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Abstract

Natural products derived from marine microorganisms have received great attention as a potential resource of new com-
pound entities for drug discovery. The unique marine environment brings us a large group of sulfur-containing natural 
products with abundant biological functionality including antitumor, antibiotic, anti-inflammatory and antiviral activities. 
We reviewed all the 484 sulfur-containing natural products (non-sulfated) isolated from marine microorganisms, of which 
59.9% are thioethers, 29.8% are thiazole/thiazoline-containing compounds and 10.3% are sulfoxides, sulfones, thioesters and 
many others. A selection of 133 compounds was further discussed on their structure–activity relationships, mechanisms of 
action, biosynthesis, and druggability. This is the first systematic review on sulfur-containing natural products from marine 
microorganisms conducted from January 1987, when the first one was reported, to December 2020.
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Introduction

The ocean is the birthplace of life and occupies more than 
70% of the earth’s surface. Owing to the unique marine envi-
ronment of hypoxia, high pressure, high salt and low temper-
ature in which they are living, marine organisms have proven 
to be a rich source of structurally diverse and pharmacologi-
cal active substances. Approximately 28,500 marine natural 
products (MNPs) had been identified by the end of 2018 
(Carroll et al. 2019, 2020; Jimenez 2018). MNPs have a very 
high hit rate in biological activity screening (Gerwick and 

Moore 2012; Jimenez 2018). Prominently, marine micro-
organisms have taken the limelight as potential sources of 
biologically active natural products, and their potential will 
be explored continuously as promising new chemistry enti-
ties for drug development (Hou et al. 2015, 2019a; Liu et al. 
2019b; Pettit et al. 1987).

The chemistry of marine natural sulfur compounds can be 
traced back to 1909 when Tyrian purple was discovered and 
considered to be produced by sulfur-containing precursors 
(Christophersen 1989; Friedländer 1909). Gliovictin is the 
first marine sulfur-containing MNP (non-sulfated) derived 
from microorganisms reported in 1987 (Shin and Fenical 
1987).

The influence of sulfur in the pharmaceutical industry 
is self-evident. It was reported that 41 sulfur-containing 
commercial drugs appear in the Top 200 Pharmaceuticals 
by Retail Sales in 2019 worldwide, it counts for 20.5% 
(McGrath et  al. 2010). The well-known penicillin, ect-
einascidin 743 (ET-743) and conotoxin belong to sulfur-
containing clinical drugs developed from natural products 
(Fleming 1929). In addition, many sulfur-containing drugs 
are modified from natural products, for instance, ixabepi-
lone and phthalascidin for cancer treatments, quinupristin 
and dalfopristin for bacteria-related infectious diseases, and 
rosuvastatin for hyperlipidemia. (Fig. 1).
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There are few books and papers focused on marine micro-
organisms and sulfur-containing compounds derived from 
them. Timely revisions on new MNPs and their biological 
activities are important to update researchers on the fast pro-
gresses in these fields (Christophersen 1989; Christophersen 
and Anthoni 1986; Jiang and Guo 2011; Petkowski et al. 
2018; Zhu et al. 2020a, b).

This review focuses on the comprehensive information 
from biological sources to pharmacological activities of 
all 484 sulfur-containing natural products (non-sulfated) of 
marine microorganisms reported from January 1987, when 
the first one was published, to December 2020. The com-
pound isolation, structural elucidation, biological property 
evaluation, structure–activity relationship and mechanism of 
action will be discussed. In particular, the introduction of the 
sulfur atom in the field of biosynthesis and total synthesis 
and druggability are also highlighted.

Thioethers

Thioethers are a class of compounds with the general for-
mula R–S–R, and occupy a classic category among MNPs.

Sulfides

Thiodioxopiperazines

Thiodioxopiperazines (TDPs) are a class of prominent 
dipeptides with a wide range of biological activities, 
including anticancer (Harms et al. 2015; Rodrigues et al. 
2015; Yamada et al. 2004, 2002), antibacterial (Fukuda 
et al. 2015a, b; Li et al. 2006) and antiviral (Niu et al. 
2017a, b) effects. The TDP ring confers increased struc-
tural rigidity, making TDPs attractive in pharmaceutical 
development. In particular, the presence of sulfur bridge 
plays an important role in biological activity (Feng et al. 
2004; Takahashi et al. 1995a; Yamada et al. 2002, 2004).

Over the past three decades, more than 150 TDPs iso-
lated from marine fungi have been reported. The first TDP, 
gliotoxin, a metabolite of the terrestrial fungus Gliocla-

dium fimbriatum presented antibiotic, antiviral, immuno-
suppressive, anti-platelet aggregation and antitumor effects 
(Bell et al. 1958; Fridrichsons and McL Mathieson 1967; 
Johnson et al. 1943; Weindling 1932). L-phenylalanine and 
L-serine constitute the skeleton of gliotoxin.

Fig. 1  Representatives of sulfur-containing drugs
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Due to these intriguing properties, other genus of Pseu-

dallescheria, Neosartorya, Aspergillus, Dichotomomyces, 

Trichoderma and Penicillium were studied which led to 
the isolation of ten congeners 1–10. It was reported that 
6-acetylmonodethiogliotoxin (1) and 6-acetylbisdethio-
bis (methylthio) gliotoxin (2) showed anti-inflammatory 
properties and inhibited TNF-α-induced NF-κB activity, 
while acetylgliotoxin G (3) displayed 20–30-fold increased 
cytotoxicity against HCT-116 cell line versus that of 2 
(Harms et al. 2015; Rodrigues et al. 2015). Compared to 
potent cytotoxic reduced gliotoxin (4), 6-acetylbis (meth-
ylthio)gliotoxin (5) lacked any activity against HEK 293, 
HCT-116 and RKO cells  (IC50 > 50 μmol/L), presumably 
since the thiol groups at C-3 and C-10a were methylated or 
the 6-OH was acetylated (Liang et al. 2014). Bis(dethio)-
10a-methylthio-3a-deoxy-3,3a-didehydrogliotoxin (6) 
and 6-deoxy-5a,6-didehydrogliotoxin (7) exhibited strong 
and potent inhibition of the P388 cells. The presence of 
a hydroxy group at C-6 in 7 interfered with the histone 
methyltransferase (HMT) G9a inhibitory activity com-
pared with other reported compounds (Sun et al. 2012). 
Dehydroxybisdethiobis(methylthio)gliotoxin (8) displayed 
moderate antibacterial effects against methicillin resist-
ant Staphylococcus aureus (MRSA) with an MIC value of 
31.2 μg/ml (Li et al. 2006). (Table 1).

Geospallins A–C (11–13) were found to moderately 
inhibit angiotensin converting enzyme, which were 
obtained from Geosmithia pallida (Sun et al. 2018). Using 
a bioassay-guided isolation strategy, bioactive compounds 
14–16 from Dichotomomyces cejpii were isolated and 
identified (Chen et al. 2017b; Zhen et al. 2016). Astonish-
ingly, dichotocejpin A (14) displayed stronger inhibitory 
activity  (IC50 = 138 µmol/L) against α-glucosidase than 

the positive control acarbose  (IC50 = 463 µmol/L) (Sup-
plementary Fig. S1).

A fermentation of the fungus Penicillium janthinellum 
HDN13-309 yielded six gliovirin-like compounds, penici-
sulfuranols A–F (17–22). Of which, compounds 17–19 were 
strongly cytotoxic to the HeLa and HL-60 cells with  IC50 
values ranging from 0.1 to 3.9 μmol/L whilst 20–22 were 
inactive. Compounds 20–22 can be considered as the meth-
ylated derivatives after sulfur bridge cleavage. The authors 
analyzed the fresh EA fractions using HPLC and concluded 
that they were not artificial products during the isolation 
process (Zhu et al. 2017). Additionally, compound 17 was 
a novel C-terminal inhibitor of Hsp90 targeting Hsp90 to 
exert the inhibitory effects of tumor cells (Dai et al. 2019). 
All activity evaluations confirmed that disulfide bonds were 
important structures for bioactivities (Dai et al. 2019; Zhu 
et al. 2017). Adametizine A (23) showed strong mortality 
on brine shrimp and moderate antibacterial action whilst 
adametizine B (24) only demonstrated weak antibacterial 
activity against S. aureus. Activity differences between 23 
and known adametacorenols A–B proved that the Cl atom 
at C-7 enhanced the brine shrimp lethality and antimicro-
bial activity (Liu et al. 2015b). Subsequently, the analogs 
pretrichodermamides D–F (25–27) originated from Peni-

cillium sp. did not show any cytotoxicity (Yurchenko et al. 
2016). Extensive chemical investigations yielded penici-
adametizines A (28) and B (29), which slightly inhibited 
the plant pathogenic fungus Alternaria brassicae (Liu 
et al. 2015c). DC1149B (30), iododithiobrevamide (31), 
DC1149R (32) and chlorotrithiobrevamide (33) were bio-
synthesized by Trichoderma sp. in the culture medium with 
added NaCl, NaBr, NaI and DMSO (Yamazaki et al. 2015a, 
b). The antimicrobial and antitumor effects of 30 and 32 

Table 1  The gliotoxins origin, cytoxicity and other activities

Compound Origin Cytoxicity  (IC50, cell) Other activities

6-Acetylmonodethiogliotoxin (1) Dichotomomyces cejpii – Anti-inflammatory; inhibition of NF-κB 
activity

6-Acetylbisdethiobis(methylthio) 
gliotoxin (2)

Dichotomomyces cejpii 80.26 μmol/L (HCT-116 cells) anti-inflammatory; inhibition of NF-κB 
activity

Acetylgliotoxin G (3) Dichotomomyces cejpii 2.45 μmol/L (HCT-116 cells) –

Reduced gliotoxin (4) Neosartorya pseudofischeri 0.43 μmol/L (HCT-116 cells –

6-Acetylbis(methylthio)gliotoxin (5) Neosartorya pseudofischeri – –

Bis(dethio)-10a-methylthio-3a-de-
oxy-3,3a-didehydrogliotoxin (6)

Penicillium sp. 3.4 μmol/L (P388 cells) –

6-Deoxy-5a,6-didehydrogliotoxin (7) Penicillium sp. 0.058 μmol/L (P388 cells) Inhibition of (HMT) G9a activity

Dehydroxybisdethiobis(methylthio)
gliotoxin (8)

Pseudallescheria sp. – Antibacterial activity against MRSA

Dehydroxymethylbis(dethio)bis(methyl
thio)gliotoxin (9)

Trichoderma virens – –

5a,6-Anhydrobisdethiobis (methylthio)
gliotoxin (10)

Dichotomomyces cejpii – –
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have been reported (Nakano et al. 1990). Compound 33 
possessing a rare trithio-bridge exhibited evidently reduced 
effects against HCT-15 cells and moderate cytotoxic effects 
against Jurkat cells (Yamazaki et al. 2015b) (Supplementary 
Fig. S2).

(+)-Gliocladins A (34) and B (35) with 3′-indolyl unit 
at C-3 were a type of moderate cytotoxic metabolites from 
the fungus Gliocladium sp. (Usami et al. 2004). Regioselec-
tive synthesis of 35 resolved the absolute configuration of 
S-methyl at C-15, exploiting a Friedel–Crafts-based strategy 
(Boyer and Movassaghi 2012). Luteoalbusins A (36) and 
B (37), isolated from Acrostalagmus luteoalbus, showed 
stronger cytotoxicity against SF-268, MCF-7, NCI-H460, 
and HepG-2 cells  (IC50 = 0.23–1.31 μmol/L) than positive 
control cisplatin in vitro  (IC50 = 2.45–4.76 μmol/L). Com-
paring the test results with other analogs (36a and 37a), 
it can be deduced that the presence of the acetoxy group 
at C-17 may reduce cytotoxic activity (Adams et al. 2015; 
Wang et al. 2012a). Plectosphaeroic acids A–C (38–40), as 
the inhibitors of IDO in vitro, were isolated from Plecto-

sphaerella cucumerina along with inactive T988 A. There-
fore, their phenoxazinone moieties were recognized as 
a new IDO inhibitory pharmacophore (Carr et al. 2009). 
Compounds 39 and 40 had been synthesized by an enanti-
oselective method applying the copper-mediated amination 
methods (Jabri and Overman 2013) (Supplementary Fig. 
S3).

