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Abstract 

Actinobacteria are prolific producers of natural products of significant clinical and 

industrial importance. Among the most common natural product biosynthetic pathways are the 

type I modular polyketide synthases (PKSs) and the non-ribosomal peptide synthetases (NRPSs); 

large assembly-line megasynthases. This thesis investigates the biosynthesis and evolution of five 

families of assembly-line natural products.  

Firstly, I report the desotamide (dsa) and wollamide (wol) biosynthetic gene clusters 

(BGCs) from Streptomyes sp. MST-70754 and Streptomyes sp. MST-110588, respectively. The 

wol BGC was found to encode a unique bifurcated NRPS assembly-line capable of producing 

both the desotamides and the wollamides. Genomic analysis supports the emergence of the wol 

BGC through an ancestral intergenic gene duplication followed by an intragenomic 

recombination event.  

Secondly, I report the BGC of the β-amino acid containing polyketide macrolactam 

(βPM) heronamide C and characterise its spontaneous thermal [6π + 4π] and photochemical [6π 

+ 6π] intramolecular cycloadditions.  Furthermore, sub-cluster genome mining using conserved 

genes involved in the incorporation of the β-amino acid identified 40 orphan BGCs putatively 

belonging to the βPM family. Phylogenetic analysis of these BGCs allowed strains to be 

prioritised for metabolic analysis, leading to the identification of candidate βPMs from 

Nocardiopsis gilva DSM44841.  

Finally, I report the BGCs of the polyketide macrolide pladienolide and the polyketide 

spirotetronate spirohexenolide and activated their expression in strains of Streptomyces platensis 

through the overexpression of LAL-family and SARP-family transcriptional activators.  
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1: Desotamide A, R = L-allo-Ile

2: Desotamide B, R = L-val

3: Wollamide A, R = L-allo-Ile

4: Wollamide B, R = L-val

5: Heronamide A

6: Heronamide B 7: Heronamide C 8: Piericidin A

9 and 10: C29H40N2O4

11: C23H29NO2

12: C23H27NO2

13: Pladienolide B
14: Spirohexenolide A

15: Spirohexenolide B

16: M = 673.3562

17: M = 600.3521

18: M = 586.3305

19: M = 362.1408

20: Isopladienolide B
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1.1 A Historical Perspective on Natural Product Discovery 

 The discovery of actinomycin by Selman Waksman in 1940 was a turning point in the 

history of microbial natural products1. Although preceded by the discovery of other antibiotic 

substances, most notably penicillin by Fleming in 19292 (by Chain et al., 19403) and tyrothricin 

by René Dubos in 19394,5, the discovery of actinomycin marked a step-change in the rate of 

natural product discovery. Unlike penicillin and tyrothricin, actinomycin would not find clinical 

use as an antibiotic, however it would eventually become the first bacterial agent used to treat 

cancer6. Perhaps more importantly, the discovery of actinomycin marked a profound increase in 

the rate at which new antibiotics were discovered. Inspired by Dubos’ work with the soil 

bacterium Bacillus brevis4,5, Waksman pursued a strategy of specifically screening microbes from 

the soil, which consequently led to the discovery of prolific producers of bioactive natural 

products, namely species of actinobacteria, firmicutes and ascomycete fungi 1,7.  

The next twenty years marked what is commonly referred to as the ‘Golden Age of 

Antibiotic Discovery.’ During this time, many of the major groups of natural products were 

discovered or significantly expanded, most prevalently: aminoglycosides (e.g. streptomycin, 

neomycin and kanamycin8–10), polyketides (e.g. tetracyclins and erythromycin11–13) and non-

ribosomal peptides (e.g. bacitracin and vancomycin14,15), including β-lactams (e.g. 

cephalosporins16,17) (Figure 1. 1). However, by the end of the 1960s, interest in antimicrobial 

discovery would begin to decline. Writing in 1965, Waksman discusses the ‘duplication problem’ 

and comments on the high frequency of neomycin rediscovery18. He cites an incidence in the 
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Figure 1. 1: Golden Age antibiotics. Representative compounds of the three main families of 

antibiotics discovered during the ‘golden age’ of antibiotic discovery, 1940-1960. 

Streptomycin
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a. Aminoglycosides

Actinomycin

c. Non-ribosomal Peptides

Vancomycin
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b. Polyketides
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Soviet Union where three ‘new’ antibiotic substances were permitted for medicinal use over a 

six-year period, all were in fact neomycin – discovered a decade earlier. However, rediscovery 

was only a single factor. The introduction of stricter standards for the approval of new clinical 

drugs, increased time and cost associated with the development of lead compounds for the clinic, 

and the difficulty of new drugs to compete within already established markets are the most often 

cited causes for this decline19.   

As a result of these diminishing returns, research focus shifted from the discovery of new 

antibiotic compounds to other avenues, notably mode of action, structural elucidation and 

biosynthesis19. By the mid-1980s, advances in molecular biology, such as in vitro recombination 

and later PCR and Sanger sequencing20,21, allowed the first natural product biosynthetic genes to 

be cloned. Among the first of these genes were those responsible for the biosynthesis of 

actinorhodin. This system was a useful model to probe biosynthesis due to its characteristic blue 

colour (from which the model organism Streptomyces coelicolor derives its name)22. The 

identification of the genes involved in actinorhodin biosynthesis provided the first opportunity 

for the genetic engineering of novel natural products, in the form of hybrid antibiotics. By 

transforming medermycin and granaticin producing Streptomyces spp. with plasmids containing 

different transcriptional units of actinorhodin, Hopwood et al., were able to isolate strains 

producing the hybrid compounds merderrhodin A and dihydrogranaticin23. In addition, these 

compounds, like their progenitors, demonstrated biological activity, validating the engineering of 

biosynthetic gene clusters (BGCs) as a strategy for developing new antimicrobials. Following the 

identification of the actinorhodin BGC, the genes responsible for the production of many more 

natural products, including tyrocidine24,25 and gramicidin26 (the constituents of tyrothricin), and 

erythromycin27,28, discussed below, would follow.  

In 2002, the publication of the Streptomyces coelicolor A3(2) genome29 led to another 

paradigm shift in the field of microbial natural products. The genome sequence allowed BGCs to 

be assigned to previously orphan metabolites, such as geosmin29,30 and desferrioxamine E and 

G129,31. Perhaps more importantly, the genome was shown to contain BGCs for compounds that 

had yet to be observed from S. coelicolor A3(2) cultures. The sequencing of other Actinobacteria 

revealed that this ‘cryptic metabolism’ was commonplace32–35, indicating that a wealth of  

chemical diversity existed that was not observed under standard laboratory conditions. The 

accumulation of new genome sequences coupled with the abundance of undescribed biosynthetic 

pathways popularised the strategy of genome mining; isolating new natural products on the basis 

of genetic information. Although genome mining efforts, particularly of polyketide synthases 

(PKSs) and non-ribosomal peptide synthetases (NRPSs), had been possible prior to genome 

sequencing (e.g. the discovery of coelichelin from S. coelicolor36), access to genomic data 

massively expanded the scope of genome mining projects37. This was compounded by the 

development of 2nd generation sequencing technologies (pyrosequencing, ion torrent and bridge 
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amplification38–41) leading to an exponential decrease in the cost of whole genome sequencing 

(Figure 1. 2)42,43. This meant that genome sequencing was no longer limited to well-resourced 

laboratories or conglomerates. As a result, the number of publicly available microbial genomes 

has increased exponentially (at the time of writing there are over 160,000 prokaryotic genome 

sequences in GenBank alone44). Estimates of the total diversity of natural product biosynthesis 

pathways in Nature vary considerably45,46. However, novel culture independent approaches to 

genome mining, such as single cell genomics or the cloning of metagenomic BGCs increase the 

available diversity considerably47–49.  

This abundance of data means we are more capable than ever to ask fundamental 

questions about natural product biosynthesis and their evolution50. Furthermore, genome 

sequences provide broader insight into the biology of producing organisms and their relationships. 

Recent genome-based phylogeny of Actinobacteria and studies into the rates of horizontal gene 

transfer are good examples of this51,52. 

1.2 Assembly-line Biosynthesis 

 The most abundant natural product biosynthetic pathways in Actinobacteria (with the 

possible exception of glycosides46) are the modular assembly-lines: non-ribosomal peptide 

synthetases (NRPSs) and type I polyketide synthases (T1PKSs). The assembly-lines consist of 

complexes of large proteins with repetitive peptide sequences, each repeat encoding several 

individual enzymatic domains. These repeats are known as modules, and each module is 

responsible for the incorporation (and often modification) of a single monomer into the polymer 

chain. Due to their modular nature, biosynthetic assembly-lines are attractive targets for synthetic 

biology. 

1.2.1 Non-Ribosomal Peptide Synthetases 

 The study of NRPSs began in the 1960s, with the observation that certain polypeptides 

are produced in particle-free cell extracts, even in the presence of ribosome inhibitors53,54. The 

majority of the early biochemical characterisation of NRPSs was focused on the biosynthesis of 

gramicidin and tyrocidine, the components of tyrothricin discussed above. Prior to the publication 

of the first NRPS gene sequences, it was already apparent that non-ribosomal peptides were 

synthesised in an ATP-dependent stepwise fashion from modular proteins, through the 

condensation of covalently bound amino acids55–57. The first NRPS nucleotide sequences emerged 

in the late 1980s. The first was the sequence of the tyrocidine synthetase gene tycA24, followed 

closely by the sequence of the gramicidin synthetase58. These sequences, and others59,60, showed 

that NRPSs are encoded by repetitive sequences, with the number of repeats correlating with the 
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Figure 1. 2: Change in the cost and frequency of sequencing over time. Cost per megabase 

according to reference Wetterstrand42 vs. number of whole genome shotgun (WGS) sequences in 

GenBank. In both cases figure is taken from the latest data point in a given year. 
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number of amino acids in the peptide product, confirming the notion of modularity that was 

developed into what we recognise today as the multiple carrier model61. 

 Each module is responsible for the incorporation of a single amino acid and consists of, 

at minimum, three core domains: an adenylation (A)-domain, a thiolation (T)- domain or peptidyl-

carrier protein (PCP), and a condensation (C)-domain (Figure 1. 3). The A-domains are 

responsible for the selection of a specific amino acid and catalyse the ATP-dependent activation 

of the carboxyl carbon62,63. Unlike in ribosomal peptide synthesis, this process is not restricted to 

proteinogenic amino acid substrates, meaning NRPSs have access to much broader structural 

diversity – even before taking into account any downstream modifications. Estimates put the 

number of accessible monomers at over 500, but theoretically this number could be much 

greater64. For example, gramicidin and tyrocidine both contain ornithine residues and a 

particularly remarkable example is the hexadepsipeptide kutzneride, which contains six highly 

modified non-proteinogenic residues (Figure 1. 4)65. Additionally, the substrates of adenylation 

domains are not limited to α-amino acids and may include β-amino or α-hydroxy acids65,66. The 

adenylation domain also catalyses the transfer of the activated amino acid to the thiol group of a 

prosthetic phosphopantetheine tethered to the T-domain. Upon the formation of the aminoacyl 

thioester, conformational change in the adenylation domain will reposition the T-domain so that 

the aminoacyl thioester is positioned in the active site of the C-domain. If both upstream and 

downstream substrates are present in the C-domain active site, it can catalyse peptide bond 

formation. This cycle will continue in a stepwise manner through each module until the final 

polypeptide is synthesised. Following the final catalytic cycle, the peptide is released. This can 

be catalysed through the action of a thioesterase, terminal reductase or, in fungal NRPS systems, 

terminal condensation (CT) domains67–69. These domains however are not observed in every NRPS 

system and so are not considered essential.  

Additional domains may further modify the nascent peptide. By far the most common of 

these tailoring domains is the epimerisation (E)– domain. Following the incorporation of an L-

amino acid to the nascent peptide, E-domains convert the amino acid between the L- and D- 

configurations70. Condensation domains specific for the D-amino acid in the growing chain (DCL-

domains) then catalyse the elongation step resulting in a stereospecific product70,71. In addition to 

the E-domains, there are several other functions that can be incorporated into a module. Common 

examples include N-methyltransferases as observed in the biosynthesis of cyclosporins72 or the 

formation of oxazole and thiazole rings observed in the biosynthesis of pyochelin and 

vibriobactin, among others73,74.  

 Considerable effort has been expended on elucidating the structure of NRPS domains and 

modules. The structures of all core domains have been determined in a number of structural states, 
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Figure 1. 3: Schematic of the archetypical NRPS cycle. Domains responsible for a catalytic 

step are highlighted. a.) The adenylation (A)-domains select specific amino acids; b.) the selected 

amino acids are adenylated and transferred to the thiol group of the thiolation (T)-domain; c. - d.) 

condensation (C)-domains catalyse the stepwise elongation of the polypeptide chain; e.) 

transthioesterification; and f.) chain termination and cyclisation by the thioesterase (TE)-domain.    
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Figure 1. 4: Non-ribosomal peptide diversity. Examples of non-ribosomal peptides discussed 

in this section. Non-proteinogenic amino acids are coloured red, non-amino acids are coloured 

purple and methylations installed by modular methyltransferases are coloured blue. 
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revealing the dynamics of NRPS catalytic cycles. The first domain to be structurally characterised 

was the A-domain of GrsA (PheA)75. The elucidation of this structure led to the identification of 

the substrate binding pocket and ultimately the description of the substrate specificity code 

(colloquially referred to as the Stachelhaus code). This comprises ten residues that can be used to 

predict the substrate specificity of an A-domain with reasonable accuracy76,77. Comparison of the 

PheA structure with that of the previously published standalone adenylation enzyme firefly 

luciferase revealed the rotation of the C-terminal domain by 94°75. Such a rotation was later 

observed in A-T domain structures confirming the hypothesis that A-domain rotation guides the 

T-domain into the A-domain active site to enable thioesterformation78,79. More recently, full 

module structure have been elucidated, the first of which was the terminal module of the surfactin 

synthase SfcA-C62. This structure revealed the large interface between the A-domain and the C-

domain and that conformation change in the A-domain was sufficient to shuttle the T-domain the 

three conformations required for biosynthesis. Additionally, structures of other complete modules 

of EntF and  AB3403 confirmed that only three conformations are required80. 

1.2.2 Type I Polyketide Synthases   

 As mentioned above, the first PKS genes, responsible for the biosynthesis of 

actinorhodin, were identified by Malpartida and Hopwood in 198422. Actinorhodin is a phenolic 

aromatic polyketide, synthesised in a recursive fashion by a type II polyketide synthase (T2PKS), 

so-called due to its observed similarity with type II fatty acid synthases. T2PKSs are comprised 

of several single domain proteins which incorporate acetate, onto an acyl carrier protein (ACP), 

which is transferred to the active site of a ketosynthase (KS) and then undergoes iterative 

elongation by Claisen condensation with malonyl-coenzyme A (CoA) derrivatives81. The 

resulting polyketide is then cyclised to produce polycyclic compounds. It wouldn’t be until the 

early 1990s that it became apparent that polyketides were not necessarily produced by single 

monofunctional proteins, but also by modular megasynthases reminiscent of the NRPSs27,28. 

Seminal work by the Leadlay and Katz groups on the biosynthesis erythromycin laid the 

foundation for modern understanding of the type I polyketide synthase (T1PKS)27,28. By 

sequencing outwards from the identified resistance gene, Cortes et al. were able to identify a gene 

encoding two modules of the erythromycin PKS28. It was unclear however, whether this was 

sufficient for the biosynthesis of the erythromycin aglycone or whether additional genes were 

required. The following year, Donadio et al. described three open reading frames (ORFs) required 

for erythromycin aglycone biosynthesis82. These ORFs encoded six repeating units (modules) in 

addition to a loading and termination module acting in a ‘colinear’ fashion (i.e. the order of the 

genes reflects the order of the biosynthesis). This represents the first depiction of a T1PKS and 

the model was further clarified in the following years83,84. The discovery of the erythromycin 
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synthase encouraged the discovery of many more T1PKS BCGs, for example the industrially 

important rapamycin and avermectin synthases85,86.  

 Akin to the NRPSs, the typical T1PKS module consist of a minimum of three, core 

domains: the ketosynthase (KS)-domain, the acyltransferase (AT)-domain and the acyl-carrier 

protein (ACP). The AT-domain is responsible for the selection of acyl-coenzyme A (CoA) 

substrates. The substrates of AT-domains vary, ATs in the loading module typically accommodate 

acetyl-CoA, while the ATs in subsequent modules typically activate malony- or methyl malonyl-

CoA, however a diverse range of starter and extender units have been identified (see 

Zwittermycin, Figure 1. 5)87. Subsequent, acyl-transfer to the phosphopantetheine of the ACP 

primes the PKS. The upstream KS-domain is then transacylated with the growing polyketide 

chain, enabling malonyl-ACP is condensed with the upstream acyl-KS substrate through Claisen 

condensation and the liberation of CO2 (Figure 1. 6). In this fashion, each module of a PKS can 

incorporate a C2 acetyl unit (Figure 1. 6). In most cases, the newly formed β-keto group will 

undergo some level of reduction. In type I fatty acid biosynthesis this is always to an olefin, 

however in T1PK biosynthesis reduction is variable allowing greater structural diversity of the 

polyketide chain. Ketoreductase (KR) domains catalyse the reduction of the β-keto group to a 

hydroxyl. Given that the hydroxyl product is chiral, KR-domains play an important role in the 

introduction of stereocentres into polyketides. The ketoreduction mechanism proceeds via an enol 

intermediate that allows the stereochemistry to be controlled at both the C2 and C3 positions 

(Figure 1. 7). KR-domains are categorised according to the stereochemistry of their products, A 

or B type for R- or S-hydroxyl products and 1 or 2 for S- or R- configuration of the R-group, 

hence four categories: A1 (2R, 3S), B1, (2S, 3S), A2 (2R, 3R) and B2 (2S, 3R)88–91. Dehydratase 

(DH) domains dehydrate the β-hydroxyl group to produce a cis- or trans- double bond. In the 

majority of cases, the stereochemistry of the hydroxyl group is predictive of the configuration of 

the double bond, with R-hydroxyls being reduced to trans-double bonds and S-hydroxyls reduced 

to cis-double bonds90,91. The resulting olefin may then be reduced once more by the action of an 

enoylreductase (ER) domain to produce a single bond. Again, this presents another opportunity 

to control the chirality of the C2 R-group if present92,93. During type I fatty acid biosynthesis, the 

polyketide is always reduced to a fully saturated alkyl chain, however in the case of T1PK 

biosynthesis, the presence of these domains is variable and as such so is the product. Although 

less common, tailoring domains such as C-methyl transferases have been identified94. Following 

polyketide biosynthesis, chain termination is catalysed by the action of a thioesterase (Figure 1. 

6). There are also trans-AT PKSs that encode their AT domains separately from the modular 

assembly-line. This family of PKSs can incorperate a number of interesting features including the 

formation of carbon branches at the β-position and often deviate from the coliearity rule95.   
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Figure 1. 5: Diversity of type I polyketide natural products. Starter units and unusual extender 

units are highlighted in red, amino acid derived moieties in purple and modifications of modular 

methyltransferases in blue. 
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Tylosin

Rapamycin

Pikromycin

Curacin A
Zwittermicin A

Figure 1. 6: Catalytic cycle of a type I polyketide synthase (T1PKS). Domains responsible for 

catalytic activity highlighted in purple. a.) Acyl carrier protein (ACP) bound growing chain is 

transacylated to the ketosynthase (KS)-domain; b.- c.) acyltransferase (AT)-domain selects 

malonyl-coenzyme A (CoA) substrate, which is transferred to the downstream ACP; d.) KS-

domain catalyses the decarboxylative condensation of the two covalently bound substrates.  
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Figure 1. 7: Sequential reduction of β-keto group by ketoreductase (KR), dehydratase (DH) 

and enoylreductase (ER) domains. a. Reduction of the β-keto group by the KR-domain can 

result in four different stereo-configurations; b. DH domains dehydrate the β-carbon to produce 

cis- or trans- double bonds depending on the stereochemistry of the β-hydroxyl group; c.) ER 

domains are capable of reducing trans- double bonds to single bonds. 
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 Structures of all the main domains of the PKS have been solved96–101. Perhaps the most 

significant structure however is the cryo-electron microscopy model of the pikromycin 

biosynthetic module PikAIII102.  This model showed that, unlike the NRPSs, which are 

monomeric, T1PKSs are homodimeric. The KS, AT, KR and ACP domains forming a single 

chamber and each KS domain has two openings for both the upstream and downstream ACPs. It 

is hypothesised that this architecture allows for the ACP bound substrate to access each domain 

while excluding other ACPs in the assembly-line.  

1.2.3 Assembly-Line Engineering 

 Following the cloning of the actinorhodin BGC, Malpartida and Hopwood22 state that: 

‘the application of molecular cloning to antibiotic-producing microorganisms should lead to 

enhanced antibiotic productivity and to the biosynthesis of novel antibiotics.’ The following year, 

Hopwood et al. published the first hybrid antibiotics - merderrhodin A and dihydrogranaticin23. 

The advances in the understanding of assembly line biosynthesis described above have inspired 

efforts to engineer assembly lines to enhance production or generate novel metabolites. Attempts 

to engineer assembly-lines vary in scope, from the substitution of amino acids to de novo 

assembly.  

The smallest modifications are the mutation of individual residues. Mutation of A-domain 

substrate binding pockets have been used to alter the substrate specificity of NRPSs103,104. For 

example, mutating tryptophan to serine in the binding pocket of GrsA was sufficient to change 

the substrate specificity from L-phenylalanine to L-tyrosine104. Furthermore, this modified module 

could also accept O-propargyl tyrosine when fed into the fermentation media. Specific mutation 

of the substrate binding pocket has also been used to fix the activity of a promiscuous A-domain 

to a preferred substrate103,105. Analogously in PKS systems, point mutations in the AT-domains 

are sufficient to alter substrate specificity. The combination of point mutation and mutasynthesis 

can result in the generation of novel compounds. Large mutant libraries can be screened for the 

incorporation of the monomer of interest106,107. Point mutation has also been used as a strategy to 

alter the function of KR-domains. In the erythromycin ketoreductase domain EryK1, for example 

it was shown that only two point mutations were required to reverse the stereoselectivity of the 

domain108.  

It has also been shown that swapping individual sub-domains, domains and even whole 

modules can be used to reprogramme assembly-lines. Perhaps the most straightforward approach 

is the swaping of assembly-line subunits. Closely related PKSs and NRPSs sometimes share the 

same genetic architecture while incorporating different monomers. Knocking out a native gene 

and complimenting it with a homologue from a related yet distinct BGC can lead to the generation 

of a hybrid assembly-line. This was first achieved by complimenting the genes for modules 5 and 

6 of pikromycin biosynthesis with homologous genes from erythromycin and oleandomycin 
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BGCs109. The first example of this type of reprograming in NRPSs was of the daptomycin BGC. 

The daptomycin core peptide is encoded by three genes: dptA, dptBC and dptD. By knocking out 

dptBC or dptD and replacing it with genes from related BGCs with similar architecture (encoding 

the A54145 and calcium dependent antibiotic assembly-lines) Baltz et al. were able to generate 

novel lipopeptides110. It is also possible to delete, swap and insert intergenic domains and 

modules. Many attempts to engineer the subunits responsible for the biosynthesis of erythromycin 

(deoxyerythronolide B synthase, DEBS) have been reported. For example, the disruption of KR 

and ER domains has enabled the production of an array of erythromycin analogues111, the entire 

loading module of DEBS1 was swapped with that from the avermectin PKS112, and the size of the 

assembly-line has been extended by the addition of a module from the rapamycin PKS113. 

Combinations of different approaches can enable potentially large libraries of analogues to be 

created114. These strategies however have varying levels of success. The complicated nature of 

such modifications is exemplified by attempts to reprogramme the NRPS for pyroverdine, a 

siderophore produced by Pseudomonas spp.. The wild-type pyroverdine NRPS incorporates L-

threonine in the final module. Attempts to swap the final A-domain of the NRPS showed 

production comparable to wild-type only when the substrate of the inserted A-domain was also 

L-threonine. Additionally, mass spectral analysis revealed that wild-type pyroverdines were still 

produced in strains where the inserted domain was not specific for L-threonine, leading to the 

conclusion that selectivity at the acceptor site of the C-domain was preventing the incorporation 

of other amino acids115. Based on this hypothesis several C-A domain swaps were engineered 

which allowed the the incorporation of L-lysine or L-serine in the place of L-threonine. However 

most of the C-A substitutions failed to produce a mature peptide, presumably due to disruption of 

the interface between domains. Sub-domain swaps have been suggested as a potential method to 

overcome the problem of domain interference116,117. This is discussed in detail in Chapter 2. 

Perhaps the holy grail of synthetic biology is the de novo assembly of biosynthetic 

pathways. Although this goal has yet to be achieved in full, considerable advances have been 

made in the last few years, particularly with NRPSs. Bozhüyük et al. recently published their 

method for the de novo assembly of NRPSs118. By taking into account condensation domain 

specificities it was possible to build libraries of novel NRPSs from different exchange units (XUs) 

consisting of A-T-C domains. A recent modification to this strategy allows the specificity of the 

C-domain to be overcome, significantly improving the utility of the technique. This was achieved 

by splitting the C-domain between each XU at the flexible linker between the donor and acceptor 

site of the condensation domain118. 

The examples above all describe attempts to rationally design assembly-lines. Some 

techniques however seek to take advantage of evolutionary processes through artificial selection 

to generate diversity. Directed evolution can improve chimeric assembly-lines significantly. 

Through rounds of PCR-mediated mutagenesis and artificial selection, Fischbach et al. were able 



Chapter One: Introduction 

A15 

 

to improve the catalytic activity of a chimeric NRPS by 10-fold119. Remarkably, between only 

two and nine amino acid substitutions were required to restore activity, requiring only three 

generations to restore activity to wild-type levels. These mutations however did not appear to 

follow a uniform pattern. Directed evolution has also been used to completely alter the substrate 

specify of adenylation domains. Through successive rounds of saturation mutation of residues 

responsible for substrate specificity Villiers and Hollfelder were able to increase the specificity 

of the TycA adenylation domain for L-alanine by 170-fold while all but eliminating activity for 

its original substrate L-phenylalanine120. Rather than dedicated screening for a compound of 

interest, it is also possible to apply a much broader approach and select for diverse, novel products. 

Recombination is a useful tool for the rapid generation of diversity. Homologous recombination 

in yeast has been utilised to produce large libraries of hybrid PKSs121. More recently, so-called 

‘accelerated evolution’ was discovered fortuitously while attempting to rationally design 

rapamycin analogues through allelic exchange. Instead of the expected products, Wlodek et al 

generated analogues of rapamycin with varying ring size122. They hypothesised that the 

incorporation of the plasmid pKC1139, used to introduce gene disruptions, caused instability in 

the genomic DNA leading to increased rates of recombination in the KS, AT and ACP-linker 

regions122. This study is a fascinating example of not only how understanding of evolution 

processes impacts synthetic biology, but how synthetic biology can expand our understanding of 

evolution. 

 

1.2.4 Evolution of Chemical Diversity in Assembly-Line Biosynthesis  

Since their discovery, the relationship between PKSs NRPSs and fatty acid synthases 

(FASs) have been speculated55,82. In the case of T1PKSs, this relationship was first formalised by 

Donadio and Katz83. By creating a phylogeny of ACP domain sequences, they were able to show 

that T1PKS shared a common ancestor with vertebrate fatty acid synthases. Later studies of KS-

domains validated this relationship123,124. Elucidating the evolutionary origins of the NRPSs is a 

little more complex, given that only the less conserved ACP and TE domains are shared between 

the PKS, FAS and NRPS. 

The current model of assembly-line evolution is based on two main observations. Firstly, 

phylogenetic studies of biosynthetic domains show that, in the majority of cases, domains are 

more closely related to homologues within the same BGC than homologues from other BGCs50,125. 

This is most commonly interpreted as the result of multiple duplications of biosynthetic modules 

during the evolution of the BGC, however, there is also evidence that concerted evolution (the 

homogenisation of paralogous sequences through homologous recombination) has contributed to 

this phenomenon50,126,127. The second common observation is that coding regions responsible for 

substrate specificity are particularly amenable to recombination117,128–130. Perhaps the most 
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detailed examination of recombination in the evolution of NRPSs has been carried out on the 

microcystin producing myc BCGs128–131. Microcystins are a large group of cyanobacterial 

heptapeptides with a well-defined cyclic structure132. Despite the overall conservation of the 

peptide structure, the second and fourth residues of the peptide, encoded by mycB and mycC, are 

highly variable. The adenylation domains of mycB and mycC have been identified as hotspots for 

recombination131 and there is evidence that multiple, genus-level recombination events within the 

adenylation domains of mcyB and mcyC have shaped the substrate variability of microcystin 

synthetases129. 

 

1.3 Thesis Outline 

In this thesis, I will discuss my investigations into the biosynthesis of several assembly-

line natural products. The research was predicated on the following questions: 

a.) how is the structural diversity of natural products generated on a biochemical level; 

b.) how has evolution generated this diversity; and 

c.) can we use knowledge of these evolution processes to aid in the historical challenges 

of the discovery and engineering of natural product biosynthetic pathways? 

Chapter 2 examines the evolution of an unusual bifurcated NRPS. Chapters 3 and 4, 

explore the structural diversity of β-amino acid containing polyketide macrolactams, first 

describing the intramolecular cycloadditions of heronamide C, and then continuing to a wider 

analysis of the entire family of compounds. Chapter 5 describes the activation of two polyketide 

producing BGCs through the overexpression of positive regulators. Finally, Chapter 6 will discuss 

the implications of these results on genome mining and the evolution and engineering of 

biosynthetic assembly-lines. 
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2. 1. Introduction 

The previous Chapter discusses the concept of assembly-line evolution in terms of 

duplication and refunctionalisation1,2. This hypothesis is built upon indirect observation, i.e. 

sequence data, as intermediate BGCs have not been identified. Due to their large effective 

population sizes and short generation times, bacterial genomes evolve rapidly and consequently 

mutations that provide a selective advantage will quickly reach fixation in a given population, 

while mutations that reduce fitness will be lost3–5. The upshot of this for the evolutionary biologist 

is that transitional BGCs (missing links) are fleeting and therefore extremely rare. It has long been 

hypothesised that the promiscuous activities of enzymes plays an important role in their 

evolution6,7. Therefore, we hypothesised that strains capable of producing multiple related yet 

distinct compounds can provide insight into evolutionary processes. One such strain is 

Streptomyces sp. MST-110588, which produces two groups of hexapeptides, the desotamides and 

the wollamides8. In this chapter, I describe the identification of the BGC responsible for the 

production of these distinct peptides, the unique mode of their biosynthesis, and the implications 

of these results on the evolution of biosynthetic assembly-lines. 

 



Chapter Two: Bifurcated Biosynthesis and Evolution of Non-Ribosomal Hexapeptide Antibiotics 

A29 

 

2. 1. 1 The Desotamides and the Wollamides 

The desotamides (A-F) (Figure 2. 1) are a group of cyclic hexapeptides produced by 

Streptomyces scopuliridis SCSIO ZJ469, Streptomyces sp. NRRL 2161110 and Streptomyces sp. 

MST-1105888. Desotamide A and B (1 and 2) have demonstrated antibiotic activity against Gram-

positive bacteria including methicillin resistant Staphylococcus epidermidis (MRSE)9. The 

desotamide BGC (dsa) encodes twenty-five genes including a six module NRPS (dsaIHG) and 

genes for the biosynthesis of the non-proteinogenic amino acid L-allo-isoleucine (dsaDE).   

 Of the producing strains, MST-110588 is remarkable in its ability to produce, in addition 

to the desotamides, the structurally related peptides wollamide A (3) and wollamide B (4) (Figure 

2. 1). The wollamides differ from the desotamides by the substitution of glycine for ᴅ-ornithine 

in the sixth position of the hexapeptide8. In addition, they have shown to be promising leads for 

drug development due to their antitubercular activity, lack of cytotoxicity and high stability in 

blood plasma8,11. Several analogues with improved activities and stabilities have been generated 

synthetically (Table 2. 1)11,12.  

Although the desotamide (dsa) biosynthetic gene cluster (BGC) has been previously identified13, 

wollamide biosynthesis has yet to be described. There are three possible hypotheses that explain 

the production of both the wollamides and desotamides by MST-110588: i.) promiscuous activity 

of the module six adenylation domain; ii.) duplication and refunctionalisaton of the final 

assembly-line protein and; iii.) duplication and refunctionalisation of the entire cluster (Figure 2. 

2). In this Chapter, I present the BGCs of MST-110588 and a novel desotamide producer 

Streptomyces sp. MST-70754 and provide genetic and biochemical evidence for the bifurcated 

biosynthesis of both the wollamides and desotamides in MST-110588. Further in silico analyses 

support the hypothesis that this BGC has arisen through the process of gene duplication and 

refunctionalisation through intragenomic recombination. To our knowledge this is the first 

example of such an NRPS BGC in the literature. 

