- The maximum error (MaxErr) was defined as max | d¢ale — Sexp |-
i=

4. Conclusions

In summary, chemical studies on the marine-derived Streptomyces sp. BTBU20218885
resulted in the characterization of three cyclized thiolopyrrolones, including a unique
unsymmetrical thiolopyrrolone (1), 2,2-dioxidothiolutin (2), and the previously reported
thiolutin (3). Dithiolopyrrolones are a class of structurally intriguing natural products with
broad antibacterial spectrum [34]. Most of the analogues are characterized by a unique
bicyclic pyrrolinonodithiole, with the differences in the substitution groups on N-4 and N-7
positions of the holothin core [35,36]; however, thiolopyrrolone A is the first sample of ana-
logues with a macrocyclic skeleton. Compound 1 exhibited antibacterial activities against
BCG, M. tuberculosis, and S. aureus with MIC values of 10, 10, and 100 nug/mL, respectively.
Thiolutin (3) displayed potential antibacterial activities against E. coli, BCG, M. tuberculosis,
and S. aureus with MIC values of 6.25, 0.3125, 0.625, and 3.125 pg/mL, respectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20030214/s1: Figures S1-S16: HRESIMS, 1D, and 2D NMR for compounds 1-3;
Figure S17: Colony characteristics of BTBU20211089; Figure S18: Neighbor-joining phylogenetic tree
of strain BTBU20211089.
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Abstract: Four new dimeric sorbicillinoids (1-3 and 5) and a new monomeric sorbicillinoid (4) as
well as six known analogs (6-11) were purified from the fungal strain Hypocrea jecorina H8, which was
obtained from mangrove sediment, and showed potent inhibitory activity against the tea pathogenic
fungus Pestalotiopsis theae (P. theae). The planar structures of 1-5 were assigned by analyses of their
UV, IR, HR-ESI-MS, and NMR spectroscopic data. All the compounds were evaluated for growth
inhibition of tea pathogenic fungus P. theae. Compounds 5, 6, 8, 9, and 10 exhibited more potent
inhibitory activities compared with the positive control hexaconazole with an EDs of 24.25 + 1.57
pg/mL. The EDs( values of compounds 5, 6, 8,9, and 10 were 9.13 + 1.25,2.04 + 1.24,18.22 + 1.29,
1.83 £ 1.37, and 4.68 & 1.44 ug/mL, respectively. Additionally, the effects of these compounds on
zebrafish embryo development were also evaluated. Except for compounds 5 and 8, which imparted
toxic effects on zebrafish even at 0.625 uM, the other isolated compounds did not exhibit significant
toxicity to zebrafish eggs, embryos, or larvae. Taken together, sorbicillinoid derivatives (6, 9, and 10)
from H. jecorina H8 displayed low toxicity and high anti-tea pathogenic fungus potential.

Keywords: Hypocrea jecorina HS; trichodermolide C, D; tea pathogenic fungus inhibitory effect;
toxicity assessment

1. Introduction

The influence of bioactive compounds from natural sources on human life has chal-
lenged scientists to research new environmental contexts and the associated biological
diversity [1]. The ocean, as the largest frontier in biological exploration, represents one of
the most favorable reservoirs of organisms producing secondary metabolites with biolog-
ical activities [2]. The deep sea is an extreme environment; in this respect, its associated
micro-organisms have great potential to produce natural products with novel biological
properties [3].

The tea plant (Camellia sinensis L.) is an important commercial crop all over the world.
However, the tea plant suffers from biotic stresses of some pathogenic fungi [4,5], which
often exhibits severe damage of the blade tissue and discoloration of the leaves, common
symptoms, including blight (Exobasidium vexans Massee), brown blight (Colletotrichum
camelliae Massee), and red rust (Cephaleuros parasiticus Karst). These pathogenic fungi
greatly reduce the quality of tea and damage human health [6-8].
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As part of our continuing exploration for structurally novel and biologically interesting
secondary metabolites from marine microorganisms, the fungal strain Hypocrea jecorina
HB8 (H. jecorina H8) was isolated from mangrove sediments and showed potent inhibitory
activity against tea pathogenic fungus P. theae.

Chemical investigation of H. jecorina H8 from rice medium led to the isolation of
11 compounds, including five sorbicillinoids (1-5) and six known sorbicillinoid analogs.
Some of these compounds exhibited significant inhibitory activity against tea pathogenic
fungus P. theae. and low toxicity to zebrafish. Herein, we report the isolation, structural
determination, as well as antifungal activity of these isolated compounds.

2. Results
2.1. Structural Elucidation of New Compounds

A series of column chromatography (CC) methods were used during the isolation of H.
jecorina H8. As aresult, 11 compounds were isolated, including five new compounds, tricho-
dermolide C (1), trichodermolide D (2), 7,7,9'-hydroxy-trichodimerol (3), 1-(2,4-dihydroxy-
3,5-dimethylphenyl)-3,4,5-trihydroxyhexan-1-one (4), and isobisvertinol A (5). At the same
time, by comparing NMR spectral data with those published in literatures, the six known
compounds were determined to be 2’,3'-dihydrosorbicillin (6) [9], 6-demethylsorbicillin
(7) [10], sorbicillin (8) [9], (2E,4E)-1-(2,4-dihydroxy-3,5-dimethylphenyl)-6-hydroxyhexa-
2,4-dien-1-one (9), trichodimerol (10), and bisvertinol (11) [11] (Figure 1).

Figure 1. Structures of compounds 1-11 isolated from an extract of Hypocrea jecorina HS; the relative
configuration of 5 is reported in this article.

Compound 1 was obtained as yellow amorphous powder. The molecular formula of
1 was established as Cp;HpOp based on the HR-ESI-MS peak at m/z 375.1798 [M + H]*
(caled for 375.1729 Cp1Hyp706™), requiring nine degrees of unsaturation. The IR spectrum of
1 indicated the presence conjugated lactone carbonyl signal of at 1691 cm~! [6]. In high
chemical shifts region of '"H NMR, four olefinic protons were observed at dy; 6.20 (d, 15.4
Hz, H-20), 6.35 (dt, 15.2, 4.8 Hz, H-21), 6.43 (dd, 15.4, 10.2 Hz, H-18), and 7.25 (dd, 15.2, 10.8
Hz, H-19) (Table 1).
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Table 1. "H NMR (600 Hz) and '3C NMR (150 Hz) data of 1-2 (CDCl3) and 4 (DMSO-dg).

NO. 1 Trichodermolide B 2 4
(SH (] in HZ) ‘SC ‘SC ‘SH (] in HZ) 5C (5]—[ (] in HZ) 5C
2 174.9 174.7 176.4 113.6
3 55.7 55.9 56.2 159.9
4 149.2 150.9 152.1 111.7
5 134.4 133.9 133.8 160.3
6 191.3 191.2 191.9 7.34 118.4
7 86.8 86.5 87.1 125.1
2.89dd (16.9,13.7)
8 1.77 s 11.6 119 1.87s 121 231dd (169,2.7) 192.1
9 148s 16.4 16.5 1.56 s 17.3 4.64 dt (13.7,2.6) 39.8
1.30dq (137, 7.2) 221dq (142,7.3)
10 2,08 dq (13.8,7.2) 20.5 20.5 175 ¢ 20.9 3.09 td (8.5, 1.5) 77.1
11 095 (7.2) 8.4 8.6 097 t(7.2) 8.6 3.88 dq (13.6, 6.0) 76.8
3.55d (182) 2.60 dd (13.7, 9.6)
12 3634 (182) 445 447 239 bl (19.6) 39.2 1.19d (6.0) 65.9
13 204 205.0 410 m 67.1 2.04s 21.5
14 227 s 30.3 30.5 1.29t(7.2) 241 212s 9.2
15 3.55t(5.3) 49.9 50.0 2.97dd (6.4,4.4) 51.3 16.7
2.43dd (18.5,5.2) 1.52m

16 3.13dd (185,5.2) 32 350 137m 323

17 196.5 197.2 417 m 71.1

18 6.43 bfodz‘i) (154, 127.9 127.6 6.16 dd (15.2, 10.5) 132.1

19 7.25dd (15.2,10.8) 143.0 1439 5.44dd (15.2,7.2) 1319

20 6.20d (15.4) 128.8 130.6 5.75dq (14.3, 6.8) 131.7

21 6.35dt (15.2,4.8) 143.2 1419 5.99 dd (15.2, 10.7) 130.0

22 432d (4.2) 62.7 19.1 1.76 br d (6.6) 18.2

Their corresponding olefinic carbon signals were found in the sp? region of the 1>*C NMR
spectrum at éc 128.8 (C-20), 143.2 (C-21), 127.9 (C-18), and 143.0 (C-19). The sp® low
chemical shifts region of the 'H NMR spectrum displayed four notable methyl proton
signals at dy; 1.48 (9-CH3), 1.77 (8-CH3), 2.27(14-CH3) linked to quaternary carbons, and
oy 0.95 (t, 7.2 Hz, 11-CH3) linked to a secondary carbon.

The 13C NMR data showed four carbonyl signals at éc 204.0 (C-13), 196.5 (C-17),
191.3 (C-6), and 174.9 (C-2) attributing to a ketone carbonyl, two conjugated ketone car-
bonyl, and ester carbonyl, respectively. In addition, the 13C NMR spectrum and DEPT data
of 1 showed the presence of 21 carbons, sorted into four methyls, four methylenes, five
methines (four olefinic carbons), and eight quaternary carbons (four carbonyl carbons and
two olefinic carbons).

The above spectroscopic data showed high similarities to those of trichodermolide
B, a known compound isolated from Trichoderma reesei (HN-2016-018) [12], except for the
presence of signal for a hydroxyl group, a signal for methylene group at C-22 (5 4.32,
dc 62.7) and the lack of signal for a methyl group (6c 19.1). Thus, 1 was deduced to be a
hydroxylated derivative of trichodermolide B at C-22, validated by the COSY correlations
of oy 6.35 (H-21) with dyy 4.32 (H2-22) (Figure 2a).

The two double bonds in sorbyl side chain for 1 were assigned both as E configuration
based on their coupling constants (Jy118/11-19 = 15.2 Hz, J1120/1121 = 15.4 Hz) and the NOESY
correlation between H-18/H-20. For the bridged bicycle lactone ring system, it was only
possible if the CH3-9 and CH,-10 were oriented equatorially. In addition, the "H NMR
chemical shifts of H-15 (6y 3.37 for trichodermolide B compared to dy; 3.55 for 1), H-16
(6p1 2.54, 2.99 for trichodermolide B compared to oy 2.43, 3.13 for 1), CH3-9 (dy 1.37 for
trichodermolide B compared to dyy 1.48 for 1), and CH,-10 (61 1.25, 2.03 for trichodermolide
B compared to d; 1.30, 2.08 for 1) suggested the same relative configurations of C-3, C-15,
and C-7 in 1 as that in trichodermolide B [12].

Therefore, the relative configuration of 1 was assumed as 35*,15R*,7R*. The ECD curve
of 1 showed a negative Cotton effect around 220 nm and a positive Cotton effect around
270 nm, respectively. These were the same as trichodermolide B (Figure S41: Calculated
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(a)

Ag

-20-

(c)

and experimental ECD spectra of trichodermolide B). The absolute configuration of 1 was
assigned as 35,15R,7R (Figure 3a). As a result, the structure of 1 was determined and named
as trichodermolide C (Figure 1).

(d)

<7\ HMBC

#7 "% NOESY/ROESY

Figure 2. Key 'H-"H COSY, HMBC, and NOESY correlations of compounds 1-5. (a) Key COSY,
HMBC, and NOESY correlations of compounds 1; (b) Key COSY, HMBC, and NOESY correlations of
compounds 2; (c) Key COSY, HMBC, and NOESY correlations of compounds 3; (d) Key COSY, HMBC
correlations of compounds 4; (e) Key COSY, HMBC, and NOESY correlations of compounds 5.

(®)

251 — ExptlECD ot 2

20+ — Caled ECDof(3 R,155,75)-2
— Caled ECDof (3 S,15R7R)-2

— ExptlECDof'1
— Cakd ECDof (3 R,155,75)1
— Caled ECD of (3 S§,15R,7R1 104
w S-Am
b= IS
0 T

25 300 350 400

300 350 400 -5

-154
Wavelength (nm) 204

Wavelength (nm)

— Exptl KCD ol 3
— Caled ECDof(1 $2R3848,1'S2'R3 S48 3
— Caled FCDof (1 R2S3IRARTR2SIRASY 3

Wavelength (nm)

Figure 3. Calculated and experimental ECD spectra of compounds 1, 2, and 3. (a) ECD spectra for
compound 1; (b) ECD spectra for compound 2; (¢): ECD spectra for compound 3.

Compound 2 was also obtained as yellow amorphous powder. The molecular formula
was deduced to be Cp;H3O5 by interpretation of the HR-ESI-MS peak at m/z 363.2162
[M + H]* (caled for 363.2093 C»1H3105%), implying seven degrees of unsaturation. Com-
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pound 2 presented 'H and '3C NMR signals similar to those of compounds 1, especially
those on the bridged bicyclic ring moiety. The structural differences in the side chains could
be revealed by the DEPT spectra, in which two carbonyl signals vanished and two oxy-
genated methine signals emerged, together with the signal different from the oxygenated
methylene (C-22) to methyl.

The corresponding 'H NMR signals in 2 were found at i 4.17 (H-17), 4.10 (H-13),
and 1.76 (CH3-22), respectively. Thus, compound 2 is considered to be a reduction product
of compound 1. On the aids of 'H-'"H COSY spectrum, two continuous connected spin
systems revealed the presence of two side chain as: CH3-CH=CH-CH=CH-CH(O-)-CH,-
and -CH,-CH(O)-CH;-. The key HMBC correlations from dy; 2.60 (CH;-12) to 5¢ 133.8 (C-5),
152.1 (C-4), 51.3 (C-3) and from éy 1.87 (CH3-8) to ¢ 191.9 (C-6), C-4, C-5 allowed the
elucidation of structure for compound 2.

The E configurations among the two double bonds in the side chains of 2 could be
confirmed by the large coupling constant (Ji.18/11-19 = JH-20/1-21 = 15.2 Hz). The relative
configurations of three stereocenters, C-3, C-15, and C-7 of 2 were confirmed by comparison
of its 'TH NMR data with compound 1. The NOESY correlations between H-15 and CHj3-11,
H-17/CHj3-11, and CH3-8/CH,-12 established the relative configuration of 2. Therefore,
the relative configuration of 2 was assumed as 35%,15R*,7R*. The calculated ECD curve of
3S5,15R,7R-2 was consistent with the experimental data (Figure 3b), and hence the absolute
configuration of 2 was assigned as 35,15R,7R.

Compound 3 was obtained as a yellow amorphous powder. The results from the HR-
ESI-MS peak at m/z 537.2090 [M + Na]* (calcd for 537.2100 Cp3H3409Na*) suggested that
the molecular formula of 3 was Cy3H3409, thus, implying twelve degrees of unsaturation.
The 'H and ¥C NMR data of 3 showed 30 protons and 28 carbons signals, and these
carbon signals were classified into twelve quaternary carbons (four ethylenic bonds), two
carbonyls, six ethylenic bonds, one oxygenated methines, two methines without an oxygen
link, one methylene, and six methyls.

Comparison of the NMR data of 3 with those of 10, a known metabolite isolated from
a strain of the same genus [6], indicated that 3 possessed an identical trichodimerol [13]
skeleton to 10. Although compound 10 afforded only 14 signals because of a symmet-
ric structure, some 13C signals of compound 3 split, suggesting an asymmetric structure
(Table 2). The major difference were found at the signals due to C-8/, C-10’ moiety, sug-
gesting a hydration at C-8'/C-9’ double bond in compound 3. In 13C NMR and DEPT,
the double bond signals of C-8’ and C-9' in 10 turn to a methylene (J¢ 40.9, C-8') and an
oxygen-linked methine (6¢c 80.7, C-9') in 3. The conclusion was confirmed by the COSY
correlation from g 2.38 (H-8') to 6y 4.31 (H-9'), and to 6y 5.67 (H-10"). In the HMBC
spectrum of 3, the correlations from H-8' to C-7/, C-9’ were also found.

The NOESY correlations between 6y 1.41 (CH3-14) and 6y 3.31 (H-1') indicated
the same orientation of these signals. In addition, the protons iy 1.41 (CH3-14’) and
oy 2.94 (H-1) were simultaneously correlated with §y 1.35 (CH3-13), reflecting that these
signals locate at the same orientation. (Figure 2c). The absolute configuration of 3 was
established as 15,2R,3S, 4S5, 1'S,2'R, 3'S, 4'S by comparison on experimental and calculated
ECD spectra (Figure 3c).

Compound 4 was isolated as a colorless amorphous powder. The molecular formula
of C14Hp9Og, which gave five unsaturation degrees, was established by the positive HR-ESI-
MS ion peak at m/z 285.1342 [M + H]J* (calcd for 285.1338 C14H1 06 *). The UV maximum
absorption bands at Amax (log ¢): 216 (3.66) nm were assigned to a conjugated carbonyl,
which was confirmed by the 13C NMR data at 6c 192.1 (C-1'). In the 'H NMR, three methyl
peaks at dy5 1.19 (d, 6.0 Hz, CH3-12), 2.04 (s, CH3-13), and 2.12 (s, CH3-14) were assigned.
One olefinic proton was also observed at 7.34 (H-6).
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Table 2. "H NMR (600 Hz) and 3C NMR (150 Hz) data of 3, 5 (CDCl3) and 3C NMR data of
Compounds 10 and 11.

No. 3 10 No. 5 11

5H (] in HZ) 5(‘ §C §H (] in HZ) 5C §C
1 583 575 1 1918 1943
% 523 575 2 1007 1019
22 78.3 78.9 3 258 brd (14.1) 359 354

273m

3,3 1087 1041 4 739 727
4 59.0 58.8 5 1687 16838
g 59.0 58.8 6 1039 1056
5,5 199.0 198.0 7 1917 1916
6 104.0 1028 8 1061 1062
6 103.8 1028 v 1797 1780
7 1725 175.9 > 6.40 br d (14.9) 1203 1214
7 1752 175.9 3 725brs 1390 1378
8 6.18d (14.7) 1186 1185 & 621 m 1308 1314
8 ;?j;ﬁ ((1166,'99, '1%2)) 409 1185 5 6.10br d (7.0) 1311 1317
9 735dd (148109) 1430 1436 ¢ 1.86 br d (6.4) 188 189
o 4.31ddd (135, 80.7 1436 17 1688 1673
10 631dd (154,11.0) 1308 1309 % 627 m 1202 1213
10/ 567dq(15266) 1318 1309 3" 629m 1403 1401
11 622dd (13.6,66) 1401 1405 e 623brs 1318 1314
11 549 ddd 1272 1405 5 6.18m 1370 1366

(153,7.0,1.6) : : : : :

12 1.91 brd (6.6) 18.9 1838 6" 1.86 br d (6.4) 189 191
12/ 1.68 brd (6.4) 17.8 188 la 584 591
13 215 213 1a-CH, 1345 192 199
13’ 20.7 213 ta 1102 1084
14 182 18.9 4-CH;, 129, 24 228
14/ 184 18.9 5a 796 788
5a-CH 148brs 256 258

6-CH,  153,51.86brd (64) 68 73

8a 3.63, 5 536 536

In the 13C NMR, except for the carbonyl, six sp? carbons at ¢ 160.3 (C-4), 159.9 (C-2),
125.1 (C-6), 118.4 (C-5), 113.6 (C-1), and 111.7 (C-3) and three oxygenated methines at
3¢ 77.1 (C-3'), 76.8 (C-3'), and 65.9 (C-5') were assigned, respectively. The benzene ring sig-
nals in compound 4 closely resembled those of the known compound 2’,3'-dihydrosorbicillin
(6) [14]; however, they were different regarding the side chain. The COSY correlation data
suggested the side chain of 4 was -CH,-CH(OH)-CH(OH)-CH(OH)-CH3. In addition, the
HMBC correlation from dgy 2.89 (CH;-8) to d¢ 192.1 (C-7) indicated that the carbonyl was at
C-7. Comprehensive HSQC, COSY, and HMBC established the structure of 4 (Figure 1).

Compound 5 was obtained as a white amorphous powder with positive HR-ESI-MS
ion peaks at m/z 499.2312 [M + H]* indicating 12 degrees of unsaturation. According to
the HR-ESI-MS data, compound 5 and 11 shared the same molecular formula (Figure 542).
The NMR data of 5 had similar features compared to those of 11, which suggests that they
are stereoisomers. The planar structure of 5 was determined by the COSY and HMBC data.
The main differences of NMR signals were attributable to C-1, C-4, and C-4a, with the
13C NMR deference of [dc 191.8 (C-1), 73.9 (C-4), and 110.2 (C-4a) in 5 vs. dc 194.3 (C-1),
72.7 (C-4), and 108.4 (C-4a) in 11].
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Thus, compounds 5 and 11 should be epimers around either C-4 or C-4a. In the NOESY
spectrum, key cross peaks were observed between éy 3.63 (H-8a) and Jy 1.34 (CHz-1a)
and Jy 1.48 (CH;3-5a) (Figure 2e), indicating that the methyls CHz-1a and CH3-5a were
at the same side with H-8a. Furthermore, NOESY were observed between CH3-1a and
0p1 1.29 (CHj3-4). These results indicated that the relative configuration of C-4 was same
as that of 11. Therefore, we concluded that 5 is a stereoisomer of 11 on C-4a. The relative
configuration of 5 was defined as shown in Figure 1.

2.2. Evaluation of Antifungal Activity

Compounds 1 to 11 were evaluated for antifungal activities by a paper disc inhibi-
tion assay. Compounds 5, 6, 8, 9, and 10 possessed significant activities against the tea
pathogenic fungus P. theae (Table 3). The EDs5 values of 5, 6, 8,9, and 10 were 9.13 + 1.25,
2.04 £1.91,18.22 £1.29,1.83 + 1.37, and 4.68 & 1.44 ng/mL, respectively. Compared to
positive control hexaconazole (24.25 + 1.57 ug/mL), compounds 5, 6, 8, 9, and 10 exhibited
more potent antifungal activity. Particularly, new compound 5 had nearly 3-fold more, and
known compound 9 had a 13-fold stronger anti-tea pathogenic fungus effect.

Table 3. Antifungal activities of 5, 6, 8, 9, and 10 (EDsy, pg/mL).

Pestalotiopsis Pestalotiopsis
Compd. theae P Compd. theae P

1 >100 8 18.22 +£1.29
2 >100 9 1.83 +1.37
3 >100 10 4.68 + 1.44
4 >100 11 >100

5 913 +1.25 hexaconazole * 24.25 + 1.57
6 2.04 +191 DMSO None

7 >100

* hexaconazole serves as positive control.

2.3. Evaluation of Toxicity

The zebrafish is a small teleost that is becoming increasingly popular in many biomed-
ical and environmental studies [15]. This model has shown sensitivity to a broad variety
of contaminants (such as endocrine disruptors and organic pollutants), indicating their
suitability as a biological method for environmental monitoring in risk assessment.

We evaluated the toxicity of compounds 5, 6, 8,9, and 10 in a zebrafish model (Figure 4).
Figure 4a showed that these compounds, except compound 8, killed zebrafish embryo
less than 50% when treated with a concentration of 10 uM. When the treatment time was
prolonged to 72 h (Figure 4b), the mortality rate of zebrafish embryo caused by compound
8 at 0.625 uM increased to nearly 60%, whereas the effects of compounds 5, 6, 9, and 10 did
not change greatly.

In addition, the impact on the malformation of zebrafish by these compounds was
observed using a Leica stereomicroscope. Figure 4c showed graphically under the same
treatment that compounds 5 and 8 had greater effects than other compounds on the
mortality rate and malformation of zebrafish both at a concentration of 0.625 uM for
24 h and at a concentration of 10 uM for 72 h. In summary, our data demonstrated that
compounds 6, 9, and 10 were of low toxicity and could be used against tea pathogenic
fungi agents and deserve further optimization.
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Figure 4. Embryotoxicity and developmental toxicity assay; 15 zebrafish embryos per condition were
exposed to compounds at the concentrations of 10, 5, 2.5, 1.25, and 0.625 uM, and 0.1% DMSO was
used as blank control. (a) The mortality rate of 24 embryo treated with compounds; (b) The mortality
rate of 72 embryo treated with compounds; (¢) The impact on the malformation of zebrafish treated
with compounds) The statistics of 24 and 72 h mortality rate; © Morphology of 24 h embryo or 72 h
zebrafish larvae treated with compounds or control.
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3. Discussion

During the analyses of natural products from the ethyl acetate (EtOAc) extract of anti-
bacteria from special growing environment, we discovered five new sorbicillinoids (1-5)
together with six known analogs (6-11). These compounds were obtained from the marine-
derived H. jecorina (H8) from the mangrove sediments collected from Zhangjiangkou
Mangrove National Nature Reserve, China.

Chemically, the configurations and absolute of these compounds were described
by their NOESY and CD spectra, respectively. All the isolated compounds of anti-tea
pathogenic fungus Pestalotiopsis theae activities were evaluated. Compounds 5, 6, 8, 9, and
10 had stronger inhibitory effects against the fungi assays compared with hexaconazole.

However, the security of the antifungal regents is an important factor for use in
agricultural applications. Although it showed potent activity, compound 5 exhibited strong
anti-proliferative effects on the embryonic development of zebrafish, and compound 8
killed zebrafish embryos more than 50% at both a concentration of 0.625 uM for 24 h and
a concentration of 10 uM for 72 h, thus, indicating high toxicity. Compounds 6, 9, and 10
showed much lower toxicity to zebrafish. In summary, sorbicillinoid derivatives (6, 9, and
10) from H. jecorina H8 had low toxicity and potent potency against tea pathogenic fungus.

4. Materials and Methods
4.1. General Experimental Procedures

An electrospray ionization source (ESI)-equipped Q-Exactive Mass spectrometer
(Thermo Fisher Scientific Corporation, Waltham, MA, USA) was used to analyse the
HR-ESI-MS data. A Shimadzu UV-260 spectrometer (Shimadzu Corporation, Tokyo, Japan)
and a Perkin-Elmer 683 infrared spectrometer (PerkinElmer, Inc., Waltham, MA, USA) were
used to obtain the UV and IR spectra, respectively. A JASCO P-200 polarimeter (JASCO
Corporation, Tokyo, Japan) with a 5 cm cell was applied to measure the optical rotation
value. The NMR spectra with TMS as the internal standard were taken on a Brucker
Avance IIT 600 FT NMR spectrometer (Bruker Corporation, Billerica, MA, USA).

Column chromatography was performed with silica gel (Yantai Chemical Industry
Research Institute, Shandong, China), Cosmosil 75 C18-MS-II (75 pum, Nacalai Tesqye
corporation, Kyoto, Japan), and Spehadex LH-20 (GE Healthcare, Danderyd, Sweden).
Semi-preparative HPLC was conducted on an Aglient HPLC (Agilent Technologies Inc.,
Santa Clara, CA, USA) system equipped with a diode array detector via a preparative
Cosmosil ODS column. The HR-ESI-MS spectra were measured using a thermo Q-Exactive
Mass spectrometer (Thermo Fisher Scientific Corporation).

4.2. Eletronic Circular Dichroism (ECD) Calculations

The circular dichroism (CD) spectra were recorded on a MOS-500 dichroism spectrom-
eter. The conformational analyses were conducted with MOE 2018 using MMFF9%4. All
calculations were conducted with Gaussian 09 using various functionals (b3lyp/6-31+g(d)
and cam-b3lyp/6-31+g(d)). The overall theoretical ECD data were weighted by Boltzmann
distribution, and the ECD spectra were produced by SpecDis 1.70 software [6,16].

4.3. Fungus Carbohydrate Fermentation

H. jecorina (H8) was isolated from the mangrove sediments collected from Zhangjiangkou
Mangrove National Nature Reserve, Fujian province, China. The strain was identified as
Hypocrea jecorina on the basis of the internal transcribed spaces (ITS) sequence. The ITS
region of the fungus was a 636 bp DNA sequence (GenBank accession number OL376355),
which had 99% identity to Hypocrea jecorina. The fungal strain has been preserved at Third
Institute of Oceanography, China. P. theae (ITS GenBank accession number HQ832793) was
isolated from foliar lesions of the tea leaf, and its pathogenicity to tea leaves was verified
both in vitro and in vivo.

59



Mar. Drugs 2022, 20,213

4.4. Extraction and Isolation

The fungus H8 was cultivated on rice-artificial sea water medium, incubated at 28 °C
for 20 days in a standing position. After 20 days of fermentation, the solid cultures were
dispersed in water (HyO) and extracted with EtOAc (1:1, v/v) three times. The EtOAc
extract was concentrated under reduced pressure at 40 °C to afford 22.0 g residue. The
residue (21 g) was subjected to silica gel CC with petroleum ether (PE)-EtOAc (v/v) (20:1;
10:1; 5:1; 2:1; 1:1; 0:1) and chloroform (CDCl3)-methanol (MeOH) (v/v) (100:1; 50:1; 20:1;
10:1; 5:1; 100% MeOH) to yield nine fractions (Fr. 1-9).

Fr. 2 (400 mg) was subjected to octadecylsilyl (ODS) chromatography and eluted with
MeOH-H,0 (80-100%) to give 10 subfractions (Fr. 2A-2]). Then, Fr. 2G was purified using
preparative reversed-phase HPLC C18 column (pre. Rp-C18) and isocratic eluted with
MeOH-H,O (85%) to obtain compound 6 (50 mg). Fr.3 (500 mg) was subjected to CC over
ODS gel eluting with to MeOH-H,O (70-100%) to obtain four subfractions (Fr. 3A-Fr.3D).
Subfraction Fr.3C was purified by Prep. Rp-C18 using MeOH-H,O (74%) elution to obtain
7 (11.9 mg). Fraction Fr.4 (496 mg) was subjected to CC over Sephadex LH-20 (MeOH) to
yield six subfractions (Fr.4A—Fr.4F).

Compounds 1 (1.3 mg), 3 (1.1 mg), 10 (4.4 mg), and 8 (10 mg) were separated from
subfraction Fr.4C by Prep. Rp-C18 (MeOH-H,O, 80%). Fraction Fr.5 was purified by CC
on Sephadex LH-20 (MeOH) to yield four subfractions (Fr.5A-Fr.5D), and then fraction
Fr.5B was purified by Prep. Rp-C18 isocratic eluted with MeOH-H,O (80:20) to provide 2
(5.5 mg). Fr. 5C was also purified by Prep. Rp-C18 isocratic eluted with MeOH-H,O (52:48)
to obtain compound 4 (1.0 mg). Compounds 5 (9.3 mg), 9 (20 mg), and 11 (25 mg) were
separated from subfraction Fr.5D by Prep. Rp-C18 (MeOH-H,O, 80%).

4.5. Structrural Elucidation of the New Compounds 1-5

Trichodermolide C (1): yellow amorphous powder; HR-ESI-MS m/z 375.1798 [M + H]*
(caled. for 375.1729 C1Hy704*) and 397.1609 [M + Na]* (calcd. for 397.1627 Cp1HpsOgNa™)
in the positive mode; [oc]3’D0 = +54° (¢ = 0.5, MeOH). IR (KBr) (vmax): 3385, 1646, and
1436 cm~!. TH NMR and °C NMR data are listed in Table 1.

Trichodermolide D (2): yellow amorphous powder; HR-ESI-MS m/z 363.2162 [M + H]*
(caled. for 363.2093 C»1H3105*) and 389.1972 [M + Na]* (calcd. for 385.1991 Cp1H39OsNa™)
in the positive mode; [oc]3D0 =+105° (c = 0.5, MeOH). IR (KBr) (vmax): 3406, 2927, 1560, and
1430 cm 1. "H NMR and 'C NMR data are listed in Table 1.

7,7',9'-Hydroxy-trichodimerol (3) isolated as a yellow amorphous powder; HR-ESI-
MS m/z 51.2265 (calcd. for 515.2281 CogH3509%) and 537.2090 [M + Na]™* (calcd. for 537.2100
CpgH3409Na*) in the positive mode; [«] = —35° (c = 0.5, MeOH), IR (KBr) vmax): 3406,
1570, and 1430 cm~1. UV (MeOH) Amax (log €): 286 (4.39) and 359 (4.46) nm. 'H NMR and
13C NMR data are listed in Table 2.

1-(2,4-Dihydroxy-3,5-dimethylphenyl)-3,4,5-trihydroxyhexan-1-one (4): colorless amor-
phous powder; HR-ESI-MS m/z 285.1342 [M + H]* (calcd. for 285.1338 C14H10g*) in the
positive mode; [oc]3DO =+6° (c = 0.05, MeOH), IR (KBr) (vmax): 3416, 2927, 1601, 1367, 1188,
and 1075 cm~1. UV (MeOH) Amax (log €): 216 (3.66), 285 (3.72), and 329 (3.41) nm. "H NMR
and '3C NMR data are listed in Table 1.

Isobisvertinol A (5): white amorphous powder; HR-ESI-MS m/z 499.2312 [M + H]*
(caled. for 499.2326 Cp3H3505™) in the positive mode, and 497.2194 [M — H] (caled. for
497.2181 CygH3305 ™) in the negative mode; [cx]%J =—46.2° (c =0.5, MeOH), IR (KBr) (vmax):
3416, 1570, and 1430 cm 1. UV (MeOH) Amax (log e): 278 (3.44) and 374 (3.52) nm. TH NMR
and 3C NMR data are listed in Table 2.

4.6. Antifungal Activity Assay

Initial evaluations of the antifungal activity of the purified compounds were conducted
against tea pathogenic fungus P. theae in six-well microplates as described by Xia Yan with
certain modifications [17]. The final concentrations of each compound in the wells were 80,
40, 20, 10, 5, and 2.5 ug/mL (two-fold dilutions). DMSO and hexaconazole were used as a
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blank control and positive control, respectively. The EDs (11g/mL) values were calculated
statistically using Probit analyses.

4.7. Toxicity Evaluation

Wild-type (AB strain) zebra fish (Danio rerio) were used in this test. Compounds 5, 6,
8,9, and 10 were dissolved in DMSO (10 mM) and stored at —20 °C. Toxicity evaluations
were analyzed regarding the anti-proliferative effects on embryos according to the litera-
ture [18]. In brief, 15 zebrafish embryos per condition were exposed to compounds at the
concentrations of 10, 5, 2.5, 1.25, and 0.625 uM, and 0.1% DMSO was used as the vehicle
control. A Leica stereomicroscope was used to observe the embryos every 24 h.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md20030213/s1, Figures S1-S8: Spectra of 1, Figures S9-516: Sepctra of 2, Figures S17-525:
Spectra of 3, Figures S26-532: Spectra of 4, Spectra of 3, Figures S33-540: Spectra of 5, Figure S41:
ECD spectra of trichodermolide B, Figure S42: HR-ESI-MS spectra of 11. ECD calculation of 1-3.
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Abstract: Heterocycles are particularly common moieties within marine natural products. Specifically,
tetrahydrofuranyl rings are present in a variety of compounds which present complex structures and
interesting biological activities. Focusing on terpenoids, a high number of tetrahydrofuran-containing
metabolites have been isolated during the last decades. They show promising biological activities,
making them potential leads for novel antibiotics, antikinetoplastid drugs, amoebicidal substances, or
anticancer drugs. Thus, they have attracted the attention of the synthetics community and numerous
approaches to their total syntheses have appeared. Here, we offer the reader an overview of marine-
derived terpenoids and related compounds, their isolation, structure determination, and a special
focus on their total syntheses and biological profiles.

Keywords: marine natural products; oxygen heterocycles; tetrahydrofuran; total synthesis; biological
activity; terpenes; fatty acids

1. Introduction

Marine organisms are a source of intriguing and fascinating compounds. These living
beings have continuously evolved over time, since they are part of the oldest habitat on
earth. Being also the largest ecosystem, the ocean has the potential to offer innumerable
compounds with interesting biological activities yet to be discovered [1]. This is supported
by the fact that hundreds of new molecules are reported within the scientific community
every year [2-4].

Usually, the isolation of pure active compounds is a time-consuming and expensive
process, due to the need of efficient extraction processes and sequential purification steps.
Moreover, large amounts of raw materials have to be collected to finally isolate fairly low
quantities of the desired compounds.

Fortunately, the great contribution of chemists in the field of total synthesis and asym-
metric catalysis over the last decades has had countless benefits. On one hand, even though
nuclear magnetic resonance (NMR) techniques are very powerful tools, in some cases,
the characterization of complex molecules can be difficult, leading to misassignments [5].
Fortunately, total synthesis has emerged as a—somewhat—costly but effective tool for the
determination of the absolute configuration of marine metabolites. On the other hand,
synthesis provides access to sufficient quantities of the desired compounds for further
extensive biological studies.

Within the marine-derived metabolites, terpenes represent one of the most significant
families. They are a large and diverse group of compounds that usually present valuable
pharmacological properties. Various reviews summarize the discovery of a high number of
these metabolites in recent years from different sources, namely sponges [6,7], fungi [8-10],
and corals [11,12], among others [13,14].

Other common structural motifs present in marine drugs are heterocycles. Within
them, five-, six-, and seven-membered oxygenated heterocycles are frequently found in
such bioactive compounds. The six-membered tetrahydropyrans, the most abundant, are
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common targets of study [15,16]. The corresponding seven-membered oxepanes, and their
appearance in relevant bioactive marine compounds, were reviewed by our group [17].
Regarding tetrahydrofurans, Fernandes and coworkers recently reviewed the most iconic
examples of total synthesis of 2,3,5-trisubstituted tetrahydrofuran-containing natural prod-
ucts [18,19]. We have also recently summarized the synthesis and biological properties
of marine-derived tetrahydrofuran-containing compounds, focusing on the polyketide
family [20].

Continuing our series, here we give an overview of tetrahydrofuran-containing marine
drugs, focusing on the terpene family and related compounds. We searched SciFinder for
tetrahydrofuran-containing compounds with biological activity, focusing on the period
2000-2022. Our search was refined to compounds of the terpenoid family of compounds of
marine origin, finding 81 compounds (Table 1). The main source (see Figure 1) was algae
(32 compounds), followed by sponges (19 compounds), fungi (15 compounds), lampreys
(6), bacteria (5), and corals (4). Excluding nonterpenoid lipids, we found 55 terpenoid
compounds (see Figure 2), most of them being triterpenes (23) followed by meroterpenes
(14), monoterpenes (9), diterpenes (5) and, finally, sesquiterpenes (4).

Corals

Lampreys

Bacteria

5% (4)

8% (6) Algae

39% (32)

Fungi_

24% (19)

Figure 1. Distribution of the number of metabolites from this review, according to their marine source
(color code coincides with that of Table 1).

Monoterpenes
Meroterpenes i
Sesquiterpenes
16% (9)
7% (4)
9% (5)

Diterpenes

42% (23)

Triterpenes

Figure 2. Distribution of compounds from this review according to terpenoid type.
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Table 1. Overview of compounds from this review, their sources, classes, and species (background

color code coincides with that of Figure 1).

Marine Source Compound Class

Marine Species

Compound Name

Lampreys

(+)-Petromyroxol
(—)-Petromyroxol

. . (+)-PMA
Fatty acids Petromyzon marinus L. (—)-PMA
(+)-PMB
(—)-PMB
Diterpenes Eunicea mammosa Uprolides D-E
Substituted THF Sinularia sp. Sinularones E-F
NP . Trans-oxylipid
C19 lipid diols Notheia anomala Ciz-oxylipid
Plocamium cartilagineum | Furoplocamioids A-C
Monoterpenes — B
Pantoneura plocamioides Pantofuranoids A-F
Algae Sesquiterpenes Laurencia nipponica (—)-Kumausallene
* ! p Yamada (+)-Trans-Kumausyne
Laurencia intricata Intricatetraol
Laurencia omaezakiana Omaezakianol
Longilenes
Laurokanols A-E
Triterpenes Laurencia viridis Yucatecone
Thyrsenols A-B
Saiyacenols A-C
Laurencia obtusa Teurilene
Laurencia thyrsifera Thyrsiferol
Xestospongia muta Mutafurans A-G
Sponges Fatty acids Xestospongia testudinaria Mutafuran H
Aspergillus sp. LS78 Aspericacid A-B
Diterpenes Dendrillamembranosa (+)-Darwinolide
Triterpenes Rhabdastrella sp. Rhabdastins H-I
Meroterpenes New Caledonian A11s1aqu.1nor}es AC
Alisiaquinol
Substituted THF Pachastrissa/Jaspis sp. Jaspines A-B
Alternaria alternata LSRG iR
A-D
Meroterpenes
Stemphulium s Tricycloalterfurenes
Fungi Py P- E-G
Myrothecium sp. (-)-15-Myrothecol
BZO-1.062 (—)-1R-Myrothecol
Methoxy-myrothecol
Substituted THF Astrosphaeriella nypae Astronypyrone
Astronyquinone
BCC-5335
Astronyurea
. , (+)-Varitriol
Emericella variecolor Tt
. Streptomyces sp.
Sesquiterpenes CMB-M0423 Heronapyrroles C-D
Meroterpenes Streptomyces sp- Marinoterpins A—C

AJS-327 and CNQ-253
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We want to offer the reader an overview of the most recent tetrahydrofuran-containing
terpenoids and related compounds of marine origin, their natural source of isolation,
biological properties, and synthetic strategies towards them. We have also included classic
examples, as their structure and activity are closely related to the more recently isolated
metabolites and help to understand structure-activity relationships. We start with some
examples of fatty acids with interesting biological profiles, and then move to the broad
family of terpenoid compounds (monoterpenes, sesquiterpenes, diterpenes, triterpenes,
and meroterpenoids). At the end, we also highlight other small THF-containing compounds
that show interesting biological activities or were recently isolated and, thus, have potential
to be shown in the near future.

2. Lipids
2.1. Lipid Alcohols
C19 Lipid Diols

Diastereomeric trans-oxylipids 1, and cis-oxylipid 2 (Figure 3), were isolated in 1980 [21]
and 1998 [22], respectively, from the brown alga Notheia anomala. Their structure and rela-
tive stereochemistry were assigned by 1D and 2D NMR spectral data and confirmed by
single-crystal X-ray analysis. Their absolute configuration was determined by the Horeau
method in the case of compound 1, and by the advanced Mosher method for compound
2. Both of them display in vitro antihelmintic activity, inhibiting larval development in
parasitic nematodes. The trans-isomer 1 showed LDs( values against Haemonchus contortus
(1.8 ppm) and Trichostrongylus colubriformis (9.9 ppm), comparable to those of the com-
mercial nematocides levamisole and closantel. Synthetic routes for these oxylipids were
recently reviewed [18].

Figure 3. Structure of trans-oxylipid 1 and cis-oxylipid 2.

An elegant example of the stereodivergent synthesis of both isomers was developed
by Kim et al. [23]. They developed an intramolecular amide enolate alkylation, where
the C3-hydroxy protecting group selection permits the formation of the desired isomer
(Scheme 1). Thus, starting from PMB-protected bromoamide 3, reaction with LIHMDS
afforded only the cis-product 4. The preferent formation of the cis-isomer was due to the
chelating ability of the PMB group. Therefore, when using a nonchelating group such as
TIPS (compound 5), the reaction with KHMDS predominantly yielded the trans-THF 6.
Further reaction of 4 and 6 with CH,=CH(CH,);MgBr and reduction with L-selectride
afforded 7 and 8 in good yields (76% and 53% over two steps, respectively). Deprotection
of 7 with DDQ, and 8 with TBAF, respectively, gave cis-oxylipid 2 in 82% yield and the
trans-isomer 1 in 94% yield.

2.2. Fatty Acids
2.2.1. Petromyroxols

In 2015, Li reported the isolation of (+)- and (—)-petromyroxols (9) [24]. They are
oxylipids isolated from water conditioned with larval sea lamprey Petromyzon marinus
L. Interestingly, these molecules are the first tetrahydrofuran acetogenindiols isolated
from a vertebrate animal (Figure 4). The absolute configuration of each enantiomer was
determined by a combination of Mosher ester analysis and comparison with related natural
and synthetic products. The (+)-9 shows a potent olfactory response of 0.01 to 1 M in the
sea lamprey, while the (—)-isomer has a softer effect. Synthetic routes towards them were
recently reviewed [18].
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Br OPG
LIHMDS, THF rL KHMDS, THF
-78°C, 1h - \n/\o}"R -78°C, 1h
chelate control nonchelate control
3, PG = PMB
cisonly  OPMB 5 PG =TIPS 71:1 OTIPS
e NYQ
- \[l\\“ O '//R - i O 'z,R
H ™ H H H
) 0}
5, 91% (cis only) 6, 95% (dr71:1)
1. CH,=CH(CH,);MgBr
............. THF, -40°C, 3 h e
2. L-Selectride, THF
-78°C,2h
26:1 \\OPG
ol M
7 H O H nCSH11 nCsH11
HO 76% (over 2 steps)
° P 3% (over 2 steps)
DDQ, -
aq. CH,Cl,, [ PG =PMB TBAF, THF, it 8, PG = TIPS
rt, 3 h, 82% 2,PG=H 3h, 94 % 1,PG=H

Scheme 1. Stereodivergent synthesis of trans- and cis-oxylipids 1 and 2 by Kim.

(+)-9 (-)-9

Figure 4. Structures of (+)-and (-)-petromyroxol 9.

A recent example of the synthesis of (+)-9, along with all possible diastereoisomers,
was presented in 2020 by Ramana and coworkers [25]. The synthetic route started from
the commercial THF compound 10 (Scheme 2). The alkyl chain was installed by reaction
with the appropriate cuprate. Subsequent benzyl protection of 11 afforded 12, which
after reaction with allyltrimethylsilane, yielded the desired diastereomer (7:2 ratio) of the
allylated THF 13. After protection with a para-nitrobenzoate (PNB) group under Mitsunobu
conditions, compound 14 was subjected to oxidative olefin cleavage with OsO4/NalOy
and subsequent Wittig olefination to obtain a-b-unsaturated ester 15. Hydrogenation with
Pearlman catalyst (20% Pd(OH), /C) afforded 16 in 89% yield, where the benzyl group, the
double bond, and the nitro group were all reduced. Finally, hydrolysis of both ester groups

with KOH in methanol afforded the desired (+)-petromyroxol in 77% yield.
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RO SiMe;
A\J nBuLi, Cul M P
"O 10
Et,0 4 5 )< BF 5 OEt,
-40 to0°C, 2 h (9 CHyClp 3 h
11,R = H (76%) ‘Clort
NaH, BnBr,THF [ 77, °
OOCtOFt 8h 12,R=Bn(90A))
OBn
p-NBA, DIAD, PPh; .0 —
THF, 0 °C to rt, 3h 4
1. cat. 0sOy4, NalO, OPNB OH
2,6-lutidine, o o .
dloxane-H,0. 6 h 14 (81%) 13 (81%, dr7:2)
2. Ph3P=CHCOZEt,
THF,0°Ctort, 12 h
BnQ 20% Pd(OH),/C HQ y
.0 ~_OEt (1 (atm;z .0 ot (9 (77%)
4 = 4
opNg O MeOH, rt, 3 h OPAB
15 (69% over 2 steps) aq. KOH, MeOH
16 (89%) an

Scheme 2. Synthesis of (+)-petromyroxol by Ramana and coworkers.

2.2.2. PMA

Petromyric acids A and B (PMA and PMB) are dehydroxylated tetrahydrofuranyl fatty
acids that were isolated from larval washing extracts from the sea lamprey Petromyzon
marinus in 2018 [26]. From the washing extract, four fatty acids related to the acetogenin
family were identified: (+)-PMA ((+)-17), (—)-PMA ((—)-17), (+)-PMB ((+)-18), and (—)-
PMB ((—)-18) (Figure 5). Their chemical structure was elucidated by NMR spectroscopy
and confirmed by chemical synthesis and X-ray crystallography.

(+)-18 OH (-)-18

Figure 5. Structure of (+)-PMA ((+)-17), (—)-PMA ((—)-17), (+)-PMB ((+)-18), and (—)-PMB ((—)-18).

Sea lampreys are anadromous fishes that migrate, using their olfactory cues to orien-
tate, from the ocean to freshwater to find a suitable spawning stream. When approaching
river mouths, the decision of which stream is optimal to spawn in is taken using their olfac-
tory system to detect a pheromone emitted from larval sea lampreys. When investigating
larval washing extracts, four fatty acids were identified, but only (+)-17 has proven to be the
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Mutafurans A-G (19-25)  ©

N,
19 A, R =Bre_~

/\/\”{

20B,R=

Br

pheromone that guides lamprey adults. However, its enantiomer, (—)-17, does not produce
the same behavioral effect. Fatty acid analogues have been reported to be pheromones in
insects, but this is the first identification in fish. The sea lamprey is a destructive invader in
the Laurentian Great Lakes, while in Europe, its population has decreased precipitously, so
(+)-17 can be used for the control and conservation of their populations.

Although they have a high potential for application, to the best of our knowledge, no
total synthesis has been reported so far for these compounds.

2.2.3. Mutafurans

Mutafurans A-G (19-25) are brominated ene-ynetetrahydrofurans (Figure 6) that were
isolated by Molinski in 2007 from the marine sponge Xextospongia muta [27]. Later, Liu
reported the isolation of mutafuran H (26), a brominated ene-tetrahydrofuran isolated from
sponge Xextospongia testudinaria within other sterols and brominated compounds [28]. Their
structure and absolute configuration were determined by 1D and 2D magnetic resonance,
mass spectrometry, and circular dichroism.

OMe

e
220,R=/\/\%f 24F,R=Br\/\/(
Br

23E,R=Br % 25G R= Brj/\/\%f
Br

21C, R = Bra o~ ~%

Figure 6. Structure of mutafurans A-G and the yne-lacking mutafuran H.

Mutafurans A-D showed moderate antifungal activity against the fungus Cryptococcus
neoformans var. grubii, but were inactive against Candida albicans (ATCC14503 and 96-489)
and Candida glabrata [27]. Furthermore, mutafuran H showed biological activity against
Artemia salina larvae (LCsy = 2.6 M) and a significant acetylcholinesterase inhibitory
activity (ICsg = 0.64 uM) [28]. No synthetic approach has been reported to date.

2.2.4. Aspericacids

Aspericacids A (27) and B (28) were isolated in 2020 by Ding and He from the sponge-
associated Aspergillus sp. LS78 [29]. Both compounds bear a 2,5-disubstituted tetrahydrofu-
ran ring coupled with an unsaturated fatty acid (Figure 7). Their structure was determined
by HRESIMS and 1D and 2D NMR spectroscopy, while their absolute configuration was
established relying on electronic circular dichroism (ECD). Compound 27 presents a mod-
erate inhibitory activity against Candida albicans and Cryptococcus neoformans with a MIC
value of 50 ug/mL, although 28 has a weaker activity, MIC = 128 ug/mL. No synthetic
approach has been reported to date.
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aspericacid A (27) aspericacid B (28)

Figure 7. Structure of aspericacids A 27 and B 28.

3. Terpenes
3.1. Monoterpenes
3.1.1. Pantofuranoids

Pantofuranoids A-F (29-34) are monoterpenes that were isolated in 1996 from the
Antarctic red alga Pantoneura plocamioides [30]. They are the first monoterpenes found to
contain a tetrahydrofuran moiety, and their common framework (Figure 8) suggests that
they all come from the same terpene precursor.

Br., Br., Br,
79\‘/\/ O > O 2

" on " on " on
pantofuranoid A (29) pantofuranoid B (30) pantofuranoid C (31)
HO, HO, HO,
7@\'/\/ Br 7@{/\/ Br % Br
" om " on " om
pantofuranoid D (32) pantofuranoid E (33) pantofuranoid F (34)

Figure 8. Proposed structure of pantofuranoids.

In 2006, Toste reported the enantioselective total synthesis of (—)-33, in which the key
step is a vanadium-catalyzed sequential resolution/oxidative cyclization [31]. Using an
in situ generated vanadium(V)-oxo complex with chiral tridentate Schiff base ligand 35
as catalyst, racemic homoallylic alcohol 36 was readily converted into 2,4-cis-substituted
THEF 37 (Scheme 3). The observed stereochemistry can be explained through a chair-like
transition state in which coordination of the pseudo-equatorial ester group to the vanadium
complex determines the selectivity of the syn-epoxidation step. Then, compound 37 was
further elaborated to (—)-33 in 6 steps and 29% overall yield from 37.

o 1) [VO(O'Pr)3] (10 mol%), 35 (11 o
P mol%), O,, acetone, 30 °C, 30-48 h /\\ (o}
EtO 2) TBHP (0.55 equiv), CHCly, t, 3h . EtO (_7<
OH 3) CSA (5 mol%), rt, 16 h oM
36 By 37 (38%)
dr 95:5
~N OH 93% ee
35= Bu OH
Bu

Scheme 3. Vanadium-catalyzed synthesis of the tetrahydrofuranyl core of (—)-pantofuranoid E
by Toste.
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3.1.2. Furoplocamioids

Furoplocamioids A-C 38-40 (Figure 9) are monoterpenes that were isolated in 2001
from the red marine alga Plocamium cartilagineum [32]. They bear an unusual polyhalo-
genated tetrahydrofuranyl ring. Their structural similarity to pantofuranoids suggests
a close relationship between the species that produce them. This is an interesting fact,
since Plocamium cartilagineum and Pantoneura plocamioides are classified in different orders,
Gigartinales and Ceramiales. Therefore, a taxonomic revision could be required. Later, the
Darias group determined the C7 relative stereochemistry by comparison with the NMR
spectra of similar reported terpenes [33]. Gonzalez-Coloma and coworkers found that 38
and 40 show antifeedant effects against Leptinotarsa decemlineata. It was shown that 40 was
also an efficient aphid repellent (against Mizuspersicae and Ropalosiphumpadi) and selective
insect cell toxicant. In addition, both compounds showed low mammalian toxicity and
phytotoxic effects [34].

