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Recent advances in the field of bioactive tetronates
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Over the last several decades, the number of pharmacologically active natural products has significantly
increased and several natural product families have taken shape. This review highlights the family of
tetronate and spirotetronate compounds, which show a vast structural and functional diversity. The rapid
growth of this group has created the need for a comprehensive overview and classification system,
which we have devised based on structural characteristics. An updated overview is provided based on
known tetronates, intended to spur further research in this field by identifying common structural
features and general principles of their biosynthesis. We also compare a selection of chemical syntheses
Received 7th February 2014 of representative compounds belonging to individual subtypes, both in terms of their efficiency as well

as the extent to which they are biomimetic. This review also summarizes progress in unraveling some of

DOI: 10.1039/c4np00015¢ the principles underlying the potent and varied bioactivities of natural tetronate antibiotics, and in
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Introduction

Nature is still the world's biggest pharmacy and natural product
chemists continue to isolate compounds with novel structural
features and interesting bioactivities. Polyketides and other
natural products bearing tetronate moieties are no exception.
Since the isolation of the first tetronate polyketides in 1934 by
Clutterbuck et al,' this class of natural products has been
constantly growing: currently, the structures of over 100 naturally
occurring tetronates have been reported, and these display a wide
variety of biological activities. Due to their remarkable bioactiv-
ities, the study of the biosynthesis of the tetronic acid moiety has
been an area of active research for more than two decades, and
the advent of molecular biology has enabled the study of tetro-
nate biosynthesis in unprecedented detail. The spirotetronate
substructure present in many polyketide representatives tempts
chemists to hypothesize a Diels-Alder reaction involved in their
biosynthetic assembly, even if there is as yet no conclusive

“Technische Universitdt Berlin, Institut fiir Chemie, Strafle des 17. Juni 124, 10623
Berlin, Germany. E-mail: suessmuth@chem.tu-berlin.de; Fax: +49 (0)3031479651;
Tel: +49 (0)3031478774

*Universitdt Bayreuth, Lehrstuhl fiir Organische Chemie, Universitdtsstrafie 30 (NW1),
95440 Bayreuth, Germany. E-mail: rainer.schobert@uni-bayreuth.de; Fax: +49 (0)
921552671; Tel: +49 (0)921552679

‘Department of Biochemistry, University of Cambridge, 80 Tennis Court Road,
Cambridge CB2 1GA, UK. E-mail: pfli0@cam.ac.uk; Fax: +44 01223766002; Tel:
+44 01223766041

T These authors contributed equally to this work.

1554 | Nat. Prod. Rep., 2014, 31, 1554-1584

identifying and better understanding their structure—activity relationships and modes of action.

evidence supporting this proposition. If an enzyme involved in
spirotetronate biosynthesis were indeed capable of catalyzing a
Diels-Alder reaction step, it would be one of very few examples of
enzymes with this activity. A deeper understanding of the
biosynthesis of tetronate antibiotics and the study of enzymes
involved in the corresponding biosynthetic pathways could
enable pathway engineering, potentially leading to more potent
derivatives followed by in vitro or in vivo synthesis of these
compounds for medicinal and other biological applications.

In this review, we provide a critical overview of bioactive tetr-
onates that have been isolated from natural sources. Furthermore
we propose a structural classification of these compounds and
discuss their bioactivities. Despite the wide range of these activ-
ities, comparatively little is known about their respective modes
of action. We will discuss studies on the mechanism of action and
structure-activity relationships where available. We provide an
overview of the state of knowledge on the biosynthesis of the
tetronic acid moiety, as well as a discussion of the putative Diels-
Alder cyclization leading to spirotetronates and the possibility of
such a reaction being enzymatically catalyzed. Although the
chemical synthesis of tetronate natural products has been dis-
cussed in some detail elsewhere,>” this review will include
representative synthetic approaches to important structural tetr-
onate subtypes and highlight both differences and similarities to
their biosynthetic pathways. During the preparation of this
manuscript, an article focussing solely on the biosynthesis of a
select group of tetronates appeared,® which may provide an
additional viewpoint for the interested reader.