Following the biological effects combined with an 1H 
NMR/ESIMS method, eutypellazines A–L (41–52) were 
isolated from the fungus Eutypella sp. MCCC 3A00281 
(Niu et al. 2017a, b). All compounds displayed significant 
antiviral activities against HIV-1 virus with  IC50 values 
ranged from 3.2 to 18.2 μmol/L and no cytotoxicity to nor-
mal human cell line 293 T (Niu et al. 2017a). Compound 
50 showed the reactivation activities of latent HIV in vitro 
at 80 μmol/L. In continuing efforts to investigate Eutypella 
sp., eutypellazines N–S (53–58), six antibacterial congeners, 
were discovered. The authors inferred the series of com-
pounds were formed by oxidation and nucleophilic attack of 
the intermediate, cyclo-L-Phe-L-Phe. Glutathione S-trans-
ferase mediated the introduction of S-methyl or sulfhydryl 
(Niu et al. 2017b). Phomazines A–C (59–61) were isolated 
from Phoma sp. and only 60 demonstrated weak cytotoxic 
effects against MGC-803 (Kong et al. 2014) (Supplementary 
Fig. S4).

A number of new disulfide-bridged diketopiperazine 
derivatives, brocazines A–G (62–68), were obtained from 
the cytotoxic extract of Penicillium brocae MA-231 (Meng 
et al. 2014). Compounds 62, 63 and 66–68 displayed potent 
to strong cytotoxicity against a range of human tumor cell 
lines (HTCLs) (Meng et al. 2016). The same sample also 
provided penicibrocazines A–E (69–73), which inhibited a 
range of bacteria at different levels with MIC values in the 

range of 0.25–32.0 µg/ml (Meng et al. 2015). A sample of 
Exserohilum rostratum produced rostratin A (74), with a 
trans-ring-fused system, and rostratins B–D (75–77), with 
a cis-ring-fused system, were structurally determined by the 
modified Mosher’s methodology and NMR with low-temper-
ature probes (Tan et al. 2004). All four metabolites indicated 
their potent or strong cytotoxicity to HCT-116 cells, with 
 IC50 values of 8.5, 1.9, 0.76, and 16.5 µg/ml, respectively. 
With C–H bond activation as the key step, total synthesis 
of 74 had been achieved in 20 steps with an overall yield of 
12.7% (Thesmar and Baudoin 2019). Cytotoxic cladosporins 
A (78) and B (79) were obtained from Cladosporium sp. by 
applying high-speed counter-current chromatography (Gu 
et al. 2015). Pseuboydones C (80) and D (81) were isolated 
from Pseudallescheria boydii. It is worth mentioning that 80 
revealed potent cytotoxicity against Sf9 insect cells with an 
 IC50 value of 0.7 μmol/L (Lan et al. 2016).

Ten new epipolythiodioxopiperazines (ETPs), amphi-
epicoccins A–J (82–91), were isolated from the extract of 
fungus Epicoccum nigrum HDN17-88. Compounds 82, 84 
and 87 exhibited moderate anti-HSV-2 activities with  IC50 
values of 70, 64 and 29 μmol/L, respectively; while 86 and 
87 also existed inhibitory activity against Bacillus subtilis 
with MIC values of 13 and 25 μmol/L, respectively (Wang 
et al. 2020a). The investigation of E. nigrum SD-388 led to 
the isolation of six new thiodiketopiperazines 92–97. Among 
them, 7-dehydroxyepicoccin H (92) and 7-hydroxyeutypella-
zine F (93) displayed moderate antibacterial activities 
against aquatic pathogens Vibrio vulnificus, V. alginolyticus 
and Edwardsiella tarda, with MIC values ranging from 4.0 
to 8.0 μg/ml. 7′-demethoxyrostratin C (97) showed potent 
cytotoxic activity against Huh7.5 cells with an  IC50 value 
of 9.52 μmol/L, comparable to that of the positive control 
of sorafenib (8.2 µmol/L) (Chi et al. 2020a, b). Penispiro-
zines A–D (98–101) from P. janthinellum possessed interest-
ing spirocyclic skeletons. Meanwhile, compounds 100 and 
101 increased the expression of the two relevant phase II 
detoxifying enzymes SOD2 and HO-1 at 10 μmol/L (Zhu 
et al. 2020a, b) (Supplementary Fig. S5).

Based on a screening system, a strain of Graphium sp. 
isolated from marine sediment yielded a great number of 
compounds, graphiumins A–J (102–111). Most of these 
metabolites exhibited the selective inhibition of yellow pig-
ment production in MRSA without influencing the growth 
of pathogenic bacteria (Fukuda et al. 2015a, b). Alternarosin 
A (112) possessing slight antibacterial activity was obtained 
from Alternaria raphanin (Wang et al. 2009). Deoxyapoara-
notin (113) was isolated from Aspergillus sp. and found to 
have direct cytotoxic and apoptosis-inducing effects towards 
HCT-116 cells (Choi et al. 2011) (Supplementary Fig. S6).

As the name implies, monocyclic compounds have only 
one ring system in the skeleton, including compounds 
114–140. Gliovictin (114) from Asteromyces cruciatus is 
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the first isolated marine sulfur-containing natural product 
(non-sulfated) derived from microorganisms in 1987 (Shin 
and Fenical 1987). The strains Fusarium chlamydosporum, 

Penicillium crustosum, Pleosporales sp. are the sources 
of Sch54794 (115), 54796 (116), fusaperazines A, B, F 
(117, 118, 119) and (Z)-6-benzylidene-3-hydroxymethyl-
1,4-dimethyl-3-methylsulfanylpiperazine-2,5-dione (120) 
(Liu et al. 2019a; Prachyawarakorn et al. 2008; Usami et al. 
2002). Meanwhile, 126 and 129 showed strong cytotoxic 
activities against Hep2 and K562 cells, respectively (Li et al. 
2008; Liu et al. 2019a; Prachyawarakorn et al. 2008; Usami 
et al. 2002). Other structurally similar metabolites, bilains 
A–C (121–123), were produced by Penicillium bilaii (Capon 
et  al. 2007) and Sarocladium kiliense, the culture that 
yielded saroclazines A (124) and B (125). The free amide 
moiety appeared for the first time in sulfur-containing aro-
matic DKPs. Despite a few differences in structures between 
them, only 125 had a strong cytotoxic effect (Li et al. 2018a) 
(Supplementary Fig. S7).

Two pairs of enantiomers, (±)-acrozines A (126 and 
127) and B (128 and 129), were acquired from A. luteoal-

bus. Surprisingly, they had a unique N-OMe group in their 
indolediketopiperazine scaffold, which had been proved 
as natural products, not artifacts. Compound 129 showed 
moderate activity against the plant pathogen Fusarium 

solani. After chiral resolution, six samples including two 
racemates and four pure compounds were tested for the 
inhibitory activity toward acetylcholinesterase (AChE) 
in vitro. On the whole, acrozine A-related samples showed 
stronger anti-AChE activities than acrozine B. Among them, 
126 was the most active AChE inhibitor with an  IC50 value 
of 2.3 μmol/L. Furthermore, it had been proved that C-3 
assigned as R configuration may enhance AChE activity. 
These results suggested that even enantiomer or epimer 
can possess different bioactivities (Cao et al. 2019b). Three 
new DKPs consisting of a pair of bridged epimonothiodike-
topiperazine diastereomers 130–132 were identified from 
Pseudallescheria ellipsoidea F42-3 (Liu et al. 2015a; Wang 
et al. 2016). Streptomyces olivaceus yielded two oxazole/
thiazole derivatives, tetroazolemycins A (133) and B (134) 
with metal ion-binding affinity for the metal ions  Fe3+,  Cu2+ 
and  Zn2+, and the  Zn2+ complexes showed weak activity 
against pathogenic bacteria Klebsiella pneumonia (Liu et al. 
2013). Further investigation of the antitumor constituents 
of Aspergillus fumigatus and Trichoderma virens led to the 
isolation of two gliotoxin analogues 135 and 136. However, 
both of these did not exhibit cytotoxic activity, which also 
confirmed that sulfide bridge in the gliotoxin family might 
be an important pharmacophore for their cytotoxic activity 
(Shi et al. 2018b; Zhao et al. 2009). Glioperazine (137) was 
obtained from Gliocladium sp. along with gliocladins A and 
B, which also displayed modest cytotoxicity against P388 
cells (Usami et al. 2004). Maremycins A–B (138–139) and 

cyclo (L-Pro-D-Met) (140) were metabolites from Strepto-

myces sp. and Pseudomonas aeruginosa, respectively (Balk-
Bindseil et al. 1995; Jayatilake et al. 1996) (Supplementary 
Fig. S8).

Spirobrocazines A (141) and B (142) were isolated from 
P. brocae, whereas only 141 had weak antibacterial activ-
ity against three pathogenic bacteria (Meng et al. 2016). 
Another strain Penicillium sp. yielded citriperazines A–C 
(143–145), and they did not show cytotoxic activity against 
human prostate cancer cells (Yurchenko et al. 2019). Spiro-
gliotoxin (146) was a spiro compound in gliotoxin family 
isolated from the fungus A. fumigatus (Wang et al. 2012c) 
(Supplementary Fig. S9).

The investigation of cytotoxic metabolites from Lepto-

sphaeria sp. led to the isolation of leptosins 147–169. Their 
absolute configuration had been elucidated by spectral data 
and chemical strategies. All these metabolites exhibited sig-
nificant cytotoxic activity against P388 cells in vitro (Taka-
hashi et al. 1994a, b,1995a, b, 2004; Yamada et al. 2002). In 
the same series, compounds 147–149 reached the strongest 
nanomole-level activity at  ED50 values of 1.75–2.4 ng/ml 
(Takahashi et al. 1994a). Compounds 162–169 were dimer 
compounds, where one monomer contains a sulfur bridge 
resulting in the cytotoxicity being greatly reduced. Monomer 
compounds 150–152 were also not as active as 147–149 
(Takahashi et al. 1995a). These results confirmed that the 
dimer structure and the number of sulfur bridges were con-
ducive to cytotoxic activity. In addition, 162 was proved to 
exhibit strong selective cytotoxic effects against 39 HTCLs, 
and to inhibit two protein kinases, PTK and CaMKIII, and 
human topoisomerase II. Intriguingly, using the COMPARE 
program, it showed the possibility that the mode of action 
for 162 might be different from that shown by any other 
anticancer drug developed (Yamada et al. 2002). Chetracins 
E (170) and F (171) were produced by A. luteoalbus and 
exhibited strong cytotoxicity against five cancer lines and 
could function as Hsp90 C-terminal inhibitors (Takahashi 
et al. 1994a; Yu et al. 2018) (Table 2).

Penicillium sp. produced two dimers, 11,11-dideoxyver-
ticillin A (172) and 11-deoxyverticillin A (173), both of 
which displayed potent cytotoxicity against the HCT-116 
cell line in vitro with  IC50 values in the low nmol/L range 
(Son et al. 1999). In subsequent research, 173 was found 
to induce autophagy, apoptosis and necrosis of tumor cells 
(Zhang et al. 2014). Compound 172 blocked tumor cells in 
 G1 phase, and also had tyrosine kinase and neovasculariza-
tion inhibitory effects (Chen et al. 2005). With the prob-
able biogenetic synthesis and total synthesis of 172 having 
been resolved, it can be said that the potential to become 
a drug lead compound is huge (Kim et al. 2009). All four 
compounds from Chaetomium cristatum contained crista-
zine (174), which demonstrated the significant antioxidant 
activity of scavenging DPPH free radical at the same level as 
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vitamin C. It also displayed potent cytotoxic activity against 
HeLa cells (Yun et al. 2016). Studies on its anti-proliferative 
and anticancer mechanisms revealed that 174 induced Type 
I death receptor apoptosis and  G1/S cell cycle arrest in A431 
cells (Jo et al. 2019) (Supplementary Fig. S10).

