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I 

 

Abstract 

 

The rise of antimicrobial resistance has necessitated the discovery of novel antimicrobial 

compounds as a matter of urgency. Non-Ribosomal Peptides (NRPs) are a class of 

structurally diverse natural products used clinically as antibiotic and anticancer agents.  

Actinonin and the matlystatins are actinobacterial NRPs which inhibit metalloproteinases 

by the chelation of their catalytic metal ion. This bioactivity is conferred by the N-hydroxyl-

2-pentyl succinamic acid group, referred to as the ‘warhead’ group. Actinonin is the most 

potent natural inhibitor of peptide deformylase (PDF, a key enzyme involved in bacterial 

protein synthesis) and has been the focus of much research into the development of 

therapeutic PDF inhibitors as antimicrobials. Therefore, there is interest in the 

identification of other warhead-containing natural products which may have potent 

bioactivities.  

 

In this thesis, a genetic probe for warhead-containing NRP biosynthetic gene clusters 

(BGCs) is identified and a number of putative clusters are presented. One such BGC was 

present in the pathogenicity-associated megaplasmid of the plant pathogen Rhodococcus 

fascians. The product of the cluster was isolated from R. fascians and structural analysis 

indicated that it was the antimycobacterial agent lydiamycin A, originally identified from 

Streptomyces lydicus. Consideration of the BGC and extensive NMR analysis informed a 

structural revision of lydiamycin A. Lydiamycin A was confirmed to inhibit PDF in vitro. The 

LydA PDF is encoded within the lydiamycin BGC and has been experimentally determined 

to be resistant against lydiamycin A. This result implicates LydA as an important self-

immunity determinant for R. fascians. Finally, in planta competition assays frame 

lydiamycin as an important ecological factor that may enhance the fitness of R. fascians 

during niche colonisation. 

 

This study highlights the power of targeted genome mining for the identification of BGCs 

that may produce structurally related natural products. This enabled structural revision and 

bioactivity characterisation of lydiamycin A.  
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1 

 

Chapter 1: Introduction 

 

1.1 Natural Products 

 

Natural products (NPs) are specialised metabolites produced outside of primary 

metabolism. As such, NPs are not essential for growth under laboratory conditions but 

instead confer fitness advantages in the native environment of an organism [1, 2]. The most 

prolific microbial NP producers include fungi and bacteria, in particular the actinomycetes 

[3]. NPs are incredibly chemically diverse and serve a wide range of biological roles, ranging 

from siderophores for the scavenging of trace iron, to biosurfactants for enhancement of 

motility and quorum sensing molecules for the orchestration of growth phases [4-6].  

 

Over 22,000 bioactive natural products have been described to date, with 45% of microbial 

NPs produced by the actinomycetes [3]. Due to the massive chemical and bioactivity 

diversity, NPs and their derivatives have been co-opted as pharmaceutical compounds 

since the discovery of penicillin over 80 years ago [7, 8]. Over the last forty years, one-third 

of small molecule drugs approved by the US Food and Drug Administration (FDA) were NPs 

or derived/synthesised from NPs [9].  

 

The clinical use of NPs and their derivatives has contributed to the extension of the human 

lifespan by 30 years during the 20th century [10]. In particular, NP antimicrobials, such as 

oxytetracycline and erythromycin, have curbed infectious disease mortality. Antimicrobials 

alongside NP immunosuppressants, such as cyclosporine and tacrolimus, have heralded 

huge developments in surgical techniques and organ transplantations [11]. Over 30% of 

approved anticancer agents are NP-derived [9], including doxorubicin and dactinomycin. 

This small selection of molecules exemplifies the chemical diversity of NP-derived drugs, as 

illustrated in Figure 1.  

 

Natural products continue to play an important role in the pharmaceutical industry. The 

market for antibiotics from Streptomyces species alone had a value of $25 billion in 2001 

[12]. However, the emergence of antibiotic resistance is inevitable and is predicted to cause 

10 million deaths per year by 2050 [13]. As such, it is more important than ever to isolate 

novel NPs and characterise their bioactivities in search for antimicrobial compounds. 
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Figure 1. Structures of clinically important natural product drugs. Producer strain, drug type and year of 

approval by regulatory authorities are denoted.  

 

 

 

1.2 A Brief History of Antibiotic Discovery 

 

Infectious diseases have been a major cause of mortality throughout human history. As 

recently as the late 19th century, infectious diseases were responsible for 72% of deaths 

[14]. NPs have been indirectly leveraged by humankind for millennia for their therapeutic 

properties. Antibiotic-producing microbes were present in ‘medicinal soil’ and poultices of 

mouldy bread used to treat open wounds, described in the Eber’s papyrus from 1550 B.C. 

[15]. As the field of bacteriology was developing throughout the 18th and 19th centuries, so 

was our understanding of bacterial antagonism. The concept of one microorganism 

antagonising the growth of another microorganism was described in 1877 by Louis Pasteur 

[16].  

 

The very first clinical antibiotics were discovered during the synthesis and derivatisation of 

dyes. Paul Ehrlich investigated a group of arsenic-containing dyes for the ability to 

selectively kill the causative agent of syphilis, Treponema pallidum. Ehrlich identified 

arsphenamine, which was commercialised in 1910 as ‘Salvarsan’. Salvarsan was the first 

effective syphilis treatment and was lauded by the media as the ‘magic bullet’. The next 
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major antibiotic was discovered by Gerhard Domagsk in 1932 by the derivatisation and 

screening of over one thousand azobenzene dyes [17]. The sulphonamido-containing lead 

compound was found to be effective against Streptococcus pyogenes infection and was 

marketed in 1935 as Prontosil.  

 

The first marketed microbial NP antimicrobial was penicillin. In 1928, Alexander Fleming 

demonstrated that Penicillium medium filtrate selectively killed  Staphylococcus aureus 

[18]. In 1939 the bioactive NP, penicillin, was extracted from the growth medium by 

Howard Florey, Ernst Chain and Norman Heatley and shown to protect mice from 

Streptococcus pyogenes and Staphylococcus aureus infection [19]. Optimisation of the 

growth of the Penicillium mould and extraction of penicillin was prioritised throughout and 

after World War II. Dorothy Hodgkin determined the structure of penicillin in 1949 [20] and 

ascertained that it contained a beta-lactam group, which has since allowed the 

development of later generations of beta-lactam based antibiotics which can overcome 

resistance mechanisms. The use of penicillin has saved tens of millions of lives globally since 

its discovery [21]. 

 

The development of penicillin paved the way for the isolation of effective antibiotics from 

microorganisms and brought about a surge in research. Selman Waksman developed the 

platform for screening soil-derived Streptomyces strains for antimicrobial activity, by 

detecting the zones of inhibition against a reporter strain. This ‘Waksman platform’ led to 

a twenty-year period, which is now referred to as the ‘golden age’ of antibiotic discovery, 

where almost all major antibiotics used today were discovered. This included the discovery 

of streptomycin in 1944, which was purified from the soil bacterium Streptomyces griseus 

and proved to be the first antibiotic effective at treating tuberculosis [22, 23]. In the late 

1940s, Streptomyces venezuelae was found to produce an antimicrobial, which was 

chemically characterised and termed chloramphenicol [24-26]. In 1953, vancomycin was 

isolated from the actinobacterium Amycolatopsis orientalis and was asserted to be an 

effective treatment against penicillin-resistant Staphylococcus aureus infection [27, 28] 

(Figure 2). 

 

This method of screening soil bacteria led to the discovery of about half of the drugs used 

today [29] and also demonstrated the great potential that actinomycetes possess for the 

production of secondary metabolites. It is estimated that actinomycetes produce over two 

third of the antibiotics in use today and members of the Streptomyces genus account for 

~75% of this amount [30].  

 

 

https://en.wikipedia.org/wiki/Amycolatopsis_orientalis
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Figure 2. Structures of antibiotics discovered during the 'Golden age of discovery'. Producer strain, drug 

type and year of approval by regulatory authorities are denoted. 

 

 

However, the pace of antibiotic discovery slowed from the 1960s onwards. The re-

discovery of known antibiotics plagued the Waksman platform and made finding novel NPs 

near impossible. This is exemplified by the report that approximately 1% of soil 

actinomycetes produce streptomycin whereas the discovery of daptomycin required the 

screening of 107 actinomycetes [31]. At this point, the pharmaceutical companies minimally 

invested in antimicrobial development as it was considered that the existing drugs were 

effective. Instead, synthetic compound libraries were screened for bioactive molecules 

which could be derivatised and optimised. However, the rate of antimicrobial discovery 

was very low (GSK reported the screening of 500,000 synthetic compounds that did not 

lead to further development [32]) and this approach had the disadvantage of being unable 

to identify antimicrobials from novel chemical classes [33]. This lack of drug discovery 

caused a lag in approved new drugs which encroached into the early 2000s. The 

development of antibiotic resistance and emergence of new infectious diseases (e.g. HIV 

and COVID-19) has highlighted the importance of discovering bioactive NPs with novel 

chemistry.  
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1.3 Antibiotic Resistance  

 

Interest in antimicrobial discovery has steadily increased as the threat of antimicrobial 

resistance (AMR) has become apparent. AMR is recognised as one of the most serious 

global threats to human health, with over 35,000 deaths caused by AMR infections per year 

in the US [34] and the global burden estimated at over 1 million deaths annually [35]. With 

an increasing rate of clinically-relevant bacterial strains developing antimicrobial resistance 

and thus the reduction of efficacy of available antimicrobials, it is predicted that AMR may 

cause 10 million deaths annually by 2050 [13], although this magnitude is disputed [36].  

 

The development of AMR is inevitable as within several years of an antibiotic’s discovery, 

resistant bacteria strains are reported [37]. For example, S. aureus infections were initially 

effectively treated by penicillin but within three years, penicillin-resistance was observed 

to readily occur in the laboratory and also in clinical isolates [38, 39]. In 1960, methicillin 

was synthesised and found to be effective at treating penicillin-resistant S. aureus 

infections [40, 41]. However, just a year later, methicillin-resistant S. aureus (MRSA) was 

detected [42] and to this day remains a serious global infectious agent [43]. Vancomycin 

was one of the most effective treatments of MRSA infection [44], however vancomycin-

resistant S. aureus (VRSA) has recently been reported [45]. One of the last effective 

treatments of VRSA infection is daptomycin, although reports of daptomycin-resistant S. 

aureus are emerging [46, 47]. This timeline of continual antimicrobial discovery and the 

emergence of resistant strains exemplifies the importance of finding new antimicrobials, 

particularly those with novel structures, modes of action and with high barriers to 

resistance.  

 

 

1.4 Antibiotic Discovery in the Postgenomic Era 

 

Whilst overcoming the problem of AMR requires a concerted reform of healthcare 

practices and policy [48], one undeniably important aspect is the identification of novel 

antimicrobial compounds. In order to overcome the problem of re-discovering bioactive 

natural products by the classical Waksman approach, several new methods have been 

employed in the literature. 

 

Many researchers have reasoned that the screening of microbes that are unlikely to have 

been subjected to the classical Waksman approach may produce novel bioactive NPs. 

Therefore, many studies have isolated microbes from diverse and extreme environments. 
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The fasamycins and formicamycins were isolated from ant-associated Streptomyces and 

show activity against MRSA and vancomycin-resistant Enterococcus faecium (VRE) [49]. 

Novel antimicrobial NPs have also been isolated from deep sea sponge-associated 

actinomycetes [50], hyper-arid desert environments [51, 52], polar regions [53] and 

pristine caves [54]. 

 

Another method of de-replicating isolate screening is by culturing the ‘unculturable’. It is 

predicted that less than 1% of microbes have been cultured in the laboratory as the limited 

growth medium conditions do not support the growth of the ‘unculturable’ majority. 

Methods have developed to support ‘unculturable’ bacterial growth by more closely 

mimicking the natural environment. This includes the growth of monocultures with 

exchange of native nutrients via semi-permeable membranes, the use of co-culture, the 

addition of native growth factors and the use of anoxic or nutrient limited conditions [55-

58]. The growth of the previously unculturable proteobacteria Eleftheria terrae resulted in 

the identification of the antimicrobial teixobactin, which is an effective treatment of MRSA 

in vivo [59]. 

 

Aside from the screening of novel and exotic microbial isolates, a great proportion of 

modern drug discovery is genomic-led. Natural product biosynthesis genes are often 

clustered together and transcriptionally linked in biosynthetic gene clusters (BGCs). The 

first two Streptomyces genomes were published in the early 2000s and genomic analysis 

indicated that they both featured 30+ BGCs, far exceeding the number of NPs detected [60-

63]. This notion of talented producer strains has been expanded to actinomycetes in 

general, with many genera including Saccharopolyspora and Rhodococcus featuring large 

quantities of cryptic BGCs [64]. It is now predicted that only 10% of BGCs are expressed 

under routine laboratory conditions [65]. Therefore, many researchers are finding novel 

NPs by bioinformatically identifying cryptic BGCs, in a process called ‘genome mining’, and 

working to activate BGC expression for NP isolation and characterisation [66, 67]. 

 

The development of sequencing technologies has drastically reduced the price of bacterial 

genome sequencing and the number of bacterial genomes deposited into publicly 

accessible databases has been exponentially increasing. The NCBI database currently 

contains over 460,000 prokaryotic genomes, of which 38,000 are actinomycetes. One of 

the most widely used genome mining tools is the ‘antibiotics and secondary metabolite 

analysis shell’ (antiSMASH), which can identify 71 different types of BGCs from genomic 

data [68]. AntiSMASH predicts the function of query sequence gene products by sequence 

alignment and the identification of conserved domains, and also predicts accessory genes 

and cluster boundaries [69].  
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Once a cryptic BGC has been bioinformatically identified, there are many different reported 

methods for the induction of BGC expression. Perhaps the simplest is the ‘One Strain – 

Many Compounds’ (OSMAC) approach, whereby a single strain is grown under varied 

conditions (including media composition, pH, temperature, oxygenation levels, vessel 

types and co-culture) [70]. This is considered to result in varied transcription, proteome 

and therefore metabolome states in a single strain and has been widely reported to 

activate the expression of cryptic fungal and bacterial BGCs [71].  

 

Further, precise genetic manipulation can induce cryptic BGC expression. For instance, 

negative regulators may be knocked out or positive regulators overexpressed, either at a 

global or pathway-specific level [72]. Engineering of ribosome genes has also resulted in 

enhanced secondary metabolite production [73]. In the case of a native producer with 

limited genetic tractability, heterologous expression using a ‘superhost’ strain is often 

favourable. Several cloning methods have been developed for the capture of BGCs up to 

60-100 Kb in size and their conjugation into heterologous hosts [74]. Superhost 

Streptomyces strains have been engineered for enhanced secondary metabolite 

production by the removal of known BGCs and non-essential genes [75-77]. Heterologous 

expression also has the benefit of being able to introduce a strong constitutive promotor 

to drive NP biosynthesis and enhance compound titre [78, 79]. This heterologous 

expression approach has led to the expression of cryptic BGCs and the characterisation of 

novel NPs [72, 80]. 

 

 

 

1.5 Non-Ribosomal Peptides 

 

Non-Ribosomal Peptides (NRPs) are a major class of NPs that are biosynthesised by large 

multimodular enzyme complexes called Non-Ribosomal Peptide Synthetases (NRPSs). 

NRPSs are organised into modules, which are each made up of three core domains: an 

adenylation (A) domain, a condensation (C) domain and a peptidyl carrier protein (PCP). In 

linear NRPS systems each module incorporates a single amino acid residue into the NRP. 

NRP biosynthesis proceeds with an A domain specifically adenylating and activating an 

amino acid residue. This is then loaded onto the 4-phosphopantetheine arm of the PCP 

domain and shuttled to the C domain. The C domain catalyses the condensation of the 

tethered amino acid residue to the nascent peptide chain of the preceding module via 

amide bond formation [81]. Each module may also contain tailoring domains which 
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catalyse specific modifications, such as epimerisation or oxidation. The final module 

features a terminal thioesterase (TE) domain which catalyses the offloading and/or 

macrocyclization of the NRP. Final modification and maturation of the NRP may be 

facilitated by other tailoring enzymes encoded in the BGC.  

 

Canonical protein synthesis is limited to the twenty regular proteinogenic amino acids of 

which corresponding transfer RNA molecules (tRNAs) exist. However, NRP biosynthesis is 

not limited in this way and the adenylation domains may be specific to non-proteinogenic 

amino acids, of which there are over 500 examples. It is common for an NRPS BGC to 

encode enzymes for the biosynthesis of non-proteinogenic building blocks from 

proteinogenic amino acids or other primary metabolites [81]. Further, there is variability in 

the NRPS-mediated and post-NRPS modifications of these residues and the cyclisation of 

off-loaded peptide backbones. These factors result in the huge structural diversity of NRPs.  

 

The actinomycetes are some of the most prolific producers of NRP NPs, where the large 

structural diversity of NRPs supports a wide range of bioactivities which enhance the 

competitiveness of the bacterium. For example, S. coelicolor produces coelichelin, a NRP 

which is produced under iron deplete conditions and functions as a siderophore [5, 82]. 

Further, Streptomyces scabies and Streptomyces acidiscabies produce thaxtomin A as a 

virulence factor for the phytopathogenesis of common potato scab [83, 84]. Actinomycete 

NRPs are not only important specialised metabolites for the enhancement of ecological 

fitness of the producing strain, but many have also been approved as drugs. For example, 

several Streptomyces strains produce the NRP antibiotics vancomycin and dactinomycin, 

and Actinomyces antibioticus produces the NRP anticancer agent dactinomycin [85, 86] 

(Figure 3). Of the currently marketed drugs, nearly 30 are NRPs, which translates to a value 

of hundreds of millions of dollars to the pharmaceutical industry [81].   

 

NRP BGCs are also attractive targets for genome mining as the well characterised and 

repetitive nature of the multi-modular NRPS complex is effectively identified 

bioinformatically. Further, the identity of incorporated amino acid residues can be 

predicted by consideration of the adenylation domain sequences [87, 88]. The functional 

and chemical diversity, along with the relative ease of bioinformatic identification, make 

NRPs an attractive target for genomic-led drug discovery and the identification of novel 

classes of bioactive NPs. In this project, the biosynthesis of two actinomycete NRPs 

(actinonin and the matlystatins) are investigated.  
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Figure 3. Structures of clinically relevant non-ribosomal peptides. Producer strain, drug type and year of 

approval by regulatory authorities are denoted.   

 

 

1.6 Actinonin 

 

Actinonin was isolated from Streptomyces sp. NCIMB 8845 in 1962, by Gordon and 

colleagues [89]. Actinonin was characterised as an antibiotic, active against both Gram-

positive bacteria and Gram-negative bacteria, at a minimum inhibitory concentration (MIC) 

ranging from 20-100 μg/ml. Moreover, the in vivo toxicity of actinonin proved to be very 

low, with no toxic effects occurring in mice up to 400 mg per kg of body mass [89]. In 1968, 

Attwood determined that actinonin exerts its antimicrobial effects in a bacteriostatic 

manner [90]. The structure of actinonin was determined by IR and UV spectroscopy and 

mass spectrometry (MS) (Figure 4) [91].  
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Figure 4. Structure of Actinonin. 

 

The same group went on to develop a series of actinonin derivatives of various structural 

permutations, including various stereoisomers, the removal of the pentyl side chain and 

the addition of branched and unbranched hydrocarbon side chains at various R sites [92-

95]. Structure activity relationship (SAR) analysis of these actinonin derivatives suggested 

that the antimicrobial activity was conferred by the hydroxamic acid moiety [96, 97]. 

 

A specific molecular target of actinonin was identified in 1985. Takeuchi and colleagues 

isolated actinonin from bacterial culture fractions during the screening for aminopeptidase 

M (APM) inhibitors. This interaction was characterised and actinonin was determined to be 

a potent APM inhibitor (Ki = 170 nM) [98]. APM is a membrane bound zinc-dependent 

metalloproteinase expressed on the surface of human kidney and brain cells which 

preferentially cleaves N-terminal amino acids from oligopeptides [99].  

 

Having determined that actinonin was able to inhibit the metalloproteinase APM, the 

activity of actinonin against other metalloproteinases were also characterised. APM is a 

member of the enkephalinase family of metalloproteinases which are important for 

regulating the pain response in humans. The enkephalins are pentapeptide ligands 

localised to the central nervous system which bind to opioid receptors and activate pain 

inhibition pathways [100-106]. Enkephalins have been considered as analgesic (pain killing) 

drugs, however the analgesia rapidly dissipates in 10 minutes in rat models [107], which 

was attributed to the degradation of enkephalins by enkephalinase proteins. Actinonin was 

found to inhibit three enkephalinase metalloproteinases at <10 μM IC50 values [108-111] 

and the co-administration of enkephalin and actinonin to mice extended the analgesic 

effect by approximately 50% [111]. Therefore, these are further reports of actinonin 

inhibiting metalloproteinases and having an effect in vivo at non-toxic concentrations.  
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Actinonin has also been reported to have an anti-proliferative effect upon tumour cells. In 

vitro human breast cancer cell lines, grown within collagen gels, were challenged with 

actinonin (20 μg/mL) and some had completely abolished tumour cell proliferation [112]. 

This observation was further rationalised as the actinonin-sensitive cancer cell lines were 

overexpressing gelatinases whereas actinonin-resistant cancer cell lines lacked gelatinase 

activity [112]. The anti-proliferative effect of actinonin was also tested in vivo where the 

treatment of actinonin doubled the survival of mice transplanted with leukaemia cells by 

reducing the tumour growth rate [113]. Therefore, these data were the first to suggest that 

actinonin has an anti-proliferative effect on some types of human tumour cells.  

 

Also, the observation that cells overexpressing gelatinases were more sensitive suggests 

that actinonin may inhibit gelatinases. This is the first indication that actinonin may inhibit 

matrix metalloproteinases (MMPs), which are a group of proteins that work in concert to 

remodel the extracellular matrix (ECM) [114]. There is a huge body of work researching the 

role of MMPs in tissue remodelling during human development [115, 116] and the 

development of diseases, including cancer development and metastasis [117-121], 

inflammatory diseases [122, 123] and vascular diseases such as stroke and atherosclerosis 

[124-127]. Therefore, this frames actinonin as a potential anti-cancer drug and alludes to 

actinonin having more diverse therapeutic value, however further work was required to 

determine whether actinonin was able to inhibit any other MMPs. 

 

 

It was not until 1999, nearly four decades after the initial discovery of actinonin as an 

antibiotic, that the antimicrobial mechanism was elucidated. During the screening of 

compounds which may be able to inhibit the peptide deformylase (PDF) enzyme, actinonin 

was highlighted [128].  

 

PDF is involved in bacterial protein synthesis (Figure 5), where only the initiator tRNA 

(tRNAi), harbouring a formylmethionine residue (fMet), can initiate translation. The process 

of formylation/de-formylation is well understood. Firstly, the formyltransferase (FMT) 

enzyme uses the 10-formyltetrahydrofolate (10-fth) formyl donor to formylate the 

methionine bound to the initiator tRNA (Met-tRNAi
Met) to generate fMet-tRNAi

Met [129, 

130]. The fMet-tRNAi
Met initiates translation, forming a growing polypeptide with an N-

terminal formylmethionine residue. The PDF enzyme localises to the exit of the ribosome 

and catalyses the post-translational deformylation of the polypeptide by cleaving the 

formylmethionine amide bond [131]. The structures of various PDF proteins have been 

determined and each feature a catalytic metal ion which is essential for hydrolysis of the 
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formylmethionine amide bond, with examples of iron, zinc and nickel-dependent PDFs 

[132-134].  

 

 

 
Figure 5. Schematic of formylation/de-formylation during bacterial protein synthesis. Blue denotes 

methionine, whereas red denotes formylated methionine. tRNAi
Met = initiator tRNA (anti-codon specificity to 

methionine); 10-fth = 10-formyltetrahydrofolate; FMT = formyltransferase; PDF = peptide deformylase. 

Adapted from [135].  

 

The screening of a chemical library using a PDF assay led to the identification of actinonin, 

which transpired to be the most potent natural PDF inhibitor ever described with a sub-

nanomolar IC50 against the E. coli Fe-PDF enzyme in vitro [128]. To further characterise the 

antimicrobial effect of actinonin, the E. coli PDF gene was put under the control of the 

arabinose inducible promotor PBAD. There was a positive correlation between arabinose 

concentration in the media and the actinonin MIC [128], demonstrating that actinonin was 

exerting its antimicrobial effects by inhibiting PDF. The crystal structure of actinonin bound 

to E. coli PDF was published shortly after and clearly indicates bidentate coordination of 

the catalytic zinc ion by the two oxygen atoms of the actinonin hydroxamate group [136] 

(PDB:1G2A) (Figure 6). Therefore, actinonin inhibits PDF activity by occupying the active 

site and preventing the entry of formylmethionine. The development of actinonin and 

actinonin derivatives as antimicrobial drugs is explored in the following section 1.6.1. 
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Figure 6. Crystal structure of actinonin bound to E. coli PDF. Surface of PDF shown in green. The active site 

catalytic nickel ion is show in red. PDB:1G2A. 

 

Other varied bioactivities have also been described for actinonin. Actinonin has anti-

malarial function, as it can inhibit a membrane metalloproteinase present on the apicoplast 

(organelle involved in lipid synthesis) of the causative agent of malaria, Plasmodium 

falciparum [137, 138]. As such, actinonin can immediately halt apicoplast biogenesis and 

cause the death of the parasite [139].  

 

Actinonin has also been implicated in reducing acute renal failure (ARF), which is the loss 

of kidney failure which occurs in 20% of critically ill patients and has a mortality rate of 70% 

[140]. ARF can be caused by the ischemia/reperfusion (the loss and then recovery of blood 

supply to kidney tissue) or sepsis [141, 142]. Meprins are metalloproteinases present on 

surface of kidney tubules which have been implicated in the pathology of ARF [143]. 

Actinonin is able to tightly inhibit the meprins (Ki = 20nM [144]) - thus decreasing kidney 

damage resulting from ischemia/reperfusion [145, 146] and sepsis [147, 148] in mice 

models. Therefore, actinonin offers a novel method of treating both ischemia/reperfusion-

induced and sepsis-induced ARF.  

 

This same meprin protein has also been implicated in the pathology of atherosclerosis, as 

it can metabolise vasoactive peptides. In a mouse model of atherosclerosis, treatment with 

actinonin decreased the plaque volume and supressed lipid deposition in carotid arteries, 

thus exerting a protective role [149]. Further, the meprin inhibitory activity of actinonin has 

been correlated to a decrease of pulmonary edema in a murine model of acute lung injury 

but a mechanism has not been investigated [150]. 
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Therefore, actinonin is of scientific interest due to its hydroxamic acid group, which 

mediates the inhibition of a wide range of metalloproteinases and thus confers a number 

of bioactivities which may serve a therapeutic function.  

 

 

 

1.6.1 Development of Therapeutic Peptide Deformylase Inhibitors  

 

Peptide deformylase inhibitors (PDFIs) were considered to be very interesting leads for 

antimicrobial drug development throughout the 2000s. This was supported by reports that 

PDF activity was essential for bacterial survival, present in all bacteria and that non-toxicity 

was guaranteed as no mammalian PDF counterparts had been described [151-153]. 

Actinonin may have been the most potent PDFI in vitro, however it had limited activity in 

vivo due to poor bioavailability [154] and being rapidly exported by efflux pumps [155].  

 

There was therefore considerable interest in derivatising actinonin to enhance 

bioavailability for use as a therapeutic antimicrobial compound. Further structural reports 

of PDF proteins in complex with actinonin [156] along with existing understanding of 

metalloprotease inhibition allowed the development of a generic PDFI skeleton which 

featured a terminal pharmacophore for the metal ion chelation and a peptide backbone 

mimicking the formylmethionine PDF substrate (Figure 7) [151].  

 

 
Figure 7. Structures of actinonin and first-generation PDF inhibitors 
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Two PDFIs with in vivo activity were developed by applying this logic to the synthetic 

development of chelator-based chemical libraries. BB-3497 features a so-called ‘reverse 

hydroxamate’ group (Figure 7) and strongly inhibited E. coli Ni-PDF with an IC50 of 7 nm and 

had sufficient bioactivity for the complete treatment of mice infected with Staphylococcus 

aureus [136]. Extensive derivatisation of BB-3497 and SAR analysis indicated that a terminal 

hydroxamic acid (alike actinonin) increased the potency to an IC50 of 1 nM whereas 

modification of the peptide backbone portion of the compound did not enhance potency 

[157-159].  

 

Using similar methodology, VRC3375 was identified with strong in vitro Ni-PDF inhibition 

with an IC50 of 4 nM [160] (Figure 7). VRC3375 offered sufficient bioavailability for the 

curing of S. aureus infection in mice and proved to have low toxicity with toleration up to 

400 mg/kg with no adverse effects [160]. These studies all indicate that the pentyl chain 

and the hydroxamate metal-chelating group are important moieties for a PDFI [161].  

 

There was interest in the pharmaceutical industry in developing these types of PDFIs for 

clinical use. A considerable quantity of derivatised variants of the generic PDFI backbone 

were synthesised and tested. Novartis were developing VIC-104959 (Figure 8), which was 

effective against multidrug resistant clinical isolates [162] and entered phase I clinical trials 

as an oral antibacterial agent [163]. However, some adverse effects have since been 

reported [164]. Oscient Pharmaceuticals were developing BB-83698 (Figure 8) which 

passed phase I clinical trials with no significant adverse effects upon intravenous infusion 

[163, 165]. However, both of these compounds were discontinued after phase I clinical 

trials. 

 

Glaxo Smith Kline (GSK) developed the GSK1322322 PDFI (Figure 8) for intravenous and 

oral treatment of acute bacterial skin infections, which proved effective against multidrug 

resistant bacterial isolates (including MRSA) in vitro [166, 167]. GSK1322322 proved to have 

good pharmacokinetics and tolerability in the phase I clinical trial [168-170]. GSK1322322 

was also subjected to a phase II clinical trial, however had worse side effects, withdrawal 

symptoms and clinical success rates as compared to the standard antibiotic treatment 

linezolid [171]. There were also problems with potentially reactive metabolites [172] which 

led to the discontinuation of GSK1322322 development.  
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Figure 8. PDF inhibitors that reached clinical trials. 

 

 

Compounds featuring the hydroxamate group (e.g. VRC3375) and those featuring the 

reverse hydroxamate group (e.g. BB-3497, VIC-104959, BB-83698 and GSK1322322) all 

show good efficacy in vitro and have good bioavailability in vivo. Therefore, the 

development and characterisation of chemically related compounds is of interest. 

Although no PDFI has been approved for clinical use, they represent a novel class of 

antibiotics with a completely unique mode of action. Therefore, they would not suffer from 

cross-resistance against existing classes of antibiotics and thus represent important lead 

compounds for tackling multidrug resistant bacteria.  

 

 

However, the prevailing notion that PDFI drugs represented a perfect antimicrobial drug 

solution were soon curtailed. Eukaryotic PDF proteins were identified [173, 174], firstly in 

plants where they were characterised as being essential for chloroplast protein processing 

[175-177]. Then, the human PDF homolog (HsPDF) was identified [178, 179] and 

characterised as being essential in mitochondrial protein processing [180-182]. This 

weakened the notion that PDFIs would be entirely specific to bacteria and therefore would 

offer little-to-no toxic side effects. However, there are reports of structural differences 

between bacterial and eukaryotic PDF proteins. Bacterial PDF proteins have a wider active 

site pocket which allows the entry of bulky inhibitors whereas the HsPDF protein has a 
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narrower active site pocket [180, 183]. Therefore, bulky PDFIs specific against bacterial 

PDFs have been rationally designed, including a hydroxamate-containing bromoindole 

compound (termed ‘6b’ - Figure 9) which was as potent as actinonin against bacterial PDF 

but was 13,000x more potent against bacterial PDF compared to HsPDF in vitro [184].  

 

 
Figure 9. Compound '6b' developed as PDFI selective against bacterial PDF. Adapted from [184] 

 

 

Another hurdle with PDFI development is the development of antimicrobial resistance. The 

development of PDFI resistance was originally considered impossible as the PDF-mediated 

deformylation of translated polypeptides was considered essential for protein synthesis.  

However, PDFI resistance can be gained by developing inactivating mutations in the FMT 

gene, which formylates the Met-tRNAi
Met prior to translation. Strains lacking FMT activity 

are resistant to PDF inhibition as PDF is no longer essential for proteins synthesis. This loss 

of FMT function leading to PDFI resistance has been observed in Bacillus subtilis, 

Pseudomonas aeruginosa, S. aureus and Salmonella enterica [185-189]. Mutations in the 

IF-2 initiation factor can also allow formylation-independent translation, as observed in P. 

aeruginosa and Salmonella typhimurium [190, 191]. FMT bypass mutants in P. aeruginosa 

have also been demonstrated to increase expression of efflux pumps for the export of PDFIs 

[192]. Resistance gain via modification of the target has been observed in Streptococcus 

pneumoniae whereby mutations in residues involved with catalytic metal ion coordination 

in the PDF protein resulted in reduced growth rate but enhanced resistance against 

actinonin [193]. Therefore, there are several reported PDFI resistance mechanisms – either 

formylation-independent translation by bypassing FMT activity, modification of the PDF 

target or the expression of efflux pumps. Nevertheless, PDFIs represent a novel mode of 

antimicrobial activity, which suggests that there would be no cross-resistance with current 

antibiotics.  
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Another of the fundamental assumptions of PDFIs has also been undermined by the 

discovery of eukaryotic PDF proteins. Originally, PDFIs were assumed to be absolutely 

selective for bacterial PDFs. However, the HsPDF protein was identified and determined to 

be essential for mitochondrial protein processing [182]. Therefore, PDFIs have some 

cytotoxicity [113, 179] and this may contribute to the moderate side-effects observed in 

the clinical trials of PDFIs as antimicrobial agents.  

 

However, this PDFI cytotoxicity may also contribute to the anti-proliferative activity of 

actinonin against human cancer cells, which had previously been attributed to MMP 

inhibition [112]. It has been reported that the inhibition of HsPDF results in the degradation 

of respiratory function and ATP levels [194] and leads to cancer cell death [195]. Indeed, a 

group of actinonin derivatives were screened against varied human cancer cell lines and 

only the derivatives that showed in vitro activity against HsPDF were potent 

antiproliferative agents [182]. This positions HsPDF as an interesting novel target for 

anticancer drugs. hsPDF has been identified to be overexpressed in breast, colon and lung 

human cancer lines and treatment with actinonin reduced cancer cell proliferation [196].  

 

In a recent study, actinonin derivatives were developed for the optimisation of HsPDF 

inhibition in HsPDF overexpressing cancers. This led to the identification of compound 

‘15m’ (Figure 10) which suppressed several human cancer cell lines in vitro whilst not 

inhibiting the growth of a normal cell line [197]. This compound was also tolerated well in 

vivo, demonstrating minimal side effects and supressing tumour growth by 72% [197]. 

Therefore, there is renewed interest in the development of actinonin-like hydroxamate-

containing PDFIs for use as anticancer agents.  

 

There is also a recent report of using actinonin directly as an antiproliferative agent by 

overcoming its poor bioavailability characteristics. Actinonin was bound to a polymer via 

the hydroxamate group to form an inactive pro-drug conjugate which should slowly release 

free actinonin in the body [198]. When injected into mice infected with metastatic cancer 

cells, the actinonin-polymer conjugate inhibited the metastatic spread of cancer whereas 

free actinonin was unable to [198]. This study attributed the inhibition of metastasis to the 

inhibition of MMP and did not investigate a direct cytotoxic effect of HsPDF inhibition. 

However, this represents an interesting method of enhancing the bioactivity of actinonin 

and deserves further investigation in the future.  
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Figure 10. Compound '15m' developed as anti-cancer PDFI selective against HsPDF. Adapted from [197] 

 

 

 

Therefore, there is lots of interest in the literature for the development of actinonin 

derivatives and hydroxamate-containing PDFIs. Developments in the rational drug design 

of compounds active against bacterial PDF and inactive against HsPDF has allowed the 

development of effective PDFI antimicrobial agents. On the other hand, PDFIs designed for 

the specific inhibition of HsPDF have proven to be potent and selective antiproliferative 

agents when used against cancers overexpressing HsPDF. This thesis will investigate the 

biosynthesis of actinonin and the characterisation of a natural product featuring a similar 

warhead moiety.  

 

 

 

1.7 The Matlystatins 

 

The matlystatins are a group of natural products which are of interest as they also feature 

the same N-hydroxyl-2-pentyl succinamic acid group as actinonin. The matlystatins are 

rather underexplored as natural products with considerably less research compared to 

actinonin. Therefore, it is possible that the entire range of bioactivities that the matlystatins 

possess has yet to be uncovered.    

 

The matlystatins were discovered in 1992 during a screening of bacteria fermentation 

extracts, as type IV collagenase inhibitors [199]. The producer strain was identified as 
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Actinomadura atramentaria (SANK 61488) by considering its colony morphology, cell wall 

composition and physiological properties [199, 200]. It was found to produce five structural 

congeners of matlystatin (designated A, B, D, E and F) (Figure 11) [199].  

 

The structure and stereochemistry of matlystatin A and matlystatin B were both 

unambiguously determined by their synthesis. The synthesised compounds had identical 

mass spectra, NMR spectra and specific rotation to the natural matlystatins [201, 202]. The 

remaining structural congeners; matlystatins D, E and F were structurally characterised by 

tandem MS and 2D NMR (Figure 11) [203].  

 

Matlystatin A was determined to be able to inhibit collagenase (MMP-2) in vitro with an 

IC50 of 0.56 μM [204] and was also able to inhibit APN with approximately equal potency 

to actinonin [205]. Alike actinonin, the metalloproteinase inhibitory activity of matlystatin 

A was attributed to the hydroxamic acid group chelating the catalytic metal ion. There is 

some limited evidence that matlystatin A may have anticancer activity, as it was able to 

inhibit the invasion of human fibrosarcoma cancer cells into a basement membrane 

analogue in vitro [204].  
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Figure 11. Structure of matlystatin congeners. 

 

 

 

There have been several SAR studies conducted upon the matlystatins and their derivatives 

in order to improve their efficacy. For example, Sugimura and colleagues demonstrated 

that by altering the pentyl side chain there could be more favourable steric interactions 

with the target metalloproteinase, leading to greater inhibition [206]. One such chemically 

synthesised derivative featured a nonyl side chain and boasted an IC50 of 1.2 nM against 

MMP-9  – a potency 475x greater than matlystatin B [206]. Another group generated ten 

different stereoisomers of matlystatin B and tested their inhibition against collagenase, 

which determined that the most effective configuration was that of matlystatin B [202].  
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1.8 The Bioactive Warhead Group 

 

It is known that the bioactivities of actinonin and the matlystatins are conferred by their 

hydroxamic acid. In particular, the potent PDFI activity of actinonin is being actively 

researched for the development of antimicrobial and anticancer agents. 

 

However, up until recently very little was known about the biosynthesis of actinonin and 

the matlystatins. Considering the structures of actinonin and the matlystatins (Figure 12), 

they both feature the N-hydroxy-2-pentyl succinamic acid group (which will hereinafter be 

referred to as the ‘warhead’ group due to its role in binding the active site metal of 

metalloproteases). The warhead group contains the terminal hydroxamic acid moiety 

which is known to confer the bioactivity of these two molecules.  

 

Taking a closer look at the pseudotripeptidic structures of actinonin and the matlystatins 

(Figure 12) gives an indication as to their biosynthesis. The structure of actinonin consists 

of the warhead group condensed to a valine and proline residue (which undergoes further 

modification). The structure of the matlystatins consists of the warhead group condensed 

to a piperazic acid, an isoleucine, and a variable portion (R2, Figure 12). 

 

 

 
Figure 12. Comparison of pseudotripeptidic structures of actinonin and matlystatin. The monomeric units 

incorporated during the biosynthesis of these natural products are denoted.  

 

 

Non-proteinogenic features such as the warhead and the piperazic acid residue are 

indicative that the compounds are produced by NRPS systems, however the biosynthesis 

of these molecules had not been reported. Further, it was unknown how the warhead 

group was biosynthesised.  Therefore, a collaborative project between the Truman and 
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Kaysser (University of Tübingen) groups aimed to understand the biosynthesis of both 

natural products in addition to the biosynthesis of the warhead functional group [207]. 

 

The warhead group has also been reported in some other bacterial compounds, including 

propioxatin and BE16627B which also both have metalloproteinase inhibitory activity [208-

213]. However, the actinonin and matlystatins were selected for characterisation of their 

biosynthesis as the producer strains were readily available.  

 

 

 

1.9 Actinonin and Matlystatin Biosynthetic Gene Clusters 

 

A candidate matlystatin BGC was identified in Actinomadura atramentaria DSM 43919, a 

native matlystatin producer, by searching for a suitable NRPS BGC within its genome [207]. 

This BGC features a NRPS/polyketide synthase (PKS) system and ethylmalonyl-Coenzyme A 

(EMC) pathway-like genes (Figure 13, Table 1). The native producer of actinonin, 

Streptomyces sp. NCIMB 8845 was sequenced, and the genome analysed using antiSMASH. 