This journal is © The Royal Society of Chemistry 2014
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Structure classification and bioactivity

Many tetronate compounds consist of a linear fatty acid or
polyketide backbone, decorated on one end with a characteristic
tetronic acid ring system (4-hydroxy-[5H|furan-2-one, Fig. 1). It is
interesting to note that the majority of tetronate natural products
have been isolated from Actinobacteria. Depending on the nature
of the biosynthesis gene cluster and its biosynthetic capability,
the linear structure can be further cyclized and processed. In the
absence of a systematic classification of tetronates, identical
structures have been published under different names. We
propose here a classification system based on prominent struc-
tural features like linearity or macrocyclization of the carbon
backbone and the size of the central ring system (Table 1).

Linear tetronates

The class of linear tetronate compounds is characterized by a
lack of macrocyclization of a linear carbon backbone attached
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Fig. 1 Tetronic acid tautomers.

Table
classification

1 Overview of

tetronate compounds

R2

R! 0

and proposed

Class Name Phylum (Kingdom)
Linear tetronates Agglomerins Proteobacteria®
Acaterins Proteobacteria®
RK-682 Actinobacteria”
DSM 7357 compounds  Actinobacteria®
Tetronasin Actinobacteria”
Tetronomycin Actinobacteria®
Furylidenes Various (fungi)
Sesterpenes Porifera (animalia)
Pesthetoxin Ascomycota (fungi)
Small spirotetronates Abyssomicins Actinobacteria®
PA-46101 compounds  Actinobacteria”
Nomimicin Actinobacteria®
Maklamicin Actinobacteria”
Medium-sized Chlorothricins Actinobacteria®
spirotetronates Kijanimicin Actinobacteria®
Tetrocarcins Actinobacteria®
Lobophorines Actinobacteria®
MM46115 Actinobacteria®
Saccharocarcins Actinobacteria”
Arisostatins Actinobacteria®
AC6H compound Actinobacteria®
Pyrrolosporins Actinobacteria®
Decatromicins Actinobacteria”
Nai414 compounds Actinobacteria”
Okilactomycins Actinobacteria”
Large spirotetronates Quartromicins Actinobacteria®
Tetronothiodin Actinobacteria”
Versipelostatin Actinobacteria®
Spirohexenolides Actinobacteria®
Miscellaneous Tetrodecamycins Actinobacteria®
tetronates Pulvinic acid Various (fungi and
derivatives lichen specimen)
Artapetalins Angiosperms (plantae)

Picrodendrin B

Eudicots (plantae)

“ Gram-negative bacteria. ” Gram-positive bacteria.

to a tetronic acid moiety, although the occurrence of small and
medium-sized rings within the molecule is accepted. The
members of this group originate from a highly diverse set of
microcoorganisms and comprise three main families: The
agglomerins and derivatives, which are tetronates acylated at
the C3-position of the tetronate ring; the distantly related
furylidenes and sesterpenes, acylated at the C5-position and the
polyethers tetronasin and tetronomycin, which are substituted
at the C3- and C5-position (Fig. 2). Other unique linear
compounds contain a tetronic acid moiety but they differ
dramatically in structure from other linear tetronate
compounds in terms of producing organisms and substitution
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HO. A: R=(CH,)sCH3 (1)
| o B: R=CHCH(CH,)sCH3
R C: R=(CH,),CHj
©c 0 D: R=CH,CHCH(CH,)sCHs
Agglomerins
Pantoea agglomerans PB-6024 HO OH
RK-682 (2) 0o O
Streptomyces sp. 88-682 s
\/\/\/YQO
|
o OH O
OH O Acaterin
4-dehydro-Acaterin Pseudomonas sp. A 92
Pseudomonas sp. A 92 OH
HO
R | o
R? o O
DSM 7357 compounds
Actinomyces sp. DSM 7357 HO
1: R1=CH, R%=H e M0
. RI= 2
2: R'=CH,CH; R=H LN