OH
“,, -ClI
I

H Br

furoplocamioid A (38) furoplocamioid B (39) furoplocamioid C (40)

Br.

Cl

Figure 9. Structure of furoplocamioids A-C (38-40).

3.2. Sesquiterpenes
3.2.1. Heronapyrrols

Heronapyrrols A-C are pyrroloterpenes that were isolated in 2010 from a marine
Streptomyces sp. CMB-MO0423 [35]. They present bioactivity against Gram-positive bacte-
ria Staphylococcus aureus ATCC 9144 and Bacillus subtilis ATCC 6633 but no mammalian
cytotoxicity. Heronapyrrol C (41), apart from the characteristic and unusual 2-nitropyrrol
moiety of this family, presents a bis-tetrahydrofuran core. Later, Capon and Stark first
synthesized and then isolated heronapyrrol D (42) (Figure 10) from the same marine-
derived microbe [36]. Heronapyrrol D displays bioactivity against Gram-positive bacteria
Staphylococcus aureus ATCC 25923 (IC5p = 1.8 uM), Staphylococcus epidermidis ATCC 12228
(ICs59 = 0.9 uM), and Bacillus subtilis ATCC 6633 (IC59 = 1.8 uM). However, it is inactive
against the Gram-negative bacteria Pseudomonas aeruginosa ATCC 10145 and Escherichia coli
ATCC 25922.

O~ OH

HO

HO

heronapyrrol D (42)

Figure 10. Structure of (+)-heronapyrrol C (41) and (+)-heronapyrrol D (42).
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To determine the relative and absolute stereochemistry of (+)-41, Stark and coworkers
proposed and synthesized the most likely stereostructure of its enantiomer (—)-41, based on
a biomimetic polyepoxide cyclization [37]. The same authors also reported the preparation
of a bioisosteric carboxylate analog of (—)-41 [38].

The first total synthesis of (+)-41 was reported in 2014 by Brimble and coworkers, who
used as key steps to introduce the five stereogenic centers a Julia—Kocienski coupling, a Shi
epoxidation, and a catalytic epoxide-opening reaction [39]. The same year, the first total
synthesis of (+)-42 was achieved by Capon and Stark using a similar approach [36]. In 2016,
Brimble and Furkert reviewed the isolation and synthesis of this family of compounds [40].

Later on, the same authors reported another total synthesis for both (+)-41 and (+)-
42 [41]. Shi epoxidation of diol 43, followed by CSA-catalyzed epoxide opening and
cyclization, produces diastereomerically pure 44 in 75% yield over two steps. A further
eight steps, with 31% yield over them, produces intermediate 45, which deprotection gives
(+)-heronapyrrol D (42). Epoxidation of 42 with a Shi ketone catalyst, followed by CSA-
catalyzed epoxide opening, produced enantiomerically pure (+)-heronapyrrol C (41) in 75%
yield (Scheme 4).

O 1. (-)Shi ketone Oxone
EtOWOFI K2CO3, nBU4NHSO4
42(75%) ———— = 41 (75%)

43 OH 2. CSA, toluene

1. TBAF

1. (-)Shi ketone Oxone 2. HCI. MeOH

2. CSA, toluene

44 (75% over two steps) 45 (31%)

Scheme 4. Synthesis of (+)-heronapyrrol C (41) and (+)-heronapyrrol D (42).

Other synthetic approaches towards the 2-nitropyrrole system have been investigated
by Brimble and Furkert, finding that Sonogashira coupling of 4-iodo-2-nitropyrrole with
the appropriate alkyne was more effective than an approach relying on Stille coupling [42].

3.2.2. Kumausallene and Kumausyne

(—)-Kumausallene (46) was isolated in 1983 from the marine red alga Laurencia nippon-
ica Yamada [43]. This compound belongs to a family of non-isoprenoid sesquiterpenes that
contain a 2,6-dioxa-bicyclo [3.3.0]octane core with an exo-cyclic bromoallene (Figure 11).

Br, O >_H§

(-)-kumausallene (46)

Figure 11. Structure of kumausallene.
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In 1993, the first total synthesis of (£)-46 was reported by Overman, who chose a
hexahydrobenzofuranone 47 (obtained by a Prins cyclization-pinacol rearrangement from
48) as the key intermediate for the construction of the bis-tetrahydrofuran unit (Scheme 5).
Further transformation of 47 into bicyclic lactone 49 (within three further steps) and final
methanolisis and tandem cyclization of the corresponding hydroxyester provided, in good
yield, the desired dioxabicyclo [3.3.0]octane 50 [44].

o)
OH H
Ol/\ BzOCH,CHO . OBz
5 BF3.Et,0, -23 °C
‘OH 3.EL h (e}
48 47 (71%)

50 (83%)

Scheme 5. Synthesis of the dioxabicyclo [3.3.0]octane unit of (+)-kumausallene (46) by Overman.

In 2011, a synthetic approach for (—)-46 by Tang employed a desymmetrization
strategy for the formation of the 2,5-cis-substituted THF ring [45]. C;-symmetric diol 51 is
desymmetrized by a palladium-catalyzed cascade reaction to form lactone 52 in 87% yield
(Scheme 6). The total synthesis comprised just 12 steps from commercial acetylacetone. In
2015, Ramana et al. published a different formal total synthesis of (—)-46 based on a chiral
pool approach [46].

H
OH OH 10 mol% PdCl,, CuCl,, CO 00
\/\)\/ NaOAc, HAcO B B
[ /GO
51
52 (87%)

Scheme 6. Synthesis of the tetrahydrofuranyl ring of (—)-46 through desymmetrization by Tang.

(+)-Trans-Kumausyne (53) (Figure 12) is a halogenated non-isoprenoid sesquiterpene
isolated in 1983 from red alga Laurencia nipponica Yamada [47]. Its first total synthesis
was achieved in 1991 by Overman and coworkers [48]. A review covering the synthetic
approaches towards kumausallene and kumausyne, and other natural products containing
a 2,3,5-trisubstituted tetrahydrofuran moiety, was published by Fernandes in 2020 [18].

AcO

-
-

(+)-trans-kumausyne (53)

Figure 12. Structure of (+)-trans-Kumausyne (53).
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3.3. Diterpenes
3.3.1. Darwinolide

(+)-Darwinolide (54) (Figure 13) is a diterpene isolated in 2016 by Baker from the
Antarctic Dendroceratid sponge Dendrilla membranosa [49]. It presents fourfold selectivity
against a biofilm phase of methicillin-resistant Staphylococcus aureus (IC5q of 33.2uM), com-
pared to the planktonic phase (with the higher MIC of 132.9 uM). This interesting property
and its low mammalian cytotoxicity (ICs of 73.4 mM) against a ]774 macrophage cell line
turn darwinolide into a possible scaffold for antibiofilm-specific antibiotics. Additionally, it
was found to have modest activity (11.2 uM) against L. donovani-infected macrophages [50].

AcO

ide ((+)-54)
Figure 13. Structure of (+)-darwinolide ((+)-54).

Its total synthesis was reported in 2019 by Christmann [51]. The required tetrahydro-
furanyl ring is installed starting from the commercially available anhydride 55, which is
converted to the 2,5-dimethoxylated tetrahydrofuran 56 in four steps. A sequence of oxida-
tion (with o-iodoxybenzoic acid), saponification, and Criegee oxidation with Pb(OAc)y is
then used to convert 56 into 57 in 61% yield over three steps (Scheme 7). A further 14 linear
steps are needed to complete the total synthesis of 54, with an overall yield of 1.4%.

B2, |;| OMe 4 steps
(I
HOY -7,
H OMe
56 55

1. IBX, DMSO, 23 °C 18 h
2. K,CO3, MeOH, H,0, 0 °C 30 min
3. Pb(OAC),, MeOH, 0 °C 30 min

OMe

OHCﬁ .
R o —_—
MeO,C "~

H OMe
57 (61%)

Scheme 7. Synthesis of the key THF-containing intermediate in Christmann’s total synthesis of darwinolide.

3.3.2. Uprolides

Cembranolides are a family of compounds related to cembrene, which is a 14-membered
macrocyclic diterpene with multiple (E)-double bonds. Among them, uprolides are a sub-
family of compounds named after the University of Puerto Rico. Uprolides A-G were
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isolated in 1995 by Rodriguez and coworkers from the Caribbean gorgonian Eunicea Mam-
mosa and their structure was assigned by spectroscopic methods and chemical interconver-
sion [52,53]. They are the first natural cembranolides from a Caribbean gorgonian that bear
a double bond at C6 or C8. While uprolides A—C show an epoxy moiety, uprolides D-G
seemed to contain a tetrahydrofuran moiety instead. Uprolides D (58), D acetate (59), D
diacetate (60), and E acetate (61) (Figure 14) present a moderate cytotoxicity against HeLa
cells ((ICsp = 2.5 to 5.1 ug/ ml). Moreover, 59 shows cytotoxicity against the following
human tumor cell lines: CCRF-CEM T-cell leukemia (ICsy = 7.0 pg/mL), HCT-116 colon
cancer (ICsp = 7.0 pg/mL), and MCEF-7 breast adenocarcinoma (ICsy = 0.6 pug/mL).

Uprolide D 58 R'=R?=H Uprolide E acetate 61
Uprolide D acetate 59 R' = Ac, R2=H
Uprolide D diacetate 60 R' = R? = Ac

Figure 14. Structure of tetrahydrofuran-containing members of the uprolide family.

Later structural revisions determined the presence of a tetrahydropyran ring, instead of
the previously proposed tetrahydrofuran, in uprolides F diacetate and G acetate, hypotheses
that were confirmed by asymmetric total synthesis of these natural products [54-57].

In 2007, a synthetic approach to obtain the macrocyclic core of 58 was proposed by
Ramana [58]. The formation of the macrocyclic core is produced by ring-closing metathesis
(RCAM) using a Grubbs’ first-generation catalyst. The RCAM of acetate 62 produces
13-membered macrocyclic 63 in 67% yield (Scheme 8). The macrocyclic core of uprolide E
could not be synthesized using the same methodology.

catalyst
DCM, rt, 36 h

63 (67%)

Scheme 8. Synthesis of macrocyclic core of uprolide D by Ramana.

Marshall developed a synthetic route for C1/C14 bis-epimer of 58 in which the macro-
cyclization is produced by an intramolecuar Barbier reaction [59]. Some years later, other
members of the uprolide family, which lack the tetrahydrofuran ring, have been isolated
from the gorgonian octocoral Eunicea succinea [60].

3.4. Triterpenes
3.4.1. Intricatetraol

Intricatetraol (64) is a halogenated triterpenoid with a C; symmetry that was isolated
in 1993 from the red alga Laurencia intricata (Figure 15). Suzuki and coworkers observed
that a crude fraction of the extract showed cytotoxic activity against P388 leukemia cells
with an ICs value of 12.5 ug/mL. Nevertheless, pure intricatetraol was no longer active
after chromatography. At first, its stereostructure was proposed as being based on its
hypothetical biogenesis [61]. In 2006, Morimoto confirmed this assignment by synthesizing
a degradation product of intricatetraol through a two-directional synthesis [62].
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HO,

Z OH OH >
Br Br
intricatetraol 64

Cl

Figure 15. Structure of (+)-intricatetraol 64.

One year later, Morimoto completed the asymmetric total synthesis of (+)-64 and, thus,
determined its absolute configuration [63]. The tetrahydrofuran ring 65 was stereospecif-
ically constructed by treatment of diepoxyalcohol 66 with lithium hydroxide aqueous
solution. A further 10 steps (with an accumulated yield of 30%) were needed to obtain
intermediate 67, which was then dimerized to afford 68 by olefin metathesis with a second-
generation Grubbs catalyst. Final diimide reduction of intermediate 68 produced (+)-64
(Scheme 9).

MP (+)-64 (56%)

KO,CN=NCO,K
HACO, MeOH, t, 70 h

aq. LiOH
1,4-dioxane 68 (86%)
cat., CH2CI2Y
40°C,7h
10 steps
65 (67%) 67 (30% over ten steps)

Scheme 9. Synthesis of (+)-intricatetraol ((+)-64).

3.4.2. Omaezakianol

Omaezakianol (69) (Figure 16) is a squalene-derived triterpene polyether that was
isolated in 2008 from the red alga Laurencia omaezakiana by Morimoto and coworkers [64].
The same group rapidly reported its first asymmetric total synthesis and, therefore, sta-
blished its absolute configuration [65]. Key steps were olefin cross-metathesis and an
epoxide-opening cascade.

o’z

© .

(NN
@)

:

omaezakianol 69

Figure 16. Structure of (+)-omaezakianol (69).
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In 2010, Corey reported a short total synthesis via a biomimetic epoxide-initiated
cationic cascade reaction [66]. Compound 70 was treated with camphorsulfonic acid (CSA)
to induce the epoxide-opening cascade cyclization, producing 71. Reduction of 71, with
sodium in acetone under reflux, formed the terminal double bond with opening of the THF
ring, affording 69 in 76% yield (Scheme 10). Thus, the synthesis was accomplished in just
six steps from squalene.

OH
O,

Cl
70
CSA, acetone
rt, 1 h
OH Na 69 (76%)
ether
60°C,4h

Scheme 10. Synthesis of (+)-omaezakianol 69 by Corey via an epoxide-initiated cationic cascade.

Another biomimetic epoxide-opening cascade for the synthesis of (+)-69 was reported
in 2013 by Morimoto and coworkers [67]. The cascade, which mimics the direct hydrolysis
mechanism of epoxide hydrolases, begins with 5-exo cyclization of the terminal epoxide
triggered by Brensted acid catalysis. Intermediate 72 then undergoes an epoxide-opening
cascade reaction with TfOH to afford (+)-69 in 33% yield (Scheme 11).

TfOH (+)-69 (33%)
H,0, THF

Scheme 11. Synthesis of (+)-omaezakianol ((+)-69) by a biomimetic epoxide-opening cascade.

3.4.3. Longilenes

Longilenes are triterpene polyethers that were first isolated from the wood of Eu-
rycoma longifolia in the form of (—)-longilene peroxide ((—)-73) [68,69]. In 2001, Morimoto
accomplished its total synthesis [70] and determined its absolute configuration. The same
author also developed a biomimetic synthesis of the C9-C16 fragment of oxasqualenoids in
an enantioselective manner [71]. This chiral building block could be used as an advanced
intermediate for the synthesis of different polyethers, such as teurilene, longilene peroxide,
or glabrescol.

In 2018, Fernandez and Daranas reported the isolation of other members of the family,
namely (+)-longilene peroxide ((+)-73), longilene (74), and the derivative (+)-prelongilene
((+)-75), from the red seaweed Laurencia viridis [72]. These compounds present Ser/Thr
protein phosphatase 2A inhibitory activity (Figure 17). To date, no synthetic approaches
have been reported.
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(+)-prelongilene ((+)-75)

Figure 17. Structure of (—)-longilene peroxide ((—)-73), (+)-longilene peroxide ((+)-73), longilene
(74), and the derivative (+)-prelongilene ((+)-75).

3.4.4. Laurokanols and Yucatecone

In 2021, laurokanols A-E (76-80) and yucatecone (81) (Figure 18), polyether triterpenes,
were isolated from the red alga Laurencia viridis [73]. Laurokanols have an unprecedented
tricyclic core with an [6,6]-spiroketal system. Yucatecone is the first compound of this
series with an R configuration at the C14 position. A biogenetic model, supported by DFT
calculations, was then postulated for the biogenesis of yucatecone.

RZ R1

Laurokanol A 76: R' = Me, R2=H

Laurokanol B 77: R' = CH,CI, R? = OH
Laurokanol C 78: R' = OH, R? = CH,ClI
Laurokanol D 79: R" = OH, R? = CH,Br

Laurokanol E (80)

Yucatecone (81)

Figure 18. Structures of laurokanols A-E (76-80) and yucatecone (81).
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3.4.5. Thyrsenol

Thyrsenol A (82) and B (83) (Figure 19) are polyether squalene derivatives that were
isolated by Norte and coworkers in 1997 from the red alga Laurencia viridis [74]. Although
both compounds show high activity against murine lymphoid neoplasm P-388 cells, com-
pound 83 induced significantly higher inhibitory effects [75]. Other related compounds,
such as thyrsiferol derivatives and dehydrovenustatriol, were found to be even more active.
Therefore, it was postulated that the presence of a flexible chain around C14 to C19, and its
configuration, are of particular importance for the bioactivity of these compounds. Later,
Fernandez and coworkers also found 83 to have protein phosphatase PP2A inhibitory activ-
ity [76]. The activity was comparable to that of dehydrothyrsiferol and thysiferyl-23-acetate,
concluding that a hydroxyl group at C15 or C16 is a key factor for their intrinsic activity. In
2011, the isolation of other derivatives has been reported [77].

R* R

Br
Thyrsenol A (82): R' = OH, R? = CH,OH
Thyrsenol B (83): R' = CH,OH, R? = OH

Figure 19. Structure of thyrsenol A (82) and B (83).

3.4.6. Saiyacenol

Saiyacenols A (84) and B (85) (Figure 20) are triterpene polyethers that were isolated
in 2012 from the red alga Laurencia viridis. Both inhibit cell proliferation of various human
tumor cell lines (MM144 (human multiple myeloma), HeLa (human cervical carcinoma),
CADO-ES1 (human Ewing’s sarcoma), and show the best inhibitory activity against Jurkat
(human T-cell acute leukemia) [78]. In 2015, saiyacenol C (86), and two hydroxylated
derivatives 87 and 88, were isolated from the same alga [79]. Although saiyacenols showed
no activity toward a range of bacteria and fungal strains, compounds 85 and 86 avoid
Navicula cf. salinicola and Cylindrotheca sp. growth, while compounds 87 and 88 were also
active against germination of Gayralia oxysperma.

Saiyacenol A (84): R = CH3; 15S*
Saiyacenol B (85): R = CHj3; 15R*
28-Hydroxysaiyacenol A (87): R = CH,OH; 15S*
28-Hydroxysaiyacenol B (88): R = CH,OH; 15R*

NS
T

' Saiyacenol C (86)
oOh O OH

Figure 20. Structure of saiyacenols A-C (84-86) and their hydroxylated derivatives 87 and 88.

More recently, Pifiero and Ferndndez evaluated a range of natural and semisyn-
thetic terpenoid polyethers against protozoan parasites of the Trypanosoma and Leishmania
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Saiyacenol A (84)

genera [80]. Both 84 and 85 have anti-protozoal activity against Leishmania amazonensis
(IC50 = 12.96 and 10.32 uM, respectively). Interestingly, saiyacenol A 84 was also effective
against the highly resistant Trypanosoma cruzi (ICsg = 13.75 & 2.28 uM). The semisynthetic
28-iodosaiyacenol B showed a high value (ICs5p = 5.40 4 0.13 uM) against Leishmania amazo-
nensis and no toxicity to murine macrophage J774.A1. This turns it into a possible scaffold
for antikinetoplastid drugs, as the data are comparable to those of the reference drug
miltefosine (ICs = 6.48).

Very recently, Nishikawa and Morimoto reported the asymmetric total synthesis of
saiyacenol A, along with that of the related Aplysiol B [81]. In their research, an epoxide-
opening cascade was used to form both THF rings in the same step (Scheme 12). Thus,
from advanced precursor 89, treatment with CSA provoked two sequential 5-exo openings
to form the oxygenated rings in bis-tetrahydrofuran 90. The last step consisted of cross-
methathesis with the ruthenium catalyst 91 and later bromoetherification with BDSB.
Preliminary cytotoxicity was tested against P388, HT-29, and HeLa tumor cell lines, showing
values of 5.4, 85, and >100 uM, respectively.

CSA = ( 0
CH,CI, 7%’ - ~
0°C, 30 min 105 OoH
quant 5-exo

1) 77, 2-methyl-2-butene
reflux, 11 h, quant

2) BDSB, MeNO,
-25°C, 15 min, 32%
rsm 33%

Scheme 12. Synthesis of saiyacenol A by Nishikawa and Morimoto.

3.4.7. Teurilene

Teurilene (92) (Figure 21) is a triterpene polyether that was isolated in 1985 from the red
alga Laurencia obtusa by Kurosawa and coworkers [82]. It has three linked 2,5-disubstituted
THEF rings and, even though it has eight stereogenic centres, it is an achiral compound due
to its meso-symmetry (C;). Compound 92 has a remarkable cytotoxic activity against KB
cells (IC50 =7.0 pug mL~1) [69]. Synthetic approaches and routes up to 2014 are commented
on in a previous review [83].

teurilene (92)

Figure 21. Structure of teurilene 92.

80



Mar. Drugs 2022, 20, 642

3.4.8. Thyrsiferol

Thyrsiferol (93) is a polyoxygenated triterpenoid ether that was isolated in 1978
from the red alga Laurencia thyrsifera [84]. Its absolute stereochemistry (Figure 22) was
determined in 1986 when venustatriol was isolated, since the latter could be crystallized
and characterized by X-ray diffraction [85]. During the next two decades, a plethora of
thyrsiferol derivatives have been isolated. Their biological profiles (cytotoxic, anti-viral,
anti-tumor) have attracted much attention and several syntheses were published and
reviewed in 2008 [86].

Br thyrsiferol (93)
Figure 22. Structure of thyrsiferol (93).

Thyrsiferol has later been found to inhibit hypoxia-induced hypoxia-inducible factor-1
(HIF-1) activation in T47D human breast tumor cells, as well as to inhibit a mitochon-
drial ETC complex I and show tumor cell line-selective time-dependent inhibition of cell
viability / proliferation [77]. In addition, Pifiero and Ferndndez recently reported it to
be active against Acanthamoeba castellanii trophozoites (ICsy = 13.97 pM). Its derivative,
22-hydroxydehydrotyrsiferol, was similarly active (IC5y = 17.00 pM) and both were not
toxic against murine macrophages, which makes them potential leads for the discovery of
novel amoebicidal substances [87].

3.4.9. Rhabdastins

The first members of this family, Rhabdastins A-G, were first isolated in 2010 by
Iwagawa from the sponge Rhabdastrella globostellata [88]. They belong to the group ofisoma-
labaricane triterpenes. In 2021, the tetrahydrofuran-containing rhabdastins H (94) and I (95)
(Figure 23) were isolated from the sponge Rhabdastrella sp. [89]. They are the first marine
isomalabaricanes that present a tetrahydrofuran unit in their structure. Both compounds
show antiproliferative effect against K562 (ICsp 11.7 and 9.8 uM, respectively) and Molt4
(IC50 16.5 and 11.0 uM) leukemic cells.

rhabdastin H (94) rhabdastin | (95)

Figure 23. Structure of rhabdastins H (94) and I (95).

3.5. Meroterpenes
3.5.1. Alisiaquinones and Alisiaquinol

Alisiaquinones A-C (96-98) and alisiaquinol (99) (Figure 24) are meroterpenes that
were isolated in 2008 from a New Caledonian deep-water sponge [90]. They display mild
antimalarial activity, but the high level of toxicity (100% and 80% mortality, respectively)
shown in in vivo assays limited their interest as antimalarial agents. Nevertheless, their
structure can be an inspiration for the development of related structures towards novel
antimalarial drugs.

81



Mar. Drugs 2022, 20, 642

alisiaquinone A (96) R =H

alisiaquinone B (97) R = OMe alisiaquinone C (98) alisiaquinol (99)

Figure 24. Structure of alisiaquinones A-C (96-98) and alisiaquinol (99).

3.5.2. Tricycloalterfurenes

Tricycloalterfurenes A-D (100-103) were isolated in 2017 from the culture extract of
an Alternaria alternata strain (k21-1) isolated from the surface of the marine red alga Lomen-
taria hakodatensis [91]. These meroterpenes present activity against three phytoplankton
(Chattonella marina, Heterosigma akashiwo, and Prorocentrum donghaiense) and one marine
zooplankton (Artemia salina). The higher activity of tricycloalterfurene A (64, 37, 46%,
respectively, against the phytoplankton species) indicates that hydroxylation at C2 or C3
negatively influences the activity against these organisms. Later, Oh and Shin reported
the isolation, from a marine-derived Stemphylium sp. fungus, of tricycloalterfurenes E-G
(104-106) [92]. Very recently, Fraga proposed some structural revisions [93]. Regarding
tricycloalterfurenes A-C, the correct configuration of the hydroxyl group would be 4R
(Figure 25), comparing the NMR data with that of guignardone T [94]. With respect to
trycicloalterfurene D, the correct configuration was proposed to be 6-3-OH (6R), also by
NMR data comparison to similar systems [95]. To date, no synthetic approaches have
been reported.

i OH
tricycloalterfurene A (100)---

tricycloalterfurene D (103)
unassigned configuration at C3

0O

OH
tricycloalterfurene E (104) R = OH tricycloalterfurene F (105)
tricycloalterfurene G (106) R = OMe 17S/17R (1:0.57) epimeric mixture

Figure 25. Structure of tricycloalterfurenes and proposed structural revisions (in pink) by Fraga.
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3.5.3. Marinoterpins

Marinoterpins A-C (107-109) (Figure 26) are linear merosesterterpenoids that were re-
cently isolated (2021) by Winter and Fenical from the marine-derived actinomycete bacteria
Streptomyces sp. AJS-327 and CNQ-253 [96]. Due to their similarity to the aurachin family of
compounds, a marinoterpin biosynthetic cluster (mrt) was identified. Thus, a biosynthetic
route for the 3-geranylfarnesyl-2-methylquinoline core was proposed, although the reac-
tions that lead to the tetrahydrofuran rings as well as the N-oxidation still remain unknown.

marinoterpin C (109)

Figure 26. Structure of marinoterpins A-C (107-109).

4. Other Tetrahydrofuran Derivatives
4.1. Substituted Tetrahydrofurans
4.1.1. Pachastrissamine (Jaspine B)

Pachastrissamine (110) was first isolated by Higa and coworkers from a marine sponge
of the genus Pachastrissa [97]. A year later, Debitus reported its isolation from another
sponge Jaspis sp. and, thus, named the compound jaspine B [98]. Other related com-
pounds were also isolated, including jaspine A (111) (Figure 27). Pachastrissamine is
a sphingolipid—in particular, a derivative from anhydrophytosphingosine. Its biolog-
ical activity and synthetic endeavors until 2016 were summarized by Martinkova in a
mini-review [99].

H.N  OH /(\/OH

07 ""CiaHag HN O
pachastrissamine (110) <O) "'C14Hog
jaspine B jaspine A (111)

Figure 27. Structures of pachastrissamine (jaspine B, 110) and jaspine A (111).

4.1.2. Myrothecols

In 2020, (—)-1S-myrothecol ((—)-112), (+)-1R-myrothecol ((+)-112), and methoxy-
myrothecol (113) (Figure 28) were isolated from deep-sea fungus Myrothecium sp. BZO-
L062 [100]. Enantiomers (—)-112 and (+)-112 were separated by normal-phase chiral
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HPLC, and their absolute configurations were established by ECD spectra. Compounds
(—)-112 and (+)-112 display anti-inflammatory activity, inhibit nitric oxide formation in
lipopolysaccharide-treated cells (RAW264.7), and present antioxidant activity in the 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and oxygen-radical absorbance capac-
ity assays.

]
HO o HO ™6

OH OH

(-)-myrothecol (-)-112 (+)-myrothecol (+)-112 methoxy-myrothecol (113)

Figure 28. Structure of (—)-1S-myrothecol ((—)-112), (+)-1R-myrothecol ((+)-112), and methoxy-
myrothecol (113).

4.1.3. Astronypyrone, Astronyquinone, and Astronyurea

In 2016, astronypyrone (114), astronyquinone (115), and astronyurea (116) (Figure 29)
were isolated from the marine fungus Astrosphaeriella nypae BCC 5335 [101]. Compound
115 shows weak antituberculosis activity (with a MIC value of 50 ug/mL) and presents
cytotoxicity against African green monkey kidney fibroblast cell lines (ICsy = 17.4 pg/mL).

HN
0” °N7| ©
H

astronypyrone (114) astronyquinone (115) astronyurea (116)

Figure 29. Structure of astronypyrone (114), astronyquinone (115), and astronyurea (116).

4.1.4. Sinularones

Sinularones A-I were isolated in 2012 from the marine soft coral Sinularia sp. [102].
Their structures were elucidated by IR, MS, CD, 1D, and 2D NMR. Among them, sinularones
E (117) and F (118) contain a tetrahydrofuran moiety (Figure 30).

(0] @)

H H

sinularone E (117) sinularone F (118)
Figure 30. Structure of sinularones E (117) and F (118).

Their first total synthesis, based on a hydrogenative metathesis of enynes, was reported
in 2020 by Fiirstner and coworkers [103]. The required 2,5-cis-tetrahydrofuran derivative
119 was readily obtained by hydrogenation (over Rh/Al,O3) of commercial furane 120.
Three further steps were needed to obtain silyl ether 121, which in the presence of ruthenium
catalyst 122 and H; undergoes a hydrogenative metathesis. Later deprotection with TBAF
produces 117 with 65% yield over both steps. Sinularone F (118) synthesis utilizes the same
strategy (Scheme 13).
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Rh/ALO5
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1. 122, nBuyNCl, Hy

.............................. . 2. TBAF
= /@ © E
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117 (65% over two steps)

Scheme 13. Synthesis of sinularone E (117). A similar strategy was applied to sinularone F (118).

4.1.5. (+)-Varitriol

(+)-Varitriol ((+)-123) (Figure 31) was isolated in 2002 from a marine-derived strain
of the fungus Emericella variecolor [104]. Its structure and relative stereochemistry were
determined by NMR studies. It displays low cytotoxic activity against leukemia, ovarian,
and colon cells, but its response to renal, CNS, and breast cancer cell lines was very
promising (of the range of Glsy = 1.63-2.44-10~7 M). In 2006, Jennings and coworkers
achieved the first total synthesis of its enantiomer (-)-123 and, thus, determined its absolute
stereochemistry [105].

OMe OMe
AN O = /’;LOZ_...I
HO bH

HO OH
(+)-varitriol ((+)-123) (-)-varitriol ((-)-123)
Figure 31. Structure of (+)-varitriol ((+)-123) and (—)-varitriol ((—)-123).

Its activity towards the mentioned cancer cell lines attracted the attention of synthetic
chemists; different synthetic approaches for (+)-123 appeared in the next few years [106].
Taylor employed a known tetrahydrofuran-2,3,4-triol derivative as the starting material for
the synthesis (in three further steps) of the desired (—)-123 and its 3'-epi-derivative [107].
Srihari also achieved the synthesis of (—)-123, (+)-123, and its 6’-epi-derivative starting
from commercial D-(—)-ribose [108,109]. Krause performed a modular synthesis of (+)-123
in 10 steps, with an overall yield of 6,4% [110]. The key tetrahydrofuran with the ap-
propriate four stereocenters 124 was prepared in four linear steps from a known enyne.
Thus, Sharpless epoxidation and benzylation of (E)-hex-2-en-4-yn-1-ol provided propargyl
epoxide 125 in 47% yield over two steps. A copper hydride-catalyzed reduction of 125,
followed by a gold-catalyzed cycloisomerization, furnished the key dihydrofuranyl inter-
mediate 126, with two of the required stereogenic centers. Final Sharpless dihydroxylation
of 126 afforded 124 as a satisfactory 78:22 mixture of diastereoisomers. The desired natural
product was obtained in a further four steps (Scheme 14).
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S 1. t-BUOOH, /Q) 1. [CuH]
FZ Ti(Oi-Pr), Z 2. AuCl;
D-(-)-DET
2 Nafl-z BnBr. BusNI 125 (47% over 2 steps)
B S 91% ee
OMe
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on - K@z K20S0,(OH)s \G/
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= ] (DHQD),PYR —
o HO OH 126 (64% over 2 steps)
HO = 89% ee
OH 124 (98%)
(+)-123 dr78:22

Scheme 14. Modular synthesis of (+)-varitriol ((+)-123) by Krause.

A recent example of the total synthesis of (+)-123 was reported by Cordero-Vargas [111].
In this approach, the tetrahydrofuranyl key intermediate 127, bearing the four precise
sterocenters, was obtained from commercial L-ribono-1,4-lactone in six steps. The key step
in this process is the stereocontrolled nucleophilic addition to five-membered oxocarbenium
ions directed by the protecting groups. Thus, TBS-protected lactone 128, obtained in four
conventional steps from L-ribono-1,4-lactone, undergoes acetylide addition; a subsequent
Lewis acid promoted oxocarbenium ion formation. The following stereoselective hydride
attack provides tetrahydrofuran 127 as a single diastereomer in 60% yield. The final
synthesis of (+)-123 is achieved in a further four steps with 31% yield over them (Scheme 15).

—

" (o) o 1. TMS-acetylene, nBuLi . (e} W=
S_(v/ THE. -78 °C
- 2. Et3SiH, BF;.0Et,
TBSO OTBS CH,Cl,, -40 °C TBSO OTBS
128 127 (60%)
’ 4 steps j
OMe l
HO
e o OH
S O,
HO OH HO‘\' /
OH

L-ribono-1,4-lactone (+)-123

Scheme 15. Protecting group-directed nucleophilic addition for the synthesis of (+)-varitriol (123).

Later on, Qin developed a direct cross-coupling between terminal alkynes and glycosyl
acetates, which was applied to the formal synthesis of (+)-123 and analogues [112]. More
recently, Wang and coworkers reported another formal synthesis of (+)-123 [113]. They de-
veloped a chromium-catalyzed enantioconvergent allenylation of aldehydes to synthesize
«-allenols from racemic propargyl halides. Starting from silylated propargyl bromide 129
and benzyloxyacetaldehyde, allenol 130 can be accessed through the developed procedure.
The chromium catalyst was formed in situ by the addition of chromium chloride and
the oxazoline ligand (R,S)-131. Manganese acted as a reducing agent, and Cp,ZrCl, as a
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ProHS

Ph

dissociation reagent. Then, removal of the silyl group with tetrabutylammonium fluoride
gave advanced intermediate 132 in 82% yield, thus accomplishing the formal synthesis of
the desired (+)-123 (Scheme 16).

Br 7 mol% CrCl, OH "
9 mol% (R,S)-131 e
/Me + BnO” “CHO 2 (R.5) Bno/_g':':-'«,

1.5 equiv Mn | o

129 1.5 equiv Cp,ZrCl, ProHSi H

DME (0.05 M), rt, 12 h 130 (47%)
7:1dr, 96% ee
TBAF/THF
© OMe
CN : oH

© O : OH Me

Ph"h&’ \Z‘Ph : <~—— BnO =

N HN ; N0 4

1 H H

P : HO - 132 (82%
(R,S)-131 i OH (82%)
(+)-123

Scheme 16. Application of allenylation of aldehydes to the formal synthesis of (+)-varitriol by Wang.

5. Conclusions

Terpenes and related compounds represent an important family of marine-derived
metabolites. The great number of studies focused on their biological activities and total
synthesis remark their importance. We have summarized the most active compounds
for a variety of bioactivities (see Table 2). Trans-oxylipid has shown nematocidal prop-
erties against Haemonchus contortus (LDsg = 1.8 ppm) and Trichostrongyllus colubriformis
(LDsg = 9.9 ppm). These values, comparable to the commercial levamisole and closantel,
make this compound an interesting scaffold for the development of antihelmintic sub-
stances. Though not related to drug development, we want to remark the biological interest
of (+)-PMA. Its potent olfactory response in sea lampreys makes it very valuable for the
control and conservation of lamprey populations. Efforts should be made in developing
a total synthesis for this compound, as none has been reported to date. Mutafuran D has
antifungal activity, showing a moderate value of MIC = 4 mg/mL against Cryptococcus
neoformans var. grubii. Although not an impressive value, further studies could shed light
on the structure-activity relationship of this brominated ene-yne tetrahydrofuran deriva-
tive. Furoplocamioid C could serve as a lead for novel biopesticides, as it has shown a
potent antifeedant effect against Leptinotarsa decemlineata, with an ECsp of 19.1 nmol /cm?,
Myzus Persicae (ECsq of 3.7 nmol/cm?), and Ropalosiphum Padi (ECsg of 1.6 nmol/cm?) but
it has low mammalian toxicity and phytotoxic effects. With respect to antibacterial activity,
heranopyrrole D has shown very good values against Staphylococcus aureus ATCC 25923
(ICsp = 1.8 mM), Staphylococcus epidermidis ATCC 12228 (ICsp = 0.9 mM), and Bacillus subtilis
ATCC 6633 (IC5p = 1.8 mM); thus, the nitropyrrole moiety should be further studied to
determine whether it plays an important role in its antibacterial behavior. On the other
hand, though (+)-darwinolide shows a more moderate value against Staphylococcus aureus
(ICsp = 33.2 uM), its selectivity towards the biofilm phase and its low toxicity makes it a
very good lead for the development of antibiofilm-specific antibiotics.

Regarding antitumoral applications, there are several compounds that have shown
very promising activities. Uprolide D acetate has cytotoxic activity against different tumor
cell lines: HeLa cells (IC5p = 2.5 mM), CCRF-CEM T-cell leukemia (IC5p = 7.0 mM), HCT-
116 colon cancer (IC5p = 7.0 mM), and MCEF-7 breast adenocarcinoma (IC5p = 0.6 mM).
Thyrsenol B has an impressive potential against murine lymphoid neoplasm P-388 cells
(IC50 = 0.016 mM). Saiyacenol B shows antiproliferative activity against tumor cell lines
MM144 human multiple myeloma (IC5p = 11.0 mM), HeLa human cervical carcinoma
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(ICs50 = 24.5 mM), CADO-ES1 human Ewing’s sarcoma (IC5p = 14.0 mM), and possesses a
very good value for Jurkat (human T-cell acute leukemia): ICsy = 2.7 mM. Furthermore, it
presents antifouling activity against Navicula cf. salinicola (IC5p = 17.2 mM) and Cylindrotheca
sp. (ICsp = 17.0 mM). Finally, (+)-varitriol is a very interesting example, as it is quite a
simple molecule with powerful properties. It presents submicromolar activities against
different cancer cell lines, namely RXF-393 (Renal cancer cell) Glsy = 0.16 uM; SNB-75 (CNS
cancer cell) Gl5g = 0.24 uM; and DU-145 (breast cancer cell) Glsp = 0.11 uM. Although some
efforts have already been made and different total syntheses reported, we believe that
further studies should point to the synthesis of analogs and the study of structure-activity
relationships in this simple scaffold.

Regarding antiprotozoal activity, saiyacenol B shows a good ICs of 10.3 mM against
Leishmania amazonensis. Interestingly it was surpassed by its synthetic counterpart, 28-iodo-
saiyacenol B, with a value of IC5y = 5.4 mM pointing to an interesting effect of this 28-iodo-
substitution. Alisiaquinone C presents antimalarial activity in vitro against the chloroquine-
resistant strains MC29 CQR (ICsp = 0.08 mM) and B1 CQR (IC5y = 0.21 mM), and the
chloroquine-sensitive strain F32 CQS (IC5p = 0.15 mM). Though it presents a high toxicity,
similar structures that preserve antimalarial activity and have reduced toxicity values
could be developed. A possible lead for anti-inflammatory development is myrothecol: it
shows antioxidant activity with an ECsy = 1.2 mg/mL (S isomer) and ECs5y = 1.4 mg/mL (R
isomer), inhibits nitric oxide formation, and displays anti-inflammatory activity. It is also a
small molecule and, thus, its synthesis will require lower effort.

In conclusion, the tetrahydrofuran moiety is a common motif found in a variety of such
compounds, which has meant a particular emphasis of researchers on the development of
new methodologies for the synthesis of such derivatives. In this context, total synthesis is a
powerful tool to have access to these natural products. Firstly, it is an invaluable means
for the determination of the structure and total configuration of natural compounds since,
in some cases, the available NMR methods are insufficient in definitively determining the
structures of biologically relevant substances. Secondly, since extracting and purifying
compounds from natural sources are difficult and time-consuming processes, total synthesis
has emerged as a suitable solution for the production of larger amounts of compounds, thus
bringing possibilities for further biological studies, the discovery of novel drug candidates,
and the expansion of the medicinal chemistry frontiers.

Table 2. Summary of most active compounds for a range of bioactivities within this review.

Biological Cell Line or

Compound Activity Organism Biological Result Assay Reference
Haemonchus contortus LDs5p = 1.8 ppm Parasitic nematode
trans-oxylipid Nematocidal Trichostrongylus larval [21]
colubriformis LDsp = 9.9 ppm development assay
(+)-PMA Pheromone Petromyzon marinus 10~ molL ™! Electro- [26]
olfactogram
Mutafuran D Antifungal activity Cryptococcus .. MIC =4 pg/mL Pathogenic fungus [27]
neoformans var. grubii assay
Leptinotarsa _ 5
decemlineata ECs0 = 19.1 nmol/cm
F 1 ioid C i Insect bi
uroplocamioi Antifeedant effects Myzus persicac ECsp = 3.7 nmol /cm? nsect bioassay [32]

Ropalosiphum padi ECsp = 1.6 nmol/cm?
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Table 2. Cont.

Biological Cell Line or . .
Compound Activity Organism Biological Result Assay Reference
Staphylococcus aureus B
ATCC 25923 1Cs =18 1M
. . Staphylococcus
Heranopyrrole D Antlbgcfenal epidermidis ATCC IC50 = 0.9 uM Antibacterial assay [36]
activity 12228
Bacillus subtilis
ATCC 6633 1Cs0 =18 uM
(+)-Darwinolide Antlbéc.t erial Staphylococcus aureus ICsp =33.2 uM MRSA biofilm [49]
activity assay
HeLa cells IC50 =25 ug/ m
' N CCRF—CEM'T—ceII ICs0 = 7.0 g/ mL
Cytotoxic Activity leukemia Cytotoxicity assay
Uprolide D acetate Against Tumor HCT 116 colon [52]
Cell Lines camcer ICso = 7.0 ug/ mL on human cells
MCE-7 breast
adenocarcinoma [Cs0 = 0.6 ng/ ml
Cytotoxic Activity . . -
Against Tumor Murine lymphoid ICs0 = 0.016 1M Cytotoxicity assays (74]
. neoplasm P-388 cells on human cells
Thyrsenol B Cell Lines
Inhibitory activity Protemgﬁ;{iphatase (I[Illlfjlszll(;nlz 9:)1\//[0) Enzymatic assay [75]
MM144 (human
multiple myeloma) _
Jurkat (human T-cell 1Cs0 = 11.0 uM
o ) acute leukemia)
l:?t?‘ﬁmlier:;vte HeLa (human Cytotoxicity assays
A8 o cervical carcinoma) ICs0 =24.5uM on human cells
Tumor Cell Lines
CAD‘O—,ESl (human ICsp = 14.0 M
Ewing’s sarcoma) [78]
Saiyacenol B Jurkat (human T-cell
acute leukemia 1Cs0 =27 uM
Navicula cf. salinicola IC5p =17.2 uM D1aiIt1(;1rirL£gtir(());vth
Antifouling
activity Inhibition of
Cylindrotheca sp. 1C59 =17.0 uM macroalgal spore
germination
Anti-protozoal Leishmania _ In vitro
activity amazonensis ICs0 =10.3 1M susceptibility assay [80]
28-iodo- Anti-protozoal Leishmania _ In vitro
saiyacenol B activity amazonensis ICs0 =54 1M susceptibility assay (0]
Antimalarial MC29 CQR ICsp = 0.08 M [*H]-
activity B1 CQR IC5p =0.21 uM. Hypoxanthine
(in vitro) _ incorporation
Alisiaquinone C F32 CQS ICs0 = 0.15 uM [90]
Antimalarial M(()Sriilét/ykfgl?}::l:y:) 0 four-day
(?r(it‘l,‘i/‘lfg) Rodent malaria Mortality day 5 = 80 iiu‘p/)isl(‘)ezsslsx;e
(20 mg/kg/day) y
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Table 2. Cont.

Biological Cell Line or . .
Compound Activity Organism Biological Result Assay Reference
Antioxid ECs5p =1.2 ug/mL ABTS assay
(—)-1S-Myrothecol nt1o'x1' ant uM Trolox
activity Equiv/uM = 1.4 ORAC assay
bl [100]
Antioxid ECsp = 1.4 ug/mL ABTS assay
(+)-1R-Myrothecol I:ézfit;nt uM Trolox ORAC
Equiv/pM =12 assay
RXF-393 (Renal _ -
cancer cell) Glsp =0.16 uM. Cytotoxicity assays
o Cytotoxic activit -
(+)-Varitriol to}::ancer cell l;/neys SN (c(;llﬁs e Glsp = 0.24 uM Cytotoxicity assays [104]
DU-145 (breast Gl = 0.11 uM Cytotoxicity assays

cancer cell)
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Abstract: Oxygen heterocycles are units that are abundant in a great number of marine natural
products. Among them, marine polyketides containing tetrahydrofuran rings have attracted great
attention within the scientific community due to their challenging structures and promising bio-
logical activities. An overview of the most important marine tetrahydrofuran polyketides, with a
focused discussion on their isolation, structure determination, approaches to their total synthesis,
and biological studies is provided.

Keywords: marine natural products; oxygen heterocycles; tetrahydrofuran; total synthesis; biological activity

1. Introduction

The ocean is the biggest ecosystem of our planet. Plenty of organisms live in the ocean,
and new species are discovered every year. As well, being the oldest ecosystem, marine
organisms have evolved for a longer time than terrestrial living beings, and thus have
different and sometimes better mechanisms of defense. These are represented by specific
compounds, like toxins found in fish and algae and other bioactive substances found in
sponges or tunicates. Usually, the real producers of these compounds are microorganisms
such as bacteria, cyanobacteria, or dinoflagellates. The interesting properties of some of
these metabolites have attracted the attention of the scientific community. As they are
usually scarce and difficult to obtain in large amounts, total synthesis has emerged in
the last decades as a necessary tool to tackle this problem. It has helped to clarify the
structure of some intriguing compounds, and to obtain higher amounts of them in order
to perform proper biological studies. Total synthesis is still a crucial tool, as even with
today’s advanced NMR techniques, misassignment of the structure of biologically relevant
macrolides is a common issue [1].

Polyketides are a diverse class of metabolites, comprising linear as well as macrolide
compounds with a range of biological activities. Some of them have promising potential as
drug candidates [2]. Common sources of this class of compounds are dinoflagellates of the
genus Amphidinium [3]. To understand how to access the macrolide core present in these
and other structures within natural products, we encourage the reader to review general
macrolactonization methods [4].

On the other hand, oxygenated heterocycles are common motifs in marine bioactive
compounds, and therefore the development of methods for their synthesis also requires
attention. The most common are six-membered oxacycles, tetrahydropyrans, and thus
numerous works focus on their synthesis [5,6]. Oxepanes and tetrahydrofurans also appear
in a very large number of marine natural products with interesting properties. Oxepane-
containing marine compounds were recently reviewed by our group [7]. Total syntheses of
marine and non-marine products containing 2,3,5-trisubstituted tetrahydrofurans (such as
kumausallene or petromyroxol) have been recently reviewed by Fernandes [8,9].

Continuing our interest for marine heterocyclic compounds, here we provide an
overview, from 2013 to October 2021, of tetrahydrofuran-containing marine polyketides.
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The compilation of literature on THF-containing macrolides up to 2012 was covered in
an excellent review [10]. Macrolides is such a fertile field that some particular families
of compounds have already been reviewed, such as haterumalides and biselides [11], or
more recently, mandelalides [12]. In recent years, numerous synthetic approaches to the
polyketide family continue to emerge, and here we offer an overview of them.

2. Polyketide Marine Drugs Containing Tetrahydrofuran Rings
2.1. Macrolides

Marine invertebrates, such as sponges, algae or dinoflagellate, are a source of a large
number of secondary metabolites with relevant biological activities. Within them marine
polyketide macrolides have attracted high attention, due to their biological properties and
pharmacological potential. Consequently, the development of new synthetic approaches to
study their properties has been the goal of many researchers [10,13].

2.1.1. Amphidinolides

Amphidinolides belong to the macrolide family and more than forty members have
been isolated from marine dinoflagellates of the genus Amphidinium sp. In the last thirty
years. Within these structurally rich compounds, only a few contain tetrahydrofuran
units embedded in the macrolactone ring. The studies published in the literature about
tetrahydrofuran-containing amphidinolides up to 2013 have been already reviewed by
Alvarez and coworkers [10].

Amphidinolides C and F

Amphidinolides C (1), C2 (2), C3 (3), and F (4) are structurally similar (Figure 1),
bearing a complex 25-membered macrolide core, which contains 11 chiral carbons and a
functionalized side chain. The nature of this chain drastically affects biological activity.
Amphidinolide C, which possesses an (S)-hydroxyl group, is active against murine lym-
phoma L1210 (IC50 = 5.8 ng/mL) and human epidermoid carcinoma KB cell lines (IC50 =
4.6 ng/mL). Strikingly, compounds 2-4 are three orders of magnitude less toxic to the same
cell lines.

1 Amphidinolide C, X =OH, Y =H 4 Amphidinolide F
2 Amphidinolide C2, X = OAc, Y = H
3 Amphidinolide C3, X =Y =0

Figure 1. Structure of amphidinolides C, C2, C3, and E.
In 2016, a new amphidinolide C4 (5) was isolated from octocoral Stragulum bicolor
(Figure 2). Toxicity was tested against the colon adenocarcinoma cell line HCT-116, finding

an IC50 of 10.3 pM. Compound 5 is therefore surprisingly inactive, although it contains a
hydroxyl group in the side chain [14].
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5 Amphidinolide C4

Figure 2. Structure of amphidinolide C4.

The interesting biological properties of these compounds have attracted the atten-
tion of different authors who have described either total syntheses [15,16] or synthetic
approaches to various molecular fragments [17-19]. For instance, Fiirstner and coworkers
took advantage of the structural similarity of 1 and 4 to perform an elegant total synthesis
of both compounds [15]. In these syntheses, the formation of the trisubstituted tetrahydro-
furan unit was performed using a TBAF-mediated oxa-Michael addition, which selectively
led to the desired 1,4-trans tetrahydrofuran ring 7. Parallelly, a chemoselective cobalt-
catalyzed cyclization of an appropriate bishomoallylic alcohol 8 provided the required
trans-disubstituted tetrahydrofuran 9 (Scheme 1).

., OH OEt HoH
TFO/ m 1) TBAF, 0 °C HO%OE’[
3 O 2) TFA,0°C ) (0]

2 “,
¢ 2

6 7 (76%)
HO
/\/\/\ Co(nmp),
OH 'BUOOH, O, gol X
8 9 (84%)

Scheme 1. Synthesis of the THF moiety in amphidinolides C and F by Fiirstner.

Amphidinolide E

Amphidinolide E (10) presents a 19-membered macrolactone ring, bearing a tetrahy-
drofuran moiety and eight stereocenters (Figure 3).

10 Amphidinolide E

Figure 3. Structure of amphidinolide E.

Total syntheses of 10 have already been developed by Lee [20,21] and Roush [22-24].
Recently, Vilarrasa and Costa presented a different approach to its total synthesis. Though
no significant improvement was made in terms of yield or number of steps, this work
provides interesting insights into Julia-Kocienski olefinations [25]. Thus, epoxidation of
alcohol 11 directly afforded tetrahydrofuran 12, through a tandem epoxidation-cyclization
reaction. Subsequent Swern oxidation, followed by Julia-Kocienski reaction with sulfone 13,
provided the northern C10-C21 fragment of amphidinolide E (Scheme 2).
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ent-cis-salalen (10%mol)
Ti(O'Pr)4 (10% mol) (0)

OH N\ OH
L HyOy, CICH,CH,CI aopsd 12

1
\ 9/\/\(1 / 1) P—
TBDPS OH = 2) PTw. Br
o /SS
o m 13

KHMDS, DMF

TBDPSO

14 C10-C21 fragment
(70% over two steps)

Scheme 2. Synthesis of C10-C21 fragment of amphidinolide E.

Amphidinolide K

Amphidinolide K (15) (Figure 4) has also a 19-membered macrolactone, but with a
simpler side chain. Regarding its biological properties, amphidinolide K has shown a
strong stabilizing effect on actin filaments (F-actin).

15 Amphidinolide K

Figure 4. Structure of amphidinolide K.

Vilarrasa proposed a total synthesis of 15 relying on a Hosomi-Sakurai reaction as
a key step [26]. The tetrahydrofuran ring 17 was formed by cyclization of alcohol 16,
followed by elimination of the pyridylselenenyl group with Dess-Martin oxidation. Further
deprotection of the O-PMB group and extension of the chain, through Swern oxidation and
Wittig reaction, led to the C9-C22 fragment 18 (Scheme 3). Subsequent Hosomi-Sakurai
reaction with allylsilane 19, using Yamamoto’s chiral (acyloxy)borane (CAB), provided 20
with a good yield.

Amphidinolide N/caribenolide I

Amphidinolide N (21) is a 25-membered macrolide which contains a 2,5-trans-disubstituted
tetrahydrofuran, an allylic epoxide, and 13 stereocenters (Figure 5). Amphidinolide N is the most
potent cytotoxic member of this family against murine lymphoma L1210
(IC50 = 0.05 ng/mL) and human epidermoid carcinoma KB cell lines (IC50 = 0.06 ng/mL).
However, despite the efforts of different researchers, no total synthesis of this compound has
been reported so far. There are different approaches focused on the synthesis of the fragment
which contains the tetrahydrofuran ring [27-30], a total synthesis of 7,10-epimer [31,32],
and a recently described enantioselective synthesis of des-epoxy-amphidinolide N, which
failed in the last epoxidation step towards amphidinolide N [33].
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PMBO
1) DDQ, H,0, CH,Cl,
TBSO ‘ 1) MsCl, py O 2) Swern
— > TBDPSO, o
TBDPSO 2) TBAF 3~
3) DMP e
= PPhs
16 17 (77% over 3 steps)
™S
\
A = \
OH (0]
7 TBDPSO, 0
T
OTBDPS CAB. -78 °C —

20 (82% dr 7:1)
18 (72% over 2 steps)

C9-C22 fragment

Scheme 3. Synthesis of C9-C22 fragment of amphidinolide K.

