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Abstract 
Novel antibiotics are desperately needed. We are on the verge of the pre-antibiotic era, with 

bacteria resistant to last resort drugs spreading quickly worldwide. Natural products, or 

chemical molecules produced by living organisms, evolved over time to interact with 

biological targets following rules that researchers have not yet outlined fully. However 

microorganisms, once the source of most of the drugs we use today, were abandoned in 

favor of synthetic chemistry, under the false premise that natural sources were depleted. 

When pursuing novel antimicrobials, two options are in hand, either drug discovery or drug 

functionalisation. In this thesis, approaches that were left on the golden era of antibiotic 

discovery due to technological limitations are revisited to produce derivatives of congocidine 

and distamycin.  These two natural products are pyrrole-amide peptide antibiotics, 

characterised by antibiotic, antifungal, antiviral and antitumoral properties, which arise from 

their non-covalent DNA-binding properties. Since both antibiotics are chemically very close, 

this thesis explores the combinatorial biosynthetic opportunities to exploit between the 

pathways that encodes them. Their chemical outline enables them to bind rich AT sequences 

in the minor groove of the DNA, with different preferred motifs according to specific 

differences in peptide length and functional groups. Research on synthetic compounds 

imitating these two natural products, have shown that the DNA binding affinity can be 

modulated by peptide length and heterocycle content. As synthetic chemistry represents an 

inefficient approach for the production of these derivatised compounds based on the natural 

scaffold of concocidine, the in-vivo substitution of the pyrrole rings for other heterocycles 

such as imidazole or thiazole is pursued through a mutasynthetic approach. The last part of 

this study focuses on the resistance mechanism present in both clusters. Since both 

antibiotics are closely related, the study of their resistance mechanism can help understand 

how natural antimicrobial evolution shapes natural antibiotic resistance, and the structure 

to activity relationship of novel compounds are explored. 
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Introduction 
The urgent need 

There is an urgent need to develop or discover new antimicrobial chemotherapeutics (Wise, 

2011) due to the global crisis we are facing in antimicrobial resistant infections. This is a result 

of over 40 years of poor antimicrobial drug stewardship. The first resistance plasmids found 

in bacteria due to human antibiotic use were reported in the late 1950’s and the 

fluoroquinone resistance reported in the late 1990’s (Davies and Davies, 2010). Very recently, 

bacteria has been isolated with a resistance to one of the ‘last resort antibiotics’ (colistin).  

Because of  the enzymes allowing resistance are encoded   in plasmid DNA, there is the 

danger of ending in global dissemination (Liu et al., 2016). Consequently, we have the 

potential to return to the pre-antibiotic era. Passivity of big pharma due to profit-risk of 

development and patenting issues (Spellberg et al., 2007) was one of the reasons that fuelled 

the exponential rise of multi drug resistant strains. 

There are two obvious paths we can take to address this problem: drug development and 

drug discovery. Drug discovery focuses on compounds that have bioactivity. Those 

compounds could be synthetic, but there is a weight of experience that points towards 

natural products as the biggest pool of drug molecules (Baltz, 2008). The phylum 

Actinobacteria is by far the most prolific source of antimicrobials, with about two thirds of 

known bioactive compounds coming from this source (Baltz, 2008). It would therefore seem 

sensible to continue screening this phylum of Gram positive bacteria; however, discovering 

novel  strains does not guarantee novel drugs, as many newly described strains produce 

previously identified natural products – the so called ‘chemical dereplication problem’ 

(Cortes-Sanchez and Hoskisson, 2015). The solution for this ‘dereplication’ of metabolites 

was initially to search in novel and previously unexplored ecological niches (Buchanan et al., 

2005), with marine bacteria being a known source of useful bioactive compounds (Bull and 

Stach, 2007).   However, the discovery rate of novel bioactive metabolites is relatively low as 

the ones that have been already isolated, are the ones with a bigger appareance frequency. 

While streptothricin is present in 10 % of isolated streptomycetes, only 0.1 % produce 

tetracycline. Using statistical logic, it can be hypothetised that the compounds already 

isolated are common, while the drugs that may be isolated in the future present a lower 

occurrence in strains across the ecosystems. At the same time, is often  that molecules 
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discovered are not suitable for therapeutic use due to safety regulations or pharmaco-

kinetics (Lewis, 2013). Nevertheless, the biggest issue of this approach is the inability to 

culture the vast majority of microorganisms in a laboratory setting, with culturability rates 

ranging 0.1-0.3% (Amann et al., 1995), and although new culturing techniques such the iChip 

(Kaeberlein et al., 2002) are helping address this problem, it is only with moderate success, 

i.e. the isolation of a completely novel antibiotic (Ling et al., 2015) after 13 years and 10,000 

novel strains isolated. A deeper knowledge on microbial ecology is needed as it may provide 

insights that will improve these poor cultivability rates. 

Perhaps the solution to natural product discovery is not to discover more strains, but to 

exploit the plethora of biosynthetic pathways found within the genomes of already isolated 

organisms. The discovery of a new group of antibiotics, the turbomycins, was the result of 

heterologous expression of a natural product biosynthetic gene cluster obtained through a 

metagenomics screen (Gillespie et al., 2002). 

In 2002 researchers at the John Innes Centre first noticed the discordance between known 

and isolated natural products produced by a strain and those that were encoded within the 

genome. The model Actinobacterium Streptomyces coelicolor was known to produce three 

specialised metabolites however the genome sequence revealed 20 biosynthetic gene 

clusters putatively encoding novel metabolites (Bentley et al., 2002). This proved not to be 

an exception, as later genome sequencing efforts in Streptomyces avermitilis confirmed, as 

it had 30 specialised metabolite biosynthetic clusters coding for potentially bioactive 

molecules (Ikeda et al., 2003), albeit while expressing just the macrolide avermectin  under 

laboratory conditions. The expression of these so called ‘silent’ or ‘cryptic’ biosynthetic 

clusters has proven challenging, with some successes achieved via heterologous expression 

with  engineered repressors or activators (Laureti et al., 2011; Olano et al., 2014), by pathway 

specific regulatory gene disruption (Sidda et al., 2014), cultivation under stress (Yoon and 

Nodwell, 2014) or exploitation of quorum sensing factors (Nodwell, 2014). The exploitation 

of these techniques depends on knowledge of Streptomyces metabolism, and their metabolic 

switches in response to signalling molecules.  An example of such molecules would be the γ-

butyrolactones family of compounds. The first characterised γ-butyrolactone was called A-

factor (Horinuchi and Beppu, 2007) and along with other molecules such as 2-alkyl-4- 

hydroxymethylfuran-3-carboxylic acids (Corre et al., 2008), they often play a role in 

secondary metabolism and morphological differentiation (Sidda and Corre, 2012). However, 
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falling sequencing costs (Check-Hayden, 2014) and  the advances in synthetic biology are 

radically changing the scientific landscape, with the creation of completely new synthetic 

tools, i.e. promoters leading to expression of this clusters (Siegl et al., 2013) or the use of 

pattern based genome mining to link metabolites to gene clusters (Duncan et al., 2014). 

The second avenue, drug development is often based on natural products too, as semi-

synthesis relies in a natural product drug core, since the production of natural products is 

generally cheaper and more efficient than any analogous synthetic counterpart. While 

bacteria can be fed on cheap nitrogen and carbon sources to industrially produce modified 

compounds, their chemical synthesis is energy intensive and would require pure starting 

materials, contaminating solvents, and a highly specialised and skilled workforce. An example 

of the difficulty of chemically synthetising natural producst is erythromycin, which was 

discovered in 1951, but with a full chemical synthesis reported 67 years later (Seiple et al., 

2016). However, biosynthesis of novel compounds also presents challenges. Natural product 

scaffolds are not optimised for human use; oral bio-viability, chemical stability and human 

toxicity were not evolutionary pressures for bacteria. Because of these problems, their 

functionalisation is often performed to improve pharmaco kinetics or to concede new action 

mechanisms. Research from the end of the ‘’golden era of antibiotic discovery’’ such as 

combinatorial biosynthesis (Hopwood et al., 1985) proved possible ‘’biological 

functionalisation of drugs’’. Before that, another approach, mutasynthesis (Shier et al., 1969) 

exploited enzymatic promiscuity to produce the in vivo functionalisation of natural products 

based on simple chemical ‘’building blocks’’ fed to culture. The recent revival on these two 

approaches, relies on the current potential of recent advances in DNA manipulation and 

synthesis and a greater understanding of biosynthetic pathways and their biochemistry. At 

the same time, the development of more sensitive detection methods, permits the detection 

of molecules that may have been overlooked in the past. 

 

Actinobacteria & Streptomyces 

Actinobacteria are currently the largest described bacterial phylum, as a result of their 

capacity of produce bioactive molecules, despite not being the most abundant bacteria in 

the soil, and are found in most habitats globally (Goodfellow et al., 2012). They were first 

described as a distinct group from other bacteria or fungi, based on their unique and complex 

morphologies, such as branching mycelium, hyphae and spores (Waksman, 1939), later the 
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genus Streptomyces was proposed by Waksman and Henrici (Waksman and Henrici, 1943). 

Despite this, over a long time they were thought to be a fungi, or the missing link between 

fungi and bacteria. That was because of their filamentous morphology and apical growth 

habit (Flardh and Buttner, 2009). The Streptomyces genus is the largest among the 

actinobacteria, comprising around 600 described species (Kämpfer et al., 2008), with many 

novel species being described each year, i.e. (Hozzein and Goodfellow, 2007; Xiao et al., 

2009).  

Most of the known species have been isolated from soil where they are primarily saprophytes 

within the ecosystem. Streptomyces have the capability to degrade carbohydrate polymers 

such as cellulose or lignin through secretion of hydrolytic enzymes into the medium (Pometto 

and Crawford, 1986). This is likely an adaptation to soil,  as it is a rich carbohydrate 

environment with low  levels of nitrogen and phosphate (Hodgson, 2000). Soil is a complex 

and highly variable environment due to its physical, nutritional and biological characteristics. 

Considering this oligotrophic environment, Streptomyces is able to grow in both poor and 

rich nutrient conditions, a quality that makes them facultative oligotrophs (Hodgson, 2000). 

This is perhaps the reason that Streptomyces is a widespread bacteria in a range of soils 

(Hodgson, 2000). 