Thiophenes

The strain Streptomyces sp. provided four novel compounds, 
thioquinomycins A–D (175–178), that were used as inhibi-
tors of PKCα and ROCK2 protein kinases. Additionally, they 
all exhibited weak cytotoxicity (Zhang et al. 2018a). Serin-
iquinone (179), an anticancer agent isolated from bacterium 
Serinicoccus sp., showed potent and selective cytotoxicity 
against melanoma cancer cells. Mechanism research found 
that 179 declined cell proliferation by autophagocytosis and 
induced cell death through the caspase-9 apoptotic pathway. 
Meanwhile, 179 was the first small molecular targeting der-
mcidin, a significant anticancer protein (Trzoss et al. 2014). 
Subsequent structure–activity relationships confirmed the 
important role of the thiophene ring in antitumor effect and 
designed and confirmed a carbamate derivative with poten-
tial for prodrug development (Hammons et al. 2019). Chro-
mogenic ketones are a wide range of compounds with poten-
tial application value, but the natural products containing 
dihydrothiophene-condensed chromone skeleton were still 
rarely reported. When the medium condition was changed 
to PDB medium, the strain Aspergillus terreus produced an 
unreported compound, 8-hydroxy-2-[1-hydroxyethyl]-5,7-
dimethoxynaphtho[2,3-b]thiophene-4,9-dione (180) (Deng 
et al. 2013).

The investigation of Penicillium oxalicum identified 
oxalicumones A (181), B (182), D (183) and E (184), which 
exhibited cytotoxic activity against several cancer cell lines 
included H1975, U937, K562, BGC823, MOLT-4, MCF-
7, HL60 and Huh-7  (IC50 = 9.8–18.0 μmol/L). Through 

structural modification, structure–activity relationships 
could be inferred that the dihydrothiophene ring and meth-
oxyl groups at C-16 and C-17 had a key role in the cytotox-
icity of 181, while the hydroxyl groups at C-1, C-11 and 
C-13 reduced the activity. Moreover, the configuration of 
C-6 had a significant effect on the cytotoxic activity of these 
compounds (Bao et al. 2014; Sun et al. 2013).

Improved HPLC–UV–MS technology combined with 
the experimental design and chemometric analysis guided 
the discovery of a class of macrocyclic polyketides from 
Penicillium sp., including cyclothiocurvularins A (185) and 
B (186), cyclothiocurvularin methyl ester (187), cyclosul-
foxicurvularin (188) and cyclosulfoxicurvularin methyl ester 
(189). Among them, sulfoxide-containing cyclosulfoxicur-
vularins possessed more complex structures. L-cysteine was 
confirmed to be the precursor of the mercaptolactate moi-
ety in cyclothiocurvularins by using feeding experiments 
with [U–13C3

15N]-L-cysteine. In addition, the spontaneous 
formation of cyclothiocurvularins from mercaptopyruvate 
and 10,11-dehydrocurvularin clarified that biosynthesis of 
cyclothiocurvularins may be a detoxification process for 
the strain. Other metabolites obtained from Streptomyces 
sp. were 3-acetylamino-N-2-thienyl-propanamide (190) 
(Ye et al. 2017) and 2,5-bis(5-tertbutyl-2-benzoxazolyl)
thiophene (191) (Cao et al. 2019a). The latter consisted of a 
benzoxazolyl structure and showed weak antibacterial activ-
ity against Enterococcus faecalis (Supplementary Fig. S11).

Polyketides

The potent cytotoxic curvularin derivatives, sumalarins 
A–C (192–194), were identified from organic extracts of 
Penicillium sumatrense. Structure–activity relationships of 
sumalarins indicated the sulfur atom at C-11 or the double 
bond at C-10 increased the cytotoxic activity significantly 
(Meng et al. 2013). From the perspective of biotransfor-
mation, 3-mercaptolactate was a metabolite of cysteine in 
microorganisms. Then, 194 was the product of 3-mercapto-
lactate and cyclohexenone formed by condensation reaction 
(Adelin et al. 2012).

Pandangolides and thiocladospolides were obtained from 
Cladosporium herbarum and Cladosporium cladospori-

oides, respectively (Jadulco et al. 2001; Smith et al. 2000; 
Zhang et al. 2019a). In the process of separating thiocla-
dospolides A–D (195–198), the structure of pandangolide 
3 (200) that had been reported was revised by NMR and 
ECD, and the sulfur side chain was reassigned from the 
C-3 to C-2 position. By analogy, the structures of pandan-
golides 2 (199) and 4 (201) also need to be reconsidered and 
revised, unfortunately there is no relevant report yet. Similar 
to cyclothiocurvularins, based on the structural character-
istics of pandangolides and thiocladospolides, they were 
also considered the metabolites during the detoxification 

Table 2  Cytotoxity of leptosins against P388 cells (unit: μg/ml)

Compound ED50 Compound ED50

Leptosin A (147) 1.85 ×  10–3 Leptosin K (159) 3.80 ×  10–3

Leptosin B (148) 2.40 ×  10–3 Leptosin  K1 (160) 2.20 ×  10–3

Leptosin C (149) 1.75 ×  10–3 Leptosin  K2 (161) 2.10 ×  10–3

Leptosin D (150) 8.60 ×  10–2 Leptosin M (162) 1.05

Leptosin E (151) 4.60 ×  10–2 Leptosin  M1 (163) 1.40

Leptosin F (152) 5.60 ×  10–2 Leptosin N (164) 0.18

Leptosin G (153) 4.60 ×  10–3 Leptosin  N1 (165) 0.19

Leptosin  G1 (154) 4.30 ×  10–3 Leptosin O (166) 1.10

Leptosin  G2 (155) 4.40 ×  10–3 Leptosin P (167) 0.10

Leptosin H (156) 3.00 ×  10–3 Leptosin Q (168) 14.80

Leptosin I (157) 1.13 Leptosin R (169) 15.20

Leptosin J (158) 1.25



494 Marine Life Science & Technology (2021) 3:488–518

1 3

process. In addition, 195–198 and 200 showed strong anti-
microbial activities against several pathogenic bacterium 
strains (Zhang et  al. 2019a). Chemical investigation of 
Cladosporium oxysporum obtained thiocladospolides F–J 
(202–206), while they displayed moderate or weak antimi-
crobial activities (Wang et al. 2020b). Thiocladospolides F′ 
(207) and G′ (208) from C. cladosporioides displayed mod-
erate activities against pathogenic bacteria E. tarda, Vibrio 

anguillarum and Helminthosporium maydis with MIC val-
ues ranging from 2.0 to 8.0 μg/ml (Zhang et al. 2020). The 
introduction of neomycin resistance into Penicillium pur-

purogenum led to the isolation of a novel cyclopentachr-
omone sulfide chromosulfine (209) with weak cytotoxicity. 
From the analysis of structural characteristics, 3-mercapto-
lactate was also involved in biosynthesis (Yi et al. 2016). 
( −)-Homoseongomycin (210) was a metabolite bearing a 
benzo[b]fluorene core produced by the detoxification path-
way of bacterium Salinispora pacifica (Woo et al. 2013) 
(Supplementary Fig. S12).

This strain Streptomyces sp. produced a series of pyranon-
aphthoquinone dimers linked by a sulfur bridge including 
compounds 211–213 (Che et al. 2016). Although (−)-BE-
52440A (213) had been obtained through chemical synthesis 
before, it was discovered as a natural product for the first 
time (Tatsuta et al. 2007). Compound 213 showed strong 
cytotoxic effects on NB4 and HL-60 cells, and naquihexcin 
A (211) exhibited a certain inhibitory effect on adriamy-
cin-resistant MCF-7 cancer cell line with an  IC50 value of 
16.1 μmol/L, indicating that the hexuronic acid fragment 
may have important significance in improving selectivity 
for tumor cells (Che et al. 2016). Two strong antibacterial 
agents, kendomycins C (214) and D (215) were extracted 
from actinomycete Verrucosispora sp. Unlike 214 with 
moderate cytotoxic activity, 215 demonstrated only weak 
activity. However, their cytotoxicity lacked the selectiv-
ity between normal cells and cancer cells. The presence of 
S-methyl appeared to have little effect on antibacterial and 
cytotoxic activity (Zhang et al. 2019b).

Abyssomicins possessed mostly a four-membered or 
five-membered ring system as well as spirotetronate of 19 
carbon atoms. Chemical semi-synthetic method found that 
members can be obtained by Michael addition reaction. 
Abyssomicin J (216) discovered from Verrucosispora sp. 
was the first compound with a sulfur-containing dimer struc-
ture, which showed the potential to be developed as an anti-
tuberculosis prodrug. The experiment verified that 216 could 
spontaneously transform into atrop-abyssomicin C to exert 
its anti-tuberculosis activity at a cellular level and revealed 
that it can overcome the instability of atrop-abyssomicin 
C (Wang et al. 2013). Another two analogues, neoabyss-
omicins F (217) and G (218) were separated subsequently 
from Streptomyces koyangensis. They displayed weak antivi-
ral activity and antibacterial activity against MRSA (Huang 

et al. 2018). Urdamycinones E (219) and G (220) were the 
C-glycosylated benz[α]anthraquinone derivatives extracted 
from Streptomyces sp., and co-isolated urdamycin E was 
regarded as the common precursor. Owing to the activity-
guided separation strategy, these compounds had abundant 
activities, including anti-tuberculosis, antimalarial against 
Plasmodium falciparum and cytotoxicity. Among all the 
obtained compounds, 219 showed the strongest activity in 
the above aspects, indicating the presence of the S-methyl 
and glycosidic moieties were conducive to activity (Supong 
et al. 2012). Algal sinapic acid induced a cultured Phaeobac-

ter inhibens strain to produce the novel compound roseoche-
lin B (221). The characteristic of iron binding and algicidal 
activity had been investigated. Additionally, the biosynthesis 
of 221 was proposed to involve the nonenzymatic and enzy-
matic conversion (Wang and Seyedsayamdost 2017) (Sup-
plementary Fig. S13).

Peptides

Quinomycin A (echinomycin), a prominent target molecule 
for the development of anti-tumor drugs, inhibited hypoxia-
inducible factor-1 (HIF-1) DNA binding (Kong et  al. 
2005). Chemical investigation of Streptomyces sp. obtained 
its analog, quinomycin G (222), which exhibited not only 
moderate antibacterial activities against drug-resistant/sen-
sitive strains but also excellent antitumor activities. How-
ever, its bioactivities were lower than echinomycin (Zhen 
et al. 2015). With the assistance of peptidogenomics and 
molecular networking constructed from 35 Salinispora 
strains, another analogue, retimycin A (223) was found 
from Salinispora arenicola (Duncan et al. 2015). Moorea 

producens yielded a new lipopeptide, precarriebowmide 
(224) (Mevers et al. 2013) and two congeners, carriebow-
mide (225) and carriebowmide sulfone (226). Compounds 
225 and 226 were first reported from Lyngbya polychroa 
(Gunasekera et al. 2008) and Lyngbya majuscula (Jiménez 
et al. 2009), respectively. Generally, methione sulfoxide was 
considered as the artificial product formed by the oxidation 
of methionine residue. The verification experiment found 
that the sulfur in methionine was easily oxidized. Hence, 
224 was the true natural product, while 225 and 226 were 
only artificial products. In addition, 225 actually represented 
a mixture of two diastereomers due to the racemic sulfox-
ide group (Mevers et al. 2013). Oryzamides C–E (227–229) 
were isolated from the fungus Nigrospora oryzae. Similar 
to the aforementioned rule, 228 and 229 were also a pair of 
epimers, and both originated from 227. Unfortunately, in the 
antibacterial, antiparasitic and cytotoxic tests, no activity 
was observed on 227 (Ding et al. 2016). A cyclohexadepsi-
peptide, arenamide C (230) was obtained from actinomycete 
S. arenicola. Co-isolated arenamides A and B were cytotoxic 
NFκB inhibitors, unfortunately, no activity was mentioned in 
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230 (Asolkar et al. 2009). Using the strategy of heterologous 
expression in Streptomyces sp. strains, neothioviridamide 
(231) with strong cytotoxicity was discovered. However, the 
absolute configuration of most amino acid residues were not 
determined (Kawahara et al. 2018). Verrucosamide (232) 
displayed moderate cytotoxicity and selectivity in the NCI 
60 cell from Verrucosispora sp. (Nair et al. 2020) (Supple-
mentary Fig. S14).