 

2. 2. Results and Discussion 

2. 2. 1. Production of the Wollamides and Desotamides 

Streptomyces sp. MST-110588 was grown on SFM agar for 7 days. 1 cm agar plugs from 

each plate were extracted with 1 ml ethyl acetate. The organic phase was removed and evaporated 

and the resulting residue solved in 200 µl methanol. LCMS analysis of culture extracts confirmed 

the production of desotamide A (1), desotamide B (2), wollamide A (3) and wollamide B (4) 

(Figure 2. 3.a, Table 2. 2). In addition, we identified a novel desotamide producing strain 

Streptomyces sp. MST-70754 (Ernest Lacey, personal communication). Metabolic extracts were
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Wollamide A (3): R1 = L-allo-Ile

Wollamide B (4): R2 = L-ValDesotamide G

Desotamide A (1): R1 = D-Leu, R2 = L-allo-Ile

Desotamide B (2): R1 = D-Leu, R2 = L-Val

Desotamide E: R1 = D-Val, R2 = L-allo-Ile

Desotamide F: R1 = L-allo-Ile, R2 = L-allo-Ile 

Desotamide C: R1 = CHO

Desotamide D: R1 = H

Figure 2. 8: Structures of the desotamides (A-G) and wollamides (A and B). Desotamide A- 

F were isolated from Streptomyces spp. metabolic extracts. Desotamide G was produced when 

the  dsa BGC was expressed heterologously in Streptomyces coelicolour A3(2). Wollamide A 

and B (3 and 4) were isolated alongside desotamide A and B (1 and 2) from Streptomyces sp. 

MST-110588. 
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Name Position

I II III IV V VI
N

a
tu

ra
ll

y
 O

c
c
u

rr
in

g
Desotamide A (1) ʟ-Trp ʟ-Ile ᴅ-Leu ʟ-allo-Ile ʟ-Asn Gly

Desotamide B (2) ʟ-Trp ʟ-Ile ᴅ-Leu ʟ-Val ʟ-Asn Gly

Desotamide C N-Formyl-ʟ-Kyn ʟ-Ile ᴅ-Leu ʟ-allo-Ile ʟ-Asn Gly

Desotamide D ʟ-Kyn ʟ-Ile ᴅ-Leu ʟ-allo-Ile ʟ-Asn Gly

Desotamide E ʟ-Trp ʟ-Ile ᴅ-Val ʟ-allo-Ile ʟ-Asn Gly

Desotamide F ʟ-Trp ʟ-Ile ᴅ-allo-Ile ʟ-allo-Ile ʟ-Asn Gly

Desotamide G ʟ-Trp ʟ-Ile ᴅ-Leu ʟ-allo-Ile ʟ-Asp Gly

Wollamide A (3) ʟ-Trp ʟ-Ile ᴅ-Leu ʟ-allo-Ile ʟ-Asn ᴅ-Orn

Wollamide B (4) ʟ-Trp ʟ-Ile ᴅ-Leu ʟ-Val ʟ-Asn ᴅ-Orn

S
y
n

th
e

ti
c

Wollamide 7c ʟ-Trp ʟ-Leu ᴅ-Leu ʟ-Ile ʟ-Asn ᴅ-Orn

Wollamide 9c ʟ-Trp ʟ-Leu ᴅ-Leu ʟ-Val ᴅ-Orn ᴅ-Orn

Wollamide 10c ʟ-Trp ʟ-Leu ᴅ-Leu ʟ-Ile ʟ-Ser ᴅ-Orn

Wollamide 13c ʟ-Trp ʟ-Leu ᴅ-Leu ʟ-Ile ʟ-Asn ᴅ-Arg

Wollamide 16c ʟ-Trp ʟ-Leu ᴅ-Phe(4-Cl) ʟ-Val ʟ-Asn ᴅ-Orn

Table 2. 1: Peptide structure of the desotamides, wollamides and synthetic derivatives. 

Position is relative to the order of incorporation by the desotamide (dsa) non-ribosomal peptide 

synthetase (NRPS). 

Figure 2. 9: Evolutionary hypotheses for the biosynthesis of desotamide A (1) and wollamide 

A (3) by Streptomyces sp. MST-110588. Cartoon showing from left to right: i) promiscuous 

activity of the module six adenylation domain; ii) duplication and refunctionalisaton of the final 

gene and; iii) duplication and refunctionalisation of the entire cluster. 
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Figure 2. 10: Production of desotamide A and B (1 and 2) and wollamide A and B (3 and 4) 

by Streptomyces sp. MST-110588 and Streptomyces sp. MST-70754. LCMS spectra of crude 

extracts of a.) Streptomyces. sp MST-110588 and b.) Streptomyces. sp. 70754. Base peak 

chromatograms and extracted ion chromatograms for desotamide A (1)([M+Na]+ = 719.3851), 

desotamide B (2)([M+Na] + = 705.3695) and wollamide A (3)([M+H]+ = 754.4610), wollamide 

B (4)([M+H]+ = 740.3695) are shown for both strains. Extracted ion chromatograms from 

Streptomyces. sp MST-110588 extracts are amplified (5x) for clarity. 

Compound Formula Theoretical 

m/z

Observed 

m/z

Mass 

Difference (Da)

Mass Error 

(ppm)

1 C35H53N8O7
+

697.4032 697.4084 -0.0052 7.4949

C35H52N8O7Na
+

719.3851 719.3860 -0.0009 1.2511

2 C34H51N8O7
+

683.3875 683.3886 -0.0011 1.6096

C34H50N8O7Na
+

705.3695 705.3726 -0.0031 4.3949

3 C38H60N8O7
+

754.4610 754.4636 -0.0026 3.4462

C38H59N8O7Na
+

776.4430 776.4413 0.0017 -2.1895

4 C37H58N8O7
+

740.4454 740.4460 -0.0006 0.8103

C37H57N8O7Na
+

762.4273 762.4256 0.0017 -2.2297

Table 2. 2: Observed masses for the desotamides and the wollamides. Comparison of the 

theoretical and observed m/z values for hydrogen and sodium adducts of desotamide A (1), 

desotamide B (2), wollamide A (3) and wollamide B (4). Mass differences and mass errors also 

provided. 
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generated as above and masses for 1 ([M+Na] + = 719.3832) and 2 ([M+Na] + = 705.3698) were 

detected. Masses corresponding to 3 or 4 could not be detected (Figure 2. 3.b).  

2. 2. 2 Identification of the Wollamide BGC 

As stated in section 2. 1. 1, we hypothesised three mechanisms that might account for 

combined biosynthesis of the desotamides and wollamides: i) the presence of a final NRPS 

module showing promiscuous selectivity able to accept both glycine and L-ornithine as substrates; 

ii) duplication and diversification of the final NRPS module, creating a bifurcated biosynthetic 

pathway, or; iii) duplication and diversification of the entire BGC (Figure 2. 2). To test these 

hypotheses,  high quality genomic assemblies of MST-110588 and MST-70754 were obtained 

using the Pacific Biosciences RSII14 and Illumina sequencing platforms respectively. Sequencing 

of MST-110588 yielded a single 7.91 Mb contig. Sequencing of MST-70754 yielded a large 

contig of 9.01 Mb and four smaller contigs of 86.32, 12.07, 5.38 and 4.41 Kb. All contigs were 

submitted to antiSMASH v4.0215 for the identification of specialised metabolic BGCs. There was 

little similarity between the BGCs present in each strain, however both strains contained a BGC 

with clear similarity to the previously published (dsa) BGC13 (Figure 2. 4, Table 2. 4 and Table 

2. 3). Due to its ability to biosynthesise the wollamides, we designated the BGC from S. sp. MST-

110588 as wol.  

Upon comparison, the wol and the two dsa BGCs have similar topologies (Figure 2. 4, 

Table 2. 4), except for an apparent duplication of two genes, the NRPS-encoding dsaG 

homologues (wolG1 and wolG2) and the MbtH-like protein-encoding dsaF homologues (wolF1 

and wolF2). The wol BGC also contains six additional genes wolRSTUVW predicted to be 

involved in the biosynthesis of L-ornithine (Table 2. 4). In silico analyses of adenylation domain 

specificities predicted the substrates for the final adenylation (A) -domains of WolG1 and WolG2 

(henceforth WolG1A2 and WolG2A2) to be glycine and L-ornithine respectively15–18. This 

supports a previously undescribed bifurcated model of NRP biosynthesis in which the first four 

rounds of peptide elongation proceed via the colinear activity of WolI and WoH, but the final two 

elongation steps are catalysed independently by WolG1 or WolG2, yielding desotamide or 

wollamide products respectively (Figure 2. 5).  

2. 2. 3 Duplication and Recombination of an Ancestral NRPS 

The unusual architecture of the wol BGC led us to consider potential mechanisms for its 

evolution. The high similarity of wolG1 to wolG2 (80.9%) and wolG1/wolG2 to dsaG 

(74.3%/71.2% respectively) is indicative of an ancestral gene duplication event. Despite high 

similarity between wolG1 and wolG2, there is a notable drop in nucleotide identity within the
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Figure 2. 11: Comparison of wollamide (wol)and desotamide (dsa) biosynthetic gene clusters 

(BGCs). a.) Previously published Streptomyces scopuliridis SCSIOZJ46 dsa loci; b.) 

Streptomyces sp. MST-11058 wol loci containing duplicated G (NRPS encoding) and F (MbtH-

like protein encoding) genes and additional genes for amino acid biosynthesis and; c.) 

Streptomyces sp. MST-70754 loci were the first four modules are encoded by a single gene 

(dsaH). 

5 kb
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c.) Streptomyces sp. MST-70754 (dsa):

Table 2. 3: Description of proteins encoded by the Streptomyces sp. MST-110588 wollamide 

(wol) biosynthetic gene cluster (BGC). Proposed function for each protein and closest 

homologues are shown. 

Gene Size 

(bp)

Size 

(aa)

Putative Function Protein Homologue % 

Identity

% 

Similarity

orf(-3) 1458 485 - M6 family metalloprotease domain-containing protein [Streptomyces sp. FxanaC1] 65 76

orf(-2) 165 54 - hypothetical protein BG653_04062 [Streptomyces platensis] 80 87

orf(-1) 318 105 - DUF4190 domain-containing protein [Streptomyces varsoviensis] 70 77

wolA 771 256 regulatory element DsaA [Streptomyces scopuliridis] 76 84

wolR 1344 447 amino acid biosynthesis phospho-2-dehydro-3-deoxyheptonate aldolase [Streptomyces sp. KCB13F003] 85 88

wolS 1647 548 amino acid biosynthesis anthranilate synthase component I family protein [Streptomyces sp. NRRL S-1813] 69 76

wolT 576 191 amino acid biosynthesis glutamine amidotransferase [Streptomyces decoyicus] 85 89

wolU 1422 473 amino acid biosynthesis PLP-dependent aminotransferase family protein [Streptomyces decoyicus] 82 87

wolV 1059 352 amino acid biosynthesis anthranilate phosphoribosyltransferase [Streptomyces decoyicus] 83 89

wolB 792 263 amino acid biosynthesis indole-3-glycerol phosphate synthase TrpC [Streptomyces sp. NRRL S-1813] 76 82

wolW 855 284 amino acid biosynthesis amidinotransferase [Streptomyces sp. KCB13F003] 91 94

wolC 504 167 unknown DsaC [Streptomyces scopuliridis] 81 87

wolD 1170 389 isoleucine biosyntheis DsaD [Streptomyces scopuliridis] 82 87

wolF1 252 83 MbtH protein MbtH protein [Streptomyces sp. KCB13F003] 61 68

wolG1 7905 2634 NRPS DsaG [Streptomyces scopuliridis] 72 79

wolE 381 126 isoleucine biosyntheis DsaE [Streptomyces scopuliridis] 81 92

wolF2 210 69 MbtH protein MbtH protein [Streptomyces sp. KCB13F003] 87 97

wolG2 7926 2641 NRPS DsaG [Streptomyces scopuliridis] 66 75

wolH 10587 3528 NRPS NRPS [Streptomyces sp. KCB13F003] 67 76

wolI 3732 1243 NRPS DsaI [Streptomyces scopuliridis] 71 79

wolJ 1380 459 unknown/transpeptidase DsaJ [Streptomyces scopuliridis] 68 78

wolX 420 139 - hypothetical protein [Streptomyces sp. KCB13F003] 59 71

wolK 2772 923 transport ABC transporter permease [Streptomyces sp. KCB13F003] 71 81

wolL 819 272 transport ABC transporter ATP-binding protein [Streptomyces yunnanensis] 79 89

wolM 1212 403 regulatory element DsaM [Streptomyces scopuliridis] 81 88

wolN 669 222 regulatory element LuxR family transcriptional regulator [Streptomyces sp. KCB13F003] 95 97

wolO 414 137 unknown DsaO [Streptomyces scopuliridis] 54 77

wolP 789 262 thioesterase thioesterase [Streptomyces sp. 769] 69 79

orf(+1) 558 185 transport ABC transporter [Streptomyces sp. KCB13F003] 63 73

orf(+2) 1035 344 - PREDICTED: uncharacterized protein LOC108617933 isoform X3 [Drosophila arizonae] 43 65
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Table 2. 4: Description of proteins encoded by the Streptomyces sp. MST-70754 desotamide 

(dsa) biosynthetic gene cluster (BGC). Proposed function for each protein and closest 

homologues are shown. 

Gene Size 

(bp)

Size 

(aa)

Putative Function Protein Homologue Homologue 

Coverage

Homologue 

Identity

orf(+3) 1,401 467 - hypothetical protein [Streptomyces scopuliridis] 100 89

orf(+2) 483 161 - transcriptional regulator [Streptomyces scopuliridis] 100 100

orf(+1) 702 234 - hydrolase [Streptomyces scopuliridis] 100 98

dsaA 918 306 regulatory element DsaA [Streptomyces scopuliridis] 100 99

dsaT 186 62 unknown - - -

dsaB 813 271 unknown DsaB [Streptomyces scopuliridis] 100 98

dsaC 504 168 unknown DsaC [Streptomyces scopuliridis] 100 99

dsaD 1,134 378 L-allo-isoleucine biosynthesis DsaD [Streptomyces scopuliridis] 100 98

dsaE 375 125 L-allo-isoleucine biosynthesis DsaE [Streptomyces scopuliridis] 100 98

dsaF 210 70 MbtH protein DsaF [Streptomyces scopuliridis] 100 100

dsaG 7,944 2648 NRPS DsaG [Streptomyces scopuliridis] 100 97

dsaH 14,373 4791 NRPS NRPS [Streptomyces sp. KCB13F003] 100 65

dsaJ 1,410 470 unknown DsaJ [Streptomyces scopuliridis] 100 99

dsaK 2,760 920 transport DsaK [Streptomyces scopuliridis] 100 99

dsaL 819 273 transport DsaL [Streptomyces scopuliridis] 100 99

dsaM 1,212 404 regulatory element DsaM [Streptomyces scopuliridis] 100 98

dsaN 669 223 regulatory element DsaN [Streptomyces scopuliridis] 100 99

dsaO 450 150 unknown DsaO [Streptomyces scopuliridis] 100 98

dsaP 672 224 thioesterase DsaP [Streptomyces scopuliridis] 100 97

dsaU 618 206 transport ABC transporter [Streptomyces sp. KCB13F003] 89 62

dsaQ 1,140 380 regulatory element DsaQ [Streptomyces scopuliridis] 100 98

dsaR 1,557 519 transport ATP-binding protein [Streptomyces scopuliridis] 100 99

dsaS 1,977 659 transport inner-membrane translocator [Streptomyces scopuliridis] 99 99

orf(-1) 981 327 - ribokinase [Streptomyces scopuliridis] 100 89

orf(-2) 387 129 - D-ribose pyranase [Streptomyces scopuliridis] 100 94

TA C TA E

wolG2
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wolG1

TE

wolP

TE

wolP

Desotamide A

Wollamide A
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Figure 2. 12: Bifurcated biosynthesis of the wollamides and desotamides by Streptomyces 

MST-110588. Non-ribosomal peptide synthesis proceeds in a colinear fashion for the first four 

modules. The amino acids incorporated by the final two rounds of condensation are dependent 

upon the utilisation of WolG1 (yielding desotamide) or WolG2 (yielding wollamide). 
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region coding for the final adenylation domains which is manifest in the gene products (54.6% 

nucleotide and 29.2% protein sequence similarity) (Figure 2. 6). This region corresponded to a 

large increase in the number of non-synonymous mutations, and therefore the ds/dN ratio. Given 

the overall similarity of these genes we deemed it unlikely that such high sequence variation could 

emerge through speciation (point mutation) alone. Similar patterns have been observed in other 

NRPS clusters, for example Crüsemann et al.19 hypothesised that recombinations within the 

adenylation domain coding regions of the hormaomycin BGC had led to a switch in substrate 

specificity, and this was later ascribed to substitution of the flavodoxin-like sub-domain by Kries 

et al.,20 which comprise the key substrate selectivity motifs. In silico analyses of the genes 

encoding microcystin NRPSs also revealed evidence for recombination of regions of around 1 kb, 

including the flavodoxin-like subdomain2,21.  

To assess the role of intragenomic recombination we generated a nucleotide sequence 

alignment of all NRPS-associated adenylation domains present in the S. sp. MST-110588 genome  

for analysis with the Recombination Detection Programme 4 (RDP4)22. RDP4 combines the output 

of seven algorithms (RDP23, GENECONV24, BOOTSCAN25, MAXCHI26, CHIMERA27, 

SISCAN28 and 3SEQ29) to rank the likelihood of recombination events and identifies sequence 

triplets consisting of a recombinant, its major parent (contributing the majority of the recombinant 

DNA) and/or its minor parent (contributing the smaller, internal portion of the recombinant 

DNA). RDP4 predicted 29 potential recombination events (Table 2. 5), 11 of which were 

supported by two or more algorithms, allowing recombination breakpoints to be predicted (Figure 

2. 8, Table 2. 6).  Only two recombination events were supported unanimously, among which 

wolG1A2 was identified as a recombinant sequence with wolG2A2 as the major parent and an 

adenylation domain encoding sequence from elsewhere in the genome, orf6595A (see below), as 

the minor parent. A model of the terminal module of WolG1 was generated in Phyre230 based 

upon the existing structure for terminal module of surfactin synthetase (SrfA-C, PDB: 2VSQ)31 

(Figure 2. 7). These structures confirmed that the proposed sub-domain swap could occur without 

perturbing the interactions with the upstream C-domain or downstream domains. The 

recombinant region lies between well characterised conserved motifs: A2 (N-terminal) and A6 

(C-terminal), thus comprising the flavodoxin subdomain and a large portion of the N-terminal 

subdomain (Figure 2. 8). Crucially, this would allow for the substitution of the amino acid binding 

pocket and catalytic P-loop while maintaining the condensation-adenylation domain interface. All 

of the five recombination events predicted to swap the flavodoxin subdomain are predicted to 

include the P-loop (Figure 2. 8, Table 2. 6) suggesting there may be an advantage to maintaining 

the structural relationships between the P-loop and substrate binding pocket, a relationship that 

has not been considered in previous A-domain engineering experiments19,20. This result also 
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Figure 2. 13: Pairwise identity between WolG1 and WolG2. Generated from protein sequences 

with a sliding window of 50 amino acids. Plot is coloured by identity at 75% (green), 25-75% 

(yellow) and <25% (red) intervals. Modular condensation (C)-, adenylation (A)- and 

epimerisation (E)-domains shown above.  
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Events Domains Detection Methods

Recombinant Major parent Minor parent R G B M C S T

1 orf1237A Unknown orf1236A + + + + + + +

1 wolG1A2 wolG2A2 orf6595A + + + + + + +

1 orf6593A2 orf1236A Unknown + - + - + + -

4 wolHA1 wolHA3 orf1227A - - - + + + -

1 orf3282A orf6595A Unknown - - + + - + -

1 orf1237A orf6652A Unknown + + - + - - -

1 orf1224A orf6593A1 orf289A - - - + + - -

1 orf1236A Unknown orf6594 - - - + - + -

1 orf252A orf253A orf6595A - - - + + - -

1 orf363A wolG2A2 orf6625 - - - + + - -

1 orf6593A1 orf6652A Unknown + - - - - + -

1 orf1236A wolHA3 orf1237A - - - + - - -

1 wolG1A2 orf288A orf248A - - - + - - -

1 orf288A orf6172A wolG1A2 - - - + - - -

1 orf288A orf6172A Unknown - - - + - - -

1 orf365A orf6652A Unknown - + - - - - -

1 wolG1A1 wolG2A1 orf3282 - + - - - - -

1 orf1224A orf365A wolHA3 - + - - - - -

1 orf6595A orf6594A Unknown - - - + - - -

1 orf3282A Unknown orf6595A - + - - - - -

1 orf1227A orf6172A orf288A - - - + - - -

1 orf1149A orf321A Unknown - - - + - - -

1 orf1158A orf287A orf6172 - - - + - - -

2 wolHA3 orf6593A1 orf6625 - - - + - - -

1 orf6225A Unknown orf1158A - - - + - - -

1 orf1158A orf248A Unknown - - - + - - -

1 orf3281A Unknown wolHA2 - - - + - - -

1 orf253A orf6595A Unknown + - - - - - -

1 orf365A orf1149A Unknown + - - - - - -

Table 2. 5: Detected Recombination Events. Showing predicted recombinant domains and 

relative major and minor parents. The detection of a given recombination event by a given 

algorithm is displayed (+ for detected, - for not detected), where ‘R’ is RDP, ‘G’ is GENECONV, 

‘B’ is BOOTSCAN, ‘M’ is MAXCHI, ‘C’ is CHIMERA, ‘S’ is SISCAN and ‘T’ is 3SEQ. The 

event proposed by this paper is highlighted in purple and is supported by all seven algorithms. 

Number of events >1 indicates that there is evidence for such an event in related sequences 

indicating that the event may have occurred in the ancestral sequence.  
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Recombinant Domains Recombinant 

Region

Detection Methods

Recombinant Major parent Minor parent R G B M C S T

wolG1A2 wolG2A2 orf6595A Y116-G343 + + + + + + +

orf1237A Unknown orf1236A I352-I448 + + + + + + +

orf6593A2 orf1236A Unknown M139-N354 + - + - + + -

orf1237A orf6652A Unknown K223-M241 + + - + - - -

orf3282A orf6595A Unknown I357-H452 - - + + - + -

wolHA1 wolHA3 orf1227A N219-K316 - - - + + + -

wolHA2 wolHA3 orf1227A N219-K316 - - - + + + -

wolG1A1 wolHA3 orf1227A N219-K316 - - - + + + -

wolG2A1 wolHA3 orf1227A N219-K316 - - - + + + -

orf6593A1 orf6652A Unknown K314-R389 + - - - - + -

orf252A orf253A orf6595A T173-L202 - - - + + - -

orf363A wolG2A2 orf6625 L91-L450 - - - + + - -

orf1224A orf6593A1 orf289A K84-A332 - - - + + - -

orf1236A Unknown orf6594 M95-I377 - - - + - + -

Table 2. 6: Recombination breakpoint analysis. Predicted recombinants from RDP4 for 

which breakpoint analysis could be applied. Recombination region refers to the approximate 

homologous positions in the L-phenylalanine activating domain of gramicidin synthase 

(1AMU). Events are sorted by support from different detection methods. The rows shaded in 

grey indicate a shared recombination event in the ancestor of these genes. 
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Figure 2. 14: Adenylation domain topology with predicted breakpoints. Topology based on 

the L-phenylalanine activating domain of gramicidin synthase (1AMU). Circles represent α-

helices and arrows represent β-strands. Regions corresponding to the large N-terminal domain 

(Acore) and small C-terminal domain (Asub) are highlighted and subdomains shaded (subdomain 1 

= blue; subdomain 2 (flavodoxin-like subdomain) = yellow; subdomain 3 = red). The residues 

indicated correspond to approximate sites of recombination from Table 2.6 (green = N-terminal; 

red = C-terminal). Recombinant region of wolG1 coloured in purple and associated breakpoints 

are underlined.  
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Figure 2. 15: Structural model of the final module of WolG1. Model built in Phyre2 based 

on the structure of surfactin synthetase (SrfA-C, PDB: 2VSQ). Domains are highlighted as 

follows: condensation (C)-domain in blue, adenylation (A)-domain in white, thiolation (T)-

domain in yellow and epimerase (E)-domain in purple. Predicted recombinant region coloured 

in red. 
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mirrors previous work on the evolution of polyketide synthases (PKSs) which suggested that 

intragenomic recombination was sufficient to explain the diversity of PKSs in the Streptomyces 

avermilitis genome32. Considering the low rates of horizontal gene transfer between Streptomyces 

spp.33, it seems likely that intragenomic recombination plays a major role in the diversification of 

modular biosynthetic assemblies in these organisms. 

2. 2. 4 In vitro Analysis of wol Module Six Adenylation Domains 

The minor parent, orf6595A, is a domain originating from orf6595, a gene within an 

NRPS BGC. orf6595 encodes a single NRPS module that is predicted to select glycine as a 

substrate for activation (Figure 2. 9, Table 2. 7).  To examine the substrate specificity of the A-

domains of interest, pET28a(+) hexa-histidine tagged A-domain WolG1A2, WolG2A2 and 

ORF6595A constructs were expressed in E. coli NiCo21(DE3) pLysS (using A-domain 

boundaries selected as described in Crüsemann et al19) and purified using Ni-Affinity 

chromatography. Initially, the resulting protein was insoluble, however co-expression with the 

MbtH-like protein WolF2 (expressed from pCDFDuet-1) enabled the purification of soluble 

protein (Figure 2. 10). The ability of these A-domains to activate each of the twenty proteinogenic 

amino acids and L-ornithine was then measured using the hydroxylamine trapping assay (Figure 

2. 11)34. WolG2A2 adenylates L-ornithine, in line with our hypothesis; however, it was also 

capable of activating other substrates albeit with lower efficiency. Most noticeably, WolG2A2 

accepted L-aspartate (58 % activity relative to L-ornithine) and L-asparagine (44 % activity 

relative to L-ornithine) as substrates, but wollamide analogues in which aspartate or asparagine 

were substituted for ornithine were not identified in culture extracts of S. sp. MST-110588 using 

targeted LCMS analysis. In contrast, both WolG1A2 and Orf6595A activate glycine in a highly 

specific manner, with little or no activity for the other amino acids tested. These data demonstrate 

the possibility that an historic recombination with orf6595 could alter the substrate specificity of 

the module six adenylation domain from L-ornithine to glycine. Such an event would also explain 

the presence of the, apparently redundant, epimerase domain in the terminal module of DsaG. 

 Based on these data, we predict the existence of an ancestral BGC that exclusively 

produced wollamides (or related hexapeptides). Duplication of the gene encoding the final two 

modules of this NRPS followed by intra-genomic recombination with a homologous sequence 

encoding the glycine-specific adenylation domain of orf6595 (and subsequent point mutations), 

resulted in the bifurcated biosynthesis pathway observed in the genome of S. sp. MST-110588. In 

a divergent lineage, the ancestral gene encoding the L-ornithine-specific adenylation domain 

along with associated genes encoding amino acid biosynthesis are lost through gene deletion, 

ultimately resulting in the contemporary dsa BGCs (producing desotamides only)(Figure 2. 12). 

This suggests an important role for gene duplication in the evolution of biosynthetic assembly-

lines. The likely role of intragenic recombination as a means to increase the number of 
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Figure 2. 16: Biosynthetic gene cluster (BGC) associated with orf6595. This gene (highlighted 

in purple) is the predicted minor parent conferring glycine substrate specificity to wolG1. See 

Table 2. 7 for a description of predicted gene product homologues. 

NRPS                      Transport               Regulation                Biosynthesis                Unknown Function

orf6595orf6594orf6593orf6592

Table 2. 7: Homologues of proteins encoded by genes proximal to orf6595.  These proteins 

relate to the biosynthetic gene cluster (BGC) in Figure 2.9. 

Gene Protein Homologue %Identities %Similarities

orf6585 MULTISPECIES: ATP-grasp domain-containing protein [Streptomyces] 83 88

orf6586 phosphoenolpyruvate synthase [Streptomyces auratus] 83 89

orf6587 MFS transporter [Streptomyces sp. WMMB 714] 80 86

orf6588 hypothetical protein [Streptomyces sp. NRRL F-5755] 63 70

orf6589 MULTISPECIES: taurine dioxygenase [Streptomyces] 83 91

orf6590 hypothetical protein DF18_35265 [Streptomyces rimosus] 76 82

orf6591 hypothetical protein [Streptomyces aurantiacus] 72 79

orf6592 non-ribosomal peptide synthetase [Streptomyces sp. OK885] 66 74

orf6593 MULTISPECIES: non-ribosomal peptide synthetase [Streptomyces] 73 78

orf6594 MULTISPECIES: non-ribosomal peptide synthetase [Streptomyces] 72 80

orf6595 non-ribosomal peptide synthetase [Streptomyces rimosus] 73 80

orf6596 MULTISPECIES: chitinase [Streptomyces] 83 89

orf6597 ATP-dependent DNA ligase [Streptomyces sp. DvalAA-14] 88 91

orf6598 ATP-dependent DNA ligase [Streptomyces albus] 91 94

orf6599 HAD family phosphatase [Streptomyces monomycini] 71 78

orf6600 GNAT family N-acetyltransferase [Streptomyces xanthophaeus] 63 71

orf6601 Lrp/AsnC family transcriptional regulator [Streptomyces sp. NRRL F-5755] 95 95

orf6602 hypothetical protein [Streptomyces sp. SceaMP-e96] 81 87

orf6603 ABC transporter ATP-binding protein [Streptomyces sp. CB02923] 80 87
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Figure 2. 17: MbtH-domain dependent solubility of heterologously expressed adenylation 

(A)-domains. SDS-PAGE of E. coli NiCo21(DE3) plysS lysates to assess adenylation domain 

solubility. Strains only expressing the pET28a(+) derivative (-) only have an adenylation domain 

corresponding band (~60 kDa) in the pellet (P), whereas strains co-expressing the mbtH-like 

domain wolF2 (+) have visible levels of soluble protein (S). 
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trapping. Absorption at 545 nm, amino acids are represented by their single letter codes. a.) 

WolG1A2, b.) WolG2A2 and c.) Orf6595A. 
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Figure 2. 19: Hypothesis for the evolution of wollamide (wol) and desotamide (dsa) BGCs. 

A gene duplication event in an ancestral wollamide (or wollamide-like) cluster results in a 

redundant copy of the bimodular NRPS encoding modules 5 and 6. Subsequently, an 

intragenomic recombination event between the adenylation domains of module six and orf6595 

results in a bifurcated NRPS of intermediate chemotype (diverging into the lineage of the wol 

BSGC). Loss of the original NRPS gene and genes involved in amino acid biosynthesis results in 

the contemporary dsa BSGC. 
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biosynthetic modules for PKSs and NRPSs is well documented2,19,35. Whereas intragenic 

duplication increases the length of the assembly-line, whole gene duplication results in the 

generation of bifurcated systems as evidenced by the wol BGC (Figure 2. 13). Gene duplication 

reduces selective pressure on one copy of the gene due to functional redundancy, and so, in this 

fashion, a BGC can evolve new functionality without disrupting the original function. This means 

that refunctionalisation is possible without strong selective pressure and may follow a more 

gradualistic route.  

2. 2. 5. In vivo Reconstitution of Ancestral Metabolism   

Given the evolutionary relationship of the wollamides and desotamides, we rationalised 

that it should be possible to resurrect production of the wollamides in a desotamide producing 

strain through the heterologous expression of wolG2. To express wolG2 in S. sp MST-70754, we 

generated the plasmid pBO1 by yeast mediated assembly of pGP9 and the yeast selective marker 

(kanMX4) and origin of replication (2µ) of pFF62 A (Figure 2. 14)36,37. pBO1 is an integrative 

Streptomyces expression vector capable of propagating in both E. coli and S. cerevisae. This 

allows for large genes (such as NRPSs) to be assembled efficiently in yeast via homologous 

recombination and subsequently transferred from E. coli to Streptomyces spp. for expression. The 

wolG2 sequence was cloned into the NdeI site of pBO1 by co-transformation with the NdeI 

linearised vector into S. cerevisae CEN.PK 2-1C. The resulting pBO1-wolG2 plasmid was 

transformed into E. coli ET12567 pUZ8002 via electroporation and conjugated into S. sp MST-

7075438. Methanolic culture extracts of wild-type and mutant strains were analysed with LCMS 

and the presence of 1, 2 and 3 was confirmed by retention time, isotopic masses and MS/MS 

fragmentation (Figure 2. 15). These results confirmed the production of the wollamides and 

desotamides in the wolG2 overexpression strains. Importantly, this indicates that the pathways 

have not yet diverged far enough to interfere with the protein-protein interactions between wolG2 

and dsaG required for modular interaction. This is perhaps unsurprising given the high similarity 

of the proteins in both pathways overall and the presumably strong selection to maintain protein-

protein intereactions between assembly-line sub units. As in MST-110588, 3 production in the 

mutant strain low relative to the production of the desotamides. This may be due to competition 

between WolG2 and DsaG/WolG1 for interaction with the upstream NRPS. In order to test this 

hypothesis, and to reconstruct the hypothetical ancestral BGC, we plan to knock out dsaG from 

MST-70754 and replace it with wolG2.  