3: R'=CH; R?=CHj3

4: corresponds to RK-682

5: R'=CH(CHs), R?=H

6: R'=CH(CH3)(CH,CHj3) R%=H

Pesthetoxin
Pestalotiopsis theae (fungus)

Sarcotin A
Sarcotragus sp. (sponge)

Nodulisporacid
Nodulisporium sp. CRIF1 (fungus)

Hi9Co

Lowdenic acid
Verticillium sp. NRRL 29280 (fungus)

Ircinin-1
Sarcotragus sp.(sponge)

Tetronasin (3)

Tetronomycin
Streptomyces longisporoflavus NCIB 1426 Streptomyces sp. NRRL11266

Fig. 2 Linear tetronates. The class of linear tetronates is a structurally
highly diverse group originating from various phyla and kingdoms.

pattern. These miscellaneous natural products will be discussed
in the last section of our suggested structural classification.
The acyltetronates agglomerin A (1, Fig. 2) and B-D were
isolated in 1989 from extracts of Pantoea (formerly classified as
Enterobacter) agglomerans PB-6024, a river-water isolate from
Kobe City (Japan).” The agglomerin o-acyl-chains which are
derived from primary fatty acid metabolism are coupled to a

This journal is © The Royal Society of Chemistry 2014
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tetronic acid bearing an exocyclic double bond. Investigations
into their biosynthesis have provided pioneering results about
the constitution and way of introduction of the tetronate ring
into an existing precursor molecule.®® The highly related aca-
terins, identified from Pseudomonas sp. A 92 were isolated in
1992 (soil sample from Itsukaichi Town, Tokyo, Japan). Struc-
tural differences are evident in the length of the a-acyl-chain
and the lack of a hydroxy-group at the 4-position of the tetro-
nate-like ring structure.'® However the overall structural simi-
larities with agglomerins strongly suggest a common
biosynthesis mechanism for the assembly of the tetronic ring
system, which is then further processed to the final natural
product (see later)."* In 2007, Pseudomonas jessenii sp. EC-S101
was isolated from the rhizosphere of spinach roots and its
investigation for secondary metabolites revealed two novel
metabolites related to acaterin: 4,5-dihydroacaterin and a 4,5-
dihydroacaterin derivative with a shortened «-acyl-chain.'
Another linear «-acyl tetronate compound is RK-682 (2, Fig. 2),
which was isolated from Streptomyces sp. 88-682 (Kuroishi City,
Aomori, Japan) in 1995." In this compound the fatty acid is
tethered to a tetronic ring, which is decorated with a methyl-
enehydroxy moiety instead of the exocyclic double bond that is
present in agglomerins. Moreover RK-682 coincides with DSM
7357 compound 4. The DSM 7357 compounds 1-6 were
extracted in 1994 from the cultural broth of Actinomyces sp. DSM
7357 and only differ in the length and substitution of the
C-terminal part of the acyl-chain.'*"

Another important family of ‘doubly-substituted’ linear
tetronates possesses an uncommon signature element, in
which the tetronic acid moiety is connected to a furylidene ring
by a carbon-carbon double bond. Interestingly, all representa-
tives of the so called furylidenes are synthesized by fungi.
Examples include the carlic and carolic acid from Penicillium
charlesii, dehydrocarlic acid from Penicillium cinerascens and
terrestric acid from Penicillium terrestre, as well as italicic acid
from Penicillium italicum, lowdenic acid from Verticillium sp.
NRRL 29280, nodulisporacid A from Nodulisporum sp. CRIF1
and the pestalotic acids A-G 2 Pestalotiopsis yunnanensis.'*>
Due to the high diversity of side chain substitutions only two
representatives of this family are depicted in Fig. 2. Similarly,
the family of sesterpenes comprises a considerable number of
compounds, characterized by a tetronate ring on one end of the
linear terpene or terpenoid core structure and a furan or pyrrole
moiety on the other end (furano- and pyrrolosesterpenes).
Representative compounds of this family are sarcotin A and
ircinin-1 (Fig. 2). Noteworthy in this context is the fact that all of
the sesterpene compounds known so far were isolated from
sponges (Irciniidae genera, from various waters in Australia or
Korea).”*® It remains an open question whether the sponges
actually produce these compounds or whether they are derived
from symbiotic bacteria or fungi synthesizing these tetronate
compounds.>*?*°