21 Amphidinolide N

Figure 5. Structure of amphidinolide N.

Both Sasaki’s [27] and Kuwahara’s [29] strategies to build the tetrahydrofuran moiety
consisted of an intramolecular cyclization of a diol mesylate obtained by Sharpless asym-
metric dihydroxylation (SAD) of mesyl protected alkenol 22 using AD-mix-3. Subsequent
cyclization, mediated by base, afforded the desired 2,5-trans-disubstituted tetrahydrofu-
ran 23 (Scheme 4).

1) AD-mix-B, MeSO,NH,,

ﬂ BUOH/H,0 RMBU
R ! 2
Z n H & H

OMs "Bu  2)DBU, toluene, 100 °C OH
22 23 (81% from free OH)

Scheme 4. Synthesis of THF of amphidinolide N by Sasaki and Kuwahara.

Recently, Fuwa proposed the application of cobalt-catalyzed Hartung-Mukaiyama
cyclization of y-hydroxy olefins to obtain the tetrahydrofuran fragment [30]. Mukaiyama
cyclization is known to afford 2,5-trans substituted tetrahydrofurans with a 2-hydroxy sub-
stituent. Hartung’s modification allows the access to 2-alkyl-substituted tetrahydrofurans,
ideal for the synthesis of tetrahydrofuran-containing fragment 25 of amphidinolide N from
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alkenol 24 (Scheme 5). It is remarkable that unprotected hydroxy groups and somewhat
bulky substituents are well-tolerated.

TBDPSO Ll
OH
TBSO OH [Co(IV)] (15 mol%) ~ TBSO
= toluene/y-terpinene H\\O
air, 80 °C
Bu H "Bu
N PMBO
24 HO
OPMB 25 (66-69%) (dr >20:1)

Scheme 5. Synthesis of THF fragment of amphidinolide N by Fuwa.

With close structural similarity, other macrolides have been discovered recently,
namely isocaribenolide-I (26) and chlorohydrin (27) [34]. They were isolated from a
free-swimming dinoflagellate Amphidinium species (KCA09053 and KCA09056 strains),
together with amphidinolide N. Both have a 26-membered macrolide core, and present high
cytotoxicity against human cervix adenocarcinoma HeLa cells (IC50 = 0.02 for
isocaribenolide-I and 0.06 nM for chlorohydrin). Isocaribenolide-I presents a characteristic
isobutyl side chain, and chlorohydrin is distinguished by a homonymous moiety (Figure 6).

HO,,,

OH

26 Isocaribenolide-| 27 Chlorohydrin

Figure 6. Structure of isocaribenolide I and chlorohydrin.

Amphidinolides T

Amphidinolides T (28-32), 19-membered lactones containing a trisubstituted tetrahydrofu-
ran ring and seven or eight stereocenters (Figure 7), were first isolated by Kobayashi [35-37].
They showed cytotoxic activity against murine leukemia L1210 cells in vitro with an IC50 value
of 18 pg/mL.

O

OH
O j\
29 Amphidinolide T2, 12R, R =% 32 Amphidinolide T5
31 Amphidinolide T4, 12S, R = Me

Figure 7. Structure of amphidinolides T.

In 2013, Clark reported a total synthesis of T1, T2, and T4 from a common interme-
diate 33 (Scheme 6) [38]. Synthesis of the tetrahydrofuran-containing fragment 35 started

100



Mar. Drugs 2022, 20,120

from the allyl ether 36 of a commercially available alcohol, which was transformed into
the a-diazo ketone 37 by sequential saponification, formation of the corresponding mixed
anhydride derivative and reaction with diazomethane. Treatment of 37 with a catalytic
amount of (Cu(acac);) stereoselectively afforded the trans dihydrofuranone 38 in high
yield. Six further steps led to the desired THF-containing fragment (Scheme 7). The total
syntheses of amphidinolide T1, T3, and T4 were completed in 17 steps from a common
precursor with 6.9%, 5.9%, and 5.5% overall yield, respectively.

CO,R

35
33 Common intermediate

Scheme 6. Retrosynthesis of amphidinolides T from a common intermediate.

9 1)KOH, MeOH, it 2
MeO 2) 'BUO,CCl, Et;N X
ﬁo\“ 3) CHoN, ro“"
| OTBDPS OTBDPS
36 37 (72%)
[Cu(acac),]
(10 mol%)
THF reflux
6 steps 0O

|'-:| O H OTBDPS

38 (91%, dr>98:2)
35 (80% over 6 steps)

Scheme 7. Synthesis of THF fragment of amphidinolides T.

2.1.2. Haterumalides and Biselides

Haterumalides (39-44) (Figure 8) were isolated at the end of the 20th century from
the Okinawan ascidian Lissoclinum sp. (haterumalide B) [39] and the Okinawan sponge
Iricinia sp. (haterumalides NA-NE) [40]. Their cytotoxic activity against different targets
made them secondary metabolites of great interest. However, no approaches towards their
synthesis have been described in recent years [10,11].

39 Haterumalide NA, R' =H, R? = Ac, R®=H

40 Haterumalide NB, R = H, R2 = Ac, R® = "Bu
41 Haterumalide NC, R" = OH, R? = Ac, R® = "Bu
42 Haterumalide ND, R' = OH, R? = Ac, R®=H
43 Haterumalide NE, R' =H,R2=H,R®=H

44 Haterumalide B

Figure 8. Structure of haterumalides.
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Biselides (45-49) (Figure 9), C-20 oxygenated analogues of haterumalides, are a family
of polyketides which were isolated from the Okinawan ascidian Didemnidae sp. [41]. Their
structure was determined by spectroscopic analysis and their biological activity was tested
against tumor cell lines, due to their similarity to haterumalides. Cytotoxic activity of
biselides A and C against various human cancer cells are comparable to cisplatin, the
known anticancer drug. Notably, and unlike their haterumalide congeners, biselides A
and C did not show toxicity against brine shrimp even at 50 jig mL~!, which makes them
potential anticancer drug candidates.

49 Biselide E

45 Biselide A, R' = OAc, R? = OH

46 Biselide B, R' = OAc, R? =>@0JH]/

47 Biselide C, R' = OH, R2 = OH Q

H
48 Biselide D, R'=H, R2 =
2N 50,4

Figure 9. Structure of biselides.

In the last years, two total syntheses of biselide A have been published [42,43]. Kigoshi
developed synthetic approaches towards both the core carbon fragment [44] and the
macrolactone moiety [45]. Relying on these methodologies, Kigoshi and Hayakawa finally
accomplished the total synthesis of biselide A [42]. The key step for the construction of
the 3-hydroxy tetrahydrofuran unit was accomplished by intramolecular oxy-Michael
cyclization of intermediate 50, which was obtained in four steps from D-mannose. Further
27 steps were required to obtain natural biselide A (Scheme 8).

teps

Q o
HO HO MeO,C HO,, >< |;| o H ><
HO -Q  4s =\ 7 To Triton B MeO,C Q
HO ” '

MeOH, rt %
50 ODMPM 51 (87%) ODMPM

H 8 steps

D-mannose OH

45 Biselide A 52 (Z Isomer, 54%)
Scheme 8. Synthesis of biselide A by Kigoshi, Hayakawa, and co-workers.

Likewise, Kigoshi has also described the total synthesis of biselide E, from common
advanced intermediate 52 [46].

On the other hand, Britton and coworkers have proposed a concise synthesis of
biselide A in 20 linear steps from L-serine [43]. In this case the stereoselective forma-
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tion of the tetrahydrofuran moiety 55 was done by microwave cyclization of chlorodiol
intermediate 54 (Scheme 9).

O OH OTBS OH OH OTBS H OH

Cl .o H
~ _pea._© Lo/
I THF,-78°C

microwave

Cl MeOH, 120 °C

53 X 54 (dr4:1)

55 (69% from 53)

Scheme 9. Synthesis of THF moiety of biselide A in Britton’s total synthesis.

The key to building the macrocyclic ring was the use of an intramolecular Reformatsky
cyclization from intermediate 56, which led to a 3.5:1 ratio of epimers of the desired
macrolactone. A sequence of oxidation/reduction was used to convert 57 in the desired
epimer 58. Further five steps, including deprotection and installation of the side chain,
provided biselide A with ca. 2% overall yield in 20 steps from L-serine (Scheme 10).

H

o H OTBS cl

'b o] ZnEty

\g Rh(PPh3)sCl
56 Br
OAc Reformatsky reaction Ghe 54% (57:58 = 3.5:1)

1) DMP, NaHCO3, CH,Cl,

‘ 5 steps
2) NaBHy, CeCls, MeOH
(68%) Biselide A
2% overall yield
20 steps from L-serine

Scheme 10. Reformatsky macrocyclization to biselide A by Britton and coworkers.

2.1.3. Chagosensine

Chagosensine (59) (Figure 10), a chloro-substituted macrolide, was isolated from the
calcareous sponge Leucetta chagosensis. Its structure, consisting of a sixteen-membered
macrolide, two 2,5-trans-disubstituted tetrahydrofuran rings embedded within, a unique
Z,Z-configured chloro-1,3-diene unit, and eleven chiral centers, was assigned by spectro-
scopic techniques and degradation experiments [47]. Chagosensine structure is similar to
the haterumalide and biselide families, but the conjugated chlorodiene unit is only present
in this natural product. Nevertheless, Fiirstner and co-workers have shown disagreement
with the proposed structure and have carried out different synthetic studies in order to
demonstrate their arguments [48,49].

HO y . g N

Figure 10. Initially proposed structure of chagosensine.

The synthesis of putative chagosensine proposed by Fiirstner relied on Mukaiyama
cyclizations using Co(Il) catalyst to obtain 2,5-trans-tetrahydrofuran derivatives 60 and 61
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from the appropriate alkenols 62 and 63 [48]. After further elaboration, optimized Stille
coupling of 1,2-bisstannane derivative 64 and vinyl iodide 65 provided the precursor di-
ene 66 in moderate yield. Finally, six additional steps, including a Yamaguchi lactonization,
produced the desired macrocycle (Scheme 11). The product proved unstable and had to be
transformed into the known methyl esther, though huge deviations in the NMR seemed
to indicate that the structure was misassigned. More recently, further efforts were made
to access eight different diastereomers in order to find the correct structure [49]. Unfortu-
nately, none of the structures synthesized matched the original spectroscopic data. Thus,
the structure of this intriguing marine macrolide remains unresolved.

Mukaiyama cyclization

Co(nmp), (10 mol%) :

TBSO OMOM 10 steps (22%) s

‘BUOOH (10 mol%) /\/\/\/\‘/\(J = o
0, (1 atm), 'PrOH, 55 °C
H OMOM HO H H OMOM
HOWO 4 steps (51%) Bussnmo
— J
57 L
OTBS BuzSn ca OTBS
60 (69 % dr> 20:1)
HO y OMOM
BusSn 2 o (BusP)Pd (15 mol%)
6 steps (6%) J [Ph,PO,]INBu,]
59 Proposed ~— 0 LiCl, NMP, 60 °C
Stille coupling

chagosensine

N
\OH

4 steps
OH Mukaiyama cyclization H 1 0 steps
\/\)\/OTBS Co(nmp), (10 mol%) ; (6i65%)
OTBS
g BUOOH (10 mol%)
- 0, (1 atm), 'PrOH, 55 °C *
63 (35.6% over 4 steps) 61 (79%)

Scheme 11. Synthesis of putative chagosensine.

2.1.4. Formosalides

Formosalides A and B (Figure 11) are 17-membered macrolides isolated from marine
dinoflagellate Prorocentrum sp. [50]. Their structures and relative stereochemistries were deter-
mined by spectroscopic techniques. Cytotoxicty of the formosalides was significantly lower
than amphidinolide N or caribenolide I, despite their structural similarity. Formosalides A
and B showed in vitro moderate cytotoxic activity against CCRF-CEM human T-cell acute
lymphoblastic leukemia cells (LD50 [A] = 0.54 ug/mL and LD50 [B] = 0.43 ug/mL) and DLD-1
human colon adenocarcinoma cells (LD50 [A] > 40 pug/mL and LD50 [B] = 2.73 ug/mL) [50].
The structure and absolute configuration were confirmed by Fiirstner and co-workers recently
by total synthesis of different stereoisomers [51].
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66 Formosalide A, R=H
67 Formosalide B, R = Me

Figure 11. Structure of formosalides A and B.

As said, Fiirstner’s group has accomplished the synthesis of both macrolides and two
other isomers [51]. The required trans-disubstituted tetrahydrofuran ring 68 was prepared
by stereoselective cobalt-catalyzed oxidative cyclization of bishomoallylic alcohol 69, with
excellent yield and selectivity (Scheme 12).

1) Co(nmp), (10 mol%)

// ‘BUOOH, O, (1 atm), //
'ProH
OH 2) [SOzpyridine], ‘ o)
DMSO, 'Pr,NEt 0
69 68 (75% over 2 steps)

Scheme 12. Synthesis of THF in formosalides.

Following, the coupling of THF-carbaldehyde 68 with fragment 70 by an Evans—
Tishchenko reaction led to intermediate 71, which was subjected to ring closing alkyne
metathesis to yield macrocycle 72 with good yield. The final installation of the side chain,
achieved by Stille-Migita coupling of vinyliodide 73 with the appropriate vinylstannane
derivative, and deprotection of the TBS group led to both formosalides due to unexpected
partial hydrolysis of the ketal (Scheme 13).

74

1) Sml,, PhCHO, THF = ¢

68  2) TBSOTY, 2,6-lutidine, CH,Cl, ~ TBSO O PMBO  OTES
9 /\/‘\/\/\)\/\/

i OTES

O OH PMBO OTES
M 71 (68% over 2 steps), 3:1
70 = OTES [Mo] (30 mol%)
CH,Cl; /toluene
110°C
OH 6 steps (24%) 'OTES
-— OTES
¥ "OH
73 H 72 (82%)
1) TBSO A SnMeg
S =

Pd(PPhs)s (20 mol%), CuTC HO
[Ph,PO,]INBu], DMF

2) TASF, aq. DMF

1 41%, Formosalide A, R = H
2 49%, Formosalide B, R = Me

Scheme 13. Synthesis of formosalides by Fiirstner.
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Mohapatra and co-workers have also reported a stereoselective synthesis of the C1-
C16 fragment of formosalide B [52]. A one-pot Sharpless asymmetric dihydroxylation
of «,pB-unsaturated ester 74, followed by intramolecular Sy2 displacement, produced
the desired trans-tetrahydrofuran 75 with a high 88% yield and total stereoselectivity
(Scheme 14).

o)
/= (DHQD),PHAL, K,CO3 NOB
TBDPSO  OMs OEt 50
o] Ka(Fe(CN)g), K20sO, TBDPSO OH
74 75 (88%)

Scheme 14. Synthesis of THF-containing fragment in formosalides by Mohapatra and co-workers.

2.1.5. Halichondrins

Halichondrins (76-84) (Figure 12) are a family of polyether macrolides isolated in
the 20th century from a marine sponge, Halichondria okadai Kadota [53]. According to
their structure, they are classified in A-C halichondrins, norhalichondrins, and homo-
halichondrins (Figure 12). All have been found in natural sources except halichondrin A.
Their complex structure is composed of a polyether macrolide with several fused five- and
six-membered oxacycles.

76 Halichondrin A, X = Y= OH
77 Halichondrin B, X =Y=H
78 Halichondrin C, X = OH, Y=H

o (o) -

/k H

T
L

HO™ ~O
79 Norhalichondrin A, X =Y = OH 82 Homohalichondrin A, X =Y = OH
80 Norhalichondrin B, X =Y =H, 83 Homohalichondrin B, X =Y =H

81 Norhalichondrin C, X = OH,Y = H 84 Homohalichondrin C, X =0OH, Y =H
Figure 12. Structure of halichondrins, norhalichondrins and homohalichondrins.

Great efforts by Kishi’s group have been devoted to the synthesis of this family of
compounds. To finally reach the total synthesis, Kishi et al. first established the synthesis
of different fragments of halichondrins such as: C1-C19, through key Ni/Cr-mediated
coupling of polyhalogenated nucleophiles [54,55], C14—C38 fragment, by oxy-Michael
cyclization [56,57], and those combined led to the C1-C37 right halves of halichondrins A-
C[58]. In 2017, Kishi and co-workers accomplished a general and scalable total synthesis of
halichondrins [59]. In this paper, a new Zr/Ni-mediated one-pot ketone synthesis gave the
key to couple the right (85) and the left (86) halves of all types of halichondrins, including
homo- and reluctant norhalichondrins (Scheme 15). Then, after fluoride deprotection of the
silyl groups, ketone 87 was transformed to the spiroketal 88. By coupling different halves,
halichondrins, norhalichondrins and homohalichondrins were accessed. To exemplify
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the success of this strategy, an overall yield of 14.3% was obtained for the synthesis of
halichondrin B from commercial D-galactal.

~_ 0
O‘ 0 NiBry (dtbbpy) (30 mol%),
o "”)J\SPy-Z Cp,ZrCl, (3 equiv),

d ('Bu)z(Me)Py (4 equiv),

Zn (6 equiv),
DMI/EtOAc (5:1, 0.1 M), rt

Z 86 (1 equiv)

84%

1) HF.Py, THF,
then TBAF, pivalic
acid, DMF, rt

2) PPTS (5 equiv),
CH,Cl,, 20 °C

85 (1.3 equiv)

Access to 9 members -
of the halichondrin family -—

88 (67% for three steps)

Scheme 15. Key step in the total synthesis of halichondrins by Kishi.

Recently, Nicolaou and coworkers described a reverse approach for the total synthesis
of halichondrin B [60]. The strategy consisted of first forming the C-O bonds and then
the C-C bonds of the cyclic moieties, which is opposite of the usual methods that first
form C-C bonds and then rely on C-O bond-forming cyclizations. As an example, we can
see in Scheme 16 the formation of linear ethers 89a and 89b by Nicholas etherification of
alcohols 90 and 91. The required diastereoisomer 89b was subjected to radical cyclization
to close the THF ring in 92. This methodology was applied throughout the total synthesis
of halichondrin B, which was synthesized in just 25 linear steps from commercial materials.

Br
Nicholas etherification \]\;)L[’(/ 89a (31%)
W J\ 1) Coy(CO)g, BF5OEt, OTBDPS
OTBDPS ZCAN
W "/ 89b (38%)
L

O _o H OTBDPS
AIBN, "Bu,SnH |
H O OTBDPS

92 (92%)

Scheme 16. Reverse approach to halichondrin B by Nicolaou.

Biological studies demonstrated that the right half of this class of natural products
showed potent in vitro and in vivo antitumor activity [61], which led to the approval of
eribulin mesylate (Figure 13) by the FDA for the treatment of late-stage breast cancer.
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This compound is known under the commercial name of Halaven®. The mechanism and
pharmacokinetics of eribulin and its use in numerous Phase I, I, and III clinical trials have
been described in different reviews [62,63].

/
H,N  OHQ

93 Eribulin (synthetic product)
Figure 13. Structure of the anticancer drug eribulin.

2.1.6. Iriomoteolides

Iriomoteolides are a recent class of macrolides isolated from a marine benthic dinoflagellate
of the Amphidinium species [64]. Among all members of this family, iriomoteolide-2a (94) [65],
10a (95) [66], and 13a (96) [67] present at least a substituted tetrahydrofuran ring (Figure 14).
They stand up for their potent biological activity against human cervix adenocarcinoma HeLa
cells (IC50 = 0.03 pug/mL, 1.5 uM and 0.5 ug/mL, respectively) and other cell lines, human B
lymphocyte DG-75 (IC50 [2a] = 6 ng/mL and IC50 [10a] = 1.2 uM), and murine hepatocellular
carcinoma MH134 cells (IC50 [10a] = 3.3 uM).

95 Iriomoteolide-10a

Figure 14. Structure of THF-containing iriomoteolides.

Despite their biological interest, there is no total synthesis reported for the 21-membered
macrolide 95, nor the 22-membered macrolide 96, probably due to their complexity. On the
contrary, the synthesis of 94 was accomplished by Fuwa and co-workers recently and it led
to a structural revision [68,69].

Iriomoteolide-2a was the first 23-membered macrolide isolated from nature. Its struc-
ture contains two contiguous tetrahydrofuran rings embedded in the macrolide skeleton
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94 Iriomoteolide-2a

and a side chain containing three chiral centers. Two key steps made up the synthetic
approach devised by Fuwa [68], a Suzuki-Miyaura coupling reaction between a vinyl
iodide 97 and an olefin 98, and a ring closing metathesis with 99 to build the macrolactone
(Scheme 17).

Scheme 17. Retrosynthesis of iriomoteolide-2a.

A convergent strategy allowed the synthesis of the different possible stereoisomers of
iriomoteolide-2a. Having discarded the original proposed configuration, the construction
of the correct bis-THF fragment was achieved by two sequential cycloetherifications. Thus,
Sharpless asymmetric epoxidation of 100 provided diepoxide 101, which in situ under-
went epoxide opening cascade with formation of the desired bis-THF 102. The relative
configuration of this bis-tetrahydrofuran was established by ROE experiments (Scheme 18).

: OH
o ; OH
TESO OTES - (+)-DET, Ti(OPr),
H oo i ___ OH {BUOOH, CH,Cl, 0
' 102
0
-40 t0 -20 °C
TBDPSO 100 s
OTBDPS

101

Scheme 18. Synthesis of contiguous THF in iriomoteolide-2a.

In this synthesis macrocyclization was performed at a very late stage. Thus, ring
closing methathesis of precursor 103, with a second-generation Grubbs catalyst (G-1I), led
to macrocycle 104, which after final deprotection step afforded the desired iriomoteolide-2a
(Scheme 19).

Thanks to this total synthesis it was possible to establish the absolute configuration of
iriomoteolide-2a and to re-study the biological activity of synthetic compounds [69]. By
comparing the spectral data, the correct stereochemistry of the natural compound could be
assigned, which differed from the first proposed assignment [65]. Surprisingly, in contrast
to the potent cytotoxic activity reported for the natural product, the synthetic iriomoteolide-
2a only showed marginal antiproliferative activity in HeLa cells (IC50 = 60 utM). A plausible
explanation for the high cytotoxicity measured in natural iriomoteolide-2a is the presence
of traces of a highly potent contaminant in the sample.
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TBSO, H

G-I, toluene, 35 °C

104 (64%, E/Z 4:1)

HF-py, THF

75%

Scheme 19. Engame to iriomoteolide-2a by Fuwa.

2.1.7. Mandelalides

Mandelalides A-D (105-108) (Figure 15) are a group of marine macrolides isolated in
2012 from a species of lissoclinum ascidian [70]. Their macrocyclic core has two cyclic moi-
eties embedded, a glycosylated 2,6-cis-substituted tetrahydropyran and a 2,5-cis-substituted
tetrahydrofuran. Within them, the natural isolated compounds 105 and 106 yielded
nanomolar IC50 values against mouse Neuro2A neuroblastoma cells and human NCI-
H460 lung cancer cell lines. Their complex structure was elucidated by 1D and 2D NMR
experiments and mass spectrometry, although the stereochemistry of Mandelalide A was
definitively established after its total synthesis by Xu and Ye [71].

revised by Xu and Ye

g0 ", O
U U 107 Mandelalide C
HO “'OMe HO “"OMe R'= COCH,CH,CHs

OH OH R?=0OH
i 108 Mandelalide D
105 Mandelalide A 106 Mandelalide B R"= COCH,CH,CH3

R2 = COCH,CH,CHj3
Figure 15. Structure of mandelalides.

Years later, new members of this family were isolated, namely mandelalide E-L [72,73].
This has permitted the study of structure-activity relationship, showing that glycosylation
is essential for their biological activity.

Since the discovery of mandelalide A, different researchers have proposed approaches
for its total synthesis [12]. The main difference between them lies in the key reaction
steps. Tao Ye and co-workers reported the use of Rychnovsky-Bartlett cyclization for
the preparation of the tetrahydrofuran moiety and an Horner-Wadsworth-Emmons for
the macrocyclization [71]. Amos B. Smith developed an anion relay chemistry (ARC)
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strategy [74] to synthesize the tetrahydrofuran and tetrahydropyran structural motifs
which were joined by Yamaguchi esterification [75]. Intramolecular Heck cyclization [76],
Sharpless asymmetric dihydroxylation [77] or Julia olefination [78] were also employed in
other total syntheses.

As an example, we want to highlight the convergent total synthesis reported by Alt-
mann [79]. In this synthesis, the highly oxygenated tetrahydrofuran 109 was constructed
from compound 110 by acetal cleavage/epoxide opening cascade reaction. Then, sub-
stitution of the primary OH with iodine (111) and subsequent radical alkynylation with
sulfone 112 afforded 113. After further elaboration, the tetrahydrofuran fragment 114 was
accessed (Scheme 20).

Fec|3'6H20
CHyCl, ,rt

OTBS

HO
109 X = OH (89%)
THF, reflux 111 X=1(88%)

PPhs, ImH, |2<

112
1]
TIPS———S-CF;
\ 7 st 339
o otes 'SP B¥E) - H,
(BuszSn), , UV 300 nm
Benzene, rt OTBS
TIPS | He

113 (47%)

Scheme 20. Synthesis of the trisubstituted THF in mandelalides.

With the needed building blocks in hand, tetrahydropyran 115 and tetrahydrofuran 114
moieties were united via Sonogashira coupling to afford enyne 116. Then, Shiina macro-
lactonization was used to access macrolactone 117, which was transformed to the desired
natural product in four additional steps and a 2.15% overall yield (Scheme 21).

Sonogashira coupling
[Pd(PPhj)4], Cul
Et;N, MeCN

116 (95%)

OAc

1) MNBA, DMAP

2) DBU, CHgCN
Shiina macrolactonization

HO “'OMe

OH
105 Mandeladide A
2.15% (overall yield)

OH 117 (62%)

Scheme 21. Macrocyclization and final steps for the synthesis of mandelalide A.
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Biological studies of synthetic mandelalide A revealed a potent inhibitory activity of
the proliferation of H460 and A549 lung carcinoma cells, but not cytotoxic activity at least
within the concentration range studied [70,79]. In general, mandelalides have shown to
have highly cell-type dependent bioactive effects.

2.1.8. Mangromicins

Mangromicin A (118) and B (119) (Figure 16) were the first members of this family
isolated from actinomycete Lechevalieria aerocolonigenes [80], followed by six new analogues,
mangromicins D-I [81]. The mangromicins contain a cyclopentadecaene skeleton with a
5,6-dihydro-4-hidroxy-2-pyrone moiety and a tetrahydrofuran unit. All mangromicins
show important biological activities. Special effects have been found in Mangromicin A,
which exhibits potent antitrypanosomal activity against Trypanosoma brucei brucei GUTat
3.1 strain (IC50 = 2.4 in vitro essays) and cytotoxicity against MRC-5 cells.

(o}
“, 22
O
OH
119 Mangromicin B 120 Mangromicin E

O Rz OH

121 Mangromicin D, R" = CH,CH,CH3, R? = CH,0H, R® = H, R* = CH,
122 Mangromicin F, R! = C;Hs, R? = CH,0H, R® = H, R* = CH3

123 Mangromicin G, R' = CH,CH,CHjg, R? = CH3, R® = H, R* = CH,OH
124 Mangromicin H, R" = C,Hs, R? = CH3, R® = H, R* = CH3

125 Mangromicin I, R' = C;Hs, R? = =CHj, R® = OCHg, R* = CH3

Figure 16. Structure of mangromicins.

The first and unique enantioselective total synthesis of mangromicin A was reported
by Takahashi and coworkers [82]. Deprotection of the OTBS group in compound 126 led to
hydroxyketone 127, in equilibrium with its hemiketal. Then, a Mukaiyama-type vinylogous
alkylation was used as key step to synthesize the desired tetrahydrofuran moiety (-)-128,
bearing a C-2 quaternary carbon with the desired configuration. A further 21 steps, includ-
ing a crucial Dieckmann cyclization to generate the 4-hydroxydihydropyrone unit, were
needed to complete the total synthesis of mangromicin A (Scheme 22) [82].

2.1.9. Nonalides: Cytospolides

Cytospolides (Figure 17), which belong to a nonalide family, are a group of compounds
which were isolated in Gomera island (Spain) from an endophytic fungus, Cytospora sp., by
Zhang and co-workers in 2011 [83]. The different structures and absolute configurations
of cytospolides were first elucidated and established by spectroscopic analysis, chemical
derivatization, and X-ray diffraction [83]. Almost all members of this family contain
a 10-membered lactone. Additionally, cytospolides M (129), cytospolide N (130), and
cytospolide O (131) are tetrahydrofuran-containing nonalides. Cytospolide Q (132) is the
exception, containing a 15-carbon skeleton with two different rings, a tetrahydrofuran and
a y-butyrolactone.
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= E o I
)VO = 0 THF )VO = 0 )VO g
TMSO™ X

127 (94%, 10:1 mixture in CDCl3) BF30Ety, CH,Cl,

21 steps (23%)

-
-

118 (+)-Mangromicin A (-)-128 (66%, single diastereomer)

Scheme 22. Synthesis of THF segment of mangromicin A.

129 Cytospolide M (R =H) 131 Cytospolide O 152 Gytospolids/Q

130 Cytospolide N (R =OAc)
Figure 17. Structure of cytospolides.

Stark et al. have reported the total synthesis of cytospolide D and its conversion
into cytospolides M, O, and Q (Scheme 23) [84]. Cytospolide M was obtained in a single
step with a 86% yield from cytospolide D, by diastereoselective epoxidation. Subsequent
opening of cytospolide M with potassium trimethylsilanolate, followed by spontaneous
recyclization during the workup, allowed the preparation of the desired cytospolide Q. On
the other hand, cytospolide O was obtained through an oxa-Michael addition from a close
precursor of cytospolide D in three steps.

1) Dess-Martin periodinane, CH,Cl,
2) DDQ, CH,Cl,/H,0O
3) LIHMDS, THF

131 Cytospolide O (58%)

H _ OH  ho
(CHz)BSIOKA/H\EO)_)I
THF -,
(6]

o

133 Cytospolide D (86%) 129 Cytospolide M (86%) 132 Cytospolide Q (63%)
Scheme 23. Synthesis of cytospolides.

In a different approach, a convergent route for the total synthesis of cytospolide Q has
been proposed in 10 linear steps, with an overall yield of 2.8%, from known intermediate
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135 [85]. A set of cascade reactions are the key to build the tetrahydrofuran ring and the
y-butyrolactone moiety (Scheme 24).

OH HO Cycloetherification- OH
o lactonization

O\ 2
o) o
132 135

Scheme 24. Retrosynthesis of cytospolide Q.

Nine linear steps from 136 were needed to prepare the required precursor (137). A set
of convenient cascade reactions, such as acid-catalyzed acetal deprotection, subsequent
tetrahydropyranyl formation by epoxide opening with the appropriate hydroxyl group
and final y-lactonization allowed the formation of cytospolide Q in a single step from 137

(Scheme 25).
OH  Ho
OH 9 steps CSA o
o = MeOH Y,
Q = i 0™
o ﬁ/o 137 , .
136 132 Cytospolide Q (19%)

Scheme 25. Total synthesis of cytospolide Q.

The moderate cytotoxic activity against tumor cell lines of some members of the
cytospolide family [83] has prompted researchers to synthesize structurally diverse deriva-
tives which may have improved properties [85]. Thus, Stark and Erlich [86] envisioned
the synthesis of cytospolide analogues 138 and 139 from a modified cytospolide D inter-
mediate 140 in which an alkynyl side chain was used as a versatile handle for further
functionalization (Scheme 26).

N
OHOH 1'\/\BI‘ , QH R
1. mCPBA [PULIGII . Y
2 CSA : 2 2. (CH3)sSIOK, THF (7~0 o
[/ o

140 Cytospolide D analogue 138 Cytospolide M analogue (90%) 139 Cytospolide Q analogue (20%)
R= b s

Scheme 26. Synthesis of cytospolide analogues.

2.1.10. Oscillariolide

Murakami and co-workers isolated a new macrolide from a marine blue-green alga
Oscillatoria sp. in 1991 [87]. Oscillariolide (Figure 18) has a complex structure which was
established on the basis of extensive spectral analysis. Interestingly, its determination has
been very useful for the discovery of phormidolides.

Figure 18. Structure of oscillariolide.
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Despite the interesting inhibition activity of oscillariolide towards the cell division of
fertilized starfish eggs, no total synthesis of this compound has been reported.

2.1.11. Phormidolides

The first member of this family, Phormidolide A (142) (Figure 19), was isolated in
2002 from the marine cyanobacterium Leptolyngbya sp. [88]. Although it was an inac-
tive metabolite in cell line essays, phormidolide A showed high toxicity to brine shrimp
(LC50 = 1.5 uM). At that moment, a complex structure was proposed on the basis of spec-
troscopic techniques. Eleven stereocentres, a tetrahydrofuran-embedded macrolactone,
a polyol side chain and a terminal bromomethoxydiene motif composed the polyketide.
Almost 20 years later, the assignment of eight chiral centers was corrected thanks to the
contribution of Gerwick, Paterson, Britton, and Piel and colleagues, who used synthetic
methods [89], computational information, and anisotropic NMR studies [90].

O,

Br O OH OH OH OH OH

Figure 19. Structure of phormidolide A.

In 2015, the study of an active organic extract of Petrosiidae sponge concluded with
the discovery of two important novel phormidolides, phormidolide B and phormidolide C
(Figure 20) [91]. Their structural similarity to phormidolide A [90] and oscillariolide [87]
helped in the establishment of their overall structure by NMR techniques.

143 Phormidolide B, R = Cl, double bond
144 Phormidolide C, R = Br
145 Phormidolide D, R = Cl

Figure 20. Structure of phormidolides B-D.

These new compounds present cytotoxic activity against three human tumor cell lines,
lung (A-549), colon (HT-29), and breast (MDA-MB-231), with an unknown mechanism
of action. Their challenging structure has attracted the interest of synthetic chemists
who have developed different strategies to access either the macrolide ring [91-93] or the
polyhydroxylated chain [94,95].

Phormidolides could be divided into three molecular fragments with two main discon-
nections: a macrocyclic core, a polyhydroxylated chain containing a tetradecanoic fatty acid,
and a propargylic organometallic (Scheme 27). Synthetic approaches to each individual
fragment have been described, although no completed synthesis of any of these compounds
has been reported so far [93].
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R
“ o .0TBS

Scheme 27. Retrosynthesis of phormidolides.

Focusing on the tetrahydrofuran-containing macrolactone, Alvarez et al. published an
approach to its synthesis starting from commercially available 2-D-deoxyribose [91]. The
key steps of this synthesis are the simultaneous formation of a trisubstituted double bond
and a new stereocenter through the stereoselective 1,5-anti-addition of an allylstannane 146
and ribose-derived aldehyde 147. Then, 148 was subjected to final Shiina macrolactoniza-
tion affording the desired 149 (Scheme 28).

OH ‘Buo
HO i TBDPSO 2 iR
8 147 146
HO TESO SnCly
2-D-Deoxyribose

.OTBS B
1. TBSOTY, CH,Cl, ro
2.PPTS,MeOH Tgpps ,

o]
3. MNBA, DMPA

TBDPSO £
(e}

O OTIPS 149

Scheme 28. Retrosynthesis of phormidolide macrocycle.

2.2. Linear Polyketides
Ionostatin

Ionostatin (Figure 21) [96], extracted from an actinomycite of Streptomycetaceae family,
is the most recently discovered polyether ionophore [97-99]. Its structure and absolute
stereochemistry were determined by NMR experiments, X-ray diffraction (calcium salt)
and bioinformatic approach. The compound, a close analog to ionomycin (Figure 22) [100],
contains 15 chiral centers and two tetrahydrofuran rings.

OH OH

O OH

150 lonostatin

Figure 21. Structure of ionostatin.
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151 lonomycin

Figure 22. Structure of ionomycin.

Polyether ionophores are chemotherapeutic agents for the treatment of cancer [101].
Initial bioactivity essays of ionostatin revealed inhibition (LD50 = 7.4 ug/mL) against two
important cancer cell lines such as U87 glioblastama and SKOV3 ovarian carcinoma.

2.3. Polycyclic Polyketides
Akaeolide

Akaeolide (Figure 23) is another polycyclic polyketide isolated from a culture extract of
a marine-derived actinomycete, Streptomyces sp., in 2013 [102]. Its 15-membered carbocyclic
structure possesses a five-membered cyclic ether and a 3-keto-5-lactone unit. The biological
essays of this compound have shown modest cytotoxicity against 3Y1 rat fibroblasts with
an IC50 of 8.5 uM [103].

152 Akaeolide

Figure 23. Structure of akaeolide.

2.4. Acetogenin Metabolites

Acetogenins are secondary metabolites derived from polyketides. Acetogenins from
marine algae are mostly halogenated and are thought to have a common C15 precursor
derived from a C16 fatty acid. The majority of these marine C15 acetogenins are different-
sized cyclic ethers with a terminal enyne or bromoallene. Among them, tetrahydrofuran
and bis-tetrahydrofuran acetogenins are quite abundant. Acetogenins are known to be
chemotaxonomic markers from red algae to the genus Laurencia. A general overview of
C15 acetogenins from 1965 till 2015 was provided by Falkenberg [104].

In 2016, three new tetrahydrofuran-containing acetogenins with potent and selective
antiproliferative activity against human nasopharyngeal carcinoma (NPC) cell lines and
their methotrexate-resistant counterparts have been described [105].

In 2019, a synthetic route for the bis-tetrahydrofuran core of acetogenins based on a
chemoenzymatic cascade reaction was reported [106]. Catalytic hydrogenation of benzyli-
dene acetal 153 produces the inside-out cyclization to afford bis-tetrahydrofuran-ditosylate
154 in 66% yield. It was also possible to obtain a different stereochemistry on the bis-
tetrahydrofuran moiety 156, through a double Payne rearrangement of epoxide 155 fol-
lowed by 5-exo-tet cycloetherification (Scheme 29).

Obtusallenes

Obtusallenes are C15-halogenated acetogenins that contain a 12-membered ether
ring. Obtusallene [ was isolated in 1982 from red algae Laurencia obtusa and its structure
was elucidated by NMR and X-ray crystallographic methods. Since, other obtusallenes
have been described: obtusallene II (157) and III (158) [107], obtusallene IV (159) [108],
obtusallenes V-VII (160-162), and obtusallenes VIII-IX [109]. The structure of 160-162 was
corrected in 2008 by Braddock due to unambiguously solved X-ray crystallography and
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biosynthetic studies [110,111]. Among the obtusallenes, compounds 157-162 contain a
tetrahydrofuran motif (Figure 24).

P SEAY Pd/C, H, HO., AN g\ LOH
oTs Y = TsO MeOH
OTs TsO

Ph
153 154 (66%)
N — BUOK
O TsO OTs O : NS 0
OH o BuOH o) 0
155 156 (66%)

Scheme 29. Synthesis of bis-THF core of acetogenins.

160 R = Br, Obtusallene V 162 Obtusallene VII
161 R = H, Obtusallene VI

Figure 24. Structures of tetrahydrofuran-containing obtusallenes II-VIL

The first synthesis of tetrahydrofuran rings of compounds 157 and 159 was reported
in 2007 [112]. In this synthesis, diene 163 was transformed into tetrahydrofuran 164 with
18% yield and >95% purity in a one-pot reaction (with the sequential addition of m-CPBA,
TMSCI and PPhjs, TBAF, and then TBCO) (Scheme 30).

1. mCPBA
Vi 2. TMSCI, PPh3
& R 3. TBAF
R = n-hexyl 4.TBCO
163 164 (18%)

Scheme 30. One pot reaction for THF core of obtusallenes 157 and 159.

Parallelly, a synthesis of the C8-C15 fragment of obtusallene III 158 was described [113].
The Pd-catalyzed cyclization of triol 165 produced 2,5-disubstituted 3-hydroxytetrahydrofuran
166 with an 82% yield. The chemo- and diastereoselective cyclization implies the direct
effect of a noncovalent interaction of the counterion carboxylate with the OH groups of the
cationic 7r-allyl-Pd(II) intermediate (Scheme 31).
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OH
AEQ H QH  [Pdy(dbasl, P(4-MeOCeH,)s o~
THF, 35°C .,
OH OH
165 166 (82%, dr90:10)

Scheme 31. Synthesis of C8-C15 fragment of obtusallene 158.

Braddock reported the only known total synthesis of a member of this family to date:
obtusallene X (167) [114]. The key step of this synthesis is the cyclization of clorhydrine
intermediate 168 through a stereoselective bromoetherification process.

Five additional steps from 169 afforded acyclic diene 170, which, under ring-closing
metathesis with a second-generation Hoveyda—Grubbs precatalyst, produces macrocyclic
171. Six additional steps were needed to obtain 167 with a 7% overall yield from 168

(Scheme 32).
Cl
H
TBCO H 5 steps
— F § OTBDPS —
CH,Cl,, 18h Br —
h !
169 (90%) 170
HGll toluene \
5 steps

HO

0,
167 171 (54%)

Scheme 32. Synthesis of obtusallene X (167).

2.5. Polyhydroxyl
Amphezonol A

The dinoflagelatte Amphidinium sp. has been extensively studied in order to discover
and isolate new compounds bearing interesting biological properties, such as macrolides,
amphidinolides or polyhydroxyl compounds. In 2006, a novel polyhydroxyl metabolite was
isolated, amphenozol A (172) [115], the structure of which consists of a C60 linear aliphatic
chain with two tetrahydropyran rings, one tetrahydrofuran ring, and twenty-one hydroxyl
groups (Figure 25). Its structure was established by NMR experiments. Additionally, the
biological analysis showed a modest inhibitory activity against DNA polymerase «.

=

OH
172 Amphenozol A

Figure 25. Structure of amphenozol A.
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2.6. Bycyclic
2.6.1. Asperpentenone

Recently, ]. Wang et al. isolated a novel polyketide, asperpentenone A, from the fungus
Aspergillus sp. [116]. Its structure, elucidated by nuclear magnetic resonance techniques
and X-ray diffraction, contains a cyclopentenone-tetrahydrofuran moiety (Figure 26). So
far, no biological activity of asperpentenone A has been described.

173 Asperpentenone A
Figure 26. Structure of asperpentenone A.

2.6.2. Plakortones

Ten lactone metabolites, known as plakortones (174-183), have been isolated from the
marine sponge of the genus Plakortis. Plakortones belong to a big family of oxygenated
polyketide metabolites, the structures of which contain a bicyclic system composed of
a tetrahydrofuran fused to a y-butyrolactone ring (Figure 27). Some of them have been
discovered and characterized during the 20th century [117,118], while plakortone L, N, P,
and Q were recently isolated [119,120].

~ ~ K
> N = : :
H 0 H ~ 0 H ,,,/go

174 Plakortone A (R = Me) 176 Plakortone C (R = Me) 178 Plakortone E
175 Plakortone B (R = Et) 177 Plakortone D (R = H)
Sy N, OH
O/ O~/
H ’f/&o H ’//&O
179 Plakortone F 180 Plakortone Q

181 Plakortone L (R = H)
182 Plakortone N (R = OH) 183 Plakortone P

Figure 27. Structure of plakortones.

Since their discovery, numerous studies can be found in the literature with different
approaches towards the synthesis of these natural products, their epimers [121] or ana-
logues [122]. A palladium-(II)-mediated hydroxycyclization-carbonylation-lactonization
cascade [123] was the general methodology applied to obtain the plakortone core in some
cases [122,124,125]. There, from diols 184, the byclyclic diastereomers 185 or 186 can be
accessed (Scheme 33).
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H H
OH OH Pd(l1), Cu(ll), CO R\&\F Hm
o o) + o o)
RW AcOH, NaOAc H o R o
H H
184 185 186

Scheme 33. Synthesis of plakortone core.

The synthesis of the four possible diastereoisomers and comparison with the natural
product allowed Wong and co-workers to determine the absolute configuration of the four
stereocenters of plakortone B [126]. Thus, retrosynthetic analysis revealed butenolide 187
as the potential precursor of the bicyclic lactone. Formation of butenolide required ten steps
from D-mannitol. The bicyclic framework 188 was directly formed with a 90% yield by the
reaction of butenolide with 1,5-diazabicyclo[5.4.0Jundec-5-ene (DBU), in a domino Michael
addition followed by transesterification. Total synthesis of plakortone B was achieved in
22 further steps with a low overall yield (<1%) (Scheme 34).

OH (:)H DBU, toluene
HO X o Reflux
OH OH
D-Mannitol 187

N
= :

= fid) 22 steps

O~/ ——

7.,
175 Plakortone B 188 (90%)

Scheme 34. Total synthesis of plakortone B.

Another biomimetic approach converted plakortide E derivative 189 into plakortone
B [127]. Treatment of 189 with zinc in acetic acid broke the peroxy O-O bond and provided
diol intermediate 190. Further intramolecular oxa-Michael addition/lactonization cascade
reaction afforded the desired product with high yield (90%) (Scheme 35).

‘/
3 Zn
& Z =
i o-© CO,Me  AcOH/H0
(-)-Plakortide E derivate 189 190 (99%)
DBU, toluene
Reflux
™~
= S 5
o
O~/
H ”/go

175 Plakortone B, 90%
Scheme 35. Synthesis of plakortone B via plakortide E derivative.

In 2014, the total synthesis of plakortone L was also reported [128]. In this case, the
strategy to obtain the tetrahydrofuran ring was a [3+2] annulation. Thus, the tetrahydro-
furanyl ring 191 was obtained by the reaction of isopropylidene-protected D-arabinose
192 and protected methallyl alcohol 193 in the presence of BF3-OEt,. Fourteen further
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steps were required to accomplish the total synthesis of plakortone L with 6% overall yield
(Scheme 36).

BF30Et; CH,Cly
g 47L\/OTBDPS )
[3+2] annulation

,,?-—o
192 193

181 Plakortone L

Scheme 36. Synthesis of plakortone L.

In terms of their biological activity, plakortones A-D belong to the class of activators
of cardiac sarcoplasmic reticulum Ca%*-pumping ATPase at micromolar concentrations,
specially plakortone D [117]. Plakortones B-F exhibit in vitro cytotoxic activity on a murine
fibrosarcome cell line [122]. However, plakortone Q, being the only member of the family
which contains a hydroxyl group in the ring system, is not active against any of the tested
tumor cell lines [129].

3. Conclusions

Polyketides are a class of marine natural products with immense structural and
biological diversity. They have interesting biological properties that sometimes make them
potential drug candidates, such as in eribulin mesylate. Here, organic synthesis in general,
and total synthesis in particular still play an important dual role. First, it is the final way of
determining the correct structure of a product. Even though, nowadays, there are cutting-
edge NMR techniques available, we still see many cases of structure misassignment in
marine bioactive products. Secondly, the scarcity of some marine products makes them
unavailable for research, and synthesis provides sufficient amounts for proper biological
studies. The tetrahydrofuran motif is common among marine polyketides; thus, the
development of new methodologies for the synthesis of tetrahydrofurans is a current need.
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Abbreviations

Acac: acetylacetone; AIBN: azobisisobutyronitrile; CAB: (acyloxy)borane; CAN: ceric ammo-
nium nitrate; CSA: camphorsulfonic acid; CuTC: copper(I) thiophene-2-carboxylate; DBU: 1,8-
diazabicyclo[5.4.0Jundec-7-ene; dba: dibenzylideneacetone; DDQ: 2,3-dichloro-5,6-dicyano-p-
benzoquinone; (+)-DET: diethyl tartrate; (DHQD),PHAL: hydroquinidine 1,4-phthalazinediyl di-
ether; DMAP: 4-dimethylaminopyridine; DMI: 1,3-dimethyl-2-imidazolidinone; DMF: dimethylfor-
mamide; DMI: 1,3-dimethyl-2-imidazolidinone; DMP: Dess-Martin periodinane; DMPA: dimethylol
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propionic acid; DMPM: 3,4-dimethoxybenzyl; DMSO: dimethyl sulphoxide; KHMDS: potassium
bis(trimethylsilyl)amide; LIHDMS: lithium bis(trimethylsilyl)amide; mCPBA: meta-chloroperoxybenzoic
acid; MNBA: 2-methyl-6-nitrobenzoic anhydride; MOM: methoxymethyl; Ms: methanesulfonyl;
NMP: n-methylpyrrolidone; PMB: p-methoxybenzyl; PPTS: pyridinium p-toluenesulfonate; PT: 1-
phenyltetrazol-5-y1; TASF: tris(dimethylamino)sulfonium difluorotrimethylsilicate; TBAF: tetrabuty-
lammonium fluoride; TBCO: 2,4,4,6-tetrabromo-2,5-cyclohexadienone; TBDPS: tert-butyldiphenylsilyl;
TES: triethylsilyl; TFA: trifluoroacetic acid; TIPS: triisopropylsilyl; TMS: trimethylsilyl; Tr: triphenyl
methyl; Ts: tosyl.
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Abstract: Chemical investigations of a marine sponge-associated Bacillus revealed six new imidazolium-
containing compounds, bacillimidazoles A-F (1-6). Previous reports of related imidazolium-containing
natural products are rare. Initially unveiled by timsTOF (trapped ion mobility spectrometry) MS data,
extensive HRMS and 1D and 2D NMR analyses enabled the structural elucidation of 1-6. In addition, a
plausible biosynthetic pathway to bacillimidazoles is proposed based on isotopic labeling experiments
and invokes the highly reactive glycolytic adduct 2,3-butanedione. Combined, the results of structure
elucidation efforts, isotopic labeling studies and bioinformatics suggest that 1-6 result from a fascinating
intersection of primary and secondary metabolic pathways in Bacillus sp. WMMC1349. Antimicrobial
assays revealed that, of 1-6, only compound six displayed discernible antibacterial activity, despite the
close structural similarities shared by all six natural products.

Keywords: marine-derived Bacillus; antibacterial; biosynthetic gene cluster; isotopic enrichment;
heterocycles; imidazolium

1. Introduction

Heterocyclic scaffolds are commonly encountered in natural products isolated from
both terrestrial and marine organisms [1-4]. Their vast structural diversity, drug-like
features, and biological properties have inspired both intensive efforts to discover new
heterocyclic compounds, as well as imaginative total syntheses [4]. Nitrogen-containing
heterocycles, such as pyrroles, imidazoles, oxazoles, pyridines, and quinolones, exhibit
a diverse array of biological activities; these include, but are by no means limited to,
antibacterial [5], antifungal [6], and anticancer [7] activities.

Marine-derived imidazole alkaloids have been one of the most fruitful families of bioac-
tive compounds giving rise to many pharmaceutical leads [8]. Historically, marine-derived
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imidazole alkaloids have been most often isolated from sponges; imidazole alkaloids [9] featur-
ing bromopyrrole-imidazoles [10], indole-containing imidazoles [11], and 2-aminoimidazoles
are among the species most often identified from marine sponges [12]. Furthermore, in recent
years, marine microorganisms have come to be viewed as sustainable and productive sources
of new bioactive imidazole-containing natural products [9]. However, reports of positively
charged imidazolium natural products remain relatively rare. Most reports of imidazolium-
containing compounds feature 1,3-dimethyl-5-methylthiol [13-15] or 2-aminoimidazolium
containing structures (guanidinium-like) [10,11]. A wide array of applications in ionic
liquids [16], important biological activities [17], and their amenability to further struc-
tural modifications have made imidazolium salts an attractive target of contemporary
research [18]. Therefore, discovering new imidazolium-based species and gaining further
insight into their biosynthetic origins has become an interesting, yet challenging, task for
natural product scientists.

2. Results & Discussion

As part of our ongoing efforts to discover new natural products from marine invertebrate-
associated bacteria [19], we developed a streamlined discovery platform that includes strain
prioritization by metabolomics [20] and an LC/MS fractionation platform to generate
screening libraries [21]. Strain WMMC1349, a marine Bacillus sp. cultivated from the
sponge Cinachyrella apion, drew our attention since one of its fractions displayed activ-
ity against methicillin-resistant Staphylococcus aureus (MRSA). Further purification of the
active fraction by HPLC resulted in enrichment of an active subfraction. Interestingly,
subsequent analytical HPLC revealed this fraction to be a represented by a broad peak
(Figure S1) despite the clear presence of a mixture of compounds as revealed by "H NMR
(Figure S1). Fortunately, Bruker timsTOF (trapped ion mobility spectrometry) MS data
for this subfraction indicated a series of new molecules with m/z values of 305.2, 319.2,
344.4,358.2,383.2, and 397.2, respectively (Figure 1). Exhaustive attempts to separate each
different m/z species (see Figures S1-555), as initially visualized by timsTOF MS, ultimately
afforded HPLC conditions amenable to clean separation and isolation of each discreet
compound. The six new imidazolium-containing compounds, now differentiated from
each other, were termed bacillimidazoles A-F (1-6, Figure 2), and all were assessed for
in vitro activity against MRSA, B. subtilis, and E. coli; only compound 6 was found to be
active (MRSA). Isotopic labelling of these metabolites using isotopically enriched culture
media, and bioinformatic analysis were conducted to decipher the means by which the
bacillimidazoles are biosynthesized.
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Figure 1. Bruker timsTOF MS spectrum of the bioactive wells against MRSA. Peak/compound
assignments are shown above each relevant signal.
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Figure 2. Structures of bacillimidazoles A-F (1-6) with central imidazolium numberings indicated
for each subgroup.