Alkaloids

Five N-methylsuccinimide derivatives, violaceimides A–E 
(233–237) were isolated from Aspergillus violaceus. Bio-
synthetic pathways involving methylsuccinic acid, cysteine 
and 3-mercaptolactate were proposed. Compounds 233, 

234 and 237 displayed selective cytotoxicity against tumor 
cells, but no toxic effects on normal cells. From the results, 
the structure–activity relationships suggested that the pres-
ence of a mercaptoacetic unit reduced cytotoxicity (235, 236 
vs. 233, 234), and at least one sulfur atom was necessary 
for cytotoxic activity (233, 234 vs. versimide) (Yin et al. 
2018). A collection of Streptomyces sp. yielded bagremycins 
C (238) and F (239). It was found that 238 had cytotoxic-
ity against glioma cells, induced apoptosis in a dose- and 
time-dependent fashion, and arrested the cell cycle at the 
G0/G1 phase. Just a small difference in structure, 239 had 
only weak antibacterial ability (Chen et al. 2017a; Zhang 
et  al. 2018b). A cyslabdan-like antibacterial compound 
 C25H41NO5S (240), possessing β-lactamase inhibitory capa-
bility of Gram-negative pathogens and MRSA, was discov-
ered from Streptomyces sp. Additionally, it enhanced the 
activity of third-generation cephalosporins and meropenem 
(Shanthi et al. 2015). The investigation of the Streptomyces 
sp. yielded two novel thioether compounds, cyanosporaside 
F (241) and heronamycin A (242) (Lane et al. 2013; Raju 
et al. 2012). Compound 242 exhibited modest antimicro-
bial activity against B. subtilis. Dermacozine J (243) pos-
sessed free radical scavenging activity with an  IC50 value of 
19.6 μmol/L from Dermacoccus abyssi (Wagner et al. 2014) 
(Supplementary Fig. S15).

Bacillus sp. produced a class of amicoumacin deriva-
tives, including a pair of diastereoisomers, bacillcoumacins 
E (244) and F (245). These polyketide synthase-nonriboso-
mal peptide synthetase (PKS-NRPS) hybrids displayed weak 
inhibitory activities. Additionally, co-isolated AI-77-F with-
out S-methyl potently inhibited the NO production induced 
by lipopolysaccharide (Bai et al. 2014). Streptomyces sp. was 
the source of cysrabelomycin (246) that exhibited moderate 
cytotoxicities and antibacterial activities against S. aureus 
and Candida albicans (Zhou et al. 2019). Compared with 
its precursor, gliomastin B (247) isolated from Gliomastix 
sp. had no cytotoxic activity and anti-tuberculosis activity 
(Elnaggar et al. 2017). Benzoxacystol (248) derived from 

Streptomyces griseus was an inhibitor of glycogen synthase 
kinase 3β. In addition, it possessed a 1,4-benzoxazine skel-
eton and slight anti-proliferative activity in vitro (Nachti-
gall et al. 2011). Under the guidance of GC–MS, a series 
of pyrazines were discovered from Loktanella sp. including 
2,5-dimethyl-3-(methylsulfanyl) pyrazine (249), which was 
previously reported as a flavoring agent and first reported 
from a natural source (Dickschat et al. 2005). 1-Methyl-4-
methylthio-β-carboline (250) and 4-(1H-indol-3-yl-sulfanyl) 
phenol (251) had been discovered and identified in succes-
sion (Lorig-Roach et al. 2017; Nair et al. 2016). Chemical 
investigation of several actinomycete strains also led to the 
isolation of compounds 252–257. Among them, streptoper-
tusacin A (253) demonstrated moderate antibacterial effects 
against MRSA with an MIC value of 40 μg/ml (Bu et al. 
2014; Fu and MacMillan 2015a; Kyeremeh et al. 2014; New-
ton et al. 2008; Zhang et al. 2017b). Monacycliones H (258) 
and I (259) were isolated from Streptomyces sp. and 259 
showed moderate cytotoxicity against HL-60 cells with an 
 IC50 value of 7.6 μmol/L (Chang et al. 2020). Androsamide 
(260) was a potential inhibitor against colorectal cancer 
motility from Nocardiopsis sp. and strongly suppressed the 
motility of Caco2 cells caused by epithelial-mesenchymal 
transition (Lee et al. 2020). Halosmysin A (261) was iso-
lated from Halosphaeriaceae sp. Additionally, it exhibited 
bioactivity against P388, HL-60 and L1210 cells with  IC50 
values ranging from 2.2 to 11.7 µmol/L (Yamada et al. 2020) 
(Supplementary Fig. S16).

Disulfides

Thiomarinols A–G (262–268), excellent antimicrobial 
agents, were obtained from Alteromonas rava sp. (Shiozawa 
et al. 1994, 1995, 1997; Shiozawa and Takahashi 1994). 
Mutant strain Pseudoalteromonas sp. yielded a group of 
thiomarinol derivatives (269–276), polyketide/fatty acid 
hybrids, which were also enol-ketone tautomers or epimers 
(Gao et al. 2017) (Supplementary Fig. S17).

The stereostructure of thiocoraline (277), a potent anti-
tumor thiodepsipeptide produced by Micromonospora sp., 
had been determined by total synthesis (Boger and Ichikawa 
2000; Perez Baz et al. 1997; Romero et al. 1997). As the lead 
compound, 277 showed nmol/L-level cytotoxicity against 
a series of cancer cells both in vitro and in vivo, such as 
lung, colon carcinoma and melanoma cells. Additionally, its 
antiviral and antibacterial activities against several strains 
of Gram-positive bacteria were demonstrated (Boger et al. 
2001; Faircloth et al. 1997; Romero et al. 1997). Verrucosis-

pora sp. also yielded five thiocoraline congeners 278–282. 
12′-Sulfoxythiocoraline (279) and thiochondrilline C (282) 
exhibited potent cytotoxicity against A549 cells with  EC50 
values of 1.26 and 2.86 μmol/L but not as good as 277 with 
an  EC50 value of 0.0095 μmol/L. According to studies on 
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structure–activity relationships, both 3-OH-quinoxaline and 
two phenol groups were identified as the key contributors 
to the bioactivity (Boger et al. 2001; Wyche et al. 2011). 
Research on the culture of Streptomyces cyaneofuscatus 
confirmed  C32H24N6O10S2 (283). The disulfide derivative 
was obtained by the spontaneous dimerization of compound 
 C16H13N3O5S (284) in solution (Ortiz-López et al. 2018).

A study of strain Streptomyces sp. successfully used a one 
strain–many compounds (OSMAC) strategy to assist the dis-
covery of holomycin (285) and its two congeners (Ding et al. 
2017). Compound 285 was a member of dithiolopyrrolone 
antibiotics and had a broad-spectrum antibacterial activity 
and strong cytotoxicity. It was found that it can interfere 
with the synthesis of bacterial RNA and exert its antibiotic 
activity by chelating intracellular metal ions, especially  Zn2+ 
(Chan et al. 2017; Oliva et al. 2001). From the slight anti-
bacterial activity of holomycin A (286) and (1Z)-S,S’-dime-
thyldihydroholomycin (287), we can know that the disulfide 
bond played a key role in the antibacterial ability (Ding et al. 

2017). Different fermentation conditions yielded different 
metabolites. In a static fermentation condition, dithioasper-
gillazine A (288) obtained from Trichoderma brevicom-

pactum had a strong cytotoxic effect, suggesting that the 
disulfide bond was necessary for the cytotoxic activity in 
such compounds (Yamazaki et al. 2016). A mixed assem-
blage of L. majuscula/Schizothrix sp. produced a NRPS/PKS 
hybrid, somocystinamide A (289). The cytotoxic disulfide 
dimer was sensitive to acid, and spontaneously transformed 
into its derivatives in acid (Nogle and Gerwick 2002). A 
Blastobacter sp. gave B-90063 (290), an endothelin con-
verting enzyme inhibitor (Takaishi et al. 1998) (Fig. 2, Sup-
plementary Fig. S18).

Thiazole/thiazoline-containing compounds

The thiazole ring is an important aromatic five-membered 
heterocyclic ring. The structure of this heterocyclic ring con-
tains both nitrogen and sulfur atoms, which suggests that it is 

Fig. 2  Representatives of thioethers compounds
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easy to form hydrogen bonds and can coordinate with non-
metal ions and hydrophobic interactions. The diverse physi-
cal and chemical properties have determined that thiazole 
rings have broad application prospects in prosperous fields 
such as chemistry, pharmacy, biology and materials science.

Peptides

The thiazole group-containing peptides also account for a 
large proportion of sulfur-containing compounds derived 
from marine microorganisms.

Apratoxins A–H (291–298) and apratoxin A sulfoxide 
(299) were a group of cytotoxic cyclic depsipeptides isolated 
from marine cyanobacteria, for instance, Lyngbya majus-

cule, Lyngbya bouillonii, Lyngbya sp. and M. producens 
(Gutierrez et al. 2008;  Luesch et al. 2001b, 2002b; Mat-
thew et al. 2008b; Thornburg et al. 2013; Tidgewell et al. 
2010). It had been confirmed that apratoxin A (291) pre-
vented co-translational translocation of proteins destined for 
the secretory pathway. The anticancer efficacy of 291 was 
achieved by down-regulating cancer related proteins simulta-
neously to reduce the intracellular content (Liu et al. 2009). 
Although 291 exhibited excellent cytotoxicity in vitro and 
antitumor effect in vivo, the poor selectivity to different can-
cer cells and a small therapeutic window limited its potential 
role as an antitumor drug (Tidgewell et al. 2010). In addition 
to natural products, the derivatives of apratoxins through 
total synthesis or semi-synthesis further clarified its struc-
ture–activity relationships and mechanism. 291 inhibited 
the secretory pathway at the level of co-translational trans-
location to cure cancer. Apratoxin S4 was the first viable 
candidate that showed the requisite tumor selectivity and 
increased antitumor activity and potency in the apratoxin 
family (Chen et al. 2011) (Table 3, Supplementary Fig. S19).

Fermentation of Lyngbya confervoides led to the produc-
tion of obyanamide (300) (Williams et al. 2002), and its C-3 
stereochemistry had been revised by total synthesis (Zhang 
et al. 2006). Usually, this type of cyclodepsipeptide contains 
two N-methyl amino acids, an Ala-thiazole unit, α-amino 
acid and β-amino acid. Ulongamides A–F (301–306), several 

structural analogs to 299, had also been isolated from Lyng-

bya sp. All but ulongamide F (306) demonstrated moderate 
cytotoxic activity against KB and LoVo cells (Luesch et al. 
2002a). Kakeromamide A (307) isolated from Moorea bouil-

lonii was the first marine cyclic peptide inducing neural stem 
cell (NSC) differentiation. Compound 307 induced NSCs 
into astrocytes in a dose-dependent manner in vitro without 
cell death and exhibited moderate cytotoxicity against HeLa 
cells (Nakamura et al. 2018).

Lyngbya confervoides, Leptolyngbya sp. and L. majuscula 
were the sources of grassypeptolides A–G (308–314), which 
contained two thiazolines and several unnatural amino acids, 
including D-amino acid, N-methyl amino acid, 2-aminobu-
tyric acid and β-amino acid. They demonstrated strong or 
potent  cytotoxic activity against several HTCLs (Kwan 
et al. 2008, 2010; Thornburg et al. 2011). Structure–activ-
ity relationships showed 310 had 16–23-fold higher cyto-
toxic activity than 308 because the configuration of C-29 
was converted from S to R. In addition, 308 and 310 caused 
 G1 phase arrest at low concentrations, while at high concen-
trations they induced cell cycle arrest at the  G2/M phase. 
Moreover, 313 and 314 were identified as the inhibitors of 
transcription factor AP-1 (Kwan et al. 2010). Attracted by 
these characteristics, the total synthesis of 308 had been 
achieved. The whole synthesis includes 17 steps, with a total 
yield of 11.3% and an average of 88% per step (Liu et al. 
2010) (Supplementary Fig. S20).