These Gram-positive soil bacteria have a complex life cycle which facilitates their survival in 

the complex soil environment and is summarized in Fig. 1; a single spore germinates and the 

resulting hyphae grows by tip extension and branching to form a dense mat of vegetative 

mycelium. Once nutrients are exhausted or in response to stress, aerial hyphae emerge from 

the substrate mycelium and grow upwards, curl and septate, to form uniform, unigenomic  

spores that can act as dispersal agents (Flardh and Buttner, 2009). It is at the onset of aerial 

hyphae formation that antibiotics are often produced and there is a wealth of genetic 

evidence that demonstrates an intimate link between the regulation of secondary metabolite 

production and morphological development (Chakraburtty and Bibb, 1997) .  

Streptomyces coelicolor A3(2) is the model species for the genus given its long history of 

laboratory investigation (Chater, 1998). It has an 8,667,507 bp genome arranged in one single 

linear chromosome with an origin of replication situated in the centre at 4,269,853bp 

(Bentley et al., 2002) and a circular plasmid with 31.3 kb called SC2 (Haug et al., 2003). The 

largest described chromosome among Streptomyces is 10.1 Mbp belonging to S. scabies 

(Bignell et al., 2010) and the smallest is S. somaliensis at 5 Mbp (Kirby et al., 2012). The genus 
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is characterized by a high GC percentage (69-78%) within its DNA (Madigan , 2005). Most 

streptomycetes show extensive synteny (conservation in the gene order) in the central core 

region of the genome (Hopwood, 2007).  

Coding density is uniform over the whole chromosome, with essential genes appearing to be 

located in this conserved core. The non-essential loci coding for functions such as inducible 

carbon metabolism and secondary metabolism are largely found in the arms of the 

chromosome (Bentley et al., 2002) which possesses terminal ends (telomeres) which are 

formed by inverted repeats of diverse length that also have specific binding proteins in their 

5’ end which facilitate stabilisation of the chromosome ends (Bao and Cohen, 2003). 

One remarkable feature of Streptomyces is their genetic instability, i.e. either of the ends of 

the chromosome can suffer deletions or amplifications up to two Mbp without noticeable 

changes to its metabolism under laboratory cultivation (Volff and Altenbuchner, 1998). 

Spontaneous deletions into the arms of the chromosome occur at a rate 0.1% per spores and 

can target the inverted repeats in the telomeres, leading to circularization of the 

chromosome.  
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Figure 1. Life cycle of Streptomyces. 

A single spore germinates and the resulting hyphae grows by tip extension and 
branching to form a dense mat of vegetative mycelium. Once nutrients are exhausted 
or in response to stress, aerial hyphae emerge from the substrate mycelium and grow 
upwards, curl and septate, to form uniform, unigenomic spores. Adapted from 
(Berardo et al., 2008; Elliot et al., 2008; Trujillo, 2008; Luzhetskyy, 2016) 
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Another characteristic of Streptomyces is that they are predisposed to form aggregates or 

pellets when cultivated in liquid media. This creates a myriad of different physiological states 

among cells in culture, which consequently creates different metabolic states with cells 

active on the pellet margins but oxygen and nutrient depleted on the centre (Meyerhoff and 

Bellgardt, 1995; Meyerhoff and Tiller, 1995). To address this problem various methods have 

been tested, such the inclusion of moving disrupting artefacts (i.e. steel springs or glass 

beads), cultivation in vessels with baffles to increase turbulence and addition of polymers to 

inhibit cell adhesion, however this only minimises the problem. Differentiated multicellular 

growth in streptomycetes is a particular problem during their industrial fermentation 

(Nieminen et al., 2013), and a phenomenon that requires further research as it is intimately 

related to secondary metabolism and often involved in antibiotic production signalling 

(Claessen et al., 2014). 

Streptomyces secondary metabolism  

As the discovery of bioactive molecules from Streptomyces species gives a better knowledge 

in the details of their biochemistry, the interplay between ‘’primary and secondary’’ 

metabolism becomes clearer.  

The distinction between primary and secondary metabolism is inherited from the ideas of 

the Nobel prize Albrecht Kossel, who pioneered the concept of a primary or basic 

metabolism, universal and focused on basic cell cycle funtions, whilst the presence of 

organism specific metabolism focused on non-essential metabolites called secondary 

metabolites (Hartmann, 2008; Firn and Jones, 2009). Such distinction was adopted in the 

biological sciences for a long time (Hiltner et al., 2015). The precursor supply for a given 

specialised metabolite is provided from primary metabolic pathways, i.e. acetyl-CoA and 

malonyl-CoA (Olano et al., 2010), or amino acids metabolism in the case of polyketide 

synthesis (Stirrett et al., 2009). These relationships may represent metabolic conflicts 

affecting specialised metabolite synthesis (Rodriguez et al., 2012), and knowledge on 

metabolite flux may provide insight on avenues to improve secondary metabolism 

productivity. 

The evolution of primary metabolism is thought to be the product of gene expansion (Hiltner 

et al., 2015), events in which gene duplications allow genes to become divergent in their 

function. Examples of these phenomena in Streptomyces are well documented, such as devA 

neo-functionalisation, or the changes in SsgA/SsgB adding complexity to morphological 
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differentiation (Clark and Hoskisson, 2011; Girard et al., 2013). Perhaps natural selection 

favoured the survival of cells able to thrive in constantly changing environments, which rely 

on robust metabolism due to genetic redundancy (Kim and Copley, 2007). The presence of 

isoenzymes and closely related genes leads to gene or protein rearrangements resulting in 

enzymatic promiscuity, also called moonlighting (Copley, 2003), tending to preserve catalytic 

activities that provide a better fitness (Copley, 2012), which is a consequence of natural 

selection. These phenomena are not only due to random gene mutations. Horizontal gene 

transfer (especially important in microorganisms) may be playing a capital role in acquisition 

of novel metabolic capacities (Noda-García and Barona-Gómez, 2013).   

The secondary metabolism in Streptomyces species is complex as its regulation depends on 

pleiotropic regulators (Madigan, 2005). Such complexity results in the production of a 

plethora of structurally different secondary metabolites, reflecting the abundance of 

different pathways. The isoprenoid geosmin is perhaps its most famous metabolite due to a 

characteristic earthy smell (Gerber and Lechevalier, 1965), and is often associated with an 

‘’after rain’’ smell. However other more useful secondary metabolites which they produce 

are antifungals, antivirals, anticancer drugs and antibiotics. In fact Streptomyces accounts for 

around two-thirds of the drugs that are used extensively in the clinic (Baltz, 2008). Industrial 

production relies on several filamentous microorganisms including Streptomyces (Wezel et 

al., 2006). For example, a commonly prescribed drug for the co-treatment of β-lactamase 

producing pathogens, clavulanic acid, is industrially produced by Streptomyces clavuligerus 

(Townsend, 2002) by GSK in the UK. 

The model species Streptomyces coelicolor A3(2) has been reported to produce four 

compounds with antibiotic activity (Gomez-Escribano and Bibb, 2011), actinorhodin or ACT, 

a blue pigmented polyketide compound  (Wright and Hopwood, 1976), a calcium dependent 

antibiotic (Lane et al., 1983), the hybrid NRPS/PKS derived prodiginines and the type I 

polyketide CPK (Pawlik et al., 2007). This metabolic output contrasts with the presence of up 

to 20 secondary metabolite biosynthetic clusters (inferred from bioinformatic analysis) 

within its genome (Bentley et al., 2002). The complexity of antibiotic production in 

actinobacteria relies on a complex network of cross-regulation coupled to morphological 

development illustrated by a number of pleiotropic regulators within the organism (Huang, 

et al., 2005) and also a number of pathway specific regulatory mechanisms that exert a tight 

control on regulation of production. There is evidence of metabolic switches that induce 
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rearrangements to metabolism prior to the onset of secondary metabolite production 

(Nieselt et al., 2010) which also affect cell differentiation. These switches are intimately 

related to primary metabolism (Alam et al., 2010) and this ‘nutritional sensing’ exerts key 

temporal control over metabolic switches (Wentzel et al., 2012). Some signalling molecules 

involved in these transitions have been identified, i.e. ppGpp or  γ-butyrolactone (Bibb, 2005) 

which are associated with physiological stress (Rigali et al., 2008) or quorum sensing. More 

recent studies at the transcriptional level show that the strongest switches in metabolism 

can happen during phosphate (D’Alia et al., 2011) or nitrogen (Waldvogel et al., 2011) limiting 

conditions, which confirms earlier genetic and physiological studies (Bibb, 1997). As of 2016 

the factors controlling antibiotic production in Streptomyces are not completely understood, 

however it is clear that multiple levels of regulation occur for each metabolite which provides 

a multiplex of checkpoints to ensure that specialised metabolites are produced at the 

appropriate points within the organism’s lifecycle. 

 

Streptomyces produce a range of structurally diverse bioactive metabolites 

Genome mining and metabolite isolation show how prolific and diverse the secondary 

metabolism of Streptomyces are, with reports on non-ribosomal peptides encoded by non 

ribosomal peptide synthetases (NRPS), polyketides encoded by polyketide syntases (PKS), 

terpenoids, bacteriocins, shikimate-derived metabolites, aminoglicosides and siderophores 

(Nett et al., 2009). Much of the metabolic capacity of streptomycetes is owed to the presence 

of PKS, NRPS and hybrid NRPS/PKS pathways. When looking at specialised databases such as 

StreptomeDB (Lucas et al., 2013), which compiles more than 4000 compounds produced by 

more than 2500 listed strains (Klementz et al., 2015), the most abundant biosynthetic 

pathway by class are PKS, NRPS and hybrid PKS-NPRS in that order, with an astonishing 

margin over shikimate, terpene, aromatic polyketide-terpene hybrid, glycoside, peptidyl-

nucleoside or shikimate-polyketide pathways. Examples of secondary metabolites produced 

by these pathways are displayed in Fig.2. While studying the genes responsible for these 

pathways, it was shown that they can be horizontally acquired (Stinear et al., 2004), which 

pointed towards the organisation of these genes into clusters (Paulsen et al., 2005). Such 

clustering may facilitate the transmission of pathways, but also helped to clone and study 

such clusters. 
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Figure 2. Examples of secondary metabolites produced by Streptomyces sp. 