Another member of the family of doubly-substituted tetro-
nates is pesthetoxin which was isolated in 1998 from the fungal
culture filtrate of Pestalotiopsis theae.** Pesthetoxin is acylated at
the C3-position of the tetronic ring system and alkylated at the
C5-position (Fig. 2). The secondary metabolites aspertetronins,

This journal is © The Royal Society of Chemistry 2014
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gregatins, penicilliols and graminin A, synthesized by various
fungi, were initially also classified as linear tetronates, but
structure revisions uncovered another substitution pattern of
the tetronic acid moiety, which is inconsistent with our defini-
tion of a tetronate moiety (Fig. 1).**’

The class of linear tetronates is completed by the three most
complex representatives: One of them is the polyether tetrona-
sin (3, Fig. 2), formerly named ICI 139603. It was isolated by
aerobic fermentation of Streptomyces longisporofiavus NCIB
11426 in 1988.%* Another is tetronomycin which is synthesized
by Streptomyces sp. NRRL11266 (soil isolate from Berkley, Cali-
fornia, USA in 1982).* The proposed biosynthesis pathways for
both compounds relies on the formation of a linear polyketide
chain, which is then cyclized in a cascade-like sequence of
reactions to obtain the final polyethers.*>** A similar process is
likely to account for the biosynthesis of the polyether tetronate
SF2487, isolated from Actinomadura sp. SF2487 (soil isolate
from Mobara City, Chiba prefecture, Japan).**

Bioactivities of linear tetronates

Linear tetronic acids have been reported to display a range of
bioactivities. While little is known about the mechanism of
action of a considerable number of the linear tetronic acid
derivatives, it has been proposed that the tetronic acid moiety
could be a steric and electronic mimic for carboxylate, phos-
phate or sulfate groups. This is consistent with the observation
that many of these compounds are inhibitors of phosphatase
enzymes and interfere with signaling pathways which depend
on phosphorylation.

Agglomerins A-D show activity against a range of anaerobic
bacteria with minimum inhibitory concentrations (MIC)
between 0.78-12.5 pg mL ™' and a limited number of aerobic
bacteria (MICs 6.25-25 pug mL™ '), but the mode of action
remains to be elucidated.”** A screening program for HIV-
protease inhibitors yielded a number of other 3-acyl 5-hydroxy-
methyl tetronic acids structurally similar to the agglomerins
with ICs, values in the 100 pM-range." RK-682 displays
various biological activities: the compound has been reported
as an inhibitor of tyrosine phosphatases (with ICs, values as
low as 1 uM),**** HIV-I protease (ICs, 84 uM)** and heparanase
(ICso 17 uM).*>* Studies of the effects of RK-682 on long term
potentiation in neurons have provided further evidence for an
inhibitory effect of phosphatase activity.*”** The inhibition of
tyrosine phosphatases CD45 and Vaccinia H1-related protein
(VHR) by RK-682 affects phosphorylation levels of proteins
involved in the regulation of the mammalian cell cycle, which in
turn offers an explanation for the mechanism underlying its
anti-tumor activity.”® Insights from kinetic analysis of the
inhibition of VHR combined with structure-based inhibitor
design revealed that the target site is able to accommodate two
tetronic acid moieties.* A synthetic analog of RK-682 designed
based on these findings indeed yielded a compound with 10-
times higher potency. The synthesis of a focused tetronic acid
library based on the RK-682 scaffold resulted in additional
compounds which inhibited VHR with ICs, values in the range
between 4 and 40 uM.** In the same study, several derivatives
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were reported to selectively inhibit Cdc25B (ICs, 0.38-35 uM), a
phosphatase which dephosphorylates and activates cyclin-
dependent kinases and thus plays an important role in cell cycle
progression.®® A more recent study reports on the synthesis and
evaluation of phosphatase inhibition of a small series of RK-682
analogs in which the 3-acyl substituent is replaced by an amine,
resulting in an enamine being the most favorable tautomeric
form.>* These RK-682 enamine analogs display interesting
selectivity profiles against a selection of phosphatases, with one
compound displaying almost 100-fold selectivity for VHR over all
other phosphatases tested. Heparanase plays an important role
in tumor metastasis: in order for tumor cells to spread, hepar-
anases and metalloproteases are secreted which break down
collagen and heparin sulfate proteoglycans in the extracellular
matrix. Release of growth factors such as basic fibroblast growth
factor (bFGF) and vascular endothelial growth factor (VEGF) is
also induced by heparanase, turning this enzyme into an inter-
esting target for anti-tumor agents.*>***> While RK-682 inhibits
both VHR phosphatase and heparanase, benzylation at the 4-
hydroxyl group results in 4-benzyl-RK-682, a compound which is
selective for heparanase over VHR phosphatase and other
glucosidases.*® Interestingly, 4-methyl and 4-isopropyl-RK-682
inhibit neither heparanase nor VHR phosphatase, suggesting
the importance of an aromatic substituent at the 4-hydroxyl
moiety for activity and selective inhibition of heparanase.
Furthermore, 4-benzyl-RK-682 inhibited both the migration and
invasion of HT1080 cells, whereas no inhibition of invasion was
observed for HepG2 cells, a cell line deficient in heparanase.
Likewise 4-benzyl-RK-682 inhibited migration of HT1080 cells in
an in vitro wound healing assay.*®