The molecular formulae of bacillimidazoles A (1) and B (2) were determined to be
Co1HpsNo* (m/z =305.2029, M*, caled 305.2012, Figure S37) and CopHay Ny ™ (m/z =319.2171,
M, caled 319.2169, Figure S38), respectively, based on HRESIMS data. In the 13C NMR
spectra of 1 and 2 in Table 1, only 11 and 12 carbon signals were observed, respectively,
suggesting symmetric scaffolds for both 1 and 2. Furthermore, comparisons of H and
13C NMR data revealed a high degree of similarity between compound 1 and lepidiline
A, an imidazolium-containing alkaloid isolated from the South American plants Lepidium
meyenii Walp [22]. These similarities suggested the presence of a 4,5-dimethyl imidazolium
cyclic structure and two phenyl-ring containing substituents in compound 1. More highly
refined datasets revealed that Hy-7 (011 3.06) and Hj-8 (6yy 4.35) showed COSY correlations
(Figure 3) to each other. The HMBC correlations (Figure 3) were also observed from Hj-7
to C-2 (6c 130.0) and from Hj-8 (6yy 4.35) to C-10 (d¢c 128.5), C-11 (dc 135.5), suggesting
that -CH,CH,- groups linked the central imidazolium ring to two terminal phenyl rings,
one on either side of the imidazolium. Therefore, the structure of 1 was assigned as a 1,3-
difunctionalized imidazolium-containing structure. The NMR dataset of 2 was compared
to that obtained for 1 and the only observable difference was an additional methyl group
(6w, 2.01, H3-13; 6¢ 9.7, CH3) substitution on C-11 (5¢ 144.0), which was determined by
careful interpretation of the well resolved HMBC correlation from H3-13 to C-11 (Figure 3).

Table 1. Summary of 'H and '3C NMR data for 1-4 (600 MHz for 'H (500 MHz for 4), 125 MHz for
13C, CD;0D).

1 2 3 4
Position N ) A )
Jdc, Type JOu, (J in Hz) dc, Type Jdy, (J in Hz) Jdc, Type Ju, (J in Hz) Jdc, Type Jdy, (J in Hz)
1,1 137.8, qC 138.2,qC
2,2 130.0, CH 7.12,dd (8.0, 1.8) 130.2, CH 7.11,dd (8.0, 1.8) 124.4,CH 6.96, s 124.5,CH 6.98, s
3,3 130.0, CH 7.34,t(7.4) 130.1, CH 7.34,t(7.8) 110.5, qC 110.8, qC
4,4/ 128.4,CH 7.30,t(7.4) 128.6, CH 7.32,t(7.8) 128.3,qC 128.4, qC
5,5 130.0, CH 7.34,t(7.4) 130.1, CH 7.34,t(7.8) 118.4,CH 7.32,d (7.6) 1182, CH 7.24,d (8.0)
6,6 130.0, CH 7.12,dd (8.0, 1.8) 130.2, CH 7.11,dd (8.0, 1.8) 120.1, CH 7.03,t(7.6) 120.2, CH 7.03, t (8.0)
7,7 37.1, CH, 3.06, t (6.6) 36.3, CH, 3.02, t (6.8) 122.8, CH 7.15,t(7.6) 1229, CH 7.14,t (8.0)
8,8 49.3, CH, 4.35,t(6.6) 479, CH, 4.31, t(6.8) 112.6, CH 7.39,d (7.8) 112.7,CH 7.39,d (8.0)
9,9 138.1, qC 138.0, qC
10, 10/ 128.5,qC 127.1,qC 26.8, CHy 3.07,t(6.8) 26.0, CHy 3.03, t (6.0)
11,11 135.5CH 8.51,s 144.0, qC 48.7, CH, 4.25,1(6.8) 47.5, CHy 4.19,t(6.0)
12,12/ 7.9,CH; 2.08,s 8.2, CHj3 2.08,s
13,13/ 9.7, CHs 2.01,s 128.2,qC 127.0,qC
14 135.4,CH 8.12,s 144.0, qC
15,15 7.9,CH; 2.09, s 8.3,CHj 2.18,s
16 9.3,CHj 1.64,s
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Figure 3. 'H-'"H COSY and key HMBC correlations of compounds 1-6.

The molecular formulae of bacillimidazole C (3) and bacillimidazole D (4) were identi-
fied as CosHy7 Nyt (m/z = 383.2228, M™, caled 383.2230) and CogHpygNy* (m/z = 397.2385,
M, caled 397.2387), respectively, by analyzing their HRMS data (Figures S39 and S40).
Analysis of their 13C NMR data also suggested symmetrical structures for both 3 and 4. In
particular, detailed 1D NMR data analyses of 3 and 4 suggested that the central portion of
each molecule bore a common imidazolium functionality. Overall, five sets of unassigned
aromatic protons (H-2, oy 6.96; H-5, 6y 7.32; H-6, 0y 7.03; H-7, 6y 7.15; H-8, dy 7.39) and
eight unassigned aromatic carbons (C-2, ¢ 124.4; C-3, 5c 110.5; C-4, 5c 128.3; C-5, 5c 118.4;
C-6,0¢ 120.1; C-7, ¢ 122.8; C-8, o¢c 112.6; C-9, ¢ 138.1) were characteristic of the 3-indoyl
structural motifs in 3; the validity of this idea was verified by the observation of HMBC
correlations from H-2 to C-3/C-4/C-9 and from H-5 to C-3/C-9 (Figure 3). Similar to 1 and
2, the connection between -CH,CH,- groups and the aromatic building blocks in 3, as well
as the central imidazolium ring, was deduced by HMBC correlations from H-3 to C-10 and
from Hj-11 to C-13/C-14 (Figure 3), respectively, establishing the full structural assignment
of bacillimidazole C (3). Finally, in a fashion similar to that applied to 3, the structure of 4,
with its additional imidazolium-linked methyl group, was elucidated.

Approaches employed to solve the structures of 1-4 also were applied to determine
the structures of 5 and 6 in Table 2. Analysis of HRMS data for bacillimidazole E (5) and
bacillimidazole F (6) made clear their molecular formulae as Co3HygN3* (m1/z = 344.2134,
M, caled 344.2121) and CpsHpgN3* (m/z = 358.2283, M*, caled 358.2278), respectively. In
addition, review of their '>*C NMR data suggested asymmetrical structures for both 5 and 6
since 23 13C NMR signals were observed in 5 (24 signals for 6). Additionally, comparisons
of NMR data for 5 to those of 1 and 3 suggested the presence of an imidazolium ring, a
phenyl ring, and a 3-indole ring in 5. Furthermore, H-2 (613 7.03), assigned to the indole ring,
showed an HMBC correlation to C-10 (J; 26.5); and H-22 (dy 7.04), assigned to the phenyl
ring, showed an HMBC correlation to C-20 (dc 36.7) (Figure 3). COSY correlations were
observed between Hy-10 (015 3.23) and H,-11 (6 4.36), Hy-19 (5 4.18) and H,-20 (61 2.84).
H,-11 and H»-19 both showed HMBC correlations to C-16 (6c 135.4), which was assigned
to the imidazolium ring (Figure 3). Therefore, 5 was believed to contain an indole ring, an
imidazolium ring, and a phenyl moiety (Figure 2). In addition, two -CH,CH,— groups were
found to intervene the three different cyclic structural motifs. In applying the established
correlation data, we thus elucidated structure 5 as shown in Figure 2. The structure of 6
was determined in a fashion similar to that employed for 5, and was ultimately identified
as an analog of 5 bearing a methyl group on the central imidazolium ring.
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Table 2. Summary of 'H and *C NMR data for 5 and 6 (600 MHz for 'H. (500 MHz for 6), 125 MHz
for 13C, CD;0D).

5 6

Position oc, Type 5w, (] in Ho) sc, Type 5w, (] in Ho)
1
2 124.6, CH 7.03, s 124.6,CH 7.02,s
3 1104, qC 1108, qC
4 1284, qC 128.5, qC
5 112.7, CH 7.40,dd (8.2,1.0) 112.7, CH 7.37,d (7.8)
6 120.2, CH 7.04, dt (7.6,1.2) 120.3, CH 7.00, t (7.8)
7 1229, CH 7.15, dt (8.0, 1.0) 123.9, CH 712, (7.8)
8 118.4, CH 7.34,dd (8.0,1.0) 118.2, CH 7.23,d (7.8)
9 138.1, qC 138.1, qC
10 265, CH, 3.23,t (6.6) 26.0, CH, 3.17,t(6.2)
11 489, CH, 438, t (6.6) 47.7,CH, 430, (6.2)
12
13 1283, qC 1271, qC
14 1283, qC 1270, qC
15
16 135.4, CH 827,s 1440, qC
17 8.0, CHs 212,s 8.3, CH; 215,
18 7.9, CHs 2.04,s 8.2, CH, 207,
19 48.7,CH, 418,t(7.2) 9.4, CH, 177,s
20 36.7,CH, 284, (72) 47.6,CH, 411, (6.8)
21 137.8, qC 36.3,CH, 277, (6.8)
2 130.0, CH 7.04,d (7.2) 138.0, qC
23 129.9, CH 7.29, m 130.1, CH 7.03,dd (7.3,1.6)
2% 128.3, CH 7.28,m 130.0, CH 7.30, m
25 129.9, CH 7.29, m 1285, CH 7.26, m
2 130.0, CH 7.04,d (7.2) 130.0, CH 7.30, m
27 130.1, CH 7.03,dd (7.3,1.6)

Following their structural elucidation, bacillimidazoles A-F (1-6) were tested for
antibacterial activity against MRSA, B. subtilis, and E. coli (Table S1). All compounds failed
to show any significant activity against B. subtilis and E. coli, although bacillimidazole F (6)
did display weak activity against MRSA with an MIC of 38.3 uM.

To better understand the biosynthetic mechanisms involved in generating the uncom-
mon imidazolium structures found in the bacillimidazoles, isotopic enrichment studies
were carried out. In particular, we employed '3C enriched culture media to glean vital
insight into how the bacillimidazoles are constructed. By substituting two carbon sources,
starch and D-glucose, with 13C6—D-glucose, we found that the four carbons composing
the vicinal dimethyl olefin of bacillimidazoles C (3) and E (5) (Figures S43-548) under-
went substantial 1>C enrichment relative to all other carbons (Figure 4a). On the basis
of these findings, we theorized that all carbons of the basic framework originate from
amino acids whereas the dimethyl olefin elements of the bacillimidazoles are derived from
glucose, presumably via a glycolytic process (Figure 4b). This logic is, of course, buoyed
by the resemblance of the bacillimidazole sidechains to those found in phenylalanine and
tryptophan. On the basis of these findings, we investigated the possibility of a biosyn-
thetic pathway, as shown in Figure 4. It is well known that glucose is readily converted
to 2,3-butadione along the canonical glycolytic pathway to acetolactate and subsequent
processing of acetolactate to the essential 2,3-butadione, which can spontaneously react
with either tryptamine or phenethylamine, both of which are common bacterial metabo-
lites formed from the aromatic amino acids tryptophan and phenylalanine. These three
components—two amines and a dione—provide most of the atoms of the imidazole moiety
tethered through both nitrogens to various side chains. This diimine could undergo further
spontaneous reactions with either one or two carbon carboxylic acids, or derivatives, and
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appropriate redox agents (or enzymes) to form the central imidazolium ring. Acetyl-CoA,
or an equivalent, would produce the methylated compounds and formate, or a derivative,
would produce the unmethylated bacillimidazoles. There is an alternative possibility in
which the relevant amino acids condense with the butadione moiety prior to decarboxyla-
tion, and that the decarboxylation(s) of such intermediates might expedite imidazolium
ring formation. While it is not possible at this stage to propose a detailed stepwise biosyn-
thesis for the bacillimidazoles, an overall path with both enzymatic and spontaneous steps
is likely, and the 13C-glucose feeding studies clearly indicate the importance of glucose
processing en route to imidazole assembly. That the production of bacillimidazoles by
WMMC1349 is driven by secondary metabolism biosynthetic machineries and is not rele-
gated only to primary metabolic events and/or extract workup conditions, is supported by
the fact that, of six bacilli strains evaluated, only two (including WMMC1349) proved to be
bacillimidazole producers (Figures 54-56, S49-554 and Table S2).
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Figure 4. Biosynthesis of bacillimidazoles. (a) Isotopic labeling of bacillimidazoles C (3) and E (5). Car-
bons highlighted with bold bonds and red spheres showed high levels of 1*C incorporation. (b) Proposed
biosynthetic pathway to compounds 1-6 calls for enzymatic production of tryptamine, phenethylamine
and 2,3-butanedione (from glucose); all subsequent steps may proceed spontaneously.

Based on the biosynthetic insights gained from labelling experiments, we set out
to identify the gene cluster responsible for the biosynthesis of 1-6. We sequenced and
assembled the genome of the producer, Bacillus sp. WMMC1349 [23]. The genome sequence
was analyzed with state-of-the-art biosynthetic pipelines, yet no likely biosynthetic pathway
for the biosynthesis of 1-6 was identified. We therefore mined the genome for the presence
of the genes involved in acetoin biosynthesis, of which 2,3-butanedione, the proposed
building block of 1-6, is a precursor. We identified all of the genes responsible for acetoin
biosynthesis in the genome of Bacillus sp. WMMC1349. Acetoin is biosynthesized from two
molecules of pyruvate that are condensed to generate acetolactate. Acetolactate can either
be enzymatically transformed into acetoin by a decarboxylase or can undergo spontaneous
decarboxylation to yield the building block of 1-6, 2,3-butanedione. A diacetyl reductase
subsequently converts 2,3-butanedione into acetoin. Whole genome alignments of different
Bacillus spp. revealed that the region upstream of the acetoin biosynthetic genes differs
significantly from other Bacillus spp., including the model strain B. subtilis 168 (insertion
of a large low-density coding region in Bacillus sp. WMMC1349), while the downstream
region is homologous in all analyzed genomes. To our surprise, we were not able to identify
a copy of the gene family encoding butanediol-dehydrogenases which was present in all
other analyzed Bacillus spp. The absence of genes involved in acetoin catabolism would be
expected to increase the concentration of the precursor 2,3-butanedione. Genome mining
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(Section 4.5 below) of the bacillimidazole producer revealed the presence of a gene encoding
an aromatic-L-amino acid decarboxylase, which is the proposed second enzyme essential for
1-6 biosynthesis en route to building blocks tryptamine and phenethylamine, respectively.
No homologs of the aromatic-L-amino acid decarboxylase gene were identified in any
other Bacillus genome analyzed, including the model strain Bacillus subtilis 168, indicating
that the gene is facultative for the genus Bacillus. Relative to the biosynthetic machineries
of most bacterial secondary metabolites, genes involved in acetoin biosynthesis and the
aromatic-L-amino acid decarboxylase gene are not clustered. This observation suggests that
the bacillimidazoles may form spontaneously from high-abundance primary metabolites
with congruent reactivities. The biosynthesis of the bacillimidazoles is yet another example
of the growing number of natural products that are produced partly by genetically coded
instructions and partly by spontaneous reactivity—the joining of reactive intermediates,
or products, from different pathways [24—26]. The initial formation of the bis-imines
represents, for example, the unsurprising coupling of highly reactive primary amines with
a very reactive alpha-diketone.

3. Conclusions

The isolation and structural elucidation of bacillimidazoles A-F, six imidazolium-
containing heterocycles from marine Bacillus sp. WMMC1349 represent the discovery
of a new class of marine-derived heterocyclic natural products. Isotopic labeling of 1-6
using !3C enriched culture media, biomimetic synthetic approaches and bioinformatic
analyses were performed in order to gain insights into the biosynthetic assembly of these
interesting compounds. To the best of our knowledge, there are only a few reports of
natural products containing 1,3-difunctionalized imidazolium moieties, and this is the first
report of naturally occurring imidazolium-containing heterocycles. We contend, based
on these findings, that the discovery of 1-6 contributes to our advancing knowledge of
significantly underexplored biosynthetic pathways, specifically those that intersect primary
and secondary metabolic pathways. We anticipate that the lessons learned here will help
to expedite efforts to more fully understand and exploit the full biosynthetic potential of
Bacillus spp.

4. Materials and Methods
4.1. General Experimental Procedures

UV spectra were recorded on an Aminco/OLIS UV-Vis spectrophotometer. IR spectra
were measured with a Bruker Equinox 55/S FT-IR spectrophotometer. NMR spectra were
obtained in CD30D (dy 3.34 ppm, d¢c 49.0 ppm) with a Bruker Avance 600 III MHz (Billerica,
MA, USA) spectrometer equipped with a "H{!3C/1®N /31P} cryoprobe, a Bruker Avance
111 500 MHz (Billerica, MA, USA) spectrometer equipped with a '3C/1N{'H} cryoprobe,
and a Bruker Avance III HD 400 MHz (Billerica, MA, USA) spectrometer. HRMS data were
acquired with a Bruker MaXis™ 4G ESI-QTOF (Billerica, MA, USA) mass spectrometer. RP
HPLC was performed using a Shimadzu Prominence HPLC system and a Phenomenex
Gemini C18 column (250 x 30 mm). UHPLC-HRMS was acquired using a Bruker MaXis™
4G ESI-QTOF (Billerica, MA, USA) mass spectrometer coupled with a Waters Acquity
UPLC system operated by Bruker Hystar software and a C18 column (Phenomenex Kinetex
2.6 pm, 2.1 mm x 100 mm). Bruker timsTOF Pro instrument (Billerica, MA, USA) was
used for the trapped ion mobility MS analysis using direct infusion with 0.003 mL/min
of flow rate and ESI+ ionization source. Nebulizer gas 0.4 bar, dry gas 3.5 L/min, source
temperature 220 °C, ESI voltage 4200V (+). MS spectra were collected using the follow-
ing parameters: tims ramp time = 350 ms, PASEF on, scan range (m/z, 20-1000; 1/ko,
0.70-1.00 V-s/cm?.

4.2. Biological Material

Sponge specimens were collected on 27 May 2015 near the west shore of Ramrod Key
(24°39'38.1" N, 81°25'25.0” W) in Florida. A voucher specimen is housed at the University
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of Wisconsin—Madison. For cultivation, a sample of sponge (1 cm?) was ground in 500 uL
sterile seawater, and dilutions were made using 500 pL sterile seawater. Subsequently,
400 uL of diluted sponge sample was added to 200 puL of sterile artificial seawater and
100 pL was plated using a sterile L-shaped spreader. Diluted samples were plated on Gauze
1 media supplemented with artificial seawater. Each medium was supplemented with
50 ug/mL cycloheximide, 25 ug/mL nystatin, and 25 pug/mL nalidixic acid. Plates were
incubated at 28 °C and colonies were isolated over the course of two months.

4.3. Fermentation, Extraction and Isolation

Two 10 mL seed cultures (25 x 150 mm tubes) in medium DSC (20 g soluble starch,
10 g glucose, 5 g peptone, 5 g yeast extract per liter of artificial seawater) were inoculated
with strain WMMC-1349 and shaken (200 RPM, 28 °C) for seven days. Two-liter flasks
(1 x 500 mL) containing ASW-A (20 g soluble starch, 10 g D-glucose, 5 g peptone, 5 g yeast
extract, 5 g CaCOj per liter of artificial seawater. For 13C enriched ASW-A media, 10 g
D-glucose (U-13Cg, 99%) was used instead of soluble starch and D-glucose) were inoculated
with 20 mL seed culture and were incubated (200 RPM, 28 °C) for seven days. Four-liter
flasks (10 x 1 L) containing medium ASW-A with Diaion HP20 (7% by weight) were
inoculated with 50 mL from the 500 mL culture and shaken (200 RPM, 28 °C) for seven
days. For producing artificial sea water, solutions I (415.2 g NaCl, 69.54 g NaySOy, 11.74 g
KCl, 3.40 g NaHCO3, 1.7 g KBr, 0.45 g H3BO3, 0.054 g NaF) and II (187.9 g MgCl,-6H,0,
22.72 g CaCl,-2H,0, 0.428 g SrCl,-6H,0) were made up separately using distilled water
and combined to give a total volume of 20 L.

Filtered HP20 and cells were washed with H,O and extracted with acetone. The
acetone extract was subjected to liquid-liquid partitioning using 30% aqueous MeOH
and CHCI3 (1:1). The CHCl3-soluble partition (3.12 g) was fractionated by Sephadex
LH20 column chromatography (column size 500 x 40 mm, CHCl3:MeOH = 1:1, 20 mL for
each fraction). Fractions containing 1-6 (1.1 g) were subjected to RP HPLC (20%/80% to
100% /0% MeOH/H,O (with 0.1% acetic acid), 23.5 min, 20 mL/min) using a Phenomenex
Gemini C18 column (250 x 30 mm). The fraction collected between 1618 min was further
fractionated by RP HPLC (22%/78% to 51%/49% MeCN/H,O (with 0.05% trifluoroacetic
acid), 29.5 min, 20 mL/min) using a Phenomenex Gemini C18 column (250 x 30 mm),
yielding 1 (50.2 mg, g 28.2 min), 2 (35.8 mg, tg 27.6 min), 3 (2.2 mg, fg 27.3 min), 4 (3.1 mg,
tr 28.9 min), 5 (40.5 mg, tg 28.6 min), 6 (32.3 mg, tg 29.3 min).

Bacillimidazole A (1): light yellow solid, UV-Vis (MeOH): Ayax (log €) 211 nm (3.83),
259 nm (2.65), 279 nm (2.55), 291 nm (2.55); IR (ATR): vmax 3385, 3144, 3033, 2935, 2873, 2834,
1781, 1679, 1563, 1498, 1456, 1399, 1357, 1199, 1129, 1083, 1029, 831, 801, 751, 720, 702 cm~1;
HRMS M* m/z = 305.2029 (caled. for Cp HasNo* 305.2012). TH NMR (600 MHz, MeOD) 6y
8.51 (s, 1H), 7.34 (t,] =7.2 Hz,4H),7.31 (d, ] =7.2 Hz, 2H), 7.12 (d, ] = 7.0 Hz, 4H), 4.35 (t,
] =7.0 Hz, 4H), 3.06 (t, ] = 6.9 Hz, 4H), 2.08 (s, 6H). 3C NMR (126 MHz, MeOD) éc 137.83,
135.53,130.02, 129.97, 128.45, 128.44, 49.28, 37.07, 7.94.

Bacillimidazole B (2): light yellow solid, UV-Vis (MeOH): Amax (log €) 217 nm (3.85),
274 nm (3.02), 282 nm (3.04), 290 (2.97); IR (ATR): Umax 3383, 3065, 3034, 2934, 2870, 1681,
1564, 1525, 1497, 1440, 1400, 1355, 1200, 1128, 1030, 934, 840, 801, 749, 722, 703 cm~'; HRMS
M* m/z = 319.2171 (caled. for CpHyyNy* 319.2169). 'H NMR (600 MHz, MeOD) &y
7.36-7.33 (m, 6H), 7.11 (d, | = 6.4 Hz, 4H), 4.31 (t, ] = 6.7 Hz, 4H), 3.02 (t, ] = 6.7 Hz, 4H), 2.08
(s, 6H), 2.01 (s, 3H). 13C NMR (126 MHz, MeOD) éc 144.04, 138.15, 130.22, 130.08, 128.56,
127.14, 47.87, 36.33, 9.67, 8.21.

Bacillimidazole C (3): light yellow solid, UV-Vis (MeOH): Amax (log €) 223 nm (4.25),
274 nm (3.67), 282 nm (3.69), 290 nm (3.61); IR (ATR): Umax 3357, 2946, 2835, 1679, 1564, 1449,
1432, 1341, 1203, 1185, 1137, 1024, 838, 802, 746, 722 cm™1; HRMS M* m1/z = 383.2228 (calcd.
for Cp5HpyN,* 383.2230). "H NMR (600 MHz, MeOD) dy 8.12 (s, 1H), 7.39 (d, ] = 8.1 Hz,
2H), 7.32 (d, ] = 7.9 Hz, 2H), 7.15 (t, ] = 7.4 Hz, 2H), 7.03 (t, ] = 7.4 Hz, 2H), 6.96 (s, 2H),
425 (t, ] = 6.7 Hz, 4H), 3.07 (t, ] = 6.7 Hz, 4H), 2.09 (s, 9H). 13C NMR (126 MHz, MeOD) d¢
138.05, 135.37, 128.30, 128.19, 124.42, 122.83, 120.13, 118.43, 112.64, 110.49, 26.81, 7.94.
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Bacillimidazole D (4): light yellow solid, UV-Vis (MeOH): Ayax (log €) 224 nm (3.98),
281 nm (3.44), 290 nm (3.38); IR (ATR): vmax 3360, 3292, 2925, 2854, 1729, 1648, 1561, 1456,
1411, 1342, 1256, 1235, 1181, 1105, 1073, 1025, 926, 744 cm~'; HRMS M* m/z = 397.2385
(caled. for CogHpoNy* 397.2387). TH NMR (500 MHz, MeOD) 611 7.39 (d, ] = 8.0 Hz, 1H),
7.24(d, ] =7.9 Hz, 1H), 7.14 (t, ] = 7.5 Hz, 1H), 7.03 (t, ] = 7.5 Hz, 1H), 6.98 (s, 1H), 4.19 (t,
J =59 Hz, 2H), 3.03 (t, ] = 5.7 Hz, 2H), 2.18 (s, 3H), 1.64 (s, 1H). 13C NMR (126 MHz, MeOD)
dc 143.95,138.00, 128.40, 126.96, 124.50, 122.88, 120.21, 118.23, 112.67, 110.76, 47.50, 25.97,
9.30, 8.29.

Bacillimidazole E (5): light yellow solid, UV-Vis (MeOH): Amax (log ¢) 221 nm (3.87),
274 nm (3.17), 282 nm (3.18), 290 (3.11); IR (ATR): vmax 3376, 2991, 2950, 2836, 1677, 1564,
1497, 1456, 1398, 1356, 1341, 1201, 1134, 1078, 1025, 934, 834, 801, 747, 721, 703 cm™~1; HRMS
M* m/z = 344.2134 (calcd. for Co3HpgN3* 344.2121). TH NMR (600 MHz, MeOD) 6y 8.27 (s,
1H),7.40 (d, ] =8.2 Hz, 1H), 7.34 (d, ] = 7.9 Hz, 1H), 7.32-7.26 (m, 3H), 7.15 (t, ] = 7.4 Hz,
1H), 7.07-7.02 (m, 4H), 4.38 (t, ] = 6.5 Hz, 2H), 4.18 (t, | = 7.2 Hz, 2H), 3.23 (t, ] = 6.5 Hz, 2H),
2.84 (t, ] = 7.2 Hz, 2H), 2.12 (s, 3H), 2.04 (s, 3H). 13C NMR (126 MHz, MeOD) dc 138.08,
137.82,135.44, 129.95, 129.87, 128.38, 128.34, 128.29, 128.27, 124.55, 122.85, 120.17, 118.37,
112.68,110.42, 37.03, 26.76, 7.97, 7.89.

Bacillimidazole F (6): light yellow solid, UV-Vis (MeOH): Amax (log €) 225 nm (3.96),
274 nm (3.55), 282 nm (3.56), 290 nm (3.5'); IR (ATR): Umax 3356, 3275, 3062, 3001, 2971,
2928, 2830, 1647, 1562, 1497, 1454, 1401, 1353, 1234, 1203, 1179, 1108, 1077, 1028, 924, 745,
703 cm~1; HRMS M* m/z = 358.2283 (calcd. for CosHagN3* 358.2278). TH NMR (500 MHz,
MeOD) 6y 7.37 (d, ] = 8.0 Hz, 1H), 7.28 (m, 3H), 7.23 (d, ] = 7.9 Hz, 1H), 7.11 (t, ] = 7.5 Hz,
1H), 7.06 - 6.97 (m, 3H), 4.31 (t, ] = 5.5 Hz, 2H), 4.11 (t, ] = 6.6 Hz, 2H), 3.17 (t, ] = 5.5 Hz, 2H),
2.76 (t, ] = 6.6 Hz, 2H), 2.15 (s, 2H), 2.07 (s, 3H), 1.77 (s, 3H). 13C NMR (126 MHz, MeOD)
oc 143.99, 138.09, 138.03, 130.07, 130.02, 128.47, 128.45, 127.06, 127.00, 124.64, 122.91, 120.28,
118.18, 112.72, 110.76, 47.74, 47.59, 36.27, 26.00, 9.43, 8.32, 8.18.

4.4. Antibacterial Testing

Bacillimidazoles A-F (1-6) were tested for antibacterial activity against E. coli (ATCC
#25922), B. subtilis strain NRS-231, and Methicillin-resistant Staphylococcus aureus (MRSA)
(ATCC #33591), and MICs were determined using a dilution antimicrobial susceptibility
test for aerobic bacteria. Compounds 1-6 were dissolved in DMSO and serially diluted
to 10 concentrations (0.25-128 ug/mL) in 96-well plates. Vancomycin was used as a
positive control against B. subtilis and MRSA, and exhibited MIC values of 0.25 pug/mL.
Gentamicin was used as a positive control against E. coli, and exhibited an MIC of 4 jig/mL.
Bacillimidazoles, vancomycin, and gentamicin were tested in triplicate. On each plate,
there were six untreated media controls. The plates were incubated at 37 °C for 18 h. The
MICs were determined as the lowest concentration that inhibited visible growth of bacteria.

4.5. Sequencing and Identification of Candidate Bacillimidazole Biosynthetic Genes

165 rDNA sequencing was conducted as previously described [27]. WMMC1349 was
identified as a Bacillus sp. The 16S sequence for WMMC1349 was deposited in GenBank
(accession number MK892477). PacBio sequencing data were converted from BAM to FASTQ
format using bedtools [28], and this fastq file was then corrected, trimmed, and assembled
using Canu v1.8 [29], with an estimated genome size of 4.5 megabases (Mb). The resulting
assembly was 4.677Mb over 10 contigs. It has an N50 of 4.03Mb and an L50 of 1.

Genome sequence (accession number JABJUQO000000000) was subjected to antiSMASH
5.0 analysis [30]. Results were analyzed by BLAST analysis. Acetoin and amino acid
biosynthetic genes (KEGG) were identified in the bacillimidazole producer and selected
model Bacillus spp. By BLAST analysis using Geneious 11.1.3 [31], and verified using
additional online platforms such as Phyre2 [32]. Genomes of the producer of 1-6 and
selected model Bacillus spp. were aligned using the MAUVE algorithm [33]. Promoter
regions were identified using the BPROM algorithm [34].
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/md20010043/s1. Detailed experimental discussions of isotopic enrichment studies and
validation of bacillimidazoles as genuine natural products as well as Tables S1 & S2 summarizing
all antibacterial data (Table S1), and bacillimidazole productivity of six Bacilli strains (Table S2).
Also: Figure S1. Analytical HPLC analysis and 'H NMR analysis of active subfractions. Figure S2.
LC-MS analysis (EIC m/z 383) of 3. Figure S3. LC-MS analysis (EIC m/z 397) of 4. Figure S4. LC-MS
analysis of chemical reaction of tryptamine (10.0 mg/mL) and 2,3 butanedione (0.5 equivalent) in
MeOH solution without HP-20 resin for 2 h. Figure S5. LC-MS analysis of chemical reaction of
tryptamine (10.0 mg/mL) and 2,3 butanedione (0.5 equivalent) in MeOH solution with HP-20 resin
for 2 h. Figure S6. LC-MS analysis of chemical reaction of tryptamine (10.0 mg/mL) and 2,3 bu-
tanedione (0.5 equivalent) in CHCl3:MeOH = 1:1 solution for 24 h. Figure S7. 'H NMR Spectrum
of Bacillimidazole A (1, 600 MHz, CD3OD). Figure S8. 13C NMR Spectrum of Bacillimidazole A (1,
125 MHz, CD;0D). Figure S9. gCOSY Spectrum of Bacillimidazole A (1, 600 MHz, CD3;0D). Fig-
ure 510. gHSQC Spectrum of Bacillimidazole A (1, 600 MHz, CD3OD). Figure S11. gHMBC Spectrum
of Bacillimidazole A (1, 600 MHz, CD;0D). Figure S12. 'H NMR Spectrum of Bacillimidazole B
(2,600 MHz, CD3;0D). Figure S13. 13C NMR Spectrum of Bacillimidazole B (2, 125 MHz, CD;0D).
Figure S14. gCOSY Spectrum of Bacillimidazole B (2, 600 MHz, CD30OD). Figure S15. gHSQC Spec-
trum of Bacillimidazole B (2, 600 MHz, CD30D). Figure S16. gHMBC Spectrum of Bacillimidazole B
(2,600 MHz, CD30D). Figure S17. TH NMR Spectrum of Bacillimidazole C (3, 600 MHz, CD;0D).
Figure S18. 13C NMR Spectrum of Bacillimidazole C (3, 125 MHz, CD30D). Figure S19. gCOSY
Spectrum of Bacillimidazole C (3, 600 MHz, CD;0D). Figure S20. gHSQC Spectrum of Bacillimidazole
C (3,600 MHz, CD30D). Figure S21. gHMBC Spectrum of Bacillimidazole C (3, 600 MHz, CD3;0D).
Figure S22. 'H NMR Spectrum of Bacillimidazole D (4, 500 MHz, CD;0D). Figure S$23. 13C NMR
Spectrum of Bacillimidazole D (4, 125 MHz, CD30D). Figure 524. gCOSY Spectrum of Bacillimidazole
D (4, 500 MHz, CD30D). Figure 525. gHSQC Spectrum of Bacillimidazole D (4, 500 MHz, CD30D).
Figure 526. gHMBC Spectrum of Bacillimidazole D (4, 500 MHz, CD;0D). Figure S27. 'H NMR
Spectrum of Bacillimidazole E (5, 600 MHz, CD30D). Figure S28. 13C NMR Spectrum of Bacillim-
idazole E (5, 125 MHz, CD30D). Figure S29. gCOSY Spectrum of Bacillimidazole E (5, 600 MHz,
CD30D). Figure S30. gHSQC Spectrum of Bacillimidazole E (5, 600 MHz, CD;0D). Figure S31.
gHMBC Spectrum of Bacillimidazole E (5, 600 MHz, CD;0D). Figure $32. 'H NMR Spectrum of
Bacillimidazole F (6, 500 MHz, CD;OD). Figure $33. '*C NMR Spectrum of Bacillimidazole F (6,
125 MHz, CD;0D). Figure S34. gCOSY Spectrum of Bacillimidazole F (6, 500 MHz, CD;0D). Fig-
ure S35. gHSQC Spectrum of Bacillimidazole F (6, 500 MHz, CD30D). Figure S36. gHMBC Spectrum
of Bacillimidazole F (6, 500 MHz, CD;0D). Figure S37. Positive Ion HRESIMS of Bacillimidazole A
(1). Figure S38. Positive Ion HRESIMS of Bacillimidazole B (2). Figure S39. Positive Ion HRESIMS of
Bacillimidazole C (3). Figure S40. Positive lon HRESIMS of Bacillimidazole D (4). Figure S41. Positive
Ton HRESIMS of Bacillimidazole E (5). Figure S42. Positive Ion HRESIMS of Bacillimidazole F (6).
Figure $43. 'H NMR Spectrum of 13C Labeled Bacillimidazole C (3, 500 MHz, CD;OD). Figure S44.
13C NMR Spectrum of 13C Labeled Bacillimidazole C (3, 125 MHz, CD;0D). Figure $45. "H NMR
Spectrum of 13C Labeled Bacillimidazole E (5, 500 MHz, CD;0D). Figure S46. 13C NMR Spectrum
of 13C Labeled Bacillimidazole E (5, 125 MHz, CD30D). Figure S47. Positive Ion HRESIMS of 13C
Enriched Bacillimidazole C (3). Figure S48. Positive Ion HRESIMS of 13C Enriched Bacillimidazole E
(5). Figure 549. LC-MS analysis of strain Bacillus sp. WMMC325. Figure S50. LC-MS analysis of strain
Bacillus sp. WMMC331. Figure S51. LC-MS analysis of strain Bacillus sp. WMMC1349. Figure S52.
LC-MS analysis of strain Bacillus sp. WMMC1350. Figure S53. LC-MS analysis of strain Bacillus sp.
WMMC1351. Figure S54. LC-MS analysis of strain Bacillus sp. WMMC1352. Figure S55. Culture
broth of six different marine Bacillus strains. Figure S56. Pictures for sponge hosts of six different
marine Bacillus strains.
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Abstract: Phenazines are a large group of nitrogen-containing heterocycles, providing diverse
chemical structures and various biological activities. Natural phenazines are mainly isolated from
marine and terrestrial microorganisms. So far, more than 100 different natural compounds and
over 6000 synthetic derivatives have been found and investigated. Many phenazines show great
pharmacological activity in various fields, such as antimicrobial, antiparasitic, neuroprotective,
insecticidal, anti-inflammatory and anticancer activity. Researchers continued to investigate these
compounds and hope to develop them as medicines. Cimmino et al. published a significant
review about anticancer activity of phenazines, containing articles from 2000 to 2011. Here, we
mainly summarize articles from 2012 to 2021. According to sources of compounds, phenazines
were categorized into natural phenazines and synthetic phenazine derivatives in this review. Their
pharmacological activities, mechanisms of action, biosynthetic pathways and synthetic strategies
were summarized. These may provide guidance for the investigation on phenazines in the future.

Keywords: phenazine; pharmacological activity; mechanism of action; biosynthetic pathway;
synthetic strategy

1. Introduction

Natural products are considered to be especially valuable resources for drug dis-
covery. With the rapid development of technologies for isolation, purification and de-
tection, great interest has been shown in the underexplored natural products. Natural
phenazines are mainly discovered from microorganisms of marine and terrestrial. More
than 100 natural phenazine derivatives and over 6000 synthetic phenazine derivatives have
been investigated so far [1-4]. Phenazine derivatives are a large group of planar nitrogen-
containing heterocyclic compounds and the most important core structure is a pyrazine ring
(1,4-diazabenzene) with two annulated benzenes [5-7]. Phenazine derivatives differ in
their chemical and physical properties based on the type and position of present functional
groups. Their oxidation-reduction (redox) and fluorescent properties have attracted in-
creasing attention. Some of them are significant dyes applied in medical and biological
industry, while others are developed as efficient fluorescent probes to study the change of
biochemical profile in vivo [8,9]. Natural phenazines are produced directly from various
microorganisms, including Pseudonionas spp., Streptomyces spp., Actinomycete spp. in ter-
restrial and marine environments. They, like most other important secondary metabolites,
possessed various biological activities and have been extensively studied for a long period
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of time [10,11]. Phenazines and their derivatives exhibit a broad range of biological activi-
ties, such as antimicrobial, antiparasitic, neuroprotective, insecticidal, anti-inflammatory,
anticancer activity and so on [12-15]. Phenazine derivatives could be used as prodrugs due
to biological activities, for which pharmacologists and chemists have committed themselves
to make them into patent medicines. For example, clofazimine (Figure 1) is successfully
applied in clinic as widely used antileprosy and antitubercular drug due to antimicrobial
activity and immunosuppressive properties [16]. XR11576, XR5944, NC-182 and NC-190
(Figure 1) belong to fused aryl phenazine derivatives, also they show significant anticancer
activity and are under clinical studies [7]. Phenazine derivatives display antibacterial
activity mainly against methicillin-resistant due to redox properties [17]. According to
reports in recent years, phenazine derivatives possessed antiproliferative activities against
various cancer cell lines [18-21]. Additionally, phenazine derivatives were candidates to be
developed as inhibitors of disease-related targets and reported to show activity of inhibition
to multiple enzymes [22-25]. Although phenazine derivatives possessed a broad activity
spectrum, the in-depth study was hindered due to the limited resource. Many research
groups devoted themselves to carrying out the synthetic work to investigate biological
activities of synthetic phenazine derivatives.

Cl
9a_N_10: =4 /N
C( I 1 O .
N 4a H;CO
N o}
R HN NH
_\—ﬁH"HzNL/_
—r
Cl
clofazimine XR11576 R=H _ & XR5944

NC-182 R= COONa
NC-190 R = COOCH;

Figure 1. The chemical structures of clofazimine, XR11576, NC-182, NC-190 and XR5944.

Laursen et al. reviewed natural and synthetic phenazine derivatives with regard to
biological activities in 2004 [6]. Phenazines and their derivatives had been associated with
anticancer activity since 1959. On the basis of significant anticancer activity of phenazines
and their derivatives, Cimmino et al. excellently reviewed natural and synthetic phenazines
and derivatives about their anticancer activity and mechanisms of action in 2012, covering
articles from 2000 to 2011 [26]. In recent years, researchers found various novel structures
of natural phenazine derivatives and investigations of pharmacological activity were
involved in many aspects. In this review, phenazines isolated from microorganisms,
synthetic phenazine derivatives, their pharmacological activities and mechanisms of action
were summarized, covering the articles from 2012 to 2021.

2. Natural Phenazine Derivatives

In the past decades, according to the published articles, many researchers investigated
known phenazines deeply and further evaluated their potent biological activity. Other
researchers tried to find novel phenazines from natural sources. Natural phenazines can be
categorized according to the types of functional groups and their linking positions on the
phenazine core.

2.1. Biological Activity of Known Phenazines

Compound 1 (phenazine-1-carboxylic acid, Figure 2) is also called tubermycin B due to
its antibiotic activity against Mycobacterium tuberculosis. It is widely distributed in various
microorganisms as a precursor of many natural phenazine derivatives. Gorantla et al.
firstly reported its antifungal activity against major human pathogen, Trichophyton rubrum,
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which could be responsible for causing athlete’s foot, jock itch, ringworm and fingernail
fungus infections. The minimum inhibitory concentration (MIC) was 4 mg/mL [27]. Varsha
etal. firstisolated it from Lactococcus BSN307 and investigated its anticancer activity against
HelLa cell line (ICs0 = 20 ng/mL) and MCF-7 cells (IC5y = 24 ug/mL). It showed inhibitory
activity towards leucine and proline aminopeptidases; thus, it would be used as a potential
metalloenzyme inhibitor [28].

0. _OH O._NH, HO,, _OH O.__OH
N\ N\ N\ N\
| P | P e 7
“'OH “'OH
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Figure 2. The chemical structures of classical phenazines 1-8.

Compound 2 (Figure 2) is also a significant phenazine-type metabolite produced
by various microorganisms. Cardozo et al. investigated its antibacterial activity against
MRSA (Methicillin-resistant Staphylococcus aureus) strains and found its synergic effect
when combined with silver nanoparticles produced by Fusarium oxysporum [29]. Thanabal-
asingam et al. first isolated it from the leaves of a medicinal plant Coccinia grandis [30]. Tupe
et al. tested its activity against human pathogen Candida albicans (MIC = 32-64 ug/mL),
demonstrating its mechanism of antibacterial and antifungal activities via reactive oxy-
gen species (ROS)-mediated apoptotic death; 2 could lead to production of intracellular
ROS. ROS caused hyperpolarization of mitochondrial membrane, following externaliz-
ing phosphatidylserine, chromatin condensation and DNA fragmentation, thus, inducing
apoptosis and, finally, cell death [31]. Kennedy et al. and Ali et al. further investigated
anticancer mechanism of 2. The anticancer activity mechanism was also connected with
ROS. p53, Bax and cytochrome C (Cyto-C) were overexpressed while caspase-3 was acti-
vated and oncogenic, anti-apoptotic proteins such as poly ADP-ribose polymerase (PARP)
and B-cell lymphoma-2 (Bcl-2) family proteins (Bcl-2, Bcl-w and Bcl-xL) were inhibited
(Figure 3) [32,33].

Pyocyanin (7, Figure 2) is a redox-active phenazine. It is a major virulent factor
produced by Pseudomonas aeruginosa, which exerts damage effects on mammalian cells.
Chai et al. explored pathogenesis of 7 on macrophages. Biological data showed it could
promote IL-8 secretion and mRNA expression in a concentration-dependent manner. Signal
pathways of the protein kinase C (PKC) and nuclear factor-«-gene binding (NF-«B) were
involved in phorbol 12-myristate 13-acetate (PMA)-differentiated U937 cells infected by
7 [34]. Forbes et al. aimed to investigate the pyocyanin role of redox-sensitive mitogen-
activated protein kinase (MAPK) by inducing toxicity in A549 cell line. The results showed
that pyocyanin-induced cytotoxicity was different from c-Jun N-terminal Kinase (JNK)
and p38MAPK signaling pathways. Acute ROS production and subsequent oxidative
stress strengthened its toxicity [35]. 1,6-Dihydroxyphenazine 5,10-dioxide (8, Figure 2) is
also called iodinin. It was discovered to show anti-bacterial activity and weak activity
against a mouse tumor model. Sletta et al. firstly isolated it from Streptosporangium sp.
DSM 45942 from the fjord sediment; 8 showed great antibacterial and antifungal activities
against Candida glabrata and Enterococcus faecium, MIC ranging from 0.35-0.71 ug/mL.
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Compared with normal rat kidney (NRK) fibroblasts, 8 showed higher selectivity towards
leukemia cell line. It was a promising compound to be developed as an anticancer drug,
especially those targeting leukemia [36]. Myhren et al. further investigated its anticancer
potential against acute myeloid leukemia (AML) and acute promyelocytic leukemia (APL)
cells. The results demonstrated its anticancer potency against two selective cancer cell
lines and weak toxicity to normal cells. Molecular modeling results suggested that it
could intercalate between bases in the DNA, leading to DNA-strand break. The apoptosis
progress was associated with Fms-like tyrosine kinase (FLT3) internal tandem duplications,
mutated /deficient p53 and activation of caspase-3 [37].

Phenazines

Oxidation stress

Release of apoptogenic factors

e

Activation of caspase 9

Activation of caspase 3

Cytomorphological changes
(Formation of apoptotic bodies)

Apoptosis

Figure 3. The anticancer mechanisms of action of reported phenazines which induced apoptosis
associated via mitochondria mediated apoptotic pathways.

Lee et al. isolated compounds 1, 3 and 4 (saphenic acid, Figure 2) from a deep-sea
sediment-derived yeast-like fungus Cystobasidium larynigs IV17-028. These compounds
could decrease the production of NO, thus showing inhibitory activity against lipopolysac-
charide (LPS)-induced murine macrophage RAW 264.7 cells with ECs) values of 17.06 mg/mL
(76.1 uM), 14.67 mg/mL (54.7 uM) and 6.15 mg/mL (22.9 uM), respectively [38].

Hifnawy et al. isolated compounds 1, 5 (phenazine-1,6-dicarboxylate) and 6 (phen-
comycin) from actinomycetes, Micromonospora sp. UR56 and Actinokineospora sp. EG49.
These compounds demonstrated high to moderate antibacterial and antibiofilm activities
against four bacterial strains (Staphylococcus aureus, Bacillus subtilis, Escherichia coli and
Pseudomonas aeruginosa), with modest cytotoxicity against four cell lines (WI38, HCT116,
HepG-2 and MCEF-7). They took Staphylococcus DNA gyrase-B and pyruvate kinase as
targets. Subsequently, in vitro data showed that 1, 5 and 6 (Figure 2) exerted their bacte-
rial inhibitory activities through inhibiting Staphylococcus DNA gyrase-B and pyruvate
kinase [39].

144



Mar. Drugs 2021, 19, 610

2.2. Natural Phenazines
2.2.1. Terpenoid Phenazines

Terpenoid phenazines contain common structural feature of isoprenylated C or N
side chains and most of them show moderate or weak antibacterial activity. Kondratyuk
et al. isolated marine phenazines 9 and 10 (Figure 4) from Streptomyces sp. strain CNS5284:
9 demonstrated inhibitory activity of NF-xB and cyclooxygenase-2 (COX-2); 10 showed
potent (sub-uM) inhibition activity of prostaglandin E2 (PGE2) production. However, these
activities monitored did not have a strong correlation with each other. The mechanism
of action was not apparent and needed to be further investigated [40]. Ohlendorf et al.
isolated geranylphenazinediol (11, Figure 4) from a marine sediment Streptonyces sp.
strain LB173 [41]: 11 bears geranylation at C-4 side. It showed weak antibacterial activity
and great inhibitory activity toward human acetylcholinesterase (IC5p = 2.62 & 0.35 uM).
Phenaziterpenes A (12) and B (13, Figure 4) are structurally related to geranylphenazinediol,
bearing O-geranylation. Song et al. isolated them from Streptomyces lusitanus SCSIO LR32.
However, compounds 12 and 13 did not show antibacterial activity and cytotoxicity against
tumor cell lines [42].
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Figure 4. The chemical structures of compounds 9-19.

Wu et al. isolated N-prenylated endophenazine 14 (Figure 4) from Kitasatospora sp.
MBT66. 14 inhibited B. subtilis better than positive control drugs Ampicillin and Strep-
tomycin [43]. Han et al. isolated several natural phenazines 15-19 (Figure 4) isolated
from Streptomyces sp. NA04227; 15-19 showed moderate inhibitory activity against hu-
man acetylcholinesterase and moderate antibacterial activity against Micrococcus luteus
(MIC =4 umol/L) [44].

2.2.2. Glycosylated Phenazines

A few natural glycosylated phenazines have so far been found and reported. The ac-
tivity of glycosylated phenazines was not remarkable and needed to be further investigated.
Rusman et al. firstly isolated deglycosylated phenazines (compounds 20-25, Figure 5) from
Streptomyces sp. Strain DL-93. None of the compounds exhibited any inhibitory activity
against tested bacteria and fungi. However, 21, 22 and 25 showed weak cytotoxicity against
HCT-116 cancer cell line with ECsj values of 18 uM, 52 uM and 45 uM, respectively. In vitro
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biological assay data demonstrated that the weak cytotoxic activity was not associated
with DNA intercalations and topoisomerase inhibition. The mechanisms of action were
uncertain and needed to be further investigated [45].
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Figure 5. The chemical structures of compounds 20-30.

Wuetal. also isolated glycosylated endophenazines (compounds 26-30, Figure 5) from
Kitasatospora sp. MBT66; 26 and 28 contain sugar moiety and the sugar is methylated at 2’-O
position. These two compounds are rare in nature and firstly reported; 26-30 all showed
antibacterial activity to some extent against Gram-positive B. subtilis. In addition, 26-28
and 30 also showed antimicrobial activity against Gram-negative E. coli. Interestingly, they
found that glycosylated 27 and 28, compared with their corresponding aglycone, displayed
enhanced activities against Gram-negative E. coli [43].

2.2.3. Divergent Fused Phenazines

This class of phenazines contains more than one phenazine-derived moiety. There
are a few divergent fused phenazines in nature that have been reported so far. Li et al.
isolated diastaphenazine (31, Figure 6) from an endophytic Streptomyces diastaticus subsp.
ardesiacus: 31 was a cytotoxic dimeric phenazine, showing antibacterial activity against
S. aureus (MIC = 64 ug/mL). However, 31 was inactive against E. coli and C. albicans even
at 128 nug/mL. Compared with positive control (adriamycin), 31 showed weak cytotoxicity
against HCT116, BGC-823, HepG2, HeLa and H460 cell lines with ICs values of 14.9 uM,
28.8 uM, 65.2 uM and 82.5 uM, respectively [46].
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Figure 6. The chemical structures of compounds 31-38.

Baraphenazines A—C (32-34, Figure 6) are fused 5-hydroxyquinoxaline/alpha-keto
acid amino acid compounds. Baraphenazines D and E (35 and 36, Figure 6) are spe-
cial diastaphenazine-type compounds. In addition, baraphenazines F and G (37 and 38,
Figure 6) are phenazinolin-type compounds. Wang et al. isolated them from Streptomyces
sp. PU-10A and investigated their anticancer activity. Only 36 displayed appreciable
activity against A549 and PC3 cell lines with IC5( values of 2.4 uM and 4.7 uM, respectively.
Structure-activity relationship (SAR) indicated that the group of amide on 36 was important
to the anticancer activity. On the contrary, the group of free acid on 32—35, 37 and 38 was
not benefit to the antiproliferative activity. These bioactivity data could explain a general
toxicity-based mechanism of action [47].

2.2.4. Biological Activity of New Phenazines

Kennedy et al. isolated 5-methyl phenazine-1-carboxylic acid (39, Figure 7) from
a rhizosphere soil bacterium. It showed selective cytotoxicity against A549 and MDA
MB-231 cell lines in a dose-dependent manner, with ICsy values of 488.7 nM and 458.6 nM,
respectively. It exhibited antiproliferative activity by inhibiting cell viability, DNA synthesis
and induced G1 cell cycle arrest and apoptosis in cancer cell lines. It was mediated by
mitochondrial apoptotic pathway via activation of caspase-3 and down regulation of Bcl-2

expression [32].
0y OH 0_OH 0. _NH, HO,,,
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0" ' “'OH
40 41 42
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Figure 7. The chemical structures of compounds 39-45.
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Lee et al. isolated compounds 40-42 (Figure 7) from yeast-like fungus Cystobasidium
larynigs IV17-028. These compounds, except for compound 41, could also inhibit the
production of NO, thereby showing inhibitory activity against lipopolysaccharide (LPS)-
induced murine macrophage RAW 264.7 cells with ECs values of 18.10 mg/mL (46.8 uM)
and 6.15 mg/mL (22.9 uM), respectively [38]. Deng et al. isolated bioactive compound 43
(Figure 7) from Streptomyces lomondensis S015, which inhibited Pythium ultimum, Rhizoctonia
solani, Septoria steviae and Fusarium oxysporum f. sp. Niveum, with MIC values of 16 ug/mL,
32 ug/mL, 16 pg/mL and 16 pg/mL, respectively. These biological data showed the
potency of 43 as a promising hit for the further development as a biopesticide [48]. Cha
et al. isolated compounds 44 and 45 (Figure 7) from Streptomyces sp. UT1123. These
two compounds had a unique methylamine linker rather than common methyl ether.
Additionally, 44 and 45 showed neuronal protective activity on HT-22 mouse hippocampal
neuronal cells even in a low concentration [14].

