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ABSTRACT: Growth from spores activated a biosynthetic gene cluster in Actinomadura sp. RB29 resulting in the identification of 
two novel groups of halogenated polyketide natural products, named maduralactomycins and actinospirols. The unique tetracyclic 
and spirocyclic structures were assigned based on a combination of NMR analysis, chemoinformatic calculations, X-ray 
crystallography and 13C-labeling studies. Based on HRMS2-data, genome mining and gene expression studies we propose an 
underlying non-canonical angucycline biosynthesis and extensive post-PKS oxidative modifications.     

Microbial symbionts, in particular Actinomycetes, have 
long been recognised as important sources for potent bioactive 
molecular scaffolds with a broad array of biological activities.1 

Despite decade long research, only global genome sequencing 
efforts and comparative bioinformatics studies revealed their 
true untapped biosynthetic potential.2 Converting the genetic 
“blueprints”, however, into purified molecules still remains a 
significant scientific challenge. Although a plethora of 
molecular and microbial methods have been used to elicit the 
transcription of downregulated or silenced gene cluster, the 
application of ecological-based stress factors, such as 
microbial challenging assays, have been amongst the most 
effective triggers and resulted in the isolation of many new 
natural products with remarkable bioactivities. 3-7  

In light of our previous ecology-guided natural product 
discovery efforts,8 we studied the bacterial symbiont of 
fungus-growing termites, named Actinomadura sp. RB29 (5-
2),9 which exhibited strong antagonistic effect against parasitic 

co-isolated fungi of Macrotermes natalensis. Intensive 
chemical analyses led to the isolation of antifungal 
lanthipeptide rubrominins and polyketide-derived 
rubterolones.9-11 Following up on these initial studies, we 
investigated RB29 cultures when growth was initiated from 
spores under diluted conditions to simulate the reduced cell 
densities that the bacterial strains are expected to face under 
the natural ecological environment when entering the fungus-
comb via the obligatory insect gut passage of a termite worker. 
Detailed LC-MS based analysis of resulting culture extracts 
indicated a metabolomics shift towards the production of yet 
unidentified mono-chlorinated metabolites with 
pseudomolecular ion peaks at m/z 360.9 and 374.9, 
respectively and dereplication of HRMS values using Antibase 
and Scifinder indicated that both signals might represent yet 
unreported metabolites.12 Here, we report on the activation of a 
cryptic gene cluster based on an ecology-guided cultivation 
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approach that led to the isolation of four so far unreported 
tetracyclic secondary metabolites.
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Figure 1. A) UHPLC-MS chromatogram of crude extract under 
extracted ion chromatogram (EIC+) mode derived from: a) 20 L 
culture broth + 0.1% NaCl, spore inoculum; b) 20 L culture broth 
+ 0.1% KBr, spore inoculum; c) 100 mL culture broth + 0.1% 
NaCl, spore inoculum; d) 100 mL culture broth + 0.1% NaCl, 
vegetative cell inoculum (1: m/z 374.9; 2: m/z 418.9; 3: m/z360.9; 
4: m/z404.9; 5: rubterolone B2 (m/z 612.1); B) structures of 
maduralactomycins A and B, actinospirols A and B and the 
abundant rubterolone B2.

To analyse the metabolome more in detail, we cultivated 
RB29 from small to pilot scale (100 mL to 30 L) by starting 
either from spore solutions or bacterial biomass (stationary 
phase). Comparative UHPLC-MS analysis revealed that only 
cultures initiated from spore solutions (either stirring or 
shaking) were characterized by lower biomass production and 
low titres of rubterolones, but notable production levels of 
chlorinated target molecules in a ratio of approx. 1:4 of 
compound 3 and 1 (Figure 1a, based on peak area of m/z 
360.9:374.9 under EIC+ mode). Using cultivation conditions 
that contained additional NaCl (0.1% ‒ 0.5%, in ISP5* 
medium) significantly increased production levels of both 
target compounds. Exchange of NaCl by KBr resulted in the 
formation of both brominated analogues in a similar ratio (1:4, 
m/z 404.9 and 418.9 under EIC+ mode) indicating that the 
underlying biosynthetic enzyme readily accepts both halogen 
sources, with chloride being likely the most dominant source 
in the natural environment 

For structural elucidation, RB29 was then cultivated in a 
30 L stirred tank reactor (6 d, 30 oC) using spore inoculum. 
Metabolites were extracted using XAD16 resin-based solid 
phase extraction and subsequent purification was performed 
by reverse-phase C18 SPE cartridges and MS-guided semi-
preparative chromatographic purification, which finally 
resulted in the isolation of analytically-pure chlorinated and 
brominated compounds 1 ‒ 4. 