This identified a putative actinonin BGC which again featured a NRPS system and an EMC-

like pathway (Figure 13, Table 2).  

 

With the putative BGCs of two warhead-containing natural products having been 

identified, the genes could be compared in order to suggest which genes are involved in 

warhead biosynthesis (Figure 13). Note that homologs of matQ and matR are not present 

in the putative actinonin BGC but highly similar homologs (>70% similarity) are present 

elsewhere in the Streptomyces sp. NCIMB 8845 genome (actM and actN, respectively). 

 

 

 
Figure 13. Schematic overview of the matlystatin and actinonin biosynthetic gene clusters (BGC). Genes are 

classified into functional groups, based on their predicted function. actM and actN are not present in the 

actinonin BGC and are instead found elsewhere in the genome.  
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Table 1. Details of proposed matlystatin biosynthesis genes. The size of each gene product is denoted. For 

each gene, the most homologous characterised protein was identified by BLAST analysis. The accession 

number, percentage identity and function of the homolog is annotated. 
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Table 2. Details of the proposed actinonin biosynthesis genes. The size of each gene product is denoted. For 

each gene, the most homologous characterised protein was identified by BLAST analysis. The accession 

number, percentage identity and function of the homolog is annotated. 

 
 

 

Both the putative actinonin and matlystatin BGCs contained genes which were homologous 

to genes previously shown to constitute the ethylmalonyl-CoA (EMC) pathway. The EMC 

pathway is utilised by proteobacteria and actinobacteria for acetate assimilation when they 

do not have the capability to perform the glyoxylate pathway [214, 215]. Preceding the 

EMC pathway, two CoA-activated acetate molecules are enzymatically transformed to the 

CoA-activated C4 acid, crotonyl-CoA.  

 

The EMC pathway proceeds by the carboxylation of crotonyl-CoA by the crotonyl-CoA 

carboxylase/reductase (CCR) enzyme, to produce (2S)-ethylmalonyl-CoA. The 

stereochemistry is inverted by the ethylmalonyl-CoA epimerase to produce (2R)-

ethylmalonyl-CoA. The ethylmalonyl-CoA mutase alters the carbon backbone by shifting 

the carboxylic acid group from the alpha to beta carbon position, to produce 

methylsuccinyl-CoA (Figure 14) [216]. Following the EMC pathway, the methylsuccinyl-CoA 

is ultimately converted to glyoxylate and enters central metabolism.  
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Figure 14. The ethylmalonyl-CoA (EMC) pathway. Abbreviations; crotonyl-CoA reductase/carboxylase (CCR), 

ethylmalonyl-CoA epimerase (epimerase), ethylmalonyl-CoA mutase (mutase). Adapted from [216] 

 

 

The EMC-like genes were candidate warhead biosynthesis genes as they are present in both 

the actinonin and matlystatin BGCs, where they may catalyse the carboxylation, 

epimerisation and carbon backbone rearrangement of CoA-activated short chain 

unsaturated carboxylic acids. The asparagine synthetase and N-oxygenase genes are also 

present in both BGCs and were therefore also candidate warhead biosynthesis genes.  

 

Leipoldt and Santos-Aberturas et al. proposed that the warhead biosynthesis pathway 

(Figure 15) starts with the CoA-activated trans-octenoyl acid, which is carboxylated at the 

alpha position by the CCR to produce 2S-hexylmalonyl-CoA. The acyl-CoA epimerase alters 

the stereochemistry to yield 2R-hexylmalonyl-CoA. This enables the acyl-CoA mutase to 

shift the CoA-bound carboxyl group from the alpha to beta position, producing 2R-2-pentyl 

succinyl-CoA. This is then amidated by the asparagine synthetase and then oxygenated by 

the N-oxygenase to yield a N-hydroxy-2-pentyl-succinamic acyl-CoA (warhead) moiety that 

could be incorporated into the molecule via the NRPS [207].  

 

In order to go about ratifying this putative warhead biosynthesis pathway, a stable isotope 

labelling experiment was conducted by Leipoldt and Santos-Aberturas et al. [1,2,3,4-
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13C4]octanoic acid was fed to the actinonin native producer strain, Streptomyces sp. NCIMB 

8845. This labelled substrate was predicted to be converted in vivo to 2E-octenoyl-CoA. By 

considering the chemical transformations and carbon backbone rearrangements proposed 

in the putative pathway, the eventual position of the labelled carbons in the actinonin 

product was predicted. This feeding experiment was conducted and the labelled actinonin 

was isolated and structural characterised by 13C NMR. The labelled carbons were 

incorporated as predicted [207], thus supporting the proposed warhead biosynthesis 

pathway (Figure 15). It is possible that some of these transformations occur at a later stage, 

although deletion of the N-oxygenase gene in Streptomyces sp. NCIMB 8845 completely 

abolished actinonin production [217], which is consistent with an early-stage biosynthetic 

step.  

 

 

 
Figure 15. Proposed biosynthesis pathway of N-hydroxy-2-pentyl-succinamic acid 'warhead' group. CCR = 

crotonyl-CoA carboxylase. Adapted from [207]. 
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Leipoldt and Santos-Aberturas et al. also investigated matlystatin biosynthesis in general 

(Figure 16). They proposed that the first module of the NRPS/PKS system adenylates 

piperazic acid and condenses it to the warhead. At module 2, isoleucine is specifically 

adenylated, loaded and condensed to the pseudodipeptide. The final module is a PKS 

module and is responsible for the condensation of methylmalonyl-CoA to the upstream 

polypeptide. The thioesterase domain releases the pseudotripeptide intermediate 

compound.  

 

To yield matlystatin B, the intermediate compound is spontaneously decarboxylated. In 

order to yield all other matlystatin congeners, the intermediate compound is 

decarboxylated by the MatG enzyme to produce a reactive vinyl ketone moiety. A 

nucleophile attacks the electron rich vinyl ketone moiety to produce the final matlystatin 

compounds (Figure 16). This hypothesis would explain the diversity of matlystatin 

congeners (Figure 11) and was supported by the supplementation of the A. atramentaria 

growth media with unnatural nucleophiles, which resulted in the identification of novel 

matlystatin derivatives with altered C termini [207].  

 

 
Figure 16. Proposed matlystatin biosynthesis. The NRPS/PKS system produces a pseudopeptide consisting of 

the warhead group, piperazic acid, isoleucine and methylmalonic acid. Abbreviations; C= condensation 

domain, A = adenylation domain, PCP = peptidyl carrier protein, KS = ketosynthase domain, AT = 

acyltransferase domain, ACP = acyl carrier protein, TE = thioesterase domain. Adapted from [207] 

 

The work of Leipoldt and Santos-Aberturas et al. on actinonin and matlystatin makes up 

the background work for this thesis. The warhead biosynthesis pathway has been proposed 

(Figure 15) and was supported by a stable isotope labelling experiment [207]. However, a 

number of important questions remain unanswered.  
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1.10  Thesis objectives 

 

Objective 1: Ratification of Proposed Warhead Biosynthesis Pathway 

 

Work is presented towards the ratification of the proposed warhead biosynthesis pathway 

via its reconstitution in vitro. This is presented in chapter 2 and the specific objectives were 

to: 

 

i. Synthesise and purify the proposed starting substrate, octenoyl-CoA 

ii. Purify the proposed warhead biosynthesis proteins 

iii. Develop in vitro assays and LC-MS analysis methodology 

 

Objective 2: Identification and Characterisation of Warhead-Containing Natural Products 

 

The work of Truman et al. represents the first report of putative warhead biosynthesis 

genes. An analysis of the phylogenetic abundance of these putative warhead biosynthesis 

genes led to the identification of putative novel warhead-containing NP BGCs at the end of 

chapter 2. A single putative novel warhead-containing NP BGC was selected and the strain, 

Rhodococcus fascians D188, retrieved. In chapter 3, the product of the cluster was 

investigated, and the specific objectives were to: 

 

i. Identify the NP by comparative metabolomic analysis 

ii. Purify the compound 

iii. Elucidate the structure by LC-MS and NMR analysis 

 

In chapter 4, the bioactivity of this natural product is examined. The specific objectives 

were to: 

 

i. Determine whether the compound exerts antimicrobial activity 

ii. Determine the mechanism of resistance of the producing strain 

iii. Determine whether the compound exerts in planta bioactivity 

 

Objective 3: Structural Characterisation of a Pseudomonas Cyclic Lipopeptide 

 

In chapter 5, I contributed to a related project by isolating and structurally characterising a 

cyclic lipopeptide natural product. In practical terms, this work gave me experience of NP 

isolation and structural elucidation prior to the work performed for chapters 3 and 4. 
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Chapter 2: In Vitro Reconstitution of the 

Proposed Warhead Biosynthesis Pathway 

 

2.1 Introduction 

 

The actinomycete NPs actinonin and matlystatin both feature a N-hydroxy-2-pentyl-

succinamic acyl-CoA group. The group contains a hydroxamic acid moiety which confers 

the metalloproteinase inhibitory activity of the compounds by chelating the catalytic metal 

ion of target proteins. The optimisation of actinonin derivatives has received much 

attention for the development of peptide deformylase inhibitors with antimicrobial or 

antiproliferative activity. Due to this bioactivity, the N-hydroxy-2-pentyl-succinamic acyl-

CoA group is referred to as the ‘warhead’ group.  

 

However, the biosynthesis of the warhead group, and actinonin and matlystatin in general, 

remained unknown. In 2017, the work of Leipoldt and Santos-Aberturas et al. identified 

candidate actinonin and matlystatin BGCs and proposed a putative warhead biosynthesis 

pathway (Figure 15) based on comparative genomics [207]. This proposed pathway had 

been supported by an isotopic labelling experiment [207], however the specific 

biochemical steps had not been experimentally ratified. In order to prove, or otherwise 

determine, the proposed warhead biosynthesis pathway, work is presented in this chapter 

towards the in vitro reconstitution of the pathway. The first three proposed reactions, that 

of the crotonyl-CoA carboxylase/reductase (CCR), hexylmalonyl-CoA epimerase and 

hexylmalonyl-CoA mutase proteins, are considered. These three putative warhead 

biosynthesis proteins are homologous to the known proteins of the ethylmalonyl-CoA 

mutase (EMC) pathway (Figure 14). However, the putative warhead biosynthesis proteins 

are proposed to have unique substrate specificity and process a longer fatty acyl-CoA 

thioester with an eight-carbon acyl chain rather than the known four-carbon acyl chain of 

the EMC pathway substrate.  

 

In order to reconstitute the proposed warhead biosynthesis pathway, the following aims 

were defined: 

i. Synthesis of the predicted starting substrate, 2-octenoyl-CoA 

ii. Production and purification of the proposed warhead biosynthesis proteins 

iii. In vitro reactions between the substrate and protein 
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In order to develop methodology for these aims, the literature was reviewed for protein 

purification and assay conditions, as detailed below. 

 

 

 

2.1.1 Crotonyl-CoA Carboxylase/Reductase (CCR) Activity in Secondary 

Metabolism 

 

The CCR enzyme was first characterised in 1995, at which time only the reductase activity 

was known, thus it was referred to as ‘Crotonyl-CoA Reductase’. A CCR protein was purified 

from Streptomyces collinus and was shown to reduce crotonyl-CoA to butyryl-CoA (Figure 

17), in the presence of NADPH and absence of bicarbonate [218]. This specific enzyme had 

tight substrate specificity as it was unable to reduce any other acyl-CoA thioesters [218].  

 

The reductive carboxylation activity of the CCR enzyme was first identified in 2007, during 

a study of the metabolism of Rhodobacter sphaeroides. Most bacteria are able to assimilate 

acetate using the glyoxylate cycle. However, R. sphaeroides lacks vital enzymes of the 

glyoxylate cycle and is still able to grow on media with acetate as the sole carbon source. 

This led to the discovery of an independent metabolism pathway for the assimilation of 

acetate, named the ethylmalonyl-CoA (EMC) pathway [219] (Figure 14). The R. sphaeroides 

CCR enzyme involved in the EMC pathway was heterologously expressed in E. coli and was 

found to carboxylate crotonyl-CoA to ethylmalonyl-CoA, in the presence of bicarbonate 

(Figure 17). The CCR was shown to retain the ability to reduce crotonyl-CoA to butyryl-CoA 

in the absence of bicarbonate, albeit at a tenth the rate of the carboxylation reaction, 

suggesting that the carboxylation reaction is the physiologically relevant function [219]. 

Further, in the case of the carboxylation reaction the reactive carbon species was shown to 

be CO2, rather than the bicarbonate itself [219, 220].   

 

The proposed CCR carboxylation mechanism (Figure 17) proceeds with the transfer of a 

hydride ion from NADPH to the beta carbon of the α/β unsaturated enoyl-CoA substrate, 

in this case crotonyl-CoA [221]. Carboxylation proceeds via the electrophilic attack of CO2 

at the alpha carbon to produce ethylmalonyl-CoA. Whereas, the CCR reduction reaction 

proceeds by the incorporation of a solvent-derived proton at the alpha carbon, to produce 

butyryl-CoA [220].  
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Figure 17. Mechanism of Crotonyl-CoA carboxylase/reductase (CCR). Carboxylation reaction shown on top 

and reduction reaction shown on bottom. Adapted from [221] 

 

 

Although the CCR enzyme was originally characterised as functioning in primary 

metabolism, there are also many reports of CCR proteins involved in secondary 

metabolism. CCR genes are often co-localised with polyketide synthases, as they have been 

shown to produce derivatised extender units for the production of polyketides. There is a 

wide range of reported CCR substrates and several examples of CCR proteins with substrate 

promiscuity. 

 

For example, SalG is a CCR protein with substrate promiscuity which is involved in the 

biosynthesis of the antitumour compounds, the salinosporamides [222]. SalG catalyses the 

carboxylation of 2-pentenoyl-CoA and 4-chloro-crotonyl-CoA for incorporation by the 

hybrid NRPS/PKS system into salinosporamide E and A respectively [223, 224]. This study 

also identified that the SalG CCR could carboxylate unnatural halocrotonic acids, including 

4-bromo-crotonate and 4-fluoro-crotonate, for the production of halogenated 

salinosporamide derivatives [224]. There is also a CCR-mediated carboxylation reaction 

involved in the biosynthesis of the immunosuppressant tacrolimus by Streptomyces 

tsukubaensis [225]. The TcsC CCR protein carboxylates 2-pentenoyl-CoA to produce 

propylmalonyl-CoA, which is further modified to give rise to the allylmalonyl-CoA extender 

unit for incorporation by a PKS module of the hybrid NRPS/PKS system [226] (Figure 18).  
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The CCR proteins encoded in the proposed warhead biosynthesis pathway for the 

biosynthesis of actinonin and matlystatin are proposed to carboxylate 2-octenoyl-CoA. 

There is precedence in the literature for CCR proteins with this substrate specificity. This 

includes the PteB CCR of the filipin III PKS cluster in Streptomyces avermilitis [227], the TgaD 

CCR of the soce-thuggacin A hybrid NRPS/PKS system in Sorangium cellulosum [228] and 

the CinF CCR of the cinnabaramide A PKS system in Streptomyces sp. JS360 [229, 230]. Each 

of these natural products (Figure 18) has interesting bioactivities, as filipin III is a reported 

antifungal [231], soce-thuggacin A is a reported antibiotic [232] and cinnabaramide A has 

weak antitumour activity [233]. This reinforces the importance of identifying and 

characterising novel natural products which are biosynthesised with non-canonical 

polyketide extender units. 

 

 
Figure 18. Structures of NPs that are biosynthesised using crotonyl-CoA carboxylase/reductase (CCR) 

proteins. Producer strain, bioactivity and substrate specificity of CCR is denoted.   

 

 

Therefore, there are several examples of octenoyl-CoA specific CCR enzymes being utilised 

for the synthesis of non-canonical extender units in PKSs [234]. However, the proposed 

function of the actinonin and matlystatin octenoyl-CoA specific CCRs is novel as they 

represent the direct involvement of CCR, and by extension an EMC-like pathway, in natural 

product biosynthesis. 
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2.1.2 CCR Protein Purification and Functional Characterisation in the 

Literature 

 

For this project, the actinonin and matlystatin CCR proteins needed to be expressed, 

purified and their activities assessed. Therefore, the reported methodology of octenoyl-

CoA specific CCR protein purification and characterisation was considered to guide 

experimentation. 

 

Reports of the purification of the octenoyl-CoA specific PteB and CinF CCR proteins exist in 

the literature, and both appear to be readily expressed and soluble using standard 

conditions: E. coli BL21(DE3), N-terminal histidine affinity tags and nickel affinity 

chromatography [227, 230]. Therefore, these reports indicate that the actinonin and 

matlystatin CCR genes should be cloned with an N-terminal hexa-histidine tag, which is 

unlikely to impede protein function.  

 

As for literature reports of in vitro CCR activity assays, both of the above papers use LC-MS 

to detect the production of the carboxylated product. Consideration of the reported 

reaction conditions indicate that 1-2 mM of the acyl-CoA substrate, 2-4 mM NADPH, 33-80 

mM bicarbonate and 50-100 mM Tris-HCl at pH 7.5 [227, 230] should be a good starting 

point for the optimisation of reaction conditions. To expand, the NADPH and bicarbonate 

are cofactors required for CCR function (Figure 17). Reported CCR reactions proceeded at 

30 oC overnight. Separation was achieved using a reverse phase analytical column with a 

shallow gradient of acetonitrile or methanol against water and detection was achieved in 

both negative and positive mode [227, 230]. Therefore, these reports indicate a good 

starting point for the optimisation of CCR protein purification, in vitro assay conditions and 

product detection by LC-MS.  

 

 

2.1.3 Acyl-CoA Epimerase and Acyl-CoA Mutase Activity in Secondary 

Metabolism 

 

Acyl-CoA epimerase and acyl-CoA mutase proteins are categorised based on their substrate 

specificity. For instance, the EMC pathway is made up of an ethylmalonyl-CoA epimerase 

(ECE) and an ethylmalonyl-CoA mutase (ECM) (Figure 14) and is used by some bacteria for 

the assimilation of acetate in primary metabolism. The ECM mutase was determined to be 

homodimeric [235].  
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The methylmalonyl-CoA specific epimerase and mutase proteins have been more 

extensively studied as they are widely distributed in all organisms, except plants. In 

humans, these proteins are involved in the breakdown of odd chain fatty acids, cholesterol 

and the amino acids valine, isoleucine, threonine and methionine [236, 237]. These 

metabolites are broken down to propionyl-CoA, which enters the methylmalonyl-CoA 

pathway (Figure 19). Propionyl-CoA is carboxylated by propionyl-CoA carboxylase to 

produce 2S-methylmalonyl-CoA [238]. The stereocentre is inverted by methylmalonyl-CoA 

epimerase (MCE) to generate 2R-methylmalonyl-CoA. Then the methylmalonyl-CoA 

mutase (MCM) protein rearranges the carbon backbone to generate succinyl-CoA [239] 

which feeds into the tricarboxylic acid cycle of central metabolism. Deficiency of MCE or 

MCM in humans can lead to methylmalonic aciduria, where the body cannot break down 

these amino acids and as such, methylmalonic acid builds up in the blood and leads to 

kidney or liver damage [237, 240].  

 

The methylmalonyl-CoA pathway (Figure 19) is used by some bacteria for the conversion 

of propionyl-CoA to succinyl-CoA, including the following genera: Rhodospirillum, 

Propionibacterium, Micrococcus, Rhizobium and Mycobacterium [241]. However, there are 

also sporadic occurrences of MCM being utilised for the generation of methylmalonyl-CoA 

extender units for polyketide biosynthesis. Depending on the strain and fermentation 

conditions the methylmalonyl-CoA can be derived via carboxylation of propionyl-CoA or by 

backbone rearrangement of succinyl-CoA (i.e. running the MCM reaction ‘in reverse’) [242]. 

For instance, Streptomyces hygroscopicus drives methylmalonyl-CoA biosynthesis via 

carboxylation of propionyl-CoA for incorporation into the immunosuppressant rapamycin 

[243]. However, Saccharopolyspora erythraea drives methylmalonyl-CoA biosynthesis via 

the ‘reverse’ methylmalonyl-CoA mutase conversion of succinyl-CoA for incorporation into 

the antibiotic erythromycin [244, 245]. 
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Figure 19. Methylmalonyl-CoA pathway. Occurs in humans and some bacteria.  

 

The Propionibacterium shermanii MCM protein is one of the best structurally and 

functionally characterised mutases [246]. Alike many bacterial MCM proteins, the P. 

shermanii mutase is an αβ heterodimer which requires the coenzyme B12 cofactor for 

function [242]. Coenzyme B12 is a structurally complex molecule with a coordinated cobalt 

ion. Coenzyme B12 binds the MCM α subunit and is cleaved to generate a radical in the 

active site [247]. This radical facilitates the exchange of the CoA thioester group and a 

proton between two adjacent substrate carbon atoms in order to achieve carbon backbone 

rearrangement [242, 248] (Figure 20). In this way, MCM catalyses the backbone 

rearrangement between methylmalonyl-CoA and succinyl-CoA (Figure 20). 

 

There are also reports of a chaperone-like protein which is involved in MCM αβ 

heterodimer activity. The first characterised protein was MeaB from Methylobacterium 

extorquens, which was essential for MCM activity [249]. MeaB was determined to form a 

complex with the MCM heterodimer [250, 251] and is proposed to prevent the cleaved 

coenzyme B12 remaining in the active site which would otherwise inactivate the mutase 

[252]. 
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Figure 20. Schematic of general acyl-CoA mutase and methylmalonyl-CoA mutase mechanism. 

 

 

 

 

2.1.4 Acyl-CoA Epimerase and Mutase Protein Purification and Functional 

Characterisation in the Literature 

 

Consideration of the matlystatin BGC (Figure 13,Table 1) suggests that there are three acyl-

CoA mutase genes; the mutase α subunit (matB), the mutase β subunit (matQ) and the 

MeaB-like protein (matR). As for the actinonin BGC (Figure 13, Table 2), there is a mutase 

α subunit (actD) present, however the β subunit and the MeaB-like protein are not present 

in the BGC. By querying the Streptomyces sp. NCIMB 8845 genome with the matlystatin 

counterparts, highly similar homologs of the mutase β subunit and the MeaB-like genes 

were identified outside of the actinonin BGC and their genes were named actM and actN, 

respectively. Both the matlystatin and actinonin BGCs contain putative acyl-CoA epimerase 

genes.  

 

The actinonin and matlystatin acyl-CoA epimerase and acyl-CoA mutase genes both share 

~30% and ~70% sequence similarity to their ethylmalonyl-CoA and methylmalonyl-CoA 

specific counterparts in bacteria, respectively. Therefore, the sequence similarity and likely 

quaternary structure is more supportive of the candidate actinonin and matlystatin 
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proteins being more similar to their methylmalonyl-CoA counterparts than the 

ethylmalonyl-CoA proteins. This may guide the protein purification and in vitro assay 

methodological development. However, the  actinonin and matlystatin acyl-CoA epimerase 

and acyl-CoA mutase genes are predicted to be specific to hexylmalonyl-CoA (Figure 15), 

of which no proteins have yet been reported.  

 

As such, a literature review was conducted to understand how the ethylmalonyl-CoA and 

methylmalonyl-CoA epimerase and mutase proteins have been previously expressed, 

purified and characterised. This should serve as a basis for the purification and 

characterisation of the actinonin and matlystatin hexylmalonyl-CoA epimerase and mutase 

proteins.   

 

The ethylmalonyl-CoA specific epimerase and mutase proteins have been studied during 

investigation of the EMC pathway in R. sphaeroides. Protein purification proceeded using 

very standard methodology (produced in E. coli BL21(DE3) with N-terminal histidine affinity 

tags and purified using nickel affinity chromatography) [235]. Reported purification of the 

MCM protein is more complex, as the MCM is a heterodimer whereas the ECM is a 

homodimer. MCM protein solubility has been enhanced by co-expressing both the MCM α 

and β subunits in the same expression construct, each with a N-terminal histidine tag [249]. 

Purification of the MeaB MCM chaperone protein has also been reported with C-terminal 

histidine tagging [249].  

 

Therefore, these reports indicate that N-terminal histidine tagging of the actinonin and 

matlystatin proposed hexylmalonyl-CoA epimerase and mutase genes and C-terminal 

tagging of the MeaB-like protein should not impede protein function. Further, the co-

expression of the α and β subunits of the proposed hexylmalonyl-CoA mutase proteins may 

enhance solubility.  

 

LC-MS is one of the major de facto analytical techniques for in vitro enzymatic 

characterisation. However, LC-MS analysis of acyl-CoA epimerase and mutase in vitro 

activity is limited as all proposed substrates and products (2S and 2R hexylmalonyl-CoA and 

pentylsuccinyl-CoA) have identical m/z values. Further, it is unlikely that the two 

stereoisomers of hexylmalonyl-CoA will be separated using standard reverse phase 

chromatography conditions. One method of overcoming the analytical limitations are to 

use radiolabelled substrates to distinguish the substrate and product [235].  

 

However, the use of radioactive material can be avoided by performing a coupled acyl-CoA 

epimerase/mutase assay. Methylmalonyl-CoA epimerase activity has been determined by 
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using excess methylmalonyl-CoA mutase in order to drive the conversion of 2R-

methylmalonyl-CoA to succinyl-CoA. Succinyl-CoA and methylmalonyl-CoA were separated 

using reverse phase chromatography and detected using UV absorption [253].  

 

These reports also provide a basis for the conditions required for a coupled acyl-CoA 

epimerase/mutase assay. In brief, the substrate was biosynthesised by an in situ CCR 

reaction and the coupled assay was performed in the presence of coenzyme B12 in 80 mM 

Tris-HCl (pH 7.8). The reaction proceeded at 30oC and aliquots were removed at time points 

and quenched with formic acid [235, 253].  

 

To summarise, the first three steps of the proposed warhead biosynthesis pathway are 

planned on being ratified. This represents some novel biochemistry as specificity towards 

hexylmalonyl-CoA has not been reported for the acyl-CoA epimerase and mutase proteins. 

Further, this is the first proposal of the CCR, acyl-CoA epimerase and acyl-CoA mutase 

(EMC-like) proteins being directly involved in natural product biosynthesis rather than just 

the biosynthesis of polyketide extender units.  
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2.1.5 Chapter Aims 

 

Objective 1: In vitro Reconstitution of Proposed Warhead Biosynthesis Pathway 

 

I aimed to reconstitute the proposed warhead biosynthesis pathway in vitro. To achieve 

this, the specific objectives were: 

 

i. Clone each warhead biosynthesis gene into a suitable expression vector 

ii. Heterologously express the genes and optimise protein purification 

iii. Synthesise and purify the proposed initial substrate of the pathway, octenoyl-CoA 

iv. Perform and analyse in vitro reactions between purified proteins and substrate(s) 

 

 

Objective 2: Phylogenetic Analysis of the Acyl-CoA Mutase Protein 

 

The acyl-CoA mutase genes of the proposed warhead biosynthesis pathway are interesting 

as they are theorised to encode proteins with specificity towards hexylmalonyl-CoA, which 

has not been described previously. Therefore, these genes may represent effective ‘probes’ 

for the identification of the warhead biosynthesis pathway in other strains. A bioinformatic 

analysis of actinomycete acyl-CoA mutase genes was carried out with the aim of identifying 

novel warhead-NP BGCs. To achieve this, the specific objectives were: 

 

i. Build a phylogenetic tree of all actinomycete acyl-CoA mutase gene homologs 

ii. Perform a co-association analysis to determine whether the proposed warhead 

biosynthesis genes and other biosynthetic machinery genes are present in close 

proximity to the acyl-CoA mutase gene 

iii. Assess whether this analysis highlights any candidate novel warhead-NP BGCs 
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2.2 Results 

2.2.1 Purification of Putative Warhead Biosynthesis Proteins 

 

The putative warhead biosynthesis genes of both the actinonin and matlystatin BGCs were 

cloned into pET28a. The pET28a expression plasmid was selected as it supports histidine 

tagging at either the N- or C- termini of proteins. Previous reports of the purification of 

proteins related to the warhead biosynthesis proteins were considered to determine 

whether N-terminal or C-terminal was more likely to result in soluble protein. The 

matlystatin and actinonin warhead biosynthesis genes were amplified from A.  

atramentaria DSM 43919 genomic DNA (gDNA) and Streptomyces sp. ATCC 14903 gDNA, 

respectively, and purified. These inserts were digested and ligated into digested pET28a 

backbone to generate the expression constructs outlined in Table 3 (pJF01-14). Note that 

the matQ and matR genes were unable to be amplified from gDNA and therefore these 

inserts were codon optimised for E. coli expression and synthesised for construct 

generation. The sequences of all constructs were confirmed by colony PCR and by 

sequencing the insert.  

 

Table 3. Plasmid details of actinonin and matlystatin putative warhead biosynthesis genes. Each were cloned 

into pET28a. His tag terminality and plasmid names are reported. An asterisk denotes genes which are not 

present in the biosynthetic gene cluster, however are present elsewhere in the genome. A ‘CO’ gene prefix 

denotes that the gene insert was codon optimised and synthesised. Abbreviations: CCR (crotonyl-CoA 

carboxylase/reductase), Asp Syn (asparagine synthetase), N-oxy (N-oxygenase). 
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Plasmids pJF01-14 were transformed into E. coli expression strains and subject to a 

standard protein purification protocol to gauge the titre, solubility and purity of resultant 

protein preparations. Four E. coli expression strains were tested, including BL21(DE3) and 

its derivatives; SoluBL21, Rosetta and NiCo21. These strains are reported to offer enhanced 

protein solubility and purity in a number of ways; SoluBL21 has uncharacterised mutations 

which aid protein folding, Rosetta encodes tRNAs for rare codons and NiCo21 features four 

modified proteins which bind to a chitin pre-treatment column, which would otherwise 

bind the nickel column. In brief, E. coli expression strain cultures were induced with IPTG 

and grown at 30 oC for four hours. The cells were pelleted, lysed and centrifuged. The 

clarified supernatant was subject to nickel affinity chromatography and fractions analysed 

by SDS-PAGE. See materials and methods for details.   

 

Table 4. Purification of warhead biosynthesis proteins using different E. coli expression strains. A cross mark 

indicates that there was no expression of a correctly sized protein. A tick mark indicates that there was 

expression of a correctly sized protein. A tick mark in the mass spectrometry (MS) column indicates that the 

protein was confirmed to be expressed by tryptic digest and MS. 

 
 

Table 4 summaries the results of over twenty preliminary protein purification attempts of 

the warhead biosynthesis proteins using different E. coli expression strains. A tick indicates 

that a protein of the expected size was observed by SDS-PAGE analysis using a specific 

expression strain. The actinonin warhead biosynthesis proteins proved to be more readily 

soluble and more effectively purified using standard methodology than their matlystatin 

counterparts (Table 4). As the warhead biosynthesis genes of the actinonin and matlystatin 

clusters are highly similar, only one ‘set’ of proteins are likely to be required for the in vitro 
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reconstitution of the pathway. Therefore, purification of the actinonin proteins was 

prioritised.  

 

There were considerable differences in the resultant solubility, titre and purity of proteins 

between different E. coli expression strains, as exemplified by the purification of ActD 

(Appendix Figure 95). Overall, use of the E. coli NiCo21 expression strain and a chitin pre-

treatment of the clarified lysate resulted in the most effective and consistent nickel affinity 

chromatography purification results. Therefore, this methodology served as the baseline 

for further optimisation.  

 

Figure 21 demonstrates the purity of actinonin warhead biosynthesis proteins afforded by 

this methodology. Each of the bands indicated by a red arrow were excised, analysed by 

MS and their identity confirmed as the target protein. The ActF (CCR), ActC (acyl-CoA 

epimerase) and ActM (acyl-CoA mutase β subunit) proteins were expressed in large 

quantities and were readily soluble. Although the protein preparations were not pure, they 

contained soluble protein and thus should be suitable for in vitro assays. However, the ActD 

(acyl-CoA mutase α subunit) protein was very poorly expressed and/or soluble. Further, 

the ActN (MeaB-like) protein was not expressed using the E. coli NiCo21 strain. Expression 

of ActN using E. coli BL21(DE3) resulted in the purification of a small amount of ActN (as 

confirmed by MS) but there was a huge amount of contaminating protein (Appendix Figure 

96) that rendered the sample unsuitable for in vitro assays. Therefore, further optimisation 

of ActD and ActN purification was required in order to generate the αβ mutase heterodimer 

for in vitro characterisation.  
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Figure 21. SDS-PAGE analysis of purification of actinonin warhead biosynthesis proteins. E. coli NiCo21 strains, 

containing pJF08, pJF09, pJF10, pJF11 plasmids were purified by chitin and nickel affinity chromatography to 

purify ActF (CCR), ActC (epimerase), ActD (mutase α) and ActM* (mutase β), respectively. Masses of ladder 

proteins are shown in kDa. Expected protein masses (kDa) are as follows; ActF (47.8), ActC (16.6), ActD (52.1), 

ActM* (14.3). Arrows denote that the band was analysed by mass spectrometry. All were confirmed to be 

the expected protein.  

 

 

2.2.2 Optimisation of ActD Purification 

 

There are reports in the literature that co-expression of the acyl-CoA mutase α and β 

subunits enhanced protein solubility and that the MeaB chaperone is essential for activity 

(see section 2.1.4). Therefore, constructs were produced for the dual expression of actD 

and actM, along with compatibility for the tri-expression of the MeaB-like mutase 

chaperone actN. pACYCDuet-1 was selected as a suitable co-expression plasmid as it 

features a different origin of replication and antibiotic resistance cassette, as compared to 

pET28a, and therefore both of these plasmids should be stable in a single expression strain. 

The pJF15 plasmid was generated by cloning the actD and actM genes into pACYCDuet-1, 

to produce both proteins with N-terminal histidine tags.   

 

The co-expression E. coli NiCo21 strains were prepared as follows. The di-expression (acyl-

CoA mutase α/β) strain was transformed with the pJF15 plasmid, and the tri-expression 

(acyl-CoA mutase α/β and MeaB-like) was transformed with the pJF15 and pJF12 plasmids.  
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Figure 22. SDS-PAGE analysis of protein purification of acyl-CoA mutase heterodimer, by di- and tri-

expression systems. E. coli NiCo21 strains were purified by chitin and nickel affinity chromatography. The di-

expression system consists of pJF15, which encodes actD (mutase α) and actM* (mutase β). The tri-

expression system consists of pJF15 and pJF12, which encodes actN (MeaB). An empty vector (EV) control 

purification is shown. Masses of ladder proteins are shown, in kDa. Protein masses (kDa) are as follows; 

ActD (52.1), ActM (14.3), ActN (33.4). Arrows denote that the band was analysed by mass spectrometry. 

The middle band was confirmed to be ActN.   

 

The chitin and nickel affinity chromatography purification proceeded as above, and the 

resultant protein preparations were analysed by SDS-PAGE (Figure 22). The co-expression 

of actD and actM did not result in any enhanced solubility of the acyl-CoA mutase subunits, 

as compared to the protein preparation of an empty vector (EV) negative control strain. 

Whereas the tri-expression of actD, actM and actN resulted in three novel protein bands 

in the protein preparation, of approximately the expected sizes. This was suggestive that 

the co-expression of the MeaB-like chaperone protein (ActN) enhanced the solubility 

and/or stability of the ActD/ActM acyl-CoA mutase heterodimer. The indicated bands were 
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excised and analysed by MS and the middle band was confirmed as ActN, although the 

identity of the remaining bands was inconclusive.  

 

In summary, the optimisation of putative warhead biosynthesis protein purification 

resulted in soluble CCR and acyl-CoA epimerase proteins from the actinonin pathway (ActF 

and ActC, respectively), which were confirmed by MS (Figure 21), along with some 

promising acyl-CoA mutase protein preparations. Although these protein preparations 

were impure, the proteins were soluble and therefore likely to be folded correctly and 

functionally active. Therefore, the synthesis of the proposed starting substrate of the 

warhead biosynthesis pathway, octenoyl-CoA, was focussed upon.  

 

2.2.3 Octenoyl-CoA Synthesis 

 

The proposed starting substrate of the warhead biosynthesis pathway is 2E-octenoyl-CoA 

Figure 15, [207]. 2E-octenoyl-CoA is an α,β-unsaturated acyl-CoA thioester (Figure 23), 

effectively consisting of the C8 unsaturated fatty acid 2-octenoic acid linked to CoA via a 

thioester bond. 2E-octenoyl-CoA was not commercially available and therefore required 

synthesising.  

 

 

 
Figure 23. Structure of 2E-octenoyl-CoA. 

 

There are two major synthetic routes to enoyl-CoA compounds reported in the literature. 

The first of which is the mixed anhydride method which was developed in the 1960s [254, 

255] and has remained an effective method for the synthesis of enoyl-CoA thioesters [256]. 

In this method, the 2-octenoic acid is converted into a carboxylic anhydride (1, Figure 24) 

by ethyl chloroformate. In the second reaction step, free coenzyme A is reacted with the 
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carboxylic anhydride. This second reaction limits the overall yield as it may yield the desired 

2E-octenoyl-CoA or the propoxycarbonyl-CoA side product (2, Figure 24). One report 

indicated that the yield of octenoyl-CoA via the mixed anhydride method is 57% [257]. 

Purification of a related enoyl-CoA from the crude reaction mixture has been reported 

using reverse phase C18 chromatography [256]. 

 

 

 
Figure 24. Schematic of 2E-octenoyl-CoA synthesis by mixed anhydride method. Abbreviations: TEA = 

triethylamine, THF = tetrahydrofuran, CoASH = Coenzyme A, RT = room temperature. 

 

 

 

Octenoyl-CoA was initially synthesised using the mixed anhydride method (Figure 24). 2-

octenoic acid was dissolved in dichloromethane and reacted with ethyl chloroformate in 

the presence of triethylamine for 2 hours at 0 oC. The solvent was removed by rotary 

evaporation and the mixed anhydride dissolved in tetrahydrofuran. This was then reacted 

with free coenzyme A in aqueous solution for 3 hours at room temperature. The volume 

was reduced by rotary evaporation and the crude reaction mixture was separated by 

reverse phase flash chromatography. Fractions were analysed by LC-MS and those 

containing octenoyl-CoA were combined and dried. This was further purified by semi-

preparative scale reverse phase HPLC.  

 

This yielded a 13.7 mg sample of an orange oil, which was analysed by LC-MS (Figure 25). 

The major purified product proved to be octenoyl-CoA, as shown by the purple extracted 

ion chromatogram in Figure 25. However, the sample also contained the propoxycarbonyl-

CoA side product (observed [M-H]- = 950.15, 2, Figure 24) as denoted by the asterisk in 

Figure 25. The estimated purity of the 13.7 mg octenoyl-CoA sample is 70%, which 

represents a yield of 9%. This is considerably lower than the 57% yield previously reports 

for this method [257]. 
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Figure 25. LC-MS analysis of octenoyl-CoA sample synthesised using mixed anhydride method. Asterisk 

denotes the major contaminant. Purple spectrum is the extracted ion chromatogram of octenoyl-CoA [M-H]- 

= 890.20). 

 

Octenoyl-CoA proved to be relatively unstable as it was prone to degradation over several 

months. This necessitated several separate syntheses and purifications of the starting 

substrate. The PyBOP method was used for the second octenoyl-CoA synthesis as it 

provides a reduced reaction duration and less harsh solvents and reagents, as compared to 

the mixed anhydride method, and therefore may provide a greater yield due to a reduced 

rate of octenoyl-CoA degradation. 

 

PyBOP (benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate) is a 

coupling reagent developed in the 1990s for peptide synthesis [258, 259]. The PyBOP 

coupling reaction is proposed to proceed via the mechanism illustrated in Figure 26 [260, 

261]. The PyBOP method has been used for the synthesis of enoyl-CoA compounds, 

including 2E-hexenoyl-CoA (C6) [262] and decadienoyl-CoA (C10) [263], which have been 

purified form the crude reaction mixture by reverse phase chromatography [262, 263].  
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Figure 26. Schematic of 2E-octenoyl-CoA synthesis by PyBOP method. 1 = 2-octenoic acid; 2 = PyBOP 

(benzotriazol-1-yl-oxytripyrrolidinophosphonium); 3 = tris(pyrrolidino)phosphine oxide; 4 = octenoyl-CoA.  

 

 

 

In brief, 2-octenoic acid, free CoA, PyBOP and K2CO3 were reacted in THF/H2O at room 

temperature for 2.5 hours (see materials and methods for details). The crude reaction 

mixture was concentrated and analysed by LC-MS (Appendix Figure 97), which indicated 

that all CoA had been converted to octenoyl-CoA, however there was a large quantity of 

the PyBOP breakdown product contaminant tris(pyrrolidino)phosphine oxide (3, Figure 

26).  