Daptomycin is a lipopeptide (Steenbergen et al., 2005) and one of the last antibiotics 
brought to the clinic in 2003 (Charles and Grayson, 2004), it shares part of the scaffold 
with the Calcium Dependant Antibiotic isolated from S.coelicolor (Lane et al., 1983). 
Actinohorhodin  (Wright and Hopwood, 1976) and the pyrrolomycins (Norio et al., 
1981; Zhang and Parry, 2007) are an example of polyketide metabolites. congocidine 
is a non ribosomal peptide (Juguet et al., 2009) and undecylprodigenines are PKS-
NRPS hybrids (Pawlik et al., 2007). Aureothin (Nakata et al., 1961) is an polyketide-
shikimate hybrid (Ziehl et al., 2005). Geosmin (Gerber and Lechevalier, 1965) is of 
terpene origin, and the signalling A factor (Sidda and Corre, 2012) a lipopeptide (Cane 
and Haruo, 2013). Antibiotic tan 868 A (Takizawa et al., 1987) biosynthetic pathway 
has not currently been elucidated. 
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The similarity at the chemical level between PKS and NRPS pathways may be a hint of why 

their occurrence in nature is higher than that of other pathways. Both use a set of acyl 

monomer units (this will be further explained for each pathway class) that follow a template 

based condensation assembly into oligomers (Fischbach and Walsh, 2006). In both cases the 

monomers follow an iterative cycle that involves A-activation, T-thiolation and C-

condensation. The activation step uses ATP to activate the carboxyl group to be captured by 

a nucleophile in the case of the NRPS. This nucleophile is a thiol group in the thiolation/carrier 

protein domains (Stein et al., 1996; Keating and Walsh, 1999) which drives chain elongation 

into the condensation domains in which a peptide C-N bond is formed in the case of NRPS or 

C-C bond in a Claisen condensation in the case of PKS (Fischbach and Walsh, 2006). The 

similarity of both systems can be appreciated in Fig.3 in which the A-T-C domains are in the 

same colour for both pathways, but labelled according to their nomenclature.  

 

Non Ribosomal Peptide Synthetases (NRPS).  

Non Ribosomal Peptides (NRP’s), are a large class of natural peptides from bacteria or fungi 

that are synthetized by Non-Ribosomal Peptide Synthetases (NRPS), and have tremendous 

importance in terms of their pharmacological applications (Schwarzer et al., 2003). The 

importance of these kind of peptides lies in their chemical diversity; while ribosomal encoded 

peptides use only proteinogenic amino acids, NRP’s are capable of using non-proteinogenic 

amino acids, lactones, heterocyclic rings and multiple other precursors (Marahiel et al., 1997) 

to assemble their peptide chains. In fact more than 300 different precursors have been 

identified in the past century (Kleinkauf and von Döhren, 1990) which leads to the synthesis 

of a myriad of structurally different natural products, i.e. bacitracin as shown in Fig.3. 
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Figure 3. PKS and NRPS pathways are of modular nature. 

Erythromycin biosynthesis illustrates modular PKS function. It represents a non 
iterative type I PKS pathway, in which a linear assembly applies. The molecule is 
biosynthesised with a starting loading module that uptakes propionyl-CoA, and it 
finishes by the action of a thioestherase. This PKS called DEBS (6-
deoxyerythronolide B synthase) is comprised of six chain extension modules that 
adds carboxylated propionyl-CoA, expanding across three large proteins (DEBS 1-3). 
Each one of the extension modules contains an acyl transferase (AT), a ketosynthase 
(KS) and an acyl carrier protein (ACP) domain as well as variable numbers of other 
catalytic domains (DH, dehydratase; ER, Enoyl reductase; KR, ketoreductase) which 
are the responsibles of introducing structural diversity on PKS. Adapted from (Shen, 
2003; Weissman and Leadlay, 2005). 

Bacitracin is assembled by a PKS-NRPS hybrid pathway. In the figure the five NRPS 
modules of the bacitracin synthetase are shown. Each module is constituted of three 
catalytic domains (A, adenylation; PCP, peptidyl carrier domain; C, condensation 
domain) as well as additional domains (E, epimerisation; Cy, cyclisation). Each of the 
aminoacids activated by the A domains are loaded onto the PCP protein which are in 
bold on the image. Adapted from (Konz et al., 1997; Fischbach and Walsh, 2006). 
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Although NRP’s are structurally very diverse, their synthesis follows a conserved pattern of 

assembly which is either linear, iterative or non-linear. The assembly pattern followed 

depends on the type of NRPS that encodes their biosynthesis. The biosynthetic polypeptides 

are comprised of enzymatic modules, each encoding a separate biosynthetic reaction which 

enables the biosynthetic process.  There are three different NRPS classes: 

Type I: the constituent modules are arranged in to a single polypeptide and are generally 

found in fungal species (Weber et al., 1994; Jirakkakul et al., 2008). The number and 

sequence of the amino acids in the final polypeptide matches the number of modules in the 

NRPS (Hur et al., 2012). Type I NRPS produce molecules such as β-lactams, daptomycin, 

cyclosporin A, etc. (Felnagle et al., 2011) 

Type II: the modules are arranged in single, standalone proteins which interact between each 

other multiple times in a linear fashion, creating repeated sequences of amino acids, and are 

characteristically found in bacteria (Guenzi et al., 1998; Keating et al., 2000). Type II NRPS 

produce molecules such as quinoxalines, i.e. echinomycin and thiocoraline (Felnagle et al., 

2011). 

Type III: the modules are single, standalone proteins that interact in an iterative or non-linear 

fashion generating peptides that do not match the putative order of the NRPS template (Hur 

et al., 2012). Type III NRPS’s produce molecules such as capreomycin and bleomycins 

(Felnagle et al., 2011). 

Regardless of the type, NRPSs are made up of modules containing a range of catalytic centers, 

which work coordinately to direct the synthesis of the final peptide product (Walsh and 

Fischbach, 2010). Characteristically there are three core motifs which always are present 

within the catalytic centers (Hur et al., 2012): 

First the Adenylating domain (A), is responsible for the recognition and activation of the 

building block by adenylation through the consumption of ATP.  

Secondly, the Peptidyl Carrier Protein (PCP) which is a small peptide (80-100 aa´s) acting in a 

manner analogous to a tRNA, transports the activated amino acids between catalytic centers 

through a thioester bond.  

Thirdly, the Condensation domain (C) catalyzes the peptide bond formation with the 

downstream amino acyl unit that is tethered to the PCP of the adjacent module. 
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The so called ‘A domain’ is the first domain of the NRPS production line, and is often thought 

of as the “gatekeeper”. It is responsible for the recognition and activation of its cognate 

amino acid in a two-step reaction (Fig.4A). This adenylation consumes one molecule of ATP, 

as AMP is incorporated to the amino acid. Once the amino acid is adenylated, it donates an 

electron pair via a nucleophilic attack from a thiol domain to the phosphopantetheine moiety 

of the PCP domain, creating an aminoacyl-S-PCP with a thioester bound (Lambalot et al., 

1996).  

According to previous studies (Lee et al., 2010) the main structure of an adenylation domain 

consists of a small C-terminal domain and a larger N-terminal domain, with the catalytic 

centre at the junction of these two regions (Hur et al., 2012). This adenylation binding motif 

is conserved among the family of adenylate forming enzymes such the 4-coumarate-CoA 

ligases, acyl-CoA ligases and the oxidoreductases. This module catalyses the same reaction 

as the aminoacil-tRNA-synthetases although no structural homology has been observed (May 

et al., 2002), (Fig.4B). 
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Figure 4. A) Two step adenylation mechanism. B) No structural homology 

between t-RNA aminoacyl synthetases and NRPS adenylation domains. 

Adapted from (Clugston et al., 2003) figure 4 A shows the 2 step mechanism in which the 

adenylation domain drives the creation of an aminoacyl-S-PCP bond. Figure 4 B) is adapted 

from (Weber and Marahiel, 2001), and in 1) shows the structure of the protein responsible 

for adenylation of phenylalanine in the non-ribosomal biosynthesis of gramicidin S (Conti et 

al., 1997), 2) shows the structure of a glutaminyl-tRNA (Rath et al., 1998)  and 3) shows the 

structure of a phenylalanyl-tRNA (Reshetnikova et al., 1999).  
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Within NRPS, the A domains share an identity ranging from 30 to 60 % which results in a core 

of conserved residues. Among those, eight to ten residues within the active sites of the 

adenylation core exhibit a degree of degeneracy and variation depending on substrate 

specificity. This has been exploited for the synthesis of new antibiotics (Eppelmann et al., 

2002), through the use of directed mutagenesis to modify selectivity in adenylation of non-

cognate amino acids. Those experiments have helped to develop predictive algorithms that  

study the effect of point mutations in altering substrate specificity (Cheng-Yu Chena,et al , 

2009) based on solved crystal structures of existing A domains.  

Additional studies on this family of enzymes has showed that at least two conformational 

changes are required to recognise and activate NRP substrates (Hur et al., 2012). This 

discovery lead to the creation of bioinformatics tools that are based on the structure of 

adenylation domains allowing the prediction of substrate specificity of novel NRPS clusters. 

Examples of this tools are the NRPS predictor2 (Röttig et al., 2011) integrated into the online 

web-tool ANTISMASH (Blin et al., 2013) or the NaPDoS tool (Ziemert et al., 2012). 

The peptidyl carrier protein (PCP) carries the growing product chain across the NRP catalytic 

steps. This enzyme is first synthetized as an inactive Apo form. The PCP is then post-

translationally modified by a phosphopantetheinyl transferase (PPTase) which covalently 

adds the 4` arm of a CoA molecule onto a conserved serine residue within the catalytic centre 

of the PCP (Conti et al., 1997). After that the thiol moiety is added and the PCP is considered 

in its holo or active form, being able to create a thioester bond among the 

phosphopantetheine and its cognate aminoacyl substrate. Following the formation of the 

bond, the peptide is transferred from one PCP to the next, located in the adjacent module 

throughout the NRP assembly. In the NRPS modification the PPTase involved is a type II 

thioesterase which is  somewhat promiscuous, leading to some mis-priming events (Hur et 

al., 2012) which may be useful in biotechnological applications and probably the basis of 

evolution of NRP’s through diversification. 

The C domain is the largest of the catalytic modules with an average size of 450 amino acids. 