Alotamide A (315), originally isolated from L. bouillonii, 
significantly promoted the calcium influx in mouse neurons. 
The absolute configuration of polyketide fragment  (C15–C32) 
was not solved due to the limitation of quantity (Soria-Mer-
cado et al. 2009). The complete stereochemistry of 315 was 
assigned by asymmetric synthesis in which four possible 
diastereomers of indefinite fragments were designed (Shi 
et al. 2018a). Investigation of active antimalarial compo-
nents from the cyanobacterium Oscillatoria sp. resulted in 
the isolation of venturamides A (316) and B (317). Both 
of them existed selective antimalarial activity against P. 

falciparum but mild activity against other tropical para-
sites and mammalian cells (González and Gerwick 2007). 

Table 3  IC50 of cytotoxic 
activity data for apratoxins 
(unit: nmol/L)

Cell line compound LoVo KB NCI-H460 HT29 HeLa U2OS HCT-116

Apratoxin A (291) 0.38 0.52 1.40 10.00 10.00 5.97

Apratoxin B (292) 10.80 21.30

Apratoxin C (293) 0.73 1.00

Apratoxin D (294) 2.60

Apratoxin E (295) 21.00 72.00 59.00 52.10

Apratoxin F (296) 2.00 36.00

Apratoxin G (297) 14.00

Apratoxin H (298) 3.40

Apratoxin A Sulfoxide (299) 89.90
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Investigation of cyanobacterium L. majuscule resulted the 
isolation of dolastatin 3 (318), homodolastatin 3 (319) and 
kororamid (320), among which 318 inhibited HIV-1 inte-
grase with an  IC50 value of 5 mmol/L (Mitchell et al. 2000). 
Furthermore, 318 originally found in sea hare Dolabella 

auricularia, may be produced by the cyanobacteria diet of 
sea hare (Pettit et al. 1982, 1987). By comparison with the 
retention time of synthetic compounds in HPLC, the stereo-
chemistry of N,N-dimethylisoleucine moiety was assigned 
(S, S) in symplostatin 1 (321) (Harrigan et al. 1998; Luesch 
et al. 2001a). Also, as a potent cytotoxic agent and potent 
microtubule inhibitor, it was similar in structure to dolastatin 
10 except for the methyl group at C-28. Moreover, it has 
been confirmed that 321 shows cytotoxic activity in vitro 
against KB and LoVo cells and in vivo activity against some 
murine tumors. After a small dose of intravenous injection 
of 321, its toxicity would cause lethality on the first day 
(Luesch et al. 2001a).

Hoiamides (322–325) were a class of lipopeptides bearing 
one thiazole and two consecutive α-methylated thiazolines 
fragments. Hoiamides A (322) and B (323) were obtained 
from the assemblages of L. majuscula and Phormidium 

gracile, Symploca sp. and Oscillatoria cf. sp., respectively 
(Choi et al. 2010; Pereira et al. 2009). As the site 2 partial 
agonists, 322 and 323 can effectively inhibit the activity of 
cortical neurons in mouse, whilst hoiamides C (324) and D 
(325) with linear structure had no activity. The comparison 
of major differences indicated that the macrocycle was the 
core structure. Toxicity tests on brine shrimp showed that 
324 was toxic. Compound 325 displayed strong inhibitory 
activity against p53/MDM2 protein binding (Choi et al. 
2010; Malloy et al. 2012; Pereira et al. 2009) (Supplemen-
tary Fig. S21).

Lyngbyabellins family was a class of cytotoxic pep-
tides promoting of actin polymerization, and 18 members 
(326–343) had been identified over the past 21 years. Lyng-

bya, Moorea and Okeania, these three cyanobacterial genera 
were regarded as the main sources of lyngbyabellins (Choi 
et al. 2012; Han et al. 2005; Luesch et al. 2000b, c, 2002c; 
Matthew et al. 2010; Milligan et al. 2000; Petitbois et al. 
2017; Williams et al. 2003). All compounds contained two 
thiazole functional groups except lyngbyabellin B (327), 
which contained one thiazole ring and one thiazoline ring. 
Biosynthetically, these lyngbyabellins with a mixed polyke-
tide-peptide construction may derive from an assembly by 
NRPS and PKS (Gerwick et al. 2001). Interestingly, some 
complex metabolites had been discovered one after another, 
for example, lyngbyabellins D (329) and N (339). In addition 
to the skeleton of lyngbyabellins, this molecule also exhib-
ited an N,N-dimethylvaline side chain similar to dolastatin 
10 (Choi et al. 2012). Considering the close relationship 
with the animal toxin, dolabellin, the following hypothe-
ses had been proposed. These secondary metabolites were 

produced by marine cyanobacterial organisms, and sea hares 
in the environment absorb these metabolites when they eat 
cyanobacteria, and biotransformation occurs in the process 
(Han et al. 2005). It can be inferred that the ester bond at 
C-24 or C-16 position was prone to methanolysis and a regi-
oselective ester cleavage, yielding corresponding products. 
In the research of lyngbyabellin C (328), it was found that 
the ester bond at C-16 tended to be methanolized. Conse-
quently, homohydroxydolabellin, the possible artifact, is 
formed by selective ester cleavage (Luesch et al. 2002c). 
Similarly, lyngbyabellins F (331) and I (334) may be con-
verted from lyngbyabellins E (330) and H (333) due to the 
methanol used in the extraction. Another interesting exam-
ple was lyngbyabellin O (340), which may be formed by 
lyngbyabellin G (332) or regioselective ester cleavage of 
331 or lyngbyabellin P (341) at C-24 (Han et al. 2005). It 
is precisely because these metabolites can be transformed 
into each other through simple conditions that the members 
of the lyngbyabellins family are so abundant. However, the 
question of whether it is an artifact should be treated with 
caution (Supplementary Fig. S22).

Regardless of whether linear peptide or cyclic peptide, 
the structure–activity relationships of lyngbyabellins were 
predicted that the increasing number of chlorine atoms and 
the presence of side chains can improve cytotoxic activity. 
But the relationship is far from simple, and some lyngbya-
bellins without side chains also showed potential activity, 
for instance, 327. Rich structures brought diverse biological 
activities. Not only cytotoxic activities but also other activi-
ties were observed in lyngbyabellins. Compounds 340 and 
341 exhibited potent antifouling activity with  EC50 values of 
0.38 and 0.73 μmol/L. (Table 4) (Supplementary Fig. S23).

Anti-proliferative hectochlorin (344) with no cytotoxicity 
was discovered from L. majuscule, which was described as a 
potent promoter of actin polymerization and an efficient fun-
gicidal compound against C. albicans (Marquez et al. 2002). 
Additionally, molecular networking combined with genome 
sequencing analysis guided the isolation of hectochlorins 
B–D (345–347) (Boudreau et al. 2015). Lyngbyapeptins 
A–D (348–351) and 15-norlyngbyapeptin A (352) were a 
series of linear peptides derived from the genus Lyngbya 
(Klein et al. 1999; Luesch et al. 2000b, 2002c; Matthew 
et al. 2010; Williams et al. 2003). It was observed that the 
unstable 351 resulted in its decomposition (Matthew et al. 
2010). Nevertheless, compared with co-isolated compounds 
in the lyngbyabellins family, lyngbyapeptins were not found 
to display any activity. Apramides A–G (353–359) were a 
group of linear depsipeptides possessing olefin or alkyne 
moieties from L. majuscule (Luesch et al. 2000a). The potent 
cytotoxic component of Symploca sp. was  identified as 
micromide (360), which consisted of three N-methyl amino 
acids as well as two amino acids. Despite the similarity 
between the structures of 360 and apramides, the  IC50 of the 
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360 against KB cells was an order of magnitude greater than 
the latter (Williams et al. 2004) (Supplementary Fig. S24).

Mechercharstatin A (former name: mechercharmycin A) 
(361) and urukthapelstatin A (362) containing oxazoles and 
thiazoles, were potent cytotoxic metabolites isolated from 
Thermoactinomyces sp. and Mechercharimyces asporoph-

origenens, respectively (Kanoh et al. 2005, 2007; Matsuo 
et al. 2007a, b). Compared with their analogs, the rigidity 
and sequential aromatic heterocyclic cyclic structure were 
necessary for their significant cytotoxic activity. Due to the 
remarkable bioactivities, biomimetic synthesis by aza-Wittig 
ring contraction and total synthesis of 362 had been achieved 
(Lin et al. 2013; Schwenk et al. 2016). Unexpectedly, 362 
was not stable, because the Z/E configuration of the double 
bond at C-8/C-9 could be transformed in solution (Schwenk 
et al. 2016). A culture of Marinactinospora thermotolerans 
produced a consecutive tris thiazole-thiazoline-containing 
metabolite, marthiapeptide A (363), which exhibited not 
only potent cytotoxic properties but also antibacterial effect 
against Gram-positive bacteria (Zhou et al. 2012).

Nocathiacins I–III (364–366) were  obtained from 
the actinomycete Nocardia sp. These antibiotics demon-
strated potent in vitro activity against a wide spectrum of 
17 strains of Gram-positive bacteria containing several 
multiple-drug-resistant bacteria (MDR), and showed excel-
lent efficacy in the systemic S. aureus infection mice model 

in vivo (Leet et al. 2003). However, the poor water solubility 
of nocathiacins limited further research. To improve water 
solubility, a series of nocathiacin derivatives had been syn-
thesized (Naidu et al. 2006). Further investigation of Nocar-

diopsis sp. led to the isolation of TP-1161 (367), featuring an 
uncommon aminoacetone moiety. Compound 367 displayed 
antibacterial activity against several Gram-positive strains 
(Engelhardt et al. 2010a). Furthermore, it was discovered 
that the biosynthetic gene cluster of 367 comprised 13 open 
reading frames (Engelhardt et al. 2010b). As a new approach 
to the discovery of natural products, genome mining led 
to the isolation of trichamide (368) from cyanobacterium 
Trichodesmium erythraeum. The planer structure of 368 
was determined by MS/MS fragmentation pattern. However, 
the stereochemistry was just inferred and not supported by 
experiment data (Sudek et al. 2006). Kocurin (369) was an 
antibacterial metabolite of the bacterium Kocuria palustris. 
It displayed strong antibacterial activity against Gram-pos-
itive bacteria including MRSA, whilst no obvious effect on 
Gram-negative bacteria and Canidia albicans (Martin et al. 
2013).