The tetronate acaterin was originally discovered in a
screening program for inhibitors of cholesterol ester synthesis.
The compound was found to non-competitively and reversibly
inhibit the enzyme acyl-CoA:cholesterol acyltransferase (ACAT).*
Two didehydro-acaterin analogs isolated from Pseudomonas
Jessenii EC-S101 were shown to have inhibitory activity on
the phytopathogens Aphanomyces cochlioides and Pythium
aphanidermatum.*>** Morphological studies on the pathogens
treated with the more potent didehydro-acaterin analog
suggested that the mechanism of action might be associated
with actin disorganisation.>

Terrestric acid displays phytotoxic properties: a concentra-
tion-dependent inhibition of the growth of rice seed roots and
shoots was observed by Nukina.** Dihydrocarolic acid inhibits
CD45 phosphatase and protein tyrosine phosphatase 1B
(PTP1).* Although nodulisporacid itself did not display any
cytotoxic activity, the corresponding methyl and benzyl esters
obtained by derivatization during the isolation showed potent
cytotoxic activity against eleven cancer cell lines, with ICs,
values between 0.14 and 13 pg mL~'.>> Free nodulisporacid, its
corresponding methyl ester and a hydrogenated derivative, also
displayed moderate antiplasmodial activity (ICs, values in the
10 pM range). Lowdenic acid displayed anti-fungal activity
against Aspergillus flavus and Candida albicans, as well as
moderate activity against the Gram-positive bacteria Bacillus
subtilis and Staphylococcus aureus. Pestalotic acids C, F and G
show antibiotic activity against Staphylococcus aureus (ICso 1.38-
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42.98 uM) and Streptococcus pneumonia (ICs, 2.98-39.08 pM).>
Ircinin®® inhibits phospholipase A, activity and has been sug-
gested as a potential inhibitor of inflammatory processes.>” In
subsequent isolations, ircinin and the structurally related sar-
cotins were shown to display cytotoxic activity against human
lung, skin, ovarian, central nervous system and colon cancer
cell lines.>**® A study by Choi et al. on the effect of ircinin on the
human skin cancer cell line SK-MEL-2 found that ircinin
inhibits proliferation via the modulation of cell cycle-related
proteins and induces apoptosis via a mitochondrial or Fas/Fas-L
pathway or both.** More recently Wang et al. reported modest
activity of ircinin- and sarcotin-related compounds against
Gram-positive bacteria, including Staphylococcus aureus. The
results however do not represent an exhaustive screen of the
tetronic acid-containing compounds from Sarcotragus sp.
sponges.”” Ircinianin lactam A and oxoircinianin lactam A were
recently found to be isoform-selective modulators of glycine-
gated chloride channel receptors, revealing pharmacologically
interesting properties for this class of compounds which had
been known for decades without reported bioactivity.”® Based
on activity in a leaf necrosis assay, pesthetoxin was hypoth-
esised to be one of the phytotoxic principles in Pestalotiopsis
theae, along with the previously isolated PT-toxin.**