It is usually fused to an N-terminal domain that accepts acyl groups from the previous module 

(Stachelhaus, 1998). The catalytic center is situated in the junction between the N and C 

termini and is usually arranged in a V-shape. It was thought that a conserved histidine motif 

was responsible for the catalysis (HHXXXDG), but mutational studies shown that catalysis in 

C domains is based on electrostatic interactions rather than an acid/base mechanism 
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(Gordon et al., 2005; Keating et al., 2002). The V-shape of the domain facilitates the extension 

of the pantetheinyl arm up and downstream of the PCP. It also been shown that the C-

terminal face of the V is non-selective against the substrate whilst the N-face shows strict 

stereo-selectivity (Clugston et al., 2003). However, the C domain does not only accept 

aminoacyl and peptidyl substrates but is also able to condense polyketide intermediates and 

non-proteinogenic amino acids. Given the mechanism of NRP biosynthesis, it is useful to 

consider polyketides biosynthesis as they are similar in mechanism as its shown in (Fig.3), as 

well as PKS knowledge is necessary  to understand hybrid polyketide/NRP pathways. The 

modular nature of NRPS, PKS and hybrid pathways makes them suitable and interesting for 

bioengineering; it was theorized that making changes in the catalytic modules could facilitate 

the incorporation of alternative substrates (Menzella and Reeves, 2007) .  This proved to be 

true with reported successful incorporation of bio-ortogonal handles such as alkynil and azide 

groups that can undergo Huisgen cycloaddition ‘’click’’ reactions (Winter and Tang, 2014), 

both in PKS (Koryakina et al., 2013; Winter et al., 2013; Bravo-Rodriguez et al., 2015) and 

NRPS systems (Kries et al., 2014) as displayed in Fig.5.  
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Figure 5. Incorporation of a propinyl ‘’handle’’ with the fungal PKS 

chaetoviridin CazF. 

Adapted from (Winter et al., 2013), the figure A) shows the activity of the PKS CazF 
(Winter et al., 2012) while incubated with the natural substrate. In B) the promiscuity 
of the methyl transferase domain is exploited to incorporate a propinyl group when 
incubating CazF with Se-adenosyl-L-methionine. The growing polyketide chain 
cyclizes on to a propargyl pyrone or can be fully processed into an alkyne containing 
4’-propargyl-chaetoviridin A. 
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Polyketide Synthases (PKS).  

Polyketides are molecules synthesised by polyketide synthases (PKS) which are also a family 

of multimodular enzymes forming large complexes. The synthesis of polyketides is similar to 

fatty acid biosynthesis (Jenke-kodama et al., 2005) in the sense of using acyl and malonyl 

building blocks to catalyze two-carbon linear extensions in a Claisen type reaction (Khosla et 

al., 2007). Presence of different reductase enzymes results in the vast structural diversity that 

is characteristic of this family of molecules (Meier and Burkart, 2012). To date, there are two 

major classes of these synthases, the cis and trans PKS type I, type II (Hopwood, 1997; 

Staunton and Weissman, 2001), and a third group or type III that are acyl carrier protein 

(ACP)-independent and work in an iterative fashion (Shen, 2003). The first PKS discovered 

and the most studied are the type I cis-PKS which are subdivided in modular (bacteria) or 

iterative (fungi) type I PKS. The canonical cis-PKS will have an acyltransferase domain (AT) 

that usually loads malonyl units into an acyl carrier protein (ACP). However other malonyl 

molecules are loaded, and sometimes discrimination within ethyl-malonyl CoA, methyl-

malonyl CoA and malonyl CoA determines incorporation order i.e. in kirromycin (Musiol et 

al., 2013). After loading, the ACP domain brings the unit to a ketosynthase (KS) module which 

catalyses a condensation reaction with another unit. All these reactions will follow a template 

in which the molecules are linked to the domains by thioester bounds, and the polyketide 

will be elongated until the synthesis is terminated by a thioesterase (TE) domain, that cleaves 

the thioester linkage of the polyketide from the enzyme (Hertweck, 2015). The diversity of 

the polyketide will be determined by the order and presence (or lack) of the ‘tailoring’ 

domains within the ACP and KS modules: ketoreductases (KR) which will reduce a β-keto 

group to a β-hydroxy group, dehydratases (DH) which will produce insaturations by H2O 

removal, and enoylreductases (ER) which will reduce an α-β-double-bond to a single-bond. 

The trans-PKS is less characterized although some researchers believe that their AT and ER 

domains present interesenting modification opportunities (because are found on 

freestanding domains and follow an iterative assembly). More over, this type of PKS are 

responsible for the assembly of non-aromatic polyketides (Piel, 2010). 
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The Pyrrole Amides - congocidine, distamycin and other minor groove 

binding molecules.  

Deoxyribonucleic acid (DNA) was known since the 1940’s, but only in 1952 did researchers 

first proposed a structure for it (Pauling and Corey, 1953). It was a year later however, when 

the biological role and structure of DNA was accurately unravelled by Watson and Crick; a 

double helix formed by two antiparallel strands made up of a sugar-phosphate backbone. In 

such structure the sugar (2’-deoxyribose) is linked to the phosphates in the positions 3’ and 

5’, and the helices are held together by interaction between purine and pyrimidine bases, 

which are covalently attached to the C1 of the 2’-deoxyribose through a N-Glycosidic bond 

(Crick et al., 1953). Such base interaction followed the so-called Watson-Crick rule, 

establishing Adenine hydrogen bonding with Thymine, and Guanine with Cytosine (Fig.6a); 

this rule was a pairing model based on the work by Chargaff (Elson and Chargaff, 1952). The 

double helix is flexible and because of that present several polymorphisms that emerge from 

differences in the orientation and distance between the bases and the helix axis of symmetry; 

the most common DNA geometries are the A-form (Fernandez et al., 1997), the B-form 

(Drewt et al., 1981) and the Z-form (Wang et al., 1979), although the B-form is believed to be 

the most common among cells (Richmond and Davey, 2003). In B-conformation, the 

antiparallel arrangement of the strands results in an asymmetrical distribution of the bases, 

leading to the formation of two differently sized grooves (Fig.6b); the major groove that is 

22Å wide and the minor groove 12Å wide (Wing et al., 1980).  This structural difference has 

a biological consequence in transcription processes since the wider groove can better 

accommodate different regulatory proteins (Pabo and Sauer, 1984). Interestingly, almost all 

the natural DNA binding peptides, specifically bind rich AT regions in the minor groove (Kopka 

et al., 1997). The chemical features that make pyrrole amides bind specifically in the minor 

groove are discussed below. 

congocidine (also known as sinanomycin/netropsin) was isolated from an uncharacterised 

streptomycete (Finlay. et al, 1951). It was named Streptomyces netropsis at first, but later 

classified as Streptomyces distallicus by the Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ). Distamycin was isolated 12 years later by Italian researchers  (Arcamone 

et al., 1964) from a Streptomyces netropsis strain which was not producing congocidine. 

These pyrrole amides proved to be effective antimicrobial, antifungal, antiviral and antitumor 

drugs, however their promising potential was not exploited as they proved to be too toxic 
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for human therapeutic use (Foye, 1999). Nevertheless, attention was brought to them as 

novel DNA binding peptides, since classic synthetic DNA binding drugs were either 

intercalating or alkylating agents, which generally showed low DNA sequence selectivity (Ren 

and Chaires, 1999)  and very few of them bind to the minor groove (Bose et al., 1992). 
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Figure 6. DNA purine-pyrimidine base interactions and helix geometry in B-

form DNA. 

Figure 6 A) shows the pairing between DNA bases, by hydrogen bonding with three 

interactions between bases Guanine and Cytosine or two interactions between 

Adenine and Thymine. Adapted from (Guerra et al., 1999). Figure 6 B) show the major 

and minor groove in the B-DNA. Adapted from (Wing et al., 1980). 
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Both natural products share a methyl pyrrole amide chain (two rings in congocidine, three 

rings in distamycin) that terminates with an ethylenamidino tail. Apart from the pyrrole 

amide chain length, the major difference between the compounds is in the ‘head’ region of 

the molecule, with an N-formyl group in the case of distamycin versus an N-

carbamimidoylglycyl amino moiety in the case of congocidine (Fig.7A-B).  

These features makes them able to establish DNA interactions in the minor groove of the 

DNA helix; the amide groups establish Van de Waals with the N-3 in adenine or O-2 when the 

nucleotide is thymine, in rich AT sequences (Kopka et al., 1985). The different length and 

moieties in congocidine and distamycin impact in the manner to which they bind to DNA. 

congocidine binds to AATT motifs (Fig.7C) forming at least two different 1:1 complexes  

(Lewis et al., 2011). Distamycin was also thought to bind in 1:1 complexes, although with an 

extended binding sequence (five nucleotide AT rich sequences) following the same amide-

base interactions , as an early crystallography (Coll et al., 1987) study reflected. However, the 

formation of 2:1 complexes (Fig.7D) was discovered by NMR not long afterwards (Pelton and 

Wemmer, 1989), indicating possible discrimination between end base pairs reversals (TA for 

AT) and potentially explaining the bigger binding footprint of distamycin . Those facts along 

with their chemical composition made them become lead compounds of a class of molecules 

that bind to dsDNA, and inspired chemical synthesis of compounds, namely lexitropsins 

(Neidle, 2001), which module gene expression, i.e. human glioma cell lines (Bobola et al., 

2007). 
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Figure 7. Differences between congocidine and distamycin molecules and 

their binding to DNA. 

Figure 7A) and B) shows the different head and tail moieties presents in the methyl 
bi-pyrrole amide chain (congocidine) and the three methyl pyrrole amide chain 
(distamycin). The shared ethylenamidino tail is highlighted in a blue background 
where as the different heads are highlighted in green for the N-carbamimidoylglycyl 
amino congocidine moiety, and in yellow for the N-formyl group in the distamycin 
molecule. 

Figure 7C) shows the interaction of a 1:1 complex of congocidine and a -TTAA- DNA 
sequence, whereas Figure 7D) shows how distamycin forms 2:1 complexes while 
binding a -TTAAA- DNA sequence. Figure adapted from (Dervan, 2001). 
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Once the bases of peptide-DNA interaction for these compounds were clear, researchers 

realised the potential of altering the DNA binding sequence by replacement of the pyrrole 

moieties for imidazole rings (Kopka et al., 1985). The pursuit of this hypothesis lead to 

artificial minor groove binders, the so-called lexitropsins, able to exchange A-T for G-C 

binding selectivity due to imidazole N-3 hydrogen bonding with the guanine amine (Kopka et 

al., 1997). Subsequently, research on these natural-based compounds split in to two trends. 

