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CHAPTER 3
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Abstract
Microbial natural products are the basis of the majority of the clinical drugs. 

polyketide produced by Streptomyces
pathway. Here, using combined biomimetic chemical synthesis, computational 
methods, genomics and molecular biology, we show that lugdunomycin is formed 
by a rare intermolecular Diels-Alder reaction, with elmonin as a masked diene 
and iso
and heterologous expression revealed that biosynthesis of the substrates is 

iso-maleimycin is 
-lactone-like compound. Biomimetic total synthesis of 

lugdunomycin showed that the Diels-Alder reaction leads to the production of a 
diastereomer of lugdunomycin as the main product in vitro. The diastereomeric 
ratio of the in vitro Diels-Alder reaction shifted towards lugdunomycin in the 
presence of proteinaceous material, suggesting that the in vivo Diels-Alder 
reaction is templated. The requirement of distinct biosynthetic pathways and 
complex chemical reactions indicate the challenges we face in discovering new 
chemical space.
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Introduction
The increasing threat of antibiotic-resistant bacteria, coupled with a declining 
number of new antibiotic discoveries, poses a serious challenge to public 
health. Natural products from microorganisms, particularly Actinobacteria, have 

 et al.
we have likely explored only a fraction of their chemical diversity. Compared to 

 et al.

Loureiro et al.

1
soil-derived Streptomyces  et al.

 et al.

 et al.  et al.
extensive category of natural products derived from a type II polyketide synthase 

 et al.

have been described, such as vasodilator, glutamate receptor agonist, platelet 
 et al.

strong interest in the angucyclines is the occurrence of highly diverse chemical 

the same Streptomyces  et al.  et al.

and thus enrich the chemical space for drug discovery. 

 et al.
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angucyclinone and maleimycin7 or its constitutional isomer iso 2
Both iso-maleimycin 2 and maleimycin were produced by chemical synthesis, 
and comparative metabolomics analysis demonstrated that iso-maleimycin, 
and not maleimycin, is produced by Streptomyces  et al., 

for better insights into how angucyclines and angucyclinones are synthesized. 
Its highly unusual structure likely requires complex chemical reaction. 

harnessed the power of total bioorganic synthesis to synthesize the highly 
complex lugdunomycin in vitro and, in doing so, provide compelling evidence 
that lugdunomycin is produced from iso-maleimycin and elmonin in an 
intermolecular Diels Alder reaction. This type of reaction is extremely rare 
in natural product biosynthesis. Our work also shows that iso-maleimycin 

explains why lugdunomycin is rarely found in nature, despite the fact that many 
streptomycetes produce angucyclines. Lugdunomycin is an important example 
of the major challenges scientists face when searching for novel chemistry and 
elucidating the biosynthetic pathway. 

Results and discussion
Bioinformatics combined with quantitative proteomics points at multiple 
gene clusters that encode lugdunomycin biosynthesis

1 was detected exclusively in 
solid-grown cultures of Streptomyces 

 et al.
metabolites in liquid-grown cultures is the preferred method to enable elicitation 
approaches and paired omics. These approaches facilitate correlating gene 

 et al.
 et al.

grown cultures, Streptomyces
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xylose, rhamnose, fructose, arabinose or galactose as the sole carbon source, 
and extracts were prepared from culture supernatants. Analysis via liquid 

classical angucyclinones in all samples, as well as rearranged-angucyclinones 
 et al.

 et al.
fact that protein expression levels correlate very well to metabolite levels. The 
strong correlation between the two allows connection of biosynthetic proteins 

 et al.

and snap-frozen in liquid nitrogen. Subsequent quantitative proteomics analysis 

2 fold 

galactose-grown cultures were primarily associated with galactose metabolism. 

Streptomyces
 et al.

 et al.

 et al.
proteins play a key role in the biosynthesis of non-proteogenic building blocks 

 et al.