The molecular formula of the major chlorinated 
metabolite 1 was assigned as C18H11O7Cl by high resolution 

mass (HRMS) analysis (ESI) m/z 375.0265 ([M+H]+ Δ = ‒ 
0.23 ppm) and chlorine-type isotopic pattern. 

Detailed 1D/2D NMR analysis (1H NMR, COSY; HSQC 
and HMBC) indicated the presence of one methyl group, four 
aromatic protons, one methine and one carbonyl unit. COSY 
and HMBC correlations of three aromatic protons (H-3, H-4 
and H-5) suggested that they are located on a three-fold 
substituted aromatic ring D (Figure 2). The fourth singlet 
aromatic proton indicated towards a five-fold substituted 
second aromatic moiety (ring A) with diagnostic chemical 
shifts at δC 111.7 ppm and 144.3 ppm, which carried the 
chlorine substituent and methyl group (C-18), respectively. 
The characteristic chemical shift of the diagnostic methine 
proton (H-10, ring B) indicated an oxygen substituent; further 
HMBC correlations showed that ring B is likely 
interconnected with ring A and a third ring C carrying the 
keto/enol moiety (C-8). To verify our structure assumption, we 
performed 13C chemical shift predictions using GIAO density 
functional theory (DFT) calculations,13 which overall 
supported the assigned 2D structure of 1 (Figure 2, Table S2, 
S3). However, any attempt to determine the absolute structure 
by x-ray crystallography failed so far. Cultivation experiments 
using 0.1% KBr as halogen source resulted in the isolation of a 
homolog compound 2 assigned as C18H11O7Br (m/z 418.9749 
([M+H]+ Δ = ‒ 2.89 ppm). Comparison of chemical shifts 
between 1 and 2 revealed a highly similar NMR pattern, 
except the high-field shift of 13C resonance attached to the 
bromine atom (δC-16: 111.7 ppm for 1; δC-16: 100.2 ppm for 2). 
Overall, compound 1 and 2 exhibited a very rare chromono-
isocoumarin fused core structure with structural similarities to 
the plant-derived distemonanthin, peltogynol and mopanol.14 

Based on their oxidized and rearranged angucycline-type 
structure derivatives 1 and 2 were named as 
maduralactomycins A (1) and B (2), respectively. 
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Figure 2. Planar structures of maduralactomycin A (1) showing 
A) HMBC correlations and B) 13C acetate labelling pattern. C) 
Crystal structure of actinospirol A (3) shown as ORTEP plot with 
displacement ellipsoids of non-hydrogen atoms drawn at 50% 
probability level and D) molecular structure and atom labeling of 
actinospirol A (3) showing 13C-acetate labelling pattern.

Our comparative LC-MS analysis further indicated a minor, 
probably structurally related, chlorinated metabolite 3, which 
was assigned as C17H9O7Cl based on the protonated molecular 
ion at m/z 361.0105 ([M+H]+ Δ = - 1.18 ppm) and a chlorine-
typical isotopic pattern. Detailed analysis of 1H and 13C NMR 
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and HSQC spectra of 3 revealed again the presence of one 
methyl group and four aromatic protons. 
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Figure 3. A) Comparison of mdk gene cluster (maduralactomycins) and kin gene cluster (kanamycin). B) GNPS-based molecular network 
centred on compound 1 (yellow label). Nodes (circles) represent chemical features. Internal node labels display the precursor mass of 
compounds (m/z [M+H+]). Line widths of edges mirror cosine distances. C) Biosynthetic proposal for the formation of compound 1 and 3 
based on gene cluster homologies, GNPS molecular network analysis and 13C-labeling studies (here: atom numbering according to 
biosynthetic origin).