One was the making of large synthetic ligands based on pyrrole-imidazole amide chains that 

bind with high selectivity long (up to 16bp) DNA sequences (Yang et al., 2013). The second 

trend focused in keeping a small molecule but introducing several structural changes, such 

as tail-head substitution (to modulate the binding affinity and polarity), changing the N-alkyl 

moiety (to modulate polarity) or heterocycle variation from pyrrole to imidazole, thiazole, 

furan, oxazole or thiopene (Khalaf, 2009). Those changes were done as it was known that 

certain heterocycles such as thiazoles and oxazoles play a key structural role in several 

natural products (Walsh and Nolan, 2008).  Early research using the latter approach produced 

a congocidine derivative called thiazotropsin. The inclusion of an isopropyl substituted 

thiazole in the amide chain instead of an N-alkyl imidazole, favoured selectivity against C or 

G while increasing the lipophilicity of the molecule. Such compounds were found to bind 

several sequences, although the highest selectivity was found to match 5’-ACTAGT-3’ (James 

et al., 2004), binding DNA in a 2:1 complex that slightly deforms (widens) the minor groove 

(Anthony et al., 2004). Later research demonstrated that sequence specificity of such 

molecules could be completely changed. The replacement of a methyl pyrrole by a methyl 

imidazole on thiazotropsin led to thiazotropsin B that had a 5’-(A/T)CGCG(A/T)-3’ sequence 

specificity (Hampshire et al., 2006). This knowledge, and a continuing synthetic minor groove 

binder screening campaign focused on antimicrobial hits, led to the development of clinical 

relevant drugs (Parkinson et al., 2013) and eventually to a novel drug, BP3 which showed 

antibiotic, antifungal and anti-parasitic activities. This compound shows low toxicity to 

mammalian cells, perhaps due to uptake/ efflux kinetics, although research has to be done 

in that area. A remarkable feature of this compound is that acts on several bacterial targets, 

as RNA-seq studies on Staphylococcus aureus have shown (Suckling, 2015). As several 

adaptations should occur simultaneously, this drug have the potential to elude common 

resistance mechanisms, thus expanding the time until resistance appears. 

This suggests that the pyrrole amide molecules have great potential for therapeutic use, as 

chemical synthesis has proven. Biosynthesis of these molecules, or modification of other 
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natural occurring pyrrole amides could result in the development of novel molecules with 

therapeutic utility. 

Mutasynthesis 

The two biggest problems associated with antibiotics are toxicity and resistance. In the late 

1960’s the chemical functionalisation of kanamycin was explored in order to overcome some 

of these toxicity and resistance problems (Akio and Hamao, 1968). Kanamycin is a member 

of the deoxystreptamine antibiotics, a group composed by more than 20 different antibiotics 

with subtle differences in terms of their functional groups and chemical decorations 

covalently linked to a common core, which represents an example of natural derivatisation 

(Rinehart, 1969). That observation and the inability of either total synthesis or partial 

modification of such core, not to mention more complex antibiotic such as neomycin, 

inspired the search for an alternative to chemical synthesis. Since the discovery of penicillin 

it was known that media composition could affect the metabolites produced (Behrens, 1949). 

These observations led researchers to pursue a precursor directed biosynthesis. In the 

canonical precursor directed biosynthesis experiment, intermediate ‘’building blocks’’ of the 

natural product are identified, synthetic analogues so-called ‘’mutasyntons’’ (Weist and 

Sussmuth, 2005) are synthesised and then fed to the producing strain. Unless the synthetic 

surrogate completely outcompetes the natural precursor, a mixture of the original and 

derivatised compound will be obtained in the final fermentation. However, when a mutation 

blocks the supply of the natural precursor, the enzymes only can use the synthetic analogues 

fed to the strain in the fermentation. 

The first example of this approach focused on Streptomyces fradiae which produces 

neomycin. Through the use of a deoxystreptamine biosynthetic mutant,  cultivation of the 

strain in the presence of 1,3-diamino-1,3-dideoxy-scyllo-inositol or 1,3-diamino-l,3-dideoxy-

myoinositol instead of the naturally biosynthesised deoxystreptamine resulted in the 

production of  hybrimycins A1 and A2 and B1 and B2 respectively (Shier et al., 1969). 

Although these novel compounds were not as biologically active as the original, diversity 

through a novel approach was achieved, and the basis of modern mutasynthesis set. 

Since then, this approach has been used to modify a range of molecules, including 

aminocoumarins (Galm, 2004), non-ribosomal peptides (Weist, 2002; Weist et al., 2004; 

Stegmann, 2005), nucleosides (Christiane and Attila, 1999), polyketides (Boddy et al., 2004; 

Gregory, 2005; Moss, 2006) and siderophores (Ankenbauer et al., 1991).  
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The revival of this technique not only relies on the need for novel antibiotics, as it is also used 

on other applications such as bioremediation (Yu et al., 2014) and to produce other useful 

natural products. Developments in the chemical and biological sciences, have also play a 

fundamental role in continuing this technique, which was not particularly fruitful in the past. 

Researchers have now a better insight on the range of metabolic capabilities of 

microorganisms through advances in molecular biology and analytical chemistry. Cheap 

sequencing and comparative bioinformatics have simplified the work-flow to characterise a 

natural product biosynthetic pathway, allowing quicker access to details of assembly of 

compounds that had previously been obscured. At the same time, novel DNA manipulation 

techniques allow for easier and faster gene knock outs or modifications. In addition, libraries 

of thousands of small molecules that were synthetised in short scale for particular assays, are 

now commercially available, and the synthesis of intermediates have also been simplified 

(Weissman, 2007). All of the above can be exemplified with the antibiotic and antifungal 

aureothin. It was discovered in 1960 from a culture of Streptomyces thioluteus (Nakata et al., 

1961), however its biosynthetic pathway was obscure until 2003, when researchers were 

able to identify the gene cluster responsible for assembly of the peptide (He et al., 2003). It 

was found to encode several PKS enzymes, with a set of them dedicated to para-amino-

benzoic-acid (PABA) synthesis early in the assembly of the compound. This knowledge was 

used by the researchers to produce mutants unable to biosynthesise PABA. These mutants 

were unable to produce aureothin, however, when fed with para-cyano-benzoic acid (PCBA) 

they were able to produce a novel molecule, aureonitrile (Ziehl et al., 2005).  

Beyond the interest in relation to functionalisation of molecules (in the case of aureothin -

aryl starting unit, oxygenated backbone and pyrone head group), this work provided to the 

field of mutasynthesis with a very useful information. It established that incorporation of 

intermediates into a final compound not only depended on enzymatic engineering but on the 

choice of heterologous expression strains. This appreciation was done as some non natural 

substrates  which were not incorporated in the 2005 study (Ziehl et al., 2005), were 

succesfully incorporated by the same enzymatic pathway when changing the host 

(Werneburg et al., 2010). 

This highlighted one of the biggests challenges that this technique faces, the ability to discern 

which molecules can be incorporated to which pathways, as well as understanding the 
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bioavailability and transport of the mutasynthons to the cells. Perhaps a systematic study of 

related pathways will outline some of the rules governing substrate uptake. 

Although the rules for substrate recognition by adenylating enzymes are known due to 

comparative studies on residues within the phenyl-alanine binding pocket (Stachelhaus et 

al., 1999), some researchers create ‘jump start’ mutasyntons, such as N-acetylcysteamine 

thioesters (SNAC) derivates, since they mimic acyl-carrier-protein (ACP) thioester and are 

able to diffuse through the cell wall (Staunton and Sutkowski, 1991). However, in some 

clusters containing polyketide synthases or non-ribosomal peptide synthetases, the 

adenylating domains are promiscuous enough such that feeding the free carboxylic acid or 

the SNAC derivate of the mutasynton does not affect the incorporation rate (Werneburg et 

al., 2010; Lautru et al., 2012). 

Only adenylating (A) and acyl transferase (AT) specificity can be circumvented. Escaping the 

selectivity of these enzymes has can be done by creating SNAC derivatives of their natural 

substrate. However, the selectivity of enzymes downstream may be problematic, especially 

when there is little known about the rules governing their chemistry. Although research has 

shed light on NRPS systems,  the most extensive is on polyketide synthesis (Nguyen et al., 

2008; Piel, 2010). Although research on the enzymes within these clusters has been done, 

only a few observations have been reported. A clear one is that enzyme specificity is tied to 

the electronic configuration of the substrates (Brendel et al., 2011), but general guidelines 

are not established, although that could change with novel ELISA based probing technologies  

(Ishikawa et al., 2015) that can detect active-site phenotypes with desired activities . There 

is a distinct lack of published research on mutagenesis of enzymes to push forward the 

uptake of mutasyntons especially where the biosynthetic pathways fail to incorporate fed 

materials. This is likely due to the complex arrangement of the large multimodular enzymes 

within these biosynthetic clusters, especially considering the ample array of different 

substrates, but may also reflect uptake dynamics. So far the efforts in this area had been 

largely put into random mutagenesis screening, although the output of such approach often 

renders completely inactive proteins (Bershtein and Tawfik, 2008) or semi-rational screening 

of single enzymes with some successes (Chen et al., 2012), although structure guided 

mutagenesis is quickly advancing the field (Hoffmann et al., 2011; Moretti et al., 2011). In the 

absence of a structural knowledge, a combination of error-prone PCR and site-saturation 

mutagenesis can identify mutations that improve catalytic activities. This ‘’enzyme-directed 
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mutasynthesis’’ is undoubtedly able to complement the efforts on natural product 

derivatisation, as researchers proved possible on PKS forcing the incorporation of a 

propargylated malonic acid thioester into erythromycin through a single point mutation 

(Sundermann et al., 2013), and on NRPS by inclusion of O-propargyl-l-Tyr in gramicidin S by 

Trp to Ser mutation in one of the adenylation domains (Kries et al., 2014)  providing  

orthogonal handles on the natural products for easy ‘click’ reactions. Nevertheless in nature, 

genetic diversification usually does not rely on single point mutations, and often includes 

global gene rearrangements (Goldsmith and Tawfik, 2012). It is likely that the future of 

mutasynthesis will be complementary to other bioengineering approaches such as 

combinatorial biosynthesis.  