3. The Progresses of Biosynthetic Pathways of Phenazines

McDonald et al. found that 2-amino-2-deoxyisochorismic acid could be completely
converted into 1. These compounds were mainly extracted from Pseudomonas spp. PhzB,
phzD, phzE, phzF, phzG and so on, which belong to the phz gene family and they were proved
to play important roles in phenazine synthesis [49]. Chorismic acid (56) was not only a
common precursor for many primary and secondary metabolism but also the first substrate
in biosynthetic pathway towards natural phenazines. Many important phenazines could
be produced from microorganisms by this biosynthetic pathway. Combining with previous
reports of Xu et al. and Blankenfeldt et al., the classical biosynthetic pathway towards
strain-specific phenazines starting from chorismic acid is shown in Figure 8 [5,50].

Normally, the biosynthetic pathway in Pseudomonas mainly focused on simple modifi-
cation of phenazine cores. Shi et al. reported a different biosynthetic pathway of various
complex phenazines from the entomopathogenic bacterium Xenorhabdus szentirmaii. By
modifying the core structure of phenazine, such as electron-rich aromatic rings, reduced
form nitrogen(s) and carboxylic acid, a variety of natural phenazine derivatives can be
generated. The synthesis of compound 59 is controlled by the typical phz operon in X. szen-
tirmaii similar to classical biosynthetic pathway. Further modification of 59 was diversified
by the enzymes from two discrete biosynthetic gene clusters. This progress of biosynthetic
pathway was involved in multiple enzymatic and non-enzymatic reactions (Figure 9) [51].

Guo et al. developed a biosynthetic pathway to synthesize phenazine N-oxides in Pseu-
domonas chlororaphis HT66 (Figure 10). They used three enzymes, a monooxygenase (phzS),
a monooxygenase (phzO) and the N-monooxygenase (naphzNO1). Additionally, naphzNO1
only catalyzed the conversion of 80, but failed to convert into 81 in vitro. This study also
provided a promising method for the synthesis of aromatic N-oxides by naphzNO1 [52].
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Figure 10. The designed biosynthetic pathway for phenazine N-oxides 80 and 81.

4. Synthetic Phenazine Derivatives

Although natural phenazines possess a variety of biological activities, most of which
show moderate or weak activity, thus lacking the possibility to be used as drugs. Structural
modification and total synthesis are used to achieve some phenazine derivatives which
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show notable activity. Normally, the researchers focus on enhancing one special biolog-
ical activity. Here, synthetic phenazine derivatives will be classified into the following
categories in detail, with the perspective of biological activities and functional groups
connected to phenazine core.

4.1. Antimicrobial Activity
4.1.1. Halogenated Phenazine Derivatives

According to related reports, bacterium would stop growth in MIC of 2—4 pg/mL and
die in MIC of 2 ug/mL [48]. Halogenated phenazines derivatives are tested as antibacterial
agents which could target multiple persistent bacterial phenotypes effectively and show
negligible toxicity against mammalian cells. Antibacterial effect of halogenated phenazine
derivatives could be attributed to membrane disruption, interference with redox cascades
or electron-flow and the production of ROS [13,53]. Halogenated phenazine derivatives
needed to be further developed by chemists due to the great antibacterial activity.

Conda-Sheridan et al. synthesized a series of phenazines derivatives inspired by
some natural halogenated phenazines. They found N-(methylsulfonyl) amide group
in the position of C-4 and halogenated group in the position of C-6 would remarkably
improve the activity against MRSA. Compounds 82 and 83 (Figure 11) showed stronger
antibacterial activity in these synthetic halogenated phenazines compared to positive drug
vancomycin (MIC = 2 pg/mL). The mechanism of action of the most active compound
was also investigated, but various tested biological data indicated that 83 did not have
correlations with major reported antibacterial mechanisms. The in vitro ICsy values of 80
and 81 (Figure 11) against HaCaT cells (immortal keratinocytes) were 118 mM (82) and
193 mM (83), respectively; 83 seemed to be a promising molecule for the development of
MRSA drugs. Additionally, the application of computational methods such as quantitative
structure-activity relationship (QSAR) and the prediction of LogP would promote the
development of antibacterial drugs [54].

PO LY 4 N W £S
LB 87 c 87
e "0? N \\0 'o: ’~o N \\o o’.
82 83
MIC =4 pg/mL MIC =2 pg/mL

Figure 11. The chemical structures of compounds 82 and 83.

Garrison et al. synthesized a series of phenazines derivatives modified in the posi-
tions of C-2, C-4, C-7 and C-8. Compound 84 (Figure 12) proved to be the most potent
biofilm-eradicating agent (>99.9% persister cell killing) against Methicillin-resistant Staphy-
lococcus aureus (minimal biofilm eradication concentration (MBEC) < 10 uM), Methicillin-
resistant Staphylococcus epidermidis (MBEC = 2.35 uM) and vancomycin-resistant Enterococ-
cus (MBEC = 0.20 uM) biofilms, while compound 85 (Figure 12) demonstrated antibacterial
activity against M. tuberculosis (MIC = 3.13 uM) [55]. Yang et al. explored a series of
halogenated phenazines derivatives modified in the positions of C-4, C-6 and C-8. They
discovered that 6-substituted halogenated phenazines derivatives could enhance biofilm
eradication and antibacterial activities against Methicillin-resistant Staphylococcus aureus,
Methicillin-resistant Staphylococcus epidermidis and vancomycin-resistant Enterococcus. In
addition, Yang et al. synthesized a polyethylene glycol (PEG)-carbonate phenazine deriva-
tive 86 (Figure 12). Its water solubility was improved and demonstrated 30- to 100-fold
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enhancement of antibacterial activities against Methicillin-resistant Staphylococcus aureus
strains, likely through a prodrug mechanism [53].

Potent Biofilm-Eradicating Agent Potent anti-M.tuberculosis Agent

o
OH OH oJ\oﬁ o~
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MRSA MBEC = 9.38 uM
MRSE MBEC = 2.35 uM
VRE MBEC =0.20 uM

85 86

MtB MIC = 3.13 uM ClogP = 4.06

MRSA-1707 MIC = 0.03 uM
MRSA-1707 MBEC = 9.83 uM

Figure 12. The chemical structures of compounds 84-86 and related activity data.

Borrero et al. synthesized several halogenated phenazine derivatives which were in-
spired by natural halogenated phenazine 87 (Figure 13); 87 was selected as a lead antibiotic
which displayed great inhibitory activity against S. aureus (MIC= 1.56 uM). For example,
the activity of 88 increased two folds by systematic structural diversification and the SAR
was discussed as shown in Figure 13 [56].
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Figure 13. The chemical structures of compounds 87-96 and their inhibitory activity against S. aureus.

4.1.2. Derivatives of Clofazimine

Although clofazimine (Figure 14) is an antibiotic against multidrug-resistant M. fu-
berculosis, the clinical utility of this agent is limited by its poor physical and chemical
properties and the possibility of skin discoloration. TBI-1004 and B4100, modified at differ-
ent positions (Figure 14), showed stronger anti-M. tuberculosis activity than clofazimine.
Zhang et al. designed and synthesized a series of riminophenazine derivatives which
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contained a pyridyl group at the C-3 position of the phenazine core, inspired by previous
investigations about the developments of TBI-1004 and B4100. Among these derivatives,
compound 97 (Figure 14) demonstrated similar activity against M. fuberculosis. Addition-
ally, reduced the possibility of skin discoloration in an experimental mouse infection model
as compared to clofazimine. In addition, physicochemical properties and pharmacokinetic
profiles of 97 were improved [57].
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Figure 14. The chemical structures of clofazimine, B4100, TBI-1004, 97 and the data of related
biochemical properties (MIC, IC5 and ClogP).

Tonelli et al. also synthesized a series of riminophenazine derivatives which contained
quinolizidinylalkyl and pyrrolizidinylethyl moieties. These riminophenazine derivatives
were tested against M. tuberculosis strains H37Rv and H37Ra, six clinical isolates of M. avium
and M. tuberculosis and three mammalian cell lines (HMEC-1, MT-4 and Vero 76). The best
compounds 98-101 (Figure 15) showed great inhibition against all strains of M. tuberculosis
(MIC = 0.82-0.86 uM), 98 showed great inhibition against M. avium (MIC = 3.3 uM). The
MIC values for clofazimine were 1.06 M against M. tuberculosis and 4.23 uM against M.
avium, respectively; 98 demonstrated a selectivity index (SI = 5.23) against the human cell
line MT-4 comparable with clofazimine (SI = 6.4). Toxicity of 98 against mammalian Vero
76 cell line was quite low (SI = 79) [58].
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Figure 15. The chemical structures of compounds 98-101.
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4.1.3. Derivatives of Phenazine-1-carboxylic acid

Exemplified by compounds 1 and 2, simple natural phenazines possess great fungi-
cidal activities. Many groups continued to investigate their derivatives, hoping to dis-
covery new eco-friendly agrochemicals. Niu et al. designed and synthesized deriva-
tives of phenazine-1-carboxylic acid (1) linking with different amino-acid esters. Com-
pounds 102-109 (Figure 16) showed greater activity than 1 (EC5p = 66 pg/mL) with
ECsp values between 5.35 to 8.85 ug/mL. Particularly, 107 (ECsy = 6.47 ug/mL) and 108
(EC50 = 5.35 ug/mlL) showed the best fungicidal activities against Rhizoctonia solani Kuhn
and none of them had phloem mobility [59].
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Figure 16. The chemical structures of compounds 102-109.

Taking compound 2 as the lead compound, Zhu et al. designed and synthesized a
series of phenazine-1-carboxylic acid (1) diamide derivatives. The fungicidal activities were
tested by using the inhibitory ratio under 0.2 mmol/L (%) against six phytopathogenic fungi
Rhizoctonia solani, Fusarium graminearum, Alternaria solani, Fusarium oxysporum, Sclerotinia
sclerotiorum and Pyricularia oryzac. Although all derivatives had fungicidal activities to some
degree, the inhibitory activities of most derivatives were lower than control (compound 1).
Compounds 121-124 (Scheme 1) demonstrated inhibitory rates more than 50% against
R. solani and A. solani. Particularly, 121 showed the most potent fungicidal activity against
R. solani, with the inhibitory rate of 72.7%. Compound 121 demonstrated the strongest
fungicidal activity against P. oryzae with the inhibitory rate of 82.0% [60].

Han et al. designed and synthesized a series of phenazine-1-carboxylic (compound 1)
piperazine derivatives. Most phenazine-1-carboxylic piperazine derivatives showed fungi-
cidal activities in vitro. Particularly, compound 125 (Figure 17) showed inhibitory activity
against all tested pathogenic fungi (R. solani, A. solani, F. oxysporum, F. graminearum and
P. oryzac) with ECs5 values of 24.6 uM, 42.9 uM, 73.7 uM, 73.8 uM and 34.2 uM, respec-
tively [61]. Lu et al. designed and synthesized the derivatives based on the skeleton of
1, which contained a series of 1,3,4-oxadiazol-2-yl thioether derivatives. The results of
biological assay demonstrated that target compounds possessed moderate to good fungici-
dal activities against R. solani, S. sclerotioru and P. oryzac Cavgra. Compounds 126 and 127
showed more than 90% inhibitory rate against S. sclerotiori. The ECsg values of 126 and
127 were 11.16 uM and 30.47 uM, respectively. In addition, the ECs value of 127 against S.
sclerotioru was 10.49 mM, similar as that of compound 1 [62].
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Scheme 1. Synthesis of compounds 121-124. Reagents and conditions: (a) Oxalyl, CH,Cl,, DMF,
reflux, 8 h; (b) MeOH, rt, 1 h; (c) EDA, MeOH, rt, 0 °C to reflux, 2 h; (d) SOCl,, reflux, 6 h;
(e) Intermediates 117-120, 0 °C, 1 h.
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Figure 17. The chemical structures of compounds 125-127.

Li et al. also designed and synthesized the derivatives of compound 1 containing
substituted groups of triazole. Most 3-benzyl mercapto-1,2,4-triazol derivatives demon-
strated fungicidal activity against one or multiple plant pathogens in vitro and in vivo.
Compounds 137-140 (Scheme 2) displayed better inhibitory activity against rice blast
(P. oryzae) than 1. These results provided valuable references for further studies [63].
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132, 136 and 140 R = p-C4HyCgH,

Scheme 2. Synthesis of compounds 137-140. Reagents and conditions: (a) Oxalyl chloride, CH,Cl,,
DMEF, reflux, 8 h; (b) NaOH (4%), EtOH, reflux, 20 min; (c) pyridine, C4HgO,, 0 °C, 2 h.

4.1.4. Water-Soluble Triazole Phenazine Derivatives

Hayden et al. evaluated water-soluble triazole phenazine derivatives, which were
synthesized previously. Compounds 141-143 (Figure 18) showed high antimicrobial activ-
ity at tested concentrations without cytotoxicity against human epithelial cells and tested
biological data suggested that 141-143 could interrupt metabolic electron-transfer cascades
thereby exhibiting cytotoxicity against E. coli, rather than production of ROS [64].
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Figure 18. The chemical structures of compounds 141-143.

4.2. Insecticidal Activity

Podophyllotoxin is a natural product used as the lead compound for the preparation of
insecticidal agents. It contains A, B, C, D and E rings. Zhi et al. designed and synthesized
a series of podophyllotoxin-based phenazine derivatives modified in the C, D and E
rings. In addition, the insecticidal activity of target compounds was investigated which
showed insecticidal activity against Mythimna separata Walker in vivo. Compounds 148
and 149 (Scheme 3) were phenazine derivatives of 4-acyloxypodophyllotoxin modified in
the E ring. They demonstrated stronger insecticidal activity than toosendanin [65]. Then,
they designed and synthesized a series of oxime derivatives of podophyllotoxin-based
phenazines modified in the C, D and E rings. Compounds 153-157 (Scheme 4) exhibited
equal or higher insecticidal activity than toosendanin. The combination of podophyllotoxin
and phenazine was proved to enhance insecticidal activity [66].
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Scheme 3. Synthesis of compounds 148 and 149. Reagents and conditions: (a) NalO,, HOAc, rt, 17 h;
(b) CH3Cl, rt, 0.5 h; (c) RCOOH, DIC, DMAP, DCM, rt, 0.5-7 h.
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Scheme 4. Synthesis of compounds 153-157. Reagents and conditions: (a) NalO4, HOAc, rt, 17 h;
(b) CH3Cl, rt, 0.5 h; (c) 10% aq. NaOAc/EtOH, reflux, 15 h; (d) CrOg, pyridine, CH,Cl,; (e) NH4Cl,
pyridine, EtOH, reflux, 54 h; (f) RSO,Cl, NaH, THE, rt, overnight.

4.3. Antiparasitic Activity

Chagas’ disease, caused by Trypanosoma cruzi, is a widely spread endemic disease in
American. Alvarez and Minini et al. selected phenazine 158 (Figure 19) from their own
chemistry library and investigated its in-depth insight mechanism of inhibition; 158 could
bind to a widespread enzyme, triosephosphate isomerase (TIM) from T. cruzi. It showed
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great inhibitory activity against TIM and could be further developed as inhibitors of TIM;
158 showed highly selective inhibition against T. cruzi enzyme (TcTIM) and weak inhibition
against T. brucei (TbTIM), without affecting TIM from H. sapiens (HsTIM) and Leishmania
sp. (LmTIM) [67,68].

o lhibition
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Figure 19. The chemical structure of compound 158 and its inhibition assay data against Tc, Hs, Lm
and TbTIMs.

4.4. Anticancer Activity
4.4.1. Phenazine 5,10-dioxide Derivatives

Phenazine-5,10-dioxide derivatives 159-166 are listed in Table 1. Hernandez et al.
investigated chemosensitizer effect of compounds 159 and 161 to cisplatin. They showed a
significant increase of the antiproliferative activity compared with the control group treated
with cisplatin alone, demonstrating sensitization to cisplatin therapy. In addition, 159
combined with cisplatin induced cell cycle arrest on bladder cancer cells, resensitizing the
invasive and cisplatin resistant 253 J cell line. It also showed great inhibition activity against
histone deacetylase (HDAC) and sensitized chemotherapeutic drugs to better access to
DNA, which would cause DNA damage, leading to cell death [69].

Table 1. The chemical structures of phenazine-5,10-dioxide derivatives 159-166 and survival rate (%)
in normoxia and hypoxia.
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Table 1. Cont.
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2 SF norm = survival fraction in normoxia at 20 mM on V79 cells. ® SF hypox = survival fraction in hypoxia at
20 mM on V79 cells. € Values are means of two different experiments. The assays were done by duplicate and
using at least three repetitions. Nd = not determined.

Phenazine 5,10-dioxide derivatives have also been reported in development as biore-
ductive agents. This class of compounds all contain a bioreductive moiety, the N-oxide
group and a planar heterocycle moiety, phenazine [70,71]. After the hypoxic selective
bioreductive process, the phenazine moiety can interact with DNA causing cytotoxicity
in the solid tumour cells [72]. Gonda et al. attempted to find selective hypoxic cytotoxins
with additional ability to inhibit DNA topoisomerase II. Inhibitive values in normoxia and
hypoxia condition of these compounds were shown in Table 1: 162-164 displayed some
degree of selectivity; 165 showed non-selectivity towards both conditions, normoxia and
hypoxia. Meanwhile, 159 and 163 showed the best selectivity; 164 exhibited inhibition of
topoisomerase II in hypoxia; 166 showed no inhibition of topoisomerase II in hypoxia and
normoxia. The DNA interaction abilities of phenazine 5,10-dioxide derivatives were related
to cytotoxicity in normoxia or hypoxia. SAR implicated that the arylethenyl moieties were
generally responsible for normoxic cytotoxicity. On the contrary, the group of sulfonamido
did not produce selective cytotoxicity whether in normoxia or hypoxia [73].

4.4.2. Benzo[a]phenazine Derivatives

According to related reports, benzo[a]phenazine derivatives show significant activity
of antiproliferation against HL-60 cell line. Topoisomerases, including topoisomerase I
and II, have been proved to be effective anticancer targets in drug discovery due to highly
over-expression in cancer cells [74,75].

Benzo[a]phenazine derivatives 167-174 are listed in Table 2. Zhuo et al. designed series
of benzo[a]phenazine derivatives, which alkylated the phenolic hydroxyl group on ring B,
introducing different substituted groups on ring D by condensation and followed up with
amination. This class of compounds showed good antiproliferative activity. Compound 167
demonstrated good Topo I-DNA cleavage complex stabilizing ability in vivo. Compound
168 showed inhibition of ATPase. Compared with 167, 168 and 169 were introduced a
methoxy group, their inhibitory activity was significantly improved and there was a good
correlation between the inhibitory activity and cytotoxic activity. Caspase-3/7 activation
assay showed that this class of compounds could induce an apoptotic response in HL-60
cell line [76].
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Table 2. The chemical structures of benzo[a]phenazine derivatives 167-174, ICs values of in vitro
growth inhibitory, relative activity of Topo I-DNA cleavage and Topo II ATPase inhibition.

Relative Activity

Structure/Name

In Vitro Growth Inhibitory
2 1Cs0 Values

Topo I
Cleavage P

Topo II ATPase
Inhibition ©

167 R; =Ry=H
168 R; = H, R, = OCHj
169 R; = OCH3, Ro=H

(167): 1IC5p = 3.99 uM (HeLa),

3.65 M (A549), 5.01 uM
(MCE-7), 1.40 tM (HL-60).

(168): IC5) = 4.36 uM (HeLa),

5.45 M (A549), 2.83 uM
(MCE-7), 2.36 pM (HL-60).

(169): IC5p = 2.26 uM (HeLa),

2.24 uM (A549), 2.27 uM
(MCE-7), 1.04 (M (HL-60).

(167): +++

(168): —

(169): —

(167): ++

(168): +++

(169): ++

\N/
w

powe

(170): ICsp = 0.31 uM
(HL-60), 24.56 uM (K562),
9.91 uM (Hela), 22.31 uM
(A549).

(171): ICsp = 0.21 M
(HL-60), 5.93 uM (K562),
8.41 uM (Hela), 13.51 uM
(A549).

(172): ICsp = 0.38 UM
(HL-60), 4.73 uM (K562),
21.44 uM (Hela), 16.28 M
(A549).

(170): Nd.

(171): Nd.

(172): ++

(170): Nd.

(171): Nd.

(172): ++++

Ry

(173): ICsp = 0.22 M
(HL'60), 7.13 uM (K562),
29.95 uM (Hela), 32.96 uM
(A549).

(174): ICsp = 0.09 M
(HL-60), 8.73 M (K562),
18.23 uM (Hela), 26.45 uM
(A549).

(173): Nd.

(174): Nd.

(173): ++++

(174): ++++

173 R; =R, = H, R3= OCH3

174 R;=H, R, = R3 = OCH3
2 1Csp = concentration required for 50% of the antiproliferative effect for a given cell population grown for
2 days in presence of the compound of interest.; b The relative Topo I cleavage complex stabilizing potencies
of the compounds are presented as follows: —, no detectable activity; +, weak activity; ++, weaker activity
than that of CPT; +++, activity similar to that of CPT.; ¢ The relative Topo II ATPase inhibitory potencies of
the compounds are presented as follows: —, no detectable activity; +, weak activity; ++, weaker activity than
that of 1,4-naphthoquinone; +++, activity similar to that of 1,4-naphthoquinone, higher activity than that of
1,4-naphthoquinone; ++++.; Nd = not determined.

Yao et al. synthesized a series of 7-alkylamino substituted benzo[a]phenazine deriva-
tives. Most of these compounds showed better inhibitory activity in HL-60 cell line than
the other tested cell lines. The structure-activity relationship studies revealed that the sub-
stitution of amino groups on terminal of side chain at N-7 position could improve the Topo
I/1I inhibitory activity and cytotoxicity: 170-172 with the dimethylamino terminal showed
good Topo I and Topo II inhibitory activity; 170 could stabilize the Topo I-DNA cleavage
complexes in vivo; 173 with methoxy group at position C-9 exhibited good Topo I and
Topo Il inhibitory activity at 25 mM concentration; 173 showed inhibition of ATPase [22].

4.4.3. Pyran[2,3-c]phenazine Derivatives

Phenazine derivatives and pyran derivatives are important heterocyclic compounds
which possess good biological activity. The heterocyclic pyran structure usually is a func-
tional framework which appears in amounts of important drugs and natural products.
Molecular hybridization strategy shows great prospect in the present drug discovery to
reduce the side effects and the occurrence of drug-resistance [77]. The aromatic inter-
layer coupling structure of phenazine, as well as the structural characteristics of fluted or
specific enzyme binders, leads to selective high-affinity binders that target DNA and DNA-
enzyme complexes [78]. According to recent articles, pyran[2,3-c] phenazine derivatives
mainly showed cytotoxicity against HepG2 cell line. In addition, the mechanism inducing
apoptosis against cancer cells about this class of compounds is shown in Figure 3.
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Lu etal. designed and synthesized a series of pyran[3,2-a] phenazine derivatives. Most
pyran[3,2-a] phenazine derivatives demonstrated cytotoxicity against HCT116, MCF-7,
HepG2 and A549 cancer cell lines in vitro. Especially, compounds 181-183 (Scheme 5) were
found to show potent growth inhibitory activity against HepG2 cell line (ICsq of 2-6 uM).
In addition, they also used experimental mouse models to test in vivo activity of these
phenazine derivatives. Among these phenazine derivatives, 181 was selected to do tumor
xenografts experiment to test the effect of inhibition. H22 cells was injected into ICR mice,
inhibitions were 7.78% (5 mg/kg), 68.89% (10 mg/kg) and 77.78% (20 mg/kg), respectively.
Further mechanism studies implicated 181 acted as topoisomerases I and II dual inhibitor,
cell cycle arrester and apoptosis inducer against HepG2 cell line [23].

@::ﬁ R CE DE

CHO

176 Ry=H, R, =Cl 180 R;=H, R, =Cl, R;=CN
177R; =R, =Cl 181R,=R,=Cl, R;=CN

178 Ry =Br,R,=H 182 Ry = Br, R, = H, Ry = COOEt
179 R, =R, =Cl 183 R, = R, = Cl, Ry = COOEt

Scheme 5. Synthesis of compounds 180-183. Reagents and conditions: (a) Conc. HCI, FeCl3, rt,
overnight; (b) malononitrile or ethyl 2-cyanoacetate, DABCO, EtOH, reflux, 0.5-2.5 h.

Additionally, Liao et al. firstly found 181 as thioredoxin reductase I (TrxR1) inhibitor
against HepG2 cell line. TrxR1 is a novel anticancer target different from topoisomerases I
and II. Molecular docking was carried out to study the inhibitory possibility of compound
181 against TrxR1. Soon afterwards, they investigated the crucial downstream protein
TrxR1 to confirm antiproliferation function of 181 against the HepG2 cell line. It supplied
valuable information for further development of the TrxR1 inhibitors [24].

Lu et al. also designed phenazine derivatives containing phenazine, pyran, indole and
1,2,3-triazole pharmacophores. Among these derivatives, 187 (Scheme 6) demonstrated
the best antiproliferative activity against A549 cancer cell line (ICsy of 5.4 uM) and no
cytotoxicity against L02 and HUVEC non-cancer cell lines [18].
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Scheme 6. Synthesis of compound 187. Reagents and conditions: (a) Conc. HCI, FeCls, rt, overnight;
(b) malononitrile, DABCO, EtOH; (c) sodium ascorbate, CuSO,, THF/H,O.
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4.4.4. Benzo[a]pyran[2,3-c]phenazine Derivatives

This class of phenazine derivatives, which contain phenazine, pyran and benzo core,
possess great anticancer activity but rarely reported. Inspired by XR11576 (Figure 1),
benzophenazine derivative has been proved to be a great antitumor compound which
could be further modified. Gao et al. synthesized a series of benzo[a]pyran[2,3-c] phenazine
derivatives and evaluated their biological activities. Some of them (compounds 188-191)
are listed in Figure 20. Among these compounds, 189 and 191 possessed a p-dimethylamino
substituted group in benzo ring and the apparent differences between their structures
possessed cyan group and ethyl acetate group, respectively, in 3-position of y-pyran
ring. Compared to the positive control drug (hydroxycamptothecin), 189 showed better
inhibition activity against tested cancer cell line HepG2. However, 191 demonstrated no
inhibitory activity against all selective cell lines. These experimental data proved that cyan
group played an important role in antiproliferative activity: 189 and 190, possessing a
p-dimethylamino group and p-hydroxyl group, respectively, demonstrated some cytotoxic
activity to HCT116 cell line, IC5p of 0.22 uM and 15.32 uM, respectively; 189 showed
cytotoxic activity against HepG2 cell line with ICs of 6.71 uM; 188-191 showed weak or
no activity against MCF-7 and A549 cell lines. SAR studies showed that cyan group and
p-dimethylamino group played a significant role in antiproliferative activity and resulted
in the decrease of cytotoxic activity [79].

Figure 20. The chemical structures of compounds 188-191.

4.4.5. Benzo[a]chromeno[2,3-c] phenazine Derivatives

Chromenes are also an important class of heterocyclic compounds which exhibit
attractive pharmacological properties, such as antitumor, anti-vascular, antioxidant, an-
timicrobial, sex pheromone, tumor necrosis factor-« (TNF-o) inhibitor, cancer therapy and
central neuroprotective activities [80]. Chromenes and phenazine derivatives both have
attracted attention, but benzo[a]chromeno|2,3-c] phenazine derivatives have rarely been
investigated [81].

Reddy et al. synthesized a series of phenazine-chromene hybrid molecules by protocol
of one pot multi-component reaction. Compounds 192-194 (Figure 21) showed excellent
in vitro antioxidant activity which was benefit to the treatment of cancer and prevention of
cardiovascular diseases. Compared with anticancer drugs etoposide and camptothecin,
192-194 showed similar antiproliferative activity against selective cancer cell lines with ICsq
values of 3.28 uM, 4.31 uM and 4.01 uM against HeLa cell line and 2.24 uM, 3.81 uM and
3.12 uM against SK-BR-3 cell line, respectively. These compounds did not show significant
toxicity against normal human breast cells (HBL 100) at lower concentrations [19].

Figure 21. The chemical structures of compounds 192-194.
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4.4.6. Derivatives Derived from 2-Phenazinamine

Inspired by previous reports, Gao et al. isolated a natural derivative derived from
2-phenazinamine, showing high cytotoxicity against selective cancer cell lines. A series of
2-phenazinamine derivatives, including compounds 195-202 (Figure 22), were synthesized.
The antiproliferative activity results showed that IC5, values of 195 and 197 against HepG2
cell line were 16.46 uM and 15.21 uM, respectively. ICs( values of 195 and 198 against K562
cell line were 33.43 uM and 49.20 puM, respectively. In addition, ICsy value of 196 against
MCE-7 cell line was 11.63 uM. Notably, these active compounds showed no cytotoxicity on
the epithelial cells from the 293T non-cancer cells. Moreover, mechanism of 195 was similar
to control drug (cisplatin), inhibiting cancer proliferation by inducing apoptosis [82].
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Figure 22. The chemical structures of compounds 195-202.

According to the report of Gao et al., Kale et al. selected some 2-phenazinamines
derivatives and further utilized computational methods to investigate their protein tar-
gets. The experimental data of 199-202 showed great binding energy against BCR-ABL
tyrosine kinase by Autodock 4.2. Scores of 199-202 were —7.6 kcal/mol, —8.8 kcal/mol,
—7.2 kcal/mol and —7.1 kcal/mol, respectively. In addition, the score of imatinib was
—8.7 kcal/mol. All the computational data showed 2-phenazinamine derivatives would be
inhibitors against BCR-ABL tyrosine kinase and needed to be further investigated [25].

4.4.7. Derivatives Derived from 2,3-Diaminophenazine

Protein kinases (PKs) are essential in many cellular processes, which catalyze phospho-
rylation of different cellular substrates. Then, phosphorylation in turn regulates various
cellular functions. Normally, their activity is strictly regulated. Under pathological con-
ditions, PKs can be deregulated, leading to changes in the phosphorylation, resulting in
uncontrolled cell division, inhibiting apoptosis and other abnormalities. Various cancers
are known to be caused or accompanied by deregulation of the phosphorylation. Screening
new potent, selective and less toxic compounds to inhibit PKs has been proved to be a
promising cancer treatment strategy [83].

Mabhran et al. prepared some phenazine derivatives, such as compound 203 and its
analogues (Figure 23). Among these derivatives, compounds 203-207 displayed antipro-
liferative activity with ICsy values of 8.8 uM, 7.7 uM, 8.4 uM, 6.8 uM and 8.8 uM against
A549 cell line and 6.0 uM, 4.4 uM, 5.2 uM, 16 uM and 6.8 uM against HCT116 cell line,
respectively. These compounds also showed inhibitory activity of human tyrosine kinases.
The experimental results of inhibiting human tyrosine kinase were consistent with cell
cytotoxicity activity [20].
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Figure 23. The chemical structures of compounds 203-207.

4.4.8. 2,3-Dialkoxyphenazine Derivatives

Endo et al. reported the only antitumor activity of 2,3-disubstituted phenazines
against sarcoma and carcinoma tumors in 1965 [84]. The presence of long fatty chains
could provide a good effect to cross the lipid barrier [85]. Moris et al. synthesized
2,3-dialkoxyphenazine derivatives using an easy, efficient and straightforward condensa-
tion method. These compounds 208-211 (Figure 24) were firstly reported to show activity
on MiaPaca pancreatic cell lines with ICs of 0.06 uM, 21 uM, 75 uM and 7 uM, respec-
tively. Interestingly, 208 and 209 interacted with DNA through hydrogen bonds remarkably,
showing significant anticancer activity. Compared to Gemzar®, 208 and 211 were the most
effective ones against pancreatic MiaPaca cell resistant lines. The experimental results
showed that the carboxyl substituents on position 7 did not interact with each other through
hydrogen bonds. Although possessing planar structures, these derivatives did not have
similar mechanism of action as Gemcitabine. In vivo study on mice, 211 was as efficient as
Gemzar® at a ten times lower concentration (1 mg/kg vs. 10 mg/kg) [21].
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Figure 24. The chemical structures of compounds 208-211.

5. Conclusions

In this review, we introduced natural phenazines and synthetic phenazine derivatives,
which were reported from 2012 to 2021. The biosynthetic pathways of natural phenazines,
sources of microorganism and operon genes were illustrated in detail. Additionally, their
pharmacological activities, mechanisms of action and structure-activity relationships were
also summarized. In future studies, first of all, it is still necessary to find novel structures
from natural sources for the screening of lead compounds. Secondly, it is very important
to design and synthesize new compounds based on existing SAR through structural
modification. The successfully applied drug clofazimine and XR11576, XR5944, NC-182
and NC-190 in clinical studies are good references. The structure modification at C-2, C-3,
C-4 and N-6 sites and ring fused derivatives have a good prospect. In addition, target-based
drug design can reduce the randomness. Finally, more extensive activity screening will
enable more efficient use of compound resources.
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Abstract: Nitrogen heterocycles are essential parts of the chemical machinery of life and often reveal
intriguing structures. They are not only widespread in terrestrial habitats but can also frequently be
found as natural products in the marine environment. This review highlights the important class of
marine pyrrole alkaloids, well-known for their diverse biological activities. A broad overview of the
marine pyrrole alkaloids with a focus on their isolation, biological activities, chemical synthesis, and
derivatization covering the decade from 2010 to 2020 is provided. With relevant structural subclasses
categorized, this review shall provide a clear and timely synopsis of this area.

Keywords: pyrroles; alkaloids; marine natural products; nitrogen heterocycles; bromopyrroles;
pyrrole-imidazole alkaloids; pyrrole-aminoimidazole alkaloids

1. Introduction

The oceans cover more than 70% of the earth’s surface and comprise around 95% of
the volume of the biosphere. This impressive size of the marine habitat and its biological
diversity known to date lead to the assumption of an enormous, yet still largely unexplored
world, carrying an unused potential for research areas such as pharmacology, medicine,
crop protection, or food technology. Furthermore, the uniqueness of marine life is reflected
by the fact that only a small fraction of the 30,000 marine natural products (MNPs) known
at present can also be found in terrestrial sources [1]. Additionally, the isolation and
investigation of MNPs is a rapidly expanding field of research at the interface of biology
and chemistry [2-10]. Looking back to 2009, when only 20,000 MNPs were known, an
impressive increase of 50% has been achieved in the past 11 years, which highlights the
importance of the marine habitat in this context [11].

Among the marine alkaloids, which are largely composed of nitrogen-containing
heterocycles, the pyrroles form a large group of intriguing natural products which occur
in marine organisms ranging from microbes over algae and sponges to animals. Their
structural diversity including terpenoid-, polyketide-, carbohydrate-, lipid-, and peptide-
frameworks [7,12] accompanied by attractive biological properties, has spurred a consider-
able interest of chemists [6,13-19].

This review focuses on marine pyrrole alkaloids containing at least one pyrrole moiety,
which were discovered during the decade of 2010 to 2020. The number of newly discovered
pyrrole MNPs surged in this decade and many structural revisions resulted in a deeper
knowledge of their biogenetic origin and structural relations.

In addition to the reported structures and their biological sources, known biological
activities and, where applicable, the first total syntheses of these compounds will be shown.
Furthermore, this review is subdivided by structural subclasses based on the substitution
pattern of the pyrrole core. As a delineation, only MNPs with intact pyrrole functionality
are described, whereas indole alkaloids [20], the saturated heterocycles pyrroline and
pyrrolidine [21], as well as other fused systems (e.g., carbazoles) and pyrrole derivatives
lacking a genuine pyrrole core [22-25], will not be covered. Several other specific overviews
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focusing on subclasses such as bromopyrroles [26,27] and pyrrole-imidazole alkaloids
(PIA) [13,14,28] or with the focus on the isolation source [14,25,27], have been published.
In contrast, we intend to provide the reader with an impression of the multiple facets of
pyrrole alkaloids in the marine environment.

The five-membered planar 67 heteroaromatic pyrrole core with its high electron
density is a reactive and privileged structural motif found in many biomolecules. It can
provide stacking interactions, coordinate metal ions, or form hydrogen bonds when devoid
of a substituent in the 1-position. Probably, the most well-known pyrrole derivatives in
nature possess a tetrapyrrole skeleton, which can, e.g., be found in heme, chlorophyll, and
several other porphyrinoid cofactors [29,30]. However, pyrroles possessing much simpler
architectures have also attracted considerable interest, e.g., as promising lead structures
in medicinal chemistry [15]. The biggest-selling drug of all time, the blood cholesterol
lowering HMG-CoA reductase inhibitor atorvastatin (Lipitor®), is a pyrrole derivative. Not
surprisingly, many pyrrole MNPs have also been associated with various pharmacological
activities, such as cytotoxic [31,32], anti-bacterial [33,34], anti-fungal [35], and anti-cancer
properties [6,36,37].

2. Non-Halogenated Marine Pyrrole Alkaloids

The alkaloids presented in this chapter are identified by a non-halogenated pyrrole
core. Despite their structural diversity, the biosynthetic origin of these alkaloids can
be traced back to a small number of possible biosynthetic pathways. According to the
stunning logic of nature, only a few building blocks such as the amino acids glycine, serine,
tryptophan, and proline are necessary to construct their pyrrole units.

A well-known pathway involves §-aminolevulinic acid (ALA) as a key intermedi-
ate, which is produced from glycine and succinyl-CoA. An enzyme-catalyzed Knorr-type
condensation—cyclization reaction of two molecules of 6-aminolevulinate yields porpho-
bilinogen as a central intermediate, from which the trialkyl-substituted pyrroles are derived.
Porphobilinogen is prone to self-condensation under acidic conditions and can further
react to polypyrrolic systems, most notably the tetrapyrroles. Another major biosynthetic
pathway is the dehydrogenation of proline to the common pyrrole-2-carboxylate unit. The
activation of proline is suggested to involve a peptidyl carrier protein (PCP) forming a
thioester linkage. In the next step, a controlled four-electron oxidation process with a
flavoprotein desaturase occurs. These two C—N desaturation steps of the prolyl-S-PCP
and subsequent tautomerization lead to the desired pyrrolyl-2-carboxyl-S-PCP product.
Starting from this activated intermediate, a broad spectrum of reactions such as enzymatic
transfer to nucleophiles or enzymatic halogenations can occur to create the world of marine
pyrrole alkaloids [25,30,38,39].

2.1. Simple Pyrroles

The pyrrole derivative 1-(4-benzyl-1H-pyrrol-3-yl)ethanone (1) was found in a co-
culture of the marine-derived fungi Aspergillus sclerotiorum and Penicillium citrinum in
2017 (Figure 1). The acylated pyrrole 1 shows only medium toxicity against brine shrimp
(LCsp values of 46.2 uM) and oppositely increases the growth of Staphylococcus aureus at
100 pug/mL [40].
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fusarine geranylpyrrol A

Figure 1. Simple pyrrole alkaloids 1-3 isolated from different marine organisms.
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Investigation of an endophytic strain of Fusarium incarnatum yielded another acylated
pyrrole, fusarine (2), isolated from the marine mangrove fruit Aegiceras corniculatum in 2012
(Figure 1). Alkaloid 2 is expected to be formed biosynthetically via a Paal-Knorr cyclization
of a primary amine and a 1,3-dicarbonyl, but showed neither antiproliferative nor cytotoxic
potential against HUVEC, K-562, and HeLa human cell lines [41].

Another simple pyrrole is represented by geranylpyrrol A (3), which is counted among
the small class of pyrrolomonoterpenoids and derives from pyrrolostatin (Figure 1). It was
isolated from a mutant strain of Streptomyces sp. CHQ-64 in 2017 but did not display any
toxicity against eight tested human cancer cell lines [42].

The pyrroloterpenoid glaciapyrrol A (10b) was already isolated along with its con-
geners glaciapyrrols B and C in 2005. Despite extensive investigations, the relative con-
figuration of C-11 and the overall absolute configuration could not be determined at this
time [43]. Through the first total synthesis of its four diastereomers by Dickschat in 2011,
the relative configuration of the three stereocenters could be unequivocally established [44].
The authors devised an enantioselective synthesis starting from geraniol (4) using a Sharp-
less epoxidation to furnish alcohol 5. Protection of the alcohol functionality and subse-
quent Sharpless dihydroxylation followed by intramolecular cyclization served as the key
step and stereoselectively generated compound 6. After several steps including a pro-
tection/ deprotection sequence followed by oxidation and Horner-Wadsworth—-Emmons
(HWE) reaction using phosphonate 7, ester 8 was obtained in 64% over four steps. Saponi-
fication, the addition of pyrrolyl Grignard 9, and final TBS-deprotection finally produced
ent-(—)-glaciapyrrol A (10a) showing the opposite optical rotation as the original publica-
tion from 2005. The authors, therefore, identified the natural product as (+)-glaciapyrrol A
(10b) (Scheme 1) [44].
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Scheme 1. Enantioselective approach towards the total synthesis of pyrrolosesquiterpenoid 10b by a
Sharpless epoxidation/dihydroxylation sequence, leading to the unnatural ent-(—)-glaciapyrrol A
(10a).

The bromotyrosine-derived pyrrole alkaloid pseudocerolide A (11), was isolated from
a marine sponge (Pseudoceratina sp.) from the South China Sea in 2020 and its proposed
structure could be confirmed by X-ray crystallography (Figure 2). Unfortunately, compound
11 exhibited no activities against methicillin-resistant Staphylococcus aureus, Escheriachia coli,
or Candida albicans [45].
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Figure 2. Pseudocerolide A (11) and quinolinone alkaloids 12-17 isolated from marine origin.

The unusual pyrrolyl 1-isoquinolone alkaloids 12 and 13 were discovered from a
habitat in the South China Sea within a co-culture of two mangrove endophytic fungi (strain
No. 1924 and 3893) in 2006 [46]. It took until 2011, when Kénig and co-workers isolated
methyl marinamide (15) from the marine sponge (Ircinia variabilis) and reported a revised
structure of 15, in which the previously assumed 1-isoquinolone of 13 was reassigned
as a 4-quinolinone unit on the basis of X-ray crystallography. Unfortunately, 15 showed
only weak or no effects in the biological evaluation on cannabinoid receptors [47]. In
accordance with the findings of Kénig, Zhu and Chen, chemically modified the previously
isolated compound 14 in 2013, which also led to the revision of the structure 12 to 14 for
marinamide in the same fashion, further confirming the revision of marinamide by Kénig
and co-workers [48]. However, one year before the report of Konig, the Lin laboratory
isolated the same compound 14, but referred to it as penicinoline (Figure 2) [49]. Both
compounds 14 and 15 display promising in vitro cytotoxicity towards 95-D and HepG2
cell lines (ICsg values of 0.57 pg/mL and 6.5 ug/mL, respectively) as well as insecticidal
activity against Aphis gossypii (100% mortality at 1000 ppm) [48,49].

The related congener penicinoline E (16) was isolated from an endophytic fungus
Penicillium sp. ghq208 in 2012 alongside quinolactacide (17), which was isolated from a
marine source for the first time [50,51]. In biological assays, moderate cytotoxicity against
HepG2 was exclusively attributed to 4-quinolinones 14 and 15 (ICsy values of 11.3 pug/mL
and 13.2 pg/mL, respectively), indicating the importance of the free carboxy function at C3
(Figure 2) [51].

Based on the auspicious pharmacological activities of penicinoline E (16), marinamide
(14), and methyl marinamide (15), the Nagarajan group established their total synthesis
in 2017 for further biological testing [52]. They achieved a two- to three-step approach,
characterized by a Suzuki-Miyaura coupling and subsequent dearomatization as key steps
from their starting materials 18, 19, and 20. They were also able to unambiguously confirm
the structure of penicinoline E (16) by X-ray crystallography (Scheme 2) [52].
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Scheme 2. A high-yield sequence towards pyrrolyl 4-quinolinones 14, 15, and 16 starting from
2-chloroquinoline precursors 18 and 19 by Nagarajan et al.

Furthermore, the antimalarial properties against the 3D7 strain of Plasmodium falci-
parum were evaluated and the decarboxylated derivative 16, as well as the methyl ester
15, showed significant activity (ICsy value of 1.56 uM for both). These results have been
confirmed by binding mode studies of the synthesized ligands 14, 15, and 16 to the CYTB
protein of Plasmodium falciparum [52].

Another pharmacologically interesting compound class is the indanomycins, which
possess a variety of biological activities such as antibacterial [53], insecticidal [54], and
antiprotozoal [55] properties. In 2011, the group of Kelly and co-workers published a study
on the biosynthesis of indanomyincs, including an intramolecular Diels-Alder cyclization
of a tetraene as the key step [56]. Two years later, researchers isolated three new representa-
tives of these pyrrole ethers from the culture broth of a marine Streptomyces anibioticus strain
PTZ0016 which possess in vitro activity against Staphylococccus aureus (MIC values between
4.0 and 8.0 ug/mL). Based on their previous derivatives and on the «- or 3-orientation
of the pyran ring, they were named 16-deethylindanomycins. The relative and absolute
configurations of iso-16-deethylindanomycin (23), iso-16-deethylindanomycin methyl ester
(24), and 16-deethylindanomycin methyl ester (25) were established by extensive NMR
and CD spectroscopy (Figure 3) [57].

23 (R = a-H) 24 (R = o-H) iso-16-deethyl-
iso-16-deethyl-indanomycin indanomycin methyl ester
25 (R = a-H) 16-deethyl-
indanomycin methyl ester

Figure 3. Three new members 23-25 of the indanomycin-group, discovered in 2013.

Another important source of bioactive MNPs is represented by the genus Agelas
(family Agelasidae), which provides a wide diversity of glycolipids [58,59], diterpene
alkaloids [60-62], and pyrrole alkaloids [63—66]. To date, more than 130 pyrrole alkaloids
have been isolated from over 20 Agelas species, all of which share a unique bromo- or
debromopyrrole-2-carboxamide moiety alongside several linear side chains, anellated ring
systems, or dimeric structural units [67].

In 2017, Li et al. reported the isolation of the nakamurines A—-C (26-28) from the South
China Sea sponge Agelas nakamurai. They only differ in the side chain of the carboxamide
unit, however, no activity could be observed for any of the compounds in cytotoxicity
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tests and antiviral assays. In antimicrobial assays, only nakamurine B (27) showed weak
inhibitory effects against Candida albicans (MIC = 60 ug/mL, Figure 4) [67].

N
o=""7°
NH
4 MeOOC
OMe OH
NHR NH NH
0 < L
N N N
R° No° No°
26 (R = CH,0Me) (2)-29 (%)-30
27 (R =~ COOMe ) nakamurine D
28 (R =COO0OMe)

nakamurine A-C
Figure 4. Isolation of five pyrrole-2-carboxamides (26-30) from the sea sponge Agelas nakamurai.

A few weeks later, the same group published the extraction of two non-brominated
pyrroles, 29 and 30, from the same sponge Agelas nakamurai [68]. For structure elucidation,
the racemic pairs were resolved by chiral HPLC with the absolute stereochemistries de-
termined by quantum chemical calculations and measurements of molar rotations. The
carboxamide 30 was listed in SciFinder Scholar with no associated reference at that time,
but the analytical data were reported for the first time. In cytotoxicity and antimicrobial
tests, no activity could be observed for any of the enantiomers of nakamurine D (29) or for
compound 30 (Figure 4) [68].

In 2017, Li and co-workers were able to isolate a new class of racemic pyrroles, the
nemoechines A-C (31, 32, and 124), from the species Agelas aff. nemoechinata (Figure 5) [69].
Nemoechine A (31) differs from the two related congeners 32 and 124 by its unusual
bicyclic cyclopentane-fused imidazole skeleton, whereas nemoechine B (124) features a
fused pyrrole core and is therefore specified in Section 2.4. Nemoechine C (32), with its
butyric acid ester side chain, shows structural similarity to pyrrole 30 and differs only
by an additional methylene group. Unfortunately, nemoechine A (31) and C (32) did not
show any promising activities which complies with the inactivity of the structurally related
pyrroles 29 and 30 [69].

COOMe H N
o] N\ N
\ )
A OH H N)\N ) Me')—N
H NH 2 Me Me
HN OMe NH NH o]
> 0 0 0
N N N N
N O HO N 0 N [¢] N [¢]
(%)-31 (£)-32 33 (-)-34 (R = 1COOH )
nemoechine A nemoechine C debromokeramadine clathrirole B
(-)-35 (R=—=COOH )

manzacidin D
Figure 5. Isolation of nemoechine A (31) and C (32), debromokeramadine (33), and clathrirole B (34).

The isolation of pyrrole-2-aminoimidazole (P-2-Al) debromokeramadine (33) from
the marine sponge Agelas cf. mauritiana was reported alongside the first total syntheses of
33 and keramadine (41) in 2015. Interestingly, 33 and the previously isolated derivative
keramadine (41), feature a (Z)-configuration at the C=C double bond, which is in contrast
to the well-known natural key-precursor oroidin featuring an (E)-configured double bond
(Figure 5) [70,71].

Clathrirole B (34), extracted from the marine sponge Clathria prolifera, represents
another P-2-Al alkaloid. The carboxylic acid ester 34 is a C-11 epimer of manzacidin D (35),
which was isolated from the marine sponge Astrosclera willeyana back in 1997 (Figure 5) [72].
Interestingly, compound 34 completely lacks antifungal activity against Saccharomyces
cerevisine, whereas diastereomer 35 and derivatives thereof proved to be potent antifungals
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against this yeast [35]. Thus, the authors concluded that the absolute configurations at both
C-9 and C-11 may have a massive influence on the antifungal activity of this compound
class [73].

The authors applied a one-pot approach with a regioselective oxidative addition in
which partially brominated N-acylpyrrole-1,2-dihydropyridines 36 and 37 were reacted
with guanidine 38 in a double nucleophilic substitution to generate the aminoimidazoline
moiety. Finally, the cyclic aminal structure is ring-opened by TFA, resulting in the MNPs
33 and 41 (Scheme 3) [71].
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NH 39(R=H) 33 (R = H) debromokeramadine
38 40 (R =Br) 11% (one-pot)

41 (R = Br) keramadine
58% (one-pot)
Scheme 3. Synthesis of keramadines 33 and 41, including a regioselective oxidative addition followed
by acid mediated bond cleavage of the aminal.

In the previously reported isolation of MNPs from Agelas aff. nemoechinata and naka-
murai, the class of nakamurines and nemoechines were presented [68,69]. It should be
mentioned that the group of Li isolated several structurally related pyrrole alkaloids from
marine sources and identified them as known compounds that had been synthesized but
not isolated from natural sources before. Therefore, carboxamides 42-47, isolated from
marine sources for the first time, are grouped together in Figure 6. The N-acylglycine
methyl ester 42 identified in both sponges is related to nakamurine C (28) but carries an
additional methylene group [68,69]. The synthetically known pyrrole 43 bearing two more
methylene groups in the side chain, was isolated from Agelas nakamurai [68,74,75].

ZT

R

( R

NH NH NH
D D D
N N N
N © N © N ©
42 (R = COOMe) 44 (R = (CH,),NH,) 47
43 (R = CH,COOMe) 45 (R = (CH,),0H)

46 (R = (CH,);0H)

Figure 6. Synthetically known pyrrole-2-carboxamides 4247, isolated for the first time from ma-
rine origin.

Some reduction products of the methyl esters and an amine derivative are represented
by compounds 4446, of which 45 occurs in both sponges, whereas 44 and 46 were exclu-
sively isolated from the Nemoechinata sp. [68,69,76,77]. The carboxamide 47 is a debromo
analog of mukanadin B and is present in Agelas nakamurai [68,78,79]. Compounds 42-47
described show neither cytotoxicity nor antimicrobial activity.

The Arctic hydrozoan Thuiaria breitfussi (family Sertulariidae) produces a class of
indole-oxazole-pyrrole MNPs named breitfussins. Biosynthetically, the breitfussins may
share a similar biogenesis as the phorbazoles (cf. Figure 33), arising from the dipeptides Pro-
Trp or Pro-Tyr. In the first isolation and analysis of breitfussin A (48) in 2012, high-resolution
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mass spectrometry indicated a ratio of non-hydrogen atoms to hydrogen of 2:1 which makes
the structural elucidation by spectroscopic methods challenging [80]. The authors, however,
could identify a brominated 4-methoxyindole moiety, a 2-substituted pyrrole core as well
as an unresolved C3NO fragment suggestive of an oxazole core, which finally prevented
the unambiguous determination of the entire structure. By applying a combined approach
of atomic force microscopy (AFM), computer-aided structure elucidation (CASE) and
calculation of '*C-NMR shifts through density functional theory (DFT), the structure of
breitfussin A (48) could be unequivocally determined (Figure 7) [80]. A recently published
article describes the isolation of further non-halogenated congeners, namely breitfussins
C (49), D (50), and F (51), of which structures 49 and 50 could also be confirmed by total
syntheses (Figure 7) [81].

Br
MeO R?
__NH
0 R? PO
EH T
4" N N

R* K

48 49 (R'=0OMe, R2=R%=R*=R%=H)
breitfussin A 50 (R1 R3=R4=R5= H, R? = OMe)
51 (R'"=R®=R*=H, R?=0Me, R®=1)

breitfussins C, D and F

Figure 7. Molecular structures of breitfussins 48-51 isolated from the marine hydrozoan Thuiaria breitfussi.

Given the promising cytotoxic activities of the breitfussins C (49) and D (50) against
several cancer cell lines with ICs, values below 10 uM, extensive research on the breitfussin
scaffold in search for selective kinase inhibitors has been performed [81]. Due to their
promising bioactivity but extremely challenging heteroaromatic core in terms of structure
elucidation, the breitfussins are attractive starting points for ongoing synthetic work [82].