However, the diagnostic methine proton was missing. 
COSY correlations of H-3, H-4 and H-5 suggested that three 
aromatic protons are located on the same aromatic ring and 
HMBC correlations confirmed similar D-ring connections as 
for maduralactomycin A (1). Again, one isolated aromatic 
proton, the connecting HMBC correlations and the 
chlorination pattern indicated the same five-fold substitution 
pattern of a second aromatic moiety. As other diagnostic 
HMBC correlations were not detectable, we performed again 
in silico 13C chemical shift calculations of possible structural 
isomers using Gaussian 16, which clearly supported our 
structural assignment (Figure 1, Table S4). Finally, the 
absolute structure was unambiguously solved by single X-ray 
analysis from a single crystal prepared in MeOH and H2O 
mixture by slow evaporation, and data were collected on a 
Nonius KappaCCD diffractometer using graphite-
monochromated Mo-Kα radiation (Figure 2). Based on its 
microbial origin and its spirocyclic structure, we named the 
new compound actinospirol A (3). The structure of brominated 
analogue 4 (actinospirol B) was elucidated based on the high-
resolution molecular ion signal at m/z 404.9598 ([M+H]+ Δ = 
‒ 1.56 ppm, C17H9O7Br), the diagnostic bromine isotopic 
pattern and a detailed comparative 2D NMR analysis. 

While maduralactomycins (1, 2) resemble in part 
kinamycin-type compounds,15 such as dehydrorabelomycin, 

kinobscurinone, and stealthin C,16 actinospirols (3, 4) feature a 
highly intriguing five-membered spiroketal moiety similar to 
the core moiety of rubromycin polyketides and the 
antibacterial natural product armeniaspirols derived from 
Streptomyces and pseurotin A from Aspergillus.17,18 As both 
compound 1 and 3 share similar structural elements, we 
hypothesized that both share the same biosynthetic origin, but 
might have undergone different levels of oxidative post-PKS 
modifications such as C-H bond oxidation and/or Baeyer-
Villiger-type of oxidative rearrangements.

Thus, we performed 13C labelling studies. As shown in 
Figure 2, the observed 1-13C, 2-13C and 1,2-13C2 acetate 
labelling pattern and 13C coupling constants (1,2-13C2 acetate) 
confirmed the type-II-PKS origin of both compound classes 
and highlighted the complex oxidative rearrangement of the 
core structures. In particular 1,2-13C2 acetate labelling 
experiments resulted in the isolation of compound 1c, which 
carries two singlet carbon atoms at position C-10 and C-12 
originally derived from two different acetate units (Figure 2, 
S3). Similarly, 3c contains two singlet carbon atoms at 
position C-8 and C-9 that was previously not directly 
connected (Figure 2, Figure S4).
We then analysed the genome of RB29 for a putative type II 
PKS gene cluster using AntiSMASH,19 MiBIG20 and 
BLASTp21 and found only one type II PKS gene cluster (mdk, 
approx. size: 36 kbp) region that encoded for about 21 genes 
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including the necessary oxidative enzymes and a halogenase 
(Figure 3A, Table S5), which showed high similarities, and in 
part identical gene organization, to the known kinamycin (kin) 
cluster from Streptomyces murayamaensis22 and also moderate 
to high similarities to genes involved in the biosynthesis of 
jadomycin (jad),23 landomycin (lan),24 and simocyclinone 
(sim).25 Interestingly, core genes of the mdk cluster are flanked 
by at least three regulatory genes (MdkR, MdkR1, and 
MdkR2) including a putative TetR/AcrR transcriptional 
regulators (MdkR)26,27 that are suspected to control gene 
expression and gene cluster cross-talk, similar as reported for 
the kinamycin biosynthesis.15,28,29 Subsequent RT-PCR 
analysis of selected key genes of mdk verified that the BGC 
region mdk is only transcribed when RB29 culture was started 
from spores in ISP5* and silenced when cultivation was 
performed in ISP2 using vegetative mycelium (Figure S10). 
We also tested if the rubterolones influences the production of 
1-4 and found that addition of rubterlones to spore-induced 
cultures caused a weak upregulation of compounds 1 and 3 
(Figure S3), indicating that this compound class is activating, 
but not repressing the mdk transcription. 
Additionally, we performed MS2-based mass spectral 
mediated molecular networking (GNPS) analysis using 
enriched culture extracts,30 which allowed us to trace back a 
MS2-cluster corresponding to compound 3 and related (non-
chlorinated) derivatives and putative biosynthetic 
intermediates supporting the overall proposed biosynthesis 
(vide infra, Figure 3B, Table S5-6) and indicating that 
enzymatic chlorination might be less effective than originally 
anticipated. In contrast, for compound 1 and rubterolones only 
single nodes were detectable. 