Tetronasin is a ionophore with high affinity to calcium and is
used as a supplement to the diet for cattle used in meat
production, resulting in improved feed efficiency.®*** While the
use of tetronasin has been banned in Europe since 2006, it is
still used in other parts of the world.** Microbiological studies
on the effect of tetronasin on cultures of common ruminal
bacteria imply a role for the antibiotic in maintaining a healthy
population of gut bacteria.**-*® The studies further suggest that
the antibiotic effect is due to interference with the membrane
ion gradient and the increased energy expenditure required to
maintain ion homeostasis by the affected bacteria.®* Apart from
effects on microbes a study by Quick and Wallace showed
elevated activity of the spermidine/spermine N'-acetyltransfer-
ase, which was induced in a human breast cancer cell line
exposed to tetronasin.®” Tetronomycin has also been shown to
be effective against a range of Gram-positive bacteria tested
(MIC =0.3 ug mL™~"). However, significant toxicity (LDs, of less
than 10 mg kg™" in mice, intraperitoneally applied) was also
observed.* The accelerated transport of ions across a model
membrane was demonstrated by Grandjean and Laszlo, sup-
porting the ionophore mechanism of action of these polyether
tetronic acid antibiotics.®*%

Spirotetronates

Spirotetronates are tetronate compounds in which two ring
structures within the molecule are linked to each other by one
spiroatom. All representatives of the spirotetronates described
so far are synthesized by Actinobacteria and share important
structural features, which supports the assumption that all
spirotetronate aglycones are synthesized according to a general
mechanism involving polyketide assembly lines. Meanwhile it
is commonly suggested that the formation of a spirotetronate
requires a conjugated pair of carbon-carbon double bonds in

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Postulated biosynthesis of spirotetronates by a formal Diels—
Alder reaction. The formation of a new cyclohexene moiety is
proposed to take place between a conjugated pair of double bonds
(diene) in the tail-region of the linear precursor and an exocyclic
double bond (dienophile) at the C5-position of the tetronic ring
system. As a result, the previously linear precursor is macrocyclized,
and the cyclohexene ring is characteristically spiro-attached to the
tetronic moiety.

the tail region of a linear polyketide precursor and a charac-
teristic exocyclic double bond on the tetronic ring system. A
formal Diels-Alder reaction leads to a cyclohexene moiety and
an additional macrocycle is formed (Fig. 3). The class of spi-
rotetronates can be further subdivided into families based on
the size of the central ring system and also on their molecular
weight, which is mainly influenced by the degree of
glycosylation.

Small spirotetronates: central ring system = Cy,

The family of small spirotetronates consists of macrocyclized
tetronates with a polyketide backbone, a comparatively low
molecular weight and a central ring system consisting of eleven
carbon atoms. The most prominent representatives of small
spirotetronates are the abyssomicins.”®”* Despite their small
size, all members are characterized by an unusually large and
diverse number of ring systems (three to six rings in addition to
the central Cy; carbon ring) and a significant number of ster-
eocenters. Various homologs have been identified from other
Actinobacteria (Fig. 4). The first compounds were isolated in
1993 from Streptomyces sclerotialus A88696 and named after the
producing microorganism: A88696C, D and F.”»”® In 2004,
abyssomicins B, C (4, Fig. 4) and D were described as natural
products of the marine-derived Verrucosispora maris AB 18-032
(sediment isolate from the Japanese Sea).”®”* The name of this
class of compounds refers to the “abyss” of the deep sea from
which the producing strain Verrucosispora maris AB 18-032 was
isolated. Reinvestigations of the producer strain in 2007 led to
the discovery of the metabolites abyssomicin G and H, as well as
atrop-abyssomicin C.” The idea that abyssomicin producers are
confined to deep sea habitats was soon abandoned, upon the
isolation of the soil-derived homologs abyssomicin E in 2007
(Streptomyces sp. HKI0381; Ile de Paradis, Senegal), abyssomicin
I in 2010 (Streptomyces sp. CHI39; Campeche, Mexico) and ent-
homoabyssomicins A and B in 2011 (Streptomyces sp. Ank 210;
Kaiserslautern, Germany).”>”” The ent-homoabyssomicins are
remarkable for their almost perfect enantiomeric character
compared to other previously known abyssomicins. Fermenta-
tion of the marine Verrucosispora sp. MS100128 in 2013 (deep-
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Verrucosispora sp. MS100128