 

Strong anion exchange (SAX) chromatography was tested for the separation of the PyBOP 

octenoyl-CoA crude reaction mixture but provided no benefit over reverse phase 

chromatography (Appendix Figure 98).  
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This methodological optimisation led to the final octenoyl-CoA synthesis, whereby the 

PyBOP reaction was performed and yielded 100 mg of crude reaction mixture. This was 

separated by reverse phase flash chromatography, to yield 39 mg of material (Appendix 

Figure 99). This material was further separated by preparative-scale reverse phase HPLC 

(Figure 27), which yielded an 8.9 mg sample of fluffy white material. HR-MS analysis 

(Appendix Figure 100) indicated that this sample was predominantly octenoyl CoA 

(observed [M-H]- = 890.1968, Δ0.1 ppm). Dr. Martin Rejzek (John Innes Centre) performed 
1H NMR analysis on this sample (Appendix Figure 101), which indicated the presence of 

octenoyl-CoA at a purity of approximately 82%. This represents a yield of only 6.3%, 

however is a sufficient amount of octenoyl-CoA to perform several thousand in vitro assay 

reactions.  

 

 

 
Figure 27. Preparative scale reverse phase HPLC purification of flash chromatography octenoyl-CoA sample. 

Detection at 260 nm. Black line is blank injection and blue line is sample injection. The red arrow denotes 

which peak is octenoyl-CoA, as determined by HR-MS analysis. 

 

 

 

 

 



 51 

2.2.4 CCR in vitro assay 

 

The first reaction of the proposed warhead biosynthesis pathway is the carboxylation of 

octenoyl-CoA by the CCR protein (ActF) to produce 2S-hexylmalonyl-CoA (Figure 28).  

 

 
Figure 28. First reaction of the proposed warhead biosynthesis pathway. 

 

 

ActF was reacted with 2 mM octenoyl-CoA in the presence of 4 mM NADPH and 33 mM 

NaHCO3 at pH 8.0 at 30oC for 30 minutes. Negative control samples were prepared using 

denatured protein. The reactions were quenched and analysed by LC-MS (Figure 29). The 

detection of masses equal to hexylmalonyl-CoA were only present in the sample with 

native ActF. Therefore, this was the first indication that ActF was able to carboxylate 

octenoyl-CoA to hexylmalonyl-CoA.  

 

 
Figure 29. LC-MS analysis of Octenoyl-CoA / ActF CCR in vitro assay. In vitro reactions between ActF and 

Octenoyl-CoA. Left panel is negative control, using denatured ActF, and right panel is using native ActF. The 

extracted ion chromatogram of octenoyl-CoA (m/z 892.21; [M+H]+) is plotted in blue. The extracted ion 

chromatogram of hexylmalonyl-CoA (m/z 938.22; [M+H]+), the product of the reaction, is plotted in brown.  
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The substrate specificity of ActF was also tested. In the literature, there are reports of 

octenoyl-CoA specific CCR proteins which are also able to carboxylate the C4 crotonyl-CoA 

to ethylmalonyl-CoA [230] (the first step of the EMC pathway, Figure 14). Crotonyl-CoA is 

commercially available and was used as the substrate in another in vitro ActF assay using 

the same reaction conditions and analysis methodology as above. The detection of masses 

equal to ethylmalonyl-CoA were only present in the sample with native ActF protein (Figure 

30). Therefore, this experiment indicated that ActF also has the ability to carboxylate 

crotonyl-CoA. 

 

 

 
Figure 30. LC-MS analysis of Crotonyl-CoA / ActF CCR in vitro assay. In vitro reaction between ActF and 

crotonyl-CoA. Left panel is negative control, using denatured ActF, and right panel is using native ActF. The 

extracted ion chromatogram of crotonyl-CoA (m/z 836.14; [M+H]+) is plotted in blue. The extracted ion 

chromatogram of ethylmalonyl-CoA (m/z 882.15; [M+H]+), the product of the reaction, is plotted in brown. 

 

 

Throughout the purification of octenoyl-CoA and the analysis of in vitro assay reactions, 

attempts were made to optimise LC conditions to reduce the broadness of the enoyl-CoA 

peaks. Different concentrations of formic acid and trifluoracetic acid were added to mobile 

phases in an attempt to ensure that all analytes were equally protonated. Further, different 

LC gradients, columns (including C18 polar and HILIC), sample concentrations and MS 

instruments were tested. However, there was little improvement in enoyl-CoA peak shape 

and the long tail was always observed.  
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I attempted to optimise the CCR turnover efficiency using carbonic anhydrase, which is a 

commercially available enzyme that catalyses the interconversion of bicarbonate and free 

carbon dioxide [264]. As the carboxylation species of CCR has been determined to be 

carbon dioxide rather than bicarbonate [220], the addition of 10 µg/mL carbonic anhydrase 

is reported to enhance the CCR turnover rate [220]. In the case of ActF, the addition of 

carbonic anhydrase to the crotonyl-CoA / CCR in vitro assay enhanced turnover by 260%, 

as determined by comparison of extracted ion chromatogram peak areas (Figure 31). 

Therefore, carbonic anhydrase was added to all further CCR in vitro assays. 

 

 
Figure 31. LC-MS analysis of effect of carbonic anhydrase (CA) to ActF CCR in vitro assay substrate turnover. 

In vitro reaction between ActF and crotonyl-CoA, with and without CA. Left panels are negative control, using 

denatured ActF, and right panels are using native ActF. The base peak chromatogram is plotted in pink. The 

extracted ion chromatogram of crotonyl-CoA (m/z 836.14; [M+H]+) is plotted in blue. The extracted ion 

chromatogram of ethylmalonyl-CoA (m/z 882.15; [M+H]+), the product of the reaction, is plotted in brown. 

The turn-over of substrate (in negative control) to product (with native enzyme) was calculated from the peak 

areas. 

 

2.2.5 Development of a More Robust CCR in vitro assay 

 

The above ActF assays indicate that a compound of equal mass to the expected 

carboxylated product was produced. A more advanced CCR assay was developed in order 

to more accurately characterise the CCR activity. Further assays were performed in the 

presence of stable isotopically labelled sodium bicarbonate (NaH13CO3) which dissociated 

into labelled carbon dioxide (13CO2) in the aqueous in vitro assay conditions. LC-MS analysis 

of the CCR carboxylation of crotonyl-CoA in the presence of 13CO2 indicated that a 
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compound of the expected mass of 13C-labelled ethylmalonyl-CoA was produced (Figure 

32). The incorporation of 13C was confirmed by LC-MS analysis of the isotopic patterning of 

the carboxylated product – enrichment of the [M+1] isotope was only present when the 

reaction was performed in the presence of NaH13CO3 (Figure 33). These data confirmed 

that ActF was carboxylating crotonyl-CoA. This method may serve as a more robust in vitro 

assay for characterising ActF activity. 

 

 
Figure 32. LC-MS analysis of ActF assay using stable isotope labelled carbon. In vitro reaction between ActF 

and crotonyl-CoA, in presence of labelled 13CO2. Overall schematic (top) demonstrates predicted 

incorporation of 13C by the CCR enzyme. Bottom panels are LC-MS results of in vitro assays; left panel is 

negative control, using denatured ActF, and right panel is using native ActF. The extracted ion chromatogram 

(EIC) of crotonyl-CoA (m/z 836.14; [M+H]+) is plotted in blue. The EIC of ethylmalonyl-CoA (m/z 882.15; 

[M+H]+) is plotted in brown. The EIC of 13C-ethylmalonyl-CoA (m/z 883.15; [M+H]+) is plotted in green.  
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Figure 33. LC-MS analysis of ActF assay - isotopic patterning of carboxylated products. In vitro reactions 

between ActF and crotonyl-CoA. Reactions took place in NaH12CO3 aqueous buffer (left panel) or NaH13CO3 

aqueous buffer (right panel). LC-MS analysis of in vitro assays (top) show base peak chromatogram plotted in 

purple. The extracted ion chromatogram (EIC) of crotonyl-CoA (m/z 836.14; [M+H]+) is plotted in blue. The 

EIC of ethylmalonyl-CoA (m/z 882.15; [M+H]+) is plotted in brown. The EIC of 13C-ethylmalonyl-CoA (m/z 

883.15; [M+H]+) is plotted in green. For each in vitro assay condition, the range of detected m/z ratios 

associated with the carboxylated product is shown (bottom), demonstrating the isotopic patterning.  

 

 

2.2.6 Scale-up of in vitro assays 

 

The above in vitro assays had demonstrated that ActF was able to carboxylate both 

crotonyl-CoA and the proposed starting substrate of the warhead biosynthesis pathway, 

octenoyl-CoA. However, in order to progress with the in vitro reconstitution of the 

following proposed warhead biosynthesis reactions, the availability of substrate had to be 

addressed. As each subsequent warhead biosynthesis reaction uses the prior product as 

the substrate, there are two options for substrate generation.  

 

Firstly, a ‘one-pot’ reaction could be performed whereby the initial substrate, octenoyl-

CoA, and a number of preceding enzymes are provided for in situ substrate generation. In 

vitro reactions were performed with octenoyl-CoA in the presence of ActF, ActC and the 

purified preparation from the ActD, actM and ActN tri-expression strain. However, LC-MS 

analysis indicated that the 2-pentylsuccinyl-CoA product was not produced, as there were 

no peaks with new retention times.  
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Alternatively, each substrate could be biosynthesised or synthesised and purified. This 

latter approach has the benefit of more precisely controlling the amount of substrate 

provided and using more controlled in vitro reaction conditions. However, the losses 

involved with multiple rounds of chromatographic purification would likely necessitate the 

scaling-up of reactions.  

 

The utility of using the proposed natural starting substrate, octenoyl-CoA, is limited. 

Octenoyl-CoA readily degraded in aqueous solution and was not stable when lyophilised 

and stored at -20 oC. Further, free CoA is expensive and therefore limited the synthesis 

scale. Therefore, experiments were conducted to test the feasibility of enhancing in situ 

substrate generation and also whether enoyl-CoA analogues could be synthesised and 

used.  

 

2.2.6.1 Optimisation of enzymatic substrate generation 

2.2.6.1.1 In situ octenoyl-CoA generation by fatty acyl-CoA ligase protein 

 

The fatty acyl-CoA ligase (FACL) proteins are a class of enzymes which catalyse the 

formation of acyl-CoA thioesters from the fatty acid and CoA. The FACL mechanism occurs 

in two steps: firstly, the fatty acid is adenylated by ATP and then the acyl-AMP intermediate 

is reacted with CoA to generate the acyl-CoA thioester [265, 266]. The FACL proteins are 

categorised based on their substrate specificity. The medium chain FACLs (MC-FACLs) 

catalyse the formation of C4-C12 acyl-CoA thioesters. Therefore, MC-FACLs presented as a 

potential solution for the in situ biosynthesis of octenoyl-CoA.  

 

The reveromycin BGC of Streptomyces sp. SN-593 has been reported to encode a MC-FACL 

protein, RevS [267]. RevS has been purified and determined to be able to effectively ligate 

2-octenoic acid to generate octenoyl-CoA [267]. The RevS protein was purified in line with 

this existing methodology. In brief, the RevS gene was codon optimised, synthesised and 

cloned into pET28a. This expression construct was transformed into the E. coli NiCo21 

strain, and the protein purified by chitin column pre-treatment followed by nickel affinity 

chromatography. However, the RevS protein was inconsistently soluble between different 

protein purifications. Further, LC-MS analysis of in vitro octenoic acid / CoA ligase reactions 

with purified soluble RevS protein never indicated that octenoyl-CoA was produced.  
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2.2.6.1.2 Optimisation of CCR turnover efficiency 

 

Optimisation of the CCR turnover efficiency was explored as a method of enhancing 

substrate availability for later warhead biosynthesis reactions. The addition of carbonic 

anhydrase had produced the greatest turnover, of 22%, in a crotonyl-CoA / ActF reaction. 

However, the literature was searched for octenoyl-CoA specific CCR proteins that may offer 

enhanced turnover efficiency. The CinF CCR protein was identified in the Streptomyces sp. 

JS360 cinnabaramide BGC [229] and characterised as having specificity towards the 

carboxylation of 2-octenoyl-CoA [230]. Although CinF appears to have a similar turnover 

efficiency to the actinonin CCR protein, the CinF in vitro assays were not supplemented 

with carbonic anhydrase [230], which had resulted in the tripling of turnover efficiency for 

the ActF in vitro assay. Therefore, the cinF gene was codon optimised, synthesised and 

cloned into pET28a. This expression construct was transformed into the E. coli NiCo21 

strain, and the protein purified by chitin column pre-treatment and nickel affinity 

chromatography. SDS-PAGE analysis indicated that the CinF protein was highly soluble and 

purified in considerable amounts (Figure 34).  

 

 
Figure 34. SDS-PAGE analysis of purification of CinF protein. E. coli NiCo21 (pET28a::cinF) lysate supernatant 

was purified by chitin and nickel affinity chromatography. The purified protein was analysed at 10x and 

100x dilution. An empty vector (EV) control purification is shown. Masses of ladder proteins are shown, in 

kDa. The mass of CinF is 48.1 kDa. The arrow denotes that the band was analysed by mass spectrometry. 

The protein was confirmed to be CinF. 
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However, no CinF activity was detected in in vitro assays using either octenoyl-CoA or 

crotonyl-CoA substrates using identical conditions to the literature. This is contradictory to 

the literature reports of CinF activity and further troubleshooting is required to attempt to 

get the CinF protein working in our hands and to determine whether it is more efficient 

than the actinonin CCR protein.  

 

 

2.2.6.2 Synthesis of Enoyl-CoA Analogue 

 

The expense of octenoyl-CoA synthesis and its inherent instability limit the scale-up of 

warhead biosynthesis in vitro reactions. The N-acetylcysteamine (SNAC) thioesters present 

as suitable compounds as they feature the terminal section of CoA (Figure 35), can be 

synthesised from inexpensive reagents and have been widely used in the literature as 

enoyl-CoA analogues [268].  

 

 
Figure 35. Structural comparison of 2-octenoyl-CoA and 2-octenoyl-SNAC. 

 

 

The peptide coupling reagent diphenyl phosphoryl azide (DPPA) was used to generate the 

octenoyl-SNAC thioester according to existing methodology [269] (see materials and 

methods for details). As the retention factor of octenoyl-sNAC was reported (0.5 in ethyl 

acetate) [270], purification proceeded by multiple rounds of normal phase flash 

chromatography and the fractions were analysed by LC-MS and thin layer chromatography. 

This yielded 17 mg of octenoyl-SNAC, which was pure by 1H NMR and also proved stable 

over a period of several months, as tested by LC-MS. This purification represents a yield of 
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only 2%, which could be improved in the future by minimising the number of flash 

chromatography steps by the incorporation of a HPLC separation step. 

 

An in vitro assay was performed using the octenoyl-SNAC compound and ActF. However, 

LC-MS analysis of the reaction indicated that the carboxylated product (hexylmalonyl-

SNAC) was not produced. Further, CinF was unable to carboxylate octenoyl-SNAC in our 

hands, in contrast to literature reports [230]. Attempts to troubleshoot this reaction 

include the testing of a range of temperatures, pH and reaction durations, however the 

carboxylated product was never detected by LC-MS. 

 

The octenoyl-SNAC compound presents as a highly-scalable octenoyl-CoA analogue and  

may allow the complete validation of the proposed warhead biosynthesis pathway if the 

biosynthetic proteins exhibit sufficient substrate promiscuity for the SNAC thioester 

compounds. However, further troubleshooting is required to promote octenoyl-SNAC 

carboxylation as observed in the literature.  

 

Overall, although the first warhead biosynthesis reaction had been reconstituted in vitro, 

there were clear bottlenecks with the scale-up of reactions for subsequent proposed 

warhead biosynthesis reactions. In particular, the one-pot in vitro reaction represents an 

elegant method for the generation of intermediate substrates. However, further 

methodological troubleshooting was required to optimise the in vitro assay conditions and 

protein activity. Combined with reduced access to the laboratory due to COVID lockdowns, 

focus was switched to a bioinformatic analysis. 

 

 

2.2.7 Phylogenetic Analysis of Actinomycete Acyl-CoA Mutase Genes 

 

The actinonin and matlystatin BGCs both feature NRPS genes and the putative warhead 

biosynthesis genes (Figure 13). Therefore, it was proposed that these newly identified 

genes may be conserved between warhead-NP BGCs and may serve as a genetic probe for 

the identification of novel warhead-NP BGCs, especially as there are a limited number of 

characterised examples of NPs with similar warheads, and no other characterised BGCs.  

 

MatB (WP_019634562.1) is the acyl-CoA mutase (α subunit) from the matlystatin 

biosynthesis pathway. The α subunit of acyl-CoA mutase heterodimers has been reported 

to confer substrate specificity [242, 246]. The proposed warhead biosynthesis pathway 

(Figure 15) necessitates that the substrate specificity of the α/β acyl-CoA mutase is for 

hexylmalonyl-CoA. This is in contrast to the previously reported ethylmalonyl-CoA and 



 60 

methylmalonyl-CoA specific acyl-CoA mutases (see Section 2.1.3). Therefore, this 

implicates MatB as an effective ‘probe’ for hexylmalonyl-CoA specific mutases. By 

extension, the presence of the remaining proposed warhead biosynthesis genes and the 

NRPS biosynthetic machinery in proximity to a ‘hit’ hexylmalonyl-CoA mutase gene may 

indicate the presence of a warhead-NP BGC. This approach may lead to the identification 

of novel warhead-NPs.  

 

Firstly, a phylogenetic analysis of acyl-CoA mutase genes was performed. This analysis was 

limited to actinobacterial genomes as they are the most prolific specialised metabolite 

producers, and this approach reduced the necessary computing power. In brief, all 

actinobacterial protein sequences which contain the methylmalonyl-CoA mutase pfam 

domain (PF01642) were downloaded. These 13,000 sequences were clustered based on 

sequence similarity, using the EFI-EST tool [271], to generate a list of 1,615 representative 

sequences (similarity <e-50, ID>40%).  These sequences were aligned and used to generate 

a phylogenetic tree (see materials and methods for details).  

 

Secondly, a co-association analysis was performed to determine whether genes of interest 

were present nearby the identified actinomycete acyl-CoA mutase genes. The genes of 

interest include the proposed warhead biosynthesis genes (CCR, acyl-CoA epimerase, acyl-

CoA mutase β subunit, MeaB-like, asparagine synthetase and N-oxygenase) in addition to 

known biosynthetic machinery (including NRPS A, PCP, C, TE domains and PKS ketosynthase 

genes). In brief, the EFI-GNT [272] tool was used to retrieve the fifteen upstream and fifteen 

downstream pfam domains for each ‘hit’ acyl-CoA mutase gene. The presence of the genes 

of interest was determined for each acyl-CoA mutase gene. This data was converted to a 

binary matrix for visualisation on the phylogenetic tree using iToL [273] (see materials and 

methods for details).   

 

The actinomycete methylmalonyl-CoA mutase phylogenetic tree, decorated with the 

warhead biosynthesis gene co-association analysis, is presented in Figure 36. The presence 

of a filled blue circle represents the presence of a co-associated warhead biosynthesis gene 

and the presence of a filled red circle represents the presence of a co-associated 

biosynthetic machinery gene. Overall, the actinomycete acyl-CoA (α) genes are often co-

associated with the methylmalonyl-CoA mutase (β) subunit gene and MeaB-like gene 

(especially in the ‘lower left’ quadrant of the tree). These may represent copies of primary 

metabolism MCM genes which may be co-transcribed.  

 

In contrast, the co-association of proposed warhead biosynthesis genes (e.g. asparagine 

synthetase and N-oxygenase) is rare in the tree. The actinonin and matlystatin acyl-CoA 
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mutase (α) genes are located in close proximity to one another, in a single clade which is 

coloured red in Figure 36. The members of this clade are of interest as they share high 

sequence similarity to the proposed encoded hexylmalonyl-CoA specific acyl-CoA mutase 

proteins of the actinonin and matlystatin BGCs. Further, this clade is enriched in the 

presence of both proposed warhead biosynthesis genes and NRPS/PKS biosynthetic 

machinery genes (Figure 36). Therefore, it is possible that the strains are represented in 

this clade of interest are producers of novel warhead-NPs. This ‘warhead clade’ will be 

further analysed in the following chapter.  
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Figure 36. Phylogenetic tree of actinomycete methylmalonyl-CoA mutase (α) homologs. Decorated with co-

association analysis of proposed warhead-NP biosynthesis genes. A filled blue circle indicates the presence 

of a proposed warhead biosynthesis gene. A filled red circle indicates the presence of an NRPS or PKS gene. 

The ‘warhead clade’ is coloured in red. Abbreviations; CCR = Crotonyl-CoA carboxylase/reductase, Asparagine 

Synthetase, NRPS = Non-Ribosomal Peptide Synthetase (Adenylation, Condensation), PKS = Polyketide 

Synthase (Ketosynthase), ACAD = Acyl-CoA dehydrogenase, TE= Thioesterase. 
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2.3 Discussion and conclusions 

2.3.1 Summary / Discussion of Results 

 

In summary, the in vitro reconstitution of the warhead biosynthesis pathway required the 

purification of the proposed warhead biosynthesis genes and the synthesis of the proposed 

starting substrate, octenoyl-CoA.  

 

Following the optimisation of protein purification methodology, the proposed warhead 

biosynthesis proteins encoded by the actinonin pathway proved to be of greater solubility 

than their counterparts encoded by the matlystatin BGC. In particular, the ActF (CCR), ActC 

(acyl-CoA epimerase) and ActM (acyl-CoA mutase β subunit) proteins were sufficiently 

soluble and were purified to an extent required for in vitro assays. A preliminary 

purification experiment indicated that the tri-expression of ActM, ActD (acyl-CoA mutase 

α subunit) and ActN (MeaB-like) greatly enhanced the solubility of ActD.  

 

Two synthetic routes and several purification options were tested for the preparation of 

octenoyl-CoA. Overall, the PyBOP synthesis method, followed by reverse phase 

chromatography purification, proved to offer the greatest yield and purity. The octenoyl-

SNAC thioester analogue was also synthesised and purified as an alternative substrate 

option.  

 

The first proposed warhead biosynthesis reaction (the carboxylation of octenoyl-CoA by 

CCR) was tested in vitro using the ActF protein. LC-MS analysis indicated that ActF was able 

to carboxylate both octenoyl-CoA and crotonyl-CoA and the addition of carbonic anhydrase 

greatly enhanced turnover efficiency. The use of stable isotope labelled bicarbonate 

confirmed that ActF was carboxylating the substrate.  

 

However, the progression of warhead biosynthesis in vitro reconstitution slowed as it 

became clear that subsequent reactions would require either in situ substrate generation 

or up-scaled in vitro reactions followed by the purification of intermediate substrates. The 

previously characterised CinF CCR protein was effectively purified, however CinF displayed 

no activity towards octenoyl-CoA in our hands. Attempts to use the inexpensive and stable 

octenoyl-SNAC thioester analogue for higher scale reactions were hampered by the lack of 

CinF or ActF activity. Attempts to generate octenoyl-CoA in situ using the previously 

described RevS MC-FACL protein were also curtailed by a lack of solubility and activity.  
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Although the full in vitro reconstitution of the proposed warhead biosynthesis pathway was 

unable to be completed due to the reasons outlined above, there are several possible 

options for carrying out this work in the future. The ActC (acyl-CoA epimerase) protein 

proved to be extremely soluble and effectively purified. The preliminary tri-expression 

experiment indicated that ActD and ActM (acyl-CoA mutase α and β subunits) could be 

effectively purified in the presence of ActN (MeaB-like) protein. Therefore, if the problems 

with the CCR in vitro reaction scale-up and/or in situ generation of hexylmalonyl-CoA could 

be rectified, then the proposed hexylmalonyl epimerase and mutase in vitro assays could 

be performed.  

 

A novel acyl-CoA epimerase in vitro assay has been theorised, although it has not been able 

to be empirically tested nor optimised. The substrate and product of the acyl-CoA 

epimerase have equal masses and only differ by the chirality of a single stereocentre – 

therefore they cannot be distinguished by LC-MS analysis. It is reported that the 

methylmalonyl-CoA epimerase flips the stereochemistry by rearrangement of the 

hydrogen atom about the alpha carbon [239]. Further, the incorporated hydrogen atom is 

known to be solvent derived [274]. Thus, an advanced epimerase assay has been proposed, 

whereby conducting the reaction in D2O should result in incorporation of a deuterium atom 

at the alpha carbon by the epimerase enzyme (Figure 37). This has practical considerations, 

as the reaction must be quenched, lyophilised and the re-dissolved in H2O to replace all 

exchangeable deuterium atoms with hydrogen. In a reaction where the epimerase enzyme 

has flipped the stereochemistry, the product will be detectable by LC-MS as it would 

feature a m/z ratio of [M+1], where M is the m/z ratio of the substrate.  

 

 

 
Figure 37. Schematic of proposed advanced acyl-CoA epimerase assay. Completion of the reaction in D2O will 

result in the incorporation of a deuterium atom at the alpha carbon, which is detectable by LC-MS.  
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Alongside this work, a bioinformatic analysis was performed using actinobacterial 

methylmalonyl-CoA mutase (α) genes as probes to identify putative warhead-NP BGCs. This 

highlighted that a single mutase clade, the ‘warhead clade’, was enriched with co-

associated genes of interest. Therefore, these sequences may represent novel warhead-NP 

BGCs. This analysis will be expanded upon in the next chapter and the product of one of 

these novel warhead-NP BGCs isolated and characterised.  

 

There are a number of notable limitations of this co-association analysis. Firstly, the pfam 

domains of interest are selected manually. Therefore, if a particular reaction can be 

catalysed by different proteins featuring different pfam domains, these would have to be 

researched and added to the analysis. Further, poor quality genome sequences hamper 

this approach as the presence of short contigs increases the risk of any potential BGCs to 

be split over multiple sequences. In these cases, the true full complement of co-associated 

genes of interest would not be detected. However, these downsides are rather generalised 

and could affect any large scale bioinformatic analysis. This phylogenetic and co-association 

analysis approach has the benefit of pointing the user towards a particular clade or number 

of sequences which may represent novel BGCs. Therefore, it greatly reduces the number 

of genomic regions that need to be manually analysed.  
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Chapter 3: Discovery and Structural Elucidation 

of Lydiamycin A 

 

3.1 Introduction 

3.1.1 The ‘Warhead Clade’ 

 

Following the phylogenetic and co-association analysis of actinomycete methylmalonyl-

CoA mutase genes (Figure 36), there was a single clade which was enriched in co-associated 

genes of interest. As such, this ‘warhead clade’ contains mutase homologs belonging to 

putative warhead-containing natural product (warhead-NP) BGCs. The sequences 

contained within the representative nodes were collated and manually curated to account 

for instances where the exact same strain had been sequenced multiple times. The 

dereplicated sequences were used to generate a new phylogeny and co-association 

analysis of the ‘warhead clade’ using a sequence from a nearby clade (Frankia sp. EI5c) as 

an outgroup (Figure 38).  

 

 
Figure 38. Phylogenetic and co-association analysis of the actinomycete 'warhead' clade. Clade of 

actinobacterial hexylmalonyl-CoA mutase sequences that are highly co-associated with the proposed 

warhead biosynthesis genes (red), biosynthetic machinery (blue) and potential resistance gene (green). A 

filled circle indicates the presence of a homologous gene in close proximity to the mutase gene. The 

producers of characterised warhead-containing natural products are indicated in bold. Sequences present at 

the end of a contig are indicated with a star. Phylogenetic tree built using RAxML (bootstrap n=300) and tree 

manually dereplicated and trimmed. Abbreviations; CCR = Crotonyl-CoA carboxylase/reductase, Asparagine 

Synthetase, N-oxygenase, NRPS = Non-Ribosomal Peptide Synthetase (Adenylation, Condensation), PKS = 

Polyketide Synthase (Ketosynthase), ACAD = Acyl-CoA dehydrogenase, TE= Thioesterase, PDF = Peptide 

Deformylase.  
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The ‘warhead clade’ contains the producers of the known warhead-NPs actinonin and the 

matlystatins (Streptomyces sp. ATCC 14903 and Actinomadura atramentaria DSM 43919, 

respectively). Also present are representatives of Actinoplanes, Micromonospora and 

Rhodococcus, which would represent the first of their genera to produce warhead-NPs 

(Figure 38).  

 

Interestingly, there seems to be some discrepancies in the putative warhead biosynthesis 

genes present in the analysis. For instance, the lower sub-clade of particularly homologous 

mutase genes (denoted by an asterisk in Figure 38) lack the presence of asparagine 

synthetase and N-oxygenase genes. This suggests that the putative warhead-NP clusters of 

this sub-clade may biosynthesise products featuring a carboxylated warhead rather than 

the fully mature hydroxamate group. Whereas, the genomic regions outside of this sub-

clade feature the asparagine synthetase and N-oxygenase but most lack some key putative 

warhead biosynthesis genes (e.g. the small mutase subunit and MeaB-like chaperone). It is 

possible that in these cases the small mutase subunit is located elsewhere in the genome, 

as is the case for actinonin biosynthesis by Streptomyces sp. ATCC 14903 [207].  

 

Considering the presence of co-associated biosynthetic machinery (blue circles in Figure 

38), there is a great abundance of NRPS genes – including adenylation domains, 

condensation domains and thioesterase domains. The presence of the piperazic acid 

biosynthesis pair KtzI-like and KtzT-like domains appears to be phylogenetically conserved, 

as they are observed within the lower sub-clade (denoted with an asterisk). The presence 

of these two domains is indicative of the potential biosynthetic pathway incorporating 

piperazic acid residue(s) into the peptide backbone. Finally, the peptide deformylase (PDF) 

domain (PF01327) is also present in some of the putative clusters and may present a self-

immunity determinant as the warhead has been shown to confer the PDF inhibitory activity 

of actinonin [128]. This is investigated in the following chapter.  

 

I selected the Rhodococcus fascians D188 potential warhead-NP (hereafter referred to as 

‘D188nrp’) BGC for further characterisation, as the mutase homolog is phylogenetically 

distinct from the known actinonin and matlystatin mutases. Further, the size and specificity 

of the NRPS is very different to the actinonin and matlystatin pathways. In addition, the 

D188nrp cluster also features a PDF gene would also allow the determination of whether 

this represents a self-immunity determinant against the product of the D188nrp cluster 

(Figure 39). Finally, R. fascians D188 is an economically relevant plant pathogen and the 

D188nrp cluster is located on a pathogenicity-associated megaplasmid. As such, it is 
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possible that the D188nrp product may play a role in plant pathogenicity, which is explored 

further in Section 4.2.3.   

 

 
Figure 39. Comparison of the actinonin and matlystatin BGCs to the putative warhead BGC from Rhodococcus 

fascians D188. Gene similarity percentage is represented by the grayscale link between genes.  

 

 

 

3.1.2 Rhodococcus fascians D188 

 

Rhodococci are ubiquitous in the environment, having been isolated from the soil, 

seawater, plants, the arctic and desert environments [275-278]. Rhodococcus sp. are best 

known for their bioremediation activities and have been used to decontaminate soils and 

waters of complex hydrocarbon mixtures, including crude oil and fuels [279]. Rhodococcus 

have recently come to light as under-explored talented specialised metabolite producers 

as their genomes tend to encode a large number of orphan BGCs with uncharacterised 

products [280, 281]. There is considerable chemical diversity in the characterised 

Rhodococcus natural products (Figure 40), including the antimicrobials aurachin and 

rhodostreptomycin [282, 283] and the siderophores rhodobactin and rhodochelin [284, 

285]. There are two pathogenic Rhodococcus species – R. equi infects foals and causes 

pneumonia [286] and R. fascians is the causative agent of leafy gall disease in plants [287].  
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Figure 40. Structures of natural products produced by Rhodococci. Producing organism is denoted. 

 

 

R. fascians causes leafy gall disease by infiltrating the plant and biosynthesising cytokinins 

– plant hormones that disrupt normal development. The symptoms of leafy gall disease 

range from deformed leaves and excessive flowering to the excessive growth of deformed 

shoots that form a densely packed leafy gall [288, 289]. These symptoms culminate in a 

severely stunted and bushy plant, often with deformed or aborted flowers, which causes 

considerable economic losses to the ornamental plants industry [290]. R. fascians has a 

very wide host range and leafy gall disease has been reported in over 40 plant families and 

160 species ranging across monocotyledons and dicotyledons [291].  

 

Leafy gall disease was first described on diseased sweet pea plants in 1927 [292, 293] and 

the causative agent was later isolated as an orange gram positive, non-motile, rod-shaped 

bacterium termed Phytomonas fascians [287], to reflect its fasciation-inducing 

phytopathogenicity. Advances in taxonomy led to the eventual reclassification of this 

bacterium to Rhodococcus fascians [294].  

 

R. fascians is a well-adapted epiphyte that can survive on the surface of a plant for months 

prior to initiating infection [291]. The production of orange carotenoid pigments [295] 

protects R. fascians from UV irradiation and the production of a slime layer [276] may 
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enhance biofilm formation and provide desiccation resistance. The switch to endophytic 

colonisation is coordinated by the attenuation (att) operon which biosynthesis a quorum 

sensing-like att molecule, of unknown structure [293, 296]. High att concentrations are 

proposed to trigger the infiltration of the bacteria, establishment of an endophytic 

population and the expression of the fasciation (fas) operon [291, 296].  

 

The fas operon biosynthesises a mix of cytokinins [297] which function in concert to 

modulate plant gene expression. This plant hormone imbalance results in excessive 

differentiated tissue growth that originates from existing shoot meristems and also de novo 

formed shoot meristems [298] and blocks tissue maturation [299]. Further, cytokinin 

imbalance promotes plant biosynthesis of other plant hormones, auxin and putrescine 

[300, 301], which function to exacerbate infection symptoms. Taken together, this 

abrogated plant hormone balance results in uncontrolled shoot growth which develops 

into a gall. Symptomatic tissues become sink regions, enriched in carbon sources and amino 

acids [302], which the metabolism of R. fascians shifts to take advantage of and to detoxify 

plant-derived primary metabolites [303] in order to support niche establishment. 

 

R. fascians D188 is the wild type strain and features a conjugative linear 199 Kb 

megaplasmid, termed pFiD188, that has been determined to be vital for pathogenicity 

[304]. The R. fascians D188-5 strain lacks pFiD188 and is avirulent in planta [305, 306]. 

Conversely, the conjugation of pFiD188 into Rhodococcus isolates lacking virulence genes 

conferred the ability to cause leafy gall disease [307]. pFiD188 features regions required 

for plasmid maintenance which are shared with other Rhodococcus linear plasmids (Figure 

41). There are also regions unique to R. fascians (shown in blue in Figure 41) which are 

involved in host interactions and disease progression [289]. This includes both known 

genetic determinants of leafy gall disease, the att and fas operons [296, 308]. Interestingly, 

the D188nrp cluster is also present in the R. fascians unique region of pFiD188 (Figure 41), 

which implicates the product as a potential pathogenicity factor.  
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Figure 41. Schematic of pFiD188 megaplasmid. Features regions involved in plasmid maintenance (red) and 

regions unique to R. fascians (blue). Adapted from [289]. 

 

 

The D188nrp cluster has been investigated in the literature previously. Francis and 

colleagues were interested in elucidating whether this cluster is involved in plant 

pathogenicity [304]. The D188 Δnrp deletion mutant was generated by excision of the 

adenylation domain of the third module (Figure 43) in order to prevent biosynthesis of the 

D188nrp product. However, the D188nrp product was not determined to be involved in 

virulence as the D188 Δnrp and D188 WT strains were indistinguishable in an in planta leafy 

gall disease assay [304]. Therefore, the function of the D188nrp product remained elusive 

and there had not been an attempt to isolate the compound nor elucidate the structure.  

 

We therefore established a collaboration with the Francis laboratory (California State 

University Bakersfield, USA), who provided the R. fascians WT, D188-5 (plasmid free) and 

D188 Δnrp strains in order for us to determine the product of the D188nrp cluster and 

isolate the putative warhead-NP.  
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3.1.3 Chapter Aims 

 

Bioinformatic analysis has highlighted a number of potentially novel warhead-NP 

producers. The R. fascians D188nrp cluster was selected for further investigation as it is 

phylogenetically and enzymatically distinct from the characterised warhead-NPs actinonin 

and matlystatin. As such, the D188nrp product may feature interesting chemistry and may 

be involved in the plant pathogenicity of R. fascians. The overall aim of this chapter is to 

identify the metabolite(s) produced by the D188nrp cluster and determine their structure. 

To achieve this, the specific aims of this chapter are: 

 

i. Use comparative metabolomics to identify the product(s) of the R. fascians D188nrp 

cluster. 

ii. Isolate the product(s) of the D188nrp cluster. 

iii. Elucidate the structure of the D188nrp cluster product(s). 
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3.2 Results 

3.2.1 Analysis of the R. fascians D188nrp Biosynthetic Gene Cluster 

 

The R. fascians pFiD188 megaplasmid sequence (GenBank: JN093097.1) was analysed by 

antiSMASH [68], which identified a candidate NRPS BGC spanning 55 Kb. However, there 

were many genes with predicted functions unrelated to secondary metabolite 

biosynthesis. Comparison with the candidate actinonin and matlystatin BGCs, this region 

was trimmed to the 29.7 Kb D188nrp cluster shown in Figure 42. Each of the gene 

sequences were analysed by BLAST [309] and CDART [310] to predict gene function based 

on sequence homology and domain content respectively, which is summarised in Table 5.  

 
Figure 42. Schematic of D188nrp cluster from Rhodococcus fascians D188. 

 

Table 5. Details of predicted protein functions of the genes present in the D188nrp cluster. Abbreviations: 

CCR (crotonyl-CoA carboxylase/reductase) 

Gene 

name 

Protein accession 

number 

Pfam 

domain 

Predicted function Size 

(AA) 

Size 

(KDa) 

lydA WP_015586162.1 PF01327 Peptide deformylase 188 20.71 

lydB AET25245.1 PF00196 LuxR-type regulator 226 24.86 

lydC WP_015586164.1 PF01040 UbiA family prenyltransferase 282 29.44 

lydD WP_015586165.1 PF03621 MbtH-like 103 11.50 

lydE WP_015586166.1 PF13434 KtzI-like 424 46.95 

lydF WP_202902192.1 PF04299 KtzT-like 218 24.51 

lydG WP_015586168.1 PF01494 Monooxygenase 394 42.68 

lydH WP_015586169.1 Multiple NRPS 4925 537.17 

lydI AET25252.1 PF01642 Hexylmalonyl-CoA mutase (α) 461 49.76 

lydJ AET25253.1 PF00550 NRPS 99 11.06 

lydK WP_015586172.1 PF00501 NRPS 527 56.99 

lydL WP_015586173.1 PF00668 NRPS 614 67.49 

lydM WP_015586174.1 PF08240 CCR 440 47.68 

lydN WP_015586175.1 PF02310 Hexylmalonyl-CoA mutase (β) 151 16.37 

lydO WP_015586176.1 PF03308 MeaB-like 251 26.66 

lydP WP_015586177.1 PF13669 Hexylmalonyl-CoA epimerase 144 15.89 

https://www.ebi.ac.uk/interpro/entry/pfam/PF01494/
https://www.ebi.ac.uk/interpro/entry/pfam/PF00501/
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The D188nrp cluster features genes predicted to encode a crotonyl-CoA 

carboxylase/reductase (CCR), a hexylmalonyl-CoA epimerase, the hexylmalonyl-CoA 

mutase (small and large subunits) and the MeaB-like mutase chaperone, which have all 

been previously proposed to collectively catalyse the first three steps of the putative 

warhead biosynthesis pathway (Figure 15) [207, 217]. The lack of late-stage warhead 

maturation genes encoding an asparagine synthetase and an N-oxygenase suggest that the 

D188nrp product may feature an intermediate, carboxylated, warhead moiety.  

 

The D188nrp cluster features four predicted non-ribosomal peptide synthetase (NRPS) 

genes and a MbtH-like gene. MbtH-like proteins have been shown previously to function 

as chaperones in NRPS systems [311]. Therefore, these proteins are predicted to 

biosynthesis the peptide backbone of the cluster product. Consideration of the predicted 

domain architecture of the NRPS (Figure 43) suggest that the largest NRPS protein, LydH, 

is made up of four modules, whilst the lydJ, lydK and lydL genes are predicted to encode a 

standalone carrier protein, adenylation domain and condensation domain, respectively. As 

such, as there are five total NRPS modules it is possible to predict that the D188nrp product 

will feature a pentapeptide backbone with a terminal warhead group.  

 

In order to predict the identity of the peptide backbone of the D188nrp product, the 

sequences of the NRPS domains were analysed. In particular, key residues in the substrate-

binding pocket of adenylation domain sequences (known as the Stachelhaus sequence) can 

be analysed to predict the substrate specificity and therefore which amino acid residue is 

incorporated at each module [87]. Several tools were used to predict adenylation substrate 

specificity; NRPSpredictor2 [88], NRPS/PKS Analysis [312] and NRPSsp [313] (Figure 43). 

However, there was no consensus result reached by all tools.  