The collected data allowed us then to propose a first 
biosynthetic pathway for compound 1 and 3 (Figure 3C). The 
biosynthesis presumably starts with the loading of an acetate 
unit onto the acyl carrier protein (ACP, MdkC), which then is 
extended by the ketosynthase (KS, MdkA) and chain-length 
factor (CLF domain, MdkB) using malonyl CoA yielding the 
β-keto chain (I).31 Subsequent cyclization and aromatization of 
the ß-keto chain by the combined action of two different 
cyclases (MdkD, MdkI) and an aromatase (MdkE) results in 
the formation of putative intermediate II. Although details of 
the cyclization mechanism are currently unclear, the observed 
13C labelling pattern for both compounds (1 and 3) points 
towards an unprecedented cyclization mode that appears to be 
different from the canonical angucycline biosynthesis.31,32 

Subsequent halogenation (MdkH, Flavin-dependent 
halogenase, 67% identities with HalB) and decarboxylation of 
C-1 (atom numbering according to biosynthetic origin) 
presumably result in an intermediate III or a related 
derivative. Here, it is important to note that compounds 1-4 are 
halogenated only once at a sterically hindered position (C-18) 
indicating towards either the intermediate presence of a C1-
carboxyl group that blocks the more reactive phenolic ortho-
position (C-2) and/or a highly regioselective halogenase.33 In a 
next step, intermediate III (or a related) presumably undergoes 
extensive (multi-step) post-PKS oxidative rearrangements 
yielding first an intermediate of type IV and/or compound 1, 
which after decarboxylation of C-7 results in the formation of 
the chromen-4-one-containing compound 1. Subsequent 
oxidative spirocyclization catalysed again by one of the 
encoded oxygenases presumably forms 3. To classify the 
encoded oxygenases we performed a detailed phylogenetic 
analysis of key genes encoded within mdk (Figure S7 and 

Table S4), which suggested that oxidative rearrangements 
towards compound 1 and 3 likely occurs in a similar fashion 
as proposed for the kinamycin biosynthesis. In particular, 
MdkG showed similarity with AlpJ (58% identities) and KinG 
(60% identities), which catalyse the B-ring cleavage and 
contraction in kinamycin.34 In analogy to the proposed 
griseorhodin biosynthesis, which involves FAD-dependent 
oxygenases (GrhO5, GrhO6, GrhO8, and GrhO9), the 
homologous flavoenzymes in mdk (MdkOR, MdkO1 and 
MdkO2) might initialize oxidative C-ring cleavage, ring 
contraction, oxidative removal of C-16 and final spiroketal 
formation to yield compound 3.35  

The molecular aesthetics and biological activity of natural 
angucyclins and benzannulated spiroketals has also resulted in 
significant efforts towards their synthesis. Hence, we 
evaluated the pharmacological potential of maduralactomycin 
A (1) and actinospirol A (3). Although, neither 1 nor 3 showed 
antiproliferative cytotoxicity and antiviral activity, 
maduralactomycin A (1) exhibited moderate antibacterial 
activity against VRSA Enterococcus faecalis and 
Mycobacterium vaccae (Table S8). 

In summary, we have identified four tetracyclic natural 
products 1-4 by activation of a cryptic gene cluster from the 
bacterial symbiont Actinomadura sp. RB29 Based on 
comparative genome analysis, HRMS2-based GNPS analysis 
and RT-PCR studies we propose a putative biosynthetic 
mechanism including a non-canonical angucycline 
biosynthesis and extensive oxidative modifications ultimately 
resulting in the formation of antimicrobial maduralactomycins 
and spirocyclic actinospirols. Overall, our studies highlight 
that polyketide biosynthesis may be intertwined with the 
growth stage of Actinomadura sp., which could point to a 
natural function as intra- or extracellular regulatory molecules. 
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