 BlastP results (Table 2. 3) showed that wolH from MST-110588 and dsaH from MST-

70754 shared homology with ulmA a NRPS encoding gene from the ulleungmycin assembly-line 

(Table 2. 3). The ulleungmycins39 (and related longicatenamycins)40 are hexapeptides containing 

the unusual non-proteinogenic amino acids unusual amino acids 5-chloro-L-tryptophan, D-
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Figure 2. 20: Modes of assembly-line evolution.  The different potential mechanisms involved 

in the evolution of assembly-line biosynthesis. Genes are represented by the large arrows with 

each segment representing a different module, coloured by function. The small arrows linking 

genes represent evolutionary processes. This model incorporates whole gene duplication and 

refunctionalisation (this study), intragenic duplication and refunctionalisation and modular 

collapse.     
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Figure 2. 21: Plasmid map of pBO1. Elements derived from pGP9 are shown in red, elements 

derived from pFF62A are shown in blue.   
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Figure 2. 22: Production of wollamide by Streptomyces sp. MST-70754 pGP9-wolG2.  

Showing the extracted ion chromatogram for desotamide A (1; [M+Na] + = 719.3851) and 

wollamide A (1; [M+H] + = 754.4610) of a.) Streptomyces sp. MST-70754 pGP9 and b.) 

Streptomyces sp. MST-70754 pGP9-wolG2 culture extracts 
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homoleucine and L-threo-β-OH-aspartate. They also contain structural similarities to the 

wollamides and desotamides, such as the incorporation of glycine D-ornithine. Comparison of 

these hexapeptide assembly-lines may yield further information about the formation of 

biosynthetic assembly-lines. Furthermore, subunit swaps between these two pathways may yield 

novel products.  

2. 3. Conclusion  

Here, we have described for the first time, a bifurcated NRPS capable of producing 

structurally distinct hexapeptides. The wol BGC is of unique significance to the evolution of 

assembly-line biosynthesis and points to a broader role for gene duplication than previously 

described. We argue that, in addition to its role in modular extension, whole gene duplication 

might drive cycles of BGC expansion and contraction, providing a new mechanism for assembly-

line refunctionalisation (see Chapter Six). This study also highlights the importance of 

intragenomic recombination as a mechanism for diversification of NRPSs, which is particularly 

relevant in Streptomyces, where horizontal gene transfer has been shown to be relatively rare33. 

The wol BGC provides unique insights into how nature adapts the substrate-specificity of an 

NRPS and differences between wolG1 and wolG2 will help identify regions of interest when 

designing synthetic NRPSs. Finally, we used this knowledge of evolutionary relationships to 

reconstruct the ancestral phenotype in vivo, successfully rescuing wollamide A (3) production in 

an exclusively desotamide producing strain. Experiments are underway to produce the ancestral 

wollamide-exclusive phenotype either through the knocking out of dsaG or reconstitution of dsaI, 

dsaH and wolG2 in a heterologous host.  

2. 4. Bibliography 

(1)  Medema, M. H.; Cimermancic, P.; Sali, A.; Takano, E.; Fischbach, M. A. A Systematic 

Computational Analysis of Biosynthetic Gene Cluster Evolution: Lessons for Engineering 

Biosynthesis. PLoS Comput. Biol. 2014, 10 (12), e1004016. 

(2)  Tooming-Klunderud, A.; Fewer, D. P.; Rohrlack, T.; Jokela, J.; Rouhiainen, L.; Sivonen, 

K.; Kristensen, T.; Jakobsen, K. S. Evidence for Positive Selection Acting on Microcystin 

Synthetase Adenylation Domains in Three Cyanobacterial Genera. BMC Evol. Biol. 2008, 

8 (1), 256. 

(3)  Otto, S. P.; Whitlock, M. C. The Probability of Fixation in Populations of Changing Size. 

Genetics 1997, 146 (2) 723-733. 

(4)  Lawrence, J. G.; Hendrix, R. W.; Casjens, S. Where Are the Pseudogenes in Bacterial 

Genomes? Trends Microbiol. 2001, 9 (11), 535–540. 

(5)  Lynch, M. Streamlining and Simplification of Microbial Genome Architecture. Annu. Rev. 



Chapter Two: Bifurcated Biosynthesis and Evolution of Non-Ribosomal Hexapeptide Antibiotics 

A51 

 

Microbiol. 2006, 60 (1), 327–349. 

(6)  Aharoni, A.; Gaidukov, L.; Khersonsky, O.; Gould, S. M.; Roodveldt, C.; Tawfik, D. S. 

The “evolvability” of Promiscuous Protein Functions. Nat. Genet. 2005, 37 (1), 73–76. 

(7)  Brown, S. D.; Babbitt, P. C. New Insights about Enzyme Evolution from Large Scale 

Studies of Sequence and Structure Relationships. J. Biol. Chem. 2014, 289 (44), 30221–

30228. 

(8)  Khalil, Z. G.; Salim, A. A.; Lacey, E.; Blumenthal, A.; Capon, R. J. Wollamides: 

Antimycobacterial Cyclic Hexapeptides from an Australian Soil Streptomyces. Org. Lett. 

2014, 16 (19), 5120–5123. 

(9)  Song, Y.; Li, Q.; Liu, X.; Chen, Y.; Zhang, Y.; Sun, A.; Zhang, W.; Zhang, J.; Ju, J. Cyclic 

Hexapeptides from the Deep South China Sea-Derived Streptomyces Scopuliridis SCSIO 

ZJ46 Active Against Pathogenic Gram-Positive Bacteria. J. Nat. Prod. 2014, 77 (8), 1937–

1941. 

(10)  Miao, S.; Anstee, M. R.; LaMarco, K.; Matthew, J.; Huang, L. H. T. and; Brasseur, M. M. 

Inhibition of Bacterial RNA Polymerases. Peptide Metabolites from the Cultures of 

Streptomyces Sp. J. Nat. Prod., 1997, 60 (8), 858–861. 

(11)  Asfaw, H.; Laqua, K.; Walkowska, A. M.; Cunningham, F.; Martinez-Martinez, M. S.; 

Cuevas-Zurita, J. C.; Ballell-Pages, L.; Imming, P. Design, Synthesis and Structure-

Activity Relationship Study of Wollamide B; a New Potential Anti TB Agent. PLoS One 

2017, 12 (4), e0176088. 

(12)  Tsutsumi, L. S.; Elmore, J. M.; Dang, U. T.; Wallace, M. J.; Marreddy, R.; Lee, R. B.; 

Tan, G. T.; Hurdle, J. G.; Lee, R. E.; Sun, D. Solid-Phase Synthesis and Antibacterial 

Activity of Cyclohexapeptide Wollamide B Analogs. ACS Comb. Sci. 2018, 20 (3), 172–

185. 

(13)  Li, Q.; Song, Y.; Qin, X.; Zhang, X.; Sun, A.; Ju, J. Identification of the Biosynthetic Gene 

Cluster for the Anti-Infective Desotamides and Production of a New Analogue in a 

Heterologous Host. J. Nat. Prod. 2015, 78 (4), 944–948. 

(14)  Eid, J.; Fehr, A.; Gray, J.; Luong, K.; Lyle, J.; Otto, G.; Peluso, P.; Rank, D.; Baybayan, 

P.; Bettman, B.; et al. Real-Time DNA Sequencing from Single Polymerase Molecules. 

Science 2009, 323 (5910), 133–138. 

(15)  Blin, K.; Wolf, T.; Chevrette, M. G.; Lu, X.; Schwalen, C. J.; Kautsar, S. A.; Suarez Duran, 

H. G.; de los Santos, E. L. C.; Kim, H. U.; Nave, M.; et al. AntiSMASH 4.0—

improvements in Chemistry Prediction and Gene Cluster Boundary Identification. Nucleic 

Acids Res. 2017, 45 (W1), W36–W41. 

(16)  Stachelhaus, T.; Mootz, H. D.; Marahiel, M. A. The Specificity-Conferring Code of 

Adenylation Domains in Nonribosomal Peptide Synthetases. Chem. Biol. 1999, 6 (8), 

493–505. 



Chapter Two: Bifurcated Biosynthesis and Evolution of Non-Ribosomal Hexapeptide Antibiotics 

A52 

 

(17)  Minowa, Y.; Araki, M.; Kanehisa, M. Comprehensive Analysis of Distinctive Polyketide 

and Nonribosomal Peptide Structural Motifs Encoded in Microbial Genomes. J. Mol. Biol. 

2007, 368 (5), 1500–1517. 

(18)  Röttig, M.; Medema, M. H.; Blin, K.; Weber, T.; Rausch, C.; Kohlbacher, O. 

NRPSpredictor2--a Web Server for Predicting NRPS Adenylation Domain Specificity. 

Nucleic Acids Res. 2011, 39 (suppl. 2), W362-7. 

(19)  Crüsemann, M.; Kohlhaas, C.; Piel, J. Evolution-Guided Engineering of Nonribosomal 

Peptide Synthetase Adenylation Domains. Chem. Sci. 2013, 4 (3), 1041–1045. 

(20)  Kries, H.; Niquille, D. L.; Hilvert, D. A Subdomain Swap Strategy for Reengineering 

Nonribosomal Peptides. Chem. Biol. 2015, 22 (5), 640–648. 

(21)  Shishido, T.; Kaasalainen, U.; Fewer, D. P.; Rouhiainen, L.; Jokela, J.; Wahlsten, M.; 

Fiore, M.; Yunes, J.; Rikkinen, J.; Sivonen, K. Convergent Evolution of [D-Leucine1] 

Microcystin-LR in Taxonomically Disparate Cyanobacteria. BMC Evol. Biol. 2013, 13 

(1), 86. 

(22)  Martin, D. P.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and 

Analysis of Recombination Patterns in Virus Genomes. Virus Evol. 2015, 1 (1), vev003. 

(23)  Martin, D.; Rybicki, E. RDP: Detection of Recombination amongst Aligned Sequences. 

Bioinformatics 2000, 16 (6), 562–563. 

(24)  Padidam, M.; Sawyer, S.; Fauquet, C. M. Possible Emergence of New Geminiviruses by 

Frequent Recombination. Virology 1999, 265 (2), 218–225. 

(25)  SALMINEN, M. O.; CARR, J. K.; BURKE, D. S.; McCUTCHAN, F. E. Identification of 

Breakpoints in Intergenotypic Recombinants of HIV Type 1 by Bootscanning. AIDS Res. 

Hum. Retroviruses 1995, 11 (11), 1423–1425. 

(26)  Smith, J. M. Analyzing the Mosaic Structure of Genes. J. Mol. Evol. 1992, 34 (2), 126–

129. 

(27)  Posada, D.; Crandall, K. A. Evaluation of Methods for Detecting Recombination from 

DNA Sequences: Computer Simulations. Proc. Natl. Acad. Sci. U. S. A. 2001, 98 (24), 

13757–13762. 

(28)  Gibbs, M. J.; Armstrong, J. S.; Gibbs, A. J. Sister-Scanning: A Monte Carlo Procedure for 

Assessing Signals in Recombinant Sequences. Bioinformatics 2000, 16 (7), 573–582. 

(29)  Boni, M. F.; Posada, D.; Feldman, M. W. An Exact Nonparametric Method for Inferring 

Mosaic Structure in Sequence Triplets. Genetics 2007, 176 (2), 1035–1047. 

(30)  Kelley, L. A.; Mezulis, S.; Yates, C. M.; Wass, M. N.; Sternberg, M. J. E. The Phyre2 

Web Portal for Protein Modeling, Prediction and Analysis. Nat. Protoc. 2015, 10 (6), 845–

858. 

(31)  Tanovic, A.; Samel, S. A.; Essen, L.-O.; Marahiel, M. A. Crystal Structure of the 

Termination Module of a Nonribosomal Peptide Synthetase. Science (80-. ). 2008, 321 



Chapter Two: Bifurcated Biosynthesis and Evolution of Non-Ribosomal Hexapeptide Antibiotics 

A53 

 

(5889), 659–663. 

(32)  Jenke-Kodama, H.; Börner, T.; Dittmann, E. Natural Biocombinatorics in the Polyketide 

Synthase Genes of the Actinobacterium Streptomyces Avermitilis. PLoS Comput. Biol. 

2006, 2 (10), e132. 

(33)  McDonald, B. R.; Currie, C. R. Lateral Gene Transfer Dynamics in the Ancient Bacterial 

Genus Streptomyces. MBio 2017, 8 (3), e00644-17. 

(34)  Kadi, N.; Challis, G. L. Chapter 17 Siderophore Biosynthesis. In Methods in enzymology; 

2009; Vol. 458, pp 431–457. 

(35)  Fewer, D. P.; Rouhiainen, L.; Jokela, J.; Wahlsten, M.; Laakso, K.; Wang, H.; Sivonen, 

K. Recurrent Adenylation Domain Replacement in the Microcystin Synthetase Gene 

Cluster. BMC Evol. Biol. 2007, 7 (1), 183. 

(36)  Oldenburg, K.; Vo, K. T.; Michaelis, S.; Paddon, C. Recombination-Mediated PCR-

Directed Plasmid Construction in Vivo in Yeast. Nucleic Acids Res. 1997, 25 (2), 451–

452. 

(37)  Gietz, R. D.; Schiestl, R. H. Quick and Easy Yeast Transformation Using the LiAc/SS 

Carrier DNA/PEG Method. Nat. Protoc. 2007, 2 (1), 35–37. 

(38)  Kieser, T.; Bibb, M. J.; Buttner, M. J.; Chater, K. F.; Hopwood, D. A.; John Innes 

Foundation. Practical Streptomyces Genetics; John Innes Foundation, 2000. 

(39)  Son, S.; Hong, Y.-S.; Jang, M.; Heo, K. T.; Lee, B.; Jang, J.-P.; Kim, J.-W.; Ryoo, I.-J.; 

Kim, W.-G.; Ko, S.-K.; et al. Genomics-Driven Discovery of Chlorinated Cyclic 

Hexapeptides Ulleungmycins A and B from a Streptomyces Species. J. Nat. Prod. 2017, 

80 (11), 3025–3031. 

(40)  Shiba, T.; Mukunoki, Y. The Total Structure of the Antibiotic Longicatenamycin. J. 

Antibiot. (Tokyo). 1975, 28 (8), 561–566. 



A54 

 

Chapter Three: Synchronous Cycloadditions of the 

Macrolactam Polyketide Heronamide C 

Note: This chapter is adapted from Booth et al., 20161 

Contents 
3. 1. Introduction .......................................................................................................................... 54 

3. 1. 1 Pericyclic Reactions in Nature ..................................................................................... 54 

3. 1. 2. The Heronamides ........................................................................................................ 56 

3. 2. Results and Discussion ........................................................................................................ 58 

3. 2. 1. Heronamide C Biosynthetic Gene Cluster (hrn BGC) ................................................ 58 

3. 2. Heronamide Production by Streptomyces sp. CMB-0406 .............................................. 63 

3. 3. Spontaneous Cycloadditions of Heronamide C .............................................................. 63 

3. 3. 1. Thermally Induced Production of Heronamide A ................................................... 63 

3. 3. 2.  Photochemical Production of Heronamide B ......................................................... 67 

3. 3. Conclusion ........................................................................................................................... 67 

3. 4. Bibliography ........................................................................................................................ 70 

 

3. 1. Introduction 

3. 1. 1 Pericyclic Reactions in Nature 

Pericyclic reactions are an important tool in synthetic chemistry and are vital in Nature. 

Pericyclic reactions involve the concerted rearrangement of bonds through an uncharged, cyclic 

transition state and include electrocyclisations, cycloadditions and sigmatropic rearrangements 

(Figure 3. 1). A diverse range of pericyclic reactions have been characterised and involve varying 

π-systems, which may be hetero- or homo-atomic2–4. Pericyclic mechanisms occur through either 

thermal or photochemical mechanisms and generate specific stereochemistries depending on 

which route is taken. In Nature, the majority of pericyclic reactions are believed to occur 

spontaneously. The biosynthesis of vitamin D is perhaps the most well know example. In a 

twostep process, exposure of 7-dehydrocholesterol to UV light catalyses an electrocyclic ring 

opening to produce previtamin D, which then isomerises through a thermal [1,7] sigmatropic 

hydride shift to produce vitamin D (Figure 3. 2)5,6. In this manner, vitamin D biosynthesis 

highlights the importance of both thermal and photochemical pericyclic reactions. Although much 
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Figure 3. 23: Examples of pericyclic reactions and their transition states. a.) The 

electocyclisation of 1-3, butadiene to cyclobutene; b) Diels-Alder [4π + 2π] cycloaddition of 1,3 

butadiene and ethylene to produce cyclohexene; and c.) the Claisen [3, 3] sigmatropic 

rearrangement of ethenyloxy-propene to 4-pentenal.  

Figure 3. 24: Spontaneous conversion of provitamin D (7-dehydrocholesterol) to vitamin D. 

The exposure of provitamin D to UVB causes an electrocyclic ring opening yielding previtamin 

D. Previtamin D is subsequently converted to vitamin D via [1,7] hydride shift. 

Δhv

Provitamin D3 Previtamin D3 Vitamin D3
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rarer, examples of enzymatically catalysed pericyclic reactions have been reported. The first 

example to be described was chorismate mutase, which catalyses the Claisen rearrangement of 

chorismate to prephenic acid during the biosynthesis of aromatic amino acids, enhancing the rate 

of this conversion by over one million fold7,8. Chorismate mutases vary substantially in structure, 

but all function through similar mechanisms of conformational control (Figure 3. 3)9,10.  

With regards to specialised metabolism, much effort has been focused on the [4π+2π] 

Diels-Alder cycloaddition. The biosynthesis lovastatin, spinosyn, and the spirotetramate and 

spirotetronate families (see Chapter 5) all involve enzymatically catalysed Diels-Alder 

reactions11–16. Although there has been much debate over whether these enzymes are true Diels-

Alderases (i.e. whether or not the reaction is catalysed through a concerted rather than stepwise 

fashion – or lower the activation energy of reaction transition states)17–19, structural and 

computational studies of SpnF and AbyU (of the spinosyn and abyssomycin pathways 

respectively) provide compelling evidence that the reaction proceeds through a concerted 

mechanism in these examples. Despite different evolutionary origins and structures, AbyU and 

SpnF both function by encapsulating their entire substrate and reducing enthalpy through the 

stabilisation of the reactive geometry and transition state through hydrogen-bonding and 

hydrophobic interations13,16,20–23. Other enzymatically catalysed putative pericyclic reactions 

include the aza [4π + 2π] (hetero-Diels-Alder) cycloaddition in the formation of the pyradine ring 

during thiopeptide biosynthesis24,25 and [3,3]-retro-Claisen rearrangements in the formation of 

didehydropyan during leporin biosynthesis26. It is worth noting, that in some cases enzymatic 

catalysis is not strictly required as the reaction can occur spontaneously, as is the case with 

spinosyn. Some natural products are hypothesised to rely solely on spontaneous reactions, 

examples include include [4π + 2π] decalin ring formation in anthracimycin27 and the spontaneous 

Claisen rearrangement of prenyl-tyrosine residues in cyanobactin28.  

In this chapter, I discuss the [6π + 4π] and [6π + 6π] intramolecular cycloadditions 

involved in the biosynthesis of the polyene macrolactams heronamide A (5) and B (6) (Figure 3. 

4) and our efforts to determine the nature of this transformation.   

3. 1. 2. The Heronamides 

The heronamides A-C (5-7) are 20-membered polyene macrolactams produced by 

Streptomyces sp. CMB-0406 isolated from marine sediment collected off the coast of Heron 

Island, Australia29. Although 5 and 6 have no reported biological activity, 7 exhibits inhibitory 

activity against fission yeast. As with other macrocyclic polyketides, the heronamides have been 

shown to function through interaction with the membrane. Using surface plasmon resonance, 

Sugiyama et al.30 demonstrated that 7 and its biosynthetic precursor (8-deoxy heronamide C) 
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Figure 3. 25: Claisen rearrangement of chorismate to prephenic acid. This reaction is 

catalysed by chorismite mutase by conformational control; the transition state is shown. 

Figure 3. 26: Proposed biosynthetic pathways for the heronamides A/B (5/6) and D/E from 

heronamides C (7) and F. The mechanism was originally hypothesised by Raju et al. and is 

supported experimentally in this chapter. 
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irreversibly bind the lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine and sphingomyelin,  

which are crucial components of the cell membrane. This results in the abnormal accumulation 

of cell wall material at both the cell tips and septa. This activity is dependent upon the activity of 

the β-glucan synthase (BgsI) and its activator, the small GTPase RhoI responsible for the 

formation of (1-3) β-ᴅ-glycosidic bonds during cell wall biogenesis31,32. In addition to their anti-

fungal activity Raju et al.29 reported that 7 elicited an unusual response from mammalian cells. 

HeLa cells grown on 7 (50 μM) formed large, vesicle-like structures that dissipated when it was 

removed from the media. A similar morphological phenomenon can be induced by the related 

macrolactam vicenistatin33.  

The heronamides are part of a family of related macrolactams that incorporate β-amino 

fatty acids as starter units. The family includes the heronamides A-F29,34, BE-1410635, ML-44936, 

and the more distantly related cremimycin37 (see Chapter Four for a complete description of β-

amino acid containing macrolactams). The biosynthesis of two closely related polyketides, BE-

14106, ML-449 and cremimycin have previously been described36–38. Polyketide synthesis for 

this family occurs in two stages. In the biosynthesis of ML-449, the closest structural relative of 

7, an initial three or four rounds of polyketide synthesis leads to the production of an unsaturated 

tetraketide, which is converted to a β-amino fatty acid through though Michael addition of glycine 

and subsequent hydrolytic cleavage of glyoxylate39. The β-amino fatty acid is then incorporated 

as the starter unit for the second round of polyketide synthesis to produce the final macrolactam 

scaffold36,38. Although the polyketide biosynthesis of ML-449 and BE-14106 has been 

characterised, cyclic congeners have never been reported.  

Based on the structures of 5-7, it was hypothesised that 7 may undergo unique, 

transannular intramolecular cycloadditions during the biosynthesis of 5 and 6 (Figure 3. 4). The 

biosynthesis of 1 is likely to involve an C15-C16 epoxidation of 3 and subsequent intramolecular 

SN2 attack by the proximal amide nitrogen to yield an intermediate pyrrolidinol. It is hypothesised 

that this intermediate can then  undergo [6π+4π] cycloaddition to yield 5. Alternatively, 7 was 

hypothesised to undergo a [6π+6π] cycloaddition to produce 6. Given the unique nature of these 

reactions and their lack of characterisation we sought to examine the production of the 

heronamides in detail and understand whether or not there was a biological basis for these 

reactions.  

 

3. 2. Results and Discussion 

3. 2. 1. Heronamide C Biosynthetic Gene Cluster (hrn BGC) 

The genome sequence of Streptomyces sp. CMB-0406 was obtained via the Pacific 

Biosciences (PacBio) RSII sequencing platform40. The sequenced genome was submitted to 
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antiSMASH v3.041, which identified 25 putative BGCs. The putative heronamide BGC (hrn) was 

identified due to its similaritly to the BE-14106 producing bec BGC38. The hrn BGC spans 80166 

base pairs and consists of 21 predicted genes (Figure 3. 5, Table 3. 1). Interestingly, the hrn BGC 

is more closely related to the mla and bec BGC than the heronamide D producing cluster her 

(published during the course of this study)42. In fact, the architecture of the hrn BGC was identical 

to that of mla.  

ML-449 was reported to differ from 7 due to the presence of a C6-C7 cis-double bond. 

Given the similarity of the two BGCs, we were interested to explore the mechanism behind the 

altered stereochemistry and hypothesised this may prevent cyclisation. An alignment of predicted 

protein sequences for the ketoreductase and dehydratase domains of the PKS of 7, ML-449 and 

other polyketides was generated. The alignment revealed that all her, bec and hrn KR domains 

were canonical B-type KR domains43,44 containing the conserved LDD motif and P144 and N148 

residues with the exception of the KR domain in module 4 of the macrolactam PKS responsible 

for the C10-C11 cis-double bond where the LDD sequence was replaced by VDN and the 

substitution of alanine at position 144; this was assigned as an A-type KR domain. The KR 

domain of module 6 in the mla BGC was 98.9% identical to its counterpart in the hrn BGC 

strongly indicating that the assignment of a C6-C7 cis-double bond most probably erroneous. This 

is supported by the reported NMR spectrum of BE-1410635 and implies that BE-14106, ML-449 

and the heronamides all share a common macrolactam ring structure. These means that ML-449 

and 7 are in fact the same compound. In addition, this analysis supports the findings of Zhu et 

al.42 who reported the absence of a ‘shift module,’45,46 in the heronamide F BSGC.  

Due to advances in the understanding polyketide macrolactam biosynthesis since the 

publication of the mla BGC, we can provide a more accurate biosynthetic hypothesis for 7 then 

previously described (Figure 3. 6). Firstly, an 11 carbon tetraketide is synthesised by the KSQ 

initiated HrnA1, HrnA2 and HrnC polyketide synthases. A β-amino group is introduced to 

through Michael addition of glycine by HrnU and subsequent cleavage of glyoxylate by HrnI 

leads to chain release39. The free β-amino fatty acid is then adenylated and transferred to the free 

ACP HrnS by the action of HrnJ. The amino group is then aminoacylated by the adenylation 

domain HrnL to protect from premature cyclisation of the macrolactam39,47 prior to acyl transfer 

by HrnK to a second PKS complex (HrnBDEFG) for the remaining eight rounds of polyketide 

synthesis. Finally, the incorporated amino acid is deacylated by HrnP, allowing for 

macrolactamisation and release from the synthase machinery (see Chapter Four for further 

information on this mechanism). 

Comparison of the hrn BGC to related polyene macrolactam BGCs did not highlight any 

unique genes that might be specific to the biosynthesis of 5 and 6 from 7. Notably, no gene is 

present in any of the clusters whose product can be attributed to epoxidation of the C16–C17 

double bond36,38,42. This was surprising as although polyenes are known to autoxidize in air48 it 
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b.) mla BGC
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c.) bec BGC
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PKSs        regulation and transport        post-PKS modification enzyme        starter unit biosynthesis         unknown
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d.) her BGC

Figure 3. 27: Comparison of the heronamide family of BGCs. a.) hrn (heronamide C (7)) 

and b.) mla (ML-449) loci show identical overall topologies. c.) bec (BE-14106) lacks a portion 

of the A1 gene and has no A2 gene, reflected in the loss of a whole PKS module. d.) her 

(heronamide F) contains an additional regulatory gene, herR, and has a different overall 

topology to the other clusters in the family. 
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Table 3. 8: Description of proteins encoded in genes identified in the heronamide 

biosynthetic gene cluster. Proposed function and homologs from heronamide family BGCs also 

shown. 

Protein size (aa) Proposed function % Similarities/ % Identities

Homolog from

mla BGC bec BGC her BGC

HrnH 950 LuxR-ty pe transcriptional regulator MlaH

98/95

BecH

94/88

HerH

74/64

HrnA1 6334 Poly ketide sy nthase ty pe I MlaA1

96/94

BecA

90/86

HerA1

74/64

HrnA2 1043 Poly ketide sy nthase ty pe I MlaA2

98/97

BecA

84/77

HerA2

83/76

HrnI 363 Gly cine oxidase/FAD-dependent oxidoreductase MlaI

95/93

BecI

88/79

HerI

83/73

HrnC 695 Poly ketide sy nthase ty pe I MlaC

97/95

BecC

90/84

HerC

84/75

HrnU 187 putativ e NRPS accessory protein MlaU

100/99

BecU

95/89

HerU

88/81

HrnB 3526 Poly ketide sy nthase ty pe I MlaB

96/95

BecB

92/87

HerB

85/78

HrnJ 532 putativ e AMP-dependent acy l-CoA sy nthetase/ ligase MlaJ

97/97

BecU

92/87

HerJ

87/79

HrnK 313 Acy ltransf erase MlaK

97/96

BecK

90/84

HerK

85/77

HrnS 78 Peptidy l carrier protein MlaS

98/95

BecS

94/92

HerS

91/82

HrnL 504 NRPS adeny lation domain MlaL

96/94

BecL

89/83

HerL

89/81

HrnM 199 TetR-ty pe transcriptional regulator MlaM

98/96

BecM

89/86

HerM

87/81

HrnN 523 MFS-ty pe ef f lux pump MlaN

97/95

BecN

93/87

HerN

85/77

HrnO 411 P450 monooxy genase MlaO

98/96

BecO

95/91

HerO

87/76

HrnD 3368 Poly ketide sy nthase ty pe I MlaD

96/95

BecD

92/88

HerD

83/77

HrnP 311 Putativ e L-amino acid amidase/ proline iminopeptidase MlaG

98/98

BecP

91/83

HerP

90/83

HrnG 2001 Poly ketide sy nthase ty pe I MlaG

95/94

BecG

89/85

HerG

80/72

HrnF 3382 Poly ketide sy nthase ty pe I MlaF

97/94

BecF

93/88

HerF

84/76

HrnE 1637 Poly ketide sy nthase ty pe I MlaE

95/93

BecE

91/87

HerE

81/72

HrnT 88 SimX-like protein MlaT

92/90

BecT

80/75

---

HrnQ 256 Thioesterase ty pe II MlaQ

98/96

BecQ

93/86

---
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HrnB
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HrnU HrnI
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HrnK

HrnL

HrnSmal, mal, mal,

HrnA2
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HrnA1 HrnC
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Figure 3. 28: Heronamide C Biosynthesis. Four rounds of polyketide synthesis followed by the 

Michael addition of glycine followed by release of the polyketide chain, hydrolytic cleavage and 

amino-acylation. It is important to note that an αβ-βγ double bond shift and reduction occur at 

some stage during this process, however the precise timing has yet to be elucidated. An additional 

nine rounds of polyketide synthesis, diacylation and macrocyclization lead to the release of 8-

deoxy-7. For simplicity, PKS assembly lines are not shown in full however, malonyl-(mal) and 

methylmalonyl-(mmal) CoA substrates for each PKS are shown. 
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seemed unlikely that this might occur with both the regio- and stereo- selectivity required to 

produce 1.  

 

3. 2. 2. Heronamide Production by Streptomyces sp. CMB-0406 

We hypothesised that the the regio- and stereoselective oxidation of the pyrrolidinol 

precursor was the product of biocatalysis. We performed a time course study following the 

production of 1–3 and dry cell mass over 10 days. Cultures of Streptomyces sp. CMB-0406 were 

grown in SV2 medium and the production of 5, 6 and 7 were calculated by comparison of 

absorbance to a standard curve. Biosynthesis of 7 correlates with growth however, the production 

of 5 and 6 did not. 5 was produced steadily, whereas 6 was present in constant but low levels 

(Figure 3. 7). 

To assess the possibility of the reactions being catalysed by other endogenous enzymes 

or physiological conditions, the strain was cultured in the presence of cyctochrome P450 

inhibitors (menadione, clotrimazole and allylsulfide). In addition, we hypothesised that 

interspecies interactions may activate production and co-cultured Streptomyces sp. CMB-0406 

with various Gram-positive and Gram-negative bacteria. In all these experiments, no change in 

the production 5 or 6 was observed relative to the production of 7. These data along with the 

genomic sequencing results cast doubt on a biocatalytic route for the production of 5 or 6.  

 

3. 2. 3. Spontaneous Cycloadditions of Heronamide C 

To test the spontaneous reactivity of 7 a reasonable quantity of pure compound was 

required. Streptomyces sp. CMB-0406 was cultured in SV2 medium (6 x 400 mL) for 10 days at 

30°C. The resulting broth (2.4 L) was extracted with an equal volume of ethylacetate. The organic 

phase was separated and ethylacetate was evaporated yielding the crude extract (1.8 g). The crude 

extract was triturated with an equal volume of water and the insoluble fraction was collected. The 

insoluble fraction (67 mg) was fractionated by preparative HPLC yielding 5 (1.2 mg), 6 (0.3 mg) 

and 7 (4.8 mg). 

 

3. 2. 3. 1. Thermally Induced Production of Heronamide A  

Previous studies on the heronamides had reported spontaneous conversion of 7 to 5 and 

6 in the presence of DMSO42, however the reaction was poorly characterised. Given that the first 

step in heronamide A synthesis is oxidation by the introduction of the C15-C16 epoxide, aliquots 

of 7 (50µM ) were incubated for 1 hour with varying concentrations (5 – 500 µM) of the oxidising 

agent meta-chloroperoxybenzoic acid (mCPBA) - a reagent commonly used for the epoxidation 

of alkenes49. 3 was very sensitive to oxidation under these conditions and multiple products were 



Chapter Three: Synchronous Cycloadditions of the Macrolactam Polyketide Heronamide C 

A64 

 

Figure 3. 29: Production of the heronamides  by Streptomyces sp. CMB-0406. Dry cell mass 

and concentration of a.) heronamide A (5); b.) heronamide B (6) and c.) heronamide C (7) in the 

cell pellet and supernatant.  
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observed including 5 ([M+H]+ = 466.29]) and other apparently oxidised products of 7 (e.g. 

[M+H]+ = 482.28]). 