YM-266183 (370) and YM-266184 (371) exhibited 
potent antibacterial activities against several types of 
pathogenic bacteria involving MDRs. However, they 
were not sensitive to Gram-negative bacteria (Suzumura 
et al. 2003a, b). Litoralimycins A (372) and B (373) were 

Table 4   The lyngbyabellins 
origin, cytoxicity and structure

++ represent potent cytotoxicity  (IC50 < 0.5  μmol/L); + represent strong or moderate cytotoxicity 
 (IC50 = 0.5–5 μmol/L); − represent inactivity

Compound Origin Cytoxicity Structure Other activities

Lyngbyabellin A (326) Lyngbya majuscula ++ Cyclopeptide Disrupter of the 
cellular microfila-
ment network

Lyngbyabellin B (327) Lyngbya majuscula ++ Cyclopeptide Toxicity toward 
brine shrimp; 
antifungal

Lyngbyabellin C (328) Lyngbya sp. + Cyclopeptide –

Lyngbyabellin D (329) Lyngbya sp. ++ linear peptide –

Lyngbyabellin E (330) Lyngbya majuscula ++ Cyclopeptide –

Lyngbyabellin F (331) Lyngbya majuscula ++ linear peptide –

Lyngbyabellin G (332) Lyngbya majuscula  + Cyclopeptide –

lyngbyabellin H (333) Lyngbya majuscula ++ Cyclopeptide –

lyngbyabellin I (334) Lyngbya majuscula ++ linear peptide –

lyngbyabellin J (335) Lyngbya bouillonii ++ Cyclopeptide –

lyngbyabellin K (336) Moorea bouillonii − Cyclopeptide –

lyngbyabellin L (337) Moorea bouillonii − Cyclopeptide –

lyngbyabellin M (338) Moorea bouillonii − linear peptide –

lyngbyabellin N (339) Moorea bouillonii ++ Cyclopeptide –

lyngbyabellin O (340) Okeania sp. − linear peptide Antifouling activity

lyngbyabellin P (341) Okeania sp.  + linear peptide

27-deoxylyngbyabellin A (342) Lyngbya bouillonii ++ Cyclopeptide

7-epi-lyngbyabellin L (343) Moorea bouillonii − Cyclopeptide
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isolated from Streptomonospora sp. while they had no 
antibacterial activity and 372 displayed moderate cytotox-
icity against several cell lines (Khodamoradi et al. 2020). 
A bioassay-guided approach applied to search for novel 
cytotoxic compounds from cyanobacteria Lyngbya sp. This 
led to the isolation of bisebromoamide (374) and norbise-
bromoamide (375), which possessed a group of D-amino 
acids, bromine atom and a rare 2-(1-oxopropyl) pyrrolidine 
moiety unprecedented in natural products (Sasaki et al. 
2011; Teruya et al. 2009). The stereochemisty of 374 was 
revised later by total synthesis (Gao et al. 2010). These 
peptides showed potent anti-proliferative activity against 
a class of HTCLs. Moreover, 374 played the role of protein 
kinase inhibitor. Extracellular Signal Regulated Protein 
Kinase (ERK) pathway was inferred as the target of com-
pound 374, which acted against anomalous activated cells 
of the ERK-MAP pathway without side-effects (Sasaki 
et al. 2011). The structure–activity relationships were ana-
lyzed using synthetic derivatives. When the methyl group 
at C-17 changed, the cytotoxicity disappeared, whereas 
the bromine atom, methyl group at C-4, phenolic hydroxyl 
group, and the stereochemistry of methylthiazoline only 
produced slight effects (Li et al. 2011). Unreported strong 
sterol O-acyltransferase (SOAT) inhibitors, the linear 
lipopeptides were identified as biseokeaniamides A–C 
(376–378), which were obtained from Okeania sp. Their 
inhibitory effects were not merely at an enzyme level but 
also a cellular level. Additionally, the relatively low activ-
ity of 378 meant that the existence of the N-methyl moi-
ety in N-Me-Val enhanced the SOAT-inhibitory activity. 
Furthermore, 377 displayed significant cytotoxicity and 
induced apoptosis in HeLa cells and activated caspase 3 
dose-dependently (Iwasaki et al. 2017). Compound 376 
had anti-inflammatory effects through selective inhibition 
of LPS-induced signal transduction (Ohno et al. 2020).

Kalkitoxin (379), a hybrid NRPS/PKS lipopeptide from 
L. majuscula, proved to be a potent anti-inflammation 
metabolite. Compound 379 not only inhibited cell division 
but was also a highly effective blocker of voltage sensitive-
sodium channels in mouse neuro-2a cells (Wu et al. 2000). 
Furthermore, as the inhibitor of N-methyl-D-aspartate recep-
tor antagonists, it displayed exposure time-dependent neu-
rotoxic activity in cerebellar granule neurons (Berman et al. 
1999). The metabolite also demonstrated potent cytotoxic-
ity, and structure–activity relationships clarified the consid-
erable role of thiazoline (White et al. 2004). In addition, 
the mechanism of cytotoxicity was discussed. As an HIF-1 
inhibitor, it disrupted mitochondria-mediated oxygen con-
sumption by suppressing the multi-enzyme mitochondrial 
NADH-ubiquinone oxidoreductase system (Morgan et al. 
2015). Caldora penicillata also yielded three mixed PKS/
NRPS metabolites, laucysteinamide A (380) along with two 

known compounds (Zhang et al. 2017a) (Supplementary Fig. 
S25).

Benzothiazoles

Para-terphenyl with a tricyclic or polycyclic C-18 aromatic 
skeleton presented mainly in fungi showed diverse biological 
activities (Li et al. 2018b). Interestingly, the following four 
compounds 381–384 were all derived from actinomycete 
(Deng et al. 2014). Nocarterphenyl A (383) with potent cyto-
toxicity along with nocarterphenyl B (384) were obtained 
from Nocardiopsis sp. (Wang et al. 2019). Alternaria sp. 
was observed to produce three new compounds. Among 
them, altenusinoides A (385) and B (386) contained a rare 
altenusin/thiazole hybrids 6/6/5 framework. Intriguingly, 
methyl 2-(6-hydroxybenzothiazol-4-yl) acetate (387) was 
the first benzothiazole derivative obtained from fungi (Chen 
et al. 2018). In the application of high-throughput screening 
technology, the investigation of bacterium Erythrobacter sp. 
revealed two benzothiazole diterpenes, erythrazoles A (388) 
and B (389). Compound 388 lacked only an olefin moiety, 
and it did not show the same level of cytotoxic activity as 
that of 389 (Hu and MacMillan 2011). Four benzothiazoles 
390–393 were obtained from Micrococcus sp. (Stierle et al. 
1991).

Bacillus sp., Bacillus endophyticus and Bacillus vallis-

mortis produced four tryptamide thiazole metabolites, bacil-
lamides A–C (394–396) and neobacillamide A (397) (Jeong 
et al. 2003; Socha et al. 2007; Yu et al. 2009). Previously, 
comparing compound CD spectra with their known analogs 
were used to determine the absolute configuration. How-
ever, the organic syntheses of 395–397 revised the C-13 ste-
reochemistry of these compounds (Bray and Olasoji 2009; 
Martínez and Davyt 2013). To some extent, comparing CD 
spectra is not completely trustworthy, especially when there 
is only marginal difference among analogs of various sub-
stituents. In particular, 394 showed strong algicidal activity 
against Cochlodinium polykrikoides with  LC50 of 3.2 μg/
ml. As the potent algaecides, this type of compound tar-
gets red tide algae. Meanwhile, synthetic aniline-derived 
analogs 394a–394f exhibited higher algicidal activity 
 (EC50 = 4.0–33.9 mg/L) against three freshwater harmful 
algae (Mycrocyctis aeruginosa, Scenedesmus obliquus, 
Chlorella pyrenoidosa) than 394  (EC50 = 19.33–250.1 mg/L) 
(Wang et al. 2017) (Supplementary Fig. S26).

Others

A biosynthetic gene cluster with a great quantity of Fe(II)/α-
ketoglutarate-dependent halogenases was identified in the 
genome of Fischerella sp. Above-mentioned genome analy-
sis combined with mass spectrometry led to the isolation of 
aranazoles A–D (398–401), which were a panel of unusual 
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hybrid highly chlorinated nonribosomal peptide–polyketide 
metabolites. However, 398 had no significant activity includ-
ing antiviral, cytotoxic and antimicrobial activities (Moos-
mann et al. 2018). Chlorosulfolipids were a type of halogen-
ated compounds isolated from algae and mussels (Ciminiello 
et al. 2002). Considering the similarity between aranazoles 
and chlorosulpholipids, it was supposed that they had similar 
biosynthetic enzymes and chlorosulpholipids were produced 
by related cyanobacteria (Moosmann et al. 2018).

Barbamide (402) was a mixed polypeptide–polyketide 
molluscicidal agent isolated from L. majuscula in 1996. It is 
worth mentioning that 402 contained a unique trichlorome-
thyl group, β-methoxy amide and a thiazole unit (Orjala and 
Gerwick 1996). Owing to the uncommon structural features, 
a range of feeding experiments with stable isotopes-labeled 
substrates confirmed that the chlorination was accomplished 
by the tandem action of two halogenases using leucine, with 
the first involving the participation of at least two halogen 
atoms and the second achieving the conversion to a trichlo-
romethyl moiety (Flatt et al. 2006; Galonić et al. 2006). 
Additionally, the nitrogen atom in the thiazole ring stemmed 
from glycine (Sitachitta et al. 2000). In the process, some 
new natural products 403–408 were also excavated (Balunas 
et al. 2010; Flatt et al. 2006; Jiménez and Scheuer 2001; Kim 
et al. 2012; Sitachitta et al. 2000). Given inactive dechloro-
barbamide (407), and 4-O-demethylbarbamide (408) with 
much stronger activity than 402, structure–activity relation-
ships revealed that the carbonyl at C-4 and the trichlorome-
thyl at C-2 improved molluscicidal activity. Mass spectrom-
etry analysis of Trichodesmium sp. impelled the discovery of 
trichothiazole A (409), which possessed a terminal alkyne, 
two vinyl chlorides and displayed moderate cytotoxic activi-
ties against Neuro-2A cells (Belisle et al. 2017). Curacins 
A–D (410–413) were mixed PK/NRP compounds from 
L. majuscula (Gerwick et al. 1994; Márquez et al. 1998; 
Yoo and Gerwick 1995). Compound 410 displayed potent 
anti-proliferative and antimitotic activity against a panel of 
HTCLs with  IC50 values ranging from 7 to 200 nmol/L. In 
addition, as a microtubule inhibitor, 410 interacts with the 
colchicine binding site on tubulin to block cell cycle pro-
gression (Blokhin et al. 1995).

Phenyl thiazole or thiazoline compounds occupied a cer-
tain proportion of MNPs. A screening strategy of broadly 
targeted biological evaluation was applied in the isolation 
of neuroactive pulicatins A–E (414–418) from Streptomy-

ces sp. In the assay of dorsal root ganglion neurons in mice, 
414 decreased  Ca2+ influx while aerugine, with a difference 
in the methyl group at C-6′, showed the opposite phenom-
enon. Furthermore, 414 and 417 were tested and displayed 
highly selective binding activity to the 5-HT2B receptor. 
More thiazolines in the molecule may reduce the activity. 
Compared to the strongest activity of 414 containing only 
one thiazoline ring, the co-isolated watasemycins A and B 

with two thiazolines were weaker (Lin et al. 2010). In sub-
sequent research, 30 derivatives were designed to analyze 
the structure–activity relationships of pulicatins, which indi-
cated that the 2-arylthiazoline scaffold was the adjustable 
serotonin receptor-targeting pharmacophore. Additionally, 
415 revealed the remarkable antiseizure and antinociceptive 
effects in vivo (Lin et al. 2017). Anithiactins A–C (419–421) 
were obtained from Streptomyces sp. and soon afterwards 
Actionomycetospora sp. was found to yield thiasporine A 
(422), 419 and 421, which possessed a 2-phenylthiazole 
moiety (Fu and MacMillan 2015b; Kim et al. 2014). Struc-
ture revision of 422 was completed by the synthesis of 
2-aminophenylthiazinone derivatives. By comparing the 
NMR spectrum data of previously separated 422 and syn-
thetic products, the possibility that natural product existed 
in the form of a carboxylate was raised (Seitz et al. 2016). 
In the acetylcholinesterase inhibitory test, 419–421 exhib-
ited weak inhibitory effects. In addition, only 419 showed 
moderate cytotoxicity against H2122 cells. It seemed that the 
methyl group linked to an amino group decreased the activ-
ity. Afterward, Suzuki–Miyaura cross-coupling was applied 
in the total synthesis of these four metabolites (Vaaland et al. 
2019).