 

As the genetically related actinonin and matlystatin NRPS genes have been described and 

their adenylation domain specificity proposed, their Stachelhaus sequences were manually 

compared to those of the D188nrp adenylation domains (Figure 44). The Stachelhaus 

sequences of the standalone LydK adenylation domain and the MatJ adenylation domains 

were found to be identical (denoted by asterisk in Figure 44). As MatJ has been proposed 

to specifically activate piperazic acid [207], this analysis suggests that LydK may also 

activate piperazic acid for incorporation into the peptide backbone. Further supporting this 

prediction is the presence of ktzI-like and ktzT-like genes in the D188nrp cluster (lydE and 

lydF – 48% and 47% sequence similarity, respectively). KtzI and KtzT have been described 

in the literature to work in concert to convert ornithine to piperazic acid [314]. 
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Figure 43. Schematic of NRPS genes of Rhodococcus fascians D188nrp cluster and predicted domain 

architecture. The predicted adenylation specificity using three different tools is denoted. The position that is 

disrupted in the Δnrp mutant is denoted with an asterisk. Abbreviations: adenylation (A), condensation (C), 

peptide carrier protein (PCP), thioesterase (TE). 

 

 
Figure 44. Stachelhaus sequence comparison of D188nrp adenylation modules. Adenylation domains from 

the related warhead-containing natural product clusters, actinonin and the matlystatin, are included as 

references. Sequences were aligned to the GrsA reference sequence and the residue numbers are 235, 236, 

239, 278, 299, 301, 322, 330 from left to right. Identical sequences are denoted by an asterisk. Abbreviations: 

Piperazic acid (Pip), Module x (Mx).  

 

 

In the proposed matlystatin biosynthetic pathway, the piperazic acid is proposed to be 

activated by the standalone adenylation domain MatJ, loaded onto the standalone MatI 

carrier protein, and then condensed to the warhead via the standalone condensation 

domain MatH [207]. In the genetic context, these three genes are located in the same 

direction in the order matH, matI, matJ. There is a direct correlation in the D188nrp NRPS 

system as the lydJ, lydK and lydL genes are located next to one another and in the same 
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direction. LydJ is a predicted standalone carrier protein, LydK is a predicted standalone 

adenylation domain with specificity to piperazic acid and LydL is a predicted standalone 

condensation domain. As such, it is possible that LydK activates the piperazic acid, then 

LydJ shuttles piperazic acid to LydL for condensation between the piperazic acid and the 

warhead molecule. Biosynthesis is then likely to proceed with four additional monomers 

being condensed to the piperazic acid-warhead dipeptide by the four modules of the LydH 

NRPS assembly line. Module four of LydH is predicted to feature a terminal thioesterase 

domain which may catalyse product release as either a linear or macrocylised liberated 

product [81]. Therefore, taken together these data indicate that the D188nrp product may 

feature a pentapeptide backbone (with at least one piperazic acid residue) and a terminal 

carboxylated warhead group.  

 

 

 

3.2.2 Identification of candidate D188nrp products by comparative 

metabolomics 

 

In order to identify candidate products of the D188nrp cluster, the R. fascians D188 WT and 

R. fascians D188 Δnrp strains were analysed by comparative metabolomics. Both strains 

were cultured in a range of production media and their metabolites extracted at both five 

and twelve days of incubation. Extracts of sterile production media were also prepared. 

These samples were then analysed by untargeted LC-MS in order to determine the 

metabolomic profiles. The WT and Δnrp base peak chromatograms were manually 

compared and any compounds present in the WT and absent in the Δnrp and media only 

chromatograms were candidate D188nrp cluster products.  

 

A range of production media (PM) were used in an attempt to induce the production of 

secondary metabolites. This included media previously used to produce Rhodoccocus 

natural products, such as aurachin PM, rhodostreptomycin PM and MinA minimal medium 

[283, 315, 316]. A range of media which have been used to induce actinomycete natural 

product production were also tested, including; yeast extract broth (YEB), actinonin PM, 

matlystatin PM, bottromycin PM, SM7 and SM12 [207].  See Section 6.1.4 for details. 
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Figure 45. Comparative metabolomics experiment of R. fascians WT and Δnrp strains at 5 days growth. 

Abbreviations: PM = Production Medium, YEB = Yeast Extract Broth, BPC = Base Peak Chromatogram. 
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Figure 46. Comparative metabolomics experiment of R. fascians WT and Δnrp strains at 12 days growth. 

Abbreviations: PM = Production Medium, YEB = Yeast Extract Broth, BPC = Base Peak Chromatogram. 
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This comparative metabolomics analysis indicated that there were a large number of 

candidate D188nrp cluster products produced at both 5 days (Figure 45) and 12 days 

(Figure 46) of culture. These different compounds of interest can be primarily 

differentiated by their retention times and precursor parent ion m/z values. As the same 

compounds were identified in different production media and sampling time points, they 

were each denoted with an arbitrary number. In total, twenty candidate D188nrp products 

were identified, and their retention times and precursor parent ion m/z values are 

indicated in Table 6. Compounds were only considered candidates when they were present 

in both of the duplicate R. fascians WT extracts and absent in the duplicate R. fascians Δnrp 

extracts and media only extracts. The chromatograms displayed above have been cropped 

at four minutes retention time as there were no compounds of interest later in the runs.  

 

Table 6. Overview of candidate D188nrp products identified by comparative metabolomics. 

Compound # Retention 

Time (mins) 

Major Ion 

m/z 

 Compound # Retention 

Time (mins) 

Major Ion 

m/z 

1 3.55 664.37  11 2.37 580.31 

2 3.31 650.35  12 2.00 577.27 

3 2.84 682.38  13 1.88 605.26 

4 2.67 570.30  14 3.94 700.36 

5 1.81 530.30  15 3.25 664.37 

6 2.74 689.35  16 2.44 654.35 

7 1.66 659.34  17 1.48 553.34 

8 1.04 603.31  18 1.16 594.33 

9 2.90 703.36  19 1.70 659.34 

10 2.64 668.36  20 3.10 655.28 

 

 

There was a large variance in retention times and predicted major parent ion m/z ratio in 

the above twenty candidate D188nrp products. Further analysis was required to determine 

whether these compounds are structurally related. However, those compounds that 

shared similar retention times and similar masses (including similarities in post decimal 

place masses) may be structurally related. Common structural modifications can be 

predicted by comparison of the m/z differences between some of the compounds. For 

example, the m/z of compound #1 is 18.0 Daltons less than compound #3 which may be 

indicative that compound #1 is a dehydrated form of compound #3 via the loss of water. 

Further, compound #2 may be a demethylated version of compound #1 due to the 

comparative loss of 14.0 Daltons. A complication of the above data is that it was unknown 
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whether all of observed major ion m/z values were the protonated parent ion or whether 

other adducts had been detected, e.g. sodiated. 

 

The overall relationship between observed candidate D188nrp product production in the 

various culture media and sampling timepoints is presented in Figure 47. From this analysis, 

it is clearer that the growth duration of R. fascians WT plays a large role in observed 

metabolite production. For instance, compounds #10 through #20 were only observed at 

the 12-day timepoint. It was also clear that some production media induce a large amount 

of varied metabolite production, for instance R. fascians WT is producing eight different 

compounds after 12 days of growth in SM7. Whereas matlystatin production media only 

supports the production of compound #1 after either 5 or 12 days of R. fascians WT growth. 

There is also variation in the abundance of the compounds and the amount of background 

complexity (from the bacterial metabolome and the media itself) in the different 

production media and sampling timepoints.  

 

 
Figure 47. Matrix of candidate D188nrp product production across production media and sampling 

timepoints. The colour of the filled box denotes which sampling timepoint(s) the compound was observed at.  

Each candidate D188nrp product is denoted with the assigned reference number (#) and the observed major 

m/z value.  

 

 

The compound #1 (m/z = 664.37) was consistently produced in the most abundant 

quantities and so was selected as the candidate D188nrp product for isolation and 

characterisation. The varied production media and sampling time points were assessed to 

identify conditions that provided a large amount of compound #1 whilst maintaining good 

separation from background compounds. Based on these criteria, R. fascians WT grown in 
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SM12 medium for 5 days was selected as an appropriate starting point for testing 

compound #1 isolation.  

 

 

3.2.3 Purification of compound #1 metabolite 

3.2.3.1 Preliminary scale up experiments for the purification of compound #1. 

 

Several small-scale experiments were conducted to understand how best to scale R. 

fascians growth and compound #1 purification. Firstly, the R. fascians WT strain was grown 

in increasing volumes of SM12 medium to determine whether production was maintained 

at larger growth volumes (25 mL, 50 mL, 200 mL, 400 mL). After five days of growth, an 

equal amount of culture from each condition was extracted in methanol and analysed by 

LC-MS. The extracted ion chromatogram peak area for compound #1 was directly 

comparable between the conditions. The production of compound #1 was maintained 

throughout the scale-up process (Figure 48). This experiment indicated that the R. fascians 

WT strain could be grown in at least 400 mL of SM12 medium (in 2000 mL conical flasks) 

and scale-up was unlikely to pose a technical challenge in further experiments. 

 

 
Figure 48. Comparison of R. fascians putative D188nrp compound #1 production in different volumes of SM12 

growth medium. R. fascians D188 was grown in SM12 production media in a range of volumes; 25, 50, 200 

and 400 mL. An equal volume of culture was extracted and analysed by LC-MS. The area of the extracted ion 

chromatograms of compound #1 ([M+H]+ = 664.37) was calculated to assess amount of compound produced. 
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Another preliminary experiment was conducted to understand whether the candidate 

D188nrp products were more readily isolated from the cell pellet or the culture 

supernatant. Fermentations of R. fascians D188 WT grown in SM12 medium were 

centrifuged. The pellet was extracted in 70% acetonitrile, before being filtered and 

analysed by LC-MS. The growth medium supernatant was extracted with ethyl acetate, 

leaving a bulk aqueous fraction. Both the supernatant-derived organic and aqueous 

fractions were concentrated and analysed by LC-MS. Comparison of the compound #1 

extraction ion chromatogram peak areas (Figure 49) indicates that compound #1 is present 

in all three extracts but the most effective extraction technique overall was the extraction 

of the culture supernatant with ethyl acetate. Therefore, for future larger-scale 

purifications, the organic extraction of the supernatant was used as it extracted a large 

quantity of compound #1 and represented a simple method of extraction as the ethyl 

acetate was readily removed by rotary evaporation to concentrate the fraction and allow 

further processing.  

 

 

 
Figure 49. Comparison of putative D188nrp compound extraction techniques. R. fascians D188 WT was grown 

in SM12 production media and extracted using three methods: (1) from the pellet, and from the liquid/liquid 

extraction of the growth medium supernatant into (2) ethyl acetate organic fraction and (3) aqueous fraction. 

The extracts were analysed by LC-MS. The area of the extracted ion chromatograms of compound #1 ([M+H]+ 

= 664.37) was calculated to assess amount of compound produced. N=1. 
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3.2.3.2 First large-scale purification of compound #1 

 

A larger scale extraction was performed to isolate compound #1 for structural 

characterisation. In brief, R. fascians D188 WT was cultured in 0.6 L SM12 for five days and 

the culture centrifuged. The culture supernatant was extracted with ethyl acetate and this 

organic fraction was washed with water. The organic fraction was then concentrated by 

rotary evaporation. 

 

In order to separate the organic fraction it was fractionated by flash chromatography using 

a C18 reverse phase cartridge (Biotage). Flash chromatography was chosen as an initial 

separation technique as it offers separation of a large amount of material, albeit with 

relatively poor separation characteristics. A gradient of 5-100% acetonitrile across a 

reverse phase C18 cartridge was used whilst measuring UV absorption at 210 nm (as a 

standard wavelength) and at 237 nm (which was the absorbance maxima of compound #1 

determined during the above comparative metabolomics experiment).  

 

Separation of the organic fraction using flash chromatography (Appendix Figure 102) 

resulted in the separation of two peaks, termed fractions A and B. Both fractions were 

concentrated to dryness to yield 9 mg of fraction A and 64 mg of fraction B. LC-MS analysis 

indicated that both fractions A and B contained compound #1 (Appendix Figure 103). 

Fractions A and B were more thoroughly analysed by LC-MS to determine which of the 

twenty putative D188nrp products were present in each fraction. This analysis indicated 

that fraction A contained large amounts of compound #1 with minimal amounts of other 

compounds of interest (Appendix Figure 104). LC-MS analysis of fraction B indicated that 

the major compounds of interest present are #1 and #14 (m/z 664.37 and 700.36, 

respectively) which were well separated (Appendix Figure 105).  

 

Fraction A was further purified by HPLC using a semi-preparative reverse phase C18 column 

(Appendix Figure 106) whilst detecting absorbance at 237 nm. This process yielded 0.30 

mg of material, which proved pure by LC-MS (Appendix Figure 107). 

 

In order to test another method of separation, fraction B (64 mg) was fractionated by mass-

guided HPLC using a preparative-scale reverse phase column. Fraction B contained 

relatively large amounts of compounds #1 and #14 with small amounts of compound #2 

(Appendix Figure 105). As such, the HPLC separation was performed with mass-guided 

fractionation for the isolation of the above compounds ([M+H]+ = 664.37, 700.36 and 

650.35, respectively). This process afforded a 3.2 mg fraction of enriched compound #1 and 

two fractions of less than 0.5 mg, one enriched with compounds #2 and one enriched with 
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compound #14. However, all fractions still featured major contaminants that were difficult 

to remove (Appendix Figure 108).  

 

At this stage, the most effective purification was achieved by the manual HPLC separation 

of Fraction A, which afforded 0.30 mg of pure compound #1. However, this proved to be 

an insufficient quantity for NMR analysis (data not shown). 

 

 

3.2.3.3 Second large-scale purification of compound #1 

 

The most effective compound #1 isolation methodology of Section 3.2.3.2 proved to be 

the ethyl acetate extraction of R. fascians growth medium, followed by separation by 

reverse phase flash chromatography and HPLC. This methodology was therefore employed 

again at a larger scale in order to isolate enough compound #1 for structural 

characterisation.  

 

In brief, the R. fascians WT strain was grown in 2 L of SM12 medium for five days. The 

culture was centrifuged, and the supernatant extracted with ethyl acetate. This organic 

fraction was washed with water before being dried in vacuo to afford 140 mg of material. 

This organic fraction was separated by reverse phase flash chromatography, again whilst 

measuring UV absorption at 210 and 237 nm (Appendix Figure 109). Fractions with a high 

abundance and purity of compound #1 (Appendix Figure 110) were collected and dried to 

yield 27 mg of an off-white amorphous powder. This material was then further purified 

using a preparative-scale reverse phase C18 column featuring a 45 to 70% gradient in order 

to enhance separation of any closely eluting contaminants (Appendix Figure 111). The 

resultant single peak (eluting at 13.25 minutes) from multiple injections was collected and 

dried down to afford 20.1 mg of a white amorphous solid. LC-MS and NMR analysis 

indicated that this sample was pure compound #1, as explored below.  

 

 

3.2.4 Structural determination of compound #1 

 

With a large quantity of compound #1 to hand, it was possible to begin determining the 

structure of compound #1. A combination of LC-MS-MS and nuclear magnetic resonance 

(NMR) analysis was performed to achieve this.  
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3.2.4.1 Accurate Mass and MS2 Fragmentation of Compound #1 

 

A sample of compound #1 was analysed by High Resolution-Mass Spectrometry (HR-MS) in 

order to determine its accurate mass and to obtain a detailed MS-MS fragmentation 

pattern. The accurate [M+H]+ m/z value of compound #1 was determined to be 664.3679 

(Appendix Figure 112). The m/z value of compound #1 was submitted to the Natural 

Products Atlas [317] in order to indicate whether compound #1 may be a previously 

reported natural product. The natural product with the most similar mass was found to be 

lydiamycin A, with a protonated mass of 664.3665 (Δ2.1 ppm to the isolated compound 

#1). Lydiamycin A was identified from Streptomyces lydicus as a antimycobacterial agent 

[318] and features a pentapeptide cyclised depsipeptide backbone with a terminal 

carboxylated acyl chain. 

 

 

 
Figure 50. Published structure of Lydiamycin A. Carbon atoms are numbered according to the most recent 

publication reporting lydiamycin structure [319]. 

 

The reported lydiamycin A structure (Figure 50) was of interest as it aligns with the 

biosynthetic potential of the D188nrp cluster as described in Section 3.2.1. In brief, the 

D188nrp product was predicted to feature a pentapeptide backbone (including at least one 

piperazic acid residue) and a terminal carboxylated warhead group. Therefore, it is possible 

that the isolated D188nrp product, compound #1, is the previously described lydiamycin A 

natural product.  
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In order to test this hypothesis, the MS-MS fragmentation pattern of compound #1 was 

assessed. MS-MS of a linear peptide results in fragmentation at peptide bonds and the 

ionised fragments are detected. Fragmentation gives rise to two major series of peptide 

fragments as there is a resultant N-terminal and C-terminal fragment at each broken 

peptide bond (known as the b and y ions respectively). This fragmentation pattern can be 

analysed to inform the identity of peptide residues and the connectivity of adjacent 

residues.   

 

Macrocyclic peptides are likely to linearise under MS conditions prior to fragmentation. 

Consideration of the lydiamycin A structure, the ester linkage of the macrocycle (denoted 

with an asterisk in Figure 51A) is a likely linearisation point. This may occur through an 

elimination reaction (Figure 51B) to give rise to a linearised lydiamycin A species as shown 

in Figure 51C. This features a modified serine residue with a carbon-carbon double bond.  

 

 

 
Figure 51. Scheme of predicted lydiamycin A linearisation. The backbone residues are colour coded: Piperazic 

acid in purple, serine in red, leucine in blue and alanine in green. 

 

The MS-MS fragmentation pattern of compound #1 (Figure 52) was analysed to indicate 

whether the peptide backbone structure is likely to be the same as lydiamycin A. The b ion 

series fragmentation pattern equal to the loss of piperazic acid, alanine, isoleucine/leucine, 
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a modified serine and a piperazic acid/pentylsuccinamic acid dipeptide from the parent 

mass ion was observed (Figure 52). Further, all but one fragment from the lydiamycin A y 

ion pattern was present – these are indicated by the green masses in the Figure 52. Where 

predicted peptide fragment ion masses are absent, there are ‘preceding’ larger fragments 

which account for this discrepancy. For example, the predicted fragment of the 

pentylsuccinamic acid alone was not detected (m/z = 171.10), but the pseudodipeptide 

fragment of pentylsuccinamic acid/piperazic acid was detected (m/z = 281.15). It is 

common for some fragmentation ions to be absent from the MS-MS pattern.  

 

 

 

 
Figure 52. MS-MS fragmentation pattern of compound #1. The backbone residues are colour coded: Piperazic 

acid in purple, serine in red, leucine in blue and alanine in green. Mass losses of known amino acids are 

annotated. Expected y-ion and b-ion series masses are annotated at each amide bond. Masses in green are 

observed in MS2 data. Asterisk denotes that this residue is predicted to be site of molecule linearisation 

under MS conditions.  

 

These HR-MS and MS-MS data indicated that the isolated compound #1 has an identical 

peptide backbone connectivity and a near identical mass (Δ2.1 ppm) to lydiamycin A. 

However, MS experiments cannot distinguish between isoleucine and leucine residues, nor 

do they provide stereochemical information. MS-MS experiments also likely necessitate 

the linearisation of the molecule at the ester bond and give rise to a modified serine 

residue, thus obfuscating native macrocycle structure. Therefore, these MS data suggested 

that the isolated compound #1 is lydiamycin A. However, further NMR experiments were 
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required to confirm this annotation and confirm the identity of the intramolecular 

cyclisation.  

 

 

3.2.4.2 Compound #1 Structural Elucidation by NMR 

 

In order to determine whether the isolated compound #1 is lydiamycin A, NMR 

experiments were conducted in the same NMR solvent as published spectra and compared 

to these data [319]. To ensure that low intensity NMR peaks were detected, compound #1 

was prepared at a relatively high concentration of 35 mg/mL in CDCl3 and analysed in a 3 

mm tube in a 600 MHz NMR spectrometer.  

 

 

 
Figure 53. 1D NMR analysis of compound #1. Recorded in CDCl3. 
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Initially, the proton and carbon-13 1D NMR experiments were conducted in CDCl3 (Figure 

53). Qualitative consideration of these spectra indicated that the compound #1 sample was 

very pure as there were no contaminating minor peaks. In the literature, there are two 

reported tabulated datasets for 1D lydiamycin A NMR spectral data, both of which were 

recorded in CDCl3 [318, 319]. The observed carbon and proton spectral data of compound 

#1 were compared to these datasets (Appendix Table 25, Table 26). The observed 13C, 1H 

peak shifts and the 1H multiplicity and coupling constants were nearly identical to the 

published lydiamycin A data.  

 

Further, HMBC and COSY 2D experiments were conducted (Appendix Figure 113) which 

also proved to be identical to the published lydiamycin A data [319]. Taken together, the 

MS and NMR data demonstrate that the isolated compound #1 is the same compound 

previously isolated and characterised as lydiamycin A. As such, we can assign lydiamycin A 

as a product of the R. fascians D188nrp cluster. Therefore, a new lydiamycin A BGC has 

been identified and R. fascians D188 is the first non-streptomycete producer of lydiamycin. 

The full NMR assignment of lydiamycin A, including HMBC, COSY and 1,1-ADEQUATE cross-

peaking, is described in Table 7.  
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Table 7. Lydiamycin A NMR assignment (carbon and proton) and observed crosspeaks (HMBC, COSY, 1,1-

ADEQUATE). All NMR recorded in CDCl3. Atom numbering of the revised structure is used (see Figure 61).  

Position ΔC ppm ΔH ppm (multiplicity, 
J in Hz) 

HMBC (C to H) COSY 1,1-
ADEQUATE 

1 169.8  16, 17  2 
2 52.7 5.31, m 3, 4 3 3 
3 24.4 2.38, 1.79, m 4, 5, 2   
4 21.5 1.63, 1.59, m 2, 5, 5-NH 3, 5 5 
5 47.1 3.16, br d (13.4) 

2.78, qd (13.1, 3.5) 
3, 4 4, 5-NH  

5-NH  4.33, br d    
6 174.4  2, 5-NH, 7, 7-NH, 8  7 
7 50.5 4.86, qd (10.4, 7.3) 7-NH, 8 7-NH, 8 8 
7-NH  7.31, d (10.4)  7  
8 18.3 1.46, d (7.3) 7 7, 7-NH 7 
9 169.0  7, 7-NH, 10, 11  10 
10 51.4 4.35, m 7-NH, 10-NH, 11, 12 10-NH, 11 11 
10-NH  7.47, d (8.9)  10  
11 36.5 1.77, m 10, 10-NH, 12 10 10 
12 24.6 1.63, m 10  11, 13, 14 
13 22.8 0.94, d (6.6) 11, 12 12  
14 22.3 0.89,(6.6) 12   
15 169.4  10, 10-NH, 16, 16-

NH, 17 
 16 

16 50.7 5.31, m 16-NH, 17 16-NH, 17 17 
16-NH  8.31, d (9.9)  16  
17 68.3 4.79, dd (11.4, 4.3) 

4.06, d (11.4) 
16 16 16 

18 171.0  16, 16-NH, 19, 20  19 
19 55.6 4.68, t (5.0) 20, 21 20, 21 20 
20 19.4 2.38, 1.95, m 19, 21, 22 19, 21, 22 19 
21 20.7 2.17, 1.95, m 19, 20, 22 19, 20, 22 22 
22 142.7 6.93, m 20, 21 20, 21 21 
23 177.4  19, 24, 25, 30  24 
24 46.0 3.05, m 25, 26, 30 25, 30 25, 30 
25 31.6 1.75, 1.54, m 24, 30  24 
26 26.9 1.37, 1.26, m  24, 25, 27 25 25 
27 31.5 1.29, 1.26, m 25, 26 25, 26, 29 28 
28 22.4 1.28, m 26 26, 29 29 
29 14.0 0.87, t (6.9) 27, 28  28 
30 36.6 3.33, dd (17.0, 12.3) 

2.63, dd (17.0, 5.5) 
24 24 24 

31 175.9  30  30 
31-OH  11.41, br s    
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3.2.4.3 Bioinformatics and Novel NMR data informs Lydiamycin A Structural Revision 

 

A structural inconsistency of lydiamycin A is apparent when the BGCs of the known 

warhead-containing natural products, actinonin and matlystatin, are considered. 

Matlystatin B biosynthesis is proposed to proceed with the condensation of the N-hydroxy-

2-pentyl succinamic acid warhead moiety to piperazic acid (Figure 16). This warhead group 

is proposed to be derived from a dicarboxylic acid (pentyl succinic acid) which has 

undergone further modification to generate the terminal hydroxamate group (Figure 15). 

The carboxylic acids have been distinguished as the alpha-proximal and beta-proximal acids 

based on their proximity to the pentyl side chain. The proposed matlystatin biosynthetic 

pathway suggests that it is the alpha-proximal carboxylic acid that becomes CoA-activated 

and therefore biosynthesis proceeds via the condensation of the alpha-proximal carboxylic 

acid of the warhead to piperazic acid (Figure 54). Actinonin is also biosynthesised via 

condensation of the alpha-proximal carboxylic acid of the warhead at the first 

condensation module [207, 217].  

 

However, with the identification of the lydiamycin BGC it has become apparent that the 

existing published lydiamycin A structure is inconsistent with the biosynthetic theory. The 

published lydiamycin A structure necessitates the CoA-activation of the beta-proximal 

carboxylic acid of the dicarboxylic acid (pentyl succinic acid) (Figure 54). However, this is 

not supported by the putative biosynthetic capability of the lydiamycin biosynthetic 

machinery. It is likely that the first three steps of the warhead biosynthetic pathway (Figure 

15) are identical in matlystatin and lydiamycin biosynthesis and produce a warhead 

molecular that is CoA-activated at the alpha-proximal carboxylic acid. Further, there are no 

genes present in the lydiamycin BGC which are predicted to have functionality that could 

account for CoA-activation of the dicarboxylic acid via the beta-proximal carboxylic acid.  

 

As such, it was proposed that lydiamycin A is instead biosynthesised via CoA-activation of 

the alpha-proximal warhead carboxylic acid and thus adopts a structure more alike the 

known warhead-containing natural products, actinonin and the matlystatins. This 

proposed lydiamycin A structure is illustrated in Figure 55 along with a new atom 

numbering system which will be used hereinafter.  
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Figure 54. Schematic of structural inconsistency of published Lydiamycin A structure. The alpha-proximal 

carboxylic acid is highlighted in red and the beta-proximal carboxylic acid is highlighted in purple.  

 

 

 

 
Figure 55. Comparison of published and proposed, revised, lydiamycin A structures. The alpha-proximal 

carboxylic acid is highlighted in red and the beta-proximal carboxylic acid is highlighted in purple. 

 

 

In order to ratify this proposed lydiamycin A structural revision, attempts were made to 

crystallise the compound and perform X-Ray Diffraction (XRD) analysis, which would 

provide a full structural and stereochemical determination. However, many iterations of 

solvents, solute concentrations, temperatures and practical set-ups failed to provide 

crystals of sufficient quality for structural elucidation by XRD.  
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Therefore, the proposed lydiamycin A structural revision was ratified by further NMR 

experimentation. Principally, this problem required the distinction of the closely shifted 

carbon peaks of the warhead carbonyl groups and determination of their structural 

environments. The 13C NMR spectrum features seven strongly deshielded carbon peaks (δC 

169.0 – 177.4 ppm) which are carbonyl carbons. Consideration of the HMBC 2D spectrum 

(Table 7) allowed the assignment of five of these based on proton-carbon connectivity – 

the δC 169.8, 174.4, 169.0 and 169.4 ppm peaks are the carbonyl carbons making up the 

macrocycle (carbons 1, 6, 9 and 15 respectively). Similarly, the δC 171.0 ppm peak is 

assigned as carbon 18. This leaves two remaining carbonyl carbons (δC 175.9 and 177.4 

ppm) as the two warhead carbonyl carbons.  

 

A novel HMBC crosspeak was detected (illustrated by the red circle in Figure 56) which 

correlated the δC 177.4 ppm carbonyl carbon to proton 19 (δH
 4.68 ppm), which is a proton 

within the piperazic acid residue adjacent to the warhead. Therefore, this crosspeak 

allowed the distinction of the two warhead carbonyl carbon atoms; the δC 177.4 ppm 

carbon as the piperazic-proximal carbonyl and the δC 175.9 ppm carbon as the piperazic-

distal carbonyl.  

 

Consideration of the relative intensities of the proton-to-carbon crosspeaks in the HMBC 

data (Figure 56) gave some indication as to whether the existing published lydiamycin A 

structure or the revised structure was correct. The relative intensity of crosspeaks are 

described in the table within Figure 56 and may be considered an estimation of the distance 

between atoms. The piperazic-distal carbonyl carbon (δC 175.9 ppm) had crosspeaks with 

a pair of diastereotopic protons (both strong signals) and an R2CH proton (very weak 

signal). The piperazic-proximal carbonyl carbon (δC 177.4 ppm) had crosspeaks with proton 

19 (weak signal), the same pair of diastereotopic protons (one weak and one strong signal), 

the same R2CH proton (strong signal) and a different pair of diastereotopic protons (both 

strong signals).  

 

The characterisation of these crosspeaks was supported by the identification of 

diastereotopic protons (which have identical δC crosspeaking and coupling constant 

values). Further, a HSQC experiment was performed to determine the multiplicity of the 

protons on each carbon (Figure 57). The known CH3 carbons 13 and 14 were used as 

references and as such, positive values are illustrated in black and relate to a multiplicity of 

either CH or CH3 whereas negative values are illustrated in blue and relate to a multiplicity 

of CH2 (Figure 57). Therefore, the carbon at δC 46.0 ppm was confirmed to only have a single 

proton (R2CH).  
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Figure 56. Overview of HMBC NMR analysis of lydiamycin A. 

 

 
Figure 57. Overview of HSQC NMR analysis of lydiamycin A. 
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The observed HMBC crosspeaks between the relative protons and the warhead carbonyl 

carbons (and their relative intensities) was mapped onto both the published and proposed 

revised lydiamycin A structures (Figure 58) to determine which structure best fitted the 

observed NMR data. When considering the published lydiamycin A structure, the very weak 

crosspeak between the R2CH proton and the adjacent piperazic-distal carbonyl carbon was 

weaker than might be expected. Further, there were inconsistencies with the relative 

strengths of crosspeaks of diastereotopic protons to the piperazic-proximal carbonyl 

carbon as crosspeaks through less bonds were much weaker than crosspeaks through more 

bonds. Also, if the published structure was correct, it would be expected that the pair of 

diastereotopic protons on the pentyl chain would interact with the piperazic-distal 

carbonyl carbon, but these crosspeaks were not observed.  

 

In contrast, the revised lydiamycin A structure fits the observed HMBC correlations (Figure 

58) better as the relative crosspeak strengths are better correlated with the number of 

bonds between atoms. Therefore, this analysis suggests that the revised lydiamycin A 

structure is correct, and that the warhead is condensed to piperazic acid via the alpha-

proximal carbonyl. However, this analysis is qualitative, and the result is indicative rather 

than conclusive. Further NMR analysis was required to corroborate with this finding.  

 

 

 
Figure 58. Schematic of correlation of observed HMBC data to the published and proposed lydiamycin A 

structures. 
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A 1,1-ADEQUATE NMR experiment was performed on lydiamycin A, which is a 2D 

experiment which correlates between a carbon atom and a proton on a directly adjacent 

carbon. In this way, data is only acquired between carbons and protons that are two bonds 

away, which provides more precise detail than HMBC which can correlate over three or 

four bonds. This experiment should therefore distinguish between the two proposed 

lydiamycin A structures, as the proton multiplicity of the carbon atoms adjacent to the 

warhead carbonyl carbons differs between the two structures. In the published lydiamycin 

A structure, the carbon adjacent to the piperazic-acid proximal carbonyl carbon has two 

protons and the carbon adjacent to the piperazic-acid distal carbonyl carbon has a single 

proton. By contrast, in the revised lydiamycin A structure this proton multiplicity is reversed 

(Figure 59). 

 

Analysis of the 1,1-ADEQUATE NMR data (Figure 60) indicated that the piperazic-distal 

carbonyl carbon (δC 175.9 ppm) had crosspeaks with a pair of diastereotopic protons (δH 

3.33, 2.63 ppm) on the adjacent carbon. The piperazic-proximal carbonyl carbon (δC 177.4 

ppm) was found to have a crosspeak with a single proton at δH 3.05 ppm. Cross-referencing 

this with the HSQC proton multiplicity data (Figure 60) is consistent with the pair of 

diastereotopic protons having CH2 multiplicity and the proton at δH 3.05 ppm having R2CH 

multiplicity. Therefore, the observed 1,1-ADEQUATE data is contrary to the published 

lydiamycin A structure and supports the revised lydiamycin A structure.  

 

 
Figure 59. Comparison of expected 1,1-ADEQUATE NMR distinction of published and revised lydiamycin A 

structures. 
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Figure 60. Overview of 1,1-ADEQUATE NMR analysis of lydiamycin A. 

 

In conclusion, lydiamycin A has been identified as the product of the R. fascians D188nrp 

cluster. However, consideration of the proposed biosynthetic pathway of the newly 

discovered lydiamycin A BGC identified a structural inconsistency, and a revised structure 

was proposed. A novel HMBC crosspeak allowed for the distinction of key warhead 

carbonyl carbons, and consideration of the relative HMBC crosspeak intensities was more 

supportive of the revised lydiamycin A structure. The 1,1-ADEQUATE and HSQC NMR 

experiments were crucial for the characterisation of the immediately adjacent carbon 

atoms and their proton multiplicity, which is supportive of the revised lydiamycin A 

structure (Figure 61).  

 
Figure 61. Revised lydiamycin A structure with key NMR crosspeaks highlighted. 
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3.2.4.4 Assigning stereochemistry using published PGME data 

 

Having revised the structure of the warhead portion of lydiamycin A, the stereochemistry 

at C24 was evaluated by a colleague, Dr. Edward Hems (John Innes Centre). In the work of 

Hwang et al., they had assigned this stereocentre based on phenylglycine methyl ester 

(PGME) derivatisation of  lydiamycin A [319]. This methodology requires the comparison of 
1H NMR spectra of the (S)-PGME and (R)-PGME amides of lydiamycin A. Edward Hems 

reanalysed these published spectra in relation to the revised lydiamycin A structure and 

determined that the stereochemistry at C24 is (R) (Appendix Figure 114, [320]), as shown 

in Figure 61. This is consistent with the proposed biosynthetic logic as the proposed 

warhead biosynthesis pathway (Figure 15) would result in an R stereocentre.  

 

 

3.2.4.5 Potential Lydiamycin A congeners from Rhodoccocus fascians D188 

 

Earlier manual LC-MS comparison of the R. fascians D188 WT and ΔNRP strains led to the 

identification of twenty potential D188nrp cluster products (Section 3.2.2), the major 

product of which was identified as lydiamycin A. However, this metabolomic analysis had 

limited scope as any compounds that ionised weakly or otherwise produced small base 

peak chromatograms would have been overlooked during the manual comparison. Further, 

this analysis only provided precursor m/z value and retention time information rather than 

any more robust structural information.  

 

In order to enhance this metabolomic analysis, new R. fascians cultures were subject to 

mass spectral networking analysis. R. fascians D188 WT and Δnrp strains were grown in 

both SM12 and YEB media for five days and extracted. The extracts were analysed by LC-

MS-MS, which was submitted for mass spectral networking analysis. This technique 

networks structurally related metabolites together based on shared MS-MS fragmentation 

patterns and has the advantage of visualising potential lydiamycin BGC products as the 

colour of each node indicates whether the compound was detected in the WT or Δnrp 

extracts. Media only samples were used as negative controls to identify metabolites not 

associated with R. fascians. 

 

The full results of the mass spectral networking analysis are shown in Figure 62. Each node 

represents a compound precursor mass and the width of each edge is proportional to the 

structural relatedness of each compound. The colour of each node indicates which strain 

is producing the compound (red indicates production by the WT strain and blue indicates 

production by the Δnrp strain). The size of each node is representative of the relative 
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amount of each compound in the extracts. Overall, the R. fascians metabolites network 

into four major networks with a great number of smaller networks. Networks one and two 

contain compounds which are produced in roughly equal amounts by both the WT and 

Δnrp strains and are therefore unrelated to the lydiamycin cluster. Whereas networks three 

and four contain some metabolites that are only produced by the WT strain and never by 

the Δnrp strain (Figure 62). This is suggestive that the metabolites within networks three 

and four may be products of the lydiamycin BGC.  

 

Networks three and four were investigated further and the precursor m/z value of each 

node labelled (Figure 63). Lydiamycin A is the most abundant compound in network three 

(denoted with an asterisk) and the wide edge thickness indicates that lydiamycin A shares 

a considerable degree of structural similarity to the other compounds in the network. The 

presence of highly structurally similar compound which are detected only in the Δnrp 

extracts (blue nodes) may be indicative of shunt metabolites of lydiamycin biosynthesis 

given that the NRPS only has a deletion in a single A domain.  

 

Network four appeared to consist mainly of sodiated adducts of metabolites found in 

network three. For instance, the major node of network four has a m/z value of 686.346 

which corresponds to a sodiated adduct of lydiamycin A [M+Na]+ (Figure 63). As such, 

network three is likely to consist of the lydiamycin cluster products, detected as protonated 

ions. 

 

It is interesting that lydiamycin A is highly structurally related to a number of compounds 

that are absent when the BGC is disrupted. This is another indication that R. fascians may 

produce a number of structurally related lydiamycin congeners. Consideration of the mass 

differences between compounds can suggest structural variances. For instance, the 

678.381 metabolite may be a methylated version of lydiamycin A (M+14). However, 

isolation and structural characterisation of these metabolites is required to confirm and 

determine where the modification is introduced.   
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Figure 62. Overview of R. fascians metabolomic spectral networks. 
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Figure 63. R. fascians metabolomic spectral networks that are enriched with potential D188nrp products. 

Lydiamycin A is denoted with an asterisk. 

 

 

This spectral networking analysis cannot be directly compared to the previous manual 

comparative metabolomic analysis as these analyses have different scopes. The manual 

analysis was performed with nine production media across two timepoints, whereas the 

spectral networking is a snapshot of production in two media at a single time point. Further 

work would be required to fully characterise the metabolomic profile and induction 

conditions of R. fascians. Nevertheless, these analyses indicate that R. fascians produces 

lydiamycin A and a number of structurally related metabolites which may represent novel 

lydiamycin congeners. 
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3.3 Discussion and conclusions 

3.3.1 Summary / Discussion of Results 

 

This investigation began with the bioinformatic analysis of actinomycete genomes in order 

to identify putative warhead-NP BGCs. This resulted in the identification of a single small 

clade of sequences which had a co-association with putative warhead biosynthesis genes 

and the necessary biosynthetic machinery for peptide backbone biosynthesis. There were 

several potentially new genera of warhead-NP producers and this bioinformatic approach 

was very effective for the identification of new compound leads. As this approach only 

requires knowledge of one pathway-specific gene and some of the likely accessory 

biosynthetic genes, it may be used for other projects and the scope could be increased to 

include non-actinomycetes. However, it is not possible to rely entirely on the results of the 

co-association analysis as several sequences are present at the end of contigs (denoted by 

a grey star in Figure 38) and there have been instances of warhead-containing natural 

products that are biosynthesised using genes outside of the BGC (for instance the mutase 

small subunit in actinonin biosynthesis [207]). Therefore, the true complement of co-

associated genes of interest may be larger.  

 

It is also interesting that the co-association of these putative warhead-NP biosynthesis 

genes were constrained to one clade of mutases, which could indicate that these mutases 

are specific for warhead-NP biosynthesis. This phylogenetic association with actinonin, 

matlystatin and lydiamycin suggests that they are hexylmalonyl-CoA specific whereas most 

of the other sequences in the phylogenetic tree are likely ethylmalonyl-CoA or 

methylmalonyl-CoA mutases.  

 

The R. fascians D188nrp cluster was selected for further investigation as the bacterium is 

an important plant pathogen and it was proposed that the putative warhead-NP may be 

involved in pathogenesis. Comparative metabolomic analysis led to the isolation of the 

major D188nrp product, lydiamycin A. Lydiamycin A was first isolated in 2006 as an 

antimycobacterial agent produced by Streptomyces lydicus [318]. In this initial report, the 

macrocyclic pentapeptide structure with a pentylsuccinic acid tail was deduced by MS and 

NMR analysis. Further, three congeners (lydiamycin B, C, D) were identified which had 

varied hydroxylation modifications and state of desaturation in the backbone piperazic acid 

residue. However, questions remained about the chemistry of the molecule as the 

stereochemistry of the pentyl carboxylic acid and the adjacent piperazic acid was not 

initially determined.  
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There were subsequently multiple attempts to clarify the stereochemistry of lydiamycin A 

and B by the synthesis of their diastereomers [321, 322]. However, none of the 

diastereomers had identical NMR data to their isolated natural counterparts, which was 

indicative of incorrect stereochemical assignment in the initial report. It was not until 2020 

that the work of Hwang et al. rectified the incorrect stereocentre assignment and 

determined the remaining two stereocentres [319]. An advanced Marfey’s analysis revised 

the absolute configuration of C-2 from R to S, which explained why the above diastereomer 

synthetic attempts failed. The identity of the unassigned stereocentres was determined – 

the terminal piperazic acid by advanced Marfey’s method and the acyl chain 

stereochemistry was determined by derivatisation of the free carboxylic acid with known 

isomers of PGME and comparison of the proton NMR shifts to the natural compound [319, 

320].  