Verrucosispora maris AB 18-032
Streptomyces sp. HKI0381

Abyssomicin J
Verrucosispora sp. MS100128

Abyssomicin |
Streptomyces sp. CHI39

AcO,

ent-Homoabyssomicin A and B
Streptomyces sp. Ank 210
HO, ~_ .o HO
0
R
N /\Q 2
B o
2 R

o

G: R'=0 R%=NOH
o H:R'=O0R%*H

o
(@]

Abyssomicins B Abyssomicin G and H
Verrucosispora maris AB 18-032

HO

o=, o O
— \‘?‘\

0,/ 0

\\' , OH

Abyssomicin C (4) atrop-Abyssomicin C
Verrucosispora maris AB 18-032

Fig. 4 Small spirotetronates of the abyssomicin family. The central
ring system, present in all abyssomicins, comprises an 11-membered
macrocycle (carbon numbering see upper left).
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sea, South China) led to the isolation of the further abyssomicin
derivatives J, K and L.” In 2011 the gene cluster for the
biosynthesis of abyssomicin B, C and D was identified and later
genomic investigations, together with feeding experiments with
isotopically labelled precursors, revealed their polyketide
origin.” Further structural details about the diversity of abys-
somicins are depicted in Fig. 4. Besides the abyssomicins, four

A: R=H
B: R= v
S ocH,
OH
OCH,
(
HaCO
[0Xante) O
OH
(0]
HsCO O

OH

PA-46101 Aand B
Streptomyces sp. PA-46101

Nomimicin
Actinomadura sp. TP-A0878

Maklamicin
Micromonospora sp. GMKU326

Fig. 5 Small spirotetronates (non-abyssomicin family).
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more possibly polyketide-derived spirotetronic compounds
with an 11-membered macrocycle were described in the litera-
ture (Fig. 5): Maklamicin, a secondary metabolite isolated from
Micromonospora sp. GMKU326 in 2011 (plant extract from
Thailand); nomimicin, isolated from the culture broth of Acti-
nomadura sp. TP-A0878 in 2012 (compost sample from Nomi,
Ishikawa, Japan) and PA-46101 A and B, isolated from Strepto-
myces sp. PA-46101 in 1990.%*> These molecules are charac-
terized by an additional decalin unit connected to the 11-
membered macrocycle and vary mainly in the decoration of
their carbon backbone. The decalin unit mentioned here is also
a common structural element of the core structures of the
medium-sized spirotetronates described in the following
section. It should be noted that PA-46101 A and B do not possess
a purely carbon-derived macrocycle, but rather a macrolactone
ring closely related to that found in the in chlorothricins
(see below).

Bioactivities of small spirotetronates

The abyssomicins were discovered by Fiedler and Stissmuth in a
screening effort for inhibitors of folate metabolism.”#*** Of the
three abyssomcins B, C and D only abyssomicin C was found to
be active against Mycobacterium tuberculosis and against Gram-
positive bacteria including Staphylococcus aureus. The biological
testing of abyssomicins and intermediates obtained from total
syntheses of the natural product has revealed further structure-
activity relationships: the presence of the enone moiety is
absolutely essential for potent antibiotic activity.