Next, we sought to test milder oxidising conditions. Aliquots of 7 (225 mM) were 

dissolved in methanol with 0 – 50 % DMSO and exposed to air. Experiments were carried out at 

a range of temperatures (4°C, 30°C and 60°C). Following 7 days incubation samples were 

analysed using HPLC and LCMS. When exposed to air under ambient conditions production of 

5 was observed at significantly higher levels, the most efficient conversion of 7 to 5 occurring in 

methanol containing 10% DMSO (Figure 3. 8). This may reflect the mild oxidizing conditions, 

or the accelerated rate of cycloaddition often observed in polar solvents50,51. Despite producing 

greater yields of 5, incubation at higher temperatures lead to the production of numerous other 

products accounting for around 30% of the molar yield at 60°C. Although side products were 

formed, an excellent molar conversion ratio of 7 to 5 was observed, implying an autoxidation of 

7 with remarkable facial and regio-selectivity at the C16–C17 double bond. Computational 

studies support this proposal and suggest a thermal reaction occurring through an ambimodal 

transition state that leads to a [4π+2π] and [6π+4π] adducts52. Interconversion of these adducts 

was predicted to occur via a facile Cope rearrangement leading to accumulation of the 

thermodynamically more stable [6π+4π] adduct (Figure 3. 9). Furthermore, the lack of any 

apparent pathway intermediates suggests the autoxidation step may be rate limiting. This would 

be consistent with in silico experiments that estimated the half-life of the pyrrolidinol precursor 

as approximately three minutes52. 

Since the publication of this result in 20161, other cyclic congeners of the heronamide-

like macrocycle have been described. Ding et al.53, isolated six new heronamides (G-L) from a 

140 L culture of Streptomyces niveus YIM 32862 showing a range of oxidations and oxidative 

cyclisations, likely related to the compounds observed in the above experiments. Other 

heronamide A-like pyrrolidinol containing macrolactams have been identified with larger, 26-

membered macrocycles: niizalactam A, dracolactam A and mirilactam C54–56. Interestingly, 

production of these compounds requires coculture of the producing organisms with mycolic acid 

containing bacterium (MACB). In each case however, feeding the precursor alone to MACB was 

not sufficient to induce oxidation and cyclisation suggesting that this process is not achieved 

through bioconversion.   

  Our experiments confirmed previous reports that the conversion of 7 to 5 may be 

spontaneous57 and were replicated around the same time by Kanoh et al.58 who reported 

production of 5 in a solution of dimethylformamide (DMF) and DMSO (1:1) when incubated at 

50 °C for 7 days. 6 was not produced in any of the above experiments. As light was excluded 

during these experiments, we hypothesised that the conversion of 7 to 6 proceeds through an 

alternate route. 
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Figure 3. 31: Formation of heronamide A (5) from the hypothetical pyrolinidol via [6π + 4π] 

cycloaddition and cope rearrangement of the hypothetical [4π + 2π] adduct. Adapted from 

Yu et al., 2015. 

4°C

30°C

60°C

(7)
(5)

(i)

8 12 16 min1410Temperature (C)

M
o

la
r%

4 30 60

0

50

100
Heronamide C
Heronamide Aa. b.

Figure 3. 30: Temperature sensitive conversion of heronamide C (7) to heronamide A (5) 

after seven days of incubation at 4, 30 and 60°C. a.) The proportion of 7 and 5 as a molar 

percentage of the starting material; and b.) a section of the HPLC trace at 330 nm showing 5, 7 

and the main decomposition product (i). 

. 
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3. 2. 3. 2.  Photochemical Production of Heronamide B 

Spontaneous cycloadditions follow either thermal or photochemical routes. According to 

Woodward-Hoffman rules, a [6π + 6π] cycloaddition is thermally forbidden as suprafacial ring 

closure can only occur through the photochemical route. This is reflected by the 2R, 7R 12S, 17R, 

stereochemistry of 6. To test this hypothesis, purified 7 was dissolved in methanol (225 mM) and 

aliquoted into borosilicate vials to allow naturally occurring UV to pass through the samples. 

Vials were then incubated at RT in direct sunlight, or darkness for 1 h. The samples were analysed 

by HPLC-LCMS. The samples placed in direct sunlight showed conversion to 6 (approx. 60% 

molar conversion), whereas the samples excluded from light showed no conversion (Figure 3. 

10). 

To characterize this reaction further samples of 3 dissolved in methanol (225 mM) were 

exposed to several wavelengths of light (330, 375 and 405 nm) using a narrowband (ca. 5 nm) 

LED UV for several time intervals (10 to 160 s) (Figure 3. 11). Quantities of both 6 and 7 were 

calculated by comparison to a standard curve. The photochemical consumption of 3 follows first-

order kinetics with significantly faster rates towards the ultraviolet range yielding 6 as the major 

product at all monitored wavelengths. The photon flux at each wavelength was calculated using 

ferrioxalate chemical actinometry to allow for normalization across wavelengths. From these 

data, the half-life, rate constant and quantum yields were calculated (Table 3. 2). Φapparent was the 

greatest at 330 nm, presumably because photons absorbed by 7 at this wavelength are more likely 

to be absorbed by the conjugated polyene resulting in isomerization. Prolonged exposure to 

shorter wavelengths led to the production of additional side products of identical m/z to 6 and 7 

(Figure 3. 11.d). 

These results demonstrate the wavelength-specific photochemical conversion of 7 to 6. 

A similar  [6π + 6π] cycloaddition has also been reported to transform the related macrolactam 

ciromicin A to ciromicin B in a similarly wavelength-specific manner59. Shortly after the 

publication of this work1, photocatalysis of heronamide C was used in the total synthesis of 

heronamide B58. This allowed them to confirm the previously ambiguous stereochemistry of the 

compounds30,60.  

3. 3. Conclusion 

We have shown that the conversion of heronamide C (7) to heronamide A (5) and 

heronamide B (6) occur via independent, spontaneous thermal [6π + 4π] or photochemical [6π + 

6π] cycloadditions. The stereo- and regiospecificity of the olefin oxidation required during the 

biosynthesis of 5 is particularly noteworthy and may provide important insights for synthetic 

chemistry. Given the large number of polyene macrolactam natural products related to 7 which 

have been reported, we envisage that many additional compounds arising from similar reactions 



Chapter Three: Synchronous Cycloadditions of the Macrolactam Polyketide Heronamide C 

A68 

 

0.0 2.5 5.0 7.5 10.0 12.5 15.0

0.0

0.5

1.0

0.0

1.0

2.0

0.0

0.5

1.0

(x10,000,000)

472.28
BPC

a.

b.

c.

(7)

(6)

Figure 3. 32: Photochemical conversion of heronamide C (7) to heronamide B (6). LCMS 

spectra of a.) crude extracts of S. sp. CMB-0406 and b.) crude extracts incubated for 1 hour in: 

b.) direct sunlight and c.) darkness. The base peak chromatogram (BPC)(black) and the extracted 

ion chromatogram for [M+Na]+=472.28 are shown for each condition. 

Table 3. 9: Photochemistry of heronamide C (7). Measurements were taken at three 

wavelengths. The rate constant (k) for the consumption of 7, associated half-lives in addition to 

the actinometry results and the apparent quantum yields (Φapparent) are presented. 

 

Wavelength, 

λ (nm)

photons delivered to 

cuvette, q (mol s-1)

power delivered 

to cuvette, P (mW)

UV-Vis absorption 

225 μM

heronamide C, A

1-10-A, 

χ
Time, t (s)

q χ t, Nphotons

(mol)

Heronamide B, 

Nmole (mol)
Φapparent

330 7.89E-09 2.86 0.95 0.89
10 7.00E-08 4.48E-08 0.6393

20 1.40E-07 7.90E-08 0.5638

375 7.82E-08 24.93 0.34 0.54
10 4.25E-07 6.30E-09 0.0148

20 8.50E-07 1.87E-08 0.0220

405 7.11E-07 210.02 0.31 0.51
10 3.63E-06 3.60E-09 0.0010

20 7.26E-06 7.43E-09 0.0010
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Figure 3. 33: Photochemical conversion of heronamide C to heronamide B and a putative 

isomer. The concentration of heronamide C (7) (blue) and heronamide B (6) (red) are plotted 

over time at: a.) 330nm, b.) 375 nm and, c.) 405 nm. The concentration of side products (grey) 

are inferred from the quantity of starting material and product. d.) HPLC chromatogram following 

exposure at the above wavelengths. Labeled are heronamide C (7) and heronamide B (6) and and 

unknown product (ii). 
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remain to be discovered. Indeed, deliberately exposing natural or synthetic polyene macrocycles 

to a range of oxidative and photochemical conditions may represent a route for expanding 

molecular diversity.  
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4. 1. Introduction 

4. 1. 1 β-amino acid containing polyketide macrolactams 

 The heronamides discussed in the previous chapter are members of a larger family of β-

amino acid containing polyketide macrolactams (βPMs). The first βPM to be discovered was 

Stubomycin, described in 1981 by researchers at the Kitasato Institute in Tokyo, Japan1. A year 

later, the structure was solved under the now more commonly used name hitachimycin2. Based 

on the structure, it was proposed that hitachimycin had an unusual biosynthesis involving the 

incorporation of a phenylalanine. Meanwhile studies on its bioactivity revealed cytotoxic activity 

against mammalian and fungal cells – including antitumor activity 2–4. In the proceeding three and 

a half decades, the βPM family has expanded to include over twenty members (Table 4. 1), which 

exhibit a range of biological activities. βPMs are distributed throughout the actinobacteria and 

have been observed in the genera Actinosynnema, Micromonospora, Nocardiopsis, Salinospora 

and Streptomyces (Table 4. 1). In addition to their biological activities, there has been much 

interest in their biosynthesis, both the incorporation of β-amino acid starter unit into the polyketide 

chain and generation of various cyclised congeners typified by the [6π + 4π] and [6π + 6π] 

cycloadditions described in Chapter 3. As such, βPMs present a natural reservoir of compounds 

that can provide valuable insight into polyketide biosynthesis and polyene chemistry. This chapter 

explores our efforts to expand and consolidate existing knowledge on βPMs through genome 

mining, and genomic and evolutionary analysis.   

 

4. 1. 1. 1 Biosynthesis 

4. 1. 1. 1. 1 Incorporation of the β-Amino Acid Starter Unit and Polyketide Synthesis  

βPMs are characterised by their unique biosynthesis whereby a β-amino acid is 

incorporated as a starter unit of the polyketide chain. Miyagana et al.5 describe five types of βPMs 

categorised by the β-amino acid utilised in their biosynthesis, they are: dicarboxylate-type 

(derived from L-aspartate and L-methyl-threo-3-aspartate), short-chain fatty acid-type (3-

aminobutyrate), aromatic-type (β-phenylalanine) and the saturated and unsaturated medium-chain 

fatty acid-types (Figure 4. 1). 

The first biosynthetic step is the generation of the starter unit, which typically involves 

the isomerisation of an α-amino acid precursor through a biosynthetic gene cluster (BGC) specific 

mutase. In hitachimycin biosynthesis, hitA encodes a L-phenylalanine-2,3-aminomutase capable 

of isomerising readily available L-phenylalanine into L-β-phenylalanine6. Both L-methyl-threo-3-

aspartate and 3-amino butyrate are derived from L-glutamate, either through isomeration of the 

carboxyl-group (to produce methyl-aspartate)7 or the amino group (to produce β-glutamate)6,8. 
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Compound Producer Amino-sugarβ-amino acid Biological Activity

Aureoverticillactam Streptomyces aureoverticillatus NPS001583 Y β-amino fatty acid Cytotoxic

BE-14106 Streptomyces sp. A14106 N β-amino fatty acid Cytotoxic

Ciromicin A Nocardiopsis sp. FU40 Y 3-methylaspartate Cytotoxic

Cremimycin Streptomyces sp. MJ635-86F5 N β-amino fatty acid Cytotoxic

Cyclamenol Streptomyces sp. MHW 846 N 3-methylaspartate Antiinflamatory

Fluvirucin B Actinomedura spp. Y ʟ-aspartate Inhibits influenza infection

Heronamide C Streptomyces sp. CMB-0406 N β-amino fatty acid Anti-fungal

Heronamide F Streptomyces sp. SCSIO 0303 N β-amino fatty acid No reported activity

Hitachimycin Streptomyces sp. KG-224 N β-phenylalanine Cytotoxic/antitumour

Incednine Streptomyces sp. ML649-90F3 Y 3-aminobutyrate Sensitises tumour cells

Lobosamide A Micromonospora sp. RL09-050-HVF-A N 3-aminobutyrate Antitrypansomal

Nivelactam Streptomyces niveus YIM 32860 N β-amino fatty acid Cytotoxic

Macrotermycin B Amycolatopsis sp. M39 Y 3-methylaspartate Anti-Gram-positive/antifungal

Micromonolactam Micromonospora spp. CMS I1-30 and CMS I2-32. N 3-aminobutyrate No reported activity

Micromonosporin Micromonospora TT1-11 N 3-aminobutyrate No reported activity

Mirilactam A Actinosynnema mirum ATCC 29888 N 3-aminobutyrate No reported activity

Piceamycin Streptomyces sp. AcH50 N 3-methylaspartate Anti-Gram-positve/antitumour

Salinilactam A Salinispora tropica CNB 440 N 3-aminobutyrate No reported activity

Sceliphrolactam Streptomyces sp. C113 and C122 N 3-methylaspartate Antifungal

Silvalactam Streptomyces sp. Tü 6392. Y 3-aminobutyrate Anti-Gram-positive

Sipanmycin Streptomyces sp. CS149 Y 3-aminobutyrate Cytotoxic

Vicenistatin Streptomyces halstedii HC34 Y 3-methylaspartate Cytotoxic

Viridenomycin Streptomyces viridochromogenes T-24146. N β-phenylalanine Antiprotozoal/anti-gram-positive

Table 4. 10: Known β-amino acid containing polyketide macrolactams (βPMs), their 

structural features and bioactivities.  
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Fluvirucin B5

Vicenistatin

a. Dicarboxylate-Type

Hitachimycin

c. β-phenylalanine-Type

Viridenomycin

d. Unsaturated Medium-Chain Fatty Acid-Type

Aureoverticillalactam

Heronamide C

b. Short-Chain Fatty Acid-Type

Cremimycin

e. Saturated Medium-Chain Fatty Acid Type

Mirilactam A

Incednine

Figure 4. 34: Structural diversity of polyketide macrolactams. The five groups described by 

Miyagana et al5 are shown. The region of the compound comprised of the amino acid is 

highlighted. 
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Figure 4. 35: Proposed mechanism for the generation of β-amino fatty acids in the 

biosynthesis if β-amino acid containing macrolactams (βPMs). Showing the mechanism of a.) 

CmiS1-like thioesterases and b.) CmiS2-like FAD-dependent oxidase as suggested by Amagai  et 

al11. 

Figure 4. 36: General scheme for polyketide macrolactam biosynthesis. a.) Firstly, the VinN-

like adenylation protein will transfer the selected amino acid to a standalone acyl-carrier protein 

(ACP). Peptidyl-ACP is then amino-acylated by a second adenylation domain protein (VinM-

like). A standalone acyl transferase transfers the dipeptide to the polyketide synthase. b.) 

Following polyketide biosynthesis, alanine is liberated by hydrolysis allowing for 

macrocyclization.  
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Both methyl-aspartate and β-glutamate  will be decarboxylated prior to incorporation, however 

this may happen later in the biosynthesis6. In the biosynthesis of medium chain fatty acid starter 

units, a linear fatty acid is generated by a set of type-I polyketide synthases (PKSs) encoded within 

the BGC9,10. Although saturation of the fatty acid is variable, the final PKS module will 

exclusively process the β-keto group to yield an α-β double bond. Michael addition of glycine 

and subsequent hydrolysis by a conserved thioesterase (CmiS1-like protein) and FAD-dependent 

oxidase (CmiS2-like protein) generates the β-amino group (Figure 4. 2)11,12. 

The mechanism for utilising the β-amino acid as the starter unit is highly conserved 

throughout known biosynthetic pathways. Five proteins are required for the incorporation of the 

β-amino acid into the final macrolactam (Figure 4. 3). The first step is the loading of the β-amino    

acid to a free ACP by an adenylation domain protein. As with α-amino acid adenylation domains, 

the specificity of these enzymes is dictated by the ten residues that constitute the substrate binding 

pocket13. Two of these residues are completely conserved, Asp230 for recognition of the amino 

group, giving high selectivity for β-amino acids and Lys510 that is hypothesised to interact with 

the α-carboxyl group of the amino acid and the ribose moiety of adenylate. As with α-amino acid 

adenylating proteins, binding pocket residues can provide insight into substrate specificity. For 

example,  in dicarboxylate adenylation enzymes such as VinN or CirA2, K330 and R331 form 

salt-bridges with the C1-carboxyl group13,14. Where other substrates are accepted, positions 330 

and 331 are mutated to typically hydrophobic residues5.  

The next step in the pathway is aminoacylation of the ACP-bound substrate with L-

alanine by a second adenylation enzyme. This has been described as a ‘protecting group’ strategy, 

prevent premature cyclisation of the nascent chain11,15. The resulting dipeptidyl group is then 

transferred to the ACP of the PKS’s loading module by a trans-acting acyltransferase16. Finally, 

following polyketide synthesis, the polyketide chain is deacylated by hydrolytic cleavage of the 

L-alanine protecting group amino acid, allowing macrocyclisation and release of the final product 

from the PKS17. 

 

4. 1. 1. 1. 2 Aminoglycosylation 

 βPMs, as with most polyketide natural products, are subject to post-PKS tailoring 

reactions that increase molecular diversity. The most common tailoring reaction in ΒPMs is 

hydroxylation by cytochrome P450s (e.g. Zhu et al., 201518). Several ΒPMs are also glycosylated 

with a variety of sugars (Figure 4. 4). Glycosyl donors are nucleotide diphosphate (NDP) amino 

sugars derived from uridine diphosphate (UDP) and thymidine diphosphate (TDP) activated 

monosaccharides6,14,19,20. 
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Figure 4. 37: dTDP and UDP derived amino sugars in the biosynthesis of βPMs. Sugars are 

involved in the biosynthesis of the following compounds: a.) ciromicin and macrotermycin, b.) 

sannastatin and vicenistatin, c.) fluvirumicin, d.) silvalactam e.) incednine and f.) sipanmycin. 
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Ciromicin, silvalactam, incednine and sipanmycin all contain sugars derived from UDP-

N-acetylglucosamine (UDP-GlcNAc)6,14,20,21. The ciromicin BGC encodes three enzymes: CirS1, 

a GlcNAc de-N-acetylase; CirS2; a UDP-glucose dehydratase and; CirS3 currently annotated as 

a NAD-dependent epimerase/dehydrogenase14, but is more likely to function as a GlcA 

decarboxylase (a common misannotation by predictive software). Additional N- and O- 

methylation steps may occur to further modify the sugars, as seen in incednine and silvalactam 

biosynthesis6,22. Vicenistatin, incednine, sipanmycin and the fluvirucins derive sugars from 

glucose-1-phosphate 6,21,23–25. In the case of vicenistatin the sugar vicenisamine is synthesised by 

six enzymes VinABDEFG. VinA converts glucose-1-phosphate to D-glucose. VinBDE then 

catalyse a series of dehydrations and reductions yielding 4-keto-2,6-dideoxy-D-glucose. VinF 

then catalyses transamination at the 4-keto position followed by N-methylation by VinG26. In the 

fluvirucins, the amino group is often acetylated or, in the case of fluvirucin B5, is replaced by 2-

phenyethylureide23. The incednine BGC contains additional reductases resulting in complete 

reduction of C26.  

The biosynthesis of incednine and sipanmycin is particularly interesting as it requires the 

synthesis of both UDP and TDP activated sugars6,21. Each monosaccharide is derived from 

independent nucleotide diphosphates, in the case of incednine 5-deoxy-N-methyl-ᴅ-glucosamine 

and 4-methylamino-2,3,4,6-tetradeoxy-α-ᴅ-glucose, derived from UDP and TDP sugars 

respectively (Figure 4. 4.e-f). As presence or absence of specific amino sugars has been shown to 

be important for biological activity of βPMs (see below), the production of non-specific glycons 

would be undesirable. Since nucleotide diphosphates are often required for recognition by 

biosynthetic enzymes it is possible utilising two distinct NDPs allows specific modifications to 

be made to each sugar during incednine and sipanmycin biosynthesis. Indeed the correct 

glycosylation of sipanmycin is dependent on the coordination of its glycosyl transferases21. 

The importance of the aminosugar for activity suggests βPMs may provide interesting 

targets for glycodiversification – the synthesis of new analogues through glycosylation with 

different carbohydrates27. Due to its ability to accept a variety of substrates, the vicenistatin 

glycosyltransferase VinC has been identified as a potentially useful tool for glycodiversification28. 

Providing the size and position of polar groups are roughly similar to that of vicenilactam (the 

biosynthetic aglycon precursor to vicenistatin) VinC can accept a range of glycosyl acceptors. It 

can also accept both ᴅ- and ʟ- sugars to produce a variety of α- and β- vicenilactam glycosides. 

By combining ten glycosyl donors and five aglycones, Minami and Eguchi generated a library of 

22 novel glycosylated polyketides28.  
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Figure 4. 38: Photocatalysed [6π + 6π] intramolecular cycloaddition of ciromicin A. 
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4. 1. 1. 1. 3 Intramolecular cycloadditions 

Due to the nature of the polyene ring, several βPMs are able to undergo intramolecular 

cycloadditions (see Chapter 3). [6π + 6π] and [6π + 4π] cycloadditions of the polyene macrocycles 

were first hypothesised upon the discovery of the heronamides (A - C) (5 - 7)29. Heronamide C 

(7) is the precursor to both heronamide A (5) and heronamide B (6). A [6π + 6π] intramolecular 

cycloaddition leads to the production of 6. 5 is produced by an epoxidation of the C16-C17 olefin 

and subsequent nucleophilic attack by the proximal nitrogen followed by [6π + 4π] cycloaddition 

to produce 5. As demonstrated in the previous chapter, these reactions occur spontaneously 

through photochemical and thermally dependent routes (Figure 3. 4)30. 

As a consequence of their polyene structures, several βPMs are sensitive to light. The 

first characterised example involved the conversion of ciromicin A to ciromicin B via a [6π + 6π] 

cycloaddition (Figure 4. 5)14. The reaction was photocatalysed in a UV-vis dependent manner, 

with maximum conversion occurring at 300 nm. The [6π + 6π] cycloaddition of 7 has also been 

shown to proceed rapidly upon exposure to light30. Analysis of this reaction revealed that in 

addition to greater rates of reaction, the quantum yield was also much higher towards the lower 

wavelengths of the UV spectrum (Figure 3.11 and Table 3.2). This is likely to be due to the 

increased likelihood of a photon being absorbed by the conjugated trienes. 

Heronamide F was shown to convert to heronamide E (an analogue of 5) in vitro in the 

presence of DMSO31. This result suggested that the formation of the pyrrolidinol and subsequent 

[6π + 4π] cycloaddition could occur spontaneously in the presence of an oxidising agent. 

However, the reaction was poorly characterised and apparently occurred at a rate much slower 

than had been observed in vivo (taking 14 days to produce only trace products). Sequencing of 

the heronamide C (hrn), heronamide E (her) and ciromicin (cir) BGCs revealed that they all lack 

the enzymatic capacity to carry out such an oxidation (each cluster contains only a single P450 

monooxygenase that has been demonstrated to act as a hydroxylase)14,30,31. We demonstrated in 

the previous chapter that production of 5 was unlikely to result from biological activity and that 

5 was produced in a thermally-dependent manner. This has been proposed to occur through an 

ambimodal transition state that leads to a [4π+2π] and [6π+4π] adducts32. Interconversion of these 

leads to accumulation of the thermodynamically more stable [6π+4π] adduct, however this is 

apparently not always the case however, as with dracolactams and mirilactams, the [4π + 2π] 

product is apparently stabilised33,34 

A recent report by Ding et al.35 revealed the extent of heronamide spontaneous chemistry 

by identifiying six additional cyclic congeners. This study raises questions about the unexplored 

diversity of polyene βPMs. As mentioned above, several other βPMs are reportedly sensitive to 

light and temperature. The exposure of the pentaene-tetraene rings of incednine and 

sceliphrolactam are of particular interest as is possible that such ring systems may be capable of 

novel pericyclic rearrangements and could provide new insights into polyene chemistry.  
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4. 1. 1. 2 Bioactivity and Structural-Functional relationships 

βPMs exhibit a wide variety of biological activities (Table 4. 1). For example, cyclamenol 

A (currently under patent by Bayer AG) exhibits anti-inflammatory activity by inhibiting the 

adhesion of leukocytes to endothelial cells during immune response36. Lobosamide A was 

discovered due to its ability to inhibit the growth of the protozoa Trypanosoma brucei, the parasite 

responsible for human African trypanosomiasis (sleeping sickness)37. Fluviricin inhibits infection 

of influenza virus type A23. Additionally, several βPMs have been shown to inhibit the growth of 

both Gram-positive bacteria and Gram-negative bacteria22,38,39. Most commonly however, βPMs 

exhibit cytotoxic or antifungal activities. 

4. 1. 1. 2. 1 Cytotoxicity 

Roughly half of known βPMs exhibit some degree of cytotoxic activity against 

mammalian cells (Table 4. 1). It is likely that this activity occurs in a similar fashion to that of 

other known polyene antibiotics through perturbation of the cell membrane40–42. Some βPMs 

however are known to target specific pathways. Incednine, for example, induces apoptosis in cell 

lines overexpressing the anti-apoptotic oncoproteins Bcl-2 and Bcl-xL6.  

Particular structural motifs have been shown to play an important role in determining the 

cytotoxicity of βPMs, such as the presence of an amino-sugar. Despite vicenistatin’s potent 

cytotoxic activity, its homologue vicenistatin M - where D-vicenisamine is substituted for D-

mycarose43 – exhibited no activity against a range of human cell lines. Similarly, sipanmycin also 

requires the correct installation of both amino sugars to exhibit antiproliferative activities21. 

Indeed, the presence of an amino sugar is a strong predictor of cytotoxicity. The only ΒPMs that 

exhibit cytotoxicity that lack an amino sugar are those which incorporate hydrophobic β-amino 

acids10,44,45. βPMs lacking both moieties are usually void of activity. 

The configuration of the macrocycle also appears to have an effect on activity. Although 

5 and 6 lack the anti-fungal properties of 7 (see below), it has been demonstrated that products of 

intramolecular cycloaddition can retain activities (see ciromicin A and B14) or gain novel 

activities. Nivelactam is a [6π + 4π] product of BE-14106 with a structure distinct from that of 5. 

Nivelactam shows increased cyctotoxicity against certain human tumour cell lines compared to 

its precursor46. Methylation of the macrocycle is also important. The total synthesis of vicenistatin 

derivatives revealed that loss of the C20- and C23-methyl groups resulted in a cumulative 

decrease in activity47. 
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4. 1. 1. 2. 2 Antifungal activity 

 Many βPMs inhibit the growth of a variety of fungi including Candida albicans, 

Saccharomyces cerevisae, the plant pathogens Magnaporthe grisea (Pyricularia oryzae) and 

Sclerotinia sclerotiorum, and fission yeast Schizosaccharomyces pombe4,29,48–51. Recently, studies 

on the heronamides and related 20-membered ΒPMs have provided insight into their mode of 

action and structure-activity relationships.  

As with other βPMs, the heronamides have been shown to function by irreversibly 

binding to membrane lipids (specifically 1,2-dimyristoyl-sn-glycero-3-phosphocholine and 

sphingomyelin)50. Comparison of 7 with BE-14106, revealed that despite sharing a mode of 

action, BE-14106 exhibited 4-fold lower inhibitory activity. As the two compounds share a stereo-

chemically identical macro-lactam ring, the observed change in activity was attributed to the 

reduced length of the hydrocarbon tail. The configuration of the macrocycle itself also appears to 

be a requisite for activity. Despite the potent activity of monocyclic 7, tetracyclic 5 and tricyclic 

6 exhibit no anti-fungal activity29,50. Hydroxylation is another important factor. The MIC for 8-

deoxy-7 is 20-fold greater than that of the hydroxylated product. In addition, synthetically 

produced diacetylated 7 lacked both activity and membrane affinity50. 

4. 1. 1. 2. 3 Inducers of vacuolation 

In addition to their anti-fungal activity, Raju et al.52 reported that 7 elicited an unusual 

response from mammalian cells. HeLa cells grown on 50μM 7 formed large, vesicle-like 

structures that dissipated when it was removed from the media. A similar morphological 

phenomena can be induced by vicenistatin53. Large vacuoles formed in rat fibroblasts (3Y) treated 

with 300nM vicenistatin, reportedly occupying around half of the cells volume. Unlike 7 induced 

vacuolation, these changes were apparently irreversible. The vacuoles were formed from 

continuous, uncontrolled homolytic fusion of smaller, early-endosomally derived vesicles. 

Nishiyama et al.53 demonstrated that vacuolation is induced by the activation of the Rab5-PAS 

pathway and a consequent decrease in cellular phosphatidylinositol (3,5)-bisphosphate and is 

phenotypically consistant with other preturbations to this pathway such as decreased activity of 

the phosphokinase PIKfyve. This mode of action draws parallels with the RhoI-bgsI dependent 

anti-fungal activity of 7 (see above). It is possible that the accumulation of cell wall material in 

the septa of fission yeast caused by treatment with 7 and vacuolation of mammalian cells are the 

result of similar modes of action. 

 βPMs may provide useful probes for studying the process of vacuolation in mammalian 

systems. It seems unlikely that the ability to induce vacuolation is be limited to heronamide C and 

vicenistatin. As the process occurs at sub-cytotoxic levels it is possible that the phenomina has 

gone unreported during the screening other βPMs.  

 



Chapter Four: A Roadmap for Macrolactam Discovery 

A86 

 

4. 1.2 Genome-mining novel macrolactams 

 

Given the vast amount of genomic data available, genome mining has become a powerful 

tool in the natural product discovery toolbox (see Chapter 1). Previous attempts at genome mining 

for βPMs have been successful. The mirilactams (A and B) were discovered by looking for 

sequences with homology to the lobosamide PKS sequence37. This technique is helpful in 

identifying closely related compounds (the mirilactams and lobosamides differ by the presence 

of a methyl group). However due to the high similarity of PKS encoding genes, it is not very 

successful at identifying more distantly related BGCs. With this in mind, we developed a strategy 

to survey the diversity of βPMs in the public databases by searching for functional sub-clusters 

as opposed to whole BGCs. As the process of β-amino acid incorporation is highly conserved 

among all known examples, it follows that searching for this sub-cluster would allow us to 

identify βPMs in the public databases without the bias introduced by using assembly line encoding 

genes. 

4. 2. Results and Discussion 

4. 2. 1 Targeted Genome Mining 

 The amino acid sequences for the conserved βPM biosynthetic genes from the vicenistatin 

BGC (VinJKLMN19) and the heronamide C BGC (HrnIJKSLU30) were extracted and run in 

independent MultiGeneBLAST54 architecture searches against genbank actinobacterial and 

microbial sequence databases. Results containing two or more homologous genes were 

considered BGCs of interest. The combined analyses yielded a total of 76 BGCs (Table 4. 2). The 

BGCs identified were widespread among the actinobacteria, identified in 16 genera of the families 

Streptomycetales, Streptosporangiales, Micromonoporales, Pseudonocardiales and 

Corynebacteriales (based upon Nouioui et al.’s classification55). This distribution is significant as 

it indicates a strict phylogenetic delineation between Actinobacterial clades and suggests an origin 

of these clusters during the diversification of these genera from the rest of the Actinobacteria 

(Figure 4. 6).  

4. 2. 1. 1 PKS-associated BGCs 

 A total of 54 BGCs were identified sharing at least two of the conserved genes and a PKS 

encoding gene (Table 4. 2). 46 of the extracted sequences represented entire putative BGCs and 

8, extracted from smaller contigs, appeared to contain partial BGCs. Nonetheless, this highlights 

the advantage of this approach to identify putative BGCs from not only full genome assemblies, 

but also smaller contigs. 12 BGCs, including vin and hrn were previously identified and 2 BGCs 

had architectures identical to known BGCs: Streptomyces niveus NCIMB 11891 (BE-14106)9 and 
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Other Bacteria

Micrococcales

Bifidobacteriales

Actinobacteriales

Streptomycetales

Streptosporangiales

Micromonosporales

Pseudonocardiales

Corynebacteriales

Dicarboxylate type

3-aminobutyrate type

Large hydrophobic type

Figure 4. 39: Predicted distribution of β-amino acid containing macrolactams in 

actinobacteria. The presence of particular β-amino acid containing macrolactam (βPM) 

biosynthetic gene clusters (BGCs) is signified by the coloured circle: dicarboxylate type (L-

aspartate and L-methyl-threo-3-aspartate) in yellow, 3-amino butyrate type in red and large 

hydrophobic type (L-β-phenylalanine and β-amino fatty acids) in green.  
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Table 4. 11: β-amino acid containing macrolactams biosynthetic gene clusters predicted by 

sub-cluster mining. Contains information on the strain and observed structural features. 

Predicted starter unit (based on the phylogeny of VinN-like proteins) and macrocycle size are 

highlighted in purple. Strains containing non-polyketide synthase biosynthetic gene clusters 

(BGCs) also shown. 