 

As such, there have been a number of studies into the structure and stereochemistry of the 

lydiamycins, most of which have been from a synthetic chemistry viewpoint. However, the 

identification of the lydiamycin BGC and prediction of a likely biosynthetic pathway has 

suggested that the published lydiamycin A structure is unsupported by biosynthetic logic. 

A revised lydiamycin A structure was proposed where the pentylsuccinic acid group is 

installed via alpha-proximal condensation. Extensive NMR experimentation supports the 

revised structure. As such, consideration of the biosynthetic potential of the BGC is 

presented as an important tool which may inform structural nuances that are invisible by 

routine chemical derivatisation or NMR analysis. 

 

The identification of the lydiamycin BGC and the structural revision has allowed the 

proposal of a lydiamycin A biosynthetic pathway (Figure 64). The warhead biosynthesis 

proteins are proposed to biosynthesise the carboxylated warhead. It is proposed that the 

warhead is CoA-activated at the alpha-proximal carboxylic acid, which is condensed to 

piperazic acid by LydL. It is proposed that subsequent NRPS modules of LydH condense a 

serine residue, followed by a leucine, alanine and piperazic acid. The LydE and LydF proteins 

biosynthesise the nonproteinogenic piperazic acid residues. Finally, it is predicted that 

there is thioesterase-catalysed cyclisation of the peptide to generate mature lydiamycin A.  
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Figure 64. Proposed lydiamycin A biosynthesis pathway. Abbreviations: Adenylation (A), Condensation (C), 

Peptide carrier protein (PCP), Thioesterase (TE).  

 

 

This works represented the first identification of the lydiamycin BGC. However, during the 

course of this work, a very similar BGC was reported by Libis et al. in 2022 [323] whilst 

investigating the large-scale expression of BGCs for natural product identification. 

However, Libis et al. did not report on the structural revision of lydiamycin A. Interestingly, 

their lydiamycin cluster was from Streptomyces aureoverticillatus strain JCM 4347 – a strain 

which was identified in the actinomycete bioinformatic analysis in this work (Figure 38). 

Comparison of the confirmed lydiamycin producing clusters, S. aureoverticillatus and R. 

fascians (Figure 65), indicate that they are highly similar, however the S. aureoverticillatus 

cluster is lacking the predicted regulator, prenyltransferase, MbtH-like and epimerase 

genes. The lack of an epimerase is possibly an artifact of sequencing or cluster boundary 

determination, as it would not be possible to generate the warhead without it. This 

comparison also suggests that either the regulator and prenyltransferase genes are non-

essential or possibly that they contribute to product variation, as it is not reported that the 

S. aureoverticillatus cluster produces any potential structural congeners.  
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Two of the strains present in the same warhead sub-clade (denoted by an asterisk in Figure 

38) have now been confirmed to produce lydiamycin A. As such, it is possible that this 

subclade represents producers of lydiamycin as they also share similar co-association 

profiles – including the lack of hydroxamate-maturation genes (asparagine synthetase and 

N-oxygenase). The cluster of another member of this sub-clade, Streptomyces venezuelae 

ATCC 14583, was found to be very similar to the known lydiamycin BGCs (Figure 65) and 

found to feature identical NRPS architecture to the R. fascians and S. aureoverticillatus 

clusters (Appendix Figure 115). This supports the hypothesis that this sub-clade may 

consist of lydiamycin producers, however this would have to be determined 

experimentally.  

 

 
Figure 65. Comparison of known lydiamycin BGCs and proposed lydiamycin cluster from S. venezuelae. 

Sequence similarity is denoted by greyscale linker. S. aureoverticillatus cluster is described in [323]. 

 

 

Comparative metabolomics and spectral networking analyses have identified a number of 

metabolites that are structurally related to lydiamycin A and their production is completely 

absent in the Δnrp strain. This is suggestive that R. fascians may produce a number of 

lydiamycin congeners, although these metabolites need to be isolated and characterised 

to confirm this. Interestingly, the known lydiamycin B, C and D congeners are not present 

in the culture extracts (as protonated or sodiated species). This is suggestive that different 

lydiamycin BGCs may have different tailoring enzymes, NRPS specificity promiscuity or 

regulatory circuits that may determine the possible lydiamycin congener chemical 

diversity. This is supported by the lydiamycin BGC identified in S. aureoverticillatus having 

a different range of genes in the predicted cluster boundary. 
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This work highlights the importance of investigating known BGCs in different producers, as 

they may feature different congener potential. The identification of homologous core 

biosynthetic machinery with varied tailoring capacity has been exploited in the literature. 

Morgan and colleagues identified novel congeners of the lipodepsipeptide ramoplanin by 

identification of related BGCs and led to the identification of chersinamycin from the 

actinomycete Micromonospora chersina [324]. The examination of a conserved BGC found 

in three fungal species resulted in the identification of structurally diverse cyclic 

depsipeptides from the beauveriolide family [325]. This relatively underexplored approach 

may allow the systematic screening of novel BGCs homologous to known clinical natural 

products, perhaps enhancing the chemodiversity of congeners available for SAR studies 

and pharmacological optimisation.  

 

 

 

3.3.2 Future Perspectives 

 

It would be interesting to gain more information as to the chemical diversity potential of 

the R. fascians lydiamycin cluster. This may involve performing additional fermentations 

using varied production media and sampling timepoints and analyse the metabolite 

content of extracts using the spectral networking methodology. This would enhance our 

understanding of putative lydiamycin congeners. This could be expanded to include other 

secondary metabolite induction techniques, for example supplementation with chemical 

induction agents, engineering the cluster regulatory system or supplementation with plant 

exudates.  

 

Work is ongoing to isolate some of the potential lydiamycin congeners. Once purified, these 

can be structurally characterised (which should be aided by the above NMR assignment 

work), and their bioactivity assessed.  

 

It would be beneficial to perform some more genetic experimentation – primarily to 

attempt to discern the cluster boundaries either by mutation in R. fascians or heterologous 

expression of different sections of the cluster. Further, work is ongoing to express the late-

stage warhead maturation genes (asparagine synthetase and N-oxygenase) in R. fascians 

D188. This may lead to the isolation of a hydroxamated lydiamycin compound which has 

the potential to exhibit greater bioactivity than lydiamycin A. 
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Chapter 4: Lydiamycin A Bioactivity 

 

4.1 Introduction 

 

In the previous chapter the plant pathogen R. fascians was found to produce the warhead-

NP lydiamycin A and the BGC was identified. Based on biosynthetic logic and novel NMR 

data, the structure of lydiamycin A was revised. The only published bioactivity of lydiamycin 

A is as an antimycobacterial agent. However, the question still remains as to the 

physiological role of lydiamycin in the arsenal of R. fascians. 

 

It is possible that lydiamycin A may have a role in plant colonisation or leafy gall disease 

development. This notion is supported by the fact that the lydiamycin BGC is present on 

the pathogenicity-associated pFiD188 megaplasmid along with the known genetic 

determinants of leafy gall disease (see Section 3.1.2). Further, the presence of a copy of 

peptide deformylase (PDF) in the lydiamycin BGC may represent a self-immunity 

determinant. The fact that the structurally related warhead-NP, actinonin, is the most 

potent natural PDF inhibitor (PDFI) (see Section 1.6) supports this. These potential 

lydiamycin bioactivities will be tested in this chapter.  

 

 

 

4.1.1 The Reported Bioactivity of Lydiamycin A 

 

Lydiamycins A-D were isolated in 2006 from Streptomyces lydicus strain HKI0343 and found 

to be effective antimycobacterial agents [318]. Lydiamycin A was reported to selectively 

inhibit a number of mycobacteria (M. smegmatis SG 987, M. aurum SB66 and M. vaccae 

IMET 10670), with minimum inhibitory concentration (MIC) values of 25, 6.3 and 3.1 µg/mL 

respectively [318]. Further, lydiamycin A was tested against strains of M. tuberculosis, 

including the wild type H37Rv strain and a multi-drug resistant clinical isolate, and 

produced MICs of 12.5 and 25 µg/mL respectively [318]. The minimum bactericidal 

concentration (MBC) of lydiamycin A was also determined as the concentration required 

for complete inhibition of growth against the above M. tuberculosis strains and was double 

the MIC values. These assays were performed using solid agar techniques. Further, the 

lydiamycins were found to be non-toxic to human cell lines [318]. 
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However, a later study reported that the antimycobacterial potency of lydiamycin A was 

much weaker than first indicated. The work of Hwang and colleagues used a microplate-

based liquid medium assay to determine the antimycobacterial activity against M. 

tuberculosis mc2 6230. Mycobacterial growth was plotted against lydiamycin A 

concentration in order to calculate MIC50 and MIC90 values (drug concentrations at which 

50% and 90% of M. tuberculosis had completely arrested growth). MIC50 and MIC90 values 

were determined to be 31 µg/mL and 286 µg/mL, respectively, and complete killing of the 

mycobacteria was never observed (MBC >300 µg/mL) [319]. 

 

Lydiamycin A has also been tested for other bioactivities. No anti-cancer properties were 

identified against a screen of cancer cell lines, including gastric, liver, lung, colon and breast 

cancer [319]. Further, lydiamycin A did not exhibit antimicrobial activity against a screen of 

pathogenic bacteria (Staphylococcus aureus, Enterococcus faecalis, Klebsiella pneumonia, 

Salmonella enterica and E. coli) nor pathogenic fungi (Candida albicans, Aspergillus 

fumigatus, Trichophyton rubrum and Trichophyton mentagrophytes) [319].  

 

Therefore, the major reported bioactivity of lydiamycin A is as an antimycobacterial agent, 

however, there remain inconsistencies in the field as to the potency of this activity. Further, 

the exact molecular target of lydiamycin was unknown. Overall, previous reports have 

presented the lydiamycins as interesting molecules that may represent a novel platform 

for antimycobacterial drug development as they are relatively potent and human 

cytotoxicity has not been observed.  

 

The lydiamycins are cyclic lipodepsipeptides (CLPs), which indicates that they are 

macrocylised (cyclic), they feature fatty acid lipid tails (lipo-) and that at least one of the 

amide bonds in the peptide backbone are replaced by an ester linkage (depsipeptide). The 

two major drives of CLP investigation is their uses as antimicrobials effective against multi-

drug resistant pathogens and their production by biocontrol strains for the control of plant 

diseases [326]. For instance, the CLP daptomycin is produced by Streptomyces roseosporus 

and has been approved for the treatment of complicated skin and soft tissue infections 

[327]. Daptomycin is effective against a number of multi-drug resistant organisms, 

including methicillin-resistant S. aureus (MRSA), vancomycin-resistant enterococci (VRE) 

and penicillin-resistant Streptococcus pneumoniae [328]. In terms of the agricultural 

importance of CLPs, biocontrol strains are known to produce CLPs that confer antimicrobial 

and antifungal bioactivity [329]. For instance, the pseudophomins are CLPs produced by 

Pseudomonas fluorescens that are active against phytopathogenic fungi [330] and the 

antimicrobial activity of a viscosin-like CLP produced by Pseudomonas sp. is explored in the 

next chapter. 
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The range of reported CLP bioactivities is also expanding, with examples of biosurfactants, 

herbicides, insecticides, anticancer agents and immunosuppression agents [331-334]. 

Therefore, this wide range of CLP bioactivities indicates that it is important to thoroughly 

test the bioactivities of CLPs.  

 

 

4.1.2 Chapter Aims 

 

Lydiamycin A was first reported as an antimycobacterial agent. However, this work 

presents the first identification of the lydiamycin BGC, Rhodococcus fascians as a producer 

and the revised structure of lydiamycin A. In this chapter, the antimycobacterial activity of 

lydiamycin A will be tested. Further, several more exploratory and broader bioactivities of 

the lydiamycins will be tested. To achieve this, the specific aims of this chapter are: 

 

i. Determine the antimycobacterial activity of lydiamycin A 

ii. Assess whether lydiamycin A inhibits PDF 

iii. Assess whether lydiamycin production plays a role in R. fascians plant colonisation 

or leafy gall disease progression 
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4.2 Results 

 

4.2.1 Quantifying the Antimicrobial Activity of Lydiamycin A. 

 

With purified lydiamycin A to hand, the first bioactivity investigated was the reported 

antimycobacterial activity. The reporter strain selected was Mycobacterium smegmatis 

mc2
 155 as this species had been used in the initial report, where the MIC of lydiamycin A 

was determined as 25.0 µg/mL [318]. Further, M. smegmatis is fast-growing and non-

pathogenic and is widely used as a model system to study M. tuberculosis [335] so may 

allow wider parallels to be drawn from the results.  

 

In order to estimate the MIC of lydiamycin A against reporter strains, the spot-on-lawn 

assay was used (see materials and methods for details). In brief, different concentrations 

of lydiamycin A were spotted onto solid agar inoculated with the reporter strain. The plate 

was incubated until growth was observed and the MIC was determined as the 

concentration at which growth is absent around the applied compound. A spot-on-lawn 

assay was performed with M. smegmatis challenged with lydiamycin A. However, the MIC 

of lydiamycin A against M. smegmatis proved greater than the highest concentration used 

of 600 µg/mL (Figure 66). 

 

In order to determine whether E. coli was susceptible to lydiamycin A, another spot-on-

lawn assay was performed. The E. coli NR698 strain was selected as it features a modified 

outer membrane that is more permeable to extracellular compounds and therefore 

represented the E. coli strain that was most likely to be susceptible to lydiamycin A [336]. 

E. coli NR698 was challenged with lydiamycin A (Figure 67), however proved resistant 

against the highest concentration tested (MIC > 600 µg/mL).  

 

Therefore, in our lab, the spot-on-lawn assay was not suitable for quantifying the 

antimicrobial activity of lydiamycin A as the reported antimycobacterial activity was not 

being replicated. 
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Figure 66. Spot-on-lawn assay of lydiamycin A against M. smegmatis mc2155. Lydiamycin A concentration is 

denoted in µg/mL. Negative control spot of methanol (diluent solvent) and positive control spot of 50 µg/mL 

kanamycin are indicated. M. smegmatis is grown on MOADC. 

 

 
Figure 67. Spot-on-lawn assay of lydiamycin A against E. coli NR698. Lydiamycin A concentration is denoted 

in µg/mL. Negative control spot of methanol (diluent solvent) and positive control spot of 50 µg/mL 

kanamycin are indicated. E. coli NR698 is grown on SNA. 
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Due to the problems of detecting the antibacterial activity of lydiamycin A on solid medium 

bioassays, an assay was developed for the comparison of growth curves to assess the 

antimicrobial activity of lydiamycin A. In brief, the E. coli NR698 or M. smegmatis mc2155 

strains were grown in triplicate in 96-well plates, with and without challenge with 

lydiamycin A (see materials and methods for details). Several preliminary experiments were 

performed in order to determine the minimum inoculum required which supported normal 

growth, as this would offer maximal sensitivity to the addition of an antimicrobial agent. 

This was also tested in parallel with the addition of solvents required for the solubilisation 

and addition of lydiamycin A. Previous experimentation has indicated that lydiamycin A is 

soluble in MeOH and DMSO, therefore reporter strain sensitivity towards 5% v/v of these 

two solvents were also tested. These preliminary experiments indicated that MeOH was 

tolerated far better than DMSO and that the optimal starting inoculum of both the reporter 

strains were O.D. 0.05 (Appendix Figure 116, Figure 117). These experiments also 

suggested that M. smegmatis may be the favoured reporter strain as it has greater 

resistance to 5% MeOH, as compared to the E. coli strain, and therefore it may be easier to 

delineate the effects of lydiamycin A from the solvent using M. smegmatis. 

 

Having demonstrated that methanol was a suitable low-toxicity lydiamycin diluent for 

growth curves, the two reporter strains were challenged with lydiamycin A. In brief, both 

reporter strains were grown in triplicate using a starting inoculum concentration of O.D. 

0.05. Strains were grown in the presence of 5% v/v methanol or 50 µM lydiamycin A (at 5% 

v/v methanol). This concentration of lydiamycin A was chosen as it is approximately equal 

to the MIC and MIC50 against Mycobacteria reported in the literature (38  and 47 µM 

respectively [318, 319]). Growth curves were visualised by a solid line representing the 

median O.D. reading and a shaded envelope representing the minimum and maximum O.D. 

reading bounds at each time point. This representation of raw data is used hereinafter.  
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Figure 68. Growth curve of E. coli NR698 grown in the presence and absence of lydiamycin A. Figure generated 

using a R script written by Dr. Alaster Moffat (John Innes Centre). All subsequent growth curve figures were 

also generated using this script.  

 

 
Figure 69. Growth curve of M. smegmatis grown in the presence and absence of lydiamycin A. 

 

When E. coli NR698 was challenged with 50 µM lydiamycin A (Figure 68) the growth was 

delayed by approximately ten hours and the treated cultures did not reach the same O.D. 

at stationary phase as the untreated or methanol control cultures. Therefore, lydiamycin A 

proves to have a moderate antimicrobial effect upon the growth of E. coli NR698 at this 

concentration, however the strain is able to almost entirely recover.  

 

Lydiamycin A also caused a moderate antibacterial effect upon M. smegmatis (Figure 69). 

As compared to the methanol treated cultures, those treated with 50 µM lydiamycin A had 

greatly reduced growth. However, it was clear from this experiment that the M. smegmatis 

growth curves should be run for a longer period as they did not appear to reach stationary 

phase by 24 hours. Further, there was a large amount of variance in the M. smegmatis O.D. 

readings at each time point. Consideration of the microplates after the experiment 
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indicated that was caused by aggregation of the bacteria in the wells. Efforts to reduce 

these drawbacks are addressed in the following section.  

 

Overall, these growth curve experiments indicated that lydiamycin A has a moderate 

antimicrobial effect upon the E. coli NR698 and M. smegmatis reporter strains. Further 

optimisation of the M. smegmatis assay was required. 

 

 

4.2.2 Is LydA an immunity determinant? 

 

The lydA PDF gene is located at the edge of the predicted lydiamycin cluster boundary 

(Figure 42) and it is unclear whether it is part of the BGC. However, analysis of the R. 

fascians genome indicated that there are a further two proposed PDF genes present on the 

chromosome (45% and 40% sequence similarity to lydA), which are likely housekeeping 

copies. Further, structurally related warhead-NPs have been reported to be potent PDF 

inhibitors [128]. Therefore, it was proposed that lydA may represent a self-immunity 

determinant and that the LydA PDF protein may be resistant to the proposed PDFI activity 

of lydiamycin A, thus conferring resistance to the producer strain. Unfortunately, we did 

not have experimental expertise in Rhodococcus genetic manipulation in order to knock 

out lydA function in the producer strain. Instead, this hypothesis was tested by cloning the 

lydA gene into M. smegmatis, which had been proven to be lydiamycin A sensitive, and 

determining whether lydA expression conferred resistance.  

 

 

4.2.2.1 Cloning lydA into pJAM2 

The pJAM2 plasmid [337] was selected for these experiments as it is routinely used for 

mycobacterium protein expression and has been proven to be stable in M. smegmatis 

[338]. Protein expression is controlled by the pAMI acetamide inducible promotor. 

 

The pJAM2:lydA plasmid was generated in E. coli. In brief, the lydA gene was amplified from 

R. fascians D188 gDNA. This was inserted into the pJAM2 backbone by ligation. The 

resultant pJAM2:lydA vector was verified by sequencing and then electrotransformed into 

M. smegmatis mc2155. The resultant pJAM2:lydA plasmid confers kanamycin resistance 

and the acetamide-inducible expression of LydA (Appendix Figure 118). An empty vector 

(EV) control was also generated by transforming pJAM2 into M. smegmatis. 
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4.2.2.2 Optimisation of M. smegmatis growth curves 

 

The variation observed in previous M. smegmatis growth curves had been proposed to be 

caused by aggregation of the cells in the microtitre wells. In an attempt to reduce this 

effect, the M. smeg:pJAM2(EV) and M. smeg:pJAM2(lydA) strains were grown in the 

presence and absence of 0.25% TWEEN-80 surfactant, which has been used in 

mycobacterial culture in the literature [337, 338]. In addition to this, 5% v/v methanol and 

0.2% v/v acetamide were added to the cultures to mimic the addition of solubilised 

lydiamycin and inducer.  

 

The addition of 0.25% TWEEN-80 reduced the variability of M. smegmatis O.D. readings at 

each time point and thus resulted in a reduced envelope of raw data variance on the 

plotted growth curve (Figure 70). This is likely due to reduced aggregation of M. smegmatis 

in the microtitre plate well, as this was observed to a far reduced degree at the end of the 

platereader run. Further, the cultures supplemented with TWEEN-80 had a faster growth 

rate and achieved a greater O.D. value as they reached stationary phase (Figure 70). 

Perhaps this was due to increased planktonic growth and therefore an enhanced bacterial 

surface area to exchange nutrients and waste products in the culture to support more 

efficient growth. Following this experiment, all M. smegmatis pre-cultures and growth 

curve microtitre cultures were supplemented with 0.25% TWEEN-80. Further, this 

experiment confirms that the production of LydA protein did not cause any growth defects 

as compared to the EV control (Figure 70). 

 

 
Figure 70. Comparison of absence and presence of TWEEN-80 surfactant on the growth of M. smegmatis. 
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4.2.2.3 Does LydA Confer Lydiamycin A Resistance? 

 

In order to determine whether the expression of lydA confers resistance against lydiamycin 

A, the M. smeg:pJAM2(EV) and M. smeg:pJAM2(lydA) strains were grown in the absence 

and presence of 50 µM lydiamycin A (Figure 71). All cultures were supplemented with 0.2% 

acetamide and untreated cultures were supplemented with 5% v/v methanol to match the 

content of the treated cultures.  

 

Consistent with previous experimentation, the M. smeg:pJAM2(EV) control strain was 

sensitive to lydiamycin A as indicated by the blue line in Figure 71. However, when 

challenged with 50 µM lydiamycin A, the M. smeg:pJAM2(lydA) strain demonstrated 

resistance against lydiamycin A (indicated by the green line in Figure 71). This M. 

smegmatis culture expressing the LydA PDF protein had slightly slower growth compared 

to untreated cultures but ultimately reached the same culture density. Taken together, this 

experiment indicated that the LydA PDF protein is able to confer resistance against 

lydiamycin A. Taken a step further, this result suggested that PDF is a molecular target of 

lydiamycin A and may represent the mechanism of action of the antimycobacterial activity 

reported in the literature.  

 

 
Figure 71. Effect of M. smegmatis expression of lydA on the sensitivity to lydiamycin A. 
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4.2.2.4 Is lydiamycin resistance conferred by PDF titration? 

 

To further characterise the observed LydA-mediated resistance against lydiamycin A, an 

experiment was conducted to determine whether any overexpressed PDF protein could 

have caused this effect by effectively titrating lydiamycin A from the culture. To this end, 

the housekeeping M. smegmatis PDF gene (MsPDF) was cloned into pJAM2 and 

transformed into M. smegmatis to generate the M. smeg:pJAM2(MsPDF) strain. This 

specific PDF gene was selected as it was likely to fold correctly during overexpression due 

to being a native M. smegmatis protein. 

 

The M. smeg:pJAM2(EV) and M. smeg:pJAM2(MsPDF) strains were grown in the presence 

and absence of 50 µM lydiamycin A, all under induction conditions. Again, the EV control 

strain grew normally when untreated and was killed when treated with lydiamycin A 

(shown by the grey and blue lines respectively in Figure 72). The MsPDF expression strain 

grew a little slower than the EV control strain but ultimately reached the same culture 

density. However, the treated MsPDF expression strain (green line in Figure 72) was 

completely killed by the presence of 50 µM lydiamycin A. These data indicated that the 

housekeeping MsPDF protein was unable to confer resistance against lydiamycin A, which 

is indicative that the observed LydA-mediated resistance is not mediated by titration of 

lydiamycin. Instead, it is possible that the LydA PDF is specifically resistant against 

inactivation by lydiamycin A. This may be mediated by residue changes that affect the 

shape of the active site and thus block the binding of lydiamycin A to LydA. This hypothesis 

will be considered in Section 4.3.1. 

 

 

 
Figure 72. Effect of M. smegmatis expression of MsPDF on the sensitivity to lydiamycin A. 
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4.2.2.5 Can LydA confer actinonin resistance? 

 

An experiment was conducted to determine whether LydA could confer resistance against 

actinonin. This was supported by the logic that actinonin and lydiamycin A are structurally 

similar (Figure 73). However, there are some important structural differences. The 

actinonin warhead features a hydroxamic acid whereas the lydiamycin A warhead features 

a carboxylic acid. Further, the peptide backbones of actinonin and lydiamycin A are 

dissimilar and this region is known to be important for the affinity of a PDFI to the PDF 

active site [339]. Therefore, this experiment was performed to understand the range of 

PDFI compounds that LydA may confer resistance against. 

 
Figure 73. Comparison of lydiamycin A and actinonin structures. Warhead groups coloured in red. 

 

The M. smeg:pJAM2(EV) and M. smeg:pJAM2(lydA) strains were grown in the presence and 

absence of 50 µM actinonin. The LydA expression strain grew in the absence of actinonin 

(indicated by the red line in Figure 74), albeit with a slower growth rate as compared to the 

EV control strain. The M. smegmatis EV control strain was effectively killed when treated 

with 50 µM actinonin (Figure 74). Interestingly, the expression of LydA conferred resistance 

when treated with 50 µM actinonin (indicated by the green line in Figure 74). The growth 

rate of the treated LydA expression strain was severally reduced over the first forty hours 

of the experiment, however the final culture density of this strain was consistent with the 

untreated strains by the sixty-hour mark. These preliminary data indicate that the LydA PDF 

is also able to confer resistance against actinonin (Figure 71).  

 

Overall, these M. smegmatis growth curve assays have indicated that the LydA PDF is able 

to confer resistance against lydiamycin A and this interaction is likely caused by a specific 

resistance as resistance was not observed by the overexpression of the housekeeping PDF. 

There is also some preliminary data to suggest that LydA also confers resistance against 

actinonin. 
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Figure 74. Effect of M. smegmatis expression of lydA on the sensitivity to actinonin. 

 

 

4.2.2.6 In vitro characterisation of lydiamycin A PDF inhibition 

The above Mycobacterium growth curve assays have indicated that the LydA PDF protein 

is able to confer resistance against lydiamycin A. This was suggestive that the molecular 

target of lydiamycin A was PDF. In order to experimentally prove this hypothesis, a 

collaboration was established with the Rodnina laboratory (Max Planck Institute for 

Multidisciplinary Sciences, Germany), with whom a sample of lydiamycin A was shared.  

These collaborators (Lena Bögeholz, Evan Mercier) used established methodology for the 

in vitro assessment of PDF activity  [340-343]. In brief, the activity of PDF was measured 

using a colorimetric coupled enzyme assay. A formylated dipeptide, formyl-Met-Leu-p-

nitroaniline (fML-pNA) can be deformylated by PDF. The dipeptide product can then be 

hydrolysed by recombinant aminopeptidase protein to release p-nitroaniline, which is 

monitored spectrophotometrically at 405 nm (see materials and methods for details). They 

determined that lydiamycin A inhibited E. coli PDF function in a dose-dependent manner, 

with an IC50 of 4.6 µM (Figure 75).  
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Figure 75. In vitro inhibition of E. coli PDF by lydiamycin A. Experiment performed and figure prepared by 

Lena Bögeholz.  

Therefore, this data indicated that lydiamycin A is able to inhibit E. coli PDF protein. In the 

future, this experiment may be repeated with the LydA protein to determine whether the 

observed in vivo resistance corresponds to an increased in vitro IC50 value.  

 

 

4.2.3 In planta assays 

 

As R. fascians D188 is a well-documented epiphyte and the causative agent of leafy gall 

disease, experiments were performed to determine whether lydiamycin A production 

played a role in planta. This notion was supported by the fact that the lydiamycin BGC is 

present on the pathogenicity-associated megaplasmid along with the known genetic 

determinants of leafy gall disease. Therefore, assays were performed to assess the 

bioactivity of lydiamycin A in relation to plants. Three possible hypotheses were tested: 

 

1. Is lydiamycin A directly toxic to plants? 

2. Is lydiamycin A involved in leafy gall development? 

3. Does the production of lydiamycin enhance the ecological fitness of R. fascians in 

planta?  

 

Nicotiana benthamiana and Nicotiana tabacum (tobacco) species were selected as suitable 

plant models for R. fascians infection and leafy gall formation as they have been widely 

used in previous literature. Existing Nicotiana methodologies include seedling assays [344], 

whole plant assays [344] and excised leaf assays [304], which are explained below.  
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A preliminary experiment was conducted to determine whether R. fascians biosynthesised 

lydiamycin A when grown on plants. N. benthamiana seedlings were inoculated with either 

R. fascians WT or R. fascians Δnrp strains and allowed to grow for another week. The 

seedlings were then extracted in methanol and extracts were analysed by LC-MS. The 

extracted ion chromatograms for lydiamycin A ([M+H]+ = 664.37) are presented in Figure 

76 and indicate that lydiamycin A is present in all R. fascians WT replicates and none of the 

R. fascians Δnrp replicates. This indicates that lydiamycin A is produced by R. fascians WT 

when grown on plants and therefore supports the further characterisation of the in planta 

role of lydiamycin A.  

 

 
Figure 76. Production of lydiamycin A by R. fascians in planta. 

 

 

4.2.3.1 Is lydiamycin A directly toxic to plants? 

 

A root length assay, based on the methodology of Savory and colleagues [344], was 

developed to determine the phytotoxicity of lydiamycin A. In brief, N. benthamiana seeds 

were surface sterilised and grown on an agar plate that is positioned vertically in a plant 

growth chamber. After a week of growth, the seedlings are inoculated with either R. 

fascians WT or Δnrp strains and sterile solution was used for mock treatment. The seedlings 

were grown for another week and the amount of root growth over this week period was 

recorded. The production of a phytotoxic compound would cause a reduction in root 

growth as compared to the mock treatment seedlings.  

 

The results of the root length assay are displayed in Figure 77. Each dot represents a single 

seedling data point and the median and interquartile range are represented by the error 

bars. There was a significant (t-test, p<0.00005) reduction in root length growth in R. 

fascians WT and Δnrp infected seedlings, as compared to the mock treatment. This 
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indicates that the growth of R. fascians on the seedlings is stunting root growth, which has 

been observed previously in the literature [344]. However, there was no significant 

difference (t-test, p=0.985) between the root length growth of R. fascians WT and Δnrp 

infected seedlings. As the only difference between these strains is the production of 

lydiamycin, this result indicates that lydiamycin does not act as a general phytotoxin. This 

experiment was repeated once (data not shown) and also once by a collaborator (Dr. Isolde 

Francis, California State University Bakersfield, USA) and similar results were observed.  

 

 
Figure 77. N. benthamiana root length assay to determine phytotoxic effect of lydiamycin production. *** = 

t-test significance where p<0.00005 

 

 

4.2.3.2 Is lydiamycin A involved in leafy gall disease pathogenesis? 

 

In order to assess whether the production of lydiamycin affected the occurrence rate or 

severity of leafy gall disease, two assays were used. In the first, whole tobacco plants were 

infected, according to the methodology of Savory and colleagues [344], and leafy gall 

disease monitored. In brief, sterile N. benthamiana plants were grown aseptically for six 

weeks. The meristem of the plants were pinched with forceps and then infected with either 

R. fascians WT or Δnrp or with sterile mock infection. Plants were allowed to grow for 

another four weeks and were then imaged. Nine N. benthamiana plants were grown under 

each of the three conditions (uninfected, R. fascians WT infection, R. fascians Δnrp 

infection). 100% of R. fascians WT infected and 100% of R. fascians Δnrp infected plants 
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developed leafy galls, whereas none of the uninfected plants developed leafy gall disease 

symptoms. Representative images of plant disease phenotypes are illustrated in Figure 78.  

 

 

 
Figure 78. Representative images of infected N. benthamiana plants. 

 

There were no striking visual differences between the leaky galls developed in R. fascians 

WT and Δnrp infected tobacco plants. The masses of the plants and masses of the gall 

relative to the plant (expressed as a percentage) were recorded. The masses of R. fascians 

WT infected and R. fascians Δnrp infected plants were statistically lower than the masses 

of uninfected plants (Figure 79. T-test: p=0.048, 0.024 respectively). This suggests that the 

growth of R. fascians was stunting plant growth, perhaps due to the utilisation of plant-

derived carbon and nitrogen sources by the bacteria during the later stages of infection 

[302, 303]. However, there was no significant difference in plant mass between R. fascians 

WT infected and R. fascians Δnrp infected plants (Figure 79). Further, there was no 

significant difference in the relative gall mass between R. fascians WT infected and R. 

fascians Δnrp infected plants (Figure 80). These data indicate that lydiamycin production 

does not play a role in leafy gall disease development. 
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Figure 79. Mass of N. benthamiana plants infected with mock treatment or R. fascians WT or Δnrp strains. 

Error bars represent standard deviation. * = t-test significance where p<0.05 

 

 

 
Figure 80. Relative mass of leafy gall (%) of N. benthamiana plants infected with R. fascians WT or Δnrp 

strains. Error bars represent standard deviation.  

 

 

 

An excised leaf assay, as described by Francis and colleagues [304], was also used to 

characterise leafy gall disease pathogenesis caused by the R. fascians WT and Δnrp strains. 

In brief, sterile N. tabacum leaves from four-week-old plants were placed on agar plates 

and a drop of culture was applied. The plates were incubated for three weeks and the 

phenotypes recorded.  Again, three infection conditions were tested: R. fascians WT, R. 

fascians Δnrp and a mock infection using sterile solution.  



 125 

 
Figure 81. Representative images of infected N. tabacum excised leaves. 

 

 

Excised leaves infected with either R. fascians WT or Δnrp strains resulted in the growth of 

gall-like structures that appear as bundles of tissue developing vertically from the surface 

of the plate (Figure 81). These gall-like structures never developed on uninfected (mock) 

excised leaves. The severity and frequency of these gall-like structures were approximately 

equal between the R. fascians WT and Δnrp infected leaves, which is suggestive that 

lydiamycin production is not involved with leafy gall pathogenesis.  

 

These whole plant and excised leaf assays both indicate that lydiamycin is not involved in 

the progression of leafy gall disease as the R. fascians Δnrp strain caused very similar plant 

disease phenotypes as the R. fascians WT strain. This is consistent with the work of Francis 

and colleagues, who previously determined that the D188nrp cluster was not involved in 

leafy gall disease development [304]. 

 

 

 

4.2.3.3 Does the Production of Lydiamycin enhance the Ecological Fitness of R. fascians in 

planta? 

 

The final hypothesis as to why R. fascians biosynthesises lydiamycin A during plant infection 

is concerned with niche colonisation. Perhaps lydiamycin A is produced in order to suppress 

competing bacteria and enhance the survivability and colonisation abilities of R. fascians. 

This hypothesis is supported in theory as only the producer, R. fascians, is likely to produce 

the lydiamycin resistant PDF, LydA, and therefore most other epiphytes or soil bacteria are 

likely to be sensitive to the antimicrobial activity of lydiamycin A.  

 



 126 

Testing this hypothesis required comparing a lydiamycin-producing strain to a strain that 

lacks LydA. A preliminary spot-on-lawn experiment was conducted to determine the MIC 

of lydiamycin A against R. fascians WT (which has the LydA gene) and R. fascians D188-5 

(which lacks the megaplasmid and therefore does not have the LydA gene). The MIC of 

lydiamycin A against R. fascians WT was determined to be >600 µg/mL, whereas the MIC 

of lydiamycin A against R. fascians D188-5 was determined to be approximately 10 µg/mL 

(Figure 82). Therefore, the D188-5 strain is at least sixty times more sensitive to lydiamycin 

A than the wild type strain. Therefore, this data supports the hypothesis that lydiamycin A 

production may enhance fitness by suppressing bacteria lacking resistance against 

lydiamycin A.  

 

 

 
Figure 82. Spot-on-lawn assays of lydiamycin A against R. fascians WT and D188-5 strains. 

 

 

In order to test this hypothesis further in planta, a competition assay was performed to 

test the relative fitness of R. fascians strains growing on N. benthamiana seedlings. Two 

pairs of R. fascians strains were tested – WT compared to plasmid free, and Δnrp compared 

to plasmid free. These pairings were chosen as the plasmid-free strain represents a 

competing soil bacterium, as it lacks the ability to produce lydiamycin A and is lydiamycin 

sensitive, whilst sharing the same chromosome as megaplasmid-containing R. fascians 

strains – thus being directly comparable. Further, these pairings facilitated effective strain 

selection as the plasmid-free D188-5 strain features a chromosomal streptomycin 
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resistance cassette [305]. The competition assay proceeded with an equal (1:1) mix of R. 

fascians strains applied to a seedling and the seedling grown for 7 days. The bacteria were 

recovered, serially diluted and plated on selective media to determine the resultant ratio 

of bacteria. Relative fitness was calculated by comparing the test strain CFU/mL to the 

plasmid free strain CFU/mL, as detailed in materials and methods.  

 

 
Figure 83. Competition assay of plasmid free Rhodococcus fascians against WT and Δnrp strains. Relative 

fitness of each test strain was calculate as compared to the plasmid free strain. Individual replicates are 

indicated as dots. The mean of these replicates is shown as a black cross-bar and error bars indicate the 

standard error of the mean. A two-tailed t-test showed a significant different between WT and Δnrp relative 

fitness values (p=0.0068, p<0.01, **). 

 

 

Both the R. fascians WT and Δnrp strains out-competed the plasmid-free strain, as they 

both had relative fitness values greater than 1 (Figure 83). This was consistent with the 

notion that the pFiD188 megaplasmid confers adaptions for plant colonisation and disease 

progression. There was also a significant (t-test, p=0.0068) difference in the relative fitness 

between the WT and Δnrp strains, indicating that the production of lydiamycin enhanced 

fitness. 

 

To ensure that this significant result was reproducible, the plant competition assay was 

repeated using biological replicates of the R. fascians WT and Δnrp strains, with bacteria 
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sampled at three timepoints; 3, 7 and 14 days post infection. Over these time points, there 

was an increase in survivability of the WT strain compared to the Δnrp strain and by day 14 

there was a significantly greater amount of WT cells compared to the Δnrp cells (p<0.01) 

(Figure 84).  

 
Figure 84. Competition assay of plasmid free Rhodococcus fascians against WT and Δnrp strains. Percentage 

of WT (red) and Δnrp (blue) are plotted as a fold increase compared to plasmid free. Individual biological 

replicates are indicated as dots for both WT (red) and Δnrp (blue) at 3 time points. The mean of these 

biological replicates is shown as a black cross-bar and error bars (grey) indicate the standard error of the 

mean. A Two-way ANOVA showed a significant interaction between strain and time point (p<0.05) with a 

significant effect of both days post inoculation (p<0.01) and competing strain (p<0.05). Sidak’s multiple 

comparisons showed a significant difference between WT and Δnrp at day 14 post inoculation (p<0.01, **).  

 

Therefore, these data indicate that the WT strain was able to outcompete the plasmid-free 

strain to a significantly greater degree than the Δnrp strain was able to outcompete the 

plasmid-free strain. As the only difference between the WT and Δnrp strains is the ability 

to produce lydiamycin, this indicates that the production of lydiamycin is enhancing the 

fitness of R. fascians in planta. This is the first indication that the production of lydiamycin 

enhances the fitness of R. fascians and implicates lydiamycin as an important NP for 

ecological competitiveness.  

 

Further experimentation is required to characterise the mechanisms promoting this 

observed fitness advantage. However, it is possible that lydiamycin may suppress the 
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growth of competing bacteria and therefore enhance the ability of R. fascians WT to 

establish a niche and survive on the surface of the plant. More advanced experiments with 

more complex microbial communities are required to understand this hypothesis further.  

 

 

 

4.3 Discussion and conclusions 

4.3.1 Summary / Discussion of results 

 

Chapter 3 described the isolation of lydiamycin A and the structural revision based on 

biosynthetic logic. Existing literature had reported that the major bioactivity of lydiamycin 

A was as an antimycobacterial agent. However, this chapter explored whether there was a 

more physiologically relevant role of lydiamycin, considering the identification of the plant 

pathogen R. fascians as a novel producer.  

 

There have been large variances in the reported antimycobacterial potency of lydiamycin 

A in the literature [318, 319]. This variance was also observed in this work as the MIC of 

lydiamycin A against M. smegmatis varied greatly depending on the methodology used. 

The MIC of lydiamycin A against M. smegmatis was determined to exceed 600 µg/mL using 

a spot-on-lawn assay, however growth curve assays indicated that the MIC was 

approximately 50 µM. This growth curve assay was further optimised for the use of M. 

smegmatis as a reporter strain and was used to test whether lydA was an immunity 

determinant.  