A derivative tested by Nicolaou et al. in which the enone
moiety was present in the same relative position to the spi-
rotetronate as it is in abyssomicin C, but not tethered by the
carbon macrocycle was ineffective.*® This suggests that confor-
mational rigidity plays a key role in achieving the proper
orientation of the enone moiety for interaction with the target.
This argument is further supported by slightly different anti-
biotic activities of two atrop-isomers of abyssomicin C (4, Fig. 4).
This subtle conformational isomerism was observed in inde-
pendent studies by chemical synthesis and by analysis of the
fermentation broth of Verrucosispora.®*** Careful examination
of the isolation procedure confirmed that the main compound
present in the natural extract is indeed atrop-abyssomicin C,
which undergoes acid-catalyzed epimerization to abyssomicin
C.*># Subsequent investigations of the activity of total syntheses
intermediates further showed that both acylation and benzyl-
ation at the C11-hydroxyl group of abyssomicin C can be toler-
ated while antibiotic activity is retained or even increased.**” A
recent synthetic study reported cytotoxic activity of abyssomicin
C against tumor and healthy cells, which could be expected
from the structure given the toxicity of many Michael accep-
tors.*” The structural similarity of the bicyclic moiety of abys-
somicin with chorismic acid implied a mechanism of action
targeting one of the chorismate-utilizing enzymes. Atrop-abys-
somycin C was shown to inhibit Bacillus subtilis 4-amino-4-
deoxychorismate (ADC) synthase (PabB), and covalent modifi-
cation of an active site cysteine residue was confirmed using
mass-spectrometric analysis.”* Very recently, the structure of
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abyssomicin J as a thioether-linked abyssomycin dimer (Fig. 4)
and its activity against M. tuberculosis was reported.” The study
showed that the Michael acceptor system of abyssomicin C,
which is essential for the antibiotic properties could be regen-
erated from the thioether-bridged abyssomicin dimer under
oxidative conditions. It was therefore suggested that abysso-
micin J could serve as a “natural prodrug”. The compounds
A88696C, D and F are abyssomicin analogs that do not contain
the oxabicyclo [2.2.2]octane system and these were isolated
based on their inhibitory activity on gastric ATPase.”””
PA-46101 A and B, whose aglycone structure shares important
features with the medium-sized tetronate antibiotic
chlorothricin display strong antibiotic activity against Gram-
positive anaerobic bacteria, with MICs ranging between 0.05
and 12.5 ug mL ™", However, they are less active against anaer-
obic Gram-negative bacteria and are active only against a few
selected aerobic Gram-positive bacteria.®> Maklamicin displays
activity against Gram-positive bacteria (MICs 0.2-13 pg mL ™)
as well as moderate cytotoxicity against human cervical cancer
(ICs0 17 uM) and breast cancer cell lines (ICs, 34 pM).* Nomi-
micin, while sharing the same basic scaffold, differs from
maklamicin by virtue of its hydroxylation pattern. In contrast to
maklamicin, nomimicin displays antifungal activities,
suggesting a role of the hydroxylation pattern in determining
the antibiotic activity.**

Medium-sized spirotetronates (CHL/KIJ/TCA-family): central
ring system = Cy;

The family of medium-sized spirotetronates represents the
largest and most homogeneous group of tetronates. The
signature elements of these compounds comprise the aglycone
containing a 13-membered carbon macrocycle and the spi-
rotetronate moiety which is connected to a trans-decalin system
by a carbonyl unit (Fig. 6). The nature of several aglycones could
be determined as a polyketide-derived carbon backbone so that,
due to striking similarities between the macrocyclic systems,
one can assume that all metabolites described in this section
originate from a more or less similar polyketide-derived
precursor.®®*° The spirotetronate moiety and the trans-decalin
unit are postulated to arise from formal Diels-Alder reactions
taking place after biosynthesis of the linear precursor molecule.
The stereochemistry displayed in the rings is largely conserved
between the compounds but their varied glycosylation patterns
provide significant structural diversity in this family. Given the
large number of derivatives, we focus in this section on a more
detailed description of only a few selected members of partic-
ular interest: chlorothricin (CHL, 5, Fig. 6), kijanimicin (KIJ, 6,
Fig. 6) and tetroca