Genus Species Strain Full/Partial 

Sequence

Product Starter Unit Ring Size Glycosyl-

transferase

K
n

o
w

n
 C

lu
st

e
rs

Actinomadura fulva ATC 53714 Full Fluvirucin l-aspartate 14 Y

Micromonospora sp. RL09-05-HVF-A Full Lobosamide 3-aminobutyrate 26 N

Salinispora tropica CNB-440 Full Salinilactam 3-aminobutyrate 26 N

Streptomyces halstedii HC34 Full Vicenistatin 3-methylaspartate 20 Y

Streptomyces scabrisporus KM-4927(T) Full Hitachimycin β-phenylalanine 19(22) N

Streptomyces sp. CMB-0406 Full Heronamide C β-amino fatty acid 20 N

Streptomyces sp. DSM 21069 Full BE-14106 β-amino fatty acid 20 N

Streptomyces sp. MJ635-86F5 Full Cremimycin β-amino fatty acid 19 (22) Y

Streptomyces sp. ML694-90F3 Full Incednine 3-aminobutyrate 24 Y

Streptomyces sp. MP39-85 Full ML-449 β-amino fatty acid 20 N

Streptomyces sp. SCSIO 03032 Full Heronamide F β-amino fatty acid 20 N

Streptomyces sp. SD85 Full Sceliphrolactam 3-methylaspartate 26 N

P
re

d
ic

te
d

 B
P

M
s

Actinok ineospora enzanensis DSM 44649 Full Unknown Unknown Unknown Y

Actinoplanes sp. SE50/110 Full Unknown Unknown Unknown N

Actinosynnema mirum DSM 43827 Full Unknown 3-aminobutyrate 26 N

Actinosynnema pretiosum X47 Full Unknown 3-aminobutyrate 26 N

Amycolatopsis orientalis DSM 46075 Full Unknown Unknown Unknown Y

Amycolatopsis sp. AA4 Full Unknown Unknown Unknown Y

Hamadaea tsunoensis DSM 44101 Full Unknown Unknown Unknown Y

Kitasatospora sp. Root187 Full Unknown Unknown Unknown N

Kutzneria albida DSM 43870 Full Unknown Unknown Unknown Y

Kutzneria sp. 774 Full Unknown Unknown Unknown N

Micromonospora auratinigra DSM 44815 Full Unknown 3-aminobutyrate 26 N

Micromonospora purpureochromogenes DSM 43821 Full Unknown Hydrophobic Unknown N

Micromonospora rifamycinica DSM 44983 Full Unknown 3-aminobutyrate 26 N

Micromonospora sp. ATCC 39149 Full Unknown Unknown Unknown Y

Nocardia tenerifensis NBRC 101015 Partial Unknown Unknown Unknown N

Nocardiopisis gilva YIM 90087 Partial Unknown Unknown Unknown Unknown

Saccharothrix sp. ST-888 Partial Unknown Unknown Unknown Unknown

Saccharothrix syringae NRRL B-16468 Full Unknown 3-aminobutyrate Unknown N

Streptomyces albireticuli MDJK11 Full Unknown Unknown Unknown Y

Streptomyces hygroscopicus 5008 Full Unknown 3-methylaspartate 26 Y

Streptomyces hygroscopicus ATCC 53653 Full Unknown β-amino fatty acid 20 N

Streptomyces hygroscopicus KCTC 1717 Full Unknown 3-methylaspartate 26 Y

Streptomyces hygroscopicus TL01 Full Unknown 3-methylaspartate 26 Y

Streptomyces mobaraensis NBRC 13819/DSM 40847 Partial Unknown Unknown Unknown Unknown

Streptomyces niveus NCIMB 11891 Full BE-14106 β-amino fatty acid 20 N

Streptomyces pratensis ATCC 33331 Full Unknown 3-methylaspartate 26 N

Streptomyces reticuli Tu 45 Full Unknown 3-methylaspartate 26 Y

Streptomyces roseochromogenes DS12.976 Full Unknown 3-methylaspartate Unknown N

Streptomyces roseosporus NRRL 11379 Full Unknown Unknown Unknown Y

Streptomyces roseosporus NRRL 15998 Full Unknown 3-aminobutyrate Unknown Y

Streptomyces scabrisporus DSM 41855 Partial Hitachimycin β-phenylalanine Unknown Y

Streptomyces sp. 2323.1 Full Unknown Unknown Unknown Y

Streptomyces sp. AA4 Full Unknown Unknown Unknown Y

Streptomyces sp. DvaIAA-83 Full Unknown 3-methylaspartate 26 Y

Streptomyces sp. LaPpAH-95 Partial Unknown Unknown Unknown Unknown

Streptomyces sp. PAMC26508 Full Unknown 3-methylaspartate 26 Y

Streptomyces sp. PBH 53 Full Unknown 3-methylaspartate 26 N

Streptomyces sp. SirexAA-E Full Unknown Unknown 26 Y

Streptomyces sp. TP-A0875 Partial Unknown Unknown Unknown Unknown

Streptomyces sp. Tu 6075 Full Unknown 3-aminobutyrate Unknown Y

Streptomyces sp. Tu 6176 Full Unknown Unknown Unknown Y

Streptomyces tsukubensis NRRL 18488 Partial Unknown β-amino fatty acid Unknown Unknown

O
th

e
r 

C
lu

st
e

rs

Actinobacteria bacterium OV320 Full Unknown N/A N/A N/A

Actinok ineospora enzanensis DSM 44649 Partial/Full Unknown N/A N/A N/A

Amycolatopsis vancoresmycina NRRL B-24208 Partial/Full Unknown N/A N/A N/A

Kutzneria albida DSM 43870 Full Unknown N/A N/A N/A

Kutzneria sp. 744 Full Unknown N/A N/A N/A

Lechevalieria aerocolonigenes NRRL B-3298 Full Unknown N/A N/A N/A

Micromonospora aurantiaca ATCC 27029 Full Unknown N/A N/A N/A

Micromonospora echinofusca DSM 43913 Full Unknown N/A N/A N/A

Saccharothrix sp. NRRL B-16348 Full Unknown N/A N/A N/A

Salinispora arenicola CNS-205 Full Unknown N/A N/A N/A

Salinispora tropica CNB-440 Full Unknown N/A N/A N/A

Streptomyces albulus ZPM Full Unknown N/A N/A N/A

Streptomyces bingchenggensis BCW-1 Full Unknown N/A N/A N/A

Streptomyces collinus Tu 365 Full Unknown N/A N/A N/A

Streptomyces cyaneogriseus NMWT 1 Full Unknown N/A N/A N/A

Streptomyces griseoplanus NRRL B-3064 Partial Unknown N/A N/A N/A

Streptomyces hygroscopicus ATCC 53653 Full Unknown N/A N/A N/A

Streptomyces lincolnensis NRRL-2936 Full Unknown N/A N/A N/A

Streptomyces sp. 150FB Full Unknown N/A N/A N/A

Streptomyces sp. CdTB01 Full Unknown N/A N/A N/A

Streptomyces sp. P3 Full Unknown N/A N/A N/A
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Streptomyces scabrisporus DSM 41855 (hitachimycin)56. The remaining 40 BGCs could not be 

confidently assigned to any known βPM.  

4. 2. 1. 2 Non-PKS-associated BGCs 

 In addition to identifying a number of type I PKS BGCs, 21 BGCs were identified that 

lacked PKS encoding genes, but had genes sharing homology with VinN and VinM (Table 4. 2). 

The contents of each BGC are variable but some features appeared to be well conserved among 

BGCs from several species, in addition to adenylation domains, typically contain acyl-carrier 

protein, thioesterase and aminotransferase encoding genes. These BGCs were not consistently 

annotated by antiSMASH, and have no apparent homology with other known BGCs, with the 

exception of the βPMs. 

 

4. 2. 2. Evolutionary Analyses 

4. 2. 2. 1. VinN-like like Proteins 

The major distinguishing feature of βPMs, is the utilisation of different starter units. The 

first step of this process is the selection of an amino acid by a standalone adenylating enzyme. In 

vicenestatin biosynthesis, this step is carried out by VinN19, homologues of which can be found 

in all known βPM BGCs. we hypothesised that a phylogenetic study of our expanded dataset 

could improve understanding of the diversity of VinN-like proteins and allow us to predict the 

substrates of some of these novel BGCs. Annotated AMP-binding domains were extracted from 

all sequences. The resulting set of sequences included both VinN-like proteins, VinM-like 

proteins (see section 4. 2. 2. 2) and adenylation domains from non-ribosomal peptide synthetases 

(NRPSs) proximal to BGCs in our dataset. VinN-like proteins were then determined by filtering 

sequences for standalone adenylation domain proteins and by homology to VinN. The sequences 

of VinN-like proteins and A-domains of Strop_2821 (57 sequences) were aligned in ClustalW57 

and a maximum likelihood phylogenetic tree was generated using RaxML version 858. VinN-like 

proteins formed a single highly supported clade (Figure 4. 7). The tree formed two highly 

supported clades, the first (Clade I) containing proteins required for the adenylation of large 

hydrophobic β-amino acids and 3-aminobutyrate.and the second (Clade II) containing L-methyl-

threo-3-aspartate /L-aspartate adenylating proteins.  

Clade I contained two well supported subclades. One contained the unsaturated β-amino 

acid adenylating proteins BecJ, HerJ, HrnJ and MlaJ, along with proteins from Streptomyces 

niveus CIMB 11891 and Streptomyces tsukubensis NRRL18488. The BGC from Streptomyces 

niveus CIMB 11891 shared an architecture with the bec BGC. Given this homology and it’s 

position in the phylogeny, it is likely that this BGC produces the BE-14101 also. The BGC from 

Streptomyces tsukubensis NRRL18488 is not as similar, and may produce a novel unsaturated 
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Figure 4. 40: Phylogeny of VinN-like proteins. Bootstrap support from 100 trees are shown. 

Clade I and Clade II are labelled, and subclades used for starter unit predictions are labelled as 

follows: unsaturated β-amino fatty acid activating proteins in yellow, 3-aminobutyrate in blue 

and L-methyl-threo-3-aspartate in green. Proteins from characterised biosynthetic gene clusters 

(BGCs) are shown in bold. 
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βPM. The other sub-clade had medium bootstrap support and contained LobL, Strop_2775 and 

IdnL1, which accept 3-aminobutyrate as a substrate. Seven additional sequences clustered within 

this sub-clade and we predicted these proteins to also activate 3-aminobutyrate. The relationship 

between these two subclades was poorly supported however, as was the position of several other 

proteins were poorly supported within Clade I; notably, CmiS6 and HitB. The position of 

Micromonospora pureochromogenes DSM43821, Actinoplanes sp. SE50/10 and Kitasatospora 

sp. Root187 were also poorly supported so substrate predictions could not be assigned.Clade II 

also contained two highly supported subclades. One contained ten Streptomyces spp. that shared 

a common ancestor with SceJ. The other subclade contained Amylcolatopsis spp. and 

Actinokineospora enzanensis DSM4469. In general, however, relationships within this clade, 

including the positions of VinN and FlvN, were poorly supported.  

4. 2. 2. 2.  VinM-like proteins 

A second phylogeny was generated from the VinM-like sequences, using the same 

outgroup (54 sequences) (Figure 4. 8). This phylogeny showed the same well-supported clades as 

the VinN-like protein tree; however the two highly supported clades could not be observed.  Like 

with VinN and FlvN, the positions of VinM and FlvM were poorly supported.  

4. 2. 2. 3. VinK-like Acylytransferases 

All βPM BGCs contain a conserved gene encoding a standalone VinK-like 

acyltransferase (AT).  ATs are required to transfer the starter unit to the loading module of the 

PKS16. As they are specific to their substrates, their protein sequences should provide insight into 

their functions. Standalone AT protein sequences were extracted from our dataset and aligned in 

ClustalW57 along with modular AT-domain sequences from BecB, CmiP4, HrnD, LobB and 

FlvP1 as an outgroup, yielding an alignment of 58 sequences.  

 All of the VinK-like Acyltransferases formed a single clade with maximum bootstrap 

support (Figure 4. 9). With the exception of the two BGCs, from Kutzneria spp., all sequences fit 

within two clades, analogous to those of the VinN-like proteins. Clade I contained AT domains 

known associated with dicarboxylate type βPMs. Although this clade was less well supported 

than with the VinN-like proteins supported, it contained several highly supported sub-clades. 

Clade II contained BGCs utilising other known starter units. Within this clade, all AT- domains 

incorporating hydrophobic starter units (β-amino fatty acids and β-phenylalanine) clustered in 

medium to well supported sub-clades.  

4. 2. 2. 3. Type I Thioesterase (TE)-domains 

 Type I thioesterases (T1TE)-domains are found in the terminal modules of PKSs. They 

are responsible for release of the polyketide chain and formation of the macrocycle. Therefore, 

we hypothesised that relationships between TE-domain sequences could be used to predict the 
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Figure 4. 41: Phylogeny of VinM-like proteins. Bootstrap support from 100 trees are shown. 

Well supported subclades are labelled by their associated BGCs: unsaturated β-amino fatty acid 

type in yellow, 3-aminobutyrate in blue and L-methyl-threo-3-aspartate in green. Proteins from 

characterised biosynthetic gene clusters (BGCs) are shown in bold. 
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Figure 4. 42: Phylogeny of VinK-like proteins. Bootstrap support from 100 trees are shown. 

Clades I and II are labelled and well supported subclades are labelled by their associated BGCs: 

unsaturated β-amino fatty acid type in blue, 3-aminobutyrate in green and orange and L-methyl-

threo-3-aspartate in purple. Proteins from characterised biosynthetic gene clusters (BGCs) are 

shown in bold. 
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Figure 4. 43: Phylogeny of type I thioesterase domains. Bootstrap support from 100 trees are 

shown. Clades I, II and III are labelled. Subclades used for predictions of macrocycle size are 

coloured as follows: 19 (22)-membered macrolactams (see cremimycin and hitachimycin in 

Figure 4. 1) in orange; 20-membered macrolactams in blue and; 26-membered rings in green and 

purple. Domains from characterised biosynthetic gene clusters (BGCs) are shown in bold. 
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size of a macrocyclic product. To test this hypothesis, an alignment was generated from our 

dataset of PKS T1TE-domains. Type II TE (related, but distinct enzymes believed to be important 

in the removal of aberrant residues from the PKS59) sequences from previously described βPM 

BGCs (CmiR1, IdnB, FlvC, LobU, Strop_2673) were included in the alignment as outgroups. The 

resulting alignment of 50 sequences was used to build a phylogeny as above.  

All T1TEs formed a single clade with very high support (Figure 4. 10). The thioesterases 

formed three major clades with varying levels of support. Clade II was the most strongly    

supported, containing highly supported subclades corresponding to the 22-membered 

macrolactam of hitachimycin and cremimycin, and 20-membered macrolactam of the 

heronamide-like βPMs. TE-domains from Streptomyces niveus NCIMB11891 (predicted to 

produce BE-14106) and Streptomyces hygroscopicus ATCC53653 suggesting these BGCs both 

encode 20-membered βPMs. Clade III is sister to clade II, but is less well supported, apparently 

due to the ambiguous position of the VinP4 and FlvP3 TEs. Within this clade however is a highly 

supported sub-clade containing all TEs from BGCs encoding 26-membered βPMs. Interestingly, 

there was a well-supported split in this clade between TEs from Streptomyces spp., including 

sceliphrolactam, and those from other actinobacteria (Micromonosporales and 

Pseudonocardiales). This is also notable because, unlike the phylogenies of VinN and VinK, these 

sequences are not clustered according to their associated starter unit, suggesting that phylogeny 

of T1TEs mirrors macrocycle size. This is further evidenced by the position of the TE-domain of 

IdnP5 in Clade I separate from the other TEs from 3-aminobutyrate type BGCs, meaning the TEs 

from 26-membered βPM BGCs are monophyletic. There are exceptions to this however, the TEs 

from the 20-membered βPM BGCs are paraphyletic as the TE of VinP4 is distinct from the TEs 

of the heronamide-like βPMs. 

 

4. 2. 2. 5. Multiple-partioned Phylogeny 

 Although the individual protein alignments were useful for the prediction of specific 

structural features, the relationships between subclades were, in general, poorly supported. 

Proteins from the vin and flv BGCs were consistently positioned with low support. To examine 

the relationships between whole BGCs as opposed to individual proteins, alignments of VinN, 

VinM, VinK, VinJ and Type 1 TEs were concatenated into a single partitioned alignment. 

Concatenated sequences missing 2 or more of these sequences were excluded from the analysis. 

This yielded a final alignment of 1708 characters comprising 53 sequences. The phylogeny was 

built in RaxML version 858 using a mixed partition. 

The phylogeny generated from the concatenated sequences showed overall similarity 

with the phylogeny of the VinN-like proteins (Figure 4. 11). It consisted of two major clades with 



Chapter Four: A Roadmap for Macrolactam Discovery 

A96 

 

5

C
la

d
e
 I

C
la

d
e
 I

I

S
u
b
c
la

d
e
 1

S
u
b
c
la

d
e
 2

3
4

6
S

u
b
c
la

d
e
 2

Figure 4. 44: Phylogeny of concatenated VinN, VinN, VinK, VinJ and type I thioesterase  

sequences. Bootstrap support from 100 trees are shown. Clades I and II and well supported 

subclades are labelled by their associated BGCs: large hydrophobic in blue, 3-aminobutyrate in 

green and orange and L-methyl-threo-3-aspartate in purple. Proteins from characterised 

biosynthetic gene clusters (BGCs) are shown in bold. 
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very high support: Clade I, representing the BGCs of hydrophobic β-amino acids and 3-

aminobutyrate incorporating βPMs and; Clade II, containing L-methyl-threo-3-aspartate /L-

aspartate incorporating βPMs. Although not all branches were highly supported, in general the 

support values were much higher. Furthermore, the tree clarified the relationships between certain 

BGCs. Importantly, all the 3-aminobutyrate associated BGCs were shown to be monophyletic, 

due to the inclusion of incednine. Interestingly, the idn BGC proteins formed a distinct subclade 

within this group with proteins from Streptomyces roseosporus NRRL16988 and Streptomyces 

sp. Tü6075 BGCs. Upon further inspection, these represent the only BGCs within Clade I to 

contain genes responsible for the biosynthesis of amino sugars (Table 4. 2). This is significant, as 

it suggests the utilisation of amino sugars has only evolved once in this lineage, as opposed to in 

Clade II where these genes are widespread. Importantly, three subclades within the phylogeny, 

subclades 3, 4 and 6 had no characterised members. This suggested that these could be good 

targets to identify novel βPMs. 

4. 3 Identifying Target Macrolactams 

A selection of strains from the subclades identified by our genome mining effort were 

aquired from the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) for 

metabolic analysis: Actinokineospora enzanensis DSM 44649 (subclade 4), Hamadaea tsunoensis 

DSM 44101 (subclade 4), Kutzneria albida DSM 43870 (subclade 6), Nocardiopsis gilva DSM 

44841 (subclade 3) and Streptomyces mobaraensis DSM40847 (subclade 6). All strains were 

cultured on a range of solid (GYM, M1, MYM-TAP, R2, R5, and SF+M) and liquid (SM6, SM14, 

SM18, SV2 and TSB) media for 14 days at 30°C. 1 ml of culture was mixed with ethyl acetate 

(1:1). The aqueous phase was discarded, and the organic phase evaporated. The residue was then 

solved in methanol (200 µL) and submitted to Shimadzu LCMS platform for analysis. Metabolites 

with characteristics similar to identified βPMs (a molecular mass: 300-750; UV absorbance: 200 

– 300 nm) were prioritised for further characterisation. Accurate masses were used to predict 

molecular formula and five compounds were designated as potential βPMs (Table 4. 3). The 

compounds of interest were identified from cultures of Streptomyces morabensis DSM 40847 (8) 

and Nocardiopsis gilva DSM 44841 (9-12) (Figure 4. 12). Unfortunately, searching the literature 

revealed that the identity of the S. mobaraensis compound of interest was likely to be Piericidin 

A (molar mass = 415.566 g/mol), a polyketide produced by several Streptomyces spp., including 

S. mobaraensis strains60–62. The compounds from Nocardiopsis gilva DSM 44841 were much 

more promising however. Importantly, their chromophores were remarkably similar to those of 

heronamide C (7)52. The empirical formulas are predicted as follows were as follows: 9: 

C29H40N2O4; 10: C29H40N2O4; 11: C23H29NO2 and; 12: C29H27NO2. These masses seem to represent 

a group of related compounds. 9 and 10 are potentially glycosylated congeners of 11, whereas 12 
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Table 4. 12: Putative Macrolactam Metabolites. Metabolites identified in culture extracts of 

Streptomyces.morabensis DSM40847 and Nocardiopsis gilva DSM44841. Retention times (RT), 

average mass of ionic adducts ([M+H]+ and [M+Na]+), absorbance maxima (λ  max) and predicted 

empirical formulae shown.  

Strain RT 

(mins)

λ max (nm) Predicted 

Formula
Predicted Mass Observed Mass Mass Error (ppm)

[M+H]
+

[M+Na]
+

[M+H]
+

[M+Na]
+

[M+H]
+

[M+Na]
+

Streptomyces 

mobaraensis

DSM40847

10.4 236 C25H37NO4 416.2795 438.2615 416.2807 438.2595 2.882679 -4.56349

Nocardiopsis gilva

DSM44841

6.4 289, 299 C29H40N2O4 481.3061 503.2880 481.3067 503.2894 1.246608 2.781707

6.7 284, 299 C29H40N2O4 481.3061 503.2880 481.3064 503.2887 0.623304 1.390854

7.6 287, 297 C23H29NO2 352.2271 374.2091 352.2263 374.2069 -2.27126 -5.87907

7.9 287, 297 C23H27NO 334.2165 356.1985 334.2157 356.1976 -2.39366 -2.52668

0.0 2.5 5.0 7.5 10.0 12.5 15.0
0.0

0.5
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Figure 4. 45: Production of potential βPMs by Nocardiopsis gilva DSM40847.  a.) LCMS 

spectra and b.) absorbance chromatogram of culture extracts.  
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appears to be a dehydrated congener. At the time of writing this thesis, the structure of these 

compounds has yet to be elucidated, but work is ongoing.  

4.3 Conclusions 

 This chapter describes a sub-cluster-based approach to genome mining β-amino acid 

containing polyketide macrolactams (βPMs). Using this approach, public databases were 

surveyed for potential βPM biosynthetic gene clusters (BGCs). The number of identified clusters 

has been expanded significantly, and a number of non-PKS encoding BGCs were also identified. 

By considering the evolutionary relationships between BGCs we were able to identify the strains 

likely to produce the most novel βPMs. Work is ongoing to identify the products of these orphan 

BGCs. Additionally, new avenues for exploring the evolution of the BGCs were identified. The 

earliest divergence in the evolution of these BGCs splits βPMs utilising L-methyl-threo-3-

aspartate or L-aspartate from those utilising large hydrophobic or 3-aminobutyrate. Of this later 

group, aminoglycosylation appears to have evolved only in a single lineage. Exploring these 

relationships further may provide novel insights into how BGCs evolve. 
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5. 1. Introduction 

5. 1. 1. Activating Silent Biosynthetic Gene Clusters (BGCs) 

As discussed in Chapter 1, the sequencing of S. coelicolor A3(2) revealed a wealth of 

unexplored specialised metabolism1. The sequencing of S. avermatillis2 and S. griseus3 genomes 

confirmed that S. coelicolor was unremarkable among the genus with respect to expansive 

specialised metabolism. Other prolific antibiotic producing actinobacterial genera such as 

Saccharopolyspora and Salinospora were also shown to have untapped metabolic potential4,5. In 

the proceeding decade, thousands of actinobacterial genome sequences have been published. 

Indeed, even with the vast amount of actinobacterial genomes sequenced and the number of 

catalogued clusters it is not uncommon to find a biosynthetic gene cluster (BGC) that is unique 

to a given strain, and modern predictive algorithms such as ClusterFinder6 suggest that the extent 

of specialised metabolism is even larger than previously thought. Given the scale of unknown 

specialised metabolism it is unsurprising that last decade has seen considerable efforts to discover 

the extent of so-called ‘cryptic’ metabolism encoded by silent BGCs. 

Streptomyces platensis MER 11107 is a known producer of two polyketides, the 

anticancer compound pladienolide B7 and the spirotetronate spirohexenolide8, the biosynthesis of 

which has yet to be elucidated. Recently, our collaborators at BioAustralis identified two 

additional strains of S. platensis (AS600 and M-5455) that also produce pladienolide and 

spirohexenolide. However, during the process of domestication (culturing wild strains 

reproducibly in the lab) stable production of these compounds was lost. This chapter describes 

the reactivation of these two BGCs and reestablishment of pladienolide and spirohexenolide 

biosynthesis. 

 

5. 1. 1. 1. Cultivation Based Techniques 

Many methods have been developed for activating silent BGCs and increasing specialised 

metabolite production. Perhaps the most straightforward method is through the alteration of 

culture conditions. This is often referred to as the One Strain Many Compounds, or (OSMAC), 

approach, whereby a single strain is grown under varying culture conditions, including media 

composition, temperature, pH and even pressure to examine the biosynthetic capacity of a given 

strain9,10. Other examples include intentionally triggering stress responses through heat, ethanol, 

acidic or osmotic shock11–15. Specific chemical elicitors may also be added to the culture media 

16. Among many others, N-acetyl glucosamine, chloramphenicol and rare earth elements, such 

scandium, can provoke the overproduction of antibiotics and activate previously dormant 

clusters17–20. 

Many recent efforts to activate specialised metabolism involve taking advantage of 

bacterial interactions. This is based on two hypotheses. Firstly, BGCs maintained in the genome 
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must be expressed under native conditions in order to confer a selective advantage or would be 

lost rapidly due to the accumulation of mutations. Hence, attempting to simulate the natural 

environment, where bacteria do not exist in monoculture but as consortia, may activate latent 

metabolism21–23. The second hypothesis is based on the observation that the onset of specialised 

metabolism is often triggered by signalling molecules and the assumption that interspecies 

crosstalk of such signalling factors can activate the production of metabolites not observed in 

laboratory monocultures. In actinomycetes, antibiotic production can be induced by γ-

butyrolactones, such as A-factor (2-isocapryloyl-3 R-hydroxymethyl-γ-butyrolactone)24. The 

activation of metabolism through the coculture of different Streptomyces species has been shown 

to be a widespread phenomenom25,26. The development of sensitive imaging mass spectrometry 

techniques such as nanoDESI (nanospray desorption electrospray) have demonstrated the depth 

and specificity of actinobacterial interactions21,27.  

Examples of β-amino acid containing polyketide macrolactams (βPMs), discussed in 

Chapters Three and Four, discovered by coculture methodology are ciromicin A and B 

(discovered through to co-culture of Nocardiopsis sp. and Rhodococcus wratislaviensis)28 and the 

niizalactams A-C (discovered through the coculture of Streptomyces sp. and Tsukamurella 

pulmonis)29. 

 

5. 1. 1. 2. Mutagenesis 

Another traditional method of altering specialised metabolism is through mutagenesis. 

Strains are exposed to chemical mutagens such as ethyl/methyl methane sulfonate (EMS/MMS), 

methylnitronitrosoguanidine (MNNG), or to UV light, and the surviving progeny are subjected to 

metabolic analysis to select favourable phenotypes30. For a relevant example, this strategy was 

implemented during the discovery of the spirohexenolides, as will be discussed later in this 

chapter8. Another approach, developed by Ochi and co-workers in the early 2000s, involves 

mutation through the generation of antibiotic resistant strains. Streptomycin, gentamycin and 

rifampicin resistant mutants have been shown to increase antibiotic production by up to fifty-

fold31. Resistance to these antibiotics is most commonly achieved by mutations in the rpsL 

(streptomycin) and rpoB (rifampicin) genes encoding the ribosomal protein S12 and RNA 

polymerase β-subunit respectively32–35. More specifically, these mutations are believed to allow 

the cell to bypass ppGpp-dependent upregulation of specialised metabolism31,32. In addition to 

upregulating production, this technique is also able to activate the production of natural products 

by previously silent BGCs36,37. 
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5. 1. 1. 3 Molecular Biological Techniques 

Despite their successes, the approaches described above do not guarantee the activation 

of specific BGCs. Hence, targeted techniques are often required. Molecular biological techniques 

fall in to two general categories: heterologous expression and endogenous modification. 

Heterologous expression involves the ‘capture’ of whole BGCs. This can be achieved through 

generation of large scale libraries from phage P1 or bacterial artificial chromosomes (PAC or 

BAC) or targeted methods such as TAR cloning or the assembly of PCR fragments through 

Gibson or yeast-mediated assembly38–42. The BGC of interest can then be expressed in a suitable 

heterologous host. For Streptomyces these are commonly engineered derivatives of S. coelicolor 

M145, dubbed ‘superhosts’43. Captured BGCs are then amenable to modifications, such as gene 

deletions or the modification of promotors and other regulatory elements44–47.  

Alternatively, endogenous modification involves the genetic manipulation of the native 

producer. Typically, this involves the overexpression of transcriptional activators or the 

knocking-out of repressors. 

 

5. 1. 2. Transcriptional Regulation of Specialised Metabolism in Streptomyces 

Antibiotic production is ultimately underpinned by genetic regulation, more specifically 

the regulation of transcription. Transcription factors can act either as activators (by stabilising 

RNA polymerase-promoter binding) or repressors (by interfering with activator binding or 

inhibiting the recruitment of RNA polymerase by binding promotor regions48,49. Therefore, 

activation of silent BGCs, or overproduction of specific metabolites, can be achieved by 

overexpressing transcriptional activators50,51 or knocking-out repressors52–55. 

A list of common transcriptional regulators involved in Actinobacterial specialised 

metabolism can be found in Table 5. 1 (adapted from Romero-Rodríguez et al.56). This chapter 

describes the overexpression of two pathway specific activators of the LuxR and SARP families 

in Streptomyces platensis AS600 and M-5455.  

 

5. 1. 2. 1. LuxR Family 

 Many BGCs in Streptomyces are regulated by LuxR-like proteins, specifically of the LAL 

family (large ATP-binding regulators of the LuxR family). LAL-family proteins are characterised 

by an N-terminal ATP binding domain and a C-terminal helix-turn-helix DNA-binding domain. 

The first member of this family to be described was MalT from the E.coli maltose regulon57. The 

ability of MlaT to activate transcription is dependent upon the binding (but not hydrolysis) of    

ATP. The constitutive overexpression of LAL-family genes can be sufficient to activate cryptic 

biosynthesis51,58. The stambomycins (A-D) were discovered in this fashion51. Transcriptional 
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Family Action Regulated Functions

LuxR Activator Specialised metabolism

SARP Activator Specialised metabolism

LysR Activator/Repressor Specialised metabolism

MarR Activator/Repressor Specialised metabolism, central catabolism and oxidative stress resistance

DeoR Repressor Specialised metabolism and morphological development

GntR Repressor Specialised metabolism, central carbonmetabolism and mycelium formation

TetR Repressor Antibiotic Resistance

Table 5. 13: Common transcriptional regulators involved in Streptomyces specialised 

metabolism. Regulated functions described in different Streptomyces spp. and observed mode(s) 

of regulation. 
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analysis by RT-PCR showed that PKS encoding genes were poorly expressed under native 

conditions. However, following overexpression of the positive regulator transcription was 

activated and the products of the BGC were identified in the culture extracts. It has also been 

shown that related LAL-family proteins can be used to activate related BGCs from different 

species. It was shown that the activity of the LAL-family regulator PikD could be complemented 

by heterologous expression of LAL-family regulators RapH and FkbH from other macrolide 

producing BGCs59. Taking advantage of these relationships may provide a more general strategy 

for activating cryptic metabolism. 

 

5. 1. 2. 2. SARP Family  

The term ‘SARP’ (or Streptomyces antibiotic regulatory protein) was first coined in 1997 

by Wietzorrek and Bibb to describe a family of regulatory proteins sharing a related N-terminal 

DNA-binding domain similar to that of OmpR60,61. They are proposed to bind heptameric repeats 

upstream of the promotor and activate transcription through the coordination of RNA 

polymerase61–63. Prototypical SARPs include ActII-ORF461,62,64 and DnrI65, which are pathway-

specific regulators for the production of the type II polyketides actinorhodin. and daunorubicin. 

However SARPs do regulate other classes of BGCs including type-I polyketide synthases 

(T1PKS)66,67, β-lactams68 and hybrid T1PKS-nonribosomal peptide synthetase BGCs69,70 among 

others71.  

It is worth noting that overexpressing SARPs as a strategy for activating silent BGCs 

comes with caveats. Firstly, although the majority of SARPs have been shown to be pathway-

specific, this is not always the case. SARPs can also regulate expression indirectly, through the 

activation of γ-butyrolactone production72,73. In Streptomyces coelicolor A3(2), for example, 

AfsR is a pleiotropic, global regulator of specialised metabolism that has also been shown to bind 

to targets of the primary metabolic activator PhoP 74–76. Secondly, and perhaps due to their 

pleiotropic nature, SARPs are not necessarily involved in the regulation of proximal BGCs, for 

example the SARP TylT has no function in the regulation of tylosin production, despite being 

within the boundaries of the cluster77. 