 

The expression of the LydA PDF protein conferred complete resistance against 50 µM 

lydiamycin A in the M. smegmatis growth curve assay.  This mechanism was further 

characterised as the housekeeping M. smegmatis PDF protein did not confer lydiamycin 

resistance. These data suggest that the LydA protein is specifically resistant to lydiamycin 

and thus confers resistance to the producing organism. There is precedence in the 

literature for gain of PDFI resistance by modification of the target. Actinonin-resistant 

Streptococcus strains were generated, and harboured mutations in the PDF gene thought 

to disrupt metal ion coordination which decreased susceptibility to actinonin but slowed 

the growth rate [193]. 

 

Having experimentally confirmed that the LydA PDF was resistant to lydiamycin A (Figure 

71) and the E. coli and M. smegmatis housekeeping PDF proteins were sensitive to 

lydiamycin A (Figure 72, Figure 75), these sequences were aligned in order to understand 
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whether a particular residue may be the resistance determinant. To broaden this analysis, 

the R. fascians housekeeping PDF sequences were added and proposed to be sensitive (as 

the D188-5 strain is sensitive – Figure 82). The PDF sequences encoded in the warhead 

clade potential clusters (Figure 38) were added, which I hypothesise are also resistant to 

PDFIs. One hypothesis for how some PDF proteins may be resistant to lydiamycin is that 

the surface geometry in and around the active site may occlude the binding of lydiamycin 

to the catalytic metal ion due to occlusion of the bulky peptide backbone. To test this 

hypothesis, the reported crystal structure of actinonin bound to E. coli PDF (PDB: 1G2A) 

was analysed and the residues making up the active site surface were determined to be 41-

50 and 86-97. These surface regions were annotated on the alignment of the resistant and 

sensitive PDF sequences (represented by purple boxes on Appendix Figure 119). A single 

residue (E. coli PDF #97) was identified which was tyrosine in all six putative resistant PDFs 

and always a different identity (R, N, Q, L) in the sensitive PDFs.  

 

In order to indicate whether the bulky tyrosine aromatic group may confer resistance via 

occlusion of the active site, the lydA sequence was submitted to AlphaFold 2 [345, 346] to 

generate a protein structure model. This LydA model was superimposed against the E. coli 

PDF structure. Consideration of the active site geometry (Figure 85) indicates that the LydA 

Y113 residue (red surface) occupies more space than the corresponding R97 residue 

(yellow surface) in the E. coli PDF structure. It is the bulky aromatic phenol group of Y113 

which is predicted to be occupying the active site. 

 

 
Figure 85. Comparison of sensitive and resistant PDF active site surface geometry. The E. coli PDF crystal 

structure (PDB: 1G2A) is sensitive to lydiamycin A and the surface is coloured in light blue. The LydA AlphaFold 

generated model is resistant to lydiamycin A and is coloured in blue. The E. coli PDF model features actinonin 

(green) docked to the catalytic zinc ion (pink). The right image is rotated 90o forward in respect to the left 

image. The potential resistance determinant residue is coloured is E. coli R97 (yellow surface) and LydA is 

Y113 (red surface). This tyrosine residue may occlude the active site in the resistant LydA protein.  
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Therefore, this alignment and structural analysis suggests that the Y113 residue may 

function as a resistance determinant by blocking the entry and docking of lydiamycin A to 

the LydA catalytic zinc ion. This would represent the first reported example of PDFI 

resistance gained by the change in shape of the active site, as the only reported PDFI 

resistance gained by target mutation is via modification of the catalytic metal ion 

coordination residues [193]. 

 

However, the LydA structure has been generated using AlphaFold 2 and it may be necessary 

to determine the structure by crystallography and XRD to guarantee the model accuracy. 

Further, a more extensive alignment of likely resistant and sensitive PDF sequences would 

more thoroughly test the importance of this tyrosine residue. Finally, this potential 

resistance determinant would need to be experimentally confirmed. For example, 

generating a mutant LydA protein lacking the Y113 residue and generating a mutant E. coli 

PDF protein featuring the tyrosine residue to determine whether the former loses 

resistance and the latter gains resistance.  

 

The potency of lydiamycin A PDF inhibition was determined in vitro by the Rodnina 

laboratory. Lydiamycin A was determined to inhibit E. coli PDF with an IC50 of 4.6 µM. 

Comparatively, actinonin is the most potent natural PDFI and exhibits an IC50 of 3 nM 

against E. coli Ni-PDF [128], over 1,000x more potent than lydiamycin A. Perhaps this is to 

be expected as SAR analyses of PDFIs have determined that the presence of a hydroxamate 

group greatly enhances potency [184]. This could be further explored by producing a 

lydiamycin A derivative with the terminal hydroxamate group and determination of 

whether it is a more potent PDF inhibitor.  

 

Further, comparison the peptide backbones of actinonin and lydiamycin A may answer why 

actinonin has antiproliferative activity [197], whereas lydiamycin is reported to not be 

cytotoxic [319]. The balance between antimicrobial and antiproliferative potency is 

thought to be caused by the relative affinity of a PDFI towards the human PDF protein 

(HsPDF) compared to the affinity towards bacterial PDF proteins. HsPDF features a narrow 

active site pocket, whereas bacterial PDF proteins feature a wider active site pocket that 

allows the entry of bulky inhibitors [180, 183]. Therefore, it is possible that the bulky 

peptide backbone of lydiamycin A confers greater selectivity towards bacterial PDF than 

HsPDF and therefore moderate antimicrobial activity is observed and no cytotoxicity 

activity. This may position lydiamycin A as an interesting candidate compound for a human 

antimicrobial agent and reinforces the notion that the compound may be an effective lead 

for antimycobacterial agents to combat multidrug resistant M. tuberculosis infection [318]. 

This also highlights the importance of isolating and characterising lydiamycin derivatives 
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(such as the potential lydiamycin congeners described in Section 3.2.4.5) which may offer 

enhanced potency. 

 

In planta experiments were conducted with the objective of exploring whether the 

biosynthesis of lydiamycin by the plant pathogen R. fascians confers a physiologically or 

ecologically relevant fitness advantage. Three hypotheses were tested. Firstly, a root length 

growth assay determined that the production of lydiamycin A was not directly toxic to the 

plant. In theory, continued plant growth is advantageous for the survival of the bacterium 

as bacterial growth could be supported by exudate production. Secondly, excised leaf and 

whole plant assays indicated that the production of lydiamycin was not required for leafy 

gall disease progression, as the frequency and severity of gall formation was approximately 

equal between R. fascians WT and Δnrp infected tobacco plants. Again, this is consistent 

with reported leafy gall disease pathogenesis research as the production of cytokinins is 

considered to be the major virulence factor and the operon responsible for their 

production is already described [291, 306, 347]. 

 

Finally, the hypothesis that lydiamycins are produced to enhance R. fascians survival and 

niche colonisation on the plant was tested. Two plant competition assays were performed, 

and both indicated that the WT R. fascians strain outcompeted the plasmid-free strain to a 

significantly greater extent than the Δnrp strain outcompeted the plasmid-free strain. 

These data suggest that the presence of the pFiD188 megaplasmid is important for plant 

colonisation, which is consistent with the literature. However, these data also indicate for 

the first time that the production of lydiamycin enhances the fitness of R. fascians 

compared to R. fascians unable to produce lydiamycin. This frames lydiamycin as an 

important ecological NP which may enhance the fitness of R. fascians throughout its 

epiphytic colonisation and during leafy gall disease development. It is possible that this 

effect is mediated by the antimicrobial activity of lydiamycin which may supress competing 

bacteria on the surface of the plant or in the soil, whilst the R. fascians producer is resistant 

to lydiamycin due to the LydA protein. This hypothesis will need further investigation in 

order to determine the exact mechanism of how lydiamycin confers an ecological 

advantage to R. fascians. For instance, competition assays may be performed in more 

complex microbial environments that may more accurately represent the soil diversity.  

  

Overall, this chapter has identified that lydiamycin A is a PDF inhibitor and that the 

lydiamycin BGC encodes a resistant PDF (LydA) which may prevent binding of lydiamycin to 

the active site metal ion by a novel mechanism. An ecological role of lydiamycin production 

by R. fascians has been proposed, as in planta competition assays indicated that lydiamycin 

A production confers a fitness advantage against competing bacteria.   
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4.3.2 Future perspectives 

 

In the future, it would be beneficial to more thoroughly characterise the LydA PDF 

mechanism of lydiamycin resistance. There is some preliminary evidence to suggest that a 

single tyrosine residue at the entrance of the active site is able to confer resistance by 

occluding the entry of lydiamycin. This hypothesis could be tested by the mutation of 

sensitive and resistance PDF genes, computational docking experiments or by 

crystallisation and structural characterisation. The affinity of lydiamycin A towards these 

PDF proteins could also be quantified using the in vitro PDF assay.  

 

The other major question for the future is the extent to which lydiamycin production plays 

a role in R. fascians niche colonisation and survival in planta. It would be beneficial to 

generate a strain of R. fascians which is lacking the entire lydiamycin BGC as this would 

allow characterisation of a strain lacking the ability to produce lydiamycin which was also 

sensitive to lydiamycin (as it lacks lydA). This would be a useful analogous strain to the 

competitive bacteria in the soil as the lydiamycin cluster is not widespread in nature. More 

broad competition assays could be conducted using synthetic or natural microbial 

communities to gain an understanding of the ecological role of lydiamycin production in 

more natural environments.  Further, the in planta experiments described in this chapter 

were focussed only on large scale effects (e.g. plant mass, gall development). In the future, 

a more thorough assessment of the bacterial and plant conditions (e.g. microscopy, 

transcriptional analysis) may shed more light on this interaction.  
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Chapter 5: Pseudomonas Cyclic Lipopeptides 

 

This work was performed in order to gain practical experience of cyclic lipopeptide isolation 

and characterisation, prior to undertaking the work described in Chapters 3 and 4. The 

work described in this chapter was published in the paper of Pacheco-Moreno and 

Stefanato et al. [348]. 

 

 

5.1 Introduction 

 

Previous work by the Truman and Malone laboratories (John Innes Centre) had identified 

a number of pseudomonads which may be active against the causative agent of potato scab 

– Streptomyces scabies. In this work, 240 pseudomonas strains were isolated from potato 

fields and were phenotypically characterised for their motility, protease production, 

siderophore production and on-plate suppression of S. scabies [348]. Of these strains, 69 

isolates were sent for whole-genome sequencing, of which approximately half were S. 

scabies suppressive. Each of the genomes were analysed by antiSMASH to determine their 

specialised metabolite potential. An association matrix was produced to compare the 

predicted specialised metabolite potential to the observed phenotype of each strain. In 

doing so, a strong association between S. scabies suppression and the presence of putative 

cyclic lipopeptide (CLP) BGCs was observed (Figure 86) [348]. Therefore, it was proposed 

that the Pseudomonas CLPs may be facilitating S. scabies antagonism.  

 

 
Figure 86. Association of S. scabies antagonism and cyclic lipopeptide (CLP) clusters in Pseudomonas strains. 

S. scabies suppression (red colour scales) and presence of putative cyclic lipopeptide biosynthetic gene 

clusters (purple circles) are indicated for each Pseudomonas strain. Adapted from [348]. 
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Pacheco-Moreno and colleagues further investigated the Ps682 strain in order to 

characterise the CLP responsible for S. scabies antagonism. The Ps682 CLP BGC shared 

homology with the viscosin BGC. The authors produced a mutant Ps682 strain with a 

disrupted NRPS gene in the CLP BGC (Ps682 Δvisc) which was unable to antagonise S. 

scabies (Figure 87A). The Ps682 WT and Δvisc strains were cultured, extracted and analysed 

by LC-MS. Comparison of the exact mass and fragmentation patterns indicated that Ps682 

produced a viscosin-like CLP (Figure 87B) [348], hereafter referred to as ‘682CLP’. 

 

 
Figure 87. Identification of the Ps682 682CLP compound. A. Cross-streak competition assays of S. scabies 

(horizontal) against the Ps682 WT and Δvisc strains (vertical). B. Metabolomic profiles of the Ps682 WT and 

Ps682 Δvisc strains with extracted ion chromatograms of m/z 1126.69 – the mass of 682CLP. Adapted from 

[348]. 

 

 
Figure 88. LC-MS/MS analysis of Pseudomonas SBW25 and Ps682. Comparison of the retention time and MS2 

fragmentation pattern of [M+H]+ = 1126.697 ion from SBW25 (viscosin producer) extract and Ps682 (682CLP 

producer) extract. Adapted from [348]. 
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Pacheco-Moreno and colleagues used LC-MS analysis to compare 682CLP and viscosin. 

Although both compounds share the same mass, the retention times and MS-MS spectra 

are distinct [348] (Figure 88). This data indicated that 682CLP shared some structural 

similarity with viscosin but was structurally distinct.  

 

Due to the genetic and structural similarity of 682CLP to viscosin, the published viscosin-

like CLPs were considered in order to direct the structural elucidation of 682CLP. Only three 

viscosin-like CLPs have masses equal to the observed 682CLP mass: viscosin, white-line-

inducing principle (WLIP) [349] and massetolide F [350]. All three of these natural products 

are comprised of a cyclic nonapeptidic backbone with a 3-hydroxy decanoic acid (3HDA) 

tail, however, are distinguished by the identity and/or configuration of the amino acid 

residues (Table 8). Therefore, the 682CLP compound may be one of these three known 

viscosin-like compounds or may represent a novel viscosin-like CLP. 

 

Table 8. Structures of viscosin, WLIP and massetolide F nonapeptidic backbones. All of these viscosin-like CLPs 

have a mass of 1125.69 and feature a terminal 3-hydroxy decanoic acid tail. Highlighted columns indicate 

differentiating amino acid residues/configurations.  

 1 2 3 4 5 6 7 8 9 

Viscosin L-Leu D-Glu D-Thr D-Val L-Leu D-Ser L-Leu D-Ser L-Ile 

WLIP L-Leu D-Glu D-Thr D-Val D-Leu D-Ser L-Leu D-Ser L-Ile 

Massetolide F L-Leu D-Glu D-Thr D-Val L-Leu D-Ser L-Leu D-Ser L-Leu 

 

 

5.1.1 Chapter Aims 

 

Previous work by Pacheco-Moreno and colleagues have identified that Pseudomonas 

Ps682 produces a viscosin-like CLP that is proposed to mediate the on-plate S. scabies 

antagonism [348]. However, the exact structure of 682CLP has not been determined. 

Therefore, the specific aims of this chapter are: 

 

i. Develop methodology for the purification of the 682CLP compound 

ii. Structurally characterise 682CLP by LC-MS/MS and NMR analysis 

iii. Assess the activity of pure 682CLP against S. scabies 
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5.2 Results 

 

5.2.1 682CLP Purification and Structural Elucidation 

 

5.2.1.1 682CLP Purification 

Attempts to purify 682CLP from Pseudomonas Ps682 grown in liquid media failed. 

Therefore, purification proceeded from solid media. Pseudomonas Ps682 was grown on 

fifteen 140 mm diameter King’s Broth agar plates supplemented with 5 mM Mg (KB+Mg), 

which were extracted into ethyl acetate. This organic fraction was washed with water and 

dried to yield 43 mg of crude material. This crude organic fraction was separated firstly by 

reverse phase flash chromatography and then by reverse phase semi-preparative scale 

HPLC (Appendix Figure 120), whilst monitoring the elution of 682CLP by LC-MS analysis 

(see materials and methods for details). This yielded 0.5 mg of pure 682CLP.  

 

Due to scalability limitations with the purification of 682CLP from solid medium, this 

process was repeated twice more to yield a total of 1.7 mg of pure 682CLP.  

 

5.2.1.2 682CLP Structural Elucidation 

Pure 682CLP was analysed by HR-MS/MS to produce an accurate mass and to gain MS/MS 

information. The exact mass of 682CLP was found to be 1126.6964 ([M+H]+) (Appendix 

Figure 121), which is consistent with the masses of viscosin, WLIP and massetolide F 

(calculated masses = 1126.6970, Δ0.5 ppm).  

 

The 682CLP MS/MS spectrum was also analysed to confirm the connectivity of the 

compound. It was predicted that the viscosin-like CLP would undergo elimination of the 

ester bond under MS conditions to give rise to a linearised peptide that is susceptible to 

fragmentation (Figure 89). 

 

 
Figure 89. Predicted linearisation of viscosin-like CLP under MS conditions. 
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Figure 90. LC-MS/MS analysis of 682CLP. A. Full range of MS2 fragments from 682CLP parent ion. Intensity 

zoomed x4 for clarity. B. Corresponding 682CLP structure. Predicted masses of fragments and mono-

dehydrated fragments are indicated in red and green, respectively. 

 

The 682CLP MS/MS spectrum was consistent with the connectivity of the candidate 

viscosin-like CLPs (Figure 90). All of the predicted y-series and b-series fragment ions were 

observed (labelled in red), in addition to many fragments corresponding to a mono-

dehydrated species (labelled in green). Therefore, this MS/MS data confirms that the 

connectivity of 682CLP is hydroxy decanoic acid (HDA)-Leu-Glu-Thr-Val-Leu-Ser-Leu/Ile-

Ser-Leu/Ile. A limitation of this analysis is that leucine and isoleucine residues cannot be 

differentiated by MS as they have the same mass. Therefore, the identity of 682CLP could 

not be distinguished by MS analysis alone as the stereochemistry of the critical 5th leucine 

residue nor the identity of the 9th residue could be resolved (Table 8). 

 

To further characterise the 682CLP structure, NMR experiments were carried out by Dr. 

Sergey Nepogodiev (John Innes Centre). In brief, pure 682CLP (1.0 mg) was dissolved in 

DMF-d7 and a series of 1D and 2D NMR spectra were acquired (see materials and methods 

for details). Analysis carried out by Dr. Sergey Nepogodiev confirmed that the connectivity 

of 682CLP was 3HDA-Leu1-Glu2-Thr3-Val4-Leu5-Ser6-Leu7-Ser8-Ile9 (Supplementary 

Figure 5 in [348]). 
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Therefore, the identify of 682CLP was confirmed to not be massetolide F as this features a 

leucine residue at position nine (Table 8), whereas NMR analysis confirms that the ninth 

residue of 682CLP is isoleucine. This suggests that the identity of 682CLP is either viscosin 

or WLIP, which are distinguishable by the configuration of the leucine residue at position 5 

(Figure 91). Unfortunately, the configuration of residue 5 could not be determined by NMR. 

Further, comparison of the 682CLP NMR data to the published WLIP spectra [348, 349] by 

Dr. Sergey Nepogodiev indicated some minor shift differences (such as the γ-CH2 group of 

Glu2 (WLIP = δH 2.54 ppm, δC 30.3 ppm; 682CLP = δH 2.24 ppm, δC 34.8 ppm), suggesting 

that the identity of 682CLP is not WLIP. 

 

 

 
Figure 91. Comparison of viscosin and WLIP structures. 

 

Comparison of the retention times was also performed in an attempt to determine the 

identity of 682CLP. In brief, cultures of Ps682, Pseudomonas SBW25 (viscosin producer) 

and Pseudomonas sp. LMG 2338 (WLIP producer) were extracted and analysed by LC-MS 

(Figure 92). Viscosin demonstrated a retention time of 9.34 minutes and WLIP 

demonstrated a retention time of 8.86 minutes. 682CLP eluted at a retention time of 8.86 
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minutes, which is suggestive that it is WLIP. However, this is in contention with the 

inconsistency of Ps682 NMR data as compared to published WLIP NMR data.  

 

 
Figure 92. LC-MS comparison of Ps682 compared to Pseudomonas producers of WLIP and viscosin. LC-MS 

Extracted Ion Chromatograms (XICs) of ion [M+H+] = 1126.70 from three Pseudomonas strains; Ps682, 

Pseudomonas sp. LMG 2338 (WLIP producer) and Pseudomonas SBW25 (Viscosin producer). Demonstrates 

the distinct retention time of viscosin (9.34 minutes), compared to WLIP (8.86 minutes).  

  

Overall, the MS/MS data and NMR data were supportive that 682CLP shared the same 

backbone structure as viscosin and WLIP. However, the exact absolute configuration of 

682CLP could not be determined and therefore the compound was reported as viscosin 

Isomer (viscosin I) [348]. 

 

 

5.2.2 Viscosin I Bioactivity 

 

In order to test whether viscosin I was the compound active against S. scabies, disk diffusion 

assays were conducted. In brief, viscosin I was dissolved to a range of concentrations (10-

100 μg/mL) and applied to filter disks. These disks were applied to agar plates of S. scabies, 

which were incubated and imaged daily. There was a clear concentration-dependent 

inhibition of S. scabies caused by viscosin I (Figure 93) and the minimum inhibitory 

concentration was estimated to be 20 μg/mL. Long-term growth of S. scabies in the 

presence of viscosin I indicates that the antimicrobial effect is only temporary and S. scabies 

growth resumes after 2-3 days (Figure 94). These data indicate that viscosin I is able to 

inhibit the growth of S. scabies and is the chemical determinant for the inhibition of S. 

scabies by Ps682, as observed in Figure 87 [348]. 
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Figure 93. Disk diffusion assay of viscosin I against S. scabies. Concentrations are indicated (μg/mL), 

alongside a methanol control. The medium is Instant Potato Medium. Imaged at two days growth. 

 

 

 

 
Figure 94. Timecourse of disk diffusion assays of viscosin I against S. scabies. Concentrations are indicated 

(μg/mL), alongside a methanol control. The medium is Instant Potato Medium.  
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5.3 Discussion and Conclusions 

 

Prior to this work, Pacheco-Moreno and colleagues had determined that Pseudomonas 

Ps682 produced a viscosin-like CLP (682CLP) which was predicted to mediate S. scabies 

antagonism [348]. As described in this chapter, I developed methodology for the 

purification of 682CLP and isolated 1.7 mg of pure 682CLP across several purifications. LC-

MS/MS analysis indicated that 682CLP features the same peptide backbone connectivity as 

viscosin, WLIP and massetolide F. Extensive NMR experimentation and analysis performed 

by Dr. Sergey Nepogodiev confirmed that the ninth residue was isoleucine and as such the 

structure of 682CLP was consistent with WLIP and viscosin. Comparison of the 682CLP 

retention time indicated that it was more structurally alike to WLIP than viscosin. However, 

inconsistencies with published WLIP NMR data and the inability to determine the absolute 

configuration of 682CLP limited further characterisation. Therefore, the identity of 682CLP 

was reported as viscosin isomer (viscosin I) [348].  

 

Having purified viscosin I, it was possible to determine that viscosin I inhibits S. scabies 

growth with an MIC of approximately 20 µg/mL. This is consistent with the reported MIC 

values of viscosin-like CLPs against other Gram-positive strains [351]. The proposed 

antimicrobial mode of action of viscosin-like CLPs is via destabilisation of the cell 

membrane, possibly via pore formation [351, 352]. This work indicated that viscosin I was 

the chemical determinant of S. scabies inhibition and helped to frame CLPs as important 

antimicrobial NPs produced by Pseudomonas biocontrol strains [348].  
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Chapter 6: Materials and Methods 

 

6.1 Materials 

6.1.1 Strains 

 

Table 9. Strains used during this study. 

Strain Genotype/Description Application 

E. coli DH5α (NEB) fhuA2 Δ(argF-lacZ)U169 phoA 
glnV44 Φ80 Δ(lacZ)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17 

Plasmid host for molecular 
cloning 

E. coli BL21(DE3) (NEB) fhuA2 [lon] ompT gal (λ DE3) [dcm] 

∆hsdS λ  

DE3 = λ sBamHIo ∆EcoRI-B 

int::(lacI::PlacUV5::T7 gene1) i21 

∆nin5 

Protein expression 

E. coli NiCo21(DE3) (NEB) can::CBD fhuA2 [lon] ompT gal (λ 

DE3) [dcm] arnA::CBD slyD::CBD 

glmS6Ala ∆hsdS λ  

Protein expression with 

chitin pre-treatment 

E. coli Rosetta(DE3) 

(Novagen) 

F-ompT hsdSB(rB
- mB

-) gal dcm (DE3) 

pRARE (CamR) 

Protein expression 

E. coli SoluBL21 (Amsbio) Not Reported Protein expression 

M. smegmatis mc2155 

(ATCC 700084) 

Wild Type Mycobacterial reporter 

strain 

R. fascians D188 Wild Type Lydiamycin producer 

R. fascians D188-5 [305] pFiD188-free. StrepR Avirulent strain 

R. fascians D188 Δnrp 

[304] 

Disruption in lydH. Disrupted lydiamycin 

production 

Pseudomonas Ps682 

[348] 

Wild Type. Environmental biocontrol 

isolate 

Viscosin I producer 

Pseudomonas 

fluorescens SBW25 

Wild Type Viscosin producer 

Pseudomonas LMG 2338 Wild Type WLIP producer  

S. scabies 87-22 Wild Type Reporter strain, causative 

agent of potato scab 

E. coli NiCo21::pET28a: 

cinF 

Heterologous expression of cinF CCR 

gene 

CinF purification 
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E. coli NiCo21::pET28a: 

revS 

Heterologous expression of revS 

acyl-CoA ligase gene 

RevS purification 

M. smegmatis 

mc2155::pJAM2:lydA 

Heterologous expression of lydA PDF 

gene 

Testing LydA-mediated 

lydiamycin resistance 

M. smegmatis 

mc2155::pJAM2:msPDF 

Heterologous expression of msPDF 

PDF gene 

Testing MsPDF-mediated 

lydiamycin resistance 

 

Expression strains of E. coli BL21, SoluBL21, Rosetta and NiCo21 were also transformed 

with the pJF01-pJF15 plasmids, for the heterologous expression of warhead biosynthesis 

proteins. However, these are too numerous to list.  

 

 

6.1.2 Plasmids 

 

Table 10. Plasmids used during this study. 

Plasmid Features Application Resistance 

Marker 

pET28a (Merck) T7 RNA polymerase under 
lac control. N- or C- His 
tagging. 

Heterologous 

expression in E. coli 

Kanamycin 

pACYCDuet-1 

(Merck) 

T7 RNA polymerase under 

lac control. N- or C- His 

tagging. 

Heterologous co-

expression of two 

genes in E. coli 

Chloramphenicol 

pJAM2 [337] Acetamide-inducible 

promotor. C-terminal His 

tagging. 

Heterologous 

expression in M. 

smegmatis 

Kanamycin 

 

 

6.1.3 Vectors 

 

Table 11. Vectors constructed during this study. 

Construct Features Application Resistance 

Marker 

pJF01 pET28a with matL insert. N-
terminal His tag 

Expression of matlystatin 

CCR 

Kanamycin 

pJF02 pET28a with matE insert. N-

terminal His tag. 

Expression of matlystatin 

epimerase 

Kanamycin 
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pJF03 pET28a with matB insert. N-

terminal His tag. 

Expression of matlystatin 

mutase α subunit 

Kanamycin 

pJF04 pET28a with codon optimised 

matQ insert. N-terminal His tag. 

Expression of matlystatin 

mutase β subunit 

Kanamycin 

pJF05 pET28a with codon optimised 

matR insert. C-terminal His tag. 

Expression of matlystatin 

MeaB-like protein 

Kanamycin 

pJF06 pET28a with matC insert. C-

terminal His tag. 

Expression of matlystatin 

asparagine synthetase 

protein 

Kanamycin 

pJF07 pET28a with matD insert. C-

terminal His tag. 

Expression of matlystatin N-

oxygenase 

Kanamycin 

pJF08 pET28a with actF insert. N-

terminal His tag. 

Expression of actinonin CCR Kanamycin 

pJF09 pET28a with actC insert. N-

terminal His tag. 

Expression of actinonin 

epimerase 

Kanamycin 

pJF10 pET28a with actD insert. N-

terminal His tag. 

Expression of actinonin 

mutase α subunit 

Kanamycin 

pJF11 pET28a with actM insert. N-

terminal His tag. 

Expression of actinonin 

mutase β subunit 

Kanamycin 

pJF12 pET28a with actN insert. C-

terminal His tag. 

Expression of actinonin 

MeaB-like protein 

Kanamycin 

pJF13 pET28a with actJ insert. C-

terminal His tag. 

Expression of actinonin 

asparagine synthetase 

Kanamycin 

pJF14 pET28a with actI insert. C-

terminal His tag. 

Expression of actinonin N-

oxygenase 

Kanamycin 

pJF15 pACYCDuet-1 with actD insert 

(N-terminal His tag) and actM  

insert (N-terminal His tag) 

Dual expression of 

actinonin mutase α and β 

subunits.  

Chloramphenicol 

pJAM2: 

lydA 

pJAM2 with lydA insert. C-

terminal His tag. 

Expression of lydiamycin 

PDF in M. smegmatis 

Kanamycin 

pJAM2: 

msPDF 

pJAM2 with msPDF 

(WP_011727226.1) insert. C-

terminal His tag. 

Expression of M. smegmatis 

housekeeping PDF in M. 

smegmatis 

Kanamycin 

pET28a: 

cinF 

pET28a with codon optimised 

cinF (CBW54676.1) insert. N-

terminal His tag. Synthesised by 

TWIST Bioscience.  

Expression of cinF CCR in E. 

coli 

Kanamycin 
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pET28a: 

revS 

pET28a with codon optimised 

revS (BAK64635.1) insert. N-

terminal His tag. Synthesised by 

TWIST Bioscience. 

Expression of revS Acyl-CoA 

ligase in E. coli 

Kanamycin 

 

 

6.1.4 Chemicals, Reagents and Media 

 

Unless otherwise stated, all chemicals and media components were purchased from Sigma 

Aldrich, except for the following: agar (Melford), NaCl and glucose (Fisher Scientific), yeast 

extract (Merck), soya flour (Holland and Barrett) and peptone (BD Biosciences). All enzymes 

were supplied from New England Biolabs (NEB) unless otherwise specified. All solvents for 

extractions and chromatography were supplied by Fisher Scientific. Ultrapure water was 

obtained using a Milli-Q purification system (Merck). All media was autoclaved prior to use 

and chemical solutions were filter sterilised using a 0.22 µM syringe filter.  

 

All media used are defined below and were made up in 1L of Milli-Q water. Solid media 

were made with 2% agar unless stated otherwise. Antibiotics were added where necessary 

to the following concentrations: Kanamycin (50 µg/mL for E. coli and 20 µg/mL for M. 

smegmatis); Chloramphenicol (25 µg/mL), Streptomycin (100 µg/mL). 

 

Table 12. Bacterial growth media used during this study. 

Medium Application Ingredients  

Lysogeny Broth (LB) E. coli culture, R. 
fascians culture 

1% Bacto-tryptone, 0.5% yeast extract, 1% NaCl, 
pH 7.0 

SOC E. coli 
transformation 
recovery medium 

2% tryptone, 0.5% yeast extract, 0.058% NaCl, 0.2% 
MgCl2, 0.25% MgSO4, 0.36% glucose 

Autoinduction 

Media (AIM) 

E. coli protein 
expression 

1.2% tryptone, 2.4% yeast extract, 0.33% 
(NH4)2SO4, 0.68% KH2PO4, 0.71% Na2HPO4, 0.05% 
glucose, 0.2% lactose, 0.015% MgSO4 

Lennox Broth (L) Pseudomonas 

culture 

1% Bacto-tryptone, 0.5% yeast extract, 1% NaCl, 

0.1% glucose 

King’s Broth with 

Mg (KB+Mg) 

Pseudomonas 

Ps682 culture 

2% Peptone, 1.5% Glycerol, 0.16% K2HPO4, 0.5% 

1M MgSO4 (after autoclaving) 

Middlebrook 7H9 

Broth with OADC 

Enrichment 

(MOADC liquid) 

M. smegmatis 

liquid culture 

0.47% Middlebrook 7H9 broth base, 0.2% glycerol, 

10% MOADC growth supplement (after 

autoclaving)  
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Middlebrook 7H10 

Agar with OADC 

Enrichment 

(MOADC solid) 

M. smegmatis 

solid culture 

1.9% Middlebrook 7H10 agar base, 0.5% glycerol, 

10% MOADC growth supplement (after 

autoclaving) 

Aurachin PM R. fascians, 

comparative 

metabolomics 

1% starch, 1% glucose, 1% glycerol. 0.25% corn 

steep powder, 0.5% bacto peptone, 0.2% yeast 

extract, 0.1% NaCl, pH 7.3 

Rhodostreptomycin 

PM 

R. fascians, 

comparative 

metabolomics 

1% starch, 2% glucose, 2.5% soytone. 0.4% dry 

yeast, 0.1% beef extract, 0.005% K2HPO4, 0.2% 

NaCl, pH 7.0 

Minimal media A 

(MinA) 

R. fascians, 

comparative 

metabolomics 

1.05% K2HPO4, 0.45% KH2PO4, 0.1% (NH4)2SO4, 

0.05% sodium citrate, 0.025% MgSO4-7H2O, 

0.001% thiamine with 20mM pyruvate and 5mM 

histidine 

Yeast Extract Broth 

(YEB) 

R. fascians, 

comparative 

metabolomics 

0.5% peptone, 0.1% yeast extract, 0.5% beef 

extract, 0.5% sucrose, 0.5% MgSO4-7H2O, pH 7.2 

Actinonin PM R. fascians, 

comparative 

metabolomics 

1% glucose, 1% DIFCO soluble starch, 2% corn 

liquor step, 2% soy flour, 0.25% NH4Cl, 0.3% NaCl, 

0.6% CaCO3, pH 6.2 

Matlystatin PM R. fascians, 

comparative 

metabolomics 

3% glucose, 7% glycerol, 1% bacto peptone, 1% soy 

flour, 1% corn steep liquor, 0.5% MgSO4, 0.5% 

NH4NO3, 0.5% NaCl 

Bottromycin PM R. fascians, 

comparative 

metabolomics 

1% glucose, 1.5% starch, 0.5% yeast extract, 1% soy 

flour, 0.5% NaCl, 0.3% CaCO3, pH 7.0 

Screening medium 

7 (SM7) 

R. fascians, 

comparative 

metabolomics 

2.09% MOPS, 1.5% L-proline, 2% glycerol, 0.25% 

sucrose, 0.15% L-glutamate, 0.05% NaCl, 0.2% 

K2HPO4 with 2mM MgSO4, 0.2mM CaCl2, 0.5% 

trace salts No. 1, pH 6.5 

Screening medium 

12 (SM12) 

R. fascians, 

comparative 

metabolomics 

1% soy flour, 5% glucose, 0.4% peptone, 0.4% beef 

extract, 0.1% yeast extract, 0.25% NaCl, 0.5% 

CaCO3, pH 7.6 

Soya Flour 

Mannitol (SFM) 

S. scabies 

bioassay 

2% mannitol, 2% soy flour, 100 mM CaCl2 

Instant Potato 

Medium (IPM) 

S. scabies 

bioassay 

2% Instant mashed potato 
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Soft Nutrient Agar 

(SNA) 

Spot-on-lawn 

bioassays 

0.8% Difco Nutrient Broth, 0.7% agar 

 

 

Table 13. Plant growth medium used in this study. 

Medium Application Ingredients  

½ MS + 3% Sucrose Tobacco plant growth 0.22% Murashige & Skoog Medium 
Including Vitamins, 3% sucrose, 0.8% agar 

 

 

6.1.5 Primers 

 

All primers were synthesised by Eurofins Genomics or Integrated DNA Technologies (IDT) 

at a 25 nanomole synthetic scale with standard desalting. Primers were diluted to 100 µM 

in Milli-Q water and stored at -20 oC. Working stocks were prepared at 10 µM and stored 

at 4 oC. 

 

Table 14. Primers used during this study. 

Primer Name Sequence (5’ to 3’) Application Restriction 

Site 

M CCR For GATACACATATGGACGCTCTCGCCGAGG
C 

Amplification of 

matL for pJF01 

construction 

NdeI 

M CCR Rev GATACAAAGCTTGCAAAGCAGGGGATC
AAAGCGG 

HindIII 

M Epi For GATACACATATGTTCACGCGCGTCGACC
ACGT 

Amplification of 

matE for pJF02 

construction 

NdeI 

M Epi Rev GATACAAAGCTTGGGGAACGAACACTG
GTCCTCCGAAC 

HindIII 

M Mut For GATACACATATGGCGGGCCCAGGCGAG

TTC  

Amplification of 

matB for pJF03 

construction 

NdeI 

M Mut Rev GATACCAAGCTTCTCCTCGTTTCGCTTGG

TTGCCG 

HindIII 

CO M B12 For GATACACATATGGTTCGCCGTGTCCGTG

TTGT 

Amplification of 

codon optimised 

matQ for pJF04 

construction 

NdeI 

CO M B12 Rev TGTATCAAGCTTTTATTCCGCGACTTCCA

GAG 

HindIII 

CO M MeaB 

For 

GATACACCATGGTTAGGACCTGGCGGA

GCAGC 

Amplification of 

codon optimised 

NcoI 
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CO M MeaB 

Rev 

TCTATCAAGCTTGTGGTGGTGGTGGTGG

TGAAATGCATCCGGCAACCAAC 

matR for pJF05 

construction 

HindIII 

M AspSyn For AAAAAACCATGGATGTGTGGCATCAC 

 

Amplification of 

matC for pJF06 

construction 

NcoI 

M AspSyn Rev TTTTTTAAGCTTTCACAGGGCCAGCC 

 

HindIII 

M Noxy For GATACACCATGGATGAGGCGGCG 

 

Amplification of 

matD for pJF07 

construction 

NcoI 

M Noxy Rev TGTATCAAGCTTTCAGATCTCCCCGAT 

 

HindIII 

A CCR For CATAGACATATGCACAGCATGATCGAAG

CCGT 

Amplification of 

actF for pJF08 

construction 

NdeI 

A CCR Rev GATACAAAGCTTCACGGCAGCAGCGGC

CCG 

HindIII 

A Epi For GATACACATATGATCACTCGTATCGACC

ACATCGGC 

Amplification of 

actC for pJF09 

construction 

NdeI 

A Epi Rev GATACAAAGCTTGGTACCGTCATCGGCT

GACCGC 

HindIII 

A Mut For CAGCCAGACCATGGGTAAACCCG 

 

Amplification of 

actD for pJF10 

construction 

NdeI 

A Mut Rev GATACCAAGCTTTCCTGCCTGCGGGAGC

GCGTCCTCGATC 

HindIII 

A B12 For GATACACATATGGGTGTGTCGGGTCCGA

TCCG 

Amplification of 

actM for pJF11 

construction 

NdeI 

A B12 Rev GATACAAAGCTTCACGGTGAGCTTCCGG

CGGC 

HindIII 

A MeaB For GATACACCATGGGTGGATGTGGCAGAG
CTGGTGGC 

Amplification of 

actN for pJF12 

construction 

NcoI 

A MeaB Rev GATACACCATGGTGGATGTGGCAGAGC
TGGTGG 

HindIII 

A AspSyn For AAAAAACCATGGATGTGTGGCATCAC 

 

Amplification of actJ 

for pJF13 

construction 

NcoI 

A AspSyn Rev TTTTTTAAGCTTTCACAGGGCCAGCC 

 

HindIII 

A Noxy For GATACACCATGGATGTACGCAAGTGCT 

 

Amplification of actI 

for pJF14 

construction 

NcoI 

A Noxy Rev TGTATCAAGCTTTCACGGGGCGGCGTGC

A 

HindIII 
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pACAB12F1 

GATACAGAATTCCATCACCATCATCACCA

CAGCATGGGTGTGTCGGGTCCGATCC 

Amplification of 

actM and actD for 

pJF15 construction 

EcoRI 

pACAB12R1 

TGTATCAAGCTTTCAGGCGGCGACGGG

GC 

HindIII 

pACAMutF1 

GATACAGATATCATGGGTAAACCCGGA

GAGTACCCCT 

EcoRV 

pACAMutR1 

GGTATCCCTAGGGTGGTGATGATGGTG

ATGGCTGCCGGCCTGCGGGAGC 

AvrII 

pJAM LydA For GATACAGGATCCATGCCTGTCTCTGAAC

TTCTGC 

Amplification of 

lydA for pJAM2:lydA 

construction 

BamHI 

pJAM LydA 

Rev 

GATACATCTAGACTATCGTGTTGGCCAA

TCGTTG 

XbaI 

pJAM MsPDF 

For 

CATGCCCGAGGTAGTTTTCGGATCCATG

GCCGTCGTCCCGATCC 

Amplification of M. 

smegmatis 

housekeeping PDF 

for pJAM2:MsPDF 

construction 

Gibson 

pJAM MsPDF 

Rev 

AGTGGTGGTGGTGGTGGTGTCTAGATC

AGTGCCCGAACGGATCG 

Gibson 

Chk T7 For TAATACGACTCACTATAGGG 

 

For sequencing and 

checking of pET28a 

MCS 

 

Chk T7 Rev GCTAGTTATTGCTCAGCGG 

 

 

 

 

6.2 General Methods 

6.2.1 Escherichia coli  

6.2.1.1 E. coli growth and maintenance 

Unless otherwise stated, E. coli strains were grown in liquid LB medium at 37 oC with 

shaking at 250 rpm for 16-18 hours. E. coli strains were also grown on solid LB medium at 

37 oC until colonies were visible (18-24 hours). Plates were stored at 4 oC. Long-term E. coli 

stocks were stored at -70 oC in 25% glycerol. 