Cultures of a bacterium Agrobacterium sp. were reported 
to yielded agrochelin (423), which demonstrated chelating 
properties to the  Zn2+ ion and strong cytotoxicity in vitro 
but its acetylated derivative was much weaker (Cañedo et al. 
1999). Subsequently, its diastereomer, massiliachelin (424), 
was detected in a genome sequence analysis of Massilia sp. 
The result disclosed that the alkaloid was predominantly 
produced under an iron-deficient environment by compar-
ing fingerprints in different conditions (Diettrich et al. 2019). 
Other new analogs containing an uncommon heterocyclic 
structure, ulbactins F (425) and G (426), were obtained from 
Brevibacillus sp. Their inhibitory activities on tumor cell 
migration had been proven. The investigation of Saccha-

romonospora sp. described the discovery of lodopyridones 
A–C (427–429) which exhibited weak inhibitory activities 
on the β-site amyloid precursor protein cleaving enzyme 1. 
Additionally, 427 exhibited modest cytotoxicity in HCT-116 
cells (Le et al. 2017; Maloney et al. 2009). Due to the chal-
lenge in structure, 427 was subsequently synthesized in nine 
steps with an overall yield of 23% (Burckhardt et al. 2012). 
Acaromyester A (430) was characterized from the fungus 
Acaromyces ingoldii with no activity (Gao et al. 2016). Cul-
ture of Streptomyces fradiae produced two indolocarbazoles, 
fradcarbazoles A (431) and B (432). They exhibited sig-
nificant cytotoxicity against a panel of HTCLs and inhibited 
the kinase PKC-α with  IC50 values of 0.001–4.58 μmol/L 
(Fu et al. 2012). Anguibactin (433) was a siderophore from 
V. anguillarum. Its structure determination benefited from 
anhydroanguibactin (434) (Jalal et al. 1989; Lee et al. 2018) 
(Fig. 3, Supplementary Figs. S27, S28).
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Sulfoxides and sulfones

The sulfoxide exists in two configurations, R and S, resulting 
in the doubling of several signals in the 1D NMR spectra. 
Techniques such as 2D NMR including COSY, HMBC and 
TOCSY were extensively employed. Sulfoxide and sulfone 
are probably artificial products formed by oxidation of natu-
ral products containing methionine in ambient atmosphere 
during the separation process (Ogino et al. 1996; Yokokawa 
and Shioiri 2002).

Sulfoxides

Anabaenopeptins NP 867 (435), 869 (436) and 883 (437) 
were identified in extracts of cyanobacterial bloom mate-
rial composed of Nodularia spumigena, Aphanizomenon 

flos-aquae and Dolichospermum spp. using LC–MS/MS 
techniques. They were found to be a moderate inhibitor of 
carboxypeptidase A and protein phosphatase (Spoof et al. 
2015). Pompanopeptin A (438) was a selective inhibitor 

of trypsin and chymotrypsin in vitro with an  IC50 value of 
2.4 ± 0.4 μmol/L, and its selectivity was conferred by argi-
nine residues (Matthew et al. 2008a). Symplostatin 2 (439) 
and somamide A (440) were dolastatin 13 analogs, and 
isolated from Symploca hydnoides and assemblages of the 
cyanobacteria L. majuscula and Schizothrix sp., respectively 
(Harrigan et al. 1999; Nogle et al. 2001). The investigation 
of cyanobacterium L. confervoides led to the characteriza-
tion of three new cyclodepsipeptides including tiglicamide 
C (441), a moderate inhibitor of porcine pancreatic elastase 
in vitro with an  IC50 value of 7.28 µmol/L. Combining the 
co-isolated compounds, the structure–activity relationships 
revealed that carboxylic acid residue was not the necessary 
moiety to inhibit elastase activity (Matthew et al. 2009). 
Penilumamides family was the first reported natural luma-
zine peptides from fungi Penicillium sp. and Aspergillus sp. 
(Chen et al. 2014; Meyer et al. 2010). Biosynthetic feeding 
experiments on Aspergillus sp. using L-methionine sug-
gested that L-methionine was a precursor of these lumazine 
peptides. The yield of penilumamide (442) and peniluma-
mide B (443) was found to increase extremely in response to 

Fig. 3  Representatives of thiazole/thiazoline-containing compounds
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the concentration of the L-methionine in the medium. When 
443 was exposed to air, the production of 442 and penilu-
mamide C (444) were observed a few days later, which also 
once again verified the speculation of artificial products gen-
erated by oxidation (Chen et al. 2014). They were synthe-
sized in eight steps from 1,3-dimethyllumazine-6-carboxylic 
acid using sequential saponification and amide coupling as 
the preparation methods (Reddy Penjarla et al. 2017) (Sup-
plementary Fig. S29).

Two peptidic proteasome inhibitors, carmaphycins 
A (445) and B (446), containing a leucine-derived α, 
β-epoxyketone moiety, were obtained from Symploca sp. 
The absolute configurations of carmaphycins had been deter-
mined by total synthesis. Their strong capacity to inhibit 
the β5 subunit (chymotrypsin-like) of the Saccharomyces 

cerevisiae 20S proteasome was determined. Additionally, 
they displayed potent cytotoxicity to lung and colon can-
cer cells with  IC50 values ranging from 9 to 19 nmol/L, as 
well as potent anti-proliferative effects to HTCLs (Pereira 
et al. 2012). The use of LC/MS-based metabolomics identi-
fied two antifungal polyketides, forazolines A (447) and B 
(448). Intriguingly, 447 exhibited antifungal activity against 
C. albicans in vivo without toxicity. Further research on the 
yeast chemical genomics revealed that 447 destroyed mem-
brane integrity of fungi in a dose-dependent manner. Com-
pound 448 was produced by increasing the concentration 
of KBr in the medium to help determine the position of the 
chlorine atom in 447 (Wyche et al. 2014). The first novel 
sulfur-containing angucyclinone with a unique ether-bridged 
system, grisemycin (449), was isolated from S. griseus. 
Additionally, it exhibited weak cytotoxic activity against 
HL-60 cells (Xie et al. 2016). Salinispora pacifica produced 
a class of nitrogen-containing volatiles which originated 
from biogenic amines derived from the amino acids valine, 
isoleucine and leucine. The structures of N-isobutylmeth-
anesulfinamide (450) and N-isopentylmethanesulfinamide 
(451) were determined by total synthesis (Harig et al. 2017). 
Sydoxanthone C (452) was a kind of xanthone from Asper-

gillus sp. and communol D (453) obtained from Penicillium 

commune was the first known molecule of a naturally occur-
ring aromatic polyketide with a sulfoxide functional group 
from marine fungi (Tian et al. 2015; Wang et al. 2012b). 
Quadricinctone B (454) was isolated from Neosartorya 

quadricincta and the single-crystal X-ray analysis estab-
lished the absolute configuration (Prompanya et al. 2016) 
(Supplementary Fig. S30).

Sulfones

Sulfonamides, such as sulfadiazine and sulfamethoxazole, 
are antibiotics routinely used worldwide. So far, few natural 
products containing aromatic sulfonamide or diarylsulfone 
have been discovered. Three unexpected sulfonyl-bridge 

alkaloid dimers, sulfadixiamycins A–C (455–457), were 
found in the recombinant Streptomyces sp. containing the 
biosynthetic gene cluster of xiamycin. The key role of flavo-
enzyme in the formation of these metabolites was confirmed. 
Sulfadixiamycins had moderate anti-mycobacterial activity 
without cytotoxicity or anti-proliferative effects. Addition-
ally, 455 exhibited strong antibacterial activity (Baunach 
et al. 2015). From a biosynthetic perspective, alkaloid skel-
etons originate from amino acids. An amino acid directed 
strategy was applied to discover a series of metabolites in 
Scedosporium apiospermum. Scedapin C (458), the first 
example of fumiquinazoline bearing an aminosulfonyl 
group, showed high antiviral activity against the hepatitis 
C virus (Huang et al. 2017). Investigation of Aspergillus 
sp. also revealed a series of quinazoline-containing indole 
alkaloids, one of which was aspertoryadin A (459) bearing a 
similar structure to 458 (Kong et al. 2019). Scetryptoquiva-
line A (460) was a fumiquinazoline alkaloid isolated from 
S. apiospermum (Li et al. 2020) (Supplementary Fig. S31).

Thioesters

As far as we know, naturally occurring secondary metabo-
lites containing thioester groups are rare, and the thioester-
type metabolites are mostly produced by sponges or bacteria. 
Chemical investigations of the marine microorganisms led 
to the isolation of compounds 461–472 (Boger and Ichikawa 
2000; Han et al. 2019; Horton et al. 1990; Mahyudin et al. 
2012; Perez Baz et al. 1997; Romero et al. 1997; Sata et al. 
2005).

The potent anti-proliferative depsipeptide derived from 
Symploca sp., largazole (461) represented the first thioester 
reported from a marine cyanobacterium. Compound 461 
displayed highly selective cytotoxicity towards transformed 
cancer cells in a dose-dependent manner. The absolute con-
figuration was determined by ozone decomposition, fol-
lowed by oxidation post-treatment and acid hydrolysis to 
produce optically active fragments. This natural product 
has attracted widespread attention (Taori et al. 2008a, b). 
Luesch and co-workers accomplished the first total synthe-
sis of 461 in eight steps and identified histone deacetylases 
as the molecular targets (Ying et al. 2008). An assemblage 
of the cyanobacteria, cf. Oscillatoria and Hormoscilla spp. 
induced the second thioester, thiopalmyrone (462). The bio-
data for 462 highlighted its potential as a new molluscicide 
against the snail Biomphalaria glabrata with a  LC50 value 
of 8.3 μmol/L (Pereira et al. 2011). Suncheonosides A (463), 
B (464) and D (466) from Streptomyces sp. have potential as 
an antidiabetic agents by promoting the production of adi-
ponectin during adipogenesis in human mesenchymal stem 
cells in a concentration-dependent manner (Shin et al. 2015). 
Nitrosporeusines A (467) and B (468) possessing the novel 
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skeleton, benzenecarbothioc cyclopenta[c]pyrrole-1,3-dione 
from Streptomyces nitrosporeus inhibited the  H1N1 virus 
strongly in infected Madin-Darby canine kidney cells. They 
were first synthesized through allylic oxidation, enzymatic 
resolution and Michael addition in a scalable and green 
approach (Yang et al. 2013). A further study had confirmed 
that 467 was able to reduce the levels of nitric oxide, reactive 
oxygen species and pro-inflammatory cytokines (Philkhana 
et al. 2017). Eurothiocins A (469) and B (470), the potent 
competitive inhibitors of α-glucosidase, were isolated from 
fungus Eurotium rubrum. Even when compared with the 
clinically useful α-glucosidase inhibitor acarbose, their inhi-
bition effects should be greater in vitro (Liu et al. 2014). By 
the development of an HPLC bioactivity profiling/microtiter 
technique in conjunction with microprobe NMR spectros-
copy and access to the AntiMarin database, the efficiency of 
isolation and dereplication can be greatly improved (Mitova 
et al. 2008) (Fig. 4, Supplementary Fig. S32).

Others

Chemical investigations on some bacteria strains led to the 
isolation of seven macrocyclic polydisulfides (473–481), 
which were a class of monocyclic or dimeric cyclic products 
of co-isolated metabolites. Meanwhile, their preferred con-
formations were predicted by DFT calculations and NMR 
spectroscopy. In the antimicrobial tests, 475 and 476 dis-
played antibiotic activities, while the remaining compounds 
were inactive (Ritzau et al. 1993; Sobik et al. 2007) (Sup-

plementary Fig. S33).
Ammosamide A (482) was the first obtained natural prod-

uct containing a thio-γ-lactam ring from Streptomyces sp. 
Another interesting feature of this metabolite was its specific 
nanomolar cytotoxicity against selected cancer cell lines 
including HCT-116 cells (Hughes et al. 2009). Artificial 

products had been summarized through the following two 
reasons by Chambers C. Hughes’ group. First, an artifact 
originated from reaction between an electrophilic site on 
a natural product and a nucleophilic metabolite or solvent. 
Second, it is relatively rare for natural products containing 
nucleophilic sites to react with electrophiles to form artificial 
products. Compound 482 was an interesting example of the 
latter. They confirmed ammosamide C can be spontaneously 
converted to 482 under weak base conditions, which was 
caused by the electrophilicity of the active imine functional 
group (Reimer and Hughes 2017).

Isothiocyanates are a class of compounds with the gen-
eral formula R–N=C=S and have so far appeared only a 
few times in MNPs. Paulomycin G (483) was isolated from 
Micromonospora matsumotoense with moderate cytotoxic-
ity against serval HTCLs (Sarmiento-Vizcaino et al. 2017). 
Hapalindole M (484) was an antibacterial and antifungal 
agent isolated from the cyanobacterium Hupulosiphon fon-

tinalis (Moore et al. 1987) (Supplementary Fig. S34).