 

5. 1. 3. Pladienolide 

The pladienolides (A-G) are 12-membered macrolides produced by strains of 

Streptomyces platensis78,79. They contain a characteristic C18-C19 epoxide and variable 

acetylation and hydroxylations79 (Figure 5. 1). Of the seven congeners described, pladienolide B 

(13) is the most bioactive. 13 is a potent modulator of hypoxia signalling through inhibition of 

vascular endothelial growth factor (VEGF)78 and has been shown to reduce proliferation of a 
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Pladienolide B (13)

H3B-8800 E7107

Figure 5. 46. The structure of pladienolide B and its synthetic analogues. 
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range of lung and breast cancer cell lines80. 13 inhibits cell growth by binding to the splicing 

factor SF3b81–83, a hotspot for mutation in several forms of cancer84–86. 

Due to this activity, there have been several attempts to chemically diversify the 

pladienolides. E710787,88, a cycloheptanylpiperazine containing analogues of 13, was shown to 

cause defects in the formation of spliceosomes by perturbing the interaction between SF3b and 

one of its partners U2, a small nuclear ribonucleoprotein89. Unfortunately, despite promising 

preclinical data development was suspended during phase I clinical trials due to the development 

of vision loss in three of sixty-six patients90,91. A second pladienolide analogue, H3B-8800 has 

recently been developed to overcome lack of preferential cytotoxicity92 and, at the time of writing 

is currently recruiting for phase I clinical trials93. 

Given their value as lead compounds, there is much interest in discovering efficient routes 

to pladienolide production. The Pladienolides can be made synthetically, but total synthesis 

requires between 19 and 31 steps with a maximum yield of ~2% 94,95. As such an efficient 

fermentation by a producing strain would be valuable. Two producing strains were previously 

identified by our collaborators at BioAustralis: Streptomyces platensis AS600 and Streptomyces 

platensis M-5455. However, during the domestication process these strains ceased to produce 

pladienolide. We sought to engineer these strains to efficiently produce pladienolide.  

The pladienolide BGC was described in 20087 (Figure 5. 2). It consists of eight genes 

which putatively encode: four PKSs encoding 10 modules (PldAI-IV); post-PKS tailoring 

enzymes (PldBCD) and; a luxR-family transcriptional regulator (PldR). A pldB disrupted strain 

was only capable of producing 6-deoxy pladienolide B establishing its role as hydroxylase. The 

role of PldD is inferred as a C18-C19 epoxidase due to the similarity between pldD and monC1 

and nanO (monensin and nanchangmycin epoxidases respecitvely4,96). Overexpression of  pldD 

has been shown to increase the production of different pladienolide analogues97. PldC was 

implicated as an O-acetylase due to its significant homology with Rif-Orf2098. Given the simple 

architecture of the pld BGC we rationalised that overexpression of the luxR homologue pldR 

should restore pladienolide production in S. platensis. 

 

5. 1. 4. Spirohexenolides 

 The spirohexenolides (A (14) and B (15)) are polyketide natural products belonging to 

the spirotetronate family8 (Figure 5. 3). 14 has broad anti-tumour activity, with heightened activity 

against leukaemia (RPMI-8226), lung cancer (HOP-92) and colon cancer (SW-620) cell lines8. 

Both spirohexenolide A and B are readily taken up by HTC-116 Human colorectal carcinoma 
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Figure 5. 47: Pladienolide Biosynthesis. Polyketide biosynthesis encoded by pldAI-IV followed 

by hydroxylation, acetylation, and epoxidation, encoded by pldB, pldC and pldD respectively.  
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Tetronomycin

Agglomerin A

a. Linear Tetronates b. Class I Spirotetronates

Spirohexenolide A

(14)

Tetronothiodin 2

Abyssomycin C 

Okilactomycin, R = CH3

Chrolactomycin, R = OCH3

c. Class II Spirotetronates

Versipelostatin A

Chlorothricin

d. Quartromicin

Figure 5. 48: Chemical diversity of spirotetronates. Depicted are a.) the linear tetronates, b.) 

the class I spirotetronates, c.) the class II spirotetronates, characterised by the decalin ring and d.) 

quartromicin – a  spirotetronate with a unique mode of biosynthesis. 
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cells8,99 where they localise to the lysosome and modulate human macrophage inhibitor factor 

(hMIF)99, a protein linked to tumorigenesis in colorectal and gastric cancers100–104. 

 The spirohexenolides are classified as a type I spirotetronate along with abyssomycins105–

109, okilactomycin110,111 and chrolactomycin112,113 (Figure 5. 3. b), sharing the cyclohexene linked 

tetronic acid moiety, but lacking the trans-decalin ring of the type II spirotetronates114. Although 

the BGC of spirohexenolide has not been described, we can predict much of its biosynthesis by 

looking at the BGCs of other tetronate natural products. Tetronates are the products of type I 

polyketide synthases (PKSs)115–118. Following polyketide synthesis, a C3-unit derived from 

bisphosphoglycerate116,118–120, is fused to the nascent polyketide through by a ketoacyl-ACP 

synthase118. The resulting tetronate moiety then undergoes acetylation and subsequent 

elimination118,121 which generates a methylene dienophile which can then undergo [4π +2π] Diels-

Alder cycloaddition with the diene of the polyketide chain to form the cyclohexene ring (Figure 

5. 4)116,122,123. This step is particularly notable as it represents one of the few characterised 

examples of an enzymatically driven Diels-Alder reaction. In the abyssomycins, this reaction is 

catalysed by AbyU, a homodimeric, eight-stranded β-barrel124. Remarkably, during the 

biosynthesis of the pyrroindomycins, two Diels-Alder reactions occur, independently catalysed 

by PyrE3 and PyrI4125. 

  The Spirohexenolides are further distinct from the type I spirotetronates due to the 

presence of a didehydropyran ring and an olefin juncture between the pyran and adjacent tetronic 

acid moiety8. However, the biosynthetic origin of these motifs is currently unknown. We sought 

to investigate the biosynthesis of the spirohexenolides, but unfortunately neither S. platensis 

AS600 nor M-5455 produced spirohexenolide under laboratory conditions. This is perhaps 

unsurprising, given that the spirohexenolides were only discovered by UV mutagenesis of the 

wild-type strain of S. platensis MJ8. We therefore decided to sequence the genome of S. platensis 

AS600 and M-5455 to identify the spirohexenolide BGC with the aim of gaining insight into its 

biosynthesis and identifying positive regulators of the BGC that may be overexpressed to activate 

spirohexenolide production. This would provide a system in which we could interrogate the 

biosynthesis in vivo. 

 

5. 2. Results and Discussion 

5. 2. 1. Genome Sequencing and Identification of BGCs 

 Genomic DNA of S. platensis AS600 and S. platensis M-5455 was sequenced using the 

Pacific Biosciences (PacBio) RSII platform126. The genome was assembled with HGAP 3.0127. S. 

platensis AS600 was assembled in four contigs (4.65 Mb, 3.98 Mb, 309 Kb and 22 Kb) and S. 

platensis M-5455 was assembled in two contigs (8.61 Mb and 297 Kb). Putative biosynthetic 

BGCs on each contig were identified using antiSMASH v 4.0128. 



Chapter Five: Establishing the production of complex polyketides in Streptomyces species  

A116 

 

 

ACP

Figure 5. 49: Generalised mechanism of spirotetronate formation. Acylation and 

deacetylation gives rise to the reactive dienophile. This enables an enzymatically driven [4π + 2π] 

Diels-Alder reaction to form the mature spirotetronate.  
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Overall, the two genomes sequences were highly similar (99.4 % pairwise nucleotide 

identity). However, despite being assembled in fewer contigs, the M-5455 sequence appeared to 

contain many sequencing errors, resulting in a large proportion of misannotated genes. The two 

largest contigs of the AS600 strain were homologous to the largest M-5455 contig suggesting 

these contigs represent a roughly 8.6 Mb linear chromosome of Streptomyces platensis. In 

addition, the 309 Kb and the 297 Kb sequences were homologous suggesting the presence of a 

linear mega plasmid. The 22 Kb sequence was not homologous to any of the other sequenced 

contigs, and gene annotation predicted only helicase, transposase and proteins of unknown 

function, so this sequence was disregarded from further analysis of our strain. The chromosomal 

sequences contain the same natural product BGCs, which was unsurprising given the overall 

sequence similarity. The linear plasmid contained a single BGC encoding a putative aryl-polyene. 

 

5. 2. 1. 1. Pladienolide BGC 

 The pladienolide BGCs from both strains were easily identified due to the high similarity 

(>95 % nucleotide similarity) with the published pld BGG7. Overall, the architecture of all three 

pld BGCs are very similar and the sequences show very high similarity overall (Figure 5. 5, Table 

5. 2). The only remarkable difference is that the PKS is encoded by five genes in AS600 and M-

5455 as opposed to four in the previously reported BGC. With regards to sequence similarity, the 

clusters are almost identical with the exception of the region internal to pldAII from Mer-11107 

(the pldAII-pldAIII region from the AS600/M-5455 BGCs) corresponding to PKS module six. It 

is possible that such a pattern has emerged through recent recombination to either fuse or disrupt 

the gene of interest. Pairwise comparison of the individual pldA modules showed a high degree 

of similarity between all of the modules (99-100% identity), with exception of the module six 

sequences (72% identity). Interestingly, module six from Mer-11107 showed higher percentage 

identity with module three (87%). This hinted at a possible recombination between these modules, 

however self-dot plots of the whole BGC and local alignments suggested that this similarity did 

not correspond to the correct region. It is possible to envisage a scenario where this has been 

generated by multiple recombination events.  

 

5. 2. 1. 2. Spirohexenolide BGC 

 Of the remaining PKS BGCs, the putative spirohexenolide cluster (referred to henceforth 

as the spx locus) was readily identified due to its similarity with the previously reported 

spirotetronate BGCs (Figure 5. 6, Table 5. 3). The spx BGC shares most similarity with the 

chlorothricin and malkamicin BGCs, however it is clearly distinct. The BGC consists of 5 genes 

encoding a 9 module PKS spxA1-A5 and an associated type II thioesterase spxB, the glycerate 

utilisation cassette spxC1-C4119 and a range of other biosynthetic genes. The spx BGC has four 
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Figure 5. 50: Comparison of pladienolide BGCs. All three pld BGCs show similar overall 

topology. The only major difference is that the PKS encoded by Mer-1107 pldAII is encoded by 

two genes, pldAII and pldAIII in AS600 and M-5455. 

1 kb

AI                                AII             AIII                       AIV                     AV     B   C  D R 

AI                                                              AII                     AIII                     AIV      B   C  D    R 

b.) Streptomyces platensis AS600/M5455

a.) Streptomyces platensis Mer-11107

PKS LuxR-family regulatorAcyl-transferase EpoxidaseCytochrome P450

Table 5. 14: Description of proteins encoded by the AS600 pladienolide BGC. Proposed 

function and homology to the Mer-1107 pld BGC s also shown. 

Protein Size (a. a.) Proposed Function % Similarities/ % Identities with 
Mer-1107 homologue

PldAI 6543 Polyketide synthase 99/100
PldAII 2373 Polyketide synthase 95/97
PldAIII 4597 Polyketide synthase 90/91
PldAIV 3712 Polyketide synthase 100/100
PldAV 1808 Polyketide synthase 100/100
PldB 399 P450 hydroxylase 99/99
PldC 407 Acyl-transferase 100/100
PldD 462 Epoxidase 100/100
PldR 902 LuxR-like regulator 100/100
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Figure 5. 51: Topology of the Spirohexenolide (spx) BGC. 
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regulatory genes within its boundaries, two positive regulators of the SARP (spxR2) and LuxR 

(spxR3) families, and two negative regulators belonging to the tetR family (spxR1, spxR4). The 

boundaries of the BGC are well defined by transposase sequences upstream of spxA4 and a large 

non-coding region downstream of spxR4. This is supported by synteny with known spirotetronate 

BGCs. For six proteins (SpxC, SpxE, SpxG, SpxH, SpxI and SpxJ), all BLAST results indicated 

proteins with previously unknown functions. Molecular modelling with Phyre2129 provided 

further insight into their functions. SpxI and SpxJ share structural homology with AbyU, making 

them likely candidates as Diels-Alderases (Figure 5. 7). It is surprising that the spx BCG contains 

Table 5. 15: Description of the proteins encoded by the spirohexenolide (spx) BGC. Closest 

homologue from known spirotetronate BGCs shown where a result was in the top fifty BLASTp 

results. 

Protein Size (aa) Proposed Function Closest Homologue (% Similarities/ % 

Identities)

Closest Known Teteronate BGC 

Homologue (% Similarities/ % 

Identities)

SpxA4 3,562 Poly ketide Sy nthase modular poly ketide sy nthase [Streptomy ces sp. 

RK95-74] (54/66)

ChlA1 [Streptomy ces antibioticus] 

(53/64)

SpxA5 1,511 Poly ketide Sy nthase ty pe I poly ketide sy nthase [Amycolatopsis sp. CA-

126428] (55/64)

N/A

SpxR1 201 TetR f amily  repressor TetR/AcrR f amily  transcriptional regulator 

[Streptomy ces sp. CNQ-525] (57/75)

N/A

SpxC 108 Unknown hy pothetical protein [Actinocatenispora sera] 

(51/65)

N/A

SpxB 268 Ty pe II Thioesterase thioesterase [Streptomy ces geranii] (55/63) AbmT [Streptomy ces koy angensis] 

(45/57)

SpxA1 1074 Poly ketide Sy nthase poly ketide sy nthase [Allosalinactinospora 

lopnorensis] (58/70)

ChlA1 [Streptomy ces antibioticus] 

(56/66)

SpxA2 7066 Poly ketide Sy nthase modular poly ketide sy nthase [Streptomy ces sp. 

RK95-74] (53/64)

N/A

SpxA3 2181 Poly ketide Sy nthase modular poly ketide sy nthase [Streptomy ces 

ney agawaensis] (58/69)

ChlA2 [Streptomy ces antibioticus] 

(53/64)

SpxE 72 Unknown hy pothetical protein [Streptomy ces sp. CNQ-525] 

(57/67)

N/A

SpxR2 254 SARP-f amily  activator hy pothetical protein [Actinomadura sp. 5-2] 

(60/70)

N/A

SpxM 343 3-oxoacy l-ACP sy nthase 3-oxoacy l-ACP sy nthase [Amy colatopsis sp. CA-

126428] (65/80)

AbmA1 [Streptomy ces koy angensis] 

(61/72)

SpxD1 644 gly cery l-ACP sy nthase HAD-IIIC f amily phosphatase [Micromonospora 

sp. RP3T] (62/74)

ChlD1 [Streptomy ces antibioticus] 

(58/71)

SpxD2 75 Acy l carrier protein acy l carrier protein [Streptomy ces paucisporeus] 

(64/77)

AbmA3 [Streptomy ces koy angensis] 

(53/69)

SpxD3 272 Acy ltransf erase acy ltransf erase [Actinokineospora inagensis] 

(72/81)

ChlD3 [Streptomy ces antibioticus] 

(64/75)

SpxD4 365 Hy drolase alpha/beta hy drolase [Actinomadura chibensis] 

(59/73)

ChlD4 [Streptomy ces antibioticus] 

(55/68)

SpxF 72 Ferredoxin MULTISPECIES: f erredoxin [Actinomadura] 

(54/78)

N/A

SpxG 251 Unknown, putativ e role in 

py ran f ormation

hy pothetical protein [Amy colatopsis sp. CA-

126428] (40/58)

N/A

SpxO1 407 Cy tochrom P450 oxidase cy tochrome P450 [Saccharothrix sy ringae] (59/74) NcmO [Saccharothrix sy ringae] 

(60/75)

SpxH 152 Unknow, putativ e role in 

py ran f ormation

hy pothetical protein [Streptoalloteichus 

hindustanus] (40/56)

N/A

SpxT3 484 Transport DHA2 f amily  ef flux MFS transporter permease 

subunit [Gorillibacterium timonense] (56/74)

N/A

SpxT2 503 Transport hy pothetical protein KALB_5017 [Kutzneria albida 

DSM 43870] (67/78)

N/A

SpxI 183 Diels-Alderase hy pothetical protein [Amy colatopsis sp. CA-

126428] (37/55)

N/A

SpxO2 403 Cy tochrome P450 

Oxidase

cy tochrome P450 [Amy colatopsis sp. CA-126428] 

(65/79)

N/A

SpxJ 187 Diels-Alderase hy pothetical protein [Amy colatopsis sp. CA-

126428] (51/68)

QmnH [Amy colatopsis orientalis] 

(34/48)

SpxR3 957 LuxR-like positiv e 

regulator

hy pothetical protein ADK64_28580 [Streptomy ces 

sp. MMG1121](38/52)

AmbH  [Streptomy ces koy angensis] 

(33/48)

SpxR4 217 TetR f amily  repressor TetR/AcrR f amily  transcriptional regulator 

[Streptomy ces sp. NBRC 110028] (56/70)
N/A
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two Diels-Alderase candidates as this is usually only associated with Class II spirotetronate 

clusters (containing both spirotetronate and decalin moieties). This may be indicative of an 

ancestral relationship between spx and Class II spirotetronate BGCs. 

Based on the newly sequenced BGC, we can suggest a probable mechanism for the 

biosynthesis of spirohexenolide (Figure 5. 8). Firstly, spxA1-A5 encode a nine module PKS. 

Following polyketide synthesis, the proteins encoded by the conserved glycerate utilisation 

cassette (spxD1-D4 and spxM) catalyse the formation of the tetronate moiety. Next, the [4π +2π] 

cycloaddition is catalysed by SpxI or SpxJ. The final steps are, at the time of writing, unique to 

spirohexenolide and so have yet to be characterised. However, we can suggest a reasonable 

biosynthetic hypothesis. Phylogenetic analysis of published tetronate and spirotetronate 

cytochrome P450s showed that spxO1 and spxO2 were most similar to the C-8/C-8′/C-26/C-

26′ hydroxylase QmnO. It is reasonable to assume that one of these enzymes is responsible for 

C8 hydroxylation. The second is likely to be involved in the hydroxylation of the C21 methyl 

group to enable the formation of the didehydropyran. Four genes encoding unknown products are 

present in the spx BGC. Two, spxG and spxH, flank spxO1 and may potentially be involved in the 

cyclisation reaction. Molecular modelling129 of the encoded proteins provides some insight into 

their function (Figure 5. 7). spxG is predicted to be a four-helix bundle, with closest structural 

similarity to malyl-pyruvate isomerse130 and metal dependent hydrolases131. It is also predicted to 

utilise mycothiol as a cofactor. Mycothiol dependent proteins may have a range of functions 

including detoxification of reactive oxygen and nitrogen species, reductions, and 

isomerizations132. Therefore, it may be possible SpxG is involved in the formation of the pyran 

by shifting the equilibrium of isomerisation towards the desired state (Figure 5. 8). spxG shares 

its fold with the phenazine biosynthetic proteins133. PhzA/B that catalyses the condensation of 

amino-cyclohexanone to form the pyrazine ring. As a condensation is required for the formation 

of pyran ring, SpxH is another reasonable target for a cyclase. 

Given the clustering of spxG, spxO1 and spxH and the lack of a homologous sub-cluster 

in other spirotetronate BGCs, we believe they present strong candidates for didehydropyran 
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Figure 5. 52: Molecular modelling of hypothetical proteins using Phyre2. SpxG and SpxH 

are hypothesised to have putative roles in pyran formation. SpxI and SpxJ are putative Diels-

Alderases. 

Protein SpxJ

Template (PDB Code) AbyU (5DYG)

% Confidence 100 

% Identity 29

Protein SpxI

Template (PDB Code) AbyU (5DYG)

% Confidence 98

% Identity 23

Protein SpxH

Template (PDB Code) PhzB2 (3FF0)

% Confidence 100

% Identity 19

Protein SpxG

Template (PDB Code) MDMPI (2NSF)

% Confidence 100

% Identity 18
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formation. In vivo knock-outs and subsequent in vitro evaluation of these genes and their products 

will provide insight into their role in the biosynthesis of spirohexenolide.  

 

 

5. 2. 2. Overexpression of Transcriptional Activators 

The sequencing of the Streptomyces platensis AS600 and M-5455 genomes allowed us 

to identify positive transcriptional regulators from both the pld and spx BGCs. In order to 

constitutively express these transcriptional activators in vivo, several derivatives of the ActII-

ORF4 expression vector pGP9 were generated. Activators pldR, spxR2 and spxR3 were cloned 

into the NdeI and HindIII sites of pGP9. As ActII-ORF4 is also a SARP-family protein, empty 

vectors were also used as a negative control. Plasmids were transformed into S. platensis AS600 

and M-5455 by conjugation with E. coli and heat-shocked spores and the selection of apramycin 

resistant progeny.  

 

5. 2. 3. Upregulation of Specialised Metabolism 

 Apramycin resistant ex-conjugants were culture on the following media: MYM, SF+M, 

PYE and SM18 for 7 days at 30°C. 1 cm agar plugs were mixed with EtOAc (1 ml) for 1 h. Ethyl 

acetate was removed via evaporate and the residual solved in methanol. Extracts were analysed 

by LC-MS to detect the presence of the desired compound.  

 

5. 2. 3. 1. Pladienolide Production 

 Pladienolide B (13) was identified by LC-MS analysis of EtOAc culture extracts. As 

reported, 13 was not produced by the wild-type strains in any of the media tested. The 

overexpression of pldR restored pladienolide production to M-5455 in SM18 media. Masses for 

the related deoxy-pladienolide B ([M+H]+ = 521.3443 (+ 2.791 ppm); [M+Na]+= 543.3214 (-

5.9000 ppm)) were also observed. Surprisingly, the overexpression of pldR appeared to have 

pleotropic effects and led to the production of a number of additional compounds (Table 5. 4). 

Given the supposed specificity of LAL-family regulators, the activation of additional metabolic 

pathways was surprising. However, the alteration of metabolism or regulation may have many off 

target effects, so further investigation would be required to determine the cause of these metabolic 

changes. The most conspicuous of these was 17 produced in MYM-TAP along with 18, a 

predicted methyl derivative. Isolation of this compound and identification of the corresponding 

BGC may provide clues as to whether production is due to crosstalk between related regulatory 

proteins or through an indirect mechanism. 
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Compound Formula Mass Retention 

Time (min)

Average Intensity

Predicted mass Experimental mass M5455+pGP9 M5455+pGP9-pldR

M [M+H]
+

[M+Na]
+

[M+H]
+

[M+Na]
+

MYM-TAP PYE SF+M SM18 MYM-TAP PYE SF+M SM18

13 C30H48O8 536.3349 537.3428 559.3247 537.3043 559.3214 4.91 0 0 0 0 0 0 0 414608

Deoxy-13 C30H48O7 520.3359 521.3438 543.3257 521.3415 543.3238 5.19 0 0 0 0 0 0 0 2493748

16 N/A 673.3562 N/A N/A 674.3639 696.3461 6.96 0 0 1443226 0 0 0 0 0

17 N/A 600.3521 N/A N/A 601.3624 623.3395 4.3 0 0 0 0 53213007 0 0 0

18 N/A 586.3305 N/A N/A 587.3354 609.3232 3.77 0 0 0 0 2908211 0 0 0

19 N/A 362.1408 N/A N/A 363.1479 385.1313 8.64 0 0 0 0 2000572 1919625 1145327 444330

Table 5. 16: Metabolites with differential production between M-5455 over expressing pldR 

and M-5455 containing empty pGP9. Formula of known compounds are shown along with 

predicted masses. Experimental masses for both hydrogen and sodium adducts are recorded. 

Average intensity is a measure of peak area of sodium and hydrogen adducts averaged together 

across biological replicates (darker cell shading indicates greater intensity). 

Figure 5. 54: Hypothetical conversion of pladienolide B (1) to isopladienolide B (4). 
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Figure 5. 55: Production of spirohexenolide A by Streptomyces platensis M-5455. LCMS 

spectra showing the base peak chromatogram (BPC) and extracted ion chromatograms for 

spirohexenolide A (14) [M+H+] = 409.2025 and [M+Na]+= 431.1827. a.) Streptomyces platensis 

M-5455-pGP9; b.) Streptomyces platensis M-5455-pGP9-spxR2; c.) Streptomyces platensis M-

5455-spxR3; and; d.) authentic standard. 
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Figure 5. 56:  Production of spirohexenolide A by Streptomyces platensis M-5455. Bar chart 
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Streptomyces platensis M-5455-pGP9-spxR3 and; Streptomyces platensis M-5455-pGP9 (-). 
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provided the producing strains to BioAustralis for media optimisation, who reported stable 

production of the pladienolides. In addition, they noted that due to the later onset of production 

many co-contaminants in the purification had broken down thus aiding in the purification process. 

An additional isomer, isopladienolide B (20) was also discovered (Figure 5. 9). Isopladienolide 

B differs from the rest of the pladienolides as it contains, instead of the C18 -C19 epoxide, a C18-

C21 ether forming a furan ring. Unfortunately, 20 showed no biological activity. Although 

enzymatic conversion of 13 to 20 is possible, given the inherent reactivity of epoxides, it seems 

more likely that this constitutes a spontaneous conversion. Nonetheless, the structure of 20 

demonstrates the potential for isomerisation of the epoxide and may point to the existence of other 

such variants.  

 

2.3.2 Spirohexenolide production 

Spirohexenolide A (14) was detected by exact masses ([M+H]+ = 409.2018 (+ 2.1994 

ppm), [M+Na]+ = 431.18 (+ 0.4638 ppm)) and compared to an authentic standard (Figure 5. 10). 

 

2.3.2.1 Overexpression of the SARP spxR2 

S. platensis M-5455 showed trace production of 14 when cultured on PYE media, 

however in all other media production of 14 could not be detected in the wild-type strains. Strains 

overexpressing spxR2 showed a significant increase in production of 14 across all media tested. 

The highest predicted titre was 5.4 mg/L in MYM, however variation was quite large between 

biological replicates. On average, 14 was present in all media extracts in similar quantities (~2 

mg/L) (Figure 5. 11). 

 

2.3.2.1 Overexpression of the LuxR-family protein spxR3 

As with the spxR2 overexpressing strains, the pGP9-spxR3 strains also showed increased 

14 production (Figure 5. 11). Paired t-tests showed that the difference in production of 14 between 

spxR2 and spxR3 in any of the media tested. Due to the apparent variability of 14 production in 

spxR2 overexpression strain, increasing the sample size may help clarify this result. Unlike strains 

over expressing pldR, the production of additional metabolites was not observed. 

5. 3. Conclusion 

In this Chapter, I successfully reestabilshed the production of pladienolide in 

domesticated strains of Streptomyces platensis (AS600, M5455). Due to its biological activities, 

pladienolide and its analogues are of significant research interest79,87 and is of commercial value 

to our collaborators. During this process, we sequenced the genomes of AS600 and M-5455. 
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Access to the genome sequences of these strains enabled the identification of the previously 

undescribed spirohexenolide BGC (spx). As the overexpression of positive regulators proved 

successful to establish pladienolide production, we repeated this strategy by overexpressing spxR2 

and spxR3 identified from the spx BGC to enable stable production of spirohexenolide A (14). 

The establishment of stable 14 production provides a platform for testing the biosynthetic 

hypotheses outlined above. Generating gene knock-outs and complementation of genes in the 

putative pyran- forming cassette, spxG, spxO1 and spxH, would allow us to test our biosynthetic 

hypothesis. Knockouts of spxO1 and spxH should result in the production of relatively stable 

intermediates if our hypothesis is correct. The putative Diels-Alderases (DAses) SpxI and SpxJ 

are also of interest. Given that, unlike other spirotetronate BGCs containing two DAases134, 14 

does not contain a decalin ring, and therefore should only require a single enzyme to catalyse 

spirotetronate formation. The presence of this second DAase in the BGC is potentially interesting, 

either as an evolutionary intermediate, or a novel function.  

This work demonstrates the importance of overexpressing positive regulators as a 

strategy, not only to discover novel natural products, but to promote stable production of 

compounds of interest. Interestingly, the overexpression of hypothetically pathway specific 

regulators can lead to the production of additional metabolites. The cause of these unexpected 

pleiotropic effects is still unknown but highlights the complex interplay of regulatory elements in 

specialised metabolism.  
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6. 1. The Generation of Diversity by Biosynthetic Assembly Lines 

 Actinobacteria have a wealth of specialised metabolism and are capable of producing 

structurally diverse molecules with a variety of biological activities. This thesis has explored a 

subset of this diversity focusing on the modular type-I polyketide synthase (T1PKS) and the non-

ribosomal peptide synthetase (NRPS) biosynthetic assembly-lines. In broad terms, diversity can 

be introduced to assembly-line products during three stages: i) the supply of precursors, ii) 

assembly-line biosynthesis and, iii) post-assembly line tailoring reactions. Therefore, it can be 

helpful to consider the evolution of BGCs in terms of the interactions between functional sub-

clusters consisting of one or more genes. The concept of ‘sub-cluster sharing’ was demonstrated 

by Medema et al., through a systematic analysis of BGCs1. They showed that functional sub-

clusters were present among distantly related natural products. As an illustrative example they 

point to rubradirin, the biosynthesis of which is composed almost entirely of conserved sub-

clusters that can be found in other biosynthetic pathways (Figure 6. 1). This concept has profound 

implications on genome mining and understanding the evolution of natural product BGCs.  
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Rifamycin S

Everninomicin

Simocyclinone D4

Rubradirin

Figure 6. 57: Conserved sub-structures in the biosynthesis of rubradirin. Coloured structural 

features correspond to conserved biosynthetic sub-clusters sharing an evolutionary origin. 

Rubradirin is composed of several sub-clusters from disperate loci (purple: rifamycin; blue 

simocyclinone and; green: everninomicin).  
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6. 2. Genome Mining 

 In Chapter Four, conserved genes from the vicenistatin (vin) and heronamide C (7)(hrn) 

BGCs were used to mine publicly available genomes for β-amino acid containing polyketide 

macrolactams (βPMs). This method of genome mining also serves to provide a comprehensive 

survey of the diversity of the βPM family. This approach identified 40 putative βPM-encoding 

BGCs that have yet to be characterised experimentally, the vast majority of which are likely to 

produce as of yet uncharacterised products. In addition, by using a phylogenetic approach we 

were able to prioritise clades with no characterised members (subclades 3, 4 and 6, Figure 4.11).  

Although the structures have yet to be elucidated, we have identified target compounds from 

Nocardiopsis gilva DSM 44841 (9-12) that are likely to be novel βPMs. Furthermore, by 

considering only the genes responsible for the incorporation of the β-amino acid, the results were 

decoupled from other biosynthetic steps, such as polyketide biosynthesis, facilitating the 

discovery of a new putative family of BGCs that shared homologues to the AMP-binding proteins 

VinN and VinM but were unlikely to be involved in the biosynthesis of polyketides. Despite their 

conservation and apparent involvement in specialised metabolism, these BGCs were 

inconsistently recognised as BGCs by antiSMASH2 demonstrating the value of sub-cluster mining 

as method to identify ‘unknown unknowns.’ Going forward, the identification of the BGC 

products from this new family would validate the usefulness of this approach. This can hopefully 

be achieved by a combination of BGC disruption and metabolic screening. 

Within the BGCs explored in this thesis, there are several candidate sub-clusters to apply 

method of genome mining. The genes involved in tetronate and spirotetronate formation are well 

characterised and highly conserved making them promising targets for this approach. In addition, 

the putative pyran forming cassette spxIO2J could be used to discover more examples utilising 

this biosynthesis that, as of yet, has only observed in the spirohexenolides. A more general 

approach could be to mine for sub-clusters involved in the biosynthesis of modified sugars. For 

example, amino sugars are incorporated into a wide range of natural products3,4. The βPM 

Sipanmycin was discovered through a similar strategy3. 71 Streptomyces strains were screened 

via PCR for the presence of NDP-D-glucose synthase and NDP-D-glucose 4,6-dehydratase. 

Metabolic screening of positive strains led to the discovery of lobophorins, vicenistatin, 

chromomycins, benzanthrins and the novel macrolactams sipanmycin A and B (Figure 6. 2). The 

diversity of natural products identified by this screen demonstrate the utility of sugar biosynthesis 

as a mining target. In silico analysis of the public databases would therefore provide an 

opportunity to upscale this process while providing data about the broad distribution of these 

genes on the generic level or higher. Indeed, any genes involved in the biosynthesis of 

biosynthetic precursors can provide targets for this strategy. For example, sub-clusters involved 
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Figure 6. 58: Amino sugars in polyketide natural products. Compounds discover by 

Malmierca et al.3 by targeted genome mining of NDP-D-glucose synthase and NDP-D-glucose 

4,6-dehydratase in Streptomyces spp.. 
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in the biosynthesis of non-canonical amino acids such as L-ornithine or L-allo-isoleucine sub-

clusters as observed in the wollamide (3 and 4) wol BGC.  

It may be possible to use genome mining to identify other bifurcated assembly-lines. 