 

6.2.1.2 E. coli transformation 

6.2.1.2.1 Making E. coli chemically competent cells 

10 mL of LB was inoculated with a single colony of the E. coli strain and grown overnight at 

37 oC. 500 mL of LB (in 1 L flask) was inoculated with the pre-culture (1% v/v) and grown at 

37 oC until an OD600 of 0.4 is reached. The following steps were performed at 4 oC or on ice. 
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The culture was transferred to ten 50 mL tubes and centrifuged at 1000 x g for 8 minutes. 

The supernatant was discarded by decanting. Each pellet was resuspended gently in 20 mL 

sterile competency buffer (15% glycerol, 7.5% 1M CaCl2 in Milli-Q H2O). Two suspensions 

were combined and centrifuge as above. The supernatant was discarded by decanting. 

Each pellet was resuspended gently in 20 mL sterile competency buffer and centrifuged as 

above. The supernatant was discarded by decanting. Each pellet was resuspended gently 

in 4 mL sterile competency buffer and 100 µL aliquots were dispensed into microcentrifuge 

tubes. These were flash frozen in liquid N2 and stored at -70 oC.  

 

 

6.2.1.2.2 E. coli heat-shock transformation 

Chemically competent cells were thawed on ice. Plasmid DNA was mixed with the cells (2 

µL purified vector per 100 µL cells, 10 µL ligation mixture per 100 µL cells) and left on ice 

for 20 minutes. The tubes were placed in a 42 oC water bath for 45 seconds and then placed 

on ice for 2 minutes. The cells were mixed with 1 mL SOC medium and incubated at 37 oC 

for 1 hour with shaking at 250 rpm. 100-300 uL of the culture was plated onto LB agar plates 

(with appropriate antibiotic) and grown overnight.  

 

Commercial 5-alpha high efficiency E. coli competent cells (NEB C2987H) were also used 

for chemical transformation, according to the manufacturer’s protocol, when required.  

 

6.2.1.2.3 Making E. coli electrocompetent cells  

10 mL of LB was inoculated with a single colony of the E. coli strain and grown overnight at 

37 oC. 500 mL of LB (in 1 L flask) was inoculated with the pre-culture (1% v/v) and grown at 

37 oC until an OD600 of 0.4 was reached. The following steps were performed at 4 oC or on 

ice. The culture was transferred to ten 50 mL tubes and centrifuged at 800 x g for 20 

minutes. The supernatant was discarded by decanting. Each pellet was resuspended gently 

in 50 mL sterile 10% glycerol. The suspensions were centrifuged as above, and the 

supernatant was discarded by decanting. Each pellet was resuspended gently in 25 mL 

sterile 10% glycerol and centrifuged as above. The supernatant was discarded by decanting. 

Each pellet was resuspended in 5 mL sterile 10% glycerol and combined into a single 50 mL 

tube. This was centrifuged as above. The supernatant was discarded by decanting. The 

pellet was resuspended in 1 mL of 10% glycerol and 50 µL aliquots were dispensed into 

microcentrifuge tubes. These were flash frozen in liquid N2 and stored at -70 oC.  
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6.2.1.2.4 E. coli electrotransformation 

Electrocompetent cells were thawed on ice and mixed with 0.5 – 1.0 µL of plasmid DNA. 

This was transferred to a 2 mm electroporation cuvette. The outside of the cuvette was 

dried, and it was ensured that no bubbles had formed. The cells were electroporated at 25 

µFD, 2.5 KV, 200 Ω. The cells were mixed with 1 mL SOC medium and incubated at 37 oC 

for 1 hour with shaking at 250 rpm. 0.1 – 1.0 mL of the culture was plated onto LB agar 

plates (with appropriate antibiotic) and grown overnight.  

 

6.2.1.3 E. coli plasmid isolation 

Single colonies were picked and inoculated in 10 mL LB with appropriate antibiotic selection 

and grown overnight. Cultures were centrifuged for 10 minutes at 1,538 x g in an Eppendorf 

Centrifuge 5810. Plasmid DNA was purified using the Wizard Plus SV Miniprep kit 

(Promega) according to the manufacturer’s protocol. DNA was eluted using 50 µL Milli-Q 

H2O.  

  

 

6.2.2 Rhodococcus fascians 

6.2.2.1 R. fascians growth and maintenance 

Unless otherwise stated, R. fascians strains were grown in liquid LB medium at 28 oC with 

shaking at 250 rpm for 24-48 hours. R. fascians was also grown on solid LB medium at 28 
oC until colonies were visible (2-3 days). Plates were stored at 4oC. Long term R. fascians 

stocks were stored at -70 oC in 25% glycerol.  

 

6.2.2.2 R. fascians gDNA extraction 

gDNA was extracted from R. fascians using the Fast DNA SPIN Kit for Soil (MP Biomedicals), 

according to the manufacturer’s protocol.  

 

 

6.2.3 Mycobacterium smegmatis 

6.2.3.1 M. smegmatis growth and maintenance 

Unless otherwise stated, M. smegmatis was grown in liquid MOADC medium at 37oC with 

shaking at 250 rpm for 18-24 hours. Aerobic conditions were maintained by taping lids 

slightly open. Sterile glass beads and 0.25% TWEEN-80 were added to reduce cellular 

aggregation. M. smegmatis strains were also grown on solid MOADC medium at 37 oC until 

colonies were visible to the naked eye (2-3 days). Plates were stored at 4 oC. Long-term M. 

smegmatis stocks were stored at -70 oC in 25% glycerol.  
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6.2.3.2 M. smegmatis transformation 

6.2.3.2.1 Making M. smegmatis electrocompetent cells 

10 mL of MOADC was inoculated with a single colony of M. smegmatis and grown overnight 

at 37 oC. 100 mL of MOADC (in 250 mL flask) was inoculated with the pre-culture (1% v/v) 

and grown at 37 oC until an OD600 of 0.2-0.8 was reached. The culture was incubated on ice 

for 1.5 hours. The following steps were performed at 4 oC or on ice. The culture was 

transferred to two 50 mL tubes and centrifuged at 5,000 x g for 10 minutes. The 

supernatant was discarded by decanting. Each pellet was resuspended in 50 mL sterile 10% 

glycerol and centrifuged as above. The supernatant was discarded by decanting. Each pellet 

was resuspended in 25 mL sterile 10% glycerol and centrifuged at 2,000 x g for 10 minutes. 

The supernatant was discarded by decanting. This wash step was repeated once more. Each 

pellet was resuspended in 500 µL sterile 10% glycerol and 50 µL aliquots were dispensed 

into microcentrifuge tubes. These were flash frozen in liquid N2 and stored at -70 oC. 

 

6.2.3.2.2 M. smegmatis electrotransformation 

Electrocompetent cells were thawed on ice and mixed with 1.0 – 5.0 µL of plasmid DNA. 

This was transferred to a 2 mm electroporation cuvette and placed on ice for 1 minute. The 

outside of the cuvette was dried, and it was ensured that no bubbles had formed. The cells 

were electroporated at 25 µFD, 2.5 KV, 1000 Ω. The cells were mixed with 1 mL MOADC 

medium and transferred to a 15 mL tube. The cells were incubated at 37 oC for 2 hours with 

shaking at 250 rpm. 0.1 – 1.0 mL of the culture was plated onto MOADC agar plates (with 

appropriate antibiotic) and grown for 1-3 days.  

 

6.2.3.3 M. smegmatis gDNA extraction 

gDNA was extracted from M. smegmatis using the Fast DNA SPIN Kit for Soil (MP 

Biomedicals), according to the manufacturer’s protocol.  

 

 

6.2.4 Pseudomonas  

6.2.4.1 Pseudomonas growth and maintenance  

Unless otherwise stated, Pseudomonas strains were grown in liquid LB medium at 30 oC 

with shaking at 250 rpm for 16-20 hours. Pseudomonas strains were also grown on solid LB 

medium at 30 oC until colonies were visible (1-2 days). Plates were stored at 4 oC. Long-

term Pseudomonas stocks were stored at -70 oC in 25% glycerol.  
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6.3 Cloning and Sequencing 

 

6.3.1 E. coli colony PCR 

Single colonies were picked with sterile toothpicks and inoculated into 20 µL sterile Milli-Q 

water for use as template DNA. GoTaq polymerase (Promega) was used for colony PCR 

reactions. The PCR reaction mixture and program shown in Table 15 and Table 16 was 

performed using a T100 Thermal Cycler (Bio-Rad). 

 

Table 15. Reaction conditions for colony PCR of E. coli template 

Component Volume (µL) 

GoTaq Polymerase 0.2 

Forward Primer (10 µM) 1.0 

Reverse Primer (10 µM) 1.0 

DMSO 1.0 

Green GoTaq Buffer (5X) 4.0 

MgCl2 (25 mM) 2.8 

dNTPs (10 mM) 0.4 

Template DNA 1.0 

H2O 7.6 

TOTAL 20.0 

 

 

Table 16. PCR cycling conditions for E. coli colony PCR 

Temperature (oC) Time Number of cycles 

98 4 mins x1 

98 30 secs 

x30 Annealing Temp. 30 secs 

72 45 secs (per kb) 

72 5 mins x1 
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6.3.2 High-Fidelity PCR for cloning 

Q5 polymerase (NEB) was used for high-fidelity PCR reactions for cloning purposes. The 

PCR reaction mixture and program shown in Table 17 and Table 18 was performed using a 

T100 Thermal Cycler (Bio-Rad). Template DNA was usually gDNA.  

 

Table 17. Reaction conditions for high fidelity PCR using Q5 polymerase 

Component Volume (µL) 

Q5 Polymerase 0.5 

Forward Primer (10 µM) 2.5 

Reverse Primer (10 µM) 2.5 

DMSO 2.5 

Q5 Buffer (5X) 10.0 

dNTPs (10 mM) 1.0 

Template DNA 150 ng 

H2O Up to 50 

TOTAL 50 

 

 

Table 18. PCR cycling conditions for high fidelity PCR using Q5 polymerase 

Temperature (oC) Time Number of cycles 

95 2 mins x1 

95 45 secs 

x35 Annealing Temp. 45 secs 

72 20 secs (per kb) 

72 5 mins x1 

 

 

6.3.3 Agarose Gel Electrophoresis 

0.8% Agarose gels with 3 uL ethidium bromide per 100 mL were used for electrophoresis 

of DNA. DNA samples were mixed with 6x Gel Loading Dye (NEB) and loaded into the 

agarose gel wells. 5 µL of 1Kb Plus DNA Ladder (NEB) was also loaded. Gel electrophoresis 

proceeded at 90V for 50-75 minutes in 1x TBE (Tris/Borate/EDTA) running buffer. Gels were 

visualised and imaged using UV light.  
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6.3.4 Purification of DNA from Agarose Gels 

50 µL Q5 PCR reactions were separated by gel electrophoresis and viewed under low 

intensity UV light. A scalpel was used to excise the DNA band into a 2 mL microcentrifuge 

tube. The DNA was purified using the GFX PCR DNA and Gel Band Purification Kit (Cytiva) 

according to the manufacturer’s protocol. The DNA was eluted using 2x 10 µL aliquots of 

70 oC H2O.  

 

6.3.5 DNA Digestions 

All restriction enzymes were sourced from NEB and used with the supplied CutSmart 

Buffer. Reactions were performed in microcentrifuge tubes and proceeded at 37 oC for 1 

hour (<20 µL scale) or overnight (100 µL scale). Reaction mixtures were prepared as 

described in Table 19 and Table 20, and immediately gel purified or stored at -80 oC for 30 

minutes to inactivate the enzyme.  

 

Table 19. Reaction mixture for digestion of purified PCR product 

Component Volume (µL) 

Linear DNA 10.0 

CutSmart Buffer (10x) 1.2 

Enzyme A 0.4 

Enzyme B 0.4 

TOTAL 12.0 

 

 

Table 20. Reaction mixture for digestion of plasmid 

Component Volume (µL) 

Plasmid DNA 10 µg 

CutSmart Buffer (10x) 10.0 

Enzyme A 2.0 

Enzyme B 2.0 

Milli-Q H2O Up to 100 

TOTAL 100 

 

 

6.3.6 DNA concentration quantification 

The concentration and purity of gDNA, purified amplified DNA and digested vector 

backbones was determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific) 

according to the manufacturer’s protocol.  
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6.3.7 DNA Ligations 

Ligations were performed with T4 DNA Ligase (Thermo) using a 3-fold molar excess of insert 

to vector. Reaction mixtures were prepared as described in Table 21 and proceeded at 18 
oC overnight. A negative control ligation reaction lacking insert was always performed to 

check that the vector was sufficiently digested. The entire 10 µL reaction mixture was used 

to transform chemically competent E. coli DH5α cells (see Section 6.2.1.2.2).  

 

Table 21. Reaction mixture for ligation reaction 

Component Volume (µL) 

T4 Ligase (5U/µL) 0.5 

T4 Ligase Buffer (10x) 1.0 

PEG (50% w/v) 1.0 

Digested Vector Variable 

Digested Insert 4.0 

Milli-Q H2O Up to 10 

TOTAL 10.0 

 

 

6.3.8 Gibson Assembly 

Gibson assembly was performed using NEBuilder HiFi DNA Assembly Master Mix (NEB) 

using the manufacturer’s protocol for the assembly of 2-3 fragments. The reaction was 

incubated at 50 oC for 60 minutes and 2 µL of the reaction mixture used to transform 

chemically competent E. coli DH5α cells.  

 

6.3.9 Sequencing 

All vectors were sequenced by Eurofins Genomics using a Mix2Seq Kit according to the 

manufacturer’s protocol. Each T7-based vector was sequenced once with the ‘check T7’ 

forward and reverse primers along with the primers used to amplify the insert. DNA 

sequences were analysed using BLAST (https://blast.ncbi.nlm.nih.gov) to ensure that the 

PCR amplification had not introduced any mutations.   

 

 

 

 

 

 

https://blast.ncbi.nlm.nih.gov/
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6.4 Protein purification 

E. coli expression strains were grown at a 1 L scale and proteins were purified by affinity 

chromatography using gravity columns.   

 

6.4.1 E. coli Induction 

6.4.1.1 E. coli induction using isopropylthio-β-galactoside (IPTG) 

10 mL of LB with appropriate antibiotics was inoculated with either a single colony or 20 µL 

of thawed glycerol stock of the E. coli expression strain and grown overnight at 37 oC. 1 L 

of LB (in 2 L flask) with appropriate antibiotics was inoculated with 10 mL of the pre-culture 

and grown at 37 oC until an OD600 of 0.6 was reached.  100 µL of a 1M IPTG solution was 

added to the culture (0.1 mM final concentration). The culture was incubated for 4 hours 

at 30 oC. 

 

6.4.1.2 E. coli induction using autoinduction medium (AIM) 

10 mL of LB with appropriate antibiotics was inoculated with either a single colony or 20 µL 

of thawed glycerol stock of the E. coli expression strain and grown overnight at 37 oC. 1 L 

of AIM (in 2 L flask) with appropriate antibiotics was inoculated with 10 mL of the pre-

culture and grown at 18oC for 1-3 days with shaking at 250 rpm.  

 

 

6.4.2 Protein Purification Buffers 

Buffers were prepared as described in Table 22 in Milli-Q water. Buffers were stored at 4 
oC. 

 

Table 22. Composition of protein purification buffers. 

Buffer Composition  

Lysis and Binding 20 mM TRIS-HCl, 500 mM NaCl, 10 mM Imidazole, 10% glycerol, pH 7.9 

Wash #1 20 mM TRIS-HCl, 500 mM NaCl, 20 mM Imidazole, 10% glycerol, pH 7.9 

Wash #2 20 mM TRIS-HCl, 500 mM NaCl, 40 mM Imidazole, 10% glycerol, pH 7.9 

Elution 20 mM TRIS-HCl, 500 mM NaCl, 250 mM Imidazole, 10% glycerol, pH 

7.9 

Storage 50 mM TRIS-HCl, 100 mM NaCl, 10% glycerol, pH 7.9 
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6.4.3 E. coli cell lysis and clarification 

The E. coli culture was split equally between two 1000 mL centrifuge bottles and 

centrifuged at 12,000 x g, 4 oC for 30 minutes using a Fiberlite F9-6x1000 rotor (Thermo) in 

a Sorvall LYNX 6000 centrifuge (Thermo). The following steps were performed at 4 oC or on 

ice using ice-cold buffers. The supernatant was discarded by decanting. Each pellet was 

resuspended in 6 mL Lysis and Binding Buffer and these suspensions were combined. The 

cell suspension was vortexed until homogenised. The cell suspension was lysed using an 

EmulsiFlex B-15 homogeniser (Avestin) according to the manufacturer’s protocol. The cells 

were homogenised 3-4 times for full lysis.  

 

The lysate was split equally between two 30 mL Nalgene Oak Ridge tubes (Thermo) and 

centrifuged at 45,000 x g, 4 oC for 30 minutes using a Fiberlite F20-12x50 rotor (Thermo) in 

a Sorvall LYNX 6000 centrifuge (Thermo). The supernatant was filtered using a 0.45 µm 

syringe filter. A 50 µL aliquot of the crude clarified lysate was stored for later SDS-PAGE 

analysis. 

 

6.4.4 Protein Purification by Gravity Affinity Chromatography 

The E. coli BL21, SoluBL21 and Rosetta expression strains were purified by a single round 

of nickel affinity chromatography. The E. coli NiCo21 expression strain was purified by chitin 

affinity chromatography followed by a single round of nickel affinity chromatography. Ice-

cold buffers were used, and these steps were performed at 4 oC. 

  

6.4.4.1 Chitin Affinity Chromatography 

An Econo-Pac chromatography column (Bio-Rad) was loaded with 4 mL of chitin resin (NEB) 

and the storage buffer was drained. 15 mL of Milli-Q H2O was added, rotated for 5 minutes 

and drained. 15 mL of Lysis and Binding Buffer was added, rotated for 5 minutes and 

drained. The clarified E. coli NiCo21 lysate was added and mixed by rotation for 1 hour. The 

resin was allowed to settle, and the flowthrough was collected for further purification.  

 

6.4.4.2 Nickel Affinity Chromatography 

An Econo-Pac chromatography column (Bio-Rad) was loaded with 2 mL of Ni-NTA Agarose 

(Qiagen) and the storage buffer was drained. 15 mL of Milli-Q H2O was added, rotated for 

5 minutes and drained. 15 mL of Lysis and Binding Buffer was added, rotated for 5 minutes 

and drained. The chitin-treated NiCo21 flowthrough or clarified E. coli BL21, SoluBL21 or 

Rosetta lysate was added and mixed by rotation for 1 hour. The buffer was drained, and an 

aliquot labelled as ‘non-binding’ stored for later SDS-PAGE analysis. 15 mL of Wash Buffer 

#1 was added, rotated for 10 minutes, drained and a flowthrough sample retained. The 
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above step was repeated once. 15 mL of Wash Buffer #2 was added, rotated for 10 minutes, 

drained and a flowthrough sample retained. The above step was repeated once. 2.5 mL of 

Elution Buffer was added, rotated for 10 minutes, drained and the flowthrough retained in 

a 15 mL tube. The above step was repeated once, and the elution flowthroughs combined.  

 

6.4.5 Protein Buffer Exchange and Storage 

The protein buffer was exchanged for Storage Buffer. The selected centrifugal filter 

molecular weight cut-off must be less than the purified protein weight to ensure that the 

protein is retained. The centrifugal filter is placed within a 50 mL tube. Ice-cold buffers were 

used, and these steps were performed at 4 oC. 

 

The affinity chromatography eluent was applied to the Amicon Ultra-15 Centrifugal Filter 

(Merck) and centrifuged at 5,000 x g at 4 oC in a 6x50mL 7588 rotor (Heraeus) using a 

Biofuge Primo centrifuge (Sorvall) until 250 µL of prefiltered sample remained (~30 

minutes). 5 mL of Storage Buffer was added, and the tube was centrifuged as above until 

250 µL of prefiltered sample remained. This step was repeated twice more. The final 250 

µL protein sample was transferred to a microcentrifuge tube and mixed with 25 µL of 100% 

glycerol. 20 µL aliquots were transferred to 0.2 mL PCR tubes and stored at -70 oC.  

 

6.4.6 Protein Analysis 

6.4.6.1 Protein Analysis by SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The above protein purification samples (crude lysate, non-binding, washes 1-4 and 

purified) were analysed by SDS-PAGE to determine protein mass and purity. Purified 

protein samples were often diluted 10x or 100x in storage buffer to avoid overloading the 

SDS-PAGE gel. The following buffer was prepared as described in Table 23 in Milli-Q water. 

 

Table 23. Composition of SDS-PAGE buffers. 

Buffer Composition  

10X SDS-PAGE Tris-

Gly Running Buffer 

3% TRIS, 14.4% Glycine, 1% SDS 

 

10 µL protein samples were mixed 1:1 with 2X SDS-PAGE Loading Buffer (Invitrogen), 

heated at 105 oC for 5 minutes and centrifuged at 15,871 x g for 1 minute. The 20 µL protein 

samples and 5 µL of Color Prestained Protein Standard, Broad Range ladder (NEB) were 

loaded into a  Novex 12% Tris-Glycine SDS-PAGE gel (Invitrogen). Electrophoresis 

proceeded in 1X SDS-PAGE Tris-Gly Running Buffer at 200 V for 30 minutes. Gels were 



 161 

visualised by shaking in InstantBlue Protein Stain (Expedeon) for 1-18 hours. Gels were 

washed in water with shaking for 1 hour, three times, and imaged. 

 

6.4.6.2 Protein Analysis by LC-MS 

Once separated by SDS-PAGE, protein bands were sequenced to determine the identity of 

the purified protein. This was performed by Carlo de Oliveira Martins and Gerhard Saalbach 

(John Innes Centre). In brief, SDS-PAGE protein bands were excised, de-stained, washed 

and dehydrated. The gel slices were incubated with trypsin. The resulting peptides were 

analysed by LC-MS/MS using a Synapt G2-Si mass spectrometer equipped with an Acquity 

UPLC (Waters). Peptide sequences were analysed using Scaffold (Proteome Software) and 

compared against the target peptide sequence and the E. coli protein database to 

determine the identity of the protein band.  

 

 

6.5 Octenoyl-CoA and Octenoyl-SNAC Synthesis  

 

6.5.1 Octenoyl-CoA Synthesis 

6.5.1.1 Mixed Anhydride Method 

2-octenoic acid (154 μL, 1.0 eq) was added to dry dichloromethane (7.0 mL) at 0 oC. 

Triethylamine (334 μL, 2.7 eq) and ethyl chloroformate (213 μL, 2.5 eq) were added and 

the reaction mixture was stirred for 2 hours at 0 oC. The solvent was removed using rotary 

evaporation and the mixed anhydride residue suspended in tetrahydrofuran (5.0 mL). A 

solution of 100mg (0.15 eq) coenzyme-A (in 5 mL NaHCO3 in H2O, pH 8.0) was added and 

the mixture stirred at room temperature for three hours. The reaction was dried by rotary 

evaporation and then lyophilisation.  

 

6.5.1.2 PyBOP method 

Coenzyme A (100 mg, 1 eq), 2-octenoic acid (43 μL, 2 eq), PyBOP (104 mg, 1.5 eq) and K2CO3 

(72 mg, 4 eq) were dissolved in 10 mL THF/H2O (1:1). The reaction was stirred and 

proceeded at room temperature for 2.5 hours. Samples were taken at 1.25 and 2.5 hours 

for LC-MS analysis. The reaction was dried by rotary evaporation and then lyophilisation.  

 

6.5.2 Octenoyl-CoA purification 

6.5.2.1 Flash Chromatography  

Crude reaction mixtures were separated by flash chromatography using a Biotage Isolera 

system equipped with a 12 g SNAP Ultra C18 cartridge (Biotage). The solvent system used 
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was ACN (B) against H2O (A) and the flowrate was 12 mL/min. The cartridge was 

equilibrated with 3 column volumes (CVs) of 5% ACN. Crude reaction mixtures were 

solubilised in 3 mL 50% MeOH and loaded onto the cartridge. Separation proceeded with 

a linear 5-100% gradient for 10 CVs and a 2 CV isocratic hold at 100% B. Elution was 

monitored at 260 nm and 210 nm UV absorption and 9 mL fractions were collected. Each 

fraction was sampled and analysed by LC-MS (see Section 6.5.3). Fractions containing 

octenoyl-CoA were combined and dried by rotary evaporation.  

 

6.5.2.2 Semi-Preparative scale HPLC 

Flash chromatography fractions were further separated by reverse phase HPLC using an 

UltiMate 3000 HPLC instrument (Thermo) equipped with a semi-preparative Luna C18 100 

mm x 10 mm column (Phenomenex). The solvent system used was ACN (+0.1% TFA) (B) 

against H2O (A) and the flowrate was 5 mL/min. The column was equilibrated with 5% B for 

3 CVs. The sample was solubilised in 50% MeOH to a concentration of 7 mg/mL and filtered 

using a 0.45 μm PTFE filter (Whatman). The sample was injected and separated with an 

isocratic hold of 5% B for 2.5 CV and a linear gradient of 5-70% B over 16 CVs. The UV 

absorption at 265 nm was recorded. Peaks were manually collected and stored on ice. The 

samples were sampled for LC-MS analysis (see Section 6.5.3) and then lyophilised to 

dryness.  

 

6.5.2.3 Strong Anion Exchange (SAX) HPLC 

Following separation of the crude reaction mixture by flash chromatography, the efficacy 

of SAX chromatography was tested. This was performed on an UltiMate 3000 HPLC 

instrument (Thermo) equipped with a 50mm x 10mm POROS 50 HQ strong anion exchange 

column (Thermo). The solvent system used was 1 M NH4HCO3 in Milli-Q H2O (B) against 5 

mM NH4HCO3 in Milli-Q H2O (A) and the flowrate was 7 mL/min. The column was 

equilibrated with 100% A for 5 CVs. The sample was solubilised in Milli-Q H2O to a 

concentration of 10 mg/mL and filtered using a 0.45 μm PTFE filter (Whatman). 0.2 mL of 

the sample was injected and a linear gradient of 0-40 % B over 17 CVs, linear gradient of 

40-100% B over 3.5 CVs and an isocratic hold at 100% B for 2.5 CVs was performed. The UV 

absorption at 265 nm was recorded. Peaks were manually collected and stored on ice. The 

samples were sampled for LC-MS analysis (see Section 6.5.3) and then lyophilised to 

dryness.  

 

6.5.2.4 Preparative-scale HPLC 

The most effective purification was the preparative-scale reverse phase HPLC separation 

of flash chromatography fractions. This used an UltiMate 3000 HPLC instrument (Thermo) 



 163 

equipped with a preparative-scale Gemini-NX C18 (150mm x 21.1mm) column 

(Phenomenex). The solvent system used was ACN (+0.1% FA) (B) against 10 mM aqueous 

ammonium formate (pH 4.5) (A) and the flowrate was 20 mL/min. The column was 

equilibrated with 5% B for 1 CV. The sample was solubilised in 1 mL Milli-Q H2O to a 

concentration of 32 mg/mL and filtered using a 0.45 μm PTFE filter (Whatman). The sample 

was injected (6 mg per injection) and separated with a linear gradient of 5-50% B over 8 

CVs and an isocratic hold at 95% B for 1 CV.The UV absorption at 260 nm was recorded. 

Peaks were manually collected and stored on ice. The fractions were sampled for HR-MS 

analysis (see Section 6.5.3) and then lyophilised to dryness. Octenoyl-CoA HR-MS analysis 

is presented in Appendix Figure 100. HR-MS analysis of preparative-scale HPLC octenoyl-

CoA sample.Figure 100. Octenoyl-CoA NMR analysis is presented in Appendix Figure 101. 

 

6.5.3 Octenoyl-CoA Identification by LC-MS 

6.5.3.1 LC-MS analysis 

Samples were analysed using the Shimadzu ion-trap time-of-flight (IT-ToF) MS system, with 

separation achieved with an Agilent UHPLC with a Phenomenex Kinetex C18 column (2.6 

μm, 50 x 2.1 mm, 100 Å). The sample was eluted with a linear gradient of 5-70% ACN 

(+0.1%FA) / H2O (+0.1%FA) over 6 minutes with a flow rate of 0.6 mL/min and detected by 

the IT-ToF MS. Detection was performed in positive and negative mode and a mass range 

of m/z 200 – 2000. MS2 events were also detected, with a mass range of m/z 200-1000. 

Data was analysed using LabSolutions software (Shimadzu).  

 

6.5.3.2 HR-MS analysis 

HR-MS/MS analysis was performed by Gerhard Saalbach and Carlo de Oliveira Martins 

(John Innes Centre). High-resolution mass spectra were acquired on a Synapt G2-Si mass 

spectrometer equipped with an Acquity UPLC (Waters). Aliquots of the samples were 

injected onto an Acquity UPLC® BEH C18 column, 1.7 μm, 1x100 mm (Waters) and eluted 

with a gradient of acetonitrile/0.1% formic acid (B) in water/0.1% formic acid (A) with a 

flow rate of 0.08 mL/min at 45 °C. The concentration of B was kept at 1% for 1 min followed 

by a gradient up to 40% B in 9 min, ramping to 99%B in 1 min, kept at 99%B for 2 min and 

re-equilibrated at 1%B for 4 min. MS data were collected in positive mode with the 

following parameters: resolution mode, positive ion mode, scan time 0.5 s, mass range m/z 

50-1200 calibrated with sodium formate, capillary voltage = 2.5 kV; cone voltage = 40 V; 

source temperature = 125 °C; desolvation temperature = 300 °C.  Leu-enkephalin peptide 

was used to generate a lock-mass calibration with 556.2766, measured every 30 s during 

the run. For MS2 fragmentation, a data directed analysis (DDA) method was used with the 

following parameters: precursor selected from the 4 most intense ions; MS2 threshold: 
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5,000; scan time 0.5 s; no dynamic exclusion. In positive mode, collision energy (CE) was 

ramped between 10-30 at low mass (m/z 50) and 15-60 at high mass (m/z 1200).  

 

6.5.4 Octenoyl-SNAC Synthesis 

This reaction was performed under nitrogen atmosphere. 2-octenoic acid (0.56 mL, 4 

mmol) was dissolved in dimethylformamide (10 mL) and cooled to 0 oC . To this solution, 

DPPA (1.4 mL, 4 mmol) and triethylamine (1.8 mL, 13 mmol) was added. The reaction was 

stirred for 2 hours at 0oC. N-acetyl cysteamine (3.6 mL, 34 mmol) was added and the 

reaction stirred at room temperature for 24 hours. The reaction mixture was transferred 

to a 0.5 L separatory funnel and water (25 mL) was added. Liquid/liquid extraction was 

performed with 4 x 50 mL ethyl acetate and the organic extract combined. The organic 

extract was dried over MgSO4 and concentrated by rotary evaporation. 

 

6.5.5 Octenoyl-SNAC Purification 

Octenoyl-sNAC purification proceeded by normal phase flash chromatography using a 

Biotage Isolera equipped with a 25 g Sfär HP-Sphere normal phase cartridge (Biotage). The 

solvent system used was ethyl acetate (B) against hexane (A). The cartridge was 

equilibrated with 0% B for 3 CVs. The crude reaction mixture was solubilised in toluene and 

loaded onto the cartridge. Separation proceeded with a linear 0-70% B gradient over 2 CVs, 

a linear gradient of 70-100% B over 5 CVs and an isocratic hold at 100% B for 5 CVs. The UV 

absorbance at 265 nm was recorded. Each fraction was sampled and analysed by TLC (using 

ethyl acetate). TLC plates were stained using potassium permanganate stain. Fractions of 

interest were also analysed by LC-MS using the direct injection Advion Expression Compact 

MS instrument in positive mode to identify fractions containing octenoyl-SNAC (m/z = 

244.13; [M+H]+). 
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6.6 In vitro enzyme assays 

6.6.1 CCR Reaction Conditions 

 

In vitro reactions between CCR and acyl-CoA thioester substrates were prepared according 

to Table 24.  

 

Table 24. Composition of CCR in vitro assay reactions. 

Component Volume (µL) Final Concentration 

1M TRIS-HCl (pH 8.0)  5.0 100 mM 

140 mM NADPH 1.4 4 mM 

20 mM enoyl-CoA or octenoyl-SNAC  2.5 1 mM 

CCR protein preparation 2.5 unknown 

120 mM NaHCO3 13.8 33 mM 

200 µg/mL carbonic anhydrase 2.5 10 µg/mL 

Milli-Q H2O 22.3  

TOTAL 50.0  

 

 

The negative control was substituted with denatured CCR enzyme (heated at 95 oC for 5 

minutes and centrifuged at 15,871 x g for 1 minute). The in vitro assay reaction proceeded 

at 30 oC, 500 rpm for 30 minutes, unless otherwise stated. Reactions were quenched with 

50 μl of -20oC MeOH and centrifuged at 15,871 x g for 5 minutes. A 80 μl aliquot of the 

supernatant was transferred to a 2 mL LC-MS vial with an insert. 

 

Where stated, the NaHCO3 was replaced with NaH13CO3, at the same concentration of 33 

mM.  

 

6.6.2 LC-MS analysis of in vitro assays 

Samples were analysed using the Shimadzu IT-ToF MS system, with separation achieved 

with an Agilent UHPLC with a Phenomenex Kinetex C18 column (2.6 μm, 50 x 2.1 mm, 100 

Å). The sample was eluted with a linear gradient of 5-70% ACN (+0.1%FA) / H2O (+0.1%FA) 

over 6 minutes with a flow rate of 0.6 mL/min and detected by the IT-ToF MS. Detection 

was performed in positive mode and a mass range of m/z 200 – 2000. MS2 events were also 

detected, with a mass range of m/z 200-1000. Data was analysed using LabSolutions 

software (Shimadzu).  
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6.7 Bioinformatic Analysis of Warhead NP BGCs 

 

6.7.1 Acyl-CoA Mutase Phylogeny and Co-association Analysis 

6.7.1.1 Retrieving Representative Actinobacterial Acyl-CoA Protein Sequences 

The acyl-CoA mutase phylogenetic tree was constructed as follows. The MatB protein 

sequence (WP_019634562.1) was submitted to the InterPro search 

(www.ebi.ac.uk/interpro/search/sequence/) in order to identify the methylmalonyl-CoA 

mutase InterPro entry (IPR006099). All actinobacterial protein sequences belonging to the  

IPR006099 InterPro entry (~13,000 sequences at time of analysis – February 2022) were 

downloaded in .FASTA format. Mutase protein sequences identified in a MatB BLAST 

analysis that were highly similar (>60%) but absent in the InterPro database were added to 

the sequence list (WP_019634562.1, WP_176725504.1, WP_210837750.1, 

WP_063760750.1, WP_189742219.1, WP_223771548.1, WP_104814753.1, 

WP_184992507.1, QES31823.1, QNF54062.1, QHF95772.1). Sequences were submitted to 

the Enzyme Similarity Tool (Enzyme Function Initiative; EFI-EST [271]: 

https://efi.igb.illinois.edu/efi-est/) to produce a protein sequence similarity network (SSN). 

Edges were drawn between nodes where the similarity e-value was less than e-50. Protein 

sequences of >40% sequence similarity were collated into 1,615 representative nodes to 

generate the SSN. The SSN was exported and visualised using Cytoscape [353] 

(https://cytoscape.org/). The SSN node table was exported as a .csv file and opened using 

Excel. The UniProt retrieval (https://www.uniprot.org/id-mapping/) tool was used to 

download the .FASTA protein sequences of the first accession number of each 

representative node (File 1).  

 

6.7.1.2 Building Phylogenetic Tree of Representative Actinobacterial Acyl-CoA Protein 

Sequences 

The .FASTA protein sequences (File 1) were uploaded to the CIPRES server 

[354](http://www.phylo.org/) and an alignment was performed using the ClustalW method 

[355] with default parameters. The .FASTA alignment file was uploaded to the CIPRES 

server and submitted for phylogenetic tree building using the ‘RAxML-HPC Blackbox’ 

method [356], using default parameters. The program determined that a bootstrap value 

of n=350 was sufficient. The best scoring tree was uploaded to iTOL [273] 

(https://itol.embl.de/) for visualisation.  

 

 

 

http://www.ebi.ac.uk/interpro/search/sequence/
https://efi.igb.illinois.edu/efi-est/
https://cytoscape.org/
https://www.uniprot.org/id-mapping/
http://www.phylo.org/
https://itol.embl.de/
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6.7.1.3 Co-association analysis 

The co-association analysis pipeline starts with a SSN file. In order to perform a co-

association analysis of just the first protein sequence of each representative node, File 1 

was submitted to EFI-EST and the network lacking clustering (ID=100%) was downloaded. 

This SSN was submitted to the Genome Neighbourhood Tool (Enzyme Function Initiative; 

EFI-GNT [272]: https://efi.igb.illinois.edu/efi-gnt/). Parameters of neighbourhood size = 15 

and minimal co-occurrence percentage lower limit = 20 were set. The resultant coloured 

SSN was opened in Cytoscape and the node table exported as a .csv file. This was opened 

in Excel and the presence of Pfam domains of interest for each accession number was 

determined. The Pfam domains of interest were as follows: PF00107 (CCR), PF13669 (Acyl-

CoA epimerase), PF02310 (Acyl-CoA mutase β subunit), PF03308 (MeaB-like), PF00733 

(Asparagine synthetase), PF11583 (N-oxygenase), PF02770 (Acyl-CoA dehydrogenase), 

PF00501 (NRPS, adenylation), PF00668 (NRPS, condensation), PF00109 (PKS, 

ketosynthase), PF00550 (carrier) and PF00975 (Thioesterase). Excel was used to translate 

the EFI-GNT output into a binary matrix to denote whether each Pfam domain of interest 

was present in proximity to each Acyl-CoA mutase accession. This was converted into an 

iTOL binary annotation file, as detailed here https://itol.embl.de/help.cgi#binary. This 

annotation file was used to display the co-association analysis on the phylogenetic tree 

using iTOL.  

 

6.7.1.4 Phylogenetic and co-association analysis of warhead clade  

The warhead clade was identified in the above analysis. The sequences making up the 

representative nodes of the warhead clade were subject to another phylogenetic and co-

association analysis. The EFI-EST SSN informed which protein sequences were present in 

each representative node. These .FASTA protein sequences, in addition to the A0A166QLU4 

sequence as a phylogenetic outgroup, were retrieved as detailed above. The sequences 

absent in the UniProt database were also added, as detailed above. In total, 45 sequences 

were submitted to CIPRES for ClustalW alignment and RAxML-HPC Blackbox tree building, 

using default parameters. The program determined that a bootstrap value of n=300 was 

sufficient and de-replicated 20 sequences that were 100% identical. The tree was uploaded 

to iTOL.  

 

The co-association analysis was performed using the same parameters as detailed above. 

Additional Pfam domains of interest were added: PF13434 (KtzI-like), PF04299 (KtzT-like), 

PF07690 (transporter) and PF01327 (peptide deformylase). This co-association analysis was 

converted into a binary annotation file and displayed on the tree using iTOL. The tree was 

manually trimmed to remove phylogenetically identical Acyl-CoA mutase leaves. 

 

https://efi.igb.illinois.edu/efi-gnt/
https://itol.embl.de/help.cgi#binary
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6.7.2 Bioinformatic Analysis of the Lydiamycin BGC 

AntiSMASH [68] (https://antismash.secondarymetabolites.org/) was used for general 

analysis of the lydiamycin BGC. NRPSsp [313] (http://www.nrpssp.com/), PKS/NRPS 

Analysis [312] (http://nrps.igs.umaryland.edu/) and NRPSpredictor2 [88] were used for 

predicting the adenylation specificity of the lyd NRPS genes. Clinker [357] 

(https://github.com/gamcil/clinker) was used to compare BGCs. Sequence data for the S. 

venezuelae (NZ_CP029193.1) and S. aureoverticillatus (OL452061.1) clusters was used.  

 

6.7.3 Structural Comparison of LydA and E. coli PDF proteins 

The LydA protein sequence was submitted to AlphaFold2 [345, 346] and the best structural 

model was downloaded. The crystal structure of actinonin bound to E. coli PDF (PDB: 1G2A) 

was superimposed against the LydA structural model using PyMOL (https://pymol.org). 

PDF protein sequences were aligned by ClustalW using MEGA-X [358] and the alignment 

visualised using ESPript 3.0 (https://espript.ibcp.fr/).  

 

 

6.8 Comparative Metabolomics 

 

6.8.1 Production Media Screening 

The R. fascians WT and Δnrp strains were analysed by comparative metabolomics. The 

following liquid media were used (as detailed in Table 12): Aurachin production medium 

(PM) [315], Rhodostreptomycin PM [283], Actinonin PM, Matlystatin PM, Bottromycin PM 

[207], MinA [316], SM7, SM12 and YEB. 

 

10 mL of LB was inoculated with a single colony of the R. fascians strain and grown for 2 

days at 30 oC. 10 mL of each of the above media (in duplicate) were aliquoted into sterile 

bunged 50 mL tubes and inoculated with the pre-culture (1% v/v). The inoculum for MinA 

samples was centrifuged and washed twice with MinA. Media only samples were also 

prepared in duplicate. All cultures were incubated at 30 oC with shaking at 250 rpm. 0.75 

mL aliquots of each culture were sampled after 5 and 12 days of fermentation. These were 

extracted in 0.75 mL MeOH by shaking vigorously for 1 hour. These samples were 

centrifuged at 15,871 x g for 30 minutes and 0.6 mL of clarified supernatant aliquoted into 

2 mL LC-MS vials.  