The first total synthesis and hence the structure validation of breitfussin A (48) was
published by the Bayer group in 2015 [83]. They used an approach involving two Suzuki
couplings in which the oxazole and pyrrole moieties were installed sequentially. First,
indole 52 was converted with oxazole 54 into coupling product 55, followed by double
lithiation of the oxazole core. Coupling with N-Boc-2-pyrrole boronic acid (20) furnished
pyrrole 57, which, after removal of all protection groups, resulted in the formation of
breitfussin A (48) [83]. Alongside the isolation of additional breitfussins in 2019, the Bayer
laboratory employed the same approach as in their previous publication for the synthesis
of breitfussin C (49) and D (50). Here, only the penultimate step varied by acid-mediated
Boc-deprotection, since deiodination of the oxazole core was required (Scheme 4) [81].

Bisindole pyrroles represent a class of MNPs having similar biological activities. The
lynamicins F (59) and G (60) were isolated from a marine-derived Streptomyces sp. SCSIO
03032 [84], extending the lynamicin family, of which lynamicins A-E have been isolated
back in 2008 (Figure 8) [85]. Unfortunately, no antimicrobial or cytotoxic activities were
observed for 59 and 60 against several indicator strains or cancer cell lines. In 2017, the first
total synthesis of the antimicrobial lynamicin D (72) was achieved, thereby enabling the
implementation of further biological assays (Scheme 5). It turned out that lynamicin D (72)
influenced the splicing of pre-mRNAs by upregulating the level of the key kinase SRPK1,
which is involved in both constitutive and alternative splicing [86].
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Scheme 4. Total synthesis of the three breitfussins A (48), C (49), and D (50) by introducing the
oxazole and pyrrole functionalities via two consecutive Suzuki coupling reactions.
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Figure 8. Structures of lynamicins F (59) and G (60), indimicins A-E (61-65), dichlorochromopyrrolic
acid derivative 66, and isohalitulin (67).
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Scheme 5. Key step of the synthesis of lynamicin D (72) by a Suzuki coupling.

In addition to the alkaloids 59 and 60, a new family of MNDPs consisting of a unique
1,3-dimethyl-2-hydroindole motif, the indimicins (IDMs) A-E (61-65), were discovered in
2015 (Figure 8) [84]. Besides the usual spectroscopic data, an X-ray structure of indimicin
A (61) could be obtained, which allowed determining the absolute configuration of the
hydroindole moiety. Of compounds 61-65, only indimicin B (62) was active against the
breast cancer cell line MCF-7 (ICs value of 10.0 uM + 0.3 uM), whereas all seven alkaloids
61-65 did not show any antimicrobial or cytotoxic activities against several indicator strains
or cancer cell lines [84].

Very recently, the Streptomyces sp. SCSIO 11791 revealed another bisindolylpyrrole (66),
displaying moderate cytotoxicity against a human breast cancer cell line (MDA-MB-435, ICs,
value of 19.4 uM), while no antibacterial properties could be observed (Figure 8) [87].

In isohalitulin (67), isolated from the marine sponge haliclona tulearensis in 2010, the
structure is dominated by a bis-dihydroxyquinoline functionality (Figure 8) [88]. Com-
pound 67 exhibits a detectable toxicity to brine shrimp (Artemia salina, LDs( value of 0.9
mM). It is also worth mentioning that minute amounts and instability of isohalitulin (67)
prevented the unequivocal determination of its structure. However, 67 shows very similar
analytical data to its congener halitulin and should differ only in the position of the two
phenolic OH groups (Figure 8). Although no experiments were performed to deduce the
stereochemistry of 67, the authors mentioned that, on the grounds of common biogenetic
precursors, it most probably has the same absolute configuration as halitulin [88].

The total synthesis of lynamicin D (72) commenced with the synthesis of the coupling
partners 69 and 71, prepared from commercially available precursors 68 and 70. Dibromi-
nated pyrrole 69 was obtained by a Vilsmeier-Haack reaction, followed by oxidation,
esterification, and final bromination. On the other side, 5-chloro-1H-indole (70) was first
iodinated and Boc-protected and the introduction of the pinacol moiety on the basis of
Pd-catalysis resulted in the formation of indole precursor 71. Building blocks 69 and 71
were then subjected to the key Suzuki coupling. Final removal of the Boc-group gave
lynamicin D (72) in 73% yield over two steps (Scheme 5) [86].

The suberitamides and denigrins constitute another family of highly substituted
pyrrole alkaloids. The symmetrical, nearly planar suberitamide B (73) was isolated from
the marine sponge Pseudosuberties sp. in 2020 and bears a fully substituted pyrrole core.
This storniamide-related compound inhibits the enzymatic activity of Cb1-b (E3 ubiquitin
ligase) with an ICs( value of 11 uM, which, according to the authors, is caused by the rigid,
highly substituted pyrrole scaffold (Figure 9) [89].
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Figure 9. Highly substituted 3,4-diarrylpyrroles suberitamide B (73) and denigrin E (74).

In 2020, denigrin E (74) was isolated from a new Dactylia sp. along with several mem-
bers of the pyrrolone family. Unfortunately, no inhibitory activity against PAX3-FOXO1
luciferase expression was observed in biological assays (Figure 9) [90]. By considering the
substitution pattern of these 3,4-diarylpyrroles 73 and 74, a close relationship as potential
precursors of lamellarins (see Section 2.4.1) in a biosynthetic context can be suggested.

Among the huge variety of marine alkaloids, aromatic polyketides (APK) represent
another large class of MNPs and pyrrole-containing representatives have been described.
The group of Zhang and co-workers isolated the decaketide pyrrole SEK43F (75) generated
from pathway crosstalk of the host Streptomyces albus J1074 and the heterologous fls-gene
cluster from Micromonospora rosaria SCSIO N160 (Figure 10) [91]. It should be mentioned
that the configuration of the double bond in 75 could not be unequivocally determined.
The same group also isolated another tri-methylated bis-pyrrole 76 (Figure 10) [91], which
has only been known as a synthetic product before [92,93]. Both compounds 75 and 76
displayed negligible antibacterial activity, whereas the APK 75 showed weak to moderate
cytotoxicity against four human cancer cell lines (SF-268, MCF-7, NCI-H460, and HePG-2,
with ICg values of 56.46 uM =+ 0.87 uM, 35.73 uM =+ 1.45 uM, 44.62 uM =+ 2.49 uM, and
39.22 uM = 3.00 uM, respectively, Figure 10).

78
tambjamine MYP1

SEK43F 3,3',4,4',5,5'"-t Wl-
2,2'-dipyrrolylmethene

=

Figure 10. Representation of an APK (75) and three pyrroles 76-78 including the important class
of tambjamines.

The family of tambjamines consisting of a central bi-pyrrole unit is counted among
the 4-methoxypyrrolic natural products. In 2010, tambjamine K (77) was isolated as the
main secondary metabolite from the Azorean nudibranch mollusk Tambja ceutae and in
minute amounts from the bryozoan Bugula dentata (Figure 10) [94]. Just as its family
members, tambjamine K (77) exhibited remarkable to moderate antiproliferative activity
against tumor and non-tumor mammalian cells with ICsy values between 3.5 nM and 19
uM. It is suspected that the strong activity is caused by the bipyrrolic structure with its
DNA-targeting properties and by the ability to form ion complexes [94].

The macrocyclic tambjamine MYP1 (78) is produced by the marine bacterium Pseu-
doalteromonas citrea and was isolated in 2019 (Figure 10) [95]. The authors highlighted the

179



Mar. Drugs 2021, 19, 514

important differences of the - and f-rotamers in the tambjamine conformations, which
are thought to play an essential role in their bioactivity. Moreover, the group provides an
X-ray structure by co-crystallization of 78 with formic acid, unequivocally confirming the
proposed structure of compound 78 [95].

Based on the promising bioactivity of compound 77, Lindsley et al. were prompted to
publish their first three-step total synthesis of tambjamine K (77) four months after its initial
isolation [96]. The first step involved a Vilsmeier-Haack haloformylation which generated
enamine 80 in 59% yield. A Suzuki coupling with Boc-1H-pyrrol-2-ylboronic acid (20)
followed by acid-mediated condensation of isopentylamine resulted in the formation of
tambjamine K (77) in 31% over two steps (Scheme 6) [96]. In addition to the natural product
synthesis, a series of unnatural derivatives were synthesized followed by biological assays
to evaluate basic structure-activity relationships (SAR). However, the natural product
77 showed moderate activity (ICsy values of 13.7 uM and 15.3 uM against HCT116 and
MBA231, respectively), whereas the unnatural analogs were more potent in inhibiting
the viability, proliferation, and invasion of HCT116, MBA231, SW 620, and H520 NSCLC
cancer cell lines (ICs) values between 146 nM and 10 uM) [96].

1) Pd(OAC),, PPhs,
[\yfs(om2
N

\
Boc
20 ~ OMe
OMe OMe Na,CO3 I D \
— POBr3 HCONEt, B _(i/ Dioxane/H;0 9:1 N N
—_— B —_— H
0™y DCM, 010 40°C,35h N\ NEt, 2) Isopentyl amine, Me NH
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77
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Scheme 6. A linear 3-step sequence to tambjamine K (77).

In addition to the tambjamines which consist of a bipyrrole core functionalized with
various imines, the functionalization with an additional pyrrole moiety in the prodiginine
structures represents another well-studied family. With the isolation of the marineosins
A (85a) and B (86) in 2008, this prodiginine-related family opened up a new field of re-
search with several new contributions being made in the last decade [97]. In 2014, the
Reynolds laboratory focused on the final steps of the marineosin biosynthesis, by explor-
ing the biosynthetic gene cluster mar which can produce marineosins by a heterologous
expression in a Streptomyces venezuelae derived JND2 strain. They replaced the marA
and marG gene with the spectinomycin resistance aadA gene which led to the isolation
and elucidation of 16-ketopremarineosin A (83) and premarineosin A (84) as well as
23-hydroxyundecylprodiginine (HUPG) (81) and its oxidized derivative 82, respectively
(Figure 11). As marineosin production was not observed, the authors concluded that both
genes, marA and marG, are essential for the biosynthesis of marineosins [98]. Three years
later, the Reynolds group reported another gene (marH) from the same cluster which has
the ability to catalyze the condensation of a methoxybipyrrole carbaldehyde (MBC) and
2-undecylpyrrole (UP) to generate undecylprodiginine (UPG). The gene also hydroxylates
the C-23 position of UPG to construct HUPG (81) and hence is essential for the biosynthetic
pathway of marineosins [99].
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Figure 11. Different prodiginine-based pyrrole alkaloids 81 and 82 together with marineosin-type
spiroaminals 83-86.

Not only the biosynthetic pathway but also the stereoselective synthesis of mari-
neosins, their substructures, and derivatives have attracted much attention. In 2014, the
Reynolds laboratory followed up on their previous publications regarding marineosins
and reported the first total synthesis of HUPG (81) and premarineosin A (84). To this
end, a divergent synthetic approach of nine steps in total stereospecifically provided 23-
hydroxyundecylprodiginine (81). The final cyclization forming the spiro-tetrahydropyran-
aminal unit of the premarineosin A (84) was then achieved by a biosynthetic approach via
the Rieske oxygenase MarG (Scheme 7) [100]. This strategy yields several other prodiginine
derivatives and premarineosin analogs that show promising cytotoxic and antimalarial
activities [100].
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Scheme 7. Divergent synthesis of premarineosin A (84) including a bioinspired MarG catalyzed
spirocyclization as the final step.

Based on unsuccessful synthetic attempts (with the exception of individual key motifs)
of several research groups [101-106], Shi and co-workers presented the first total synthesis
of marineosin A (85a) in 2016 [107]. The synthesis commenced with the commercially
available (S)-pyrone 89, which was converted into key fragment 90 in 10% yield over
14 steps. Lewis acid-mediated spirocyclization and ring-closing metathesis followed by
hydrogenation furnished spiro lactam 91 in 37% yield over three steps. The last two steps
consisted of a Paal-Knorr reaction and a Vilsmeier-Haack reaction, not only allowing
for the preparation of the sensitive pyrrole moieties in a late-stage procedure but also
directly giving access to marineosin A’ (Scheme 8). It is also worth mentioning that five
X-ray structures of important intermediates could be obtained, underpinning the validity
of the synthesis. However, the NMR spectra, appearance, and optical rotation of the
resulting marineosin A’ (85a) exhibited some deviations when compared to the isolated
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natural product, suggesting that the natural and synthetic compounds likely differ in their
stereochemistry [107].
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Scheme 8. The first total synthesis of 7-epi-marineosin A (85a) by Shi and co-workers in a linear 19
step sequence and the structural reassignment of C7-OMe from (R) to (S) by the Harran laboratory
using a chromophore disruption approach.

It was however not until 2019, that the Harran group solved the puzzle by a total
synthesis and concomitant reassignment of C7-(R) in 85a to C7-(S) resulting in the structure
85b for (+)-marineosin A [108]. To this end, a bioinspired approach with reversed fragment
polarity was applied, starting from the previously prepared bipyrrole 92 and cyclic ketone
93. Condensation product 94 was stabilized by quenching with NaOMe, generating a novel
but still unstable premarineosin 95. After exposure to acidic conditions, a prodiginine
chromophore was formed, which, after 6-exo trig cyclization mediated by acidic MnO,,
was converted to a premarineosin derivative. The formed vinylogous imidate was hydro-
genated from the less hindered face, resulting in the formation of (+)-marineosin A (85b),
whose spectroscopic data are in full agreement with those reported for the isolated natural
product 85b (Scheme 8) [108].

2.2. Formylpyrroles

In addition to the acyl-, carboxy-, and carboxamido-pyrroles (1-3, 23-25 and 26-34)
shown in the previous Section (cf. Section 2.1), the formylpyrroles constitute another
distinct family of the marine pyrrole alkaloids [109].

In the course of an investigation of the South China Sea sponge Mycale lissochela in 2017,
two new formylpyrroles 96 and 97 bearing an aliphatic side chain with a terminal nitrile
group were isolated (Figure 12) [110]. Both mycalenitrile-15 (96) and mycalenitrile-16 (97)
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showed excellent and good inhibition effects against PTP1B (protein-tyrosine phosphatase
1B, a recognized target for diabetes and obesity) with ICsy values of 8.6 pmol/L and
3.1 umol/L, respectively, resulting from the unsaturated side chain [110].
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mycalenitrile-15 mycalenitrile-16

98
cinerol |

Figure 12. Mycalenitrile 96 and 97 as well as the pyrrole-terpenoid 98.

An additional formylpyrrole, cinerol I (98), was isolated from the sponge Dysidea
cinerea and belongs to the meroterpenoid family (Figure 12) [111]. Cinerol I (98), which
lacks the unsaturated side chain present in compounds 96 and 97, showed no inhibitory
activity against PTP1B, ATP-citrate lyase (ACL), or SH2 domain-containing phosphatase-1
(SHP-1) [111].

Five new formylpyrroles 99-103 were isolated from the marine cyanobacterium Moorea
producens in 2017 (Figure 13) [112]. Biosynthetically, they are suggested to originate from
the amino acid tryptophan, the indole moiety of which is partly reduced to forge the
annellated tetramethylenepyrrole framework. Further annellated pyrroles are depicted
in Section 2.4. All pyrroles described herein feature a 3-formyl group, and compound 103
additionally carries a purine unit. The five isolated pyrroles 99-103 showed no noteworthy
cytotoxicity or antibacterial properties [112].
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Figure 13. Representation of five tetrahydroindoles 99-103 isolated from Moorea producens.

2.3. Nitropyrroles

A new subclass of pyrroleterpene MNPs is represented by 2-nitro-substituted pyrroles
carrying a diversely functionalized farnesyl chain attached to the 4-position of the pyrrole
core. The nitropyrrolin and heronapyrrole families known to date are formed biosyntheti-
cally by means of an electrophilic aromatic substitution of the pyrrole core by a farnesyl
pyrophosphate. Subsequent nitration, oxidation to epoxides and alcohols, as well as
cascade cyclization reactions then produce a variety of different substituted metabolites.

The first MNP from this subclass was isolated back in 2006, however, the structural
characterization appears to be incomplete and no information about the stereochemistry
was given [113]. In 2010, the group of Fenical reported the isolation of five farnesyl-2-
nitropyrroles 104-108 from the marine actinomycete strain CNQ-509 and referred to them
as nitropyrrolins A-E (104-108) (Figure 14) [114]. The authors performed several chemical
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modifications, including an acetonide formation from epoxide 105, and the Mosher method
was applied to unequivocally identify the full stereochemistry of nitropyrrolins A-E (104-
108). Among compounds 104-108, nitropyrrolin D (107) displayed the most promising
ICsg value of 5.7 uM in biological assays against HCT-116 colon carcinoma cells, whereas
a lower antibacterial activity against MRSA was observed for all nitropyrrolins 104-108
(MIC values >20 pg/mL). Some of the synthetic derivatives synthesized in the course
of the structure elucidation process showed strong to moderate cytotoxic (IC5 values
between 9.2 uM and 24.4 uM) and promising antibacterial properties (MIC value of 2.8
ug/mL) [114].
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Figure 14. Nitropyrrolins A-E (104-108) represent the family of 4-farnesylated 2-nitropyrroles.

In 2016, the Morimoto group reported the first total synthesis of nitropyrrolins A
(104), B (105), and D (107) in a sequential fashion (Scheme 9) [115]. As a key step, the
authors performed a lithium-halogen exchange on bromopyrrole 109 and reacted the
intermediary lithium species with epoxybromide 110, which was prepared from a known
epoxy alcohol. Subsequent deprotection and x-nitration of the pyrrole core then furnished
nitropyrrolin B (105) in 7% over two steps. Treatment of the epoxide 105 with BF3-OEt, and
acetone produced the cis-acetonide, the stereochemistry of which could be investigated
by NOE spectroscopy. Cleavage of the acetonide under acidic conditions then generated
nitropyrrolin A (104) in 76% over two steps. When nitropyrrolin B (105) was reacted
with TMSOTH{, a regio- and stereoselective epoxide ring-opening occurred. In a one-pot
approach, the intermediary allylic TMS-ether was cleaved under the addition of TBAF
producing nitropyrrolin D (107) in 90% yield (Scheme 9) [115].

Only a few days after disclosure of nitropyrrolins A—E (104-108) as natural products,
the group of Capon reported the extraction of three further 2-nitropyrroles, the heron-
apyrroles A—C (111-113) (Figure 15) [116]. These compounds share the same 4-farnesyl-2-
nitropyrrole scaffold and are closely related to the nitropyrrolins 104-108 (Figure 14). The
heronapyrroles 111-113 were isolated from a microbial culture of Streptomyces sp. strain
CMB-M0423 in only minor quantities, which prevented a meaningful analysis of the full
stereochemistries. However, on the basis of biosynthetic considerations, the absolute config-
urations were tentatively assigned as 7S and 15R. Although heronapyrroles A-C (111-113)
neither displayed cytotoxicity against several cell lines (HeLa, HT-29, AGS) nor showed
any activity towards Gram-negative bacteria such as Pseudomonas aeruginosa (ATCC 10145)
and Escherichia coli (ATCC 11775), promising activity against Gram-positive bacteria such
as Staphylococcus aureus (ATCC 9144, ICs, values between 0.6 uM and 0.8 uM) and Bacillus
subtilis (ATCC 6633, ICs5q values between 0.8 uM and 4.2 M) could be observed [116].
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Scheme 9. Total synthesis of nitropyrrolins 104 and 105 via the key intermediate nitropyrrolin B (105)
that is also suggested to be a biosynthetic precursor of nitropyrrolins A (104) and D (107).
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heronapyrrole D

Figure 15. The heronapyrroles A-D (111-114) only differ in their oxidation state in the farnesyl
side chain.

Since the stereochemistries of heronapyrroles A-C (111-113) were only based on a
biosynthetic assumption, several total syntheses of members belonging to the heronapyr-
role family have been undertaken in the last decade. In 2012, Stark and co-workers focused
on biosynthetic considerations and published a bioinspired synthesis attempting to syn-
thesize heronapyrrole C (113) [117]. Starting with a lithium-halogen exchange-mediated
coupling of 3-bromopyrrole 109 and farnesyl bromide 115 followed by nitration of the
pyrrole core and Boc-protection, farnesylpyrrole 116 was generated in 13% over five steps.
Asymmetric dihydroxylation of compound 116, followed by a key double organocatalytic
epoxidation using the (+)-Shi catalyst enabled a biomimetic polyepoxide cyclization cas-
cade under acidic conditions, yielding pyrrole ent-113b. However, the product ent-113b
showed an opposite optical rotation compared to the isolated natural product, prompt-
ing the authors to propose the corresponding enantiomer (+)-113a to be the true natural
structure (Scheme 10) [117].
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Scheme 10. First total synthesis of (+)-heronapyrrole C (113a) by Brimble in 2014 and its enantiomer

(—)-heronapyrrole C (ent-113b) by Stark.

Just as heronapyrroles A-C (111-113), heronapyrrole D (114) could be isolated by
Stark and co-workers from a microbial culture of Streptomyces sp. (strain CMB-M0423)
in 2014 and showed significant inhibition of Gram-positive bacteria Staphylococcus aureus
subsp. (ATCC 25923, ICs value 1.8 uM), Staphylococcus epidermis (ATCC 12228, ICsq value
0.9 uM) and Bacillus subtilis (ATCC 6633, ICs value 1.8 uM), but was inactive against Gram-
negative bacteria Pseudomonas aeruginosa (ATCC 10145), Escherichia coli (ATCC 25922) and
Candida albicans (ATCC 90028) [118]. Along with its isolation, the authors also published
the total synthesis of (+)-heronapyrrole D (114), using the same strategy as in their previous
synthesis of 2012. The only exception is represented by the Shi-epoxidation, in which sub-
stoichiometric amounts of the oxidant (Oxone®) were applied to generate mono-epoxides.

Cyclization furnished the desired (+)-heronapyrrole D (114) (Scheme 10) [118].

Although the Stark laboratory further elaborated their studies on the nitration step
and improved the entire synthesis in 2014 [119], the group of Brimble published the first
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total synthesis of the naturally occurring (+)-heronapyrrole C (113a) almost at the same
time [120]. Based on their key intermediates 117 and 118, synthesized in 4 and 11 steps,
respectively, a Julia—Kocienski olefination merged the pyrrole subunit and the terpenoid
side chain. A subsequent Shi-epoxidation then furnished compound 119 in 25% over two
steps. The authors mentioned that the use of N-benzoyloxymethyl (Boz) as a protecting
group was crucial to perform the final cyclization and deprotection under mild conditions.
In this way, (+)-heronapyrrole C (113a) could be obtained in 80% yield over two steps
(Scheme 10) [120]. The spectroscopic data of the (+)-isomer 113a match those of the natural
product and confirm the proposed reassignment by Stark et al. in 2012.

In 2015, the Morimoto group published the total synthesis of the remaining (+)-
heronapyrroles A (111) and B (112) [121]. Taking into account the reported syntheses of
(—)-heronapyrrole C (ent-113b) by Stark (2012) and (+)-heronapyrrole C (113a) by Brim-
ble (2014) together with the biogenetic relationship of heronapyrroles A-C (111-113), a
stereochemical reassignment of pyrroles 111 and 112 was proposed. Morimoto’s group es-
tablished a strategy similar to the approaches published by Stark and Brimble by installing
the farnesylated chain through alkylation of pyrrole 109 with epoxy bromides 120 or 121.
In the case of (+)-heronapyrrole A 111, the generated epoxide 122 was opened regiose-
lectively by BF3-OEty, yielding a masked C7-C8 anti-diol, which, after sodium-mediated
ring-opening of the THF moiety and several further transformations, led to the formation
(+)-heronapyrrole A (111) in 3% yield over seven steps (Scheme 11). Just as (+)-111, (+)-
heronapyrrole B (112) was synthesized in a corresponding manner by opening the epoxide
123 via the same sequence to give a cis-acetonide, which, after nitration and acid-mediated
cleavage of the acetonide functional groups, gave (+)-heronapyrrole B (112) in 18% yield
over five steps (Scheme 11). In both cases, the absolute configuration was determined
by the Mosher method which confirmed the proposed structure. As a consequence, the
initially proposed stereochemistries for heronapyrroles A (111) and B (112) from the Stark
laboratory in 2012 were reassigned [121].
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Scheme 11. Total synthesis of (+)-heronapyrrole A (111) and (+)-heronapyrrole B (112) by a conver-
gent approach leading to stereochemical reassignments.
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This rare class of nitropyrroles has attracted some attention from synthetic chemists
in recent years. Not least because of previous synthetic work and the promising effects
against Gram-positive bacteria, nitropyrroles may represent interesting targets for further
drug design [115,117,118,120-123].

2.4. Annellated Pyrroles

In contrast to simple substituted pyrrole alkaloids, another structural class comprises
compounds with an annellated pyrrole core. The position of fusion thereby can differ
between 1,2-, 2,3- or 3,4-, with the fused ring being 6- or 7-membered. Additionally, these
alkaloids often share a carbonyl moiety in a-position to the bridgehead atom.

From a series of nemoechines isolated in 2017 (see Figure 5, 31 and 32), nemoechine
B (124) stands out with its 1,2-condensed pyrrole unit [69]. The synthetically known
compound 124 [124] was originally isolated in racemic form from Agelas aff. nemoechinata
and the enantiomers were separated by chiral HPLC. Like its family members 31 and 32, a
lack of cytotoxicity against HL-60, HeLa, P388, and K562 cell lines was reported for both
enantiomers (Figure 16) [69].

0

g \
\_NH

Me Me
Me —

(£)-124 (+)-125 (-)-126 127
nemoechine B procuramine formoxazine brevianamide T

Figure 16. Structures of 1,2-annellated marine pyrrole alkaloids 124-127.

In 2016, procuramine (125) was identified as a co-metabolite during the initial isolation
and investigation of the biosynthetic pathway of curindolizine (414) from Curvularia sp.
IFB-Z10 (see Figure 58). Structure elucidation was performed by spectroscopic methods
and X-ray crystallography (Figure 16) [125].

A new pyrrolooxazine (126) was isolated from the marine mudflat fungus Paecilomyces
formosus, yet the absolute configuration could not be determined because of decomposition
during the isolation process. Formoxazine (126) showed potential as a radical scavenger in
the DPPH assay with an IC5j value of 0.1 uM and antibacterial activity against MDRSA
and MRSA (MIC values of 6.25 ug/mL for both) (Figure 16) [126].

In the course of an investigation of marine-derived Aspergillus versicolor and in search
for new Bacille Calmette-Guérin-inhibiting antibiotics against tuberculosis, the unknown
brevianamide T (127) could be isolated in 2012 (Figure 16) [127]. Unfortunately, dike-
topiperazine 127, isolated along with other members of the brevianamide family, showed
no antibacterial properties against Staphylococcus aureus (ATCC 6538), Bacillus subtilis (ATCC
6633) (Gram-positive bacteria) or Pseudomonas aeruginosa (PAO1), Escherichia coli (ATCC
25922) (Gram-negative bacteria) or Candida albicans (SC 5314, yeast) [127].

A 2,3-fused pyrrole alkaloid, microindolinone A (128), was isolated from the actinomycete
Microbacterium sp. MCCC 1A12207 from the deep sea in 2017 [128]. This tetrahydroindole
represents one of two known saturated indoles of natural origin [129]. The absolute configura-
tion at C5-OH was deduced with CD spectroscopy as 5R. No potent inhibition was found in
anti-allergic bioactivity tests against RBL-2H3 cells (Figure 17) [128].
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Figure 17. Various 2,3-fused pyrrole alkaloids 128-134 isolated between 2010 and 2020.

The natural product 129 was isolated from the gorgonian coral Verrucella umbraculum
in 2012 and features a pyrrolopyrimidin scaffold. According to the authors, the biosynthesis
of this purine alkaloid is similar to that of caffeine, which was also isolated from the same
source (Figure 17) [130].

Another important class of MNPs is comprised of the pyrrolactams, which most
probably derive from pyrrole-2-carboxamides. Axinelline A (130) was isolated alongside
its brominated analog 353 (see Figure 51) from the marine sponge Axinella sp. in 2017,
however, the absolute stereochemistry was not determined (Figure 17) [131].

The two diastereomers (11R)- and (11S)-debromodihydrohymenialdisine 131a and
131b were isolated from the sponge Cymbastela cantharella by the Debitus laboratory in
2011 (Figure 17) [132]. The authors assumed that compounds 131a and 131b biogenetically
arise from dispacamide derivates. Because of their close relationship to the strong kinase
inhibitor hymenialdisine, (11R)- and (11S)-debromodihydrohymenialdisine 131a and 131b
were tested for Polo-Like-Kinase-1 (PLK-1) inhibition. Unfortunately, but in analogy to the
bromo derivatives 386a and 386b (see Figure 55), a complete lack of activity was observed,
demonstrating the importance of the conjugation at C-10 and C-11 of the unique cyclic
system of hymenialdisine [132].

In 2018, the structurally related seven-membered pyrroloazepine stylisine F (132) was
isolated alongside several other MNPs from the marine sponge Stylissa massa. However, the
authors mentioned that stylisine F (132) most probably occurred as an artifact generated from
the corresponding acid upon EtOH extraction. In basic biological investigations, weak or no
inhibition against a variety of bacteria was detected (MIC > 128 ug/mL, Figure 17) [133].

In 2015, Fenical and co-workers reported a culture-dependent technique in a nutrient-
poor medium combined with long incubation times, which facilitated the cultivation of
several marine bacteria able to produce secondary metabolites. The organic extract from
strain CNX-216" of a cultivated bacterium belonging to the Mooreiaceae family showed
activity against Pontibacillus sp. and the authors were able to isolate the alkaloids mari-
noazepinones A (133) and B (134) from this extract [134]. Besides the incorporation of the
unusual amino acid 4-hydroxyphenylglycine, the marinoazepinones 133 and 134 represent
the first natural products featuring a rare azepin-3-one framework. CD spectroscopy, X-ray
crystallography, and optical rotation were used to elucidate the absolute stereochemistry at
C2, but no definite conclusions could be drawn. In bioactivity assays, marinoazepinone B
(134) exhibited antibacterial activity against the Gram-positive Pontibacillus strain CNJ-912
(16 mm inhibition zone), whereas no activity was observed against the Gram-negative
Vibrio shiloi strain CUA-364 (Figure 17) [134].

The rigidins represent another prominent class of 2,3-fused pyrrole alkaloids, sharing
a pyrrolo [2,3-d]pyrimidine scaffold [135]. With the first rigidin isolated back in 1990 by
Kobayashi and co-workers [136], many MNPs belonging to this family have been isolated
until today [137,138]. Although several total syntheses of rigidins are known [139-143], we
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want to mention the one-pot multicomponent reaction reported by the Magedov laboratory
in 2011, which provides synthetical access to tetrasubstituted 2-aminopyrroles in only four
steps and includes the first total syntheses of rigidins B-D (147-149) [144]. In a first step,
N-(methanesulfonamido)acetophenones 140 and 141 were prepared from starting materials
135 and 136, respectively. The multicomponent reaction was then realized by combining
either 140 or 141 with aldehydes 138 or 139 under the addition of cyanoacetamide (137).
The resulting 2-aminopyrroles 142-145, isolated in 83-86% yield, were then converted
into pyrimidinediones and after final deprotection, the rigidins A-D (146-149) could be
obtained in four steps at an overall yield of 53-61% (Scheme 12) [144].
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Scheme 12. The so-far shortest synthetic approach towards rigidin A (146), including the first
syntheses of rigidins B-D (147-149) in a one-pot multicomponent reaction.

The annellated pyrrole alkaloids shown so far largely consist of a fused lactone or
lactam structure, whereas 3,4-fused pyrroles often share a quinone system. This motif
can be found in albumycin (150), a novel MNP isolated by heterologous expression from
Micromonospora rosaria SCSIO N160 genes in Streptomyces albus J1074 (Figure 18). In antibac-
terial tests, only weak activities against several indicator strains were encountered (MIC
values >64 pg/mL) [145].

HO.
NHMe OH
o o
O o
LY LY
N N
Me H
150 151 152 (R'= Me, R? = H)
albumycin biscogniauxone 153 (R‘ =H. R2= COMe)

154 (R' = Me, R2 = COMe)
nitricquinomycin A-C

Figure 18. Series of isolated isopyrrolo-p-benzoquinone 150 and isopyrrolo-1,4-naphthoquinones
151-154.

In 2016, another fused p-quinone, biscogniauxone (151), was isolated from the marine
fungus Biscogniauxia mediterranea and belongs to the rare family of isopyrrolonaphtho-
quinones (Figure 18) [146]. It should be mentioned that the authors assumed the existence
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of further derivatives of compound 151, as metabolites with similar UV spectra were
detected in the extracts, albeit without isolation. Significant inhibition of glycogen syn-
thase kinase (GSK-33, ICsy value 8.04 uM = 0.28 uM) was observed for biscogniauxone
(151), while weak inhibition of Staphylococcus epidermidis and Staphylococcus aureus was
found (ICsg values in the range of 100 uM) [146].The nitricquinomycins A-C (152-154), iso-
lated from Streptomyces sp. ZS-A45, complete the selection of isopyrrolonaphthoquinones
(Figure 18) [147]. By comparing the spectroscopic data with those of previously reported
naphthoquinones bearing a pyrrole core and using NOE experiments for the determination
of the relative configuration, as well as ECD spectroscopy for the determination of the
absolute configuration, the structure could be determined as indicated. Of compounds
152-154, nitricquinomycin C (154) exhibited significant cytotoxicity against the human
ovarian cancer cell line A2780 (ICsp value 4.77 uM =+ 0.03 uM) but weak antibacterial
potential against Escherichia coli, Staphylococcus aureus, and Candida albicans (MIC values >
40 pM) [147].

Another 3,4-fused pyrrole family are the spiroindimicins (SPMs), which contain a
remarkable spirocyclic bisindole framework and are highly related congeners of the bisin-
dole pyrroles 59-66 (cf. Figure 8). Spiroindimicins A-D (155-158) were isolated from
Streptomyces sp. SCSIO 03032 in 2012 [148]. The molecular structures were resolved by
spectroscopic methods, with the 3D structures of spiroindimicin A (155) and B (156) be-
ing unambiguously confirmed by X-ray crystallography (Figure 19). Spiroindimicin A
(155) consists of a [5.6] spirocyclic core, whereas congeners B-D 156158 contain a [5.5]
spirocyclic core. This structural difference also influences the bioactivity, which in the
case of [5.5] spirocyclic pyrroles 156-158 results in good to moderate antitumor activities
against various cancer cell lines with ICs values ranging between 5 pug/mL and 22 pg/mL.
Biosynthetic studies suggest the formation of spiroindimicins are proposed to derive from
lynamicin by an aryl-aryl coupling of C-3' and C-5" or by an aryl-aryl coupling of C-3" and
C-2", furnishing the [5.6] or [5.5] spiro-cyclic alkaloids, respectively [148].

(+)-155 (+#)-156 (R' = Me, R2 = H, R® = R* = Cl) (+)-162
spiroindimicin A (+)-157 (R' =R2=H,R*=R* = Cl) spiroindimicin H
(+#)-158 (R' = Me, R? = COOMe, R* = R* = Cl)

159 (R' = Me, R2=R%®=H, R* = Cl)

160 (R'=Me, R®=R*=H, R® = Cl)

(+)-161 (R" = Me, R?= COOMe, R® =R* = H)
spiroindimicin B=-G

Figure 19. Structures of spiroindimicins A-H (155-162) isolated from marine actinobacteria.

The family of spiroindimicins was extended in 2017 by the monochlorinated com-
pounds 159 and 160, which were isolated from Streptomyces sp. MP131-18 (Figure 19) [149].
Spiroindimicins E (159) and F (160) did not show any activity against Gram-negative test
cultures, being in line with the biological properties of their biosynthetic lynamicin-type
precursors. In both cases, the antibacterial activity appears to increase with an increasing
degree of chlorination on the bisindole backbone [149]. In addition to studies on the biosyn-
thetic gene cluster of Streptomyces SCSIO 03032 [150], the group of Zhang, responsible for
the isolation of spiroindimicins A-D (155-158), discovered the halogenase SpmH involved
in the biosynthesis of SPMs and IDMs.

In 2019, inactivation of the encoding gene spmH then led to the isolation of spiroindimicins
G (161) and H (162), which displayed moderate cytotoxicity against four cancer cell lines
(IC5¢ values between 10.28 uM and 33.02 uM), comparable to their chlorinated congeners
155-160 (Figure 19) [151].
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The first syntheses of these compounds were achieved by Sperry and co-workers
in 2016 [152]. Starting with the alkylation of aniline 163 with bromide 164, a subsequent
Heck reaction and hydrogenation furnished the spirocyclic pentanone 165. One key step
is represented by the Fischer indolization, followed by Boc-protection and radical bromi-
nation. After hydrolysis and oxidation, ketone 166 was formed in 50% over five steps.
Sequentially, a thioketal and then a vinylsulfone 167 were prepared which allowed for
a Montforts pyrrole synthesis. After the final deprotection, (4)-spiroindimicin C (157)
could be obtained. Additionally, reductive amination furnished (+)-spiroindimicin B (156)
(Scheme 13) [152].
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Scheme 13. Total synthesis of spiroindimicins 156, 157 using the Fischer indolization and Montforts
pyrrole synthesis.

Further studies and recent publications highlight the importance of these bisindole
alkaloids as promising bioactive compounds and potential new lead structures [153,154].

The structurally remarkable subtipyrrolines A—C (168-170) incorporating a pyrrole-
pyrrole-dihydropyridine framework, were isolated from the Bacillus subtilis SY2101 strain,
derived from sediment samples of the Mariana Trench collected at a depth of 11,000 m
(Figure 20) [155]. The structural elucidation was investigated by spectroscopic analysis and
supported by X-ray crystallography. Bioactivity assays revealed moderate antiproliferative
activities (human glioma U251 and U87MG cells, ICs, values of 36.3 uM and 26.1 uM) as
well as moderate antimicrobial potential (Escherichia coli and Candida albicans, ICs, values
between 34 uM and 46 uM, respectively) [155].

Me Me
H H
N SN N N
B “'COOH D “ICOOH
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subtipyrroline C

subtipyrroline A

Figure 20. Subtipyrrolines A-C (168-170) as novel alkaloids from Bacillus subtilis SY2101.
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2.4.1. Lamellarins and Related Natural Congeners

To date, more than 65 lamellarins have been discovered since the first isolation of
a member of this class by Faulkner et al. in 1985 [156,157]. Divided into type I (with
subsections a and b, comprising compounds with a saturated or unsaturated C-5-C-6
unit, respectively) containing a doubly annellated 2,3,4-triarylpyrrole core in form of a
1-aryl-6H-chromeno-[4,3':4,5]pyrrolo-[2,1-a]isoquinolin-6-one or type Il with a simple
3,4-diarylpyrrol-2-carboxylate ring system, the lamellarins comprise a large and promi-
nent class of marine alkaloids. These compounds, derived from sponges, tunicates, and
mollusks, exhibit a broad range of often highly potent biological activities, making them
interesting targets for synthetic chemists [157,158].

In 2012, Capon and co-workers investigated Didemnum sp. and isolated five new
lamellarins A1-A5 (171-175) from the strain CMB-01656 and one further member (A6,
176) from the strain CMB-02127 (Figure 21) [159]. Together with eight known derivatives,
a structure-activity relationship (SAR) study was performed regarding the reversal of
multidrug resistance. In the SAR study, the P-glycoprotein (P-gp) inhibition activity
was proposed to increase with a higher degree of O-methylation. The synthesis of a
permethylated derivative, featuring potential non-cytotoxic P-gp inhibitory activities then
confirmed this assumption [159].
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177 (R' = OH,R235=Me, R*=H) 179 (R' = OH, R?* = OMe, R® = H, R% = SO;")
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lamellarin B2-20-sulfate lamellarin A3-20-sulfate

181 (R'#4 = H, R23 = Me, R® = SO~ A56)
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182 (R45 = H, R3 = Me, R2 = SO;-, A59)
lamellarin D-8-sulfate

Figure 21. Members of the lamellarins 171-182 (type I) isolated from Didemnum sp. in 2012 and 2019.

The lamellarin sulfates represent a small subclass within the lamellarin family. In
2019, the group of Keyzers isolated six new lamellarin sulfates (177-182) from Didemnum
ternerratum, a pacific tunicate (Figure 21) [160]. All of them showed similar analytical data
to previously reported lamellarins except for the sulfate functional group. The substantial
majority of naturally occurring lamellarins show no optical rotation with the exception of
lamellarin S (half-life of racemization ~ 90 days). Surprisingly, the newly isolated sulfates
179-182 showed optical activity in ECD analysis, which is due to the hindered rotation
of ring F resulting in an axial chirality (atropisomerism). The bioactivity of lamellarins
177-182 against human colon carcinoma HCT-116 was investigated, with D-8-sulfate (182)
showing appreciable cytotoxicity (ICsp = 9.7 uM) [160].

In addition to the representative group of lamellarins [32,156,161-166], further related
pyrroles like the polycitons, polycitrins [167], storniamides [168], and denigrins [90,169]
as well as the fused alkaloids lukianols [170], dictyodendrins [171], purpurone [172],
ningalins [173] and baculiferins can also be included, which extend the family of 3,4-
diarylpyrroles. In the molecular backbone, structural variations from fused maleiimide
units to highly conjugated carbazole-2,7-diones can be found.

The Capon laboratory isolated the new ningalins E (183) and F (184) from the species
Didemnum (CMB-02127), which, according to the authors, share a biosynthetic pathway
similar to that of the lamellarins by merging a tyrosine with a defined number of catechols
(Figure 22). Only low cytotoxicities against human, bacterial, and fungal cell lines were
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observed, whereas the ningalins 183 and 184 showed moderate inhibition of the kinases
CK16, CDKS5, and GSK33, potential targets for the treatment of neurodegenerative diseases
(ICs( values between 1.6 uM and 10.9 uM) [174].
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HO O N
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ningalin E ningalin F baculiferin O

Figure 22. Related congeners 183185 of the lamellarins sharing the central fused pyrrole core.

The class of the baculiferins was established by Lin and Bringmann in 2010, yielding
pyrrole 185 alongside 14 other new members bearing a carbazole-2,7-dione central core
(Figure 22). Baculiferin O (185) as a C8 sulfate representative inhibits several tumor cell
lines with moderate activity around 33 uM [175].

Because of their promising biological activities such as antiproliferative, multidrug
resistance reversal activity, cytotoxicity, and anti-HIV-1 activity, the lamellarin core has
served as a potential lead structure for synthetic and medicinal chemists in the past
decade [157,158]. The published syntheses of the lamellarins and derivates in the past
decade, summarized in Table 1, provide an update of the existing summary by Opatz et al.
in 2014 [158] and concentrate the recent review by Iwao et al. in 2020 [157].

Table 1. Summary of published synthesis of lamellarins and related analogs in the decade of 2010-2020.

Lamellarin and Related

Year Author Linear Steps Overall Yield
Congeners
Lamellarin « 20-sulfate 15 6%
2010 Twao [176] Lamellarin « 13-sulfate 15 4%
Lamellarin « 13,20-disulfate 14 9%
G trimethyl ether 10 3%
B 1 [177
anwell [177] Lamellarin S 11 6%
Lamellarin D 10 13%
2011 -
Lamellarin H 10 13%
Jia [178] Lamellarin R 5 53%
Ningalin B 8 14%
Lamellarin Q 6 28%
Vazquez [179]
Lamellarin O 7 25%
Lamellarin K 9 57%
2012 Lamellarin T 9 43%
Banwell [180]
Lamellarin U 8 44%
Lamellarin W 9 45%
Opatz [181] (Dihydro-)/lamellarin n 8/9 62%/57%
2013 Lamellarin G trimethyl ether 7 69%
Twao [182] Lukianol A/B 6/11 36%/11%

194



Mar. Drugs 2021, 19, 514

Table 1. Cont.

Lamellarin and Related

Year Author Linear Steps ! Overall Yield
Congeners
. Lamellarin C 9 3%
Yamaguchi [183]
Lamellarin I 9 3%
2014 Lamellarin N 11,13 42%;34%
Twao [184]
Lamellarin L 13 29%
Lamellarin L 10 14%
Twao [185]
Lamellarin N 10 12%
Lamellarin D trimethyl ether 9 43%
Opatz [186] -
2015 Lamellarin H 10 41%
Aza/lamellarin D 13/13 12%/9%
Ruchirawat [187] 5
Aza/lamellarin N 13/13 28%/15%
Tan and Yoshikai [188] Lamellarin G trimethyl ether 5 20%
Twao [189] Lamellarin U 12 5%
Lamellarin D trimethyl ether 8%
2016 Yang [190] Y
Lamellarin H 4 7%
Lamellarin N analogues - -
Twao [191] -
Azalamellarin N analogues - -
Lamellarin « 12 22%
Twao [192]
Lamellarinn 10 19%
Lamellarin D trimethyl ether 6 44%
2017 Chandrasekhar [193] Lamellarin D 7 29%
Lamellarin H 7 37%
Wu [194] Lamellarin G trimethyl ether 3 51%
Lamellarin D trimethyl ether 2 37%
Lamellarin H 3 31%
Yang [195]
Lamellarin D 6,8 12-14%
Lamellarin x 6,8 12-14%
Lamellarin D 10 30%
Ackermann [196]
Lamellarin H 10 29%
Opatz [197] Lamellarin G trimethyl ether 78 19-42%
2018 Chiu and Tonks [198] Lamellarin R 5 18%
Lamellarin D 7 22%
Donohoe [199] -
Lamellarin Q 7 20%
Opatz and Michael [200] Lamellarin G trimethyl ether 6,7 56-73%
2019 Lamellarin G trimethyl ether 5 18%
Lamellarin D trimethyl ether 6 16%
Khan [201] -
Lamellarins H, U 7/6 11%/11%
Dihydro/lamellarin 1 7/6 9%/10%
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Table 1. Cont.

Lamellarin and Related

Year Author Linear Steps ! Overall Yield
Congeners
Lamellarin G trimethyl ether 6 26%
Saito [202] -
Lamellarin H 8 17%
Tsay [203] Lamellarin R 3 50%
2020 Lamellarin R 5 26%
Liou [204] Lamellarin O 5 10%
Lukianol A 6 38%
Lamellarins 6/6/6 21%/21%/21%
Khan [205]
S,Z,G,LN,D 6/7/7 21%/19%/16%

! The longest linear sequence in the synthesis was counted.

This astounding number of syntheses highlights the importance of these pyrrole
members of marine origin to many areas of life science. In addition to the constantly
increasing number of total syntheses of lamellarins and their natural congeners, the number
of synthetic derivatives and biological activity assays has increased similarly [206-214].

3. Halogenated Marine Pyrrole Alkaloids

This chapter presents the occurrence of halogenated pyrroles which constitute a highly
diverse and structurally complex subclass of marine alkaloids. It is considered that at least
25% of organohalogen natural products are halogenated alkaloids, mostly featuring pyrrole,
indole, carboline, and other N-heteroaromatic core structures [215,216]. This observation
is not too surprising as the marine environment provides both chloride and bromide in
virtually unlimited quantities as well as a variety of halogenase enzymes from different
organisms, resulting in an excellent environment for biohalogenation of these electron-
rich substrates [30,217,218]. From a medicinal point of view, the resulting structures
are associated with numerous different pharmacological activities such as selective anti-
histamine [219-221], anti-serotonergic [222], immunosuppressive [223], antibacterial [224],
anti-malarial [225], and antiproliferative properties [226]. Therefore, halogenated pyrrole
alkaloids can be viewed as potential lead compounds for the development of new, even
more potent drugs [15,227].

Given the enormous dimensions and (bio)chemical diversity of marine life and its
underexplored nature, it is not surprising that the number of isolated halogenated ma-
rine pyrroles is constantly increasing and that countless further halopyrroles are yet to
be discovered.

3.1. Simple Pyrroles

Ethyl 3,4-dibromo-1H-pyrrole-2-carboxylate (186) was first isolated from the sponge
Stylissa massa in 2014 and shows a weak antiproliferative activity against mouse lymphoma
cells (L5178Y growth in 27.2% at 10 ug/mL, Figure 23) [228].

R R
gMoa 2M0H
Br
Br. NH Br. NH
N t B~ N Noo N o

H Br Br H
H
186 187 (4)-188 (R = CH,COOMe) (£)-190 (R = COOMe)
(£)-189 (R = COOMe) (£)-191 (R = CH,COOMe)

agesasines A and B

Figure 23. Simple bromopyrrole alkaloids 186-191 isolated from different marine sponges.
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A related bromopyrrole 187 was isolated from another sponge (Agelas cerebrum) in
2011 and subjected to several antiproliferative tests (Figure 23) [229]. Here, compound 187
and other isolated bromopyrroles did not show any activity against cancer cells (A549 lung
cancer cells, HT29 colonic cancer cells, and MDA-MB-231 breast cancer cells). However,
when the crude mixture, from which 187 and further bromopyrroles were isolated, was sub-
jected to biological tests, a strong cytotoxic activity (ICsq values around 1 pg/mL) against
all three human tumor cell lines could be observed. The authors attributed this effect to the
yet underexplored synergism of natural product mixtures containing bromopyrroles [229].
Both compounds 186 and 187 were previously only known as synthetic products [230,231].

Two further simple substituted halopyrroles, 188 and 189, could be isolated from the
South China Sea sponge Agelas sp. in 2016. The enantiomers (+)-188, (—)-188, (+)-189 and
(—)-189 did not appear to have any antifungal activities using the Caenorhabditis elegans
candidiasis model (Figure 23) [66]. However, the racemic mixtures of (4)-188 and (4)-189
showed effective antifungal activity. Unfortunately, the authors did not provide any values
or an explanation of this observation. Despite these results, the authors found out that
the corresponding intramolecularly cyclized pyrroloketopiperazine natural products (see
Figure 49, 342-344) exhibited significant antifungal activities with survival rates around
50% [66].

Very recently, the corresponding agesasines A (190) and B (191) featuring the free alcohol
functional groups, were isolated from Okinawan marine sponges Agelas spp. (Figure 23) [232].
Both compounds were isolated as racemates and, according to the authors, might be
artifacts from the extraction process under acidic conditions. In basic antiproliferative
tests against human cancer cell lines (HeLa, A549, and MCEF?7), no cytotoxicity could be
observed [232].

In 2012, a new bromopyrrole, 4-bromo-N-(butoxymethyl)-1H-pyrrole-2-carboxamide
(192), featuring an unusual ether group in its side chain, could be isolated from the marine
sponge Agelas mauritiana (Figure 24) [233].
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Figure 24. Simple bromopyrrole alkaloids 192-195 and structural similar agelanesins A-D (196-199).

Further structurally similar halopyrroles 193-199 possessing different substituents
at their amide side chains were isolated from the Indonesian marine sponges Agelas lin-
naei (Figure 24) [234]. While mauritamide D (193), 4-(4,5-dibromo-1-methylpyrrole-2-
carboxamido)-butanoic acid (194), and agelanin B (195) were inactive against L1578Y
mouse lymphoma cell lines, the tyramine-unit bearing agelanesins A-D (196-199) showed
prominent to good activity with ICsy values between 9.25 uM and 16.76 uM in this assay.
The authors mentioned that the cytotoxicity of the agelanesins 196-199 is interconnected
with the degree of bromination of the pyrrole ring, resulting in an increased reactivity for
the monobrominated agelanesins A (196) and B (197) compared to 198 and 199 [234].

The tribrominated pyrrole 4'-((3 4,5-tribromo-1H-pyrrol-2-yl)methyl)phenol (200) was
isolated from the surface of the coralline alga Neogoniolithon fosliei in 2014 and exhibited
broad-spectrum antibacterial activity against several Pseudoalteromonas, Vibrio, and Staphylo-
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coccus spp. (inhibition zones > 10 mm, Figure 25). However, no antifungal or antiprotozoal
activity was observed by investigating compound 200 [235].
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201 (R=H) 203
202 (R = SOzH) keronopsamide C

keronopsamide A and B

Figure 25. Structure of compound 200 and the bromotyrosine-based keronopsamides A-C (201-203).

A new class of bromopyrrole pigments derived from bromotyrosine were isolated
from the marine ciliate Pseudokeronopsis riccii in 2010 and were named keronopsamides
A-C (201-203) (Figure 25) [236].

In 2020, pyrrolosine (204), a tetrabrominated alkaloid symmetrically dimerized via
two amide functionalities, was isolated from Agelas oroides [237] and should not be confused
with another natural product named pyrrolosine (206), the structure of which had been
identified as 205 and revised 206 during the 1990s (Figure 26) [238].
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Figure 26. Molecular structures of bromopyrroles 204-211 isolated from sponges and bryozoans.

Further marine bromopyrrole alkaloids 207-211 substituted via amide groups were
isolated from the Patagonian bryozoan Aspidostoma giganteum (Figure 26) [239]. The
aspidostomides A—C (207-209), G (210) and H (211) bear the well-known bromotyrosine
and bromotryptophan structural motifs frequently found in marine natural products [240].
While for aspidostomide A (207) the absolute configuration was determined as R by
a modified Mosher method [241], the configurations of aspidostomides B (208) and C
(209) were assumed to be the same as in compound 207. The absolute configuration of
aspidostomide H (211) could not yet be established [239].

In 2019, the first total syntheses of the enantiomeric aspidostomides B (208) and C
(209) were realized by Khan and co-workers (Scheme 14) [242].
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Scheme 14. First total syntheses of aspidostomides B (208) and C (209) starting from compound 212.