Combinatorial biosynthesis 

Combinatorial biosynthesis, like mutasynthesis, was developed to potentially answer the 

research community need to diversify the range of known natural products. The first example 

of combinatorial biosynthesis emerged in 1985, from the Hopwood laboratory at the John 

Innes Centre, in which researchers pioneered the idea of combining biosynthetic gene 

clusters from different antibiotic-producing strains in the same cell. They were able to create 

new hybrid compounds, starting a new route to, ‘unnatural natural products’ (Hopwood, et 

al 1985). At this time the chemical structures of the isochromanequinone antibiotics were 

known but their biosynthetic pathways were poorly characteristed. However, researchers 

narrowed down a minimal set of genes that was necessary for the synthesis of one of these 

antibiotics, actinorhodin. Introducing the actinorhodin cluster into the madermycin 

producing Streptomyces sp. enabled cross talk between the two biosynthetic pathways and 

the production of a novel molecule, maderrhodin (Hopwood et al., 1985).  The same 

approach was applied with success (Mcalpine et al., 1987) to a more commercially relevant 

class of antibiotics, the macrolides. 

Later on, sequencing brought genetic knowledge on the pathways responsible for antibiotic 

assembly. Elucidating enzymatic activity from the genes that encode them led to studies on 

gene disruption. An example of this was the prevention of hydroxylation on certain positions 

on erythromycin (Weber et al., 1991). More insights into the modular architecture of the 

polyketide synthases in the erythromycin biosynthesis,  allowed the production of the first 

point mutations to inactivate specific catalytic centres without disrupting a whole module, 
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which resulted in the introduction of saturations in to the lactone ring of erythromycin 

(Donadio et al., 1993). 

Insights into polyketide synthesis enabled the construction of the first structure-function 

rules (Hutchinson, 1995) including the study of reduction, oxidation and methylation 

mechanisms as well as targeted modification of type I PKS and shuffling of type II PKS. Much 

of this early work focussed on PKS rather than in non-ribosomal peptide synthesis. While 

polyketide synthesis is not completely understood, it allows for production of derivative 

libraries (Lenik et al., 2015)..  

Peptide antibiotics synthesis were subdivided in two classes, either peptides that were 

synthesised by the ribosome following amino acid incorporation and then modified post-

translationally (Lipmann, 1980), or peptides synthesised with multidomain enzymes 

following a thio-template that incorporated acyl-adenylates of amino and hydroxyacids with 

the aid of another enzymes instead of tRNAs (Marahiel, 1992). The enzymatic layout of non-

ribosomal peptides only began to be defined towards the end of 1994 when the minimal size 

of functioning domains was determined by examining the gramicidin S synthetase number 1 

or GrsA (Stachelhaus and Marahiel, 1994). These findings set the basis to explore the 

conserved motifs of the enzymes responsible for the amino acid recognition and activation, 

which resulted in the first combinatorial experiments in non-ribosomal peptides. A knock out 

mutant of  lipopeptide surfactin was created in Bacillus subtilis  and complemented with an 

operon coding for a fusion protein of homolog proteins in Bacillus brevis and Penicillium 

chrysogenum (Stachelhaus et al., 1995), which resulted in production of several new 

surfactins, although none of them with improved bioactivity. 

The current knowledge of the enzymatic structure of both PKS and NRPS led to four main 

combinatorial approaches: domain swapping, site-specific mutagenesis, directed evolution 

and pathway recombination, with some authors considering mutasynthetic experiments a 

branch of combinatorial biosynthesis (Sun et al., 2015). Examples of these approaches for 

engineering of PKS pathways are numerous, but as in the early research on combinatorial 

biosynthesis, NRPS studies are far less reported despite being one of the biggest sources of 

secondary metabolites (Doroghazi et al., 2014). Since polyamide biosynthesis (i.e. 

congocidine, distamycin) is governed by NRPS, the current developments of combinatorial 

biosynthesis will focus in such literature for the rest of the text. The classification of 

mutasynthesis as combinatorial biosynthesis by some, is due to the tailored precursor supply 
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concept. While exogenous compounds fed to culture are clearly a form of precursor directed 

biosynthesis, producing those in vivo by altering enzymes that supply those precursors could 

be classified as pathway engineering, although not necessarily combinatorial biosynthesis; 

this would depend upon which genetic modifications were made. 

An example of this would be the work on pacidamycin, which is an uridyl antibiotic made by 

Streptomyces coeruleorubidus. The NPRS cluster responsible for its synthesis was expressed 

alongside a tryptophan-7-halogenase from Pseudomonas fluorescens Pf-5, which resulted in 

incorporation of a halogenated tryptophan (Roy et al., 2010), this then allows cross coupling 

synthetic modifications afterwards. While the yield was low (around one mg per litre), it was 

at the same level as the productivity achieved by a previous study on precursor directed 

biosynthesis with chemically made  7-chlorotryptophan (Grüschow et al., 2009). One of the 

main attributes of these systems is that by using such a combinatorial biosynthesis approach, 

no specialised metabolite had to be synthesised for feeding experiments. However, this kind 

of approach is more challenging than traditional mutasynthesis and should be focused on 

non-proteinogenic amino acids, since introducing modifications in the amino acid 

metabolism could compromise strain growth and the creation of auxotrophic strains would 

be required (Micklefield et al., 2008).  

 

Synthetic biology  

Although synthetic biology seems to be a modern term, it has been in use since the late  

1970’s (Waclaw, 1978). Several descriptions of synthetic biology are made by chemists, 

bioinformaticians, engineers and biologists. However the BBSRC defines it as ‘the design and 

engineering of biologically based parts, novel devices and systems as well as the redesign of 

existing, natural biological systems’ (BBSRC, 2016). Although biological systems are hard to 

model and manipulate, current technology is starting to enable the application of true 

engineering principles. Some of the key technologies which are responsible for producing an 

‘engineering view’ of biological systems include DNA synthesis and manipulation, DNA 

sequencing, and digital modelling. 

The first chemical synthesis of a gene was reported by the Nobel laureate Khorana and his 

colleagues, who synthesised a 77 bp long alanine tRNA in yeast (Khorana et al., 1972). Later 

research suggested a technical limit for synthetic assembly of nucleotides at 200 bps due to 

cumulative errors and coupling efficiencies (Beaucage and Iyer, 1991), which turned out to 
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be very accurate, given the fact that the current technology allows for reliable chemical 

synthesis of around 150 bps nucleotides (Leproust et al., 2010). However, DNA synthesis 

benefits from these chemically made oligomers that can be assembled together to create 

bigger fragments. The true revolution in the field happened in 2010 when the Craig Venter 

Institute made public the assembly of the complete mouse mitochondrial genome (Gibson 

et al., 2010), and the breakthrough feat of the creation of a bacterial cell controlled by a 1.08 

mega base chromosome built entirely synthetically (Gibson et al., 2010). Both achievements 

were supported by a technique reported a year before, which later on became the  

commercially available ‘Gibson’ cloning kit (Gibson et al., 2009). The technique combined 

three enzymes (exonuclease, ligase, and polymerase) to produce DNA assembly in a single 

isothermal reaction. This innovation was not the only methodology followed, since several 

other approaches were pursued. Those were  based on the PCR overlap extension of DNA 

(Higuchi et al., 1988), the ligase cycling assembly (Wiedmann et al., 1994) or in yeast based 

methods,  such as the transformation-associated recombination (TAR) cloning (Burke et al., 

1985). Despite success with these techniques, there are still technical limitations in DNA 

synthesis since all of the current methods rely on single strand alignment. The biggest 

mishaps in DNA assembly are due to secondary structures, inverted repeats or repetitive 

sequences, with sequences with extremely low or high GC content being the most 

problematic. 

A second pillar of synthetic biology is DNA sequencing. The sequencing technologies 

experienced a revolution in the last ten years with the emergence of next generation 

sequencing (NGS). During the sequencing of the human genome (International Human 

Genome Sequencing Consortium, 2001), it became clear that high throughput, fast and 

cheaper sequencing technologies were needed. It was then that an initiative within the 

research community was set,  to achieve the $ 1,000 genome (Schloss, 2008). That premise 

helped to develop and commercialise the second generation of sequencers. The three major 

innovations from the sanger sequencing were the cell free approach to produce DNA 

libraries, increased parallel sequencing reactions and direct detection of the sequencing 

output without need for electrophoresis (Jaszczyszyn et al., 2014). Several technologies are 

now able to produce a $ 1,000 human genome, and are chosen depending on application 

due to their cost, read length and sequencing error rate. The latest achievement on the field 

is the creation of a hand sized sequencer, the Min- ION , able to produce genome reads up 

to a bacterial chromosome in the field (Check Hayden, 2015). However this portable 
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sequencer is based on protein pore technology (Jaszczyszyn et al., 2014), which is error prone 

although it produces long reads, which allow for algorithm correction of some of those errors 

(Madoui et al., 2015). 

With the availability of laboratories to access the DNA of different species, as well as the need 

to assign function to the genes sequenced, the bioinformatics and modelling of data has 

become the third mainstay of synthetic biology.As in any other engineering discipline, 

synthetic biology needs the creation of models that can simulate the behaviour of certain 

synthetic gene networks (Kaznessis, 2007), so that the research community can start using 

computer aid design (CAD) to produce engineered microorganisms. The development of 

bioinformatics is also helping to address the antimicrobial crisis, i.e. creating database 

homology based predictors such as AntiSMash (Medema et al., 2011; Blin et al., 2013) or 

NaPDoS (Ziemert et al., 2012) that search for natural products clusters among un-annotated 

DNA. 

 

Resistance mechanisms in bacteria.  

Antibiotic resistance is a mechanism of survival that has existed since the first antibiotic was 

biosynthesised, so that it protects the producer itself. Knowing this, it is easy to conclude that 

resistance will always be the menace of the perfect antibiotic as a consequence of natural 

selection. But perhaps resistance can be studied to create ‘better’ antibiotics, so that the 

time frame between drug creation and the appearance of resistance is long enough to make 

it a useful drug in clinic. 

There is a distinction to be made regarding how bacteria become resistant antibiotics. Usually 

reports of antimicrobial resistance focus on resistance mechanisms of pathogenic bacteria or 

bacteria to which the antibiotic tested is not endogenous. Resistance mechanisms are 

sometimes shared by pathogens and antibiotic producers a like (and will be discussed later), 

but some are intrinsically self defence mechanisms. One example of the latter can be seen 

with platensimycin and platencin - two potent fatty acid inhibitors (selectively targeting FabF, 

an enzyme involved in fatty acid biosynthesis; Wang et al., 2006), which had no obvious 

resistance mechanism within the genetic cluster containing its biosynthetic enzymes. 

Bioinformatic analysis of the sequence focused on genes that had no known role in antibiotic 

or fatty acid synthesis. In doing so, researchers identified the ptmP3 / ptnP3 gene, which 
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encode an enzyme able to alter the FabH and FabF fatty acid synthases, making them 

insensitive to the drugs by target modification and replacement (Peterson et al., 2014). 