Introduction of sulfur atoms

How is the sulfur atom introduced into molecules? The 
earliest feeding experiments dating back to gliotoxin and 
sirodesmin PL confirmed that a cyclo-dipeptide or an 
amino acid is the intermediate or it is interconverted with 
the intermediate (Bose et al. 1968; Ferezou et al. 1980; 
Kirby et al. 1978; Suhadolnik and Chenoweth 1958; Win-
stead and Suhadolnik 1960). Meanwhile, it was inferred 

that the introduction of sulfur occurs immediately follow-
ing the cyclo-dipeptide formation (Pedras et al. 1990) and 
the sulfur in thiodiketopiperazine is derived from methio-
nine, cysteine, and sodium sulfate (Gardiner et al. 2005). 
However, the mechanism of how the sulfur is introduced 
to a molecule is unknown. In 2011, Guo and co-workers 

Fig. 4  Representatives of other 
compounds
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comprehensively summarized the proposed biosynthesis 
hypothesis of thiodiketopiperazines (Jiang and Guo 2011) 
(Supplementary Fig. S35).

The assumption that glutathione is a direct donor of 
sulfur atoms is confirmed because the combination of a 
cyclic dipeptide intermediate and glutathione was found 
in the fermentation broth. Using gene knockouts and other 
molecular biological methods proved that gliG is respon-
sible for encoding a glutathione sulfur transferase, GliG, 
which plays an important catalytic role in the sulfur trans-
fer of glutathione into the diketopiperazine framework. In 
addition, it has been proved that gliC is the gene respon-
sible for encoding a P450 monooxygenase, and the amino 
acid of the cyclo-dipeptide intermediate in α-position is 
oxidized to generate a hydroxyl group. It is a key step for 
introducing a sulfur atom to form a sulfur bridge (Cramer 
et al. 2006; Jiang and Guo 2011; Scharf et al. 2011).

It is the fusion of natural product chemistry and organic 
chemistry that enables MNPs to have adequate quality and 
wider application. Most molecules are also considered as 
synthetic targets, which further enhances their value as 
drug candidates.

Jiang and co-workers focused on the construction of 
sulfur-containing moieties in the total synthesis of natural 
products. Their reviews have been published on the total 
synthesis of sulfur-containing natural products via intro-
ducing sulfur atoms with different sulfurization agents 
and constructing related sulfur-containing moieties (Wang 
et al. 2020a, b, c). They summarized comprehensively the 
introduction of sulfur atoms into natural products and 
methods to construct sulfur-containing moieties in syn-
thesis. For instance,  H2S,  S8, TrSCl,  SO2,  Na2S,  Na2Me, 
 NaSSO2Ph,  P2S5,  ClSO3H, RSH, AcSH, TMSSMe, 
cysteine and thiazole are common sulfurization reagents.

Overman and co-workers accomplished the total syn-
thesis of (+)-leptosin D (150) and (+)-gliocladin A (34), 
installing the crucial S-methyl moiety by the participation 
of  H2S (DeLorbe et al. 2013). Based on this route, the 
construction of disulfide bonds in molecule can be easily 
achieved (Supplementary Fig. S36).

In 2009, Movassaghi and co-workers completed the first 
asymmetric total synthesis of (+)-11,11-dideoxyverticillin 
A (172). First, the indole compound a was used as the start-
ing material to obtain the tetracyclic skeleton compound b. 
CoCl(PPh3)3 was used as a catalyst to obtain the dimer com-
pound c in the form of free radicals. Subsequently,  K2CS3 
was used as the sulfur source to introduce sulfur into the 
skeleton under oxidation conditions, and then the persulfide 
bridge was constructed (Kim et al. 2009) (Supplementary 
Fig. S37).

Aiming at the synthesis of luteoalbusins (36 and 37), a 
regioselective sulfuration method using  H2S (g) and TFA 
was developed by Movassaghi and co-workers. The key 

steps are shown below (Adams et al. 2015) (Supplementary 
Fig. S38).

Druggability

Natural products are considered to be an important source of 
innovative drug and lead compounds, such as artemisinin for 
malaria, paclitaxel for cancer and morphine for pain relief. 
The proportion of natural products and natural product 
derivatives in all new approved drugs is 22.7% (Newman 
and Cragg 2020).

Sulfur-containing drugs are widely used in the treat-
ment of antibacterial, anti-inflammatory, skin diseases and 
cancer. The most important members are sulfa drugs with 
broad-spectrum antibacterial activity, and now they are not 
only used for antibacterial, but also expanded to the fields 
of hypoglycemia, anti-inflammatory, diuretic, anti-thyroid, 
anti-hypertensive, etc (Ilardi et al. 2014).

Much of the research in drugs is spurred by the rise of 
natural products. A number of potent sulfur-containing 
MNPs have been identified as potential lead compounds for 
further drug development, especially in the area of antican-
cer agents.

Staurosporine with a [2,3-α]pyrrolo[3,0.4-c]carbazole 
skeleton was isolated from a terrestrial actinomycete Strep-

tomyces staurosporeus in 1977 (Bohonos et al. 1977). Bio-
logical activity studies revealed that the molecule exhibited 
significant cell proliferation inhibitory effects (Tamaoki 
et al. 1986). Due to the excellent biological activities, the 
focus of scholars on staurosporine has never been dimin-
ished. At present, the main representatives entering clini-
cal research are UCN-01 (Bastians 2011), midostaurin 
(Kim 2017), edotecarin (Ciomei et al. 2006), lestaurtinib 
and becatecarin (Wishart et al. 2018). In 2006, The United 
States Food and Drug administration (FDA) granted orphan 
drug status to lestaurtinib for the treatment of acute myeloid 
leukemia (AML) (Bharate et al. 2013). Except for UCN-
01, other staurosporine members that have entered clinical 
research are all organic-synthesized. They are used mainly 
for clinical research such as AML, breast cancer, prostate 
cancer, and hepatobiliary cancer. In 2017, midostaurin had 
been approved by the FDA for the treatment of adult patients 
with newly diagnosed Feline McDonough Sarcoma-like 
tyrosine kinase 3 mutation-positive AML (Kim 2017).

Marine actinomycetes also provide staurosporine-
type compounds, for instance fradcarbazoles A (431), B 
(432) and C from S. fradiae (Fu et al. 2012). Based on 431, 
the Zhu’s group designed a series of derivatives, where 
3-chloro-5‴-fluorofradcarbazole A was considered to be a 
potential anti-AML agent. It induced apoptosis of the MV4-
11 cells and arrested the cell cycle at the  G0/G1 phase. Fur-
thermore, it can downregulate p-FLT3, FLT3 and c-kit in a 
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dose-dependent manner (Li et al. 2019; Wang et al. 2015) 
(Fig. 5).

Dolastatins, a large family of peptides, were gradually 
isolated from the marine mollusk D. auricularia. Later stud-
ies found that the metabolites were actually produced by 
cyanobacteria S. hydnoides and L. majuscula (Han et al. 
2005). It is worth mentioning that dolastatin 10 has an  IC50 
of 0.046 ng/ml on P388 cells, which is one of the most active 
natural products found to date (Poncet 1999). Additionally, it 
can inhibit the polymerization of microtubules and promote 
their disaggregation, interfere with the mitosis of tumor 
cells, and induce apoptosis of various cancer cells (Margolin 
et al. 2001). Monomethyl auristantin E (MMAE), a dolasta-
tin 10 analog, is too toxic to be used alone. Hence, brentuxi-
mab vedotin, approved by the FDA in 2011 for treatment of 
hodgkin lymphoma and systemican aplastic large cell lym-
phoma, is an antibody–drug conjugate with brentuximab 
conjugated to the MMAE. The successful development of 
brentuximab vedotin undoubtedly provides a strategy for this 
type of natural product, for instance, symplostatin 1 (321), 
an analog of dolastatin 10 also showed excellent anticancer 
activity and toxicity (Fig. 6).

Conclusions

Natural products have been contributing significantly to 
modern drug development. These compounds are of consid-
erable synthetic interest as novel chemical entities for drug 
discovery. Encouragingly, the recent research progresses 
of marine natural products provide more candidates for the 
pharmaceutical industry (Molinski et al. 2009).

Structure–activity relationships (compounds 179, 
181–184, 379) have confirmed the key roles of the disulfide 
bond, thiophene ring dihydrothiophene and thiazoline in 
bioactivities. Take disulfide bonds as an example, because 
disulfide bonds have low toxicity in the body and they can be 
broken in the presence of reduced glutathione in the external 
environment, many scientists have introduced it into drugs 
to achieve better therapeutic effects.

In this review, 484 sulfur-containing natural products iso-
lated from marine microorganisms in the period from 1987 
to 2020 are categorized by their chemical structures. The 
isolation, biological activity, structure–activity relationships, 
pharmacological evaluation, biosynthesis and organic syn-
thesis have also been summarized. Sulfur-containing MNPs 
have seen an impressive expansion, with a discovery rate 
from less than ten new compounds in the early twentieth 

century to more than 20 compounds per year at present. 

Fig. 5  The chemical structures 
of representative drugs entering 
clinical studies, natural product 
and natural product derivatives
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Research in the last decade has contributed more than 65% 
of sulfur-containing MNPs thanks to more attention (Fig. 7).

What is notable is that the natural products reported from 
fungi (43%) has increase sharply and fungi have become 
the most productive microbial source of sulfur-containing 
MNPs. The cytotoxicity (42.8%), antimicrobial (21.2%) 
and antivirus activities (7.3%) are the top three rankings 
in biological activity, followed by anti-proliferation (6.7%), 
enzyme inhibition (6.0%), anti-inflammation (2.0%), anti-
oxidation activities (1.0%) and others (13.0%) (Fig. 8).

Abundant biological activity clearly led to an overall 
improvement in isolating sulfur-containing MNPs and char-
acterization and provides optimism for drug discovery. How-
ever, most compounds are still in the discovery stage, and 
many potential compounds have not been further studied. 
The development of natural products into drugs encounters 
three major problems: material availability, compound drug-
gability and therapeutic targets. Fortunately, genetic engi-
neering may offer adequate sample amount to expand the 
existing research scope and allow us to explore novel lead 

compounds. The dereplication technologies represented by 
molecular networking are applied in isolation procedures 
(Hou et al. 2019b, c), for example, retimycin A (223) and 
hectochlorins B–D (345–347). Predicting the substruc-
tures of novel compounds has been explored. Class assign-
ment and ontology prediction using mass spectrometry 

Fig. 6  The chemical structures 
of dolastatin 10, symplostatin 1 
and brentuximab vedotin

Fig. 7  Statistics of sulfur-con-
taining natural products (non-
sulfated) from marine microor-
ganisms from 1987 to 2020

Fig. 8  Biological activity distribution of active sulfur-containing nat-
ural products from marine microorganisms from 1987 to 2020
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(CANOPUS) is applied to systematically classify unknown 
metabolites (Duhrkop et al. 2020). Simultaneously, faced 
with such a large number of compounds, a reliable screening 
and evaluation system is essential. In recent years, genetic 
engineering and computer aided drug design started to play 
an effective way to guide lead compound optimization (Kudo 
et al. 2020; Yu et al. 2020).

Advances in drug development technologies have pro-
vided the ability to easily solve application problems, mainly 
complex structures and mechanism of actions, long develop-
ment processes and high capital investment. For instance, 
nocathiacins I–III (364–366) are expected to be developed 
as antibiotics to improve water solubility by modification. 
Kendomycins C and D (214 and 215), apratoxin A (291) and 
symplostatin 1 (321) will no longer be restricted by poor 
selectivity and have the opportunity to be used as antican-
cer drugs by structure optimization. Meanwhile, complex 
structures can be simplified to change physical and chemical 
properties, and dosage form innovation can improve bioa-
vailability, etc. What cannot be ignored is that the biogenetic 
synthesis and chemical ecological role of sulfur-containing 
MNPs need further clarification. This is not only a demand 
and challenge to scientists, but it is also a problem that the 
pharmaceutical industry is facing. The certainty is that the 
interest in sulfur-containing drugs has been increasing.

The ‘golden age’ of antibiotic discovery began with 
microorganisms, and it is wise that we look back to the past 
and continue to explore untapped molecules with novel 
strategies. Optimistically, future research on sulfur-con-
taining MNPs will yield even more amazing breakthroughs 
along with new scientific developments and methods being 
applied.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42995- 021- 00101-2.
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