Streptomyces showdoensis
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Figure 1. Genomic structure of BGC23 in Streptomyces sp. QL37
 et al.

in galactose-grown cultures via proteomics are indicated with the gene name. b. Comparison of 
Streptomyces S. showdoensis ATCC 

BGC23a is required for the biosynthesis of iso-maleimycin

and the possible role in lugdunomycin biosynthesis, a knock-out mutant of 
Streptomyces
achieve this, genes lysW rimK 

 et al., 

aacC4

 et al.
by PCR.
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To establish if the knock-out strain was still capable of producing 
iso
synthesized iso  et al.
which serves as a standard due to the challenges in detecting iso-maleimycin 
directly using LC-MS. In this way, iso-maleimycin was readily detected as its 

the parental strain Streptomyces lysWrimK mutant were 
analysed for the ability to produce iso-maleimycin. The strains were cultivated 

extracts were prepared from the culture supernatant. Although iso-maleimycin 

strain failed to produce iso
in iso

purpose, mutant lysWrimK and its parent Streptomyces

 et al.

of canonical angucyclines, elmonin and lugdunomycin in extracts from the 
parental strain. Expectedly, no angucyclines or elmonin were detected in the 

lysWrimK mutant did produce 

metabolomics and gene deletion experiment collectively suggested a pivotal 

iso lysWrimK 
mutant. This strongly suggests that the biosynthesis of iso-maleimycin depends 

iso

Streptomyces coelicolor
biosynthesis of angucyclines, while lugdunomycin itself was never detected 
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Chemical complementation and heterologous expression support the 
requirement of two BGCs for lugdunomycin biosynthesis

iso
lugdunomycin production. This suggests that biosynthesis of lugdunomycin 

complement each other chemically, and thus produce lugdunomycin. To test 

minPKS lysWrimK and 
their parent were grown separately and treated the same way. Importantly, 
while no lugdunomycin was produced by either of the mutants grown alone, 

of lugdunomycin.'

S. coelicolor
this, we used S. coelicolor lug 

angucyclines but fails to produce lugdunomycin. Importantly, additional 
S. coelicolor lug

of lugdunomycin 1 iso-maleimycin 2 

required for the production of lugdunomycin.
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lugdunomycin producers

 
 

Streptomyces and  
Kitasatospora genomes to explore the co-occurrence within a single strain of a 

 iso
The genomes were downloaded from RefSeq, and the work was performed 
using the ALICE compute resources provided by Leiden University. The quality 

genomes from our in-house MBT collection were then added to the collection. 
A phylogenetic tree was made for this collection of genomes using PhyloPhlAn 

 et al.

 et al.

 

<

 et al.

Streptomyces Streptomyces sp. 
Streptomyces Streptomyces 

 and Streptomyces shenzhenensis. This suggests that the 
biosynthesis of lugdunomycin-like molecules is not unique to Streptomyces sp. 
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From in vivo to in vitro: biomimetic synthesis of lugdunomycin from its 
predicted substrates

Taken together, all of our in vivo genetic and metabolomics data as well as 
the bioinformatics analyses provided strong evidence that the biosynthesis of 

biosynthesis of a dienophile, most likely iso-maleimycin. To investigate this 
further, we embarked on a bioorganic synthesis route, to see if lugdunomycin 

iso  
et al.
a diene could originate from elmonin 6 by an intramolecular elimination reaction. 
Elmonin is a C-ring cleaved, rearranged angucyclinone polyketide that had been 
independently isolated by two groups from Streptomyces  et al., 

 et al. Streptomyces
the chemical synthesis of elmonin in a thirteen-step synthesis, as described 

elmonin is produced by Streptomyces
iso

de facto present 
in Streptomyces

Elmonin is a masked diene

These compounds are precursors of isobenzofuran derivatives, generated upon 

in situ, isobenzofuran formation has been applied in the chemical synthesis 

anticipated it could act as a masked diene and we would be able to generate 
the corresponding isobenzofuran by treatment with acid. In an exploratory 