Other less sophisticated but equally effective resistance mechanisms are the classically 

reported ones: drug enzymatic degradation, alteration of the drug target or efflux of the drug 

(Dever and Dermody, 1991). While the most reported resistance mechanism in the clinic is 

enzymatic hydrolysis, especially by β-lactamases (Wright, 2005), perhaps the most prevailing, 

especially among multidrug resistant strains, is drug efflux (Bambeke et al., 2000). Since 

efflux mechanisms are omnipresent in all forms of life, it is easy to conclude that their 

overexpression is an easy way of removing toxic products from the cells. These mechanisms 

are either single or multi drug resistant proteins (SDR/MDR) generally associated with an ATP 

binding cassette (ABC type transporter). When not connected to an ABC, these mechanism 

are mediated by the Major Facilitator superfamily proteins (MFS type) (Prasad et al., 2015), 

and other families such as the multi antimicrobial extrusion protein family (MATE), the small 

multidrug resistance family (SMR) and the resistance-nodulation-cell division superfamily 

(RND). Their role as antimicrobial and anticancer drug resistance mechanisms is now widely 

known (Boumendjel et al., 2009), and they are suspected to also play a role in the 

pathogenicity of bacteria (Piddock, 2006). In eukaryotic cells,  import of molecules  play a role 

in resistance, since cells can modulate the amount of drug uptake (White and Marr, 1998) 

but there are no reports in bacteria. 

Resistance to pyrrole amides - efflux pumps 

The resistance mechanism displayed in congocidine producing Streptomyces (Stumpp et al., 

2005) and perhaps in strains producing distamycin is an ABC type efflux pump. This integral 

membrane protein forms the largest and oldest family of transporters (Jones and George, 

2007) found in all domains of life. Despite the variability of the substrates transported, the 

ACB transporters are comprised of a core structure consisting of two transmembrane 

domains (TMD) and two cytosolic nucleotide binding domains (NBD) (Higgins et al., 1986), 

which is also known as ABC, standing for ATP binding cassette (Hyde et al., 1990). This 

arrangement can be seen in Fig.8A. These four domains are usually arranged in homo or 

hetero dimers, in which the NBD is C terminal to the TMD (Daus et al., 2007), although the 

opposite arrangement has also been reported (Jones and George, 2007).The TMD presents a 

variable region that contrast with some consensus regions conserved in  the NBD domain, 

such as the consensus Walker regions (Walker et al., 1982) and the LSGGQ signature motif 
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(Annereau et al., 1997) which are displayed in Fig.8B. The TMD spans across the membrane 

as seen in Fig.8C forming a channel that is thought to contain the substrate binding sites. The 

original study proposing the channel theory (Croop and Housmant, 1986) proposed the 

presence of six transmembrane helices per domain arranged in two arcs surrounding a 

central pore. Alternative models have been proposed such as the formation of a 

transmembrane β-barrel (Holland et al., 2003) and two substrate binding sites (Jones and 

George, 2000). The unidirectional efflux of molecules seems to be motivated by a switch from 

inward to outward facing of the TMD domains. A conserved glutamine residue in the Walker 

B motif is responsible for a nucleophilic attack on ATP, which drives the NBD to close 

triggering the flip of the TMD domains (Hollenstein et al., 2007) as shown in Fig.8A.  
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Figure 8. Structural features of ABC-type transporters 

Figure 8A) presents a schematic view of the arrangement of the TMD and NBD dimers 
on the ABC transporter and how the binding of ATP produces the translocation of a 
molecule associated to the flipping in orientation of the TMD domain. Figure 8B) 
displays the conserved core domains on ABC transporters drawn in the orientation 
that the congocidine and distamycin transporter have. Figure 8C) illustrates the 
spanning transmembrane helices of the congocidine transporter. 
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Scope of this PhD thesis  

This thesis describes a multiplex approach to drug discovery. Novel peptide-antibiotic 

development, based in the bioactive compounds congocidine and distamycin is pursued. This 

was done by the systematic study of combinatorial biosynthesis and mutasynthesis, 

exploitation of recent DNA assembly technologies, and the mechanism of resistance that 

could be developed by pathogenic bacteria to such novel drugs, by studying the resistance 

mechanism present in those biosynthetic clusters.  

Specific Aims 

The work carried out with a view to producing novel drugs has been conducted following 
four main aims that correspond with each of the main result chapters: 

1. Produce a novel pyrrole amide antibiotic by combinatorial biosynthesis of two known 
pyrrole amide antibiotics, congocidine and distamycin. 

2. Establish a DNA synthetic platform able to produce quick modifications within the 
congocidine cluster to help expedite aims one and three. 

3. Introduce alternative heterocycles on congocidine by mutasynthesis, intending to 
produce peptides with different DNA binding affinity.  

4. Study the resistance mechanism within the two clusters, their evolutionary relationship 
and implications for drug synthesis and heterologous host design. 
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Materials and Methods  
Strains, plasmids and cultivation 

The organisms used in this study are summarised in Table 1. Unless otherwise stated, E.coli 

strains were cultured at 37  ͦC ,  Streptomyces  strains were cultured at 30  ͦC and yeast strains 

were cultured at 30  ͦC. Strains carrying plasmids with selection markers were cultured with 

the required selection for the marker (antibiotic or auxotrophic) in order to maintain 

selection. Details of the particular requirements are stated for each plasmid/strain. A list of 

the plasmid and cosmids used in this study are provided in Table 2. Media recipes and 

selection procedures for markers are provided in Table 3 & 4.  

 

Table 1. Strains used in this study 

Strain name Description Genotype Reference 
DH5α E. coli K12 derivative F-, endA1, hsdR17 

(rK- mK+), supE44, 
thi-1 λ-, recA1, 
gyrA96, relA1, 

deoR, Δ(lacZYA-
araF)U169, 

Φ80dlacZ ΔM15 

(Grant et al., 1990a) 

BW25113 E. coli K12 derivative lacI+, rrnBT14, 
ΔlacZWJI6, 
hsdR514, 

ΔaraBADAH33, 
ΔrhaBADLD78 

(Datsenko and 
Wanner, 2000) 

ET12567pUZ8002  E. coli K12 derivative dam13::Tn9, 
dcm6, hsdM, 

hsdR, recF143, 
zij201::Tn10, 
galK2, galT22, 

ara14, lacY1, xylS, 
leuB6, thi-1, 

tonA31, rpsL136, 
hisG4, tsx78, mtli, 

glnV44, F- 

(Macneil et al., 
1992) 

TOP10 E. coli MC1061 
derivative  

F- mcrA Δ(mrr-
hsdRMS-mcrBC) 
φ80lacZΔM15 
ΔlacX74 nupG 
recA1 araD139 

(Grant et al. 1990, 
Invitrogen) 
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Δ(ara-leu)7697 
galE15 galK16 

rpsL(StrR) endA1 
λ- 

BL21 E. coli K12 derivative dcm, ompT, hsdS 
(rB- mB-), gal 

 

BY4741 S288C-derivative MATa his3Δ1 
leu2Δ0 met15Δ0 

ura3Δ0 

(Brachmann et al., 
1998) 

BY4742 S288C-derivative MATα his3Δ1 
leu2Δ0 lys2Δ0 

ura3Δ0 

(Brachmann et al., 
1998) 

BY4743 S288C-derivative MATa/α 
his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 

LYS2/lys2Δ0 
met15Δ0/MET15 
ura3Δ0/ura3Δ0 

(Brachmann et al., 
1998) 

M145  S. coelicolor A(3)2  scp1 Δ  scp2 Δ 
 

M1146 S. coelicolor act Δ red Δ cpk Δ 
cda Δ  

(Gomez-Escribano 
and Bibb, 2011) 

M1152 S. coelicolor act Δ red Δ cpk Δ 
cda Δ 

rpoB[C1298T] 

(Gomez-Escribano 
and Bibb, 2011) 

M1156 S. coelicolor act Δ red Δ cpk Δ 
cda Δ 

rpoB[C1298T] 
rpsL[A262G] 

(Gomez-Escribano 
and Bibb, 2011) 

TK23 S. lividans 
 

(Kieser et al., 2000) 
DSM40846 Streptomyces netropsis  

 
(Witt and 

Stackebrandt, 1990) 
Aurodox strain S. K06-0806 

 
(Kimura et al., 

2011) 
 

 

Table 2. Plasmid / Cosmid used in this study 

Plasmid/Cosmid Description Resistance marker Reference 

pCS-BRC1 Derivative from pCR-
Blunt® containing  

netropsin resistance 
protein subunit 1&2 

from ATCC 23877 

kanamycin,  This study 

pCS-BRD1 Derivative from pCR-
Blunt® containing  

distamycin resistance 

kanamycin,  This study 
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protein subunit 1&2 
from DSM40846 

pCS-RC1 Derivative from pIJ6902 
containing  netropsin 

resistance protein 
subunit 1&2 from ATCC 

23877 

apramycin, 
thiostrepton,  

This study 

pCS-RD1 Derivative from pIJ6902 
containing  distamycin 

resistance protein 
subunit 1&2 from 

DSM40846 

apramycin, 
thiostrepton,  

This study 

pCG002 Bac containing the 
entire congocidine 

cluster from ATCC 23877 

chloramphenicol, 
hygromycin 

(Juguet et al., 
2009) 

pIJ790 λ-RED (gam, bet, exo), 
cat, araC, rep101ts 

chloramphenicol (Gust et al., 2003) 

pIJ773 oriT, aac(3)-IV apramycin (Gust et al., 2003) 
pIJ6902 intφ C31, attP, oriT RK2, 

ori pUC18, tipA, tsr 
apramycin (Huang et al., 

2005) 
pRS416 M13 ori, f1, ColE, URA3, 

T7, AmpR, lac, CEN6 
ampicillin (Sikorski and 

Hieter, 1989) 
pCS-RS31 E. coli/yeast/ 

Streptomyces shuttle 
from pRS416/pIJ6902 

apramycin, 
ampicillin, 

thiostrepton 

This study 

pCS-RS32 pCS-RS31 Δtsr apramycin, 
ampicillin 

This study 

pCS-RS31TL pCS-RS31 with homology 
arms to congocidine 

cluster 

apramycin, 
ampicillin, 

thiostrepton 

This study 

pCS-RS32TL pCS-RS32 with homology 
arms to congocidine 

cluster 

apramycin, 
ampicillin 

This study 

pCS-AO part1.1+6.2 into pCS-
RS31 

apramycin, 
ampicillin 

This study 

 