Here, compound 212 was reacted in a Wittig olefination and then subjected to bro-
mohydroxylation. Substitution of the bromine with NaNj3 followed by reduction fur-
nished amine (4)-215 in 67% yield over four steps. Amidation of (£)-215 with either
4,5-dibromopyrrole carboxylic acid (213) or 3,4,5-tribromopyrrole carboxylic acid (214)
delivered products 216 and 217, respectively. Final demethylation by applying BBr3 then
gave the natural products aspidostomides B (208) in 67% and C (209) in 72% over two steps
(Scheme 14) [242].

In 2018, nine new pseudoceratidines (218-226), of which the tedamides A-D (223-226)
possess an unprecedented 4-bromo-4-methoxy-5-oxo0-4,5-dihydro-1H-pyrrole-2-carboxamide
moiety, were isolated from the marine sponge Tedania brasiliensis (Figure 27) [243]. It is important
to mention that 3-debromopseudoceratidine (218) and 20-debromopseudoceratidine (219),
4-bromopseudoceratidine (220), and 19-bromopseudoceratidine (221), tedamides A and
B (223 and 225), and tedamides C and D (224 and 226) have been isolated as pairs of
inseparable structural isomers differing in their sites of bromination and oxidation. The
inseparable mixture of compounds 218 and 219 showed antiparasitic activity on Plasmodium
falciparum (ECsg value of 5.8 uM =+ 0.5 M) and displayed weak cytotoxicity in the human
liver cancer HepG2 cell line (MDLsy > 400 uM), but with excellent selectivity, as reflected
by a dramatically reduced toxicity to healthy cells. The authors also synthesized a number
of derivatives that were assayed against several protozoan parasite species, evidencing that
the bromine substituents in the pyrrole unit of pseudoceratidine derivatives are inevitable
for antiplasmodial activity [243].
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Figure 27. Nine new pseudoceratidines 218-226 from the marine sponge Tedania brasiliensis.

Another bromopyrrole alkaloid, clathrirole A (227), was isolated from the Myanmarese
marine sponge Clathria prolifera in 2018 (Figure 28) [73]. It should be noted that the stere-
ogenic centers of the tetrahydropyrimidinium ring of 227 were only assumed to have R con-
figuration by comparison of its optical rotation with the enantiomeric N-methylmanzadicin
C (228) which had been isolated and synthesized several years earlier [35,244,245].

HOOC, HOOC,
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clathrirol A N-methylmanzacidin C

Figure 28. New bromopyrrole alkaloid 227. N-Methylmanzacidin C (228) is shown for comparison.

In this context, the correction of the stereoconfiguration of manzacidin B (232a) should
also be mentioned. This MNP was synthesized by the Ohfune group in 2007 and its config-
uration was erroneously determined to match compound 232b [246]. Three years later, the
same group published an alternative synthetic route (Scheme 15) and with the aid of X-ray
crystallography, the revised structure of manzacidin B (232a) was unambiguously con-
firmed [247]. Here, aldehyde 229 was transformed into compound 230 using Oppolzer’s
sultam as a chiral auxiliary, and subsequently generated the N-formyl lactone 231 already
featuring the stereochemistry of natural manzacidin B (232a). Several further steps, in-
cluding the installation of the pyrrole unit, then delivered the natural product 232a [247].
Unfortunately, the correction did not provide any information about the experimental
section, including reaction conditions and yields.
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Scheme 15. An alternative synthetic route towards manzacidin B (232a) in 2010 revealed that it was
incorrectly assigned as compound 232b in 2007.

In 2015, the group of Kock isolated N-methylagelongine (233) from the Caribbean
sponge Agelas citrina (Figure 29) [63].
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Figure 29. Simple bromopyrrole alkaloids 233-236 isolated from the Agelas sp.

Two new halopyrroles, nagelamide U and V (234 and 235) were isolated from a marine
sponge Agelas sp. in 2013 and possess a y-lactam ring with a taurine unit (Figure 29). Here,
the relative stereochemistry was examined by ROESY correlations [65].

A related compound, 2-debromonagelamide U (236) was isolated from the Okinawan
marine sponge Agelas sp. two years later. Compound 236 could inhibit the growth of
Trichophyton mentagrophytes (ICsy value 16 pg/mL), a common fungus causing ringworm
in companion animals (Figure 29) [248].

In 2019, three new pyoluteorin analogs, mindapyrroles A—C (237-239) were isolated
from Pseudomonas aeruginosa strain 1682U.R.0a.27, a bacterium from the tissue homogenate
of the giant shipworm Kuphus polythalamius (Figure 30) [249]. The chlorinated pyrrole
alkaloids 237 and 239 inhibit the growth of multiple clinically relevant microbial pathogens
(MIC values between 2 pug/mL and >32 ug/mL), with mindapyrrole B (238) showing
the most potent antimicrobial activity (MIC values between 2 pg/mL and 8 pg/mL) and
widest selectivity index over mammalian cells [249].
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Figure 30. Mindapyrroles A-C (237-239) featuring several central resorcinol-cores.

New diterpene alkaloids, the agelasines O-R (240-243) bearing a bromopyrrole core,
were isolated from the Okinawan marine sponge Agelas sp. in 2012 (Figure 31) [61]. The
relative stereochemistries of compounds 240-243 were elucidated via ROESY-correlations.
The agelasines O-R (240-243) showed good to moderate antimicrobial activities (ICsp
values ranging between 8 ug/mL and >32 ug/mL) against a wide range of bacteria,
including strains of Escherichia coli, Staphylococcus aureus, and Bacillus subtilis. However, no
cytotoxicity against murine leukemia L1210 and human epidermoid carcinoma KB cells
was observed [61].

N
N 0 (+)-242 (R=""Me )
(-)-240 H (+)-241 H (-)-243 (R = —Me )
agelasine O agelasine P agelasines Q and R

Figure 31. Agelasines O-R (240-243) with a 9-N-methyladenine unit from a marine sponge Agelas sp.

In 2010, Fenical and co-workers isolated marinopyrroles C-E (244-246) from the deep
ocean actinomycete strain CNQ-418 [250], thereby extending the interesting class of bio-
logically active marinopyrroles, of which marinopyrroles A (250) and B (253) had been
isolated before (Figure 32) [251]. These metabolites contain an unprecedented, highly halo-
genated 1,3'-bipyrrole core which gives them an axis of chirality that, for marinopyrroles A
and B as well as C-E (244-246), results in a stable M-configuration at room temperature.
Marinopyrrole C (244) displayed significant activity against methicillin-resistant Staphylo-
coccus aureus with MICqq values of less than 1 ug/mL. With derivatization experiments,
the authors could also show that the presence of the hydrogen-bonding capacity of the
salicyloyl hydroxyl groups, the free N-H functionality and the C-5' chlorine substituent
were indispensable for the biological activity [250].
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Figure 32. The unusual structure of marinopyrroles C-E (244-246) contain a rare 1,3'-bispyrrole
functionality.

The first total synthesis of a member of the marinopyrrole family was realized by the
Li laboratory in 2010 (Scheme 16) [252]. Starting with a TsOH-catalyzed condensation and
cyclization of aminopyrrole 247 with x-ketoester 248 furnished an intermediary bi-pyrrole
skeleton. After N-protection and transforming the diester to the dialdehyde via a reduc-
tion/oxidation sequence, the addition of 2-methoxyphenylmagnesium bromide followed
by CrO3 oxidation furnished the diketone 249 in 50% over six steps. After deprotection and
chlorination of the pyrrole units with NCS, a final demethylation involving BBr; gave the
natural product, (£)-marinopyrrole A (250) in 68% yield over three steps. Unfortunately,
selective bromination towards (£)-marinopyrrole B (253) under various conditions was
unsuccessful [252].

Li et al. (2010) Synthesis of (+)-marinopyrrole A
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HCI DCM, t, 8 h MeOHITHF (1)t 1h cl
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HN ’ 4)1BX, DMSO, 70°C, 6 h 3)88 Tommmoon L "
. ,70°C, 3, (o]
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248 marinopyrrole A

. O ormar
Chen et al (2013) Synthesis of (¥)-marinopyrrole B 1) TsCl. DMAP, /Pr,NE

DCM,0°Ctort, 24 h HO
2) DIBAL, toluene, 0 °C to t, 10.5 h
3)IBX, DMSO, 70 °C, 16 h ¢}
Cl COOMe cl
4 over r?i?\ch(e s cl 4) 2MeOCqHqMgEr cl
) p A\ JNH THF 0°C, 4h =N/ NH
HN cocel ~, N — ~ N —
2 Br 5) IBX, DMSO 70 °C, 29 h; Br o
COOMe H;CrO4, 0°C, 4 h; o
251 252 KOH. MeOH/THF (1:1), tt, 1 h
6)NCS. MeCN, 35 °C. 15.5 h OH
7) BBrs, DCM, =78 °C, 50 min
15% over seven steps (¥)-253

marinopyrrole B

Scheme 16. First total synthesis of (4-)-marinopyrrole A (250) by Li in 2010 and its congener marinopy-
rrole B (253) by Chen in 2013.

Three years later, the Chen laboratory synthesized (4)-marinopyrrole B (253) using a
similar approach (Scheme 16) [253]. Here, the brominated chloropyrrole 252 was generated
over nine steps starting from commercially available pyrrole 251. The next seven steps
were performed almost in the same manner as in the synthesis of marinopyrrole A reported
by Li and co-workers, although some reaction conditions were improved. In this way,
(4)-marinopyrrole B (253) could be obtained in 15% over seven steps [253].
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Between 2012 and 2019, several pyrrolyloxazoles belonging to the phorbazole series
were isolated from marine organisms. The first study of the Indo-Pacific dorid nudibranch
Aldisa andersoni resulted in the isolation of 9-chloro-phorbazole D (254) and N1-methyl-
phorbazole A (Figure 33) (255). Both compounds exhibit similar in vitro inhibitory ac-
tivity against several human cancer lines with ICsy values ranging between 18 uM and
34 uM [254].

Cl 1
N R =
04 o W
N0 R
R4

254
9-chloro-phorbazole D 256 (R' =Br, R?=R* = H, R® = OMe

) N1-methyl- phorbazole A
257 (R' =R*=H, R? =Br, R* = OMe)
)
)

258 (R' = Br, R?=R®=H, R* = OMe
259 (R' =R®=H, R?=Br, R* = OMe
breitfussins B, E, G and H

Figure 33. Phorbazol-based marine bromopyrrole alkaloids 254-259.

A related class of natural bromopyrroles containing the pyrrolyloxazole functionality
is the breitfussins. In analogy to breitfussin B (256), isolated from the hydrozoan Thuiaria
breitfussi in 2012 [80], six new breitfussins C-H were discovered in the same producing
organism as breitfussins E (257), G (258), and H (259) feature a brominated pyrrole core
(Figure 33, for non-halogenated congeners see Figure 7) [81]. Compounds 258 and 259
were isolated as a mixture and thus not evaluated in cytotoxic activity assays, whereas
breitfussins 256 and 257 did not show any cytotoxic activity against several tested cancer
cell lines [81].

In 2015, breitfussin B (256) was synthesized by the Bayer group in the same manner as
breitfussin A (48) (compare Scheme 4) [83]. In analogy to breitfussin A (48), the synthesis
commenced with the readily available phenol 260. After forming the indole building block
261, iodination and TIPS-protection furnished compound 52. The oxazole core 54 was
installed and carefully iodinated with iodine to get access to compound 262. Coupling with
Boc-protected pyrrole boronic acid 20 then delivered intermediate 57 possessing the right
indole-pyrrolyloxazole functionality. Bromination, protodeiodination, and removal of all
protecting groups then furnished breitfussin B (256) in 4.3% overall yield (Scheme 17) [83].
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Scheme 17. Total synthesis of breitfussin B (256) starting from phenol 260.
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Simple Pyrrole (Amino)-Imidazole Alkaloids

The pyrrole-imidazole alkaloid (PIA) family comprises a myriad of simple to struc-
turally complex molecules originating from marine organisms. The simplest PIA, oroidin, is
believed to be the biogenetic precursor of any natural products belonging to this family and
it is considered to be biosynthesized from the fundamental amino acids proline, ornithine,
lysine, and/or histidine [13,38,255-257]. However, numerous further considerations on the
biogenetical origin of PIAs can be found in the literature so that the biosynthesis of most
of these alkaloids still lies in the realm of speculations. Many PIAs are reported to exhibit
significant biological activities resulting in a great interest among synthetic chemists to
provide solutions to finally get access to potent pharmaceutically relevant substances.

In 9-oxethyl-mukanadin F (263), isolated in 2016 by the Lin group from a not fully
identified sponge Agelas sp., the oroidin 2-aminoimidazole moiety is replaced by a hydan-
toin ring (Figure 34) [66]. Compound 263 was isolated as a racemic mixture and displayed
no antifungal activity against Candida albicans [66].

Q Q

HN" NH HN" NH

B
N me
N o]

Br Br H
(+)-263 (R,Z)-264a (R ="'"'OH ), incorrectly assigned in 2009
9-oxethyl-mukanadin F (=)-(S,2)-264b (R = —OH ) mukanadin F, revised in 2018

Figure 34. C-9 functionalized ene-hydantion marine pyrrole alkaloids 263 and 264.

In 2018, the Barker group published a comprehensive work addressing stereochemical
issues of related mukanadin-based alkaloids substituted at C-9 [79]. The publication also
describes the total synthesis of (+)- and (—)-mukanadin F (264a and 264b), which finally
resulted in the reassignment of its absolute stereochemical configuration and shed light
upon many inconsistencies concerning the stereochemistry of C-9-functionalized ene-
hydantoin/imidazole marine natural products published as racemic or scalemic mixtures
before (Figure 34 and Scheme 18) [220,258-261].
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1) (Boc),0, NEty
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Br ° o  pMEO, L O
HN 0°Ctort 48 h
jf\>—§ Br JWMO INFO

B N © jl\/\ycoccl3 BocHN (Et010P" N
(-)-264b B N (5)-269 ) 268
(S)-mukanadin F 270 66% over 2 steps

36% over two steps

Scheme 18. Total synthesis of (S)-mukanadin F (264b).

The authors began the synthesis with a selective protection/deprotection sequence
of aminodiol (R)-265 producing alcohols (R)-266 and (R)-267, sequentially. After Swern
oxidation and HWE reaction with hydantoin phosphonate 268, compound (5)-269 could be
obtained as a mixture of E/Z isomers (1:2) in 66% yield over two steps. Simultaneous Boc
and PMB deprotection followed by a final C—N coupling step involving trichloroacetyl di-
bromopyrrole 270 gave (S)-mukanadin F ((S)-264b) as a mixture of E/Z isomers (1:1.3). The
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same procedure starting from (5)-265 delivered (R)-mukanadin F ((R)-264a) as a mixture of
E/Z isomers (1:2) (Scheme 18) [79].

Successful separation of the E/Z isomers of ((S)-264b) and ((R)-246a) and comparison
of NMR spectroscopic data of the synthetic Z-configured enantiomers of mukanadin F
(264) with those reported for the natural product were a match, confirming the alkene
geometry [258]. However, new optical rotation measurements revealed that (S)-mukanadin
F ((5)-264b) corresponds to the natural product, which is opposite to that proposed for
the isolated sample in 2009 [258]. As a last point, the Baker group found out that C-9
functionalized ene-hydantoin/imidazole marine alkaloids are prone to isomerization and
racemization with both effects occurring upon light irradiation or under acidic or basic
conditions and therefore is likely to occur upon extraction [79]. These findings reveal
that compounds of this class most likely exist in nature as pure enantiomers and that
other publications concerning their isolation and stereochemical elucidation should be
checked carefully.

Recently, E-dispacamide (271) and slagenin D (272) were isolated from the sponge Age-
las oroides in 2020 (Figure 35). The absolute configuration of compound 272 was established
by comparison of its specific rotation with that of synthetic ent-slagenin A, indicating its
stereogenic centers to be 95, 115, 15S configured [237].

Br, AN\ H
+ Br H ¢]
H HO NH
N
o= SN HN*Q HN N
/) NH (=)-272 /
slagenin D B Br [
Br HN g HN
m Ny NH m
N o) 0 X 2
H

o]

N [¢]

271 NH Ho 274
(E)-dispacamide Br / nemoechine H
Br HN
0
N [0}
H 273

(E)-dispacamide E
Figure 35. Related bromopyrrole alkaloids 271-274 bearing hydantoin.

A bromopyrrole marine alkaloid 273, very similar to compound 271, was isolated from
the sponge Stylissa massa in 2014 and was given the name dispacamide E (273) (Figure 35) [228].
It showed significant inhibitory activities against the kinases GSK-3, DYRK1A, and CK-1
with ICs) values below 19 uM [228]. The reader is advised that careful reading is required
to distinguish between the (E/Z) dispacamides, as the original trivial names relate to
the Z-configured natural compounds [219,220]. However, new dispacamides possessing
E-configuration are not consistently given either new trivial names or E/Z-designated
former trivial names.

In nemoechine H (274), isolated from the sea sponge Agelas nemoechinata in 2019, only
the hydantoin core is different compared to compound 273 (Figure 35). Compound 274
exhibited good to moderate cytotoxic activity against K562 and L-02 cell lines with ICs,
values of 6.1 uM and 12.3 uM, respectively [262].

Very recently, three new related congeners, 9-hydroxydihydrodispacamide (275), 9-
hydroxydihydrooroidin (276), and 9E-keramadine (277) were isolated from two different
marine sponges Agelas spp. (Figure 36). Compounds 275 and 276 were isolated as racemates
with the relative configuration of compound 275 still to be deduced [232]. Compound 277
was already known as a synthetic product but was isolated the first time from a natural
source [263]. All three compounds 275-277 did not show any promising cytotoxicity against
human cancer cell lines (HeLa, A549, MCEF?) in basic antiproliferative tests [232].
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Figure 36. Three new PIAs 275-277 isolated from the sponge Agelas spp. in 2020.

The Berlinck group isolated debromooroidin 278 from a sponge identified as Dicty-
onella sp. in 2018, which displayed proteasome inhibition activity with ICs values of 27 uM
+ 6 uM (Figure 37) [264]. The authors also mentioned that the proteasome inhibitory
activity is strongly influenced by the position of the bromine substituent in the pyrrole ring
thereby confirming the findings of previous investigations [265,266].
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Figure 37. Oroidin-derived bromopyrrole alkaloids 278-283 bearing imidazole moieties.

In 2009, the acetone/methanol extract of the sponge Agelas linnaei permitted the
isolation of agelanin A (279) and mauritamides B (280) and C (281) (Figure 37) [234]. The
sulfonic acid congeners 280 and 281 contain a taurine unit which is quite a rare structural
motif in marine sponge metabolites when combined with a bromopyrrole unit.

Further oroidin-derived pyrrole alkaloids, stylisines B (282) and C (283), were isolated
in 2018 from the sponge Stylissa massa (Figure 37). Here, the stereogenic centers could be
unambiguously determined via electronic circular dichroism experiments. Unfortunately,
compounds 279-283 have not shown any promising biological activities so far [133].

In 2010, another new set of halopyrroles, the stylissazoles A-C (284-286), were isolated
from species from the Stylissa genus (Figure 38) [267]. No absolute configuration could be
determined for the dimeric pyrrole-2-aminoimidazoles 285 and 286 as no optical activity
was observed. The authors mentioned that the interconversion of the configurationally
unstable chiral carbons C6 and C7 might be the reason for this issue. However, the relative
configuration of both stereogenic centers in stylissazole C (286) could be determined by
NOESY experiments [267].
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Figure 38. Stylissazoles A—C (284-286) isolated from the marine sponge Stylissa carteri.

The unique bromopyrrole alkaloids agelamadin F (287) and tauroacidin E (288) were
isolated from an Okinawan marine sponge of the genus Agelas in 2015 (Figure 39) [64].
Compound 287 is the first example of a bromopyrrole alkaloid bearing an aminoimidazole
moiety connected to a pyridinium ring. Tauroacidin E (288), possessing an uncommon
taurine unit, was isolated as a racemic structure. Both halopyrroles 287 and 288 showed
moderate activities against KB and human leukemia K562 cells with ICsy values in the
range of 10 ug/mL [64].
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A o =, NH;
NH \ NH Br b
Br Br
287 (2)-288 (-)-289 (R' = 08057, R2 = H)
agelamadin F tauroacidin E 14-O-sulfate massadine

(-)-290 (R" = OMe, R? = H)
14-O-methyl massadine
(-)-291 (R" = CI, R2 = Me)

3-0O-methyl massadine chloride

Figure 39. Unusual aminoimidazole pyrrole alkaloids 287-291 with compounds 289-291 incorporat-
ing a complex contiguous imidazole ring system.

The complex class of massadines was extended by the isolation of three new com-
pounds 289-291 from a deep-water sponge of the genus Axinella in 2012 (Figure 39) [268].
The eight stereogenic centers of 14-O-sulfate massadine (289), 14-O-methyl massadine
(290), and 3-O-methyl massadine chloride (94) were determined by NMR spectroscopy and
optical rotation measurements. The generated data confirmed the absolute stereochem-
istry earlier defined by Kock [269] and Fusetani [270] for related massadines and was also
consistent with the data from its enantioselective total synthesis [271]. While compounds
289-291 did not show any inhibitory activity against the neurodegenerative disease kinase
targets CDK5/p25, CK15, and GSK33, 3-O-methyl massadine chloride (291) exhibited
antibacterial activity against several Gram-positive and -negative bacteria with ICsy values
below 5 uM [268].

Three structurally similar alkaloids (292-294), possessing two or more contiguous ring
systems were isolated from the sponge Stylissa aff. carteri in 2020 (Figure 40) [272]. The
absolute stereochemistry of the two new hexacyclic analogs of palau’amine and styloguani-
dine, debromokonbu’acidin (292) and didebromocarteramine (293), was determined by
comparison of experimental and theoretical ECD spectra. While compound 293 did not
show any neuroprotective activity, compound 292 could reduce reactive oxygen species
in neuroblastoma SY-SY5Y cells by 35% over a wide range of concentrations [272]. The
stereochemistry of futunamine (294), featuring a new pyrrolo[1,2-climidazole core, was
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also deduced by ECD analyses. Furthermore, futunamine (294) showed neuroprotective
effects at 10 uM. Unfortunately, none of the three new compounds 292-294 showed any

cytotoxic activity [272].
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Figure 40. Biologically active bromopyrrole imidazole alkaloids 292-295 possessing unique struc-

tural motifs.

Nagelamide W (295), the first monomeric bromopyrrole alkaloid bearing two aminoim-
idazole moieties, was isolated from a marine sponge Agelas sp. by the Kobayashi group in
2013 (Figure 40) [65]. The relative stereochemistry of 295 was elucidated by ROESY correla-
tions and the natural product 295 exhibited inhibitory activity against Candida albicans with
an ICsg value of 4 ug/mL [65].

In 2014, five new bromopyrrole alkaloids (296-300) were isolated from an Okinawan
marine sponge of the genus Agelas (Figure 41) [273]. Tauroacidin C (298), tauroacidin D
(299), and mukanadin G (300) were isolated as racemic mixtures. However, the relative
stereochemistry of mukanadin G (300) was established by ROESY and computational ex-
periments. While compounds 296-298 did not show any antimicrobial activity, mukanadin
G (300) exhibited good to moderate antifungal activity against the human-pathogenic yeast
Candida albicans and the invasive pathogenic fungus Cryptococcus neoformans with I1Csg
values between 8 and 16 uM [273].
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Figure 41. Related bromopyrrole alkaloids 296-300 and the antifungal mukanadin G (300) isolated
from Agelas sp.
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In decarboxyagelamadin C (301), isolated from the sponge Agelas sceptrum in 2016, a rare
morpholine core is located between the pyrrole and imidazole moiety with the relative and
absolute stereochemistry being established by NMR and ECD spectroscopy (Figure 42) [274].
Unfortunately, compound 301 did not show any activity in cytotoxicity tests and in antimi-
crobial assays.
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Figure 42. Oroidin-based bromopyrrole alkaloids 301-303 with nagelamide D (304) underwent a
reevaluation in 2020.

A new bromopyrrole alkaloid also incorporating a fused 6-membered ring, 2-debromo-
mukanadin G (302), was isolated from another Agelas sp. alongside 2-debromonagelamide
P (303) (Figure 42) [248]. While both substances 302 and 303 were isolated as racemates,
the relative configuration of compound 302 could be deduced by comparison of its cou-
pling constants with those from mukanadin G (300). Compound 303 showed moderate
antimicrobial activity against Trichophyton mentagrophytes (ICsq value 32 pg/mL), whereas
compound 302 exhibited moderate activity against Cryptococcus neoformans (ICsy value
32 pug/mL). However, no cytotoxicity was observed against human epidermoid carcinoma
KB and murine lymphoma L1210 cells [248].

We also want to mention an inconsistency in the assigned structure for the struc-
turally related nagelamide D (304), which was originally isolated in 2004 as a racemate
by the Kobayashi group (Figure 42) [275]. Five years later, a total synthesis by the Lovely
group [276] revealed that either the assigned structure or the reported NMR data of
Kobayashi’s work was in error. However, no final evidence was given at this point. A
recently published synthetical approach [277] of the same laboratory towards alkaloids
belonging to the nagelamide class then corroborated the correctly proposed but incorrectly
assigned structure by Kobayashi. In this case, crystallographic measurements [277] un-
equivocally demonstrated that the assignments for C9, C9’, C10’ as well as H9'a and H9'b
were inadvertently switched in the original literature [275].

The Lovely group commenced their synthesis with the iodoimidazoles 305 and 306,
which were transformed into the corresponding coupling partners 307 and 308 over several
steps, respectively. A Stille cross-coupling then delivered compound 309. A reaction
sequence involving several protection and deprotection reactions as well as the installation
of the azide group via TsNj3 furnished diol 310. Replacing the alcohol functional groups by
a pyrrole hydantoin 311, hydrolysis, and deprotection of the corresponding urea followed
by azide hydrogenation finally furnished nagelamide D (304) in 32% over four steps
(Scheme 19) [277].
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Scheme 19. A total synthesis of nagelamide D published by the Lovely group led to the correct
assignment of nagelamide D (304).

A very similar class of compounds, the citrinamines A-D (312-315), were isolated
from the Caribbean sponge Agelas citrina in 2015 by the Kock group (Figure 43) [63]. All
four compounds 312-315 were isolated as racemic mixtures, with the relative configuration
of citrinamine C (314) being elucidated with the aid of NOESY correlations and comparison
of its NMR data with those of nagelamide B, a related congener isolated back in 2004 [275].
It should be mentioned that the same group isolated citrinamines C (314) and D (315) as
a mixture, the separation of which by preparative chromatography failed. Citrinamines
B-D (313-315) showed “considerable” inhibition zones in agar diffusion assays with My-
cobacterium phlei (no values for the size of the inhibition zones were given). However, all
compounds 312-315 exhibited no inhibition of cell proliferation of mouse fibroblasts [63].
Here, we would like to mention that the only structural difference between citrinamine A
(312) and 2-debromonagelamide P (303) lies in the additional proton present in compound
303 (Figure 43). As the NMR spectra of both compounds 303 and 312 also appear to be
identical, it is highly likely that both compounds 303 and 312 are in fact the same substance,
although compound 303 was isolated as a salt and compound 312 as the free base.
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Figure 43. The dimeric bromopyrrole alkaloids citrinamines A-D (312-315).

The known class of nagelamides was extended by nagelamides I (316) and 2,2’-
didebromonagelamide B (317), isolated from a marine sponge Agelas sp. (Figure 44) [278]. The
relative configuration of compound 317 could be deduced by extensive NMR-spectroscopic
analysis but the absolute configuration remains unknown. Both compounds 316 and
317 did not show cytotoxicity against murine lymphoma L1210 and human epidermoid
carcinoma KB cells in vitro [278].

+

N
! N2 H
HNKNH* NH Br o QX
— — HQ, NH
- N \_/|
- Br HN B
Br. HN *HN < NH = "
<k N
N0 NH, N ©
H HzN
316 (-)-317
nagelamide | 2,2'-didebromonagelamide B
Br, Br

0,8

NH )= N
\L HN— HN 2 " (o
v 9 w= UM B IN P N R e
N H N // —
B 3 NS0 I)_/( HI
] N H Br HN ~"N \

H R

HNTS .
Br >§NH‘ HNYNH
HaN HoN
()-318 (R = OH) (-)-320
(#)-319 (R=H) nagelamide Z

nagelamides X and Y
Figure 44. Five new family members (316-320) of the nagelamides from Agelas sp.

Nagelamides X-Z (318-320) were isolated from a marine sponge of the genus Age-
las in 2013 (Figure 44) [279]. Here, the nagelamides X (318) and Y (319) incorporate a
unique tricyclic skeleton consisting of spiro-connected tetrahydrobenzaminoimidazole and
aminoimidazolidine moieties. Compounds 318 and 319 were isolated as racemic mixtures
with the relative configuration being determined by 2D NMR spectroscopy. Nagelamide Z
(320) was isolated as an optically active molecule, but its absolute configuration remains
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unsolved. Nagelamides X-Z (318-320) displayed antimicrobial activities against several
bacteria and fungi, with ICs, values partly being below 5 pug/mL [279].

In 2012, a new pair of dimeric pyrrole-aminoimidazole alkaloids, (—)-donnazoles A
(321) and B (322), was isolated from the marine sponge Axinella donnani (Figure 45). The
absolute configurations of 321 and 322 were determined via NOE correlations and ECD

measurements [280].
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(4323 2 CF,C00°

NH*
agelamadin C E >\NH2
NH;*O  HN

NH Hooe %O
’afo
(-)-324

(=)-321 (R = OH)
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Figure 45. Donnazoles A (321) and B (322) from a marine sponge Axinella donnani and further
agelamadins C-E (323-325).

The agelamadins C-E (323-325), isolated from a marine sponge of the genus Agelas
in 2014, share the same flat structure but differ in their stereochemistries (Figure 45) [281].
The configurations of compounds 323-325 were elucidated by 2D NMR spectroscopy, ECD
calculations, and by a phenylglycine methyl ester (PGME) method. To this end, (R)- and
(5)-PGME are condensed with a carboxylic acid functionality, to generate amides enabling
the determination of the absolute configuration by means of the diamagnetic anisotropic
effect [282]. While agelamadin D (324) did not show any antimicrobial activity, agelamadins
C (323) and E (325) displayed moderate inhibitory activity against the human pathogen
Cryptococcus neoformans with ICsg values of 32 pg/mL each [281].

3.2. Annellated Pyrroles

Annellated pyrroles are prevalent in nature. For example, many well-known biologi-
cally active alkaloid families, including the lamellarins and indolizidins, as well as many
stemona alkaloids, feature annellated pyrrole moieties [283-285].

Between 2010 and 2012, the highly halogenated 5- and 8-ring annellated pyrroles
326-328 were isolated from marine bacteria (Figure 46). The Pseudoalteromonas-derived
2,3,5,7-tetrabromobenzofuro[3,2-b]pyrrole (326) displayed significant antimicrobial activity
against methicillin-resistant Staphylococcus aureus (ATCC 43300, ICsy value of 1.93 uM +
0.05 uM) [286].
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Figure 46. Annellated halopyrroles 326-328 derived from marine bacteria.

The biologically active (—)-chlorizidine A (327) was isolated from a marine Strepto-
myces sp. and exhibited noteworthy activity in a human colon cancer cytotoxicity bioassay
with ICsg values of 3.2-4.9 uM (Figure 46) [287]. Interestingly, the alkaloid 327 completely
lost its activity when both phenolic functionalities were methylated. The authors also
mentioned that a series of derivatives lacking the key 5H-pyrrolo[2,1-a]isoindol-5-one
moiety led to inactivity, strongly suggesting its presence is indispensable for biological
activity [287].

The structure of (£)-marinopyrrole F (328), isolated from a Streptomyces sp. in 2010,
contains an unusual eight-membered ring (Figure 46) [250]. In contrast to its enantiop-
ure metabolites, marinopyrroles C-E (244-246, see Figure 32), ()-marinopyrrole F (328)
was isolated in racemic form. With the help of chiral HPLC, the authors found out that
enantioenriched 328 completely racemizes within 18 h, most probably caused by the fused
ether ring lowering the barrier for atropisomerism. However, (£)-marinopyrrole F (328)
was much less active against MRSA and HCT-116 (MICy, value 3.1 ug/mL) compared to
(—)-marinopyrrole C (244, MICq value 0.16 ug/mL) [250].

In 2018, 4-debromougibohlin (329) and 5-debromougibohlin (330) were isolated from
a marine sponge Dictyonella sp. by the Berlinck group (Figure 47). Unfortunately, both
compounds did not show any proteasome inhibitory activity in a respective assay [264].
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4- and 5-debromougibohlin

Figure 47. Structures of 2,3-annellated marine pyrrole alkaloids 329-332.

In 2019, a related halopyrrole alkaloid incorporating the carbamoylpyrrole-like core
structure, 1-N-methylugibohlin (331), was isolated from the sea sponge Agelas nemoechinata,
but did not show cytotoxic activity against K562, A549, HeLa, or HCT-116 cells in vitro
(Figure 47) [262].

Longamide C (332), obtained from an organic extract of Agelas nakamurai in 2010, was
isolated as a racemic mixture (Figure 47). However, ROESY correlations indicated a half
chair conformation of the six-membered ring. Compound 332 did not show any promising
antimicrobial or cytotoxic activity [234].

In 2017, the Lin group isolated stylisines A-F (333, 282, 283, 334, 335, 132) from the
marine sponge Stylissa massa, of which stylisine A, D, and E (333-335) feature an annellated
bromopyrrole moiety (Figure 48) [133]. The absolute stereochemistry of compounds 334
and 335 was deduced from ECD experiments. However, no antibacterial activity was
observed for all three compounds 333-335 [133]. One year later, 5-debromougibohlin (330,
Figure 47) was isolated and erroneously presented as a “new” bromo alkaloid [264], since
it has the same structure as stylisine A (333).

214



Mar. Drugs 2021, 19, 514

HN
\}«NHZ Br. A 0 Br- N 0
HN | I
M N

= Br NH Br NH
Br. N
B
N (0] CONH; CONH,
333 (-)-334 (+)-335
stylisine A stylisine D stylisine E

Figure 48. Stylisines A (333), D (334), and E (335) from the marine sponge Stylissa massa.

At this point, the stereoselective synthesis of (—)-stylisine D (334) reported by Petkovic
and Savic in 2019 should be mentioned (Scheme 20) [288]. The synthesis commenced with
an N-protection and propargylation followed by routine transformations to generate allene
337 in 55% yield over three steps. After installing Boc-L-proline (338) which furnished
compound 339 possessing the right configuration, compound 340 was obtained over four
steps under transfer of chirality. After bromination and hydrolysis, a final oxidation
step delivered (—)-longamide B (341), another bromopyrrole isolated from the sponge
Stylissa massa. (—)-Stylisine D (334) was obtained by amidation of the carboxylic group of
(—)-longamide B (341).
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Scheme 20. Synthesis of stylisine D (334) and intermediate longamide B (341) via a metal-catalyzed
cyclisation of allene 339 in a stereoselective manner.

In 2016, the family of longamides was extended by the isolation of longamides D-F
(342-344) from a marine sponge Agelas sp. (Figure 49) [66]. Compounds 342-344 were
isolated as racemic mixtures which were separated into pure enantiomers. The absolute
stereochemistry of 342-344 was then determined by chiral HPLC and ECD spectroscopy.
In the Caenorhabditis elegans candidiasis model, metabolites (+)-342, (—)-343 and (+)-344
exhibited significant antifungal activity with survival rates around 50%, whereas the
corresponding enantiomers (—)-342, (+)-343 and (—)-344 did not show any activity, strongly
suggesting the absolute configuration at C-9 to have an appreciable effect [66].
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Figure 49. Longamides D-F (342-344) from the South China Sea sponge Agelas sp.

In 2014, several structurally unique annellated halopyrroles 345-348 were isolated from
the Patagonian bryozoan Aspidostoma giganteum by Palermo and co-workers (Figure 50) [239].
The absolute configurations of bromotryptophan-derived aspidostomides D (345) and E
(346) were determined by a modification of Mosher’s method in combination with NOE
correlations. While the elimination product of 345 and 346, aspidostomide F (347), the
N-N-linked dimeric aspidazide A (348) and compound 345 only exhibited moderate to
weak cytotoxic activity against the 786-O human renal carcinoma cell line (IC5p values
between 27.0 uM and >100 uM), aspidostomide E (346) proved active with an ICs, value of
7.8 1M [239].
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Figure 50. New aspidostomides D-F (345-347) and aspidazide A (348) from the patagonian bryozoan
Aspidostoma giganteumn.

In 2017, a new family of annellated halopyrroles, the callyspongisines, were isolated from
the Great Australian Bight marine sponge Callyspongia sp. (CMB-01152) (Figure 51) [289]. In
callyspongisines A (349), a very rare imino-oxazoline core is spirocyclic to a seven-membered
ring contiguous to a pyrrole unit. Due to insufficient quantities of 349-352, the stereochemistry
could not be determined and the authors also mentioned that callyspongisines B-D (350-352)
could be storage and handling artifacts of 349 instead of being of natural origin [289]. The
potent kinase inhibitory activity observed in Callyspongia sp. was attributed to hymenial-
disine, while compounds 349-352 did not show any cytotoxic activity against a range of
prokaryotic, eukaryotic, and mammalian cell lines [289].
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Figure 51. Callyspongisines A-D (349-352) and pyrrololactam 353 of which only compound 349 is
speculated to be of natural origin.

A related pyrrolactam alkaloid, axinelline B (353), was isolated from the n-BuOH
extract of a marine sponge of the genus Axinella in 2017 (Figure 51). Unfortunately, the
authors did not give any information about the stereochemistry or biological activity of
compound 353 [131].
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Annellated Pyrrole (Amino)-Imidazole Alkaloids

Several contiguous tetracyclic brominated pyrrole-imidazole alkaloids 354-356 were
isolated or synthesized between 2016 and 2019.

In 5-bromophakelline (354), isolated from an Indonesian marine sponge of the genus
Agelas, the relative and absolute configuration was deduced with the help of NOESY
correlations and X-ray crystallography (Figure 52). However, no antimicrobial activity

against Mycobacterium smegmatis (NBRC 3207), a model organism for tuberculosis was
observed [290].

Brj:N)'i{'

|

/ [e]
(-)-354 (-)-355 (+)-356

5-bromophakelline 9-N-methylcylindradine A cylindradine B

Figure 52. Brominated pyrrole-imidazole alkaloids 354-356 bearing guanidine units.

Compound 355 was isolated from the sponge Agelas nemoechinata in 2019 (Figure 52).
The relative and absolute configuration of 9-N-methylcylindradine A (355) was determined
by NOESY correlations and by the comparison of its optical rotation with the known
(+)-cylindradine A. Unfortunately, no cytotoxic activity against K562 and L-02 cell lines
could be observed [262].

At this point, we would also like to mention the first total synthesis of (+)-cylindradine
B (356) (Scheme 21) [291], which was isolated from the marine sponge Axinella cylindratus
back in 2008 [292].
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Scheme 21. First total synthesis of (+)-cylindradine B (356) via key Pictet-Spengler reaction.

The authors commenced their synthesis with prolinol derivative 357 which was
transformed with pyrrole 358 into the Pictet-Spengler precursor 359 over several steps.
The Pictet-Spengler reaction then selectively gave compound 360 under addition of (+)-
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1,1'-binaphthyl-2,2"-diyl hydrogen phosphate. In the next steps, the guanidine group was
attached via an isothiourea intermediate 361, which reacted with NH;/MeOH furnishing
compound 362. After changing the protective groups, the Boc-protected pyrrole 363 was
brominated by using bromine and a final deprotection by applying TFA furnished (+)-
cylindradine B (356) in 14% yield over four steps (Scheme 21) [291].

In 2010, a compound very similar to 354, dibromohydroxyphakellin (364), was isolated
from Agelas linnaei and represents the first described 12-OH analog of the phakellin family
(Figure 53) [234]. By comparison of its optical rotation data with those of related com-
pounds, it was assumed that dibromohydroxyphakellin (364) was isolated as a scalemic
mixture. No cytotoxicity was observed against the murine L1578Y mouse lymphoma cell
line [234].
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Figure 53. Structurally complex annellated bromopyrroles 364-369 isolated from Dyctionella sp. or
Agelas sp.

In 5-bromopalau’amine (365), isolated from Dictyonella sp. (marine sponge), the
relative configuration of the eight stereogenic centers was determined by ROESY corre-
lations [264] and was in accordance with the data reported for the revised structure of
palau’amine (Figure 53) [293]. Compound 365 displayed proteasome inhibition activity
with an ICsj value of 9.2 uM = 3.2 uM, whereas the debrominated analog, palau’amine,
was fourfold more active. Due to these data, the authors mentioned that both, bromination
and the position of the bromine substituent in the pyrrole moiety seem to significantly
influence the ability to inhibit the 20S yeast proteasome [264].

In 2019, a new class of annellated bromopyrroles, the agesamines A (366) and B
(367), were isolated as an inseparable epimeric mixture from an Indonesian sponge of the
genus Agelas (Figure 53). The absolute configuration of both compounds 366 and 367 was
elucidated by ECD measurements [294].

The related agelastatins E (368) and F (369) were isolated from the marine sponge
Agelas dendromorpha in 2010 (Figure 53) [295]. The relative configuration of both compounds
368 and 369 was determined by NOESY correlations and by comparison to the known con-
gener agelastatin A. As agelastatin A is a highly cytotoxic compound, agelastatins E (368)
and F (369) were screened for cytotoxicity against the human KB cell line. Unfortunately,
both compounds 368 and 369 lacked significant activity [295].

Concerning the agelastatin family, the total synthesis of agelastatins A-F (375-378, 368,
369), published by the Movassaghi group in 2010, should be mentioned (Scheme 22) [296].
The synthesis commenced with the known pyrrole 370, which was converted into the annel-
lated pyrrole 371 in 62% yield over four steps. After the addition of a stannylmethylurea in
the presence of Liebeskind’s CuTC reagent and treatment with methanolic HCI, (+)-O-Me-
pre-agelastatin A (372) was obtained. Subsequent heating in aqueous methanesulfonic acid
then furnished the natural product agelastatin A (375) in 49% yield as well as a side prod-
uct (374). Bromination or OH-methylation of agelastatin A (375) gave agelastatin B (376)
or E (368), respectively. Moreover, (—)-O-Me-di-epi-agelastatin A (374) could be further
converted to agelastatin C (377) by an elimination/epoxidation/aqueous epimerization
sequence. By reacting the former intermediate 371 with a stannylurea, agelastatins D (378)
and F (369) could be synthesized in a similar way (Scheme 22) [296].
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Scheme 22. Enantioselective synthesis of all known (—)-agelastatins, including the first total synthesis
of agelastatins C-F (377, 378, 368, 369).

In 2020, a new member of the agesamine family, agesamine C (379), could be isolated
from the sea sponge Agelas oroides collected off the Tel Aviv coast (Figure 54). The relative
and absolute configuration of the bicyclic moiety in 379 was deduced by comparison of its
J-values with those of agesamines A (366) and B (367) [237].
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Figure 54. Structurally diverse bromopyrrole alkaloids 379-383 isolated from Agelas oroides.

Monobromoagelaspongin (380) was first isolated from the sponge Agelas oroides as a
racemic mixture in 2017 and no information was given on the relative configuration or its
biological activities [297]. However, in 2020, the relative and absolute configuration could
be determined alongside the isolation of further bromopyrroles (Figure 54) [237].

The same sponge also delivered the agelaspongin analogs 381 and 382, the relative
and absolute configurations of which were either determined by NOESY data combined
with ECD spectroscopy or by comparison of its chiroptical properties with those of model
compounds (Figure 54) [237]. The sponge also was the source of a new compound, named
dioroidamide A (383). Compound 383 presents a negative specific rotation value which
is also the case for many other structurally related marine alkaloids, and based on their
shared biosynthesis, the authors assumed that 383 should possess the same absolute config-
uration as depicted in Figure 54 [237]. With the isolated natural products 379-383 itself, no
biological tests were performed. However, as the antimicrobial and antibacterial activity of
the sponge extract was attributed to other natural products contained, compounds 379-383
have not been found to show any promising activities so far [237].

In 2014, two structurally unique dimeric bromopyrroles, named agelamadins A (384)
and B (385), were isolated from a sponge of the genus Agelas by the Kobayashi group [298].
Both compounds 384 and 385 were isolated as racemic mixtures, with their relative con-
figurations determined by ROESY correlations (Figure 55). Agelamadins A (384) and B
(385) showed antimicrobial activity against several Gram-positive species with ICs, values
ranging between 4 uM and 16 pM. However, no cytotoxicity was observed against human
murine lymphoma L1210 cells and human epidermoid carcinoma cells in vitro [298].
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Figure 55. Annellated bromopyrroles 384-390 from different marine sponges.

Two new bromopyrroles 368a and 368b, annellated by a seven-membered ring and
structurally related to hymenialdisine, were isolated from the marine sponge Cymbastela can-
tharella in 2011 (Figure 55) [132]. The absolute structure of (+)-dihydrohymenialdisine (368a)
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was unequivocally determined by X-ray crystallography, whereas the absolute configura-
tion of (—)-dihydrohymenialdisine (368b) could not be deduced. Since the corresponding
lead structure, hymenialdisine, is active against the kinase PLK-1, both substances 368a and
368b were also tested for PLK-1 inhibition but did not show any activity. Apparently, the
conjugation of hymenialdisine through the C-10/C-11 double bond (which is saturated in
368a and 368b) is indispensable for its strong activity on a wide range of cyclin-dependent
kinases [132].

The structurally similar compounds 387-390 were isolated from a marine sponge of
the genus Stylissa in 2012 (Figure 55) [299]. While 12-N-methylstevensine (387) displayed
strong cytotoxic activity against L5178Y mouse lymphoma cells with an ECs value of
3.5 pg/mL, 12-N-methyl-2-debromostevensine (388), 3-debromolatonduine B methyl ester
(389), and 3-debromolatonduine A (390) only exhibited weak activity (no values given).
These data suggest that the presence or absence of bromine atoms significantly influences
the antiproliferative activity [299].

At this stage, it should also be mentioned the recently published total synthesis of the
related pyrroloazepinone-containing alkaloid 2-debromohymenin (396) (Scheme 23) [300].
First, the commercially available 4-iodoimidazole 305 was transformed into alkyne 391 by a
Sonogashira reaction. Subsequent deprotection and reaction with pyrrolecarbonyl chloride
392 furnished compound 393. An intramolecular gold-catalyzed alkyne hydroarylation
then resulted in the formation of the core pyrroloazepinone moiety in 394. Subsequent
hydrogenation followed by the installation of an azide group generated azido derivative
395. Bromination using NBS, removal of the sulfonyl urea, and final conversion of the
azide to an amine group as well as removing the N-OMe group at the same time using
Mo(CO)g, furnished 2-debromohymenin (396) [300].
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SONMe; 919, THF, 0°Ctort, 16 h
305 391 SOZNMeQ 67% over two steps SOZN Me,
AuCly
dioxane, 120 °C, 24 h
54%
1) NBS, THF N 1) PAIC, H,

3

60 °Ct0-30°C EIOH, 1t, 24 h
SOzNMe: SO,NMe:
15h )\N 2He 2)LDA, THF, 78°C,1h (7 N 27

/ NH
2) HCl/dioxane, H,O then TsN3 =
n1sh —78 °Ct00°C,25h =
- N-,
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Scheme 23. Total synthesis of 2-debromohymenin (396) via a key gold-catalyzed alkyne hydroarylation.

3.3. Sceptrins

The members of the exceptional family of the sceptrin alkaloids are characterized
by their cyclobutane ring which is constructed by the dimerization of oroidin and its
derivatives [301]. They are known to exhibit a broad range of biological activities, such as
anticancer, antifungal, antibacterial, and anti-inflammatory [226,302-304]. Sceptrin was
isolated and fully elucidated in 1981 by Faulkner and co-workers who also established its
absolute configuration [224]. Many sceptrin derivatives have been isolated since.

In 2017, agelestes A (397) and B (398) were isolated from a South China sponge of
the genus Agelas (Figure 56) [305]. Although nakamuric acid (400) was already isolated in
1999 [306], the authors revealed its absolute configuration for the first time (Figure 56) [306].
The same sponge Agelas sp. also led to the isolation of hexazosceptrin (401), bearing a
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rare cyclohexane-fused-cyclobutane skeleton. All relative and absolute configurations
were determined by extensive spectroscopic analyses and ECD. All four compounds 397,
398, 400, and 401 displayed moderate antimicrobial activity (MIC values ranging between
16 ng/mL and 32 pg/mL) [305].
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Br \ B ? HN/g
\ N— COOR! X _N
H \ N~
NH H . NH H
N “ 2 NH 5
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nakamuric acid

(-)-398 (R' = R? = Me)
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Bre A\ HN/<

N
H
NH H
/@\(N 0
Br HN.__NH
o
NH,
(+)-401 (+)-402
hexazosceptrin dioxysceptrin

(bisepimeric at C-11 and C-11')
Figure 56. Several different substituted bromopyrroles 397-402 belonging to the sceptrin-family.

One year later, two sceptrin derivatives, ageleste C (399) and dioxysceptrin (402)
were isolated from the marine sponge Agelas Kosrae (Figure 56) [307]. The relative and
absolute configurations of compounds 399 and 402 were determined by ROESY correlations
and by ECD spectroscopy. However, due to the absence of reliable ROESY correlations,
the configuration at C-11 and C-11’ could not be determined. Ageleste C (399) and the
bisepimeric dioxysceptrin (402) showed good to moderate anti-proliferative activity against
six cancer cell lines (IC5) values ranging between 7.92 uM and > 50 uM), however, only
compound 399 displayed moderate inhibition of Candida albicans-derived isocitrate lyase
(ICsp value 22.09 uM), a key enzyme in microbial metabolism [307].

In 2010, the New Caledonian sponge Agelas dendromorpha led to the isolation of
benzosceptrin C (403) featuring a rare benzocyclobutane moiety (Figure 57). Unfortunately,
no cytotoxicity against the KB cell line was observed [295].
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Br HN
NH; =
(-)-403 ‘v 405
benzosceptrin C Ny agelanemoechine

404
15'-oxoadenosceptrin

Figure 57. Further sceptrins 403 and 404 together with the congener agelanemoechine (405).

In 2016, the Kock group investigated the tropical sponge Agelas sceptrum which led to
the isolation of 15’ -oxoadenosceptrin (404), a hybrid PIA incorporating an adenine moiety.
Unfortunately, no cytotoxic or antimicrobial activity was observed for compound 404
(Figure 57) [274].

In 2019, a unique alkaloid 405 bearing an imidazo [1,5-a] azepine nucleus was isolated
from the marine sponge Agelas nemoechinata, with its relative and absolute configuration
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being determined by NOESY correlations and ECD spectroscopy, respectively. Agelanemoe-
chine (405) showed potent pro-angiogenic activity in zebrafish (effect equivalent to the
established Danhong injection as a positive control, Figure 57) [308].

At this point, the very recently published total synthesis of the dimeric PIA sceptrin
(411) should be mentioned, which enables direct entry to this class of biologically active
metabolites (Scheme 24) [309]. Astonishingly, sceptrin (411) was synthesized in only
four steps by applying a photochemical intermolecular [2+2] dimerization of compound
408. The authors synthesized building block 408 by initial hydroboration of protected
propargylamine 406 to give pinacol ester 407 which then underwent a Suzuki-Miyaura
cross-coupling with 3-bromoimidazopyrimidine. The key dimerization was carried out
with blue LEDs in the presence of an iridium catalyst and provided the all-trans dimer 409 in
41% yield. Completion of the synthesis included acid-promoted deprotection, installation
of the bromopyrrole unit 410, and hydrazine-based conversion of the guanidine unit to an
imidazole moiety in one pot [309].
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///\NHBOc — | PNB™ NHBos| —————
50°C. 181 2m ag. KzC0s Y N/j
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WN \\/ ~ B N\ ¢ \ / “~NHBoo  OF(CF9ppyLctobpyPFe)
ol Dcos Ol wee metrg,
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| /NH -~ NH Fa10 Q - NHBoc ~ MeOH, t, 24 h
< 41%
Br ’ N/>\NH2 then add H,NNH; N \NE

DMF, 55°C, 1.5h

(£)-411 96% yield over 2 steps 409

sceptrin
Scheme 24. A four-step synthesis of sceptrin (411), including a photochemical intermolecular [2 + 2]
dimerization as the key step.

Although there have been successful approaches towards sceptrin (411) since 2004,
this new approach gives synthetic access to the sceptrin family in a minimum number of
steps compared to the 11-25 steps required before [310-312]. It should also be mentioned
that the synthetic work of the Chen laboratory in 2014 led to the revision of the absolute
stereochemistry of many sceptrin-based natural products and of sceptrin (411) itself [312].
For more than 30 years, many groups have based their stereochemical results on the
comparison with the incorrectly determined absolute configuration of sceptrin (411) from a
publication of 1981 [224]. Hence, careful reading and checking are strongly recommended
to avoid confusion.

4. Miscellaneous

Among the known marine pyrroles, there are also complex architectural frameworks
containing macrocyclic ring systems, not only one or more sugar residues, but also multiple
amide bonds forming peptides or even cyclopeptides. Therefore, in the following section,
structures and classes are presented that could not be classified in the previous chapters
due to their mostly complex and intriguing scaffolds.

In 2019, a scalarane sesterterpenoid featuring a 6/6/6/6/5-pentacyclic core was
isolated from the sponge Scalarispongia sp. The fused pyrrole 412 represents the first
pyrrole derivative in the rare class of N-heterocyclic scalaranes (Figure 35). MNP 412 was
found to show moderate inhibition against six human cancer cell lines in bioactivity assays
(GI5p values ranging between 14.9 uM and 26.2 uM) [313].