179547_Santiago_BNW_DEF_V5.indd   87 3/20/25   6:13 PM



Chapter 3  

179547_Santiago_BNW_DEF_V5.indd   88 3/20/25   6:13 PM



Analysis of the biosynthesis of lugdunomycin in Streptomyces sp. QL37

3

Figure 3. Bioinformatic analysis of Streptomyces and Kitasatospora genomes identifying 
BGCs for angucyclines and for iso-maleimycin-like molecules. 

the relationship among Streptomyces and Kitasatospora
 et al.

iso
genes and their arrangement within the clusters.
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6 is a masked 
isobenzofuran. Deuteration of the spiro-ketal leads to ring opening and 
elimination to give isobenzofuran 9. As this process is reversible, the net result 
is deuteration at

7
mol lower in energy than the corresponding 

7, aromaticity is partly 
retained, whereas in a quinodimethane this is not the case.

A Diels-Alder reaction of iso-maleimycin and elmonin yields lugdunomycin 
and its diastereomers
Upon heating a mixture of elmonin 6 and iso-maleimycin 2 in m-xylene in a 

C, one main Diels-Alder product was formed. However, 
close inspection of the H- and C-NMR spectra revealed that the product 

12

S* R S S

R* in lugdunomycin,  was S* in the synthetic material. 
This makes 12

Attempts to convert 12 by isomerisation into the desired lugdunomycin 

ion 15. Bond rotation would then provide the other conformer of 15, which 
can subsequently undergo a ring closure, leading to 1. However, when 12 
was treated with pTsOH, no epimerization product was observed. Instead, it 

14 in high yield, apparently formed due to electronically and 

12, analysis of 
the reaction mixture by LC-MS also revealed small quantities of lugdunomycin, 
accompanied with up to six other products with identical mass and similar 
retention times, which probably represent diastereomers. 
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Figure 6. Synthesis experiments. a. Synthesis of epi-lugdunomycin and lugdunomycin via Diels-
Alder reaction of elmonin and iso
leads to dehydration instead of lugdunomycin formation.

host consistently led to lugdunomycin 1, while during in vitro epi-
lugdunomycin 12
that lugdunomycin is biosynthesised in vivo in an undirected manner, i.e. without 
a steering factor. Involvement of an enzyme, a Diels-Alderase, was considered 
less likely, also because lugdunomycin crystallized from the isolate as the 
racemate. However, all attempts to mimic this reaction chemically, including 

or salts, led to just minor changes in the ratio of the diastereomeric products 
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In order to elucidate the cause of the discrepancy between the in vivo 
and in vitro synthesis of lugdunomycin and its diastereomers, all eight possible 
reaction pathways were calculated for the Diels-Alder reaction between iso-

the “front face”, and another four when the dienophile approaches from the 
P1 1

P5 12

G)
 et al., 

by Tang et al  et al.

NH
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HO
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O
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Computation of the charge density and placing an electrostatic potential show 
that the charges are approximately equally distributed over the maleimide portion 
of the transition state. An alternative ionic two-step mechanism is therefore 

seem feasible at ambient temperatures, as the G‡ values for the reactions are 

intermediates is thermodynamically favoured with Δ −
−

products, so after the ring closure, is highly favoured with Gvalues ranging 
from − P3 to − P1 and P5. Molecular modelling suggested 
that the large energy gap between the intermediates and the products, is 
due to strain relief upon ring-opening of the bridgehead ether moiety. These 
computations are in full agreement with the experimental observations, e.g. up 

in vitro 

and the experimental data. This explains the observation that changes in solvent 
and temperature slightly changed the diastereoselectivity of the reaction. It also 
imposed the conclusion that there is an additional “steering factor” leading to 
lugdunomycin production with high selectivity in Streptomyces