EvoMining or phylogenomics5,6 describes the concept of searching for gene duplications or 

expansion of gene families to identify BGCs. Using duplication as a tool to directly probe 

assembly-line proteins is problematic due to their repetitive sequences. As observed in the wol 

BGC however, it may not be the case that only the assembly line proteins are duplicated. We have 

proposed that the MbtH-like genes wolF1 and wolF2 have arisen during the same event that 

duplicated the NRPS genes wolG1 and wolG2, therefore searching for multiple MbtH 

homologues within close proximity in a genome could be a viable strategy. However, given the 

low sequence homology among functional MbtH-like proteins7, this approach would require 

considerably more optimisation than the previous examples. 

 

6. 3. The Evolution of Biosynthetic Assembly-Lines  

 The discovery of the wol BGC is a significant piece of evidence in understanding the 

evolution of biosynthetic assembly-lines and expands the current model. In addition, new 

experimental results, particularly from the field of synthetic biology have provided further insight 

into these processes. 

6. 3. 2. Precursor Supply 

Most assembly-lines incorporate substrates that are absent from, or only produced in 

small quantities during primary metabolism8,9. Unfortunately, very little is known about the 

evolution of precursor biosynthesis or how biosynthetic genes are recruited to a BGC. In the 

biosynthesis of the desotamides, L-allo-isoleucine is converted from L-isoleucine by DsaD and 

DsaE10. In the wol BGC, these genes were also accompanied by genes involved in the biosynthesis 

of L-ornithine. However, our evolutionary hypothesis for the evolution of these two BGCs (Figure 

2. 12) predicts that this difference in gene content is a result of gene loss. As such, the wol and 

dsa BGCs alone cannot provide a useful model for studying this process. However, BLAST11 

searches revealed a close relation between the NRPS encoding genes for wol and dsa and the 

recently sequenced BGC for the hexapeptides ulleungmycin12. Ulleungmycin, and the related  

longicatenamycin13 contain residues derived from the non-proteinogenic amino acids L-

homoleucine and L-threo-β-hydroxy—asparagine (Figure 6. 3)12,13. Further examination of this 

family could provide more insight into how precursors are recruited to assembly-line and 

importantly BGCs and how assembly-lines adapt to incorporate new monomers. 
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Figure 6. 59: The structures of desotamide related hexapeptides. Showing desotamide A (1), 

wollamide A (3), ulleungmycin A and longicatenamycin A. 
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6. 3. 3 Assembly-Line Expansion and Contraction 

The modular nature of biosynthetic assembly-lines raises important questions about their 

evolutionary origin. The current model of assembly-line evolution is based on two main 

observations. Firstly, phylogenetic studies of biosynthetic domains show that, in the majority of 

cases, domains are more closely related to homologues within the same BGC than homologues 

from other BGCs1,14. This is most commonly interpreted as the result of multiple duplications of 

biosynthetic modules during the evolution of the BGC, however, there is also evidence that 

concerted evolution (the homogenisation of paralogous sequences through homologous 

recombination) has contributed to this phenomenon15. The second common observation is that 

coding regions responsible for substrate specificity are particularly amenable to 

recombination16,17. Hence a model of intragenic duplication and recombination is the prevailing 

model of assembly line biosynthesis. Recent experiments in the rapamycin BGC (rap) provide 

support for this hypothesis. Through the technique of ‘accelerated evolution’ Wlodek et al., were 

able to increase the rate of recombination within the rap PKS18, generating several functional 

assembly-lines producing rapamycin analogues. Although the majority of functional BGCs 

produced analogues with reduced ring size, in one example the assembly-line was extended by an 

extra module. Examination of the sequence showed that this was caused by duplication of 

modules from within the rap PKS, providing strong evidence for the feasibility of such a 

mechanism in Nature.  

The wol BGC provides strong evidence for an alternate mechanism involving intergenic 

duplication. Rather than extending the PKS by one module, intergenic duplication results in 

genetic redundancy. It is likely that such functional redundancy lowers the selective pressure on 

one of the genes, allowing refunctionalisation to occur without the potentially high fitness costs 

associated with perturbing the original assembly-line. The refunctionalisation of one of the 

modules would result in a bifurcated assembly-line as observed in the wol BGC. Furthermore, 

breakpoint analysis of recombination identified a previously unobserved relationship between the 

substrate binding pocket and the P-loop of adenylation domains. 

6. 4. Engineering NRPS Assembly-lines 

The de novo design and reprogramming of synthetic NRPSs is a major goal in synthetic 

biology, but efforts are hampered by limited understanding of their structural-functional 

relationships, manifesting in low yields and a lack of diversity among synthetic products. On the 

contrary, evolution has repeatedly produced efficient NRPSs capable of producing diverse and 

structurally complex products. Our analysis of the wol and dsa BGCs can begin to provide insights 

into how Nature has refunctionalised BGCs that may be applicable in the lab. Much of our 

analysis focused on the evolution of the adenylation domain, however comparison of wolG2 and 
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dsaG allowed us to identify differences between residues in the condensation domain. Future 

work will involve probing the importance of these mutations on the activity of the condensation 

domains. 

The wollamides (3 and 4) are important leads as antitubercular drugs, and as such we aim 

to produce a strain capable of producing 3 and 4 in high titres. One approach, described in Chapter 

2, is knocking out dsaG in Streptomyces MST-70754 and inserting pGP9-wolG2. Another option 

is the expression of the entire assembly-line in a heterologous host. In Chapter 2, I described 

pBO1, an integrative Streptomyces expression vector capable of propagating in both E. coli and 

S. cerevisae designed for the purpose of assembling and overexpressing large genes, such as those 

encoding NRPSs. By changing the intergrase and selective marker of pBO1 it will be possible to 

generate a suite of plasmid for the expression of entire assembly-lines heterologously. 

Importantly, this will enable the fermentation of the wollamides in a clean metabolic background 

and provide a platform for further modification. 

6. 5. Conclusions 

This thesis has explored a range of different BGCs involved in the biosynthesis of 

actinobacterial specialised metabolites. The discovery of the wol BGC has expanded the current 

model of assembly-line evolution by providing the first evidence of intergenic duplication and 

recombination. Studies of the β-amino acid containing polyketide macrolactam (βPM) 

heronamide C (7) demonstrated spontaneous thermal and photochemical routes to generating 

structural diversity through respective [6π + 6π] and [6π + 4π] cycloadditions. Further 

examination of the βPM family using sub-cluster mining allowed strains to be prioritised for 

metabolic analysis, leading to the identification of candidate βPMs from Nocardiopsis gilva 

DSM44841. Finally, through the overexpression of LAL-family and SARP-family transcriptional 

activators I was able to activate the biosynthesis of the polyketide macrolide pladienolide B and  

spirotetronate spirohexenolide and active their expression in strains of Streptomyces platensis. 
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7. 1 General Methods 

7. 1. 1. Reagents and Suppliers 

 Reagents and chemicals were purchased from: Fisher Scientific, Holland and Barret, 

Merck, Sigma-Aldrich and Thermo Scientific (Oxoid). All solvents were supplied by Fisher 

Scientific and were HPLC-grade or LCMS-grade where appropriate. 

7. 1. 2. Microbial Strains 

A list of bacterial strains used in this study can be found in Table 7. 17. Streptomyces spp. 

were maintained at 30°C on SF+M agar, with the exception of Hamadaea tsunoensis DSM44101 

which was maintained on M1 agar. For the production of specialised metabolites, see the specific 

chapter for culture media. Strains of E. coli were maintained at 37°C on LB agar. S. cerevisiae 

CEN.PK 2-1 was maintained on YPAD agar at 30°C. Glycerol stocks were generated from a 1:1 

mixture of liquid culture and 40% glycerol and stored at -80°C. Streptomyces spore stocks were 

generated using a modified version of the protocol published by Kieser et al.1. Spores were 

harvested in 5 ml sterile water and filtered through sterile cotton wool. Filtrate was centrifuged, 

had the supernatant removed and was concentrated in 100 µl 20% glycerol. 

7. 1. 3. Culture Media 

 Table 7. 2 contains a list of media used in this study. Where solid agar is used, Difco-

Bacto agar 10g/L added to the media prior to autoclaving. All media were made use distilled 

water, except for MYM-TAP, SM6 and SM18, where tap water was used. For R2 and R5 2 ml 

trace element solution (ZnCl2 40 mg/L, FeCl3·6H2O 200 mg/L, CuCl2·2H2O 10 mg/L, 

MnCl2·4H2O 10 mg/L, Na2B4O7·10H2O 10 mg/L, (NH4)6Mo7O24·4H2O 10 mg/L) was added after 

autoclaving. Stock and final concentrations of antibiotics are found in Table 7. 3.  

7. 1. 4. Plasmids 

Table 7. 4 contains a list of plasmids used in this study. 

7. 1. 5. Oligonucleotides 

 Oligonucleotides used in this study are listed in Table 7. 5. 
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Table 7. 17: List of microbial strains used in this study (including genotype).  

Strain Description Reference

Actinok ineospora enzanensis

DSM 44649

Putative βPM producing strain DSM

Escherichia coli ET12567 

puz8002

Conjugation strain; F- dam-

13::Tn9 dcm-6 hsdM hsdR zjj-

202::Tn10 recF143 galK2 galT22 

ara-14 lacY1 xyl-5 leuB6 thi-1 

tonA31 rpsL136 hisG4 tsx-78 mtl-

1 glnV44, subsiquently 

transformed with plasmid 

puZ8002

Castellani and 

Chalmers

Escherichia coli NiCo21(DE3) Protein expression strain; 

can::CBD fhuA2 [lon] ompT gal (λ 

DE3) [dcm] arnA::CBD slyD::CBD 

glmS6Ala ∆hsdS λ DE3 = λ 

sBamHIo ∆EcoRI-B 

int::(lacI::PlacUV5::T7 gene1) i21 

∆nin5

New England 

Biolabs

Escherichia coli NiCo21(DE3); 

peT28a(+)-orf6595a

Protein expression strain 

expressing Orf6595A; can::CBD 

fhuA2 [lon] ompT gal (λ DE3) 

[dcm] arnA::CBD slyD::CBD 

glmS6Ala ∆hsdS λ DE3 = λ 

sBamHIo ∆EcoRI-

;B;int::(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5;  peT28a(+)-orf6595A

This study

Escherichia coli NiCo21(DE3); 

peT28a(+)-orf6595a; pCDFDuet-

1-wolF2

Protein expression strain 

expressing Orf6595A and WolF2; 

can::CBD fhuA2 [lon] ompT gal (λ 

DE3) [dcm] arnA::CBD slyD::CBD 

glmS6Ala ∆hsdS λ DE3 = λ 

sBamHIo ∆EcoRI-

;B;int::(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5;  peT28a(+)-orf6595A; 

pCDFDuet-1-wolF2

This study

Escherichia coli NiCo21(DE3); 

peT28a(+)-wolG1A2

Protein expression strain 

expressing WolG2A1; can::CBD 

fhuA2 [lon] ompT gal (λ DE3) 

[dcm] arnA::CBD slyD::CBD 

glmS6Ala ∆hsdS λ DE3 = λ 

sBamHIo ∆EcoRI-

;B;int::(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5;  peT28a(+)-wolG1A2

This study

Escherichia coli NiCo21(DE3); 

peT28a(+)-wolG1A2; 

pCDFDuet-1-wolF2

Protein expression strain 

expressing WolG2A1 and WolF2; 

can::CBD fhuA2 [lon] ompT gal (λ 

DE3) [dcm] arnA::CBD slyD::CBD 

glmS6Ala ∆hsdS λ DE3 = λ 

sBamHIo ∆EcoRI-

;B;int::(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5;  peT28a(+)-wolG1A2; 

pCDFDuet-1-wolF2

This study
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Table 7. 1 (cont.). 
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Media Reagent Supplier/Brand Quantity 

GYM Glucose Fisher 4.00 g/L

Yeast Extract Merck 4.00 g/L

Malt Extract Oxoid 10.00 g/L

Calcium Carbonate Fisher 2.00 g/L

IOM Starch Difco. 5.00 g/L

Yeast Extract Merck 2.00 g/L

Soy Peptone Fluka 1.00 g/L

Instant Ocean Aquarium Systems 16.50 g/L

LB LB Broth Miller 25.00 g/L

M1 Soy Peptone Fluka 5.00 g/L

Yeast Extract Merck 3.00 g/L

MYM-TAP Maltose Sigma-Aldrich 4.00 g/L

Yeast extract Merck 4.00 g/L

Malt Extract Oxoid 10.00 g/L

PYE Meat Extract Fluka 0.40 g/L

Sodium Acetate Fisher 0.20 g/L

Yeast Extract Merk 0.20 g/L

Tryptone Difco. 0.40 g/L

R2 Sucrose Fisher 103.00 g/L

Potassium sulphate Sigma-Aldrich 0.25 g/L

Magnesium chloride Fisher 10.12 g/L

Casamino Acid Sigma-Aldrich 0.10 g/L

Glucose Fisher 10.00 g/L

R5 Sucrose Fisher 103.00 g/L

Potassium sulphate Sigma-Aldrich 0.25 g/L

Magnesium chloride Fisher 10.12 g/L

Casamino Acid Sigma-Aldrich 0.10 g/L

Glucose Fisher 10.00 g/L

Trace Elements - 2 mL

Yeast Extract Merck 5.00 g/L

TES Sigma-Aldrich 5.73 g/L

SF + M Soya Flour Holland & Barret 15.00 g/L

Mannitol Sigma-Aldrich 15.00 g/L

SM6 Corn Steep Liquor Sigma-Aldrich 40.00 g/L

Maltodextrin Sigma-Aldrich 20.00 g/L

Sodium Chloride Fluka 2.50 g/L

Magnesium Sulphate Fisher 0.50 g/L

SM14 Glucose Fisher 10.00 g/L

Bactosoytone Difco. 20.00 g/L

Meat Extract Fluka 5.00 g/L

Sodium Chloride Fluka 5.00 g/L

Zinc sulphate dihydrate Fisher 0.01 g/L

Table 7. 18: Media used in this study. 
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Media Reagent Supplier/Brand Quantity 

SM18 Glucose Fisher 15.00 g/L

Soluble Starch Difco. 25.00 g/L

Pharmedia Pharmedium 25.00 g/L

Cane Mollasses Holland & Barret 20.00 g/L

Calcium Carbonate Fisher 8.00 g/L

SV2 Glucose Fisher 15.00 g/L

Glycerol Fisher 15.00 g/L

Soy Peptone Fluka 15.00 g/L

Sodium Chloride (NaCl) Fluka 3.00 g/L

Calcium Carbonate Sigma-Aldrich 1.00 g/L

YPAD Yeast Extract Merk 10.00 g/L

Peptone Formedium 20.00 g/L

Glucose Fisher 20.00 g/L

Adenine Sigma-Aldrich 0.02 g/L

Table 7.2 (cont.). 

Antibiotic Solvent Stock Concentration

(mg/mL)

Final concentration

(µg/mL)

Apramycin Water 50 50

Carbenicillin Water 100 100

Chloramphenicol Ethanol 25 25

Kanmycin Water 50 50

Streptomycin Water 100 100

Table 7. 19: Antibiotics used in this study.  
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Table 7. 20: Plasmids used in this work. 
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Primer Sequence Annealing 

Temperature 

( C)

Description

PGP9_SEQ_

F1

gagcggcggtcgaagggagatg 50  C Sequencing and colony PCR of pGP9 

and pBO1 constructs

PGP9_SEQ_

R1

cgagcgttctgaacaaatccag

PLA_LUX_F2 ttaattaaggaggacacatatgcatctcttcgggcgggac 65  C Cloning of pldR into pGP9

PLA_LUX_R2 ccaagctcagctaattaagcttcatgccgtctggggcag 

SARP_2_F2 gcatcgattaattaaggaggacacatatgatgcggtacg

aactcctg

60  C Cloning of spxR2 into pGP9

SARP_2_R1 ttagtgatggtgatgagatctggtctagaaagtggcgcta

aagcc 

LUXR_4F taaggaggacacatatggtgctcgggtcgcttcga 69  C Cloning spxR3 into pGP9

LUXR_4R tcagctaattaagctttcagtcgagcctcgctgg

pBO1_pGP_F

1

aatttattcatatcaggattatcaataccatatttttgaaaaa

gccgtttctgtaatgaaggagaaaactcaccgaggcact

tcctcgctcactgactcg

70  C Assembly of pBO1

pBO1_pGP_R

1

agcagcaccatatgatcacgtttttcattcggatctttaaac

agtgcgctctgatagctcagataatgattatccggcagca

gaaccggaccatcaccaacgcgttggccgattcattaa

pBO1_pFF_F

1

agaacgctcggttgccgccgggcgttttttattggtgagaa

tccaagctagaaatctgcattaatgaatcggccaacgcgt

tggtgatggtccggttctg

70  C Assembly of pBO1

pBO1_pFF_R

1

ccgtattaccgcctttgagtgagctgataccgctcgccgc

agccgaacgaccgagcgcagcgagtcagtgagcgag

gaagtgcctcggtgagttttctcc

pBO1_wolG2

_F1

ttcgagcctccttcgagccacggggccgacgatgacga

cgaccaccggacgaacgcatcgattaattaaggaggac

acatatggacgcggcggcatcac

70  C Cloning of wolG2 into pBO1

pBO1_wolG2

_R1

ttcgagcctccttcgagccacggggccgacgatgacga

cgaccaccggacgaacgcatcgattaattaaggaggac

acatatggacgcggcggcatcac

pCDF_wolF2_

F1

aagtataagaaggagatatacatatgtcgaacccgttcg 60  C Cloning of wolF2 into pCDF-duet-1

pCDF_wolF2_

R1

ctcgagtctggtaaagaaacggtaccgtgtgtacgagtg

gtg

pET_WolG1_

F1

catcaccacagccaggatccgaatccgacgtacgcgc

agctcaacga

62  C Cloning of wolG1A2 into pET28a(+)

pET_WolG1_

R1

cttaagcattatgcggccgcaagcttttagatcacgcacg

cctgggcca

pET_WolG2_

F1

catcaccacagccaggatccgaatccgaccttcgcgga

gctggaggc

62  C Cloning of wolG2A2 into pET28a(+)

pET_WolG2_

R1

cttaagcattatgcggccgcaagcttttacaccacggcct

gcgccacgt

pET_6595_F1 catcaccacagccaggatccgaattcgacctacgccga

actggaagc

60  C Cloning of orf6595A into pET28a(+)

pET_6595_R

1

cttaagcattatgcggccgcaagcttttaggcggccagct

ccacaccct

Table 7. 21: List of oligonucleotides used in this study. Annealing temperature for primer pairs 

used in PCR reactions included. 
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7. 2 DNA Extraction and Sequencing 

7. 2. 1. Genomic DNA Extraction 

High molecular weight genomic DNA was extracted according to the salting out 

procedure described by Kieser et al.1 with the modifications as described here: wet mycelium (0.5 

mL) from a 30 h old SV2 culture was washed with 10% sucrose (10 mL) before resuspension in 

SET buffer (5 mL; 75 mM NaCl, 25 mM EDTA, 20 mM TrisHCl pH 8.0) to which lysozyme 

(200 µL; 50 mg/mL) and ribonuclease A (15 µL; 10 mg/mL) were added. The cells were 

incubated overnight at 37°C; fresh lysozyme (300 µL) was added after ca. 17 h followed by an 

additional 2 h incubation. The subsequent steps were performed according to Kieser et al.1. 

7. 2. 2. DNA Sequencing 

Sanger sequencing was performed using Mix2Seq barcoded tubes (Eurofins Genomics). 

Sequences were view in Chromas v 2. 6. 5 (Technelysium). 

Genomic DNA of Streptomyces sp. MST-110588, Streptomyces sp. CMB-0406, 

Streptomyces platensis AS600 and Streptomyces platensis M-5455 was sequenced with Pacific 

Biosciences (PacBio) RSII SMRT technology (commissioned to The Genome Analysis Centre 

(TGAC) Norwich, UK)2 and assembled via the HGAP2.0 pipeline. Genomic DNA of 

Streptomyces sp. MST-70754 was sequenced with Illumina MiSeq using paired end sequencing 

and Nextera Mate Pair library preparation and assembled in house (commissioned to the 

University of Cambridge DNA sequencing facility). 

7. 3 Molecular Cloning and Transformation 

7. 3. 1 Molecular cloning 

For cloning purposes, polymerase chain reaction (PCR) was performed using Q5 high-

fidelity DNA polymerase in 25 – 50 µL aliquots supplemented according to the manufacturers 

protocol supplemented with 3% DMSO. For screening purposes, PCR was performed using 

GoTaq Green Master Mix (Promega) in 10ul reactions. For colony PCR, sterile toothpicks were 

pressed against colonies and then into 50 µl sterile ddH2O. H2O sample was boiled for 1 min and 

1 µl used in the reaction. Thermal cycling was carried out according to manufacturer’s protocol 

with varying the annealing temperature for different primer pairs (Table 7. 5) in a Bio-Rad T100 

thermal cycler. PCR products were run on TBE (Trizma base 10.8 g/L, boric acid 5.5 g/L, EDTA 

0.9 g/L) agarose (0.6 – 1.2 %) gels supplemented with 1 µL ethidium bromide. Gel electrophoresis 

was carried out between 50 - 100 V for 15 -40 mins and bands were visualised under UV-light. 

The sizes of PCR products were confirmed by comparison to 1 kb ladder (New England Biolabs). 

For molecular cloning, PCR products were purified using Wizard SV gel and PCR clean up 

system (Promega) according to manufacturer’s protocols. 
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Molecular cloning was performed via restriction enzyme digestion and ligation or Gibson 

Assembly. Gibson assembly was performed in 10 µl reactions using Gibson Assembly MasterMix 

(New England Biolabs) according to the manufacturers protocols. For restriction digestion and 

ligation, PCR products were digested with high-fidelity restriction nucleases overnight at 37°C. 

DNA was then treated with alkaline phosphatase prior to purification with Wizard SV gel and 

PCR clean up system (Promega) according to manufacturer’s protocols. Ligations were 

performed overnight using T4 DNA ligase (New England Biolabs) according to the manufacturers 

protocols. Ligations and Gibson assemblies were subsequently transformed into electrocompetent 

E. coli DH5α using a BioRad GenePulser (2.5 kV, 200Ω, 25 µFD). 

7. 3. 2 Generation and Transformation of Saccharomyces cerevisiae 

Frozen chemically competent S. cerevisiae CEN.PK 2-1C were generated as per Gietz et 

al.3 and were transformed using the lithium acetate, salmon sperm carrier, polyethylene glycol 

method4. Plasmids were extracted using Zymoprep yeast plasmid miniprep kit (Zymo Research), 

according to the manufacturers protocols and transformed into electrocompetent E. coli DH5α. 

7. 3. 3 Conjugation of Streptomyces spp. 

 Plasmids were extracted from E. coli DH5α using Wizard Plus SV miniprep system 

(Promega) and transformed into electrocompetent E. coli ET12567 pUZ8002 and E. coli S17 λpir.  

The resulting strains were used for the conjugation. Conjugation of Streptomyces spores was 

carried out according to Kieser et al.1. 

7. 4 Protein Expression, Purification and Activity Assays 

7. 4. 1 Expression and Purification of Adenylation-Domain Proteins 

Strains were grown from overnight cultures in 1 L LB to OD600 ~0.5 prior to induction 

with IPTG (1mM). Following induction, cultures were grown overnight at 18°C. Cultures were 

centrifuged at 9000 RPM for 20 minutes and the supernatant was discarded. Pellets were 

resuspended in 15-20 ml P-Buffer (1M K2HPO4 9.4 %; 1M KH2PO4, 0.6 %, pH 8.0). Cells were 

homogenised using an Avestin EmulsiFlex-B15 (40 bar) and the supernatant was removed and 

filtered. Proteins were purified on an ÄKTA pure chromatography system (GE Healthcare  using 

a His-Trap 1ml column. The column was equilibrated with P-buffer until a stable UV signal was 

established. The equilibrated column was sequentially washed with 5 column volumes of P-buffer 

containing 10 mM, 20 mM and 50 mM. imidazole. Protein was eluted with 24 column volumes 

of P-buffer containing of 250 mM imidazole. Fractions with an UV absorbance at 280 nm were 

pooled. The presence of the correct MW protein was assessed by SDS-PAGE using 12 % RunBlue 

SDS protein gels (Expedeon). Protein concentration was determined by Bradford assay5 

(BIORAD). 
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7. 4. 2 Hydroxylamine Trapping Assay 

 Hydroxylamine trapping assays were performed using the method described by Kadi and 

Challis6 with minor modifications. 30 µL 50 mM each enzyme added to assay solution (15 mM 

MgCl2, 2.25 mM ATP, 150 mM hydroxylamine, 3 mM amino acid). Samples were incubated for 

2 h prior to the addition of stopping solution (10 % (w/v) FeCl3·6H2O, 3.3% TCA in 0.7 M HCl). 

A540 was measured using a BioMate 3 spectrophotometer (Thermospectronic).  

7. 5. Analytical Chemistry 

7. 5. 1 High Performance Liquid Chromatography (HPLC) and Liquid 

Chromatography Mass Spectrometry (LCMS) 

Analytical HPLC was performed on an Agilent 1100 series HPLC system with a Gemini-

NX C18 110A column (150 × 4.6 mm, 3 μm; Phenomenex) using a two-step water-MeOH gradient 

(10-50% MeOH over 3 min followed by 50-100% over 15 min with a 2 min hold at 100%). LCMS 

was performed on a Shimadzu LC–MS platform (equipped with a NexeraX2 liquid 

chromatograph (LC30AD), a Prominence photo diode array detector (SPD-M20A) and an LCMS-

IT-TOF mass spectrometer) with chromatography over a Kinetex C18 100A column (100 × 2.1 

mm, 2.6 μm; Phenomenex) using a water-MeOH gradient (20-100% MeOH over 12 min with 1 

min hold at 100%). 

 

7. 5. 2 Purification of Heronamide C 

For large scale purification six SV2 cultures (400 mL in 2 L Erlenmeyer flasks) were 

grown as described above. The resulting broth (2.4 L) was extracted with an equal volume of 

EtOAc. The phases were separated by centrifugation at 5000 rpm for 15 min and the solvent 

removed under reduced pressure to yield a yellow extract (1.8 g). This was dissolved in excess 

methanol (50 mL) and triturated with an equal volume of water. The insoluble fraction (67 mg) 

was separated and dissolved in methanol and then fractionated by preparative HPLC (see method 

below) to yield heronamide A (5) (1.2 mg), heronamide B (6) (0.3 mg) and heronamide C (7) (4.8 

mg). 

Preparative HPLC was performed on an UltiMate 3000 LC system with a Gemini-NX 

C18 110A column (150 × 21.2 mm, 5 μm; Phenomenex) using a two-step MeOH gradient (10-

50% MeOH over 5 min followed by 50-100% over 15 min and a 2 min hold at 100%). Typical 

injection volumes were between 1-1.75 mL and fractions were collected at 10.1-10.4 min 5, 11.5 

– 12 min 7 and 13-13.4 min 6. LCMS was performed on a Shimadzu LC–MS platform (equipped 

with a NexeraX2 liquid chromatograph (LC30AD), a Prominence photo diode array detector 

(SPD-M20A) and an LCMS-IT-TOF mass spectrometer) with chromatography over a Kinetex 
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C18 100A column (100 × 2.1 mm, 2.6 μm; Phenomenex) using a water-MeOH gradient (20-100% 

MeOH over 12 min with 1 min hold at 100%). 

 

7. 5. 3 Transformation of Heronamide C to Heronamide A 

7 was dissolved in methanol containing 10% DMSO at a final concentration of 225 M 

while minimizing exposure to light. Aliquots (1 mL) were then incubated at 4°C, 30°C and 60°C 

for 7 days with all light excluded. Samples were then analyzed by HPLC using the method 

described above and the molar yields for each component calculated by comparison to UV 

calibration curve generated with isolated material. 

 

7. 5. 4 Photochemistry of Heronamide C 

7 was dissolved in methanol at a final concentration of 225 M while minimizing the 

exposure to light. Aliquots (100 L) were then placed into borosilicate vials and incubated under 

ambient conditions either exposed to bright sunlight by standing on a bench or placed in a box so 

that light was excluded and located adjacent to the first sample. After 60 min the samples were 

analyzed by LCMS and compared to calibration curves of authentic material in order to quantify 

the species present. In a second set of experiments aliquots of 7 in methanol (1 mL, 225 μM) were 

placed into quartz cuvettes and exposed to varying wavelengths of UV radiation (330, 375, 405 

nm) for a range of exposure times (10, 20, 40, 80, 160 s) using an Atlas Photonics LUMOS 43 

photoreactor. The photon flux at each wavelength was calculated using ferioxilate chemical 

actinometry to allow for normalization across wavelengths. From these data, the half-life, rate 

constant and quantum yields were determined, the latter using the methods described below: 

𝛷𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 =  
𝑁𝑚𝑜𝑙𝑒

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 

The apparent quantum yield (Φapparent) was calculated at different time points with the above 

equation, where Nmole represents the number of moles of heronamide B 6 at a given time point. 

Nphotons represents the number of photons absorbed by heronamide C 7 and was calculated by the 

following equation. 

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠 = 𝑞 𝜒 𝑡 

Where q is the number of photons delivered to the cuvette per second, χ is the proportion of light 

absorbed by the sample and t is the exposure time. 

 

7. 6 In Silco Analyses 

 Nucleotide and protein sequences were viewed in BioEdit7 or Geneious (Geneious).  
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7. 6. 1. Analysis of Genomic DNA and BGCs 

 Genomic DNA sequences were annotated in prodigal8 to identify protein coding 

sequences, and RAST9 to assign putative gene functions. Detection of specialised metabolic 

BGCs and annotation of gDNA was performed in antiSMASH v3.010 or v4.011 including 

ClusterFinder12, ClusterBlast and whole-genome PFAM analysis10. Adenylation domain 

specificities were performed by NRPSpredictor213 or based on the specificity codes described by 

Stachelhaus14 and Minowa15, as implemented in antiSMASH11. Acyltransferase-domain 

specificities were predicted by the specificity codes described Minowa15, as implemented in 

antiSMASH11. Gene homologues were identified from translated protein sequences using 

BLASTp16. Genes with no predicted sequence homology to proteins with known function were 

further analysed via remote homology detection using Phyre217. 

7. 6. 2. Detection of Recombination Events 

 Adenylation domain coding nucleotide sequences of Streptomyces sp., annotated as 

above, were aligned using ClustalW (cost matrix: BLOSUM, gap open cost: 10, gap extend cost: 

0.1)18,19. Recombination detection was performed using RDP20, GENECONV21, BOOTSCAN22, 

MAXCHI23, CHIMERA24, SISCAN25 and 3SEQ26 as implemented in RDP427. Using default 

settings. Breakpoints were plotted on translated protein sequences by manual annotation. To 

calculate DS/DN ratios, codon alignments were generated using TranslatorX28 and the resulting 

alignments were submitted to Synonymous Non-synonymous Analysis Program (SNAP)29. 

7. 6. 3 Sub-cluster Genome Mining 

 Sub-cluster genome mining was performed in MultiGeneBlast (MGB) v.1.1.430. The 

Database was constructed from the GenBank bacterial sub-division (BCT)31 on 29/03/16 and 

updated on 14/03/17 and 22/07/18. Architecture searches were performed using the sequences of 

VinN, VinM, VinK and VinJ (AB086653.1)32 and HrnI, HrnJ, HrnK, HrnS, HrnL, HrnU 

(LT548273.1)33 with a maximum distance between loci as 100 Kb, all other parameters set to 

default. Genomes were downloaded and submitted to antiSMASH with clusterBlast11. 

Homologous BGCs from clusterBlast that were not identified by MGB were also included. A 

blast database of all predicted BGCs was generated in Geneious. 

7. 6. 4 Phylogenetics 

 Protein sequence homologues of VinN, VinM, VinK and VinJ were identified by 

BLAST16 using the custom database described above. Protein sequences and aligned in ClustalW 

(cost matrix: BLOSUM, gap open cost: 10, gap extend cost: 0.1)18,19. Gaps at the start or end of 

the sequence alignment were treated as missing data (‘X’). A concatenated alignment (1708 

characters) was also generated by combining data from all five individual alignments. OTUs with 

fewer than 3 identified homologues were excluded from the analysis. Missing sequences were 

regarded as missing data (‘X’). Phylogenetic trees were generated using RAxML version 834 using 
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LG and WAG substitution models. For the concatenated alignment each protein sequence was 

regarded as an individual partition. Trees were visualised in FigTree v1.4.335 and Interactive tree 

of life (iTOL) v336. 

7. 6. 5 Modelling Protein Structure 

 Protein structures were modelled using remote homology detection in Phyre2 (intensive 

mode)17 and were visualised in PyMol v2.037. 
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A1. 1. Purification of WolG1A2 

 

Figure A1. 60: SDS-PAGE of initial WolG1A2 purification fractions. From left to right: NEB Blue 

Protein Standard Broad Range, pellet (P), column flow through (FT), 10 mM imidazole (10), 20 mM 

imidazole (20), 40 mM imidazole (40), 250 mM imidazole (250), concentrated sample post buffer exchange 

(C). 