 

 

https://antismash.secondarymetabolites.org/
http://www.nrpssp.com/
http://nrps.igs.umaryland.edu/
https://github.com/gamcil/clinker
https://pymol.org/
https://espript.ibcp.fr/
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6.8.2 LC-MS analysis of Extracts 

Samples were subjected to LC-MS analysis using a Shimadzu Nexera X2 UHPLC coupled to 

a Shimadzu IT-ToF mass spectrometer. Samples (5 μL) were injected onto a Phenomenex 

Kinetex 2.6 μm C18 column (50 x 2.1 mm, 100 Å), eluting with a linear gradient of 5 to 100% 

acetonitrile in water + 0.1% formic acid over 6 minutes with a flow-rate of 0.6 mL/min at 

40 °C. Positive mode mass spectrometry data was collected between m/z 300 and 2000 

with an ion accumulation time of 10 ms featuring an automatic sensitivity control of 70% 

of the base peak. The curved desolvation line temperature was 300 °C and the heat block 

temperature was 250 °C. MS/MS data was collected in a data-dependent manner using 

collision-induced dissociation energy of 50% and a precursor ion width of 3 Da. The 

instrument was calibrated using sodium trifluoroacetate cluster ions prior to every run. 

 

Data was analysed using LabSolutions software (Shimadzu). The base peak chromatograms 

of the R. fascians WT and Δnrp extracts from each media were overlayed and manually 

compared. Compounds present in the WT extract and absent in the Δnrp and media only 

extracts were candidate nrp BGC products. 

 

6.8.3 Mass Spectral Networking 

A more advanced comparative metabolomics experiment was performed to compare the 

metabolites produced by R. fascians WT and Δnrp strains in both SM12 and YEB media.  

 

10 mL of LB was inoculated with a single colony of the R. fascians strain and grown for 2 

days at 30 oC. 10 mL of each of the above media (in triplicate) were aliquoted into sterile 

bunged 50 mL tubes and inoculated with the pre-culture (1% v/v). Media only samples were 

also prepared in triplicate. All cultures were incubated at 30 oC with shaking at 250 rpm. 

0.75 mL aliquots of each culture were sampled after 5 days of fermentation. These were 

extracted in 0.75 mL MeOH by shaking vigorously for 1 hour. These samples were 

centrifuged at 15,871 x g for 30 minutes and 0.6 mL of clarified supernatant aliquoted into 

2 mL LC-MS vials.  

 

Samples were subjected to LC-MS-MS analysis using a Waters Acquity UHPLC coupled to a 

Q Exactive Orbitrap Mass Spectrometer (Thermo). Samples (5 μL) were injected onto a 

Phenomenex Kinetex 2.6 μm C18 column (50 x 2.1 mm, 100 Å), eluting with a linear 

gradient of 5 to 95% acetonitrile in water + 0.1% formic acid over 6 minutes with a flow-

rate of 0.6 mL/min at 40 °C. Positive mode mass spectrometry data was collected between 

m/z 200 and 2000. MS/MS data was collected in a data-dependent manner. 
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MS-MS data was converted to mzML format. A molecular network was created using the 

online workflow (https://ccms-ucsd.github.io/GNPSDocumentation/) on the GNPS website 

(http://gnps.ucsd.edu). The data was filtered by removing all MS/MS fragment ions within 

+/- 17 Da of the precursor m/z. MS/MS spectra were window filtered by choosing only the 

top 6 fragment ions in the +/- 50Da window throughout the spectrum. The precursor ion 

mass tolerance was set to 0.1 Da and a MS/MS fragment ion tolerance of 0.1 Da. A network 

was then created where edges were filtered to have a cosine score above 0.7 and more 

than 6 matched peaks. Further, edges between two nodes were kept in the network if and 

only if each of the nodes appeared in each other's respective top 10 most similar nodes. 

Finally, the maximum size of a molecular family was set to 100, and the lowest scoring 

edges were removed from molecular families until the molecular family size was below this 

threshold. The spectra in the network were then searched against GNPS' spectral libraries. 

The library spectra were filtered in the same manner as the input data. All matches kept 

between network spectra and library spectra were required to have a score above 0.7 and 

at least 6 matched peaks. The network was visualised using Cytoscape (version 3.8.2) [353].  

 

 

6.9 Lydiamycin A Purification 

6.9.1 Identification of Lydiamycin A by LC-MS 

Samples were subjected to LC-MS analysis using a Shimadzu Nexera X2 UHPLC coupled to 

a Shimadzu IT-ToF mass spectrometer. Samples (5 μL) were injected onto a Phenomenex 

Kinetex 2.6 μm C18 column (50 x 2.1 mm, 100 Å), eluting with a linear gradient of 5 to 100% 

acetonitrile in water + 0.1% formic acid over 6 minutes with a flow-rate of 0.6 mL/min at 

40 °C. Positive mode mass spectrometry data was collected between m/z 300 and 2000 

with an ion accumulation time of 10 ms featuring an automatic sensitivity control of 70% 

of the base peak. The curved desolvation line temperature was 300 °C and the heat block 

temperature was 250 °C. MS/MS data was collected in a data-dependent manner using 

collision-induced dissociation energy of 50% and a precursor ion width of 3 Da. The 

instrument was calibrated using sodium trifluoroacetate cluster ions prior to every run. 

 

6.9.2 Preliminary Purification Tests 

6.9.2.1 Testing Lydiamycin A extraction techniques 

10 mL of LB was inoculated with a single colony of the R. fascians WT strain and grown for 

2 days at 30 oC. 10 mL of SM12 was aliquoted into sterile bunged 50 mL tubes and 

inoculated with the pre-culture (1% v/v). The culture was fermented at 30 oC for 12 days. 

The culture was centrifuged at 6,500 x g for 20 minutes using a 6x50mL 7588 rotor 

(Heraeus) in a Biofuge Primo centrifuge (Sorvall).  

https://ccms-ucsd.github.io/GNPSDocumentation/
http://gnps.ucsd.edu/
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The supernatant was removed and extracted with 5 mL ethyl acetate with vigorous shaking 

for 20 minutes. The organic extract was removed and washed with 5 mL water using a 

separatory funnel. A sample of the supernatant-derived organic and aqueous fractions was 

removed for LC-MS analysis, as described in Section 6.9.1. The cell pellets were extracted 

in 2.5 mL 70% ACN with shaking for 20 minutes and centrifuged (as above). The organic 

extract was sampled and analysed by LC-MS, as described in Section 6.9.1. 

 

6.9.2.2 Testing Lydiamycin A production in larger culture volumes 

10 mL of LB was inoculated with a single colony of the R. fascians WT strain and grown for 

2 days at 30 oC. This pre-culture was used to inoculate SM12 (at 1% v/v) at varied media 

and flask volumes (25 mL in 250 mL flask, 50 mL in 250 mL flask, 200 mL in 2 L flask, 400 mL 

in 2 L flask). All cultures were grown at 30 oC for 5 days, with shaking at 250 rpm. A 0.75 mL 

aliquot of the culture was extracted in an equal volume of MeOH for 30 minutes, with 

vigorous shaking. The extract was centrifuged at 15,871 x g for 30 minutes and 0.6 mL of 

the supernatant was transferred to a 2 mL LC-MS tube. These were analysed by LC-MS, as 

described in Section 6.9.1. Peak area was calculated using default integration parameters, 

with a peak width of 3 seconds.  

 

6.9.3 Large-Scale Lydiamycin A Purification 

6.9.3.1 R. fascians fermentation and extraction 

10 mL of LB was inoculated with a single colony of the R. fascians WT strain and grown for 

2 days at 30 oC. 0.5 mL of this culture was used to inoculate 50 mL of LB (in 250 mL flask), 

which was cultured at 30 oC for 1 day with 250 rpm shaking. This pre-culture was used to 

inoculate 2x 1.0 L of SM12 medium (in 2000 mL flasks) at 1% v/v. These cultures were 

fermented at 30 oC for five days with shaking at 250 rpm. The cultures were split equally 

between two 1000 mL centrifuge bottles and centrifuged at 12,000 x g for 30 minutes using 

a Fiberlite F9-6x1000 rotor (Thermo) in a Sorvall LYNX 6000 centrifuge (Thermo). 

 

The supernatant was equally split between two 2 L separatory funnels and a liquid/liquid 

extraction was performed with two volumes of ethyl acetate. The mixture was shaken 

often over the course of an hour. The organic fraction was combined, and the volume was 

reduced to ~0.5 L by rotary evaporation. The organic fraction was washed with equal 

volumes of Milli-Q water, three times. The organic fraction was dried over MgSO4 and dried 

by rotary evaporation.  
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6.9.3.2 Flash Chromatography 

The crude organic fraction was separated by flash chromatography using a Biotage Isolera 

system equipped with a 30 g Sfär C18 cartridge (Biotage). The solvent system used was ACN 

(B) against H2O (A) and the flowrate was 25 mL/min. The cartridge was equilibrated with 3 

CVs of 5% B. The crude organic fraction was solubilised in 3 mL MeOH and loaded onto the 

cartridge. Separation proceeded with a 5% B hold for 2CVs, a linear gradient from 5-100% 

B over 12 CVs and a 100% B isocratic hold for 1.5 CVs. Elution was monitored at 210 nm 

and 237 nm and 22 mL fractions were collected. Each fraction was sampled and analysed 

by LC-MS (as described in Section 6.9.1). Fractions containing lydiamycin A were combined 

and dried by rotary evaporation and lyophilisation. 

 

6.9.3.3 Preparative-Scale HPLC 

Flash chromatography fractions were further separated by reverse phase HPLC using an 

UltiMate 3000 HPLC instrument (Thermo) equipped with a preparative-scale Gemini-NX 

C18 (150 mm x 21.1mm) C18 column (Phenomenex). The solvent system used was ACN 

(+0.1% FA) (B) against H2O (A) and the flowrate was 20 mL/min. The column was 

equilibrated with 5% B. The sample was solubilised in 3 mL MeOH to a concentration of 9 

mg/mL and filtered using a 0.45 μm PTFE filter (Whatman). The sample was injected (9 mg 

per injection) and separated with an isocratic hold of 5% B for 1 CV, a linear gradient of 5-

45% B for 2 CVs, a linear gradient of 45-70% B for 6.5 CVsThe UV absorption at 237 nm was 

recorded. Peaks were manually collected and stored on ice. The fractions were sampled for 

LC-MS analysis (as described in Section 6.9.1) and then lyophilised to dryness.  

  

 

6.10  Lydiamycin A Structural Elucidation 

6.10.1  HR-MS/MS 

HR-MS/MS analysis was performed by Gerhard Saalbach and Carlo de Oliveira Martins 

(John Innes Centre). High-resolution mass spectra were acquired on a Synapt G2-Si mass 

spectrometer equipped with an Acquity UPLC (Waters). Aliquots of the samples were 

injected onto an Acquity UPLC® BEH C18 column, 1.7 μm, 1x100 mm (Waters) and eluted 

with a gradient of acetonitrile/0.1% formic acid (B) in water/0.1% formic acid (A) with a 

flow rate of 0.08 mL/min at 45 °C. The concentration of B was kept at 1% for 1 min followed 

by a gradient up to 40% B in 9 min, ramping to 99%B in 1 min, kept at 99%B for 2 min and 

re-equilibrated at 1%B for 4 min. MS data were collected in positive mode with the 

following parameters: resolution mode, positive ion mode, scan time 0.5 s, mass range m/z 

50-1200 calibrated with sodium formate, capillary voltage = 2.5 kV; cone voltage = 40 V; 

source temperature = 125 °C; desolvation temperature = 300 °C.  Leu-enkephalin peptide 
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was used to generate a lock-mass calibration with 556.2766, measured every 30 s during 

the run. For MS2 fragmentation, a data directed analysis (DDA) method was used with the 

following parameters: precursor selected from the 4 most intense ions; MS2 threshold: 

5,000; scan time 0.5 s; no dynamic exclusion. In positive mode, collision energy (CE) was 

ramped between 10-30 at low mass (m/z 50) and 15-60 at high mass (m/z 1200). 

Lydiamycin A HR-MS analysis is presented in Appendix Figure 112. 

 

6.10.2  NMR analysis 

Pure lydiamycin A (7.0 mg) was dissolved in 200 µL CDCl3 and transferred into a 3 mm NMR 

tube. This sample was subjected to a series of 1D and 2D NMR experiments on a Bruker 

Avance Neo 600 MHz spectrometer equipped with a TCI cryoprobe at 298 K. The NMR 

experiments carried out were Proton (16 scans), Carbon (900 scans), HMBC (8 scans), COSY 

(1 scan), HSQC (6 scans), 1,1-ADEQUATE (197 scans). Spectra were analysed using Bruker 

TopSpin 4.0. The lydiamycin A NMR assignment is presented in Table 7. 

 

6.11  Lydiamycin A Bioactivity Assays 

6.11.1  Spot-on-Lawn assays 

10 mL of LB or MOADC was inoculated with a single colony of E. coli NR698 or M. smegmatis 

mc2155, respectively, and grown overnight at 37 oC with shaking at 250 rpm. This pre-

culture was used to inoculate 50 mL of the respective media (in 250 mL flasks), which were 

grown at 37 oC with 250 rpm shaking until an OD600 of 0.40 was reached. SNA and solid 

MOADC media were melted and cooled to 42 oC in a water bath. The E. coli culture was 

added to SNA and M. smegmatis added to MOADC at a concentration of O.D. 0.02 and 

were poured into 120 x 120 mm plates (50 mL each). A concentration series was prepared 

by serial dilution of pure lydiamycin in methanol from 600 µg/mL to 1 µg/mL. A positive 

control of 50 µg/mL kanamycin in water was prepared. 5 µL spots were applied to the plates 

and allowed to dry. The plates were grown at 37 oC for 1-3 days and imaged.  

 

6.11.2  M. smegmatis Growth Curves 

10 mL of MOADC with appropriate antibiotics was inoculated with a single colony of M. 

smegmatis mc2155 and grown overnight at 37 oC with shaking at 250 rpm. The M. 

smegmatis cultures were inoculated into 200 µL of MOADC medium in 96-well microplates 

to a final concentration of O.D600 0.05, in triplicate. All cultures were supplemented with 

0.25% TWEEN-80, 0.2% acetamide and the appropriate antibiotics. Each strain was grown 

either in the presence of methanol (5% v/v) or 50 µM lydiamycin A (in 5% v/v methanol), 

unless otherwise stated. Media only samples were also grown in triplicate. Fermentation 

proceeded at 37 oC with 500 rpm shaking. Growth was measured by O.D600 detection every 
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30 minutes for 72 hours using a SPECTROstar Nano UV/Vis microplate reader (BMG 

Labtech). The data was processed in Excel. The figure was generated using a R script written 

by Dr. Alaster Moffat (Truman lab, John Innes Centre).  

 

6.11.3  In vitro Deformylation Assay 

This assay was performed by Lena Bögeholz (Rodnina laboratory, Max Planck Institute for 

Multidisciplinary Sciences, Germany). PDF from E. coli was purified as described [340, 341]. 

In short, His6-tagged PDF was expressed in BL21(DE3)pLysS cells (NEB) and purified by 

Cobalt-Talon affinity chromatography (Clontech) followed by ion exchange 

chromatography using a HiTrapQ column (Cytiva). PDF was stored in buffer A (25 mM 

HEPES, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM  MgCl2, 0.2 mM CoCl2, 1 mM TCEP, and 

10% (v/v) glycerol) at -80 °C.  

 

To determine the inhibitory effect of lydiamycin A on PDF, a colorimetric coupled enzyme 

assay utilizing a model peptide formyl-methionyl-leucyl-p-nitroaniline (fML-pNA, Bachem) 

as the substrate was performed. PDF (10 nM) was incubated with fML-pNA (20 µM) and 

Aeromonas aminopeptidase (0.8 U/mL) in the presence of lydiamycin A (0-50 µM) in buffer 

A with 1% DMSO [342, 343]. Formation of p-nitroaniline upon deformylation was 

monitored at 405 nm (ɛ405 = 10,600 M-1cm-1) every 5 s at room temperature. The initial 

velocity was determined by linear regression and the half maximal inhibitory concentration 

(IC50) was estimated by hyperbolic fitting. The activity of PDF in the presence of 1% DMSO 

was verified by Michaelis Menten kinetics.  

 

6.11.4  Plant Assays 

6.11.4.1 Root growth assay 

120 x 120 mm plates were prepared, each with 50 mL of ½ MS + 3% sucrose + 0.8% agar 

media. N. benthamiana seeds were surface sterilised in 1.5% bleach solution for 30 minutes 

with strong vortexing. Under aseptic conditions, the seeds were washed in sterile Milli-Q 

water four times and aliquoted onto sterile filter paper. Twenty seeds were placed on each 

plate (in a line 2 cm from one edge). Plates were closed with micropore tape and stored in 

the dark at 4 oC for 3 days to align germination. The plates were placed vertically and grown 

under 16/8 hour light at 28 oC for 5 days.  

 

10 mL of LB was inoculated with a single colony of R. fascians and grown overnight at 30 oC 

with shaking at 250 rpm. 0.5 mL of culture was centrifuged (4,000 x g for 10 minutes), the 

supernatant discarded by decanting and the pellet resuspended in 1 mL sterile Milli-Q 

water. This step was repeated once more, and the pellet resuspended in sterile 100 mM 
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MgCl2 solution to an O.D600 value of 0.5. The length of the plant root was marked on the 

plate. Each seedling was inoculated with 4 µL of culture. Each R. fascians strain and a mock 

infection using 4 µL of 100 mM MgCl2 was tested using 60 seedlings. The plate was closed 

with micropore tape and returned to the same growth conditions for 7 days. The length of 

the plant root was marked and the distance between the 0 and 7 d.p.i marks is the root 

length growth. Data was processed using GraphPad. 

 

6.11.4.1.1 LC-MS analysis of seedlings 

Following the root length assay described above, six groups of five seedlings from each 

condition were transferred separately to 2 mL centrifuge tubes containing 1 mL MeOH and 

shaken vigorously for 30 minutes. The tubes were centrifuged at 15,871 x g for 30 minutes 

and 0.6 mL of the supernatant transferred to a 2 mL LC-MS tube. These extracts were 

analysed by LC-MS for the presence of lydiamycin A (as described in Section 6.9.1). 

 

6.11.4.2 Leafy gall assay 

GA-7 Magenta Vessels (Sigma) were prepared, each with 150 mL of ½ MS + 3% sucrose + 

0.8% agar media. N. benthamiana seeds were surface sterilised in 1.5% bleach solution for 

30 minutes with strong vortexing. Under aseptic conditions, the seeds were washed in 

sterile Milli-Q water four times and aliquoted onto sterile filter paper. One seed was placed 

into each Magenta vessel, and these were closed and grown with 16/8 hour light at 28 oC 

for 6 weeks. 

 

10 mL of LB was inoculated with a single colony of R. fascians and grown overnight at 30 oC 

with shaking at 250 rpm. 0.5 mL of culture was centrifuged (4,000 x g for 10 minutes), the 

supernatant discarded by decanting and the pellet resuspended in 1 mL sterile Milli-Q 

water. This step was repeated once more, and the pellet resuspended in sterile 100 mM 

MgCl2 solution to an O.D600 value of 0.5. The meristem of each plant was wounded with 

sterile forceps and infected with 5 µL of R. fascians WT culture, R. fascians Δnrp culture or 

sterile 100 mM MgCl2 solution (n = 9 plants each). The plants were returned to the same 

growth conditions as above for four weeks and imaged. The galls were also removed, and 

the masses of gall and plant measured.  

 

6.11.4.3 Excised leaf assay 

GA-7 Magenta Vessels (Sigma) were prepared, each with 150 mL of ½ MS + 3% sucrose + 

0.8% agar media. N. tabacum seeds were surface sterilised in 1.5% bleach solution for 30 

minutes with strong vortexing. Under aseptic conditions, the seeds were washed in sterile 

Milli-Q water four times and aliquoted onto sterile filter paper. One seed was placed into 
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each Magenta vessel, and these were closed and grown with 16/8 hour light at 28 oC for 4 

weeks. Leaves were aseptically excised and placed onto 120 x 120 mm ½ MS + 3% sucrose 

+ 0.8% agar plates.  

 

10 mL of LB was inoculated with a single colony of R. fascians and grown overnight at 30 oC 

with shaking at 250 rpm. Leaves were infected with 5 µL of R. fascians WT culture, R. 

fascians Δnrp culture or sterile 100 mM MgCl2 solution (n = 15 leaves each). The plates 

were returned to the same growth conditions as above for three weeks and imaged.  

 

6.11.4.4 Competition assay 

120 x 120 mm plates were prepared, each with 50 mL of ½ MS + 3% sucrose + 0.8% agar 

media. N. benthamiana seeds were surface sterilised in 1.5% bleach solution for 30 minutes 

with strong vortexing. Under aseptic conditions, the seeds were washed in sterile Milli-Q 

water four times and aliquoted onto sterile filter paper. 36 seeds were placed onto each 

plate. Plates were closed with micropore tape and stored in the dark at 4 oC for 3 days to 

align germination. The plates were grown under 16/8 hour light at 28 oC for 7 days.  

 

10 mL of LB was inoculated with a single colony of R. fascians and grown overnight at 30 oC 

with shaking at 250 rpm. 0.5 mL of culture was centrifuged (4,000 x g for 10 minutes), the 

supernatant discarded by decanting and the pellet resuspended in 1 mL sterile Milli-Q 

water. This step was repeated once more, and the pellet resuspended in sterile 100 mM 

MgCl2 solution to an O.D600 value of 0.5. 1:1 mixes of R. fascians D188-5/WT and R. fascians 

D188-5/Δnrp were prepared. The second competition assay used biological replicates of R. 

fascians WT and Δnrp strains (n = 7 each) from separate colonies, against the same D188-

5 biological isolate.  

 

A serial dilution of these inocula was prepared in LB (from 10-1 to 10-8 dilution) and 5 µL 

spots were plated onto both LB and LB Streptomycin plates. These plates were incubated 

at 30 oC for 1-3 days until individual colonies could be counted. The CFU/mL was calculated. 

The CFU/mL of the test strain was equal to CFU/mL (LB – LB streptomycin).  

 

The same inoculum was used to infect the seedlings. 4 µL of the inoculum (approximately 

2x105 cells) was applied to each seedling. In the first experiment, 8 groups of 7 seedlings 

were infected per condition. In the second experiment, 7 groups of 8 seedlings per 

timepoint were infected per condition. The plates were grown under 16/8 hour light at 28 
oC. In the first experiment, bacteria were isolated at 7 d.p.i., whereas in the second 

experiment, bacteria were isolated at 3, 7 and 14 d.p.i. For both experiments, the seedlings 

were aseptically transferred to a 2 mL microcentrifuge tube containing 1 mL sterile 100 mM 
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MgCl2 and vigorously mixed for 1 hour. These were serially diluted in LB (from 10-1 to 10-8 

dilution) and 5 µL spots were plated onto both LB and LB Streptomycin plates. These plates 

were incubated at 30 oC for 1-3 days until individual colonies could be counted. The CFU/mL 

was calculated.  

 

The data and statistics were processed in GraphPad by Dr. Catriona Thompson (John Innes 

Centre). In the first experiment, relative fitness was calculated: ln(test CFU 7dpi/ test CFU 

0dpi)/ln(D188-5 CFU 7dpi/D188-5 CFU 0dpi).  

 

6.12  Viscosin I Purification and Structural Elucidation 

6.12.1 Viscosin I Purification 

6.12.1.1 Pseudomonas Ps682 Fermentation and Extraction 

10 mL of L was inoculated with a single colony of the Pseudomonas Ps682 and grown 

overnight at 30 oC. Fifteen 140 mm diameter KB+Mg agar plates were each inoculated with 

0.6 mL of the Ps682 pre-culture and grown for 24 hours at 30 oC. The agar plates were cut, 

transferred to a 2 L Duran bottle and extracted in 500 mL ethyl acetate for 2 hours with 

frequent agitation. The organic extract was filtered through muslin cloth and transferred 

to a 2 L separatory funnel. The organic extract was washed with 3x 200 mL of Milli-Q H2O 

and dried over MgSO4 followed by rotary evaporation.  

 

6.12.1.2 Flash chromatography 

The crude organic fraction was separated by flash chromatography using a Biotage Isolera 

system equipped with a 12 g SNAP Ultra C18 cartridge (Biotage). The solvent system used 

was MeOH (B) against H2O (A) and the flowrate was 12 mL/min. The cartridge was 

equilibrated with 3 CVs of 70% B. The crude organic fraction was solubilised in 1 mL MeOH 

and loaded onto the cartridge. Separation proceeded with a linear gradient of 70-100% B 

over 7 CVs followed by an isocratic hold of 100% B for 3 CVs. Elution was monitored at 210 

nm and 260 nm and 22 mL fractions were collected. Each fraction was sampled and 

analysed by LC-MS (as described in Section 6.9.1). Fractions containing viscosin I were 

combined and dried using a Genevac EZ-2 evaporator on the ‘HPLC’ setting.  

 

6.12.1.3 Semi-preparative HPLC 

Flash chromatography fractions were further separated by reverse phase HPLC using an 

UltiMate 3000 HPLC instrument (Thermo) equipped with a semi-preparative scale Luna C18 

100mm x 10 mm column (Phenomenex). The solvent system used was MeOH (B) against 

H2O (A) and the flowrate was 5 mL/min. The column was equilibrated with 50% B. The 

sample was solubilised in MeOH to a concentration of 4 mg/mL and filtered using a 0.45 
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µm PTFE filter (Whatman). The sample was injected and separated with a linear gradient 

of 50-100% B over 10 CVs and an isocratic hold at 100% B for 3 CVs. The UV absorption at 

210 nm was recorded. Peaks were manually collected and stored on ice. The fractions were 

sampled for LC-MS analysis (as described in Section 6.9.1) and dried using a Genevac EZ-2 

evaporator on the ‘HPLC’ setting. 

 

6.12.1.4 Known viscosin-like CLP extraction and MS comparison 

CLP production of Pseudomonas SBW25, Pseudomonas Ps682 and Pseudomonas sp. LMG 

2338 was compared by LC-MS. 10 mL of L was inoculated with a single colony of each of 

the above strains and grown overnight at 30 oC. 0.1 mL of each pre-culture was used to 

inoculate 40 mm KB+Mg agar plates, which were incubated at 30 oC for 24 hours. Half of 

each plate was decanted into a sterile 50 mL tube and extracted with 10 mL 50% ethanol 

for 3 hours with vigorous shaking. A 2 mL aliquot was centrifuged (15,871 x g, 5 minutes) 

and 0.5 mL of the supernatant was removed for LC-MS analysis. The sample was analysed 

by LC-MS as described in Section 6.9.1, but with a linear gradient of 5-100% over 15 

minutes. 

 

6.12.2  Viscosin I Structural Elucidation 

6.12.2.1 HR-MS/MS Analysis 

Pure viscosin I was analysed by HR-MS/MS by Gerhard Saalbach and Carlo de Oliveira 

Martins (John Innes Centre). High-resolution mass spectra were acquired on a Synapt G2-

Si mass spectrometer equipped with an Acquity UPLC (Waters). Aliquots of the samples 

were injected onto an Acquity UPLC® BEH C18 column, 1.7 μm, 1x100 mm (Waters) and 

eluted with a gradient of acetonitrile/0.1% formic acid (B) in water/0.1% formic acid (A) 

with a flow rate of 0.08 mL/min at 45 °C. The concentration of B was kept at 1% for 1 min 

followed by a gradient up to 40% B in 9 min, ramping to 99% B in 1 min, kept at 99% B for 

2 min and re-equilibrated at 1% B for 4 min. MS data were collected in positive mode with 

the following parameters: resolution mode, positive ion mode, scan time 0.5 s, mass range 

m/z 50-1200 calibrated with sodium formate, capillary voltage = 2.5 kV; cone voltage = 40 

V; source temperature = 125 °C; desolvation temperature = 300 °C.  Leu-enkephalin peptide 

was used to generate a lock-mass calibration with 556.2766, measured every 30 s during 

the run. For MS2 fragmentation, a data directed analysis (DDA) method was used with the 

following parameters: precursor selected from the 4 most intense ions; MS2 threshold: 

5,000; scan time 0.5 s; no dynamic exclusion. In positive mode, collision energy (CE) was 

ramped between 10-30 at low mass (m/z 50) and 15-60 at high mass (m/z 1200). The HR-

MS analysis of Viscosin I is presented in Appendix Figure 121. 
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6.12.2.2 NMR Analysis 

Pure viscosin I (1.0 mg) was dissolved in 1 mL MeOH-d4 in order to exchange exchangeable 

protons with deuterium. This was dried under a stream of nitrogen at room temperature. 

The sample was dissolved in N,N-dimethylformamide-d7 (DMF-d7) and NMR spectra were 

acquired on a Bruker Avance Neo 600 MHz spectrometer equipped with a TCI cryoprobe. 

The experiments were carried out at 298 K with the residual DMF solvent used as an 

internal standard (δH/δC 2.75/29.76). The residual solvent signal from H2O was suppressed 

through a presaturation sequence in 1D 1H. Resonances were assigned through 1D 1H (32 

scans), 13C (30,000 scans) and DEPT135 (25,600 scans) experiments, and 2D COSY (10 

scans), HSQCed (36 scans), HMBC (40 scans), TOCSY (50 scans), and HSQC-TOCSY (25 scans) 

experiments. Spectra were analyzed using Bruker TopSpin 3.5 and Mestrelab Research 

Mnova 14.0 software. Dr. Sergey Nepogodiev (John Innes Centre) carried out the NMR 

experiments and performed all NMR data analysis. 

 

6.13  Viscosin I Bioactivity Assays 

6.13.1  Disk Diffusion Assays 

S. scabies 87-22 spore solution was diluted 1:100 in sterile Milli-Q water. 60 uL aliquots 

were spread onto 100 mm square SFM or IPM agar plates using sterile cotton buds and 

allowed to dry for 30 mins. Pure viscosin I was diluted in MeOH to produce a range of 

concentrations from 10-100 µg/mL. 100 µL of each of these solutions was applied to a 

sterile 6 mm filter disk, in 5x 20 µL applications, and allowed to dry between each 

application. A methanol only control disk was also produced. The disks were applied to the 

agar plate, which was incubated at 30oC for 48 hours.  
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Chapter 8: Appendix 

 

 
Figure 95. SDS-PAGE comparison of ActD protein purification using different E. coli expression strains. 

Expected size of protein indicated by red line. Lanes are the clarified lysate (crude), non-binding column 

fraction (NB), washes with increasing imidazole concentration (W1-W4) and the final eluted purified protein 

(eluate).  
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Figure 96. ActN (actinonin MeaB) protein purification attempt. Used E. coli BL21(DE3) expression strain and 

nickel affinity chromatography. Abbreviations: N.B. = non-binding.  

 

 

 

 
Figure 97. LC-MS analysis of Octenoyl-CoA synthesis using PyBOP method. Sampled at 75 minutes (left panel) 

and upon completion (right panel) of 150 minute reaction. The base peak chromatogram is plotted in purple. 

The extracted ion chromatogram of Coenzyme A (m/z 768.123; [M+H]+ ) is plotted in blue, Octenoyl-CoA (m/z 

892.211; [M+H]+ ) is plotted in brown and the PyBOP breakdown product, tris(pyrrolidino)phosphine oxide, 

(m/z 258.173; [M+H]+ ) is plotted in green. 
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Figure 98. Comparison of octenoyl-CoA purification methods. C18 reverse phase separation of PyBOP 

octenoyl-CoA crude reaction mixture. Absorption measured at 265 nm. Separation of crude reaction mixture 

by C18 alone is shown in pink. Separation of crude reaction mixture by SAX followed by C18 is shown in blue. 

Blank is shown in black. Subsequent LC-MS analysis indicated that the 18.5 minute peak contains octenoyl-

CoA.  
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Figure 99. Separation of PyBOP octenoyl-CoA crude reaction mixture by reverse phase flash chromatography. 

Bottom is the LC-MS analysis of fractions 8/9 with extracted ion chromatogram of octenoyl-CoA in pink and 

base peak chromatogram in black. 
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Figure 100. HR-MS analysis of preparative-scale HPLC octenoyl-CoA sample. 
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Figure 101. 1H NMR analysis of purified octenoyl-CoA. Performed by Dr. Martin Rejzek. A. Comparison of 

purified octenoyl-CoA to a standard of free coenzyme A. B. Assignment of 1H spectrum to the structure of 

octenoyl-CoA.  
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Figure 102. Overview of flash chromatography purification of compound #1 from R. fascians SM12 culture 

organic extract.  

 

 

 
Figure 103. LC-MS analysis of biotage fractions A and B.  
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Figure 104. LC-MS analysis of the presence of the twenty candidate D188nrp products in biotage fraction A. 

 

 
Figure 105. LC-MS analysis of the presence of the twenty candidate D188nrp products in biotage fraction B. 
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Figure 106. HPLC separation of biotage fraction A. UV absorbance measured at 237 nm. Blank run in black, 

sample injection in blue. Red arrow indicates peak of compound #1, as determined by LC-MS.  

 

 

 

 
Figure 107. LC-MS analysis of semi-preparative scale HPLC purification of compound #1 from biotage fraction 

A. The blank BPC is indicated as the column was dirty in this run.  
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Figure 108. LC-MS analysis of the mass-guided separation of biotage fraction B. 
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Figure 109. Reverse phase flash chromatography separation of the 2L organic extract for isolation of 

compound #1. 
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Figure 110. LC-MS analysis of large scale compound #1 flash chromatography fractions. 
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Figure 111. Preparative-scale HPLC purification of compound #1 flash chromatoraphy fractions 24-26. 

 

 

 

 
Figure 112. HR-MS analysis of compound #1. Predicted Lydiamycin A [M+H]+ = 664.3665.  
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Table 25. Proton NMR spectra comparison between published lydiamycin A and observed compound #1 data. 

All NMR recorded in CDCl3. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 REPORTED [319] 

H (J IN HZ) 

REPORTED [318]  

H (J IN HZ)  

OBSERVED 

H (J IN HZ) 

1    
2 5.30, m 5.28, m 5.31, m 
3 2.38, 1.77, m 2.35, 1.77, m 2.38, 1.78 m 
4 1.63, 1.59, m 1.60, m 1.63, 1.54, m 
5 3.14, m,  

2.77, qd (12.0, 3.0) 
3.12, br d (13.5), 
2.75, br dq (13.5, 3.8) 

3.15, br d (14.2), 
2.78, qd (13.0, 3.5) 

5-NH 4.32, d (12.0) 4.31, br d 4.33, br d 
6    
7 4.85, qd (10.5, 7.0) 4.83, qd (10.5, 7.25) 4.86, qd (10.5 ,7.3) 
7-NH 7.30, d (10.5) 7.27. d (10.5) 7.30, d (10.3) 
8 1.44, d (7.0) 1.43, d (7.25) 1.46, d (7.3) 
9    
10 4.35, td (8.5, 8.5) 4.33, m 4.35, m 
10-NH 7.46, d (8.5) 7.43, d (7.8) 7.48, d (9.0) 
11 1.78, m 1.77, m 1.78, m 
12 1.65, m 1.63, m 1.63, m 
13 0.93, d (6.5) 0.93, d (6.5) 0.94, d (6.6) 
14 0.88, d (6.5) 0.87, d (7.8) 0.89, d (6.7) 
15    
16 5.31, m 5.28, m 5.31, m 
16-NH 8.30, d (10.0) 8.25, d (9.85) 8.31, d (9.5) 
17 4.77, dd (11.5, 4.5), 

4.04, d (11.5) 
4.75, dd (11.4, 4.4),  
4.03, br d (11.4) 

4.78, dd (11.4, 4.4), 
4.05, d (11.4) 

18    
19 4.67, t (5.0) 4.65, br t (5.7) 4.70, br t (5.0) 
20 2.35, 1.92, m 2.35, 1.93, m 2.38, 1.92 m 
21 2.17, 1.95 m 2.15, 1.92, m 2.18, 1.95 m 
22 6.92, m 6.90, br s 6.93, m 
23    
24 3.32, dd (17.0, 12.0), 

2.62, dd (17.0, 5.5) 
3.30, dd (16.8, 12.2), 
2.60, dd (16.8, 5.3) 

3.33, dd (18.0, 13.2) 
2.63, dd (16.9, 5.2) 

25 3.04, m 3.02, m 3.05, m 
26 1.72, 1.53, m 1.71, 1.52, m 1.78, 1.54, m 
27 1.35, 1.25, m 1.35, 1.24, m 1.36, 1.26, m 
28 1.29, 1.25, m 1.27-1.26, m 1.28, 1.26, m 
29 1.27, m 1.27-1.26, m 1.26, m 
30 0.86, t (7.0) 0.85, t (6.5) 0.87, t (6.9) 
31    
31-
OH 

11.37, br s  11.40, br s 
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Table 26. Carbon NMR spectra comparison between published lydiamycin A and observed compound #1 data. 

All NMR recorded in CDCl3. 

 REPORTED [319] 

C, MULT 

REPORTED [318]  

C, MULT 

OBSERVED 

C 

1 169.8, qC 169.1, qC 169.1 
2 52.7, CH 52.7, CH 52.7 
3 24.4, CH2 24.4, CH2 24.4 
4 21.4, CH2 21.4, CH2 21.5 
5 47.1 CH2 47.1, CH2 47.1 
5-NH    
6 174.3, qC 174.3, qC 174.4 
7 50.5, CH 50.5, CH 50.5 
7-NH    
8 18.3 18.2 18.3 
9 169.0, qC 169.3, qC 169.4 
10 51.4, CH 51.4, CH 51.5 
10-
NH 

   

11 36.4, CH2 36.6, CH2 36.6 
12 24.6, CH 24.6, CH 24.6 
13 22.8, CH3 22.7, CH3 22.8 
14 22.3, CH3 22.2, CH3 22.3 
15 169.3, qC 169.7, qC 169.8 
16 50.6, CH 50.7, CH 50.7 
16-
NH 

   

17 68.3, CH2 68.2, CH2 68.2 
18 171.0, qC 170.9, qC 171.0 
19 55.6, CH 55.6, CH 55.6 
20 19.4, CH2 19.3, CH2 19.4 
21 20.6, CH2 20.6, CH2 20.7 
22 142.7, CH 142.7, CH 142.7 
23 175.9, qC 175.9, qC 176.0 
24 36.6, CH2 36.5, CH2 36.5 
25 46.0, CH 46.0, CH 46.0 
26 31.6, CH2 31.6, CH2 31.7 
27 26.9, CH2 26.8, CH2 26.9 
28 31.5, CH2 31.5, CH2 31.5 
29 22.4, CH2 22.4, CH2 22.4 
30 14.0, CH3 13.9, CH3 14.0 
31 177.3, qC 177.3 qC 177.4 
31-
OH 
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Figure 113. HMBC and COSY NMR spectra of compound #1. Measured in CDCl3. 
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Figure 114. Stereochemistry analysis of C24 using existing PGME derivatisation data. Analysis and figure 

prepared by Edward Hems. 

 

 

 
Figure 115. Comparison of NRPS domain architecture of known lydiamycin producers and S. venezuelae 

cluster. Produced using antiSMASH and NRPSpredictor2. 
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Figure 116. Comparison of inoculum concentration and presence of solvent on E. coli NR698 growth. Where 

x = O.D. 0.05. Reporter strain and reporter strain plus MeOH is duplicate data (thick line represents average 

value and shaded envelope represents minimum and maximum values). DMSO value is single (not replicated). 

 

 

 

 
Figure 117. Comparison of inoculum concentration and presence of solvent on M. smegmatis growth. Where 

x = O.D. 0.05. Reporter strain and reporter strain plus MeOH is duplicate data (thick line represents average 

value and shaded envelope represents minimum and maximum values). DMSO value is single (not replicated). 

 

 

 



 223 

 
Figure 118. Plasmid map of pJAM2:lydA. 
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Figure 119. Alignment of PDF genes for prediction of lydiamycin immunity determinant. The sensitivity or 

resistance against lydiamycin is indicated. The purple boxes indicate the residues which are located on the 

surface of the protein in or around the active site. The residues are numbered according to the E. coli PDF 

gene. A possible resistance determinant residue (E. coli R97) is indicated. 
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Figure 120. Overview of 682CLP purification. A. Fractionation of Pseudomonas Ps682 organic extract by flash 

chromatography. UV absorbance measured at 210 nm. Blue line indicates gradient of MeOH/H2O. Each peak 

was analysed using LC/MS and 682CLP was identified in peak labelled with red arrow. B. Fractionation by 

semi-preparative HPLC. Blue trace is sample injection, black trace is blank injection. Purple line indicates 

gradient of MeOH/H2O. UV absorbance measured at 210 nm. Each peak was analysed using LC/MS and 

682CLP was identified in peak labelled with red arrow. 
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Figure 121. HR-MS/MS analysis of 682CLP. Predicted [M+H]+ = 1126.6970 