Protein-based templating promotes lugdunomycin synthesis in vitro
So far we failed to identify an obvious candidate gene that would encode a Diels-
Alderase in the genome of Streptomyces 

molarity of both iso-maleimycin and elmonin, which is needed considering the 

positioning of both reactants would explain the stereoselectivity of the reaction, 
not necessarily disputing the observation that lugdunomycin is formed with low 
or small enantioselectivity, considering its isolation as racemic crystals. In order 

or cleft to the in vitro Diels-Alder reaction. Iso-maleimycin, and in particular 
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would possibly bring both compounds together. Upon adding proteins like 

diastereomeric ratio shifted in favour of lugdunomycin although not to such 
an extent that it became the main product. After extensive screening and 
optimization, it turned out that the use of Amano Lipase from Pseudomonas 

the ratio of 1 12

completion of the chemical total synthesis of lugdunomycin. Scale-up of 

diastereomers after column chromatography. Preparative HPLC subsequently 
1 which in all aspects was identical to the 

lugdunomycin isolated from cultures of Streptomyces

CONCLUSIONS
6  et al.

iso 2

1
two biosynthetic intermediates provide the diene and the dienophile of an 
intermolecular Diels-Alder reaction that leads after subsequent ring closure 
to 1. The observation that the diene and the dienophile in this biosynthesis 

generate lugdunomycin, presents an important concept with potentially far-
reaching implications. The canonical view involves a single gene cluster that is 

heterologous expression is becoming more and more feasible for the analysis 

laboratory found several examples.
Intermolecular Diels-Alder reactions are rare in biosynthesis. Among the very 
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with the latter catalysed by a 6

an acid catalysed intramolecular elimination reaction and undergoes a Diels-
Alder reaction with the dienophile iso-maleimycin. This Diels-Alder reaction is 
impressive from a reactivity point of view. It involves a tetra-substituted alkene 
which is a poor dienophile because of its steric encumbrance. The isobenzofuran 

cellular context. The Diels-Alder reaction produces, from two achiral starting 

stereocenters, formed with high diastereoselectivity.
Biosynthetic intermolecular Diels-Alder reactions may be spontaneous, 

such as reported for the Diels-Alder reaction in the biosynthesis of paracaseolide 

the Diels-Alder reaction that led to lugdunomycin biosynthesis in Streptomyces 

the low concentration of both reactants, exacerbated by the thermodynamically 
uphill isobenzofuran formation. The main product of the non-templated reaction 

in vitro
is not lugdunomycin but a related diastereomer. Upon addition of proteins with 
a hydrophobic pocket or cleft, the reaction can be steered in an impressive 
way to produce lugdunomycin. The addition of micelle-forming surfactants did 

the involvement of an enzyme. Natural lugdunomycin, however, is found as a 

 et al.  et al.
The role of cross-talk and regulatory mechanisms in the biosynthesis of 

lugdunomycin should be further investigated. The discovery of the dependence 

biomimetic chemical synthesis, computational chemistry and genomics have 
been combined, allowing us to shed important new light on the biosynthesis of 
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consider unconventional biosynthetic relationships and molecular interactions 
that may drive the synthesis of complex secondary metabolites. In addition, our 
work shows that unravelling the genetic elements and regulatory mechanisms 

insights, can help provide novel insights into the biosynthetic machinery 
responsible for the biosynthesis of natural products of interest. Such novel 
biosynthetic insights are also key to pathway engineering and synthetic biology 

or generation of novel analogues with enhanced properties. These approaches 
should help scientist to further explore and uncover the complexity of microbial 
secondary metabolism.

Materials and methods
Microorganisms and culturing conditions

All media and routine Streptomyces techniques were done following routine 
Streptomyces

 et al.  et al.

Streptomyces sp. 

inoculation. 

agar plates were cut into small pieces and soaked in 25 ml of ethyl acetate 
 et al.

179547_Santiago_BNW_DEF_V5.indd   98 3/20/25   6:13 PM



Analysis of the biosynthesis of lugdunomycin in Streptomyces sp. QL37

3

 et al.

 To allow the detection of iso-maleimycin using LC-MS in the complex 
bacterial extract, we developed the following method. As standard we used 

iso  et al.

iso

Proteomics experiments

 et 
al.  et al.