 

 

Figure A1. 61: Output from the ÄKTA pure chromatography system from the purification of 

WolG1A2. UV recorded at 280 nm (blue), percentage of 250 mM imidazole (0%, 4%, 8%, 16%, 100%, 

green) and conductivity (mS/cm, orange). 
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A1. 2. Purification of WolG2A2 

 

Figure A1. 62: SDS-PAGE of initial WolG2A2 purification fractions. From left to right: NEB Blue 

Protein Standard Broad Range, pellet (P), column flow through (FT), 10 mM imidazole (10), 20 mM 

imidazole (20), 40 mM imidazole (40), 250 mM imidazole (250), empty lane (-), concentrated sample post 

buffer exchange (C). 

 

Figure A1. 63: Output from the ÄKTA pure chromatography system from the purification of 

WolG2A2. UV recorded at 280 nm (blue), percentage of 250 mM imidazole (0%, 4%, 8%, 16%, 100%, 

green) and conductivity (mS/cm, orange). 
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A1. 3. Purification of ORF6595A 

 

Figure A1. 64: SDS-PAGE of initial Orf6595A purification fractions. From left to right: NEB Blue 

Protein Standard Broad Range, pellet (P), column flow through (FT), 10 mM imidazole (10), 20 mM 

imidazole (20), 40 mM imidazole (40), 250 mM imidazole (250), empty lane (-), concentrated sample post 

buffer exchange (C). 

 

Figure A1. 65: Output from the ÄKTA pure chromatography system from the purification of 

Orf6595A. UV recorded at 280 nm (blue), percentage of 250 mM imidazole (0%, 4%, 8%, 16%, 100%, 

green) and conductivity (mS/cm, orange). 
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A2. 1 Desotamide A and Wollamide A 

A2. 1. 1 MS/MS of Desotamide A from Streptomyces sp. MST-110588 (Authentic 

Standard) 

 

 

Precursor

Base Peak

m/z Rel. Inten. m/z Rel. Inten. m/z Rel. Inten.m/z Rel. Inten.

704.3695 8.07 566.3584 3.3 464.2662 34.79 377.1637 4.72

703.3703 44.84 565.3525 15.34 458.2888 2 368.685 5.79

702.3667 99.59 562.2903 9.77 458.1926 3.31 368.1821 6.51

701.3828 17.17 561.2852 39.47 449.2793 1.3 364.1058 1.46

693.4064 6.26 560.3128 5.92 449.2049 8.01 363.2062 2.26

692.3983 25 546.2981 2.97 448.2964 10.56 363.1117 13.51

691.3983 60.09 545.2638 1.52 448.2013 45.02 360.1747 5.26

684.3642 1.16 544.2626 12.64 447.2288 2.16 359.6759 6.03

676.3824 8.36 543.2749 8.69 446.2574 3.8 359.1769 6.83

675.376 52.36 534.3117 1.34 435.2739 2.18 357.1878 2.34

674.3701 100 533.3092 8.57 434.2539 3.12 352.1467 10.08

673.3844 4.84 532.3282 1.46 432.2758 5.85 351.1821 19.36

658.3562 2.93 521.3338 1.83 432.1999 2.26 346.1737 1.04

657.3559 6.34 520.3313 15.14 431.2664 16.21 346.0813 5.33

656.359 5.77 518.2691 1.29 431.1837 11.81 345.1938 1.4

646.3817 5.74 516.2829 5.27 430.1971 9.01 345.1082 1.4

634.3777 3.72 515.298 2.62 429.2278 1.53 336.1164 6.6

632.3924 5.83 510.2741 1.16 421.2306 1.71 335.1156 43.67

629.3522 2.38 506.3163 9.45 420.2284 7.58 334.2514 8.29

618.348 7.31 505.3155 37.62 419.245 2.01 320.196 3.05

617.3472 16.21 493.224 2.35 413.2577 2 319.2188 1.83

605.3451 1.77 492.2592 1.34 407.249 14.07 318.0932 10.96

604.3425 7.79 491.2495 1.98 405.2811 1.22 317.1089 4.65

603.3363 13.97 490.2472 8.42 393.2368 1.09 294.6466 1.1

600.3072 3.7 488.2949 1.78 392.2324 18.57 294.163 1.22

589.2884 3.68 487.2902 1.1 391.2752 3.23 282.6537 1.46

588.3205 6.03 477.2984 1.46 389.2716 4.74 266.1904 2.81

587.335 6.67 476.2905 8.45 380.2564 10.71 266.0931 5.5

579.314 6.96 476.1982 6.49 380.1486 2.07 248.084 1.09

578.3221 32.1 475.217 3 379.2711 36.71 238.0962 1.64

577.3522 24.01 466.2338 1.77 379.1784 5.18

575.3283 1.05 465.2409 24.58 378.1864 1.38

719.3809

m/z 674.3701 (Inten : 312,538)
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A2. 1. 2 MS/MS of Desotamide A from Streptomyces sp. MST-70754 

  

Precursor

Base Peak

m/z Rel. Inten.Present in WT m/z Rel. Inten. Present in WT m/z Rel. Inten. Present in WTm/z Rel. Inten. Present in WT

704.3674 5.68 TRUE 560.302 0.96 TRUE 457.2062 0.2 FALSE 361.2518 0.2 TRUE

703.3691 35.53 TRUE 555.2996 0.2 TRUE 453.275 0.19 FALSE 361.169 0.53 TRUE

702.9083 0.19 TRUE 551.3363 0.52 TRUE 452.2744 0.24 FALSE 360.2242 0.28 TRUE

702.8588 0.58 TRUE 548.3202 0.19 FALSE 449.2918 0.19 TRUE 360.1725 0.91 TRUE

702.3649 100 TRUE 547.3431 0.49 TRUE 449.2021 5.58 TRUE 360.1179 0.19 FALSE

701.3806 21.35 TRUE 546.3 0.68 TRUE 448.2908 2.81 TRUE 359.6661 0.8 TRUE

700.4125 0.19 FALSE 545.301 0.24 TRUE 448.1998 27.86 TRUE 359.1678 1.28 TRUE

693.4011 3.11 TRUE 545.2712 0.44 TRUE 447.223 0.77 TRUE 357.1853 0.98 TRUE

692.3959 18.5 TRUE 544.2654 6.96 TRUE 446.2716 0.58 TRUE 352.1447 4.79 TRUE

692.0191 0.19 FALSE 543.2759 4.72 TRUE 446.2322 0.19 FALSE 351.1793 10.57 TRUE

691.3978 54.94 TRUE 542.3296 0.28 TRUE 445.1687 0.19 TRUE 349.1318 0.47 FALSE

684.354 1.35 TRUE 535.3245 0.2 FALSE 443.2518 0.19 FALSE 347.1024 0.19 TRUE

676.3852 2.02 TRUE 534.2998 0.19 TRUE 435.292 0.38 TRUE 346.081 2.19 TRUE

675.3761 36.7 TRUE 533.309 4.76 TRUE 435.2263 0.19 FALSE 345.6614 0.19 FALSE

675.093 0.29 FALSE 532.3267 0.24 TRUE 434.2697 1.01 TRUE 345.2452 0.19 TRUE

674.8507 0.58 TRUE 529.2445 0.19 TRUE 434.176 0.19 FALSE 345.1759 0.2 TRUE

674.3709 97.14 TRUE 528.2685 0.19 TRUE 433.2111 0.43 TRUE 345.098 0.39 TRUE

673.3866 4.51 TRUE 526.3084 0.19 FALSE 432.2767 2.35 TRUE 344.2233 0.19 TRUE

658.3846 1.74 TRUE 521.3338 1.44 TRUE 432.2366 0.62 TRUE 337.1296 0.2 FALSE

657.3517 4.83 TRUE 520.3285 9.79 TRUE 431.2671 8.62 TRUE 336.1204 2.05 TRUE

656.3686 4.61 TRUE 519.2698 0.19 TRUE 431.1797 6.23 TRUE 335.2086 0.92 TRUE

648.3605 2.42 TRUE 518.2819 0.19 TRUE 430.2585 0.2 FALSE 335.114 24.94 TRUE

647.6018 0.19 FALSE 518.2604 0.19 TRUE 430.1885 4.43 TRUE 334.2486 2.03 FALSE

647.4119 0.19 TRUE 517.2735 0.28 TRUE 429.239 0.34 TRUE 333.1675 0.2 FALSE

646.3779 3.36 TRUE 516.2884 1.96 TRUE 421.212 0.48 TRUE 322.1582 0.48 TRUE

635.3536 0.24 TRUE 515.2962 0.87 TRUE 420.2214 2.35 TRUE 321.2881 0.19 FALSE

634.3823 2.53 TRUE 509.2942 0.43 TRUE 419.2526 0.62 FALSE 321.1878 0.28 TRUE

633.4009 0.2 FALSE 506.3138 4.39 TRUE 418.2497 0.19 TRUE 320.1928 1.19 TRUE

632.4008 2.07 TRUE 505.3138 27.36 TRUE 417.2679 0.2 FALSE 319.2124 0.29 TRUE

629.3109 0.19 FALSE 504.1923 0.19 TRUE 417.2392 0.48 TRUE 319.168 0.19 TRUE

622.403 0.2 FALSE 498.2715 0.39 TRUE 414.2529 0.19 TRUE 319.1214 0.68 TRUE

620.3567 0.66 FALSE 497.2309 0.29 FALSE 408.256 0.19 TRUE 319.0914 0.24 TRUE

618.3586 2.54 FALSE 494.1985 0.19 TRUE 407.2465 4.8 TRUE 318.1855 0.2 TRUE

618.3238 0.77 TRUE 493.2864 0.19 TRUE 405.2834 0.2 TRUE 318.0868 3.45 TRUE

617.3456 10 TRUE 493.2391 0.34 TRUE 405.2458 0.28 TRUE 317.1009 1.58 TRUE

616.3899 0.19 TRUE 492.2609 1.01 TRUE 402.2017 0.24 TRUE 308.0505 0.19 TRUE

613.3711 0.19 FALSE 491.2557 1.43 FALSE 397.1738 0.2 TRUE 307.1343 0.39 TRUE

606.3169 0.34 TRUE 490.2502 3.71 FALSE 393.2423 0.2 TRUE 305.1593 0.19 FALSE

605.3235 1.69 TRUE 488.3058 0.19 TRUE 392.2302 10.17 TRUE 300.177 0.19 TRUE

604.3474 5.45 TRUE 487.3039 0.39 TRUE 391.2628 1.06 TRUE 291.067 0.19 FALSE

603.3291 10.64 TRUE 483.3505 0.19 FALSE 390.2973 0.19 FALSE 283.1481 0.2 TRUE

601.3131 0.19 FALSE 479.2644 0.28 FALSE 389.2732 3.31 TRUE 282.6303 0.2 TRUE

600.298 0.71 TRUE 478.2945 0.75 TRUE 387.1688 0.24 TRUE 279.1595 0.19 FALSE

592.3318 0.71 FALSE 478.261 0.68 TRUE 381.1278 0.19 TRUE 276.0509 0.2 TRUE

591.3353 0.2 FALSE 477.2887 0.19 TRUE 380.2648 2.92 TRUE 267.1803 0.19 FALSE

590.2696 0.19 TRUE 477.2011 0.67 TRUE 380.2238 0.59 FALSE 266.1872 1.61 TRUE

589.8731 0.19 FALSE 476.2837 4.76 TRUE 380.1401 0.52 TRUE 266.0879 2.76 TRUE

589.2804 0.43 TRUE 476.1922 2.52 TRUE 379.2705 20.59 TRUE 262.1268 0.19 TRUE

588.3207 2.35 TRUE 475.202 1.34 TRUE 379.1729 2.63 TRUE 249.5936 0.19 FALSE

587.3331 5.84 TRUE 474.2408 0.82 TRUE 378.1833 0.58 TRUE 238.0936 0.76 TRUE

579.3197 3.43 TRUE 466.2217 0.97 TRUE 377.1524 2.07 TRUE 237.0656 0.19 FALSE

578.32 25.34 TRUE 465.2652 5.44 FALSE 375.1778 0.19 TRUE 234.1232 0.19 TRUE

577.3538 20.43 TRUE 465.226 9.52 TRUE 372.1843 0.19 FALSE 233.0824 0.2 TRUE

575.3611 0.19 FALSE 464.6663 0.19 FALSE 368.6883 1.18 TRUE 231.1424 0.19 FALSE

575.2916 0.62 TRUE 464.2667 21.39 TRUE 368.1797 1.86 TRUE 129.8562 0.19 FALSE

571.2816 0.53 TRUE 462.2965 0.19 FALSE 366.2512 0.19 FALSE 94.8875 0.19 FALSE

566.3645 1.28 TRUE 462.2184 1.76 TRUE 366.162 0.28 FALSE 91.1005 0.19 FALSE

565.3522 14.17 TRUE 460.3029 0.19 FALSE 365.2285 0.84 TRUE 82.5667 0.2 FALSE

563.297 0.19 TRUE 459.1829 0.19 TRUE 363.2101 2.28 TRUE

562.287 6.19 TRUE 458.2789 0.39 TRUE 363.1094 6.96 TRUE

561.286 26.32 TRUE 458.164 0.2 TRUE 362.1389 0.2 TRUE

m/z 702.3649 (Inten : 517,946)

719.3919
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A2. 1. 3. MS/MS of Wollamide A from Streptomyces sp. MST-110588 

 

 

 

 

Precursor

Base Peak

m/z Rel. Inten. m/z Rel. Inten.

764.82 3.27 506.2613 3.27

760.4408 3.27 505.9675 3.27

759.4236 7.46 505.2648 4.94

758.4512 4.11 504.2903 3.27

748.4622 31.66 487.2599 4.94

742.4242 4.11 486.2514 3.27

741.4123 20.41 477.2771 4.94

732.4354 19.15 476.2858 14.93

731.4297 100 460.2673 4.11

715.3927 3.27 435.2924 3.27

714.42 3.27 434.2305 4.11

713.3982 3.27 431.2622 5.78

705.4601 3.27 408.2311 11.57

689.4436 4.94 407.2401 5.78

662.3846 3.27 392.2172 3.27

661.4126 11.55 391.2018 4.94

660.391 4.11 389.2854 3.27

657.3406 4.94 379.2768 20

645.3897 3.27 374.1957 3.27

645.3186 3.27 364.2019 4.11

635.367 4.11 357.1796 3.27

634.4153 12.39 357.1443 3.27

618.3558 8.22 339.1837 3.27

617.3516 30.38 334.2541 3.27

591.3241 4.11 320.1991 3.27

590.3581 3.27 288.1055 3.27

587.5059 3.27 269.3656 3.27

566.3562 3.27 266.1907 3.27

566.3118 3.27 231.2586 3.27

565.3564 22.5 155.5566 3.27

547.295 3.27 72.8127 3.27

522.3349 7.38 72.6695 3.27

521.3231 24.24 60.8087 3.27

520.3346 19.15

776.4387

m/z 731.4297 (Inten : 391,073)
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A2. 1. 4 Wollamide A from Streptomyces sp. MST-70754 pBO1-wolG2 

 

 

 

 

 

  

 

Precursor

Base Peak

m/z Rel. Inten. Present in WT m/z Rel. Inten. Present in WT

760.4328 5.41 TRUE 476.2957 1.62 TRUE

759.4252 19.05 TRUE 470.2486 1.92 FALSE

758.4491 1.31 FALSE 461.2436 5.09 FALSE

741.4197 1.28 TRUE 460.2593 14.73 TRUE

663.3727 4.93 FALSE 453.2585 4.6 FALSE

662.3732 15.35 TRUE 452.2664 1.76 FALSE

635.3727 16.6 TRUE 435.2679 5.59 TRUE

634.3741 36.99 TRUE 434.2538 1.61 FALSE

619.3776 5.58 FALSE 433.2207 3.99 FALSE

618.357 38.52 TRUE 431.2751 1.28 TRUE

617.3465 100 FALSE 418.2142 6.34 FALSE

603.341 17.4 FALSE 408.2509 2.39 FALSE

602.3658 13.94 FALSE 407.2438 16.93 TRUE

599.336 1.61 FALSE 401.1997 1.91 FALSE

591.3709 2.26 FALSE 392.2725 1.76 FALSE

590.3652 4.45 TRUE 392.2335 9.02 TRUE

586.3046 4.13 FALSE 391.2681 14.37 FALSE

576.3741 1.28 FALSE 379.2688 9.07 TRUE

575.3733 7.83 FALSE 374.1793 1.6 TRUE

573.3468 4.43 FALSE 365.2038 1.13 FALSE

567.3633 1.43 FALSE 364.1975 22.11 TRUE

566.3527 16.62 TRUE 347.1765 11.97 FALSE

565.3495 53.07 TRUE 345.1888 1.28 FALSE

561.2791 1.46 FALSE 339.1881 1.3 TRUE

547.3364 7.4 TRUE 335.2062 6.73 FALSE

546.3054 7.21 FALSE 322.1544 1.43 FALSE

543.2752 7.29 FALSE 320.1969 2.09 TRUE

521.3309 10 TRUE 319.207 1.44 FALSE

520.3268 41.47 TRUE 278.1905 1.45 FALSE

505.3137 11.22 TRUE 276.2104 1.12 FALSE

488.2852 6.3 FALSE 266.1888 2.71 TRUE

478.284 6.76 FALSE 251.1125 2.73 FALSE

477.2815 37.05 TRUE 234.0773 1.13 FALSE

776.4479

m/z 617.3465 (Inten : 718,978)
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A2. 2 The Heronamides 

A2. 2. 1 MS/MS of Heronamide C from Streptomyces sp. CMB-0406 (Authentic 

Standard) 

 

 

Precursor

Base Peak

m/z Rel. Inten. m/z Rel. Inten. m/z Rel. Inten.

449.2482 0.79 308.191 0.8 219.1174 1.57

443.8092 1.15 302.2497 12.83 218.1206 1.37

440.7496 0.78 300.2452 0.79 215.1734 0.79

433.3023 1.16 298.2287 1.55 214.1623 0.79

433.2634 0.79 297.1506 0.8 211.1025 0.79

432.2925 31.99 296.2029 0.8 209.1356 0.79

422.3024 7.51 294.1919 0.79 207.1108 1.58

414.2857 8.19 292.172 0.79 201.1683 0.79

404.2927 3.33 288.2004 0.79 198.1375 0.79

393.2358 0.79 288.1371 1.16 197.128 1.15

390.3008 0.79 286.1775 1.95 195.122 0.97

380.2256 1.38 284.2246 0.79 194.1487 1.96

373.6969 0.79 284.1617 1.16 193.1028 1.94

372.256 0.82 281.167 0.79 191.1251 0.79

368.2543 0.79 274.252 6.49 190.1594 0.79

366.1992 0.79 272.1396 0.79 187.162 1.18

364.2743 0.79 268.1696 1.15 185.1009 0.78

362.2036 0.79 267.2083 0.82 183.1142 0.79

354.252 0.8 263.1384 0.79 181.1006 1.96

351.2219 0.78 258.1848 0.79 179.0857 0.79

341.1926 3.5 253.1299 0.79 176.103 0.79

340.192 100 247.1418 0.8 173.1453 0.79

326.2072 4.52 242.1315 0.79 170.8948 0.8

324.2007 0.79 239.1873 1.57 166.1251 0.79

322.1785 7.44 238.15 1.16 165.069 1.16

312.2002 1.96 237.1293 0.8 155.0649 0.79

310.6599 1.15 229.113 0.79 151.077 1.56

310.2162 0.79 225.1636 0.79 144.072 1.18

m/z 340.1920 (Inten : 110,781)

450.3022
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A2. 2. 2 MS/MS of Heronamide C from Streptomyces sp. CMB-0406 

 

 

  

Precursor

Base Peak

m/z Rel. Inten. Present in Standard m/z Rel. Inten. Present in Standard m/z Rel. Inten. Present in Standard

452.3087 15.13 FALSE 300.2322 1.07 TRUE 223.1508 2 FALSE

433.2988 24.62 TRUE 294.1863 5.6 TRUE 223.1141 1.48 FALSE

432.2928 69.21 TRUE 287.1855 1.94 FALSE 220.1707 1.08 FALSE

423.314 10.73 FALSE 286.1873 17.45 TRUE 219.1203 1.06 TRUE

422.3087 22.05 TRUE 285.229 8.95 FALSE 218.155 1.08 FALSE

415.2941 3.43 FALSE 284.2365 14.84 TRUE 218.1206 1.81 TRUE

414.2846 6.42 TRUE 284.1602 1.26 TRUE 214.1241 1.07 FALSE

405.2897 2.36 FALSE 282.1874 1.82 FALSE 211.1054 1.07 TRUE

404.3009 7.43 TRUE 275.266 3.15 FALSE 204.1315 1.45 FALSE

388.2618 1.8 FALSE 274.2558 32.15 TRUE 201.171 1.81 TRUE

380.2512 2.59 FALSE 271.1435 2.22 FALSE 200.1538 1.07 FALSE

380.2266 1.64 TRUE 270.1463 2.2 FALSE 195.1195 1.8 TRUE

362.223 1.81 TRUE 269.1815 1.07 FALSE 193.1082 1.81 TRUE

355.244 1.28 FALSE 268.1726 1.82 TRUE 187.152 1.48 TRUE

341.1939 10.16 TRUE 267.2135 19 TRUE 185.1289 2.18 TRUE

340.193 100 TRUE 261.1332 1.08 FALSE 183.1169 1.81 TRUE

337.2453 1.08 FALSE 258.2344 2.38 TRUE 181.1069 1.27 TRUE

326.2153 5.07 TRUE 253.1774 1.07 FALSE 178.159 1.6 FALSE

323.1888 1.07 FALSE 251.1338 1.82 FALSE 171.123 1.48 FALSE

322.1843 15.65 TRUE 239.1758 1.07 TRUE 167.0907 1.07 FALSE

312.1983 7.76 TRUE 239.1428 1.28 FALSE 159.1233 1.07 FALSE

304.2042 1.08 FALSE 235.1546 3.21 FALSE 159.088 1.47 FALSE

303.2532 6.07 FALSE 233.1325 1.78 FALSE 157.1023 1.07 FALSE

303.1803 1.07 FALSE 230.1546 1.07 FALSE

302.2497 40.51 TRUE 225.1343 2.35 FALSE

450.2978

m/z 340.1930 (Inten : 103,445)
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A2. 2. 3 MS/MS of Heronamide B from Streptomyces sp. CMB-0406 

 

 

 

 

 

 

 

 

 

 

 

Precursor

Base Peak

m/z Rel. Inten. Present in Standard m/z Rel. Inten. Present in Standard

452.294 1.18 FALSE 274.2552 27.73 TRUE

433.2875 8.84 TRUE 272.158 1.16 FALSE

432.291 56.57 TRUE 270.1923 1.61 FALSE

423.3138 1.4 FALSE 270.1514 1.21 FALSE

422.3123 16.83 TRUE 268.2184 2.73 TRUE

414.2856 1.76 TRUE 267.2266 4.28 TRUE

404.2915 3.46 TRUE 257.2297 1.18 FALSE

380.2548 1.18 FALSE 247.1154 1.18 TRUE

380.2184 1.18 TRUE 244.1411 1.18 FALSE

376.2645 1.62 FALSE 236.1137 1.18 FALSE

341.1958 4.04 TRUE 233.1851 1.18 FALSE

340.1927 100 TRUE 232.1751 1.98 FALSE

335.2274 1.18 FALSE 218.1825 1.18 FALSE

334.2378 1.62 FALSE 218.119 2.57 TRUE

326.2111 2.17 TRUE 207.1136 1.99 TRUE

322.1806 7.83 TRUE 204.1527 1 FALSE

312.197 4.68 TRUE 201.1181 1.18 FALSE

303.2501 1.36 FALSE 200.1142 1.18 FALSE

302.2513 21.2 TRUE 197.1319 2.91 TRUE

298.2157 1.18 TRUE 192.1477 1.18 FALSE

287.1912 1.18 FALSE 190.1235 1.98 FALSE

286.1835 9.29 TRUE 183.1272 2.16 TRUE

285.2348 3.47 FALSE 178.1624 1.39 FALSE

284.245 6.23 TRUE 176.118 1.18 TRUE

282.1639 1.18 FALSE 157.0987 1.17 FALSE

277.15 1.18 FALSE

m/z 340.1927 (Inten : 71,462)

450.3014
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A2. 2. 4 MS/MS of Heronamide A from Streptomyces sp. CMB-0406 (Authentic 

Standard) 

 

 

 

 

 

 

 

 

Precursor

Base Peak

m/z Rel. Inten. m/z Rel. Inten. m/z Rel. Inten.

449.2916 2.49 320.1698 1.01 226.1287 0.44

448.2878 7.87 316.2299 0.48 225.1216 0.41

439.302 0.41 312.1757 0.44 224.1112 0.34

438.3057 0.34 311.1906 0.36 221.1312 0.37

431.2782 2.1 310.1781 0.83 216.1015 0.41

430.2744 1.53 296.1868 0.28 214.1259 0.21

421.3037 0.24 294.1484 0.31 212.1089 0.38

420.2951 0.67 292.172 0.27 211.1161 0.48

402.2749 0.34 290.1511 0.28 209.1289 0.34

376.2612 0.62 285.1727 0.27 208.1158 0.41

371.2395 0.51 284.164 0.76 207.1126 1.04

370.2392 0.89 282.1654 0.41 206.1196 0.92

358.1936 1.52 274.1396 0.34 204.1021 0.48

357.542 0.41 268.1355 0.65 200.1066 0.27

357.354 0.21 266.1565 0.7 199.1052 0.27

357.1896 34.62 258.1549 0.34 198.0933 0.38

356.7313 0.34 256.1676 0.37 196.1684 0.27

356.5367 0.91 256.1409 0.21 195.122 0.34

356.462 0.24 255.1519 0.53 194.1101 0.27

356.3515 0.47 253.122 0.44 192.1014 0.27

356.1864 100 252.1664 0.34 188.1025 0.27

353.2348 0.6 249.125 0.34 186.0919 0.62

352.2314 0.61 242.1502 0.77 185.1262 0.41

339.1885 1.58 242.1242 0.89 183.1178 0.24

338.1757 4.23 234.1044 0.43 176.1389 0.83

334.2128 0.37 232.1296 0.34 169.0952 0.28

329.2053 1.02 230.1153 0.64 167.0881 0.34

328.1905 1.66 228.1032 2.24 160.0811 0.4

m/z 356.1864 (Inten : 471,879)

466.2946
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A2. 2. 5 MS/MS of Heronamide A from Streptomyces sp. CMB-0406 (Authentic 

Standard) 

 

 

 

 

 

 

 

 

Precursor           

Base Peak

m/z        Rel. Inten. Present in Standard m/z        Rel. Inten. Present in Standard m/z        Rel. Inten. Present in Standard

449.2903             3.78 TRUE 298.2231              0.59        FALSE 226.1294              0.50        TRUE

448.2901             18.31 TRUE 296.1677              0.32        TRUE 225.1314              1.01        TRUE

438.3097             0.59        TRUE 294.1854              0.47        TRUE 224.1135              1.49        TRUE

431.2975             0.32 TRUE 294.1516              0.32        TRUE 223.1507              0.53        TRUE

430.2800             3.91 TRUE 292.1751              1.11        TRUE 222.1466              0.47        TRUE

420.2946             1.89 TRUE 290.2526              0.55 FALSE 222.1080              0.35        TRUE

406.2747             0.47        FALSE 286.1849              0.47        TRUE 221.1364              0.75        TRUE

402.2895             0.7 TRUE 284.1644              0.99 TRUE 219.1271              0.36        TRUE

396.2630             0.59 FALSE 283.1907              0.35        FALSE 218.1312              0.89        TRUE

396.2134             0.43 TRUE 282.1851              0.94        TRUE 216.1082              1.63 TRUE

394.2807             0.55 FALSE 281.2098              0.32        FALSE 215.1288              0.47        FALSE

378.2446             0.36 TRUE 281.1889              0.62        FALSE 214.1247              0.46        TRUE

378.2083             0.47        TRUE 280.2170              0.64        FALSE 213.1139              0.55        TRUE

376.2673             0.47 TRUE 278.1915              0.41        TRUE 211.1130              0.64        TRUE

370.2380             1.32        TRUE 278.1531              0.55        TRUE 209.1356              0.58        TRUE

368.2286             0.53 FALSE 277.1660              0.35        FALSE 208.1275              0.58        TRUE

358.1907             0.95 TRUE 276.1540              0.50        FALSE 207.1217              0.76        TRUE

357.1927             24.99 TRUE 272.1436              0.35        FALSE 206.1207              1.72        TRUE

356.7383             0.84 TRUE 270.1935              0.47 TRUE 205.1036              0.5 FALSE

356.5415             1.01        TRUE 268.1766              0.35        TRUE 204.1246              0.58        TRUE

356.4637             0.67        TRUE 267.1672              0.35        FALSE 202.1183              0.80        FALSE

356.3501             0.95 TRUE 266.1553              1.85        TRUE 200.1127              1.08        TRUE

356.1891             100 TRUE 261.1657              0.72        FALSE 199.1067              0.56        TRUE

354.2449             0.67        FALSE 260.1357              0.35 TRUE 198.1259              0.35        TRUE

353.2165             0.88        TRUE 257.1537              0.63        FALSE 198.0984              0.47        TRUE

352.2259             1.41        TRUE 256.1396              0.91        TRUE 197.1228              1.02        FALSE

350.2301             1.12 FALSE 254.1217              0.32 TRUE 197.1030              1.13        FALSE

342.2052             0.83        FALSE 253.1955              0.3 FALSE 195.1243              1.53        TRUE

341.1914             0.73        FALSE 253.1658              0.41 FALSE 194.1557              0.88 FALSE

340.1947             8.48        TRUE 253.1292              0.56        TRUE 194.1046              0.32        TRUE

339.1868             0.47 TRUE 251.1426              0.32        FALSE 193.1058              1.59        TRUE

338.1797             5.75 TRUE 249.1264              1.67        TRUE 192.0966              0.47        TRUE

334.2112             1.33 TRUE 244.1380              0.41        FALSE 188.1113              0.89 TRUE

328.1942             2.15 TRUE 242.1593              1.83 TRUE 185.1027              0.7 TRUE

324.2088             0.73        TRUE 242.1180              0.61 TRUE 183.1213              1.35        TRUE

323.2163             0.32        FALSE 239.1373              0.53        TRUE 182.1114              0.38        TRUE

322.1800             3.73 TRUE 236.1522              0.35 FALSE 181.1021              1.46        FALSE

321.1855             0.32 FALSE 235.1514              0.6 FALSE 178.0773              0.3 TRUE

320.1652             1.76 TRUE 235.1176              0.90        TRUE 176.1538              0.35 FALSE

318.2484             1.14 FALSE 234.1144              1.18        TRUE 175.0894              0.64        FALSE

312.1732             0.82        TRUE 233.1300              1.12        FALSE 174.0960              1.01        FALSE

310.1895             1.83 TRUE 232.1351              0.41        TRUE 173.1347              0.36 TRUE

308.1662             0.35 FALSE 230.1512              0.58        FALSE 169.1067              0.38        TRUE

306.1919             0.42 TRUE 230.1204              1.82        TRUE 167.0948              0.32        TRUE

304.1855             0.82 FALSE 229.1076              0.64        TRUE 157.1053              0.35 TRUE

302.1815             2.30        TRUE 228.1301              0.83        TRUE 155.0959              0.32 FALSE

300.2316             2.28        FALSE 228.1038              2.96 TRUE

300.1651             0.53        FALSE 227.1424              0.56        TRUE

466.2926

m/z 356.1891 (Inten : 206,833)
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A2. 3. Spirohexenolide A 

A2. 3. 1 MS/MS of Spirohexenolide A from Streptomyces sp. AS600 (Authentic 

Standard) 

 

 

A2. 3. 2 MS/MS of Spirohexenolide A from Streptomyces sp. M-5455 pGP9-

spxR3 

 

 

Precursor

Base Peak

m/z Rel. Inten. m/z Rel. Inten.

392.1972 3.86 223.1442 1.65

391.1933 100 217.0907 2.76

373.183 13.5 211.1498 3.28

363.1979 6.31 207.1197 4.68

355.6893 1.66 197.134 3.58

327.1261 41.42 195.1099 4.97

309.1216 4.39 194.1042 2.2

308.1517 1.67 191.0409 4.69

307.1209 3.3 183.1136 1.66

297.1583 3.58 181.0996 1.67

293.1112 1.67 178.0869 1.67

283.1206 3.87 175.1475 5.24

271.1485 2.2 173.0319 1.65

271.0992 3.87 163.043 3.3

261.0903 2.2 163.0251 1.64

259.0846 1.65 161.0974 3.84

257.1413 2.21 159.1145 2.21

251.178 1.65 155.0809 1.65

250.1295 2.22 149.1333 5.51

243.0647 2.75 147.0773 19.4

237.1717 4.4 145.0605 1.66

237.1342 3.82 143.0899 2.21

233.0438 46.6 114.9079 2.2

225.09 2.17 77.7976 2.2

m/z 391.1933 (Inten : 22,120)

409.2

Precursor

Base Peak

m/z Rel. Inten. Present in Standard

391.2095 100 TRUE

250.1295 68.42 TRUE

231.063 68.42 TRUE

189.0816 68.42 TRUE

171.7337 65.79 FALSE

54.3547 65.79 FALSE

m/z 391.2095 (Inten : 9,728)

409.2015