The bispyrrole curvulamine (413) originates from the fungus Curvularia sp. IFB-Z10,
produced in a symbiontic way with the host, the White Croaker (Argyrosomus argentatus)
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(Figure 58) [314]. In the course of structure elucidation and determining the crystal struc-
ture of the unprecedented framework of curvulamine A, the authors also made efforts to
elucidate the biosynthetic pathway using NMR-based 3C labeling experiments. Curvu-
lamine (413) possesses antibacterial activity in the sub-micromolar range [314], whereas the
biogenetic related trispyrrole curindolizine (414) lacks these bioactivities. However, anti-
inflammatory activities in lipopolyssacharide (LPS)-stimulated RAW 264.7 macrophages
(ICs50 = 5.31 uM = 0.21 uM) could be observed. Surprisingly, as a by-product of reisolating
curvulamine (413), curindolizine (414) was discovered in 2016, two years after the initial
isolation of curvulamine (413) from the same fungus (Figure 58). On this basis, it is also
assumed that curindolizine (414) represents the product of an in vivo Michael addition of
the metabolites curvulamine (413) and the elimination product derived from procuramine
(125) (cf. Figure 16) [125].

(+)-412 (=)-413 (+)-414 415 (A%"#" & AS'") densanins A

curvulamine curindolizine 416 densanins B

Figure 58. Polycyclic, complex molecular frameworks of condensed pyrrole MNPs 412-416.

Another complex polycyclic scaffold is displayed by the densanins A (415) and B (416)
(Figure 58) [315]. After extensive NMR studies, including the application of the Mosher
ester method, the 3D structure featuring seven stereogenic centers and a 1-azabicyclo[3.2.1]
octane core was determined to be biosynthetically derived from 3-alkylpyridines. The
hexacyclic diamines 415 and 416, isolated from the sponge Haliclona densaspicula in 2012,
showed no cytotoxicity but promising inhibition of the NO production in LPS-induced
BV2 microglial cells (IC5( values of 1.05 uM and 2.14 uM, respectively) [315].

Their promising bioactivity and challenging structures have inspired organic chemists ever
since to develop a successful total synthesis of these MNPs [316-318]. The group of Maimone
published the first successful synthesis of (—)-curvulamine (413a) in 2012, which was only
feasible after extensive reconnaissance and several failures (Scheme 25) [319,320]. Starting
from commercially available chemicals, they employed a feasible 10 step sequence to
(—)-curvulamine (413a). The first key step was the coupling of racemic cyanohydrin 417, as
a masked acyl anion, with pyrroloazepinone 418. This regioselective process was mediated
by NaHMDS, followed by quenching the resulting enolate with NIS. After extensive inves-
tigation, the iodide was found to undergo cyclization under simple irradiation conditions
in MeOH.

In this way, compound 419 was prepared in a 30% yield over two steps. After addition
of lithiated ethyl vinyl ether, subsequent epimerization to the favored diastereomer 421, and
activation of the secondary alcohol with CICSOPh, the thiocarbonate epimers (1R/15)-422
could be separated. The desired isomer 422 was reduced by deoxygenation and hydrolysis
of the enol ether. The final step involves a diastereoselective reduction of the racemic
ketone under CBS reduction conditions, yielding a 1:1 epimeric mixture of alcohols 413a
and 413b that was readily separated into the enantiopure MNPs (Scheme 25) [319].
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Scheme 25. A linear ten-step sequence yielding the natural bispyrrole (—)-curvulamine 413a.

Syntheses such as the one shown by Maimone et al. play a significant in the develop-
ment of potential active pharmaceutical ingredients as marine organisms often cannot be
easily cultivated for mass production [319]. Further synthetic attempts, e.g., to prepare den-
sanins, were undertaken by Yang and co-workers in 2016, whereas only the BCD tricyclic
core could be achieved [321].

4.1. Pyrroloiminoquinone and Related Analogs

The pyrroloiminoquinones feature a central core in a broad variety of MNPs, divided
into subclasses of iso-/batzellins, damirons, discorhabdins, epinardins, makaluvamines,
prianosins, tsitsikammamins, wakayins, and veiutamines [322-324]. Among them, a new
subclass of the heteroatom-rich macrophilones was established in 2017. Macrophilone
A (423), isolated from the Macrorhynchia philippina, represents a rare example of the un-
derexplored group of hydroids (Figure 59) [325]. Macrophilone A (423), together with a
synthetic derivative prepared in the same study, was able to block the conjugation cascade
of small ubiquitin-like modifier (SUMO). The SUMO conjugation to protein substrates
occurs through an enzymatic cascade and is critical for the regulation of various cellular
processes. It is often disrupted in diseases, including cancer, resulting in the disturbance of
the protein balance [325].
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Figure 59. Members of the macrophilones group 423-429.

Once more, the group of Gustafson and co-workers published the isolation of six
further macrophilones B-G (424-429) from the same source one year later (Figure 59) [326].
Just as its related congener macrophilone A (423), compounds 424-429 showed moderate
to weak inhibition effects of SUMO conjugation cascade (ICsy values ranging between
11.9 uM and >100 uM). Furthermore, they exhibited significant toxicity against several
cancer cell lines (no values given) [326].

To investigate their bioactivity potential, the first isolation of macrophilone A (423) was
accompanied by its synthesis [325]. The authors started their ingeniously short approach
from commercial formylindole 430, which was nitrated and the aldehyde functionality
reduced subsequently to furnish compound 431. Oxidation by Fremy’s salt yielded the imi-
noquinone, which, after the introduction of the thioether group by sodium methanethiolate,
furnished the natural product 423 in just 4% yield over three steps (Scheme 26) [325].
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macrophilone A

Scheme 26. Synthesis of macrophilone A (423) in a linear sequence of 5 total steps.

In 2019, makaluvamine Q (432) was discovered, marking the first time a makalu-
vamine derivative was isolated from a marine Tsitsikanima sponge within the Latrunculiidae
family (Figure 60). Besides the shown DNA intercalation and topoisomerase I inhibition
(27% inhibition of DNA nicking), makaluvamine Q (432) was found to be most active
against HeLa cells in cell viability assays (14.7% % 0.5% metabolic activity at 10 uM). In
addition, the authors showed possible biosynthetic relationships between the isolated
subclasses [327].
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Me H Me

432 433 434 435 436

makaluvamine Q makaluvamine W 6-bromodamirone B citharoxazole atkamine

Figure 60. Pyrroloiminoquinones and related derivatives 432—436 isolated from natural sources,
which share a similar biosynthetic pathway.

Only a few months later, the Keyzers lab isolated makaluvamine W (433) and 6-
bromodamirone B (434) from the sponge Strongylodesma tongaensis (Figure 60). Both iso-
lated pyrrole derivatives 433 and 434 lacked cytotoxic activity against the leukemia cell
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line HL-60, highlighting the importance of an iminoquinone scaffold in bioactivity consid-
erations [328].

The benzoxazole moiety in makaluvamine W (433) is also found in citharoxazole (435),
isolated from the sponge Latrunculia (Biannulata) citharistae in 2011 (Figure 60). The latter
compound represented the first oxazole derivative in this family at that time [329].

In 2013, the Hamann laboratory isolated a complex heptacyclic pyrroloiminoquinone
436 containing seven stereogenic centers together with five different heterocycles (Figure 60).
The TFA salt of atkamine (436) was isolated from the sponge Latrunculia sp. The structure
elucidation of this complex framework was guided by spectroscopic methods, including
ECD spectroscopy to analyze the absolute configuration. Furthermore, preparative olefin
metathesis was used to localize the (E)-configured double bond [330].

Due to their promising bioactivity, a large number of synthetic studies have been
conducted on these pyrrole alkaloids (e.g., makaluvamines [331,332], damirones [333,334],
batzellines [335,336]). The first synthesis of makaluvone was completed by the Tokuyama
group in 2012 [337]. Starting with 4-methoxy-2-nitroaniline and using a procedure reported
by the Buchwald group [338], the 4-iodoindoline 437 was prepared in a 22% yield over
nine steps. Subsequent construction of the quinoline scaffold using a benzyne intermediate
generated by LiTMP and trapping of the carbanion by a bromine donor resulted in the
formation of tricyclic system 438. DDQ-oxidation to form the indole, removal of the N-
protecting groups, and oxidation of the aromatic core yielded the iminoquinone 439. The
last two steps included the methylation of the pyrrole nitrogen, methyl ether cleavage, and
isomerization to makaluvone 442 (Scheme 27) [337].
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Scheme 27. Two different routes which target pyrroloquinolines 442, 443, and 444. The first route
favors the formation of the quinoline followed by pyrrole aromatization, while the second one uses a
biomimetic approach with a late-stage quinoline ring closure.

A shorter and more efficient synthetic sequence to several aminoquinolines was
reported five years later by the Spiteller group (Scheme 27) [339]. Using vanillin as starting
material, the indole 440 was prepared in 23% yield over seven steps. Vilsmeier formylation,
Henry reaction, and LiAlH, reduction of the nitroolefin then furnished the tryptamine 441.
Removal of the benzylic protecting groups under hydrogenolytic conditions, oxidation
of the prepared hydroquinone followed by biomimetic intramolecular Michael addition
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and aerobic reoxidation then gave the targeted pyrroloquinoline. The last step involved
halogenation to obtain makaluvamine O (443) and batzelline D (444), respectively [339].

A new member of the tsitsikammamines, namely 16,17-dehydrotsitsikammamine A
(445), was identified from the Antarctic sponge Latrunculia biformis in 2018 (Figure 61). The
crude extract of bis-pyrroloiminoquinone 445 showed promising anticancer activity against
seven cancer cell lines (inhibition percentage >90% each at 200 pg/mL) [340].
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Figure 61. Pyrroloiminoquinones 445 and 446 as well as pyrroloquinones 447-450.

The new tsitsikammamine C (446) was isolated as the TFA-salt from Zyzzya sp. in 2012
and represents the 18-methyl derivative of tsitsikammamine B (Figure 61). In biological
assays, a potent growth inhibition of Plasmodium falciparum chloroquine-sensitive (3D7,
1Cs value of 13 nM) and chloroquine-resistant (Dd2, ICs, value of 18 nM) cell lines was
observed [341].

Thiazine-derived metabolites were discovered in the Australian marine sponge Plako-
rtis lita in 2013 and given the names thiaplakortones A-D (447-450) (Figure 61) [342].
The structures were determined by using NMR and MS analytics as well as compar-
ing chiroptical data to literature values to confirm the absolute configuration of the 2-
methylaminopropanoic acid side chain of thiaplakortone C (449) and D (450). This sub-
stituent also suggests the biosynthesis from L-tryptophan and cysteine to yield the tricyclic
framework. As the aforementioned tsitsikammamine C (446), all tested thiaplakortones
447-450 display significant antimalarial activity against chloroquine-sensitive (3D7, ICsg
values ranging between 51 nM and 650 nM) and chloroquine-resistant (Dd2, ICs values
ranging between 6.6 nM and 171 nM) Plasmodium falciparum cell lines [342].

In 2014, the first synthesis of thiaplakortone A (447) was realized by the Quinn lab-
oratory (Scheme 28) [343]. Starting from commercially available 4-hydroxyindole (451),
indole 452 was obtained in 54% yield over five steps. Benzyl-deprotection, oxidation, and
treatment with 2-aminoethanesulfinic acid, generated an intermediary dihydrothiazine,
which, upon saponification and final deprotection, led to the formation of thiaplakortone
A (447) (Scheme 28) [343].
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Scheme 28. Facile total synthesis of thiaplakortone A (447) in a nine-step approach.
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Another subclass of biologically active pyrrole alkaloids is the zyzzyanones, merg-
ing the bis-pyrrolo functionality together with a pyrroloquinone scaffold. The known
zyzzyanones A-D (457-460), isolated in 1996, were synthesized for the first time by Velu
and co-workers in 2013 (Scheme 29) [344]. The authors developed a modular approach
that provides access to all four zyzzyanones A-D (457-460). Starting with the known tosyl-
protected indole-4,7-dione (453) [345], treatment with benzylamine resulted in amination.
The bispyrroloquinone framework was constructed by ring-closing procedure with diethyl
acetal 454 and Mn(OAc)3. After methylation with Mel, the expected monomethylated
amine 455 was obtained alongside the unexpected demethylated amine 456. Both interme-
diates 455 and 456 were converted in a series of deprotection and /or formylation reactions
to generate the zyzzyanones A-D (457-460) [344].
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Scheme 29. A divergent modular approach providing access to known zyzzyanones A-D (457-460).

The discorhabdin journey started with the isolation of the first member of the class,
discorhabdin C (its congeners A and B were reported later), in 1986 [346]. In the following
years, a dozen more family members were isolated, biologically evaluated, and synthe-
sized. In the decade 2010-2020, 12 further members were identified (Figures 62 and 63).
The representatives of this diverse subclass featuring promising bioactivities contain a
tetracyclic pyrroloiminoquinone core with a spirocyclic cyclohexadienone moiety. The
discorhabdins are thought to be biosynthetically derived from makaluvamines, formed
by the coupling of tyramine derivatives with the biosynthetic key precursor of simple
pyrroloiminoquinones. In addition, these intermediates also give access to many further
subclasses already mentioned [323].
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discorhabdin Y discorhabdin
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(+)-464 (R = thiomethylhistidine) (=)-465 (R = thiomethylhistidine)
discorhabdin H, discorhabdin K,

Figure 62. Discorhabdins 461-465 resulted from the sponge Latrunculia sp. collected in Alaskan and
New Zealandian oceans.
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17(

enoyl-discorhabdin L

Figure 63. Further discorhabdins 466471, including a new complex pyrroloiminoquinone 472.

An interesting and at the same time cautionary discovery was made in 2010 when
discorhabdin A was isolated for the first time from Latrunculia oparinae. In addition to
the strong dependence of the color of the solution on the solvent when ethanol (red) and
methanol (green) were used, the optical rotation also changed its sign in this solvent
switch [347].

Similarly, the Hamann laboratory published the isolation of two new compounds,
dihydrodiscorhabdin B (461) and discorhabdin Y (462) from the Alaskan sponge Latrunculia
sp. (Figure 62) [348]. Upon structure elucidation using CD and optical rotation, pyrrole 461
showed decomposition, therefore only the absolute stereoinformation of discorhabdin Y
(462) could be assigned. The azepine derivative 463 was also identified in the same sponge
for the first time as a natural product (Figure 62) [348]. Previously, it was only known as a
semisynthetic compound, prepared by reduction of natural discorhabdin C and treatment
of the resulting dienol with sulfuric acid, initiating an alkenyl (C-20) migration to form
discorhabdin benzene derivative (463) [349].

Two new diastereomers of discorhabdin H and K, namely discorhabdin H, (464)
and K, (465) were isolated from different sponge populations of Latrunculia sp. in 2010
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(Figure 62) [350]. Combined structure elucidation was performed by NMR, MS, and ex-
tensive ECD-spectroscopy, allowing the assignment of the absolute configuration of the
known discorhabdins 2-hydroxy-D, D, H, N, and Q by comparing the recorded with ex-
perimental ECD spectra. Furthermore, natural (+)-(6S,85)-discorhabdin B was used as a
starting point for semi-synthesis to establish the absolute configurations of discorhabdins
S, T, and U [350].

The synthetically known didebromodiscorhabdin C (466) [351], along with two new
discorhabdin derivatives 467 and 468 were isolated for the first time from the sponge
Sceptrella sp. (Figure 63) [352]. Following previous studies, the absolute configuration was
solved by a combination of optical rotation and ECD spectroscopy. In bioactivity studies,
average to striking effects were observed against Gram-positive and Gram-negative bacteria
(MIC values ranging between 25 pg/mL and >100 pug/mL), as well as against the K562
leukemia cell line and sortase A (ICsy values ranging between 2.1 uM and 127.4 uM),
with the hemiaminal 468 remarkably showing a more than tenfold higher inhibition than
p-(hydroxymercury)benzoic acid sodium salt as a positive control [352].

Promising anticancer activity against six cell lines was observed by bioactivity-guided
isolation (ICsy values of crude extract ranging between 4.0 and 56.2 pug/mL) of three new
discorhabdins 469471 from Latrunculia biformis (Figure 63) [353]. Discorhabdins 470 and
471 are the first derivatives bearing an ester moiety, containing a simple acetyl group or a
Cpg-fatty acid. In the publication, the binding affinity of discorhabdins to anticancer targets
(topoisomerase I-II, indoleamine 2,3-dioxygenase) was also determined [353].

Aleutianamine (472), the first member of a new class of pyrroloiminoquinone alkaloids,
is characterized by a highly fused and multiply bridged heptacyclic ring system and was
isolated from the North Pacific sponge Latrunculia austini Samaai (Figure 63) [354]. The
elucidation of the structure required the combination of preparative spectroscopic methods
and advanced computational approaches. It has been supposed that this complex molecular
framework is derived from two proteinogenic amino acids, tryptophan, and tyrosine. The
authors mentioned that makaluvamine F or discorhabdin A might be the precursors of
aleutianamine (472), which exhibits promising activity against pancreatic cancer cell lines
(ICs5¢ values between 25 nM and 1 uM) [354].

4.2. Glycosylated Pyrroles

In 2016, the known synthetic product jaspamycin (473) [355], which is used as a
tool compound for the investigation of Parkinson’s disease, was isolated from a marine
sponge Jaspis splendens and was therefore reported for the first time as a naturally occurring
metabolite (Figure 64) [356]. The full stereochemistry of the attached sugar was identical to
that of the synthetic product.

‘00C B
o] CN |
HN N
K B N_.OH
’O

N \OH ’
o H
“OH mo
HO N o)
(-)-473 474
jaspamycin neopetroside B

Figure 64. Sugar-substituted marine pyrrole alkaloids 473-474.

Another marine pyrrole alkaloid, neopetroside B (474), contains a rare N-glycosylpy-
ridinium moiety and was isolated from a Neopetrosia sp. sponge in 2015 (Figure 64) [357].
The absolute configuration of compound 474 was determined by comparison with a similar
congener from the same work, the sugar unit of which was cleaved off, followed by
the synthesis of acetylated (+)-2-octyl glycosides. Comparison of these compounds with
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authentic samples according to the procedure of Leontein then revealed the D-configuration
of the sugar unit [357,358].

In 2016, two new pyrrole oligoglycosides, plancipyrrosides A (475) and B (476) were
isolated from the Vietnamese starfish Acanthaster planci (Figure 65) [359]. The absolute
configuration was determined by comparison with the previously confirmed absolute
configurations of the hydrolyzed sugar moieties. Plancipyrroside B (476) exhibits a stronger
inhibitory effect on lipopolysaccharide-induced nitric oxide production in RAW 264.7 cells
(5.94 uM = 0.34 uM) than plancipyrroside A (16.61 uM + 1.85 uM) [359].

Me' OH

(+)-475 (+)-476
plancipyrroside A plancipyrroside B

Figure 65. Oligosaccharide-substituted pyrroles 475 and 476 from a marine starfish Acanthaster planci.

The sugar-containing pyrrole alkaloids, phallusialides A-E (477-481) were discov-
ered in a marine bacterium of the genus Micromonospora in 2019 (Figure 66) [360]. The
relative and absolute configurations of compounds 477-481 were determined by ROESY
correlations and ECD spectroscopy. While phallusialide A (477) and B (478) displayed
moderate to weak antibacterial activity (MIC values between 32 ug/mL and 64 ug/mL),
phallusialides C-E (479-481) failed to show any detectable activity in the same assay (MIC
values > 256 pug/mL). The authors speculated that the lack of halogenation at the pyrrole
core of compound 479 and the additional sugar moieties in compounds 480 and 481 were
responsible for the inactivity [360].

(0] COOH
HO Y\/ HQ,
OH ! NH Q
o Me /

Me, Me"" Me o
0—

o]
R Joll 2:)‘0 Me Me, Me‘ Me ~ Mew
0 o
N e} NHz Cl on o MeNH2
N ) m m

A\
(+)-478 (R = Br) N N oo
(+)-479 (R = H) H (+)-480 (+)-481
phallusialides A-C phallusialide D phallusialide E

Figure 66. A new group of phallusialides A-D (477-481) discovered from a marine bacterium.

4.3. Peptides

Recently, two new unique bromopyrrole peptides, seribunamide A (482) and haloircini-
amide A (483), have been extracted from an Indonesian marine sponge of the genus Ircinia
(Figure 67) [361]. Their relative and absolute stereochemistries were determined by ROESY
correlations and on the basis of derivatization [362] with Marfey’s reagent, 1-fluoro-2,4-
dinitrophenyl-5-L-alanine amide. Compounds 482 and 483 did not show any cytotoxicity
against several human tumor cell lines [361].
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Figure 67. Bromopyrrole peptides 482-483 isolated from marine sponges.

In 2015, the structurally unique cyclopeptides hormaomycins B (484) and C (485) were
discovered from a mudflat-derived Streptomyces sp. [363] (Figure 68). Both compounds 484
and 485 possess very rare 3-(2-nitrocyclopropyl)alanine units and their absolute configura-
tions were determined by comparing their CD spectra with that of a related hormaomycin.
Hormaomycins B (484) and C (485) showed significant inhibitory effects against various
Gram-positive bacteria (MIC values ranging between 0.23 uM and 56 uM), whereas, for
Gram-negative bacteria, MIC values between 0.9 uM and 115 uM were determined [363].

Br

e

07 NH H*l\]io
H2NOC\\\W%(N 4Y0OH

0]
(4S,75,118,145S)-4864, incorrectly assigned in 1997
(4S,7R,11R,14S)-486b, revised in 2018
cyclocinamide A

(+)-484 (R' = Me, R?=H)
(+)-485 (R' = H, R? = Me)
hormaomycins B and C

Figure 68. Macrocyclic peptides 484-486 containing a pyrrole motif on their N-termini.

At this point, the cyclopeptidic and highly antitumor active pyrrole alkaloid cycloci-
namide A (486b) should also be mentioned, which was isolated from a sponge of the
genus Psammocinia by Crews and co-workers back in 1997 [364]. Roughly twenty years
later, a total synthesis of 486b by the Konopelsky group led to the revision of its absolute
stereoconfiguration from 486a to 486b (Figure 68) [365].

5. Conclusions

Pyrrole alkaloids, a very rich family of secondary metabolites widespread among
marine organisms, have fascinated the chemical community for many decades. Their
large structural variety not only endows them with unique biological activities but also
prompts questions concerning the biochemistry of marine life which still require a thorough
examination. On the other hand, the seemingly endless number of architectural complex
pyrrole alkaloids discovered so far has also led to a considerable number of structural
revisions, and the literature is riddled with unknown stereochemistries and inconsistencies
in their naming. Synthetic chemists are animated to find new solutions concerning the
total syntheses of marine pyrrole alkaloids, thereby providing a larger availability of these
compounds which is crucial for the development of derivatives with improved biological
activities. New and improved analytical techniques are needed to allow the unambiguous
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elucidation of relative and absolute configurations of the often-minute quantities of marine
natural products available from their producers.
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Abstract: Chemical investigation of secondary metabolites from the marine-derived fungus As-
pergillus austroafricanus Y32-2 resulted in the isolation of two new prenylated indole alkaloid ho-
modimers, di-6-hydroxydeoxybrevianamide E (1) and dinotoamide J (2), one new pteridine alkaloid
asperpteridinate A (3), with eleven known compounds (4-14). Their structures were elucidated
by various spectroscopic methods including HRESIMS and NMR, while their absolute configura-
tions were determined by ECD calculations. Each compound was evaluated for pro-angiogenic,
anti-inflammatory effects in zebrafish models and cytotoxicity for HepG2 human liver carcinoma
cells. As a result, compounds 2, 4, 5, 7, 10 exhibited pro-angiogenic activity in a PTK787-induced
vascular injury zebrafish model in a dose-dependent manner, compounds 7, 8, 10, 11 displayed
anti-inflammatory activity in a CuSO4-induced zebrafish inflammation model, and compound 6
showed significant cytotoxicity against HepG2 cells with an ICs, value of 30 pug/mL.

Keywords: marine-derived fungus; Aspergillus austroafricanus; novel bioactive metabolites; pro-
angiogenesis; anti-inflammatory effects

1. Introduction

The ocean has the characteristics of high salinity, high pressure, low temperature,
low oxygen content, and oligotrophic environment, which enables microorganisms to
have unique metabolic adaptation mechanisms and produce natural products with novel
structures and diverse bioactivities [1]. Marine-derived fungi have been found to be a
rich source of natural products due to their complex genetic background and abundant
metabolites [2]. In recent years, a large number of novel secondary metabolites, such
as polyketides, alkaloids, terpenes, steroids, peptides, etc., have been discovered from
marine-derived Aspergillus species [3], and showed diverse bioactivities like antibacte-
rial, antitumor, antioxidant, and anti-inflammatory activities [4]. More than 80% natural
products were directly or indirectly related to small molecule drugs for the treatment of
various diseases in the last 30 years, and many marine alkaloids with bioactivities have
been comprehensively studied for drug development [5,6].

Mar. Drugs 2021, 19, 98. https:/ /doi.org/10.3390/md19020098 249

https:/ /www.mdpi.com/journal/marinedrugs



Mar. Drugs 2021, 19, 98

In our previous study, a series of fungal secondary metabolites were isolated and
characterized with antitumor or cardiovascular effects [7,8]. To discover more natural
products with pharmacological activities from marine-derived fungi, the fungal strain
Aspergillus austroafricanus Y32-2 has been isolated from a seawater sample collected from
the Indian Ocean. Chemical investigation of the secondary metabolites of Y32-2 fermented
on rice medium resulted in the isolation of fourteen compounds, including two new
prenylated indole alkaloid homodimers and one new pteridine alkaloid, named di-6-
hydroxydeoxybrevianamide E (1), dinotoamide ] (2) and asperpteridinate A (3), along
with eleven known compounds (4-14) [7,9-16] (Figure 1). Among them, compound 4 was
isolated for the first time as a natural product.
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Figure 1. Structures of Compounds 1-14.

The prenylated indole alkaloids contain a bicyclo[2.2.2]diazaoctane or diketopiper-
azine ring, and has been reported to have antitumor, antibacterial, and insecticidal ac-
tivities [17]. Here two new prenylated indole alkaloid homodimers and other isolated
compounds were all tested for pro-angiogenic and anti-inflammatory effects in zebrafish
models and cytotoxicity towards HepG2 human liver carcinoma cells. Compounds 2,
4, 5,7, and 10 exhibited angiogenesis promoting activity in a dose-dependent manner.
Compounds 7, 8, 10, and 11 also displayed anti-inflammatory activity in a dose-dependent
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manner. In addition, compound 6 showed cytotoxicity against HepG2 cells. In this paper,
the isolation, structure elucidation, and bioactivity of all isolated compounds are reported.

2. Results and Discussion
2.1. Structure Elucidation

Compound 1, obtained as yellow amorphous powder, possessed a molecular formula
of C4oHygNgOg by the negative HR-ESI-MS (m/z 731.3559 [M — H]~, calculated 731.3557),
requiring 22 unsaturations. The HPLC chromatographic behavior of 1 was unusual and
existed always as a 1:1 inseparable mixture. Many of the NMR signals also appeared in
pairs, hinting towards structural distinctiveness and complexity. The "H NMR spectrum
(Table 1) in DMSO-d, of 1 showed two pairs of mutually coupled aromatic protons at Jyy
7.35,7.37 (each H, d, | = 8.4 Hz) and 6.80, 6.81 (each H, d, ] = 8.4 Hz), a set of vinyl proton
signals at dyy 6.15, 6.17 (each H, dd, | = 17.5, 10.7 Hz), 5.06 (2H, br d, ] = 17.5 Hz) and
5.01 (2H, br d, ] = 10.7 Hz), four methyl singlets at Jyy 1.42 (12H, s), as well as six active
hydrogen signals at ¢ 9.09 (2H, br s), 8.45, 8.58 (each H, s) and 6.21, 6.30 (each H, s). The
13C NMR spectrum (Table 1) showed four amidocarbonyl carbon signals at 6c 169.3, 169.4
(C-18, 18') and 165.6 (C-12, 12/, overlapped), twenty aromatic or olefinic carbon signals,
containing four vinyl carbons at 6c 146.4, 146.5 (C-21, 21') and 111.29, 111.33 (C-20, 20'),
and four nitrogen-bearing methine signals at ¢ 58.5 (C-17, 17/, overlapped) and 55.0, 55.3
(C-11, 11'). The above NMR features were similar to those of 6-hydroxydeoxybrevianamide
E [18], a cyclic dipeptide produced by Aspergillus and Penicillium species, and a careful and
rigorous analysis of the 'H, 'H-COSY and HMBC correlations (Figure 2) also supported
this inference. However, there were two obvious differences in their NMR signals: (1)
different substitution patterns on the indole ring; (2) most of the NMR signals in 1 appeared
in pairs. Based on the HSQC and HMBC correlation, the C-7, 7' (6c 104.0, 104.1) were
aromatic quaternary carbon signals that were different from 6-hydroxydeoxybrevianamide
E, confirmed that the positions C-7, 7' of the indole ring were substituted. Considering its
molecular formula, compound 1 was deduced as a dimer of 6-hydroxydeoxybrevianamide
E via C-7 and C-7’. Due to a certain steric hindrance, the structure existed as a 1:1 mixture
of inseparable rotamers. The relative configuration of the cyclic dipeptide moiety was
determined by the NOESY correlation (Figure 2) of H-11 and H-17. Based on the relative
configuration, two probable forms of its absolute configuration, 1a (115, 175, 11'S, 17'S) and
1b (11R, 17R, 11'R, 17'R), were respectively used for the ECD calculations, and the absolute
configuration was assigned as 115, 175, 11'S, 17'S (Figure 3), which was in consistent with
that of 6-hydroxydeoxybrevianamide E. Therefore, the structure of 1 was unequivocally
established as shown in Figure 1 and named as di-6-hydroxydeoxybrevianamide E.

Table 1. 400 MHz 'H and 150 MHz *C NMR data of compounds 1 and 2 in DMSO-dg.

No. 1
dc Type oy (Mult., ] in Hz) dc Type du (Mult., ] in Hz)

2,2 139.1,139.2C — 180.1C —

3,3 104.75,104.82 C — 559C —

4.4’ 117.6,117.8 CH 7.35,7.37 (each H, d, 8.4) 126.0 CH 711 (2H,d, 8.2)

55 109.9,110.0 CH 6.80, 6.81 (each H, d, 8.4) 106.9 CH 6.39 (2H, d, 8.2)

6,6/ 150.0,150.1 C — 155.7C —

7,7 104.0,104.1C — 104.0C —

8,8 134.4,1345C — 1434C —

9,9 122.6,122.7C — 1184 C —

, 2.03 (2H, dd, 14.7,5.2)

10,10 25.3,25.4 CH, 2.94, 3.52 (each 2H, m) 30.3 CH, 2.80 (2H. dd, 14.7, 4.7)
11,11 55.0,55.3 CH 4.33,4.38 (each H, dd, 9.2, 4.2) 52.6 CH 3.41(2H,dd, 5.2,4.7)
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Table 1. Cont.

No. 1 2

dc Type 0y (Mult., ] in Hz) dc Type 0y (Mult., ] in Hz)
12,12 165.6 C — 165.6 C —
14,14/ 44.8 CH, 3.37,3.47 (each 2H, m) 45.1 CH, 3.23,3.35 (each 2H, m)
15,15 22.2CH, 1.75—-1.91 (4H, m) 22.3 CH, 1.67—1.79 (4H, m)
16,16/ 27.6 CH, 1.85, 2.12 (each 2H, m) 27.1 CH, 1.77,1.99 (each 2H, m)
17,17 58.5CH 4.22 (2H, t-like, 7.2) 58.3 CH 4.02 (2H, t-like, 7.6)
18,18 169.3,169.4 C — 169.8 C —

5.01 (2H, br d, 10.7) 4.94 (2H, br d, 17.5)

/

20,20 111.29, 111.33 CH, 5.06 (2. br 4. 17.5) 112.6 CH, 5,00 (21 br 4. 10.9)

21,21 146.4, 146.5 CH 6.15, 6.17 (each H, dd, 17.5, 10.7) 1439 CH 6.15 (2H, dd, 17.5, 10.9)

22,20/ 38.6,38.7C — 422C —

2323 27.5,27.6 CHj 142 (6H, 5) 21.1 CHs 0.98 (6H, s)

24,24 27.5,27.6 CHj 142 (6H, s) 22.6 CHs 0.96 (6H, s)
1,1’-NH — 8.45,8.58 (each H, s) — 9.31 (2H, s)

19,19'-NH — 6.21,6.30 (each H, s) — 7.57 (2H, s)

6,6'-OH — 9.09 (2H, br s) — 9.28 (2H, br s)

= COSY
~——~ HMBC
1 2 . NOESY
o) 0
N
e o] X N
o
SN -
N N 0
o
3

Figure 2. The 'H, 'H-correlation spectroscopy (H, 'H-COSY), key heteronuclear multiple-bond correlation spectroscopy
(HMBC) and nuclear overhauser effect spectroscopy (NOESY) correlations of compounds 1, 2 (only half showed) and 3.
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Figure 3. Measured CD and calculated equivalent circulating density (ECD) curves of compounds 1 (A), 2 (B) and 3 (C).

Compound 2 was obtained as a yellow amorphous powder. The molecular formula
was determined to be C4HygN¢Og by the negative HRESIMS (m/z 763.3440 [M — H]~,
calculated 763.3456), indicating 22 degrees of unsaturation. The NMR spectra (Table 1) of 2
revealed 24 proton and 21 C-atom signals, suggesting 2 to be a symmetrical homodimer. The
TH NMR spectrum for 2 showed two aromatic proton signals at dy3 7.11 (1H, d, ] = 8.2 Hz)
and 6.39 (1H, d, | = 8.2 Hz), three vinyl proton signals at dy; 4.94 (1H, br d, ] = 17.5 Hz),
5.00 (1H, br d, ] =10.9 Hz) and 6.15 (1H, dd, ] = 17.5, 10.9 Hz), two methy]l singlets at diy
0.96 (3H, s), 0.98 (3H, s), as well as three active hydrogen signals at dy; 7.57 (1H, s), 9.28
(1H, br s), and 9.31 (1H, s). The 13C NMR data (Table 1) revealed the presence of three
carbonyl carbon signals at dc 180.1 (C-2), 169.8 (C-18) and 165.6 (C-12), eight aromatic or
olefinic carbon signals containing two vinyl carbons at ¢ 143.9 (C-21) and 112.6 (C-20),
and two nitrogen-bearing methines at 6c 58.3 (C-17) and 52.6 (C-11). Extensive comparison
of the above NMR spectra with those of notoamide J [17] revealed that both structures
were very similar, except for the substitution patterns on the C-7 position of indole ring.
Considering its molecular formula, compound 2 was also identified as a homodimer of
notoamide J via C-7 and C-7’. Due to one single signal set in the NMR spectrum, one single
peak in the chiral column chromatography and less steric hindrance in the structure than
compound 1, it was deduced to be a freely rotating homologous dimer. With the aid of the
1H, TH-COSY, HSQC and HMBC correlations, the planar structure of 2 was established as
shown (Figure 1). The relative configuration of the cyclic dipeptide moiety was deduced
by a NOESY correlation between H-11 and H-17, suggested that both protons had the same
co-facial orientation. Because of the similar NMR data between 2 and notoamide J, the
relative configuration of the positions C-3, C-11 and C-17 were determined to be similar to
that of notoamide J [17]. By comparison of the experimental and calculated ECD spectra
of 2, the absolute configuration was tentatively assigned as 3R, 115, 175, 3'R, 11'S, and
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17'S (Figure 3), which was also probably verified by the identical CD spectrum between 2
and notoamide J. So, the structure of 2 was tentatively assigned as shown in Figure 1 and
named as dinotoamide J.

Asperpteridinate A was obtained as a yellow amorphous powder. The molecular
formula CpoH;3N4Og was assigned on the basis of the HRESIMS peak at m/z 465.1018
[M + Na]* (calcd. 465.1023), requiring 14 degrees of unsaturation. The 'H NMR spectrum
of 3 showed the signals for a 1,2,4-trisubstituted benzene ring system at dy; 7.49 (1H, d,
J=14Hz),7.10(1H,d, ] = 8.3 Hz) and 7.65 (1H, dd, ] = 8.3, 1.4 Hz), one vinyl proton at i
8.94 (1H, s), three O-methyl or N-methyl at 6y 3.74 (3H, s), 3.53 (3H, s), 3.31 (3H, s), one
O-methylene at dg; 5.49 (2H, s), one methyl at 6 1.90 (3H, s). The 13C NMR data (Table 2)
revealed the presence of four carbonyl at 6c 150.6 (C-2), 159.7 (C-4), 164.8 (C-7'), 166.4
(C-3"), ten aromatic or olefinic carbons, containing four vinyl carbons at dc 145.8 (C-6),
147.2 (C-7), 147.7 (C-9), 127.2 (C-10), one O-methyl at 5¢ 53.5 (O-CH3), one O-methylene at
S¢ 64.7 (O-CH2-). 'H and 3C NMR (Table 2) spectra analysis revealed that some signals of
3 was similar to that of compound 4 [9] and 2, 2-dimethyl-1, 3-dioxa-benzo[d]pentane-6-
carboxylic acid [19]. With the aid of the 1H, 'TH-COSY, HSQC, and HMBC correlations, the
structure of 3 was established as shown (Figures 1 and 2). The absolute configuration of 3
at C-2” was also determined as 2”R by ECD calculations (Figure 3).

Table 2. 400 MHz 'H and 150 MHz 3C NMR data of compound 3 in DMSO-de.

No. ¢, Type o, Mult,, ] Hz)

2 150.6 C —

4 159.7 C —

6 145.8 C —

7 1472 CH 8.94 (1H, s)

9 147.7 C —

10 1272C —

11 64.7 CH, 5.49 (2H, s)

1 123.6 C —

2/ 109.2 CH 749 (1H,d, 1.4)

3/ 147.0C —

4/ 150.9 C —

5 108.8 CH 7.10 (1H, d, 8.3)

6 1259 CH 7.65 (1H, dd, 8.3, 1.4)

7' 164.8 C —

1" 21.7 CHjy 1.90 (3H, s)

2" 112.6 C —

3" 166.4 C —
N1-Me 29.2 CHjy 3.53 (3H, s)
N3-Me 28.7 CHj 3.31 (3H, s)
3"-OMe 53.5 CHj 3.74 (3H, s)

2.2. Biological Activity

In previous report, some alkaloids from marine-derived fungus showed pro-angiogenic
activities in a zebrafish model [8]. We are also committed to find more marine natural prod-
ucts with angiogenesis related activity. In the present study, all isolated compounds were
tested for the pro-angiogenic activities in a vatalanib (PTK787) induced vascular injury ze-
brafish model (Table S1). Compounds 5 and 7 (at concentrations of 30, 70 and 120 ug/mL)
significantly promoted the angiogenesis, compounds 2 and 10 (70 and 120 ug/mL) also
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ISV index

20+

had effects, and compounds 4 (120 ng/mL) exhibited moderate effects (Figure 4). Com-
pared to compound 7, compounds 8 and 9 were inactive with respect to pro-angiogenesis,
indicating that phenolic hydroxyl group is necessary for pro-angiogenic activity. All com-
pounds were also evaluated for anti-inflammatory effects in CuSO4-induced zebrafish
inflammation model (Table S1). Compound 11 (30, 70, and 120 ng/mL) displayed potent
anti-inflammatory activity, and compounds 7, 8, and 10 (70, and 120 pug/mL) had mod-
erate effects (Figure 5). Compound 7 showed better anti-inflammatory activity than 8,
while 9 was ineffective, suggesting the phenolic hydroxyl group and the epoxide oxygen
are important in the anti-inflammatory activity. Meanwhile, compared to compound 11,
compounds 12-14 displayed no anti-inflammatory activity, indicating that both phenolic
and alcohol-hydroxyl groups are necessary for anti-inflammatory activity. In addition, all
compounds were tested for cytotoxicity against human liver carcinoma cells HepG2 by
MTT method (Table S1) [20], and compound 6 exhibit cytotoxicity with an ICsj value of
30 ug/mL (Figure S1). The pro-angiogenic, anti-inflammatory activities in zebrafish and
cytotoxicity against HepG2 cells of these compounds were reported here for the first time.

PTK787
2-70 pg/mL 2-120 pg/mL
4-70 pg/mL 4-120 pg/mL

5-70 pg/mL

Control

2-30 pg/mL

4-30 pg/mL

5-30 pg/mL 5-120 pg/mL

o ’
7-30 pug/mL
10-70 pg/ml] 10-120 pg/mL
307 @8 30 ug/mL
@8 70 pg/mL
@8 120 pg/mL
*k
*k
*k
*k *ke
] Kk
*%
10 *k
*%
e ke
#H

N 9 ™ % A K

Figure 4. Results of pro-angiogenesis activities. (A) Typical images of intersomitic vessels (ISV) in transgenic fluorescent
zebrafish (Tg (vegfr2: GFP)) treated with PTK787 and different concentrations (30, 70 and 120 pg/mL) of compounds 2, 4, 5,
7, and 10, using ginsenoside Rg1 (120 pug/mL) as a positive control. (B) Quantitative analysis of the ISV index (number of
intact vessels * 1+number of defective vessels * 0.5) in zebrafish treated with compounds 2, 4, 5, 7, and 10. Data represented
as mean + SEM. # p < 0.01 compared to the control group; ** p < 0.01 compared to the PTK787 group.
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Figure 5. Results of anti-inflammatory activities. (A) Typical images on inflammatory sites in CuSO4-induced transgenic
macrophages fluorescent of compounds 7, 8, 10, and 11, using ibuprofen (10 uM) as a positive control. (B) Quantitative
analysis of the number of fluorescent macrophages. The data are represented as the mean & SEM. # p < 0.01 compared to
the control group; * p < 0.05 and ** p < 0.01 compared to the CuSOy4 group.

3. Materials and Methods
3.1. General Experimental Procedures

Optical rotations were measured on a JASCO P-2000 digital polarimeter (JASCO,
Tokyo, Japan). UV spectra were performed on an Eppendorf BioSpectrometer Basic pho-
tometer. IR spectra were recorded on a JASCO FT/IR-4600 spectrometer in KBr discs. CD
data were obtained on a JASCO J-810 spectropolarimeter. NMR spectra were collected us-
ing a JEOL JNM-ECP 600 spectrometer (JEOL, Tokyo, Japan). HRESIMS data were acquired
on an Agilent 6210 ESI/TOF mass spectrometer (Agilent, Santa Clara, CA, USA). Analytical
high performance liquid chromatography (HPLC) system (Waters, Milford, MA, USA)
consisted of Waters e2695, UV Detector 2489, and software Empower using a C18 column
(Diamonsil C18(2), 250 x 4.6 mm, 5 uM). Semipreparative HPLC was operated on the same
system using a C18 column (Cosmosil 5C18-MS-II, 250 x 10 mm, 5 uM). Vacuum-liquid
chromatography (VLC) used silica gel H (Qingdao Marine Chemical Factory, Qingdao,
China). Thin layer chromatography (TLC) and column chromatography were performed
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on plates pre-coated with silica gel GF254 (10-40 um) and Sephadex LH-20 (GE Healthcare
Biosciences, Uppsala, Sweden), respectively.

3.2. Fungal Material

The fungus Y32-2 was isolated from the seawater sample collected from a depth of
about 30 m in the Indian Ocean (88°59'51" E, 2°59'54” S) in 2013. It was identified as
Aspergillus austroafricanus (GenBank access No. MK267449) by rDNA amplification and
sequence analysis of the ITS region. The producing strain was prepared on potato dextrose
agar medium stored at 4 °C.

3.3. Fermentation and Extraction

The fungus was cultured in 500 mL Erlenmeyer flasks with fermentation media
containing 80 g of rice and 120 mL of sea water at 28 °C for 40 days. The whole fermented
material was extracted exhaustively with EtOAc. Then the EtOAc extract was dried under
reduced pressure to obtain residue (30.1 g).

3.4. Purification and Identification

The EtOAc extract was subjected to silica gel chromatography with a vacuum liquid
chromatography (VLC) column, using a stepwise gradient solvent system of petroleum
ether (PE)-CH,Cl, (7:3, 3:7 and 0:1), then of CH,Cl,-MeOH (99:1, 49:1, 19:1, 9:1, 4:1, 1:1,
and 0:1) to obtain thirteen primary fractions (Fr.1-Fr.13). Fr.6—Fr.11 were individually
subjected to Sephadex LH-20 column (120 x 2 cm) chromatography with CH,Cl,-MeOH
(1:1) as mobile phase, and then fractions were purified separately by semipreparative
HPLC column (Cosmosil 5C18-MS-II, 250 x 10 mm, 5 uM) using different gradients of
MeOH in H,O. Fr.6 (3.5 g) afforded 6 (70% MeOH-H,O, v/v; tg = 23.5 min; 12.4 mg), 8 (60%
MeOH-H,;O0, v/v; tg = 20.5 min; 91.2 mg), 9 (60% MeOH-H,O, v/v; tg = 21.9 min; 12.8 mg),
13 (65% MeOH-H,0, v/v; tg = 25.9 min; 8.6 mg), 14 (60% MeOH-H,0, v/v; tg = 24.8 min;
4.7 mg). Fr.7 (2.7 g) afforded 4 (40% MeOH-H;O, v/v; tg = 18.5 min; 4.4 mg). Fr.8 (1.5 g)
afforded 1 (70% MeOH-H,O, v/v; tg = 10.4 min, 14.4min; 6.5 mg), 7 (60% MeOH-H,O,
v/v; tg = 16.9 min; 21.4 mg), 11 (60% MeOH-H,0, v/v; tg = 22.8 min; 5.6 mg), 12 (65%
MeOH-H;O, v/v; tg = 26.0 min; 14.3 mg). Fr.9 (0.5 g) afforded 3 (65% MeOH-H,0, v/v;
fr = 28.5 min; 4.5 mg), 10 (60% MeOH-H,0, v/v; tg = 22.5 min; 5.5 mg). Fr.10 (1.1 g)
afforded 2 (60% MeOH-H,0O, v/v; tg = 15.0 min; 5.1 mg). Fr.11 (1.3 g) afforded 5 (50%
MeOH-H;O, v/v; tg = 14.5 min; 3.0 mg).

Di-6-hydroxydeoxybrevianamide E (1): Yellow amorphous powder; [oc]g) +24 (c 0.1,
MeOH); UV (MeOH) Amax 216, 299 nm; IR (KBr) vmax 3460, 2973, 2925, 1667, 1440, 1306,
1192, 1108, 1001, 920, 809 cm~'; 'H and '3C NMR data, see Table 1; HRESIMS 1/z 731.3559
[M — H]~ (calcd. for C4HygNgOg, 731.3557).

Dinotoamide | (2): Yellow amorphous powder; [(X]g) +22 (¢ 0.1, MeOH); UV (MeOH) Amax
210, 226 and 295 nm; IR (KBr) vimax 3447, 1646, 1442, 1186, 1105, 618 cm~'; 'H and 13C NMR
data, see Table 1; HRESIMS m/z 763.3440 [M — H]~ (calcd. for C4HygNgOg, 763.3456).

Asperpteridinate A: Yellow amorphous powder; [oc]%? +63 (c 0.1, MeOH); UV (MeOH)
Amax 218, 239, 300, 334 nm; 'H and 13C NMR data, see Table 2; IR (KBr) vmax 3465, 1633, 1263,
1192, 1105, 615 cm™!; HRESIMS #1/z 465.1018 [M + Na]* (calcd. for CogHigN4Og, 465.1023).

3.5. ECD Computational Calculation

The conformational analyses were carried out by random searching in the Sybyl-X 2.0
using the MMFF94S force field with an energy cutoff of 5.0 kcal/mol [21]. Subsequently, the
conformers were re-optimized using DFT at the PBE0-D3/def2-SVP level in MeOH using
the polarizable conductor calculation model (SMD) by the GAUSSIAN 09 program [22].
The energies, oscillator strengths, and rotational strengths (velocity) of the first 30 electronic
excitations were calculated using the TDDFT methodology at the CAM-B3LYP-D3/ def2-
SVP level in MeOH. The ECD spectra were simulated by the overlapping Gaussian function
(half the bandwidth at 1/e peak height, sigma = 0.30 for all) [23]. To get the final spectra, the

257



Mar. Drugs 2021, 19, 98

simulated spectra of the conformers were averaged according to the Boltzmann distribution
theory and their relative Gibbs free energy (AG).

3.6. Bioassay Protocols
3.6.1. Cell Culture and Cytotoxicity Assay

According to previous report [24], The HepG2 cells were cultured with DMEM
medium, pH 7.0, supplemented with 10% FBS and 1% antibiotics (10,000 IU mL~ ! of
penicillin and 10 mg mL~" of streptomycin), and the culture flasks were incubated under a
humidified atmosphere of 37 °C and 5% CO;. The cytotoxic activities of all compounds
against HepG2 cells in vitro were determined by modified MTT assays as described pre-
viously [21]. Cells were seeded into a 96-well plate at a density 5 x 10* per well. After
overnight incubation, the cells were treated with the chemicals for 24 h, and 10 pL MTT
(5 mg/mL) was added to each well at 37 °C for 4 h, then 100 puL lysis buffer was added
for the cell lysis. The OD value of each sample was detected at 560 nm using a microplate
reader. The experiments were carried out in triplicate.

3.6.2. Zebrafish Maintenance

The zebrafish (Danio rerio) strains used in this assay were the AB wild-type, Tg
(vegfr2-GFP) and Tg (zlyz-EGFP) transgenic lines [25,26]. They were maintained at
28.0 °C £ 0.5 °C in an automatic circulating tank system with light-dark cycle (14 h:10 h).
The healthy adult zebrafish were placed in a breeding tank in the evening, and mated
in the next morning. The fertilized eggs were collected, disinfected with methylene blue
solution, and then raised in clean culture water including 5.0 mM NaCl, 0.17 mM KCI,
0.4 mM CaCl,, and 0.16 mM MgSOj in a light-operated incubator.

3.6.3. Pro-Angiogenesis Assay

Vascular insufficiency in zebrafish was modeled by VEGEFR tyrosine kinase inhibitor
PTK787 to evaluate the effects of compounds on pro-angiogenesis according to previous
report [8,26]. The healthy zebrafish larvae were separated into 24-well plates (ten embryos
per well) in a 2 mL final volume of culture water at 24 h post fertilization (hpf). 0.2 ug/mL
PTK787 was co-treated with each test compound (30, 70, 120 ng/mL) as test group. The
control group was fresh culture water, the model group was 0.2 pg/mL PTK787, the
positive drug group was 0.2 ug/mL PTK787 and 120 ug/mL ginsenoside Rgl. After 24 h
incubation in a light-operated incubator at 28.0 °C £ 0.5 °C, the number of intersegmental
blood vessels (ISVs) were captured by a fluorescent microscope (Olympus, SZX2-ILLTQ,
Tokyo, Japan). Intact and defective vessels were counted separately and ISVs index was
defined as follows: ISV index = number of intact vessels x 1 + number of defective
vessels x 0.5 [27]. The zebrafish larvae without PTK787 in test group was used to evaluate
the effects of compounds on anti-angiogenesis under the same conditions above described.
All treatments were performed in triplicate.

3.6.4. Anti-Inflammatory Assay

The zebrafish inflammation model was induced by CuSOy to evaluate the effects of
compounds on anti-inflammation [28]. In total, 72 hpf zebrafish larvae were distributed
into 24-well plates (ten embryos per well) in a 2 mL final volume of culture water, and
treated with different concentrations of each test compound (30, 70, 120 pg/mL) for 2 h
as test group. Then CuSO, was added and incubated for 1 h. The control group was
fresh culture water, the model group was 20 uM CuSOj, and the positive drug group was
20 uM CuSOy4 and 10 uM ibuprofen. After 4 h incubation in a light-operated incubator at
28.0 °C £ 0.5 °C, the number of macrophages were imaged by a fluorescent microscope
(Olympus, SZX2-ILLTQ, Tokyo, Japan). All treatments were performed in triplicate.
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3.6.5. Statistical Analysis

Statistical analysis were processed by GraphPad Prism 6.0 software. All the experi-
mental data were shown as mean + SEM. The comparison between groups was performed
by student’s test. * p < 0.05 was considered as significant difference. ** p < 0.01 was a very
significant difference.

4. Conclusions

To summarize, two new indole alkaloid dimers di-6-hydroxydeoxybrevianamide E
(1), dinotoamide J (2) and one new pteridine alkaloid asperpteridinate A (3), together
with eleven known compounds (4-14) were isolated from the marine-derived fungus
Aspergillus austroafricanus Y32-2. Their structures including the absolute configurations
were elucidated by various spectroscopic methods and ECD calculations. Among them,
both di-6-hydroxydeoxybrevianamide E (1) and dinotoamide J (2) are homologous dimers
that represent the novel examples of prenylated indole alkaloids. Asperpteridinate A is the
first new alkaloid composed of pteridine and 1, 3-benzodioxole structures. All compounds
were evaluated for pro-angiogenic, anti-inflammatory activities in the zebrafish models and
cytotoxicity against HepG2 cells. Compounds 2, 4, 5, 7, and 10 exhibited pro-angiogenic
activity, and compounds 7, 8, 10, and 11 displayed anti-inflammatory activity in a dose-
dependent manner, and compound 6 showed significant cytotoxicity against HepG2 cells
with an ICs) value of 30 pug/mL. The results suggested that these compounds could be
promising candidates for further pharmacologic and biosynthetic research.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1660-339
7/19/2/98/s1, HRESIMS, 1D and 2D NMR spectra of all new compounds 1-3, biological activities of
all isolated compounds and dose-response curves of compound 6, the atom coordinates and energies
of new compounds 1-3.
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