>

 et al.

Section 2.
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Creation of a mutant of the lysWrimK genes in the BGC23

The deletion of the lysWrimK genes was done based on a previously reported 
 et al.

chromosome of Streptomyces

 et al.
to allow transference by conjugation. The apramycin resistance cassette aac 

E. coli  et al.
introduced into Streptomyces

used for plasmid extraction.

Heterologous expression of lugdunomycin in Streptomyces coelicolor 
M1152

Streptomyces sp. 

S. 
coelicolor  et al.

 
et al.

E. coli S. 
coelicolor lug

179547_Santiago_BNW_DEF_V5.indd   100 3/20/25   6:13 PM



Analysis of the biosynthesis of lugdunomycin in Streptomyces sp. QL37

3

Acknowledgements 

The work was supported by the NACTAR program of The Netherlands 

The bioinformatic experiments presented in this work were performed using 
the compute resources from the Academic Leiden Interdisciplinary Cluster 

179547_Santiago_BNW_DEF_V5.indd   101 3/20/25   6:13 PM



Chapter 3  

Supplementary information
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Figure S1. Carbon-source dependent production of angucyclines and lugdunomycin. a. 

Streptomyces 3 4
5 6 b 1 2
in Streptomyces Streptomyces cultures were grown for 7 days in liquid MM 
supplemented with carbon sources as indicated. Note that lugdunomycin was only observed when 
cultures contained larger amounts of galactose.
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Figure S2. LC-MS chromatogram of chemically synthesized iso-maleimycin. LC-MS 
chromatogram depicting the analysis of a standard solution of chemically synthesized iso-

iso-maleimycin reacts with 

iso-
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Figure S3. LC-MS/MS chromatograms of iso-maleimycin in Streptomyces sp. QL37 wild-type, 
minPKS lysWrimK mutant strains. 

iso-maleimycin 2 in various samples: Streptomyces
minPKS lysWrimK mutant. Notably, the iso-maleimycin MeOH 

lysWrimK strain. A sample of extract from not inoculated minimal 
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Figure S4. Comparative LC-MS chromatograms of BGC12 and BGC12+BGC23 heterologous 
expression in S.coelicolor M1152 and Streptomyces sp. QL37.

Streptomyces

S. coelicolor

S. coelicolor S. coelicolor 
iso-maleimycin. 

iso-maleimycin.
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Table S1: 
cultures of Streptomyces
Proteins annotation # log2FC ^
QL37_30735 GMP synthase [glutamine-hydrolyzing] 6.0218079

QL37_30710 2-isopropylmalate synthase 4.2639892

QL37_30755 hypothetical protein 3.9478366
QL37_30705 Acyl-CoA dehydrogenase 3.6859316

QL37_30745 Short-chain-fatty-acid--CoA ligase 2.6588961

QL37_30750 Aspartate aminotransferase 2.5430627

QL37_30720 Alpha-aminoadipate--LysW ligase LysX 2.2967689

^ Positive fold change indicate upregulation in galactose and negative fold change indicates 
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Table S2.
Streptomyces

Primer name Sequence

Section 2: Supplemental methods
Extended Metabolomics Methods

2O, while solvent B comprised 

 et al.
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analyzed in positive polarity mode using a data-dependent acquisition method. 

obtained for the two most intense ions detected in each scan. Collision-induced 

again. The parameters used for the ESI source were as follows: interface voltage 

 et al.

Extended Proteomics Methods

To obtain samples for proteomics analysis, bacterial cultures were pelleted and 

disrupted by sonication. Total protein was precipitated using the chloroform-
 et al.

step using the BCA method. Protein samples were then reduced by adding 5 

g protein 

 et al. g of peptide was loaded on a conditioned 
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operated in positive mode with data dependent acquisition. The MS survey scan 

>

 et al.

of organic chemistry were left out. However, all details can be found in the 
published version.
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