 

Media preparation 

 

Components for all media are listed in Table 3. All components were mixed in Duran bottles 

to 50% of the bottle total volume for solid media, and to 80% of the total volume for liquid 

media. This was done to avoid media boiling over during autoclaving. All media were 

sterilised by autoclaving at 121 Cͦ for 15 min. 
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Table 3- Media composition 

Media Composition per Litre of deionised water 

Lysogenic broth (LB) 

(Bertani, 1951) 

 

10 g tryptone 
10 g NaCl 

5 g yeast extract 
20 g agar (added for agar medium) 

pH to 7.0 
 

Mannitol soy flour (MS) 

(Hobbs et al., 1989) 

16 g soya bean flour 
16 g d-mannitol 

20 g agar (added for agar medium) 
Use of tap water 

pH to 7.0 
Minimal medium (MM) 

(Hopwood, 1967) 

 

0.5 g L-asparagine/ NH2SO4 
0.5 g K2HPO4 

0.2 g MgSO4.7H2O 
0.01 g FeSO4.7H2O 

10 g agar (added for agar medium) 
After autoclaving add 10 g glucose (or alternative 

carbon source) 
Yeast extract malt extract (YEME) 

(Kieser et al., 2000) 

3 g yeast extract 
5 g peptone 

3 g malt extract 
10 g glucose 

340 g sucrose 
After autoclaving add 2 mL filter sterile 2.5 M 

MgCl2*6H2O 
MP5 

(Pernodet et al., 1993) 

7 g yeast extract 
5 g NaCl 

1 g NaNO3 
36 mL Glycerol 

20.9 g 3-(N-morpholino) propanesulfonic acid 
pH to 7.5 

GYM/ DSMZ65 

(DSZM, n.d.) 

4 g glucose  
 4 g yeast extract 
10 g malt extract  

 2 g CaCO3 (not added to liquid medium) 
10 g agar (for solid medium)  
pH  to 7.2 before adding agar 

 
2xYT 

(Kieser et al., 2000) 

 

16 g tryptone 
5 g NaCl 

10 g yeast extract 

SOC  

(Hanahan, 1983) 

20 g tryptone 
5 g yeast extract 

0.5 g NaCl 
10 mL KCl (250 mM) 
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pH to 7.0 with NaOH 
after autoclaving add 20 mL sterile glucose 

solution (1 M) 
just before use add 5 mL sterile MgCl2 (2 M) 

SOB 

(Hanahan, 1983) 

20 g tryptone 
5 g yeast extract 

0.5 g NaCl 
10 mL KCl (250 mM) 
pH to 7.0 with NaOH 

just before use add 5 mL sterile MgCl2 (2 M) 
YPAD 

(Robert H. Schiestl, n.d.) 

10  g yeast extract 
20  g peptone 

20  g glucose (added filtered after autoclaving) 
100 mg adenine hemisulphate 

Bacto-agar 20 g (added for agar medium) 
 

SC synthetic media (SC drop out) 

(Robert H. Schiestl, n.d.) 

6.60  g yeast nitrogen base (w/o amino acids) 
20 g glucose (added filtered after autoclaving) 

0.83 g Synthetic Complete Drop Out Mix 
20 g Agar (add for solid medium) 

pH to 5.6 with 10 N NaOH. 
Synthetic Complete Drop Out Mix 

 

*Used as Auxotroph marker 

2.0 g adenine hemisulfate 
2.0 g arginine HCl 
2.0 g histidine HCl 

2.0 g isoleucine 
2.0 g leucine 

2.0 g lysine HCl 
2.0 g methionine 

3.0 g phenylalanine 
6.0 g homoserine 
3.0 g tryptophan 

2.0 g tyrosine 
1.2 g uracil* 
9.0 g valine 

 

 

Maintenance of plasmid/cosmid selection in strains 

To maintain selection of specific vectors in the strains or to select strains following 

transformation or conjugation, antibiotics were added to media at the concentrations 

indicated in Table 4. Yeast strains were selected using auxotrophic markers 
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Table 4- Selective markers used. 

Substance Class Stock 
concentration 

(mg/mL) 

Working 
concentration 

(µg/mL) 

Stock 
solution 
solvent 

kanamycin Aminoglycoside 
antibiotic 

50 50 H2O 

apramycin Aminoglycoside 
antibiotic 

50 50 H2O 

ampicillin β-lactam 
antibiotic 

50 50 H2O 

carbenicillin β -lactam 
antibiotic 

100 100 H2O 

chloramphenicol N-dichloroacyl 
phenylpropanoid 

antibiotic 

25 25 Ethanol 96% 

nalixidic acid Gyrase inhibitor 
antibiotic 

50 50 H2O 

congocidine Pyrrole amide 
antibiotic 

100 100 Dimethyl 
sulfoxide 

100% 
hygromycin B Substituted 

aminoglycoside 
antibiotic 

50 50 H2O 

uracil Nucleotide Prepared fresh 1.2 H2O 
 

Cultivation of Streptomyces strains 

Maintenance and propagation of Streptomyces was carried out on Mannitol Soy (MS) agar 

(Table 3), with the appropriate marker where necessary to select for specific exconjugants or 

transformants (Table 4). Phenotypic screening was carried out in a range of solid and liquid 

media (see Table 3). 

When cultured in liquid media, the air to liquid volume ratio was at least 5:1 in culture 

vessels, usually in conical Erlenmeyer flasks containing steel springs to avoid mycelial 

pelleting. The inoculum in this case was generated from an overnight culture grown from 

spores in the same media and inoculated to a final OD600 of 0.05-0.08 for survival assays or 

OD600 of 0.1 for routine growth. Overnight cultures (16 h) were grown either in Erlenmeyer 

flasks containing steel springs or in 50 mL Falcon tubes with sterile glass beads (4 mm 

diameter) with the same liquid/volume ratio.  

All cultures were incubated at 30 Cͦ. Liquid cultures were frown with agitation at 250 rpm. 
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Liquid culture growth curves – Dry weight 

Growth curves were made by harvesting 50 mL culture triplicates of Streptomyces grown in 

250 mL conical flasks. At each time point, the liquid culture was filtered through a Whatman 

glass microfiber filter (diameter = 0.22 µM) (weight previously determinate after humidity 

removal) in a reduced pressure Büchner funnel apparatus. Following filtration the filter disks 

were recovered from the funnel and dried in a microwave until constant weight (800 W for 

5 min, 1 minute pause, and 800 W for 5 min). Final mass of the filters was determined 

gravimetrically and biomass calculated by subtraction from the original filter weight.   

Liquid culture growth curves – OD 

Streptomyces cultures were grown in multi-well plates placed in a Synergy HTX (BioTek) 

temperature controlled-shaking incubator provided with OD measurement. To avoid 

excessive absorbance due to the pigments produced by particular Streptomyces strains, OD 

was set to 600 and 450 nm, and recorded every 30 min for a total elapse of 48 h. The data 

was then curated to cover the linear phase of growth and calculate the specific growth. 

Preparation of Streptomyces spore stocks 

Adapted from (Kieser et al., 2000). 

The desired strain was streaked evenly on an MS plate and incubated at 30 Cͦ until confluent 

growth and spore formation was visible, determined by the grey powdery surface of cultures. 

To harvest spores, aliquots (5 mL) of sterile 20% aqueous glycerol was added to the surface 

of the plate and the spores were dislodged form the mycelium with the help of a sterile 

cotton bud. The resulting spore suspension was then transferred to bijoux bottles and stored 

at -20 ͦC for up to 4 years without viability loss. 

Cultivation of E. coli strains 

Single colonies from an agar plate were inoculated into 5-10 mL of LB liquid media in a 20 mL 

universal bottle, with addition of the appropriate selection. Cultures were then incubated at 

37 ͦC (or 30 Cͦ for strains containing temperature sensitive ori) in a shaking incubator at 220 

rpm overnight. 
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When cultivating larger volumes of E. coli, the inoculum from an overnight culture was 

prepared as above and transferred to the larger volume (normally Erlenmeyer flasks) in a 

1:100 ratio unless otherwise stated. 

 

Storage of E.coli stocks 

For long term storage of E. coli strains overnight cultures prepared as described above were 

mixed in a 1:1 ratio with a solution of 50% sterile glycerol in water, (final glycerol 

concentration of 25%). These glycerol stocks were stored frozen at -80 Cͦ.  

Culture supernatant sample preparation for HPLC/LCMS 

Submerged mycelial cultures were centrifuged at 4000 x g to separate biomass from 

supernatant.  From the resulting liquid, 2 mL were then filtered with a 0.22μm filter 

(Millipore) to ensure no insoluble material was carried on to the chromatography column. 1 

mL of these samples were then diluted with 1mL of a 1:1 mixture of the eluent buffers (Water 

/0.1% Formic acid: Acetonitrile/0.1% Formic acid) to ensure no component would precipitate 

in the column. If precipitation was observed further 0.22 μm filtration was applied before 

injecting the sample. 

Congocidine and distamycin standards 

The congocidine used in the assay was purchased from Enzo lifesciences ≥90% (HPLC). As 

distamycin could not be purchased from vendors, and its chemical synthesis was not 

achieved, it was isolated from Streptomyces netropsis DSM40846. Spores were inoculated in 

YEME medium for 48 h in a 250 mL Erlenmeyer flask containing a spring. The preculture was 

inoculated into the final YEME culture at a 4% (v/v) rate. The cultures were grown for four 

days. The resulting culture was centrifuged at 4200 x g for 10 min at room temperature and 

the supernatant discarded. The resulting mycelial pellet was resuspended in 50% of the 

original culture volume in methanol. Cells were subsequently disrupted in a Branson 

Sonicator 450 (with 1/8 microtip, settings: intensity=7, continuous cycle) for 1.5 min in 

batches of 30 mL. All batches were pooled and centrifuged for 1 min at 4200xg to obtain a 

cell pellet and a methanol supernatant containing a mixture of metabolites containing 

distamycin, some aureothin and traces of congocidine and disgocidine. To remove aureothin, 

a liquid extraction with chloroform was performed. 
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As standards for distamycin, disgocidine and aureothin were not available, an estimate purity 

of 93% was estimated using area under the peak on its UV-LCMS chromatogram. To obtain 

pure distamycin the methanol was removed by rotary evaporation and residue resuspended 

DMF. The resulting solution was then injected into a semi preparative HPLC column (Luna 5u 

C18(2) 100A, 50 x 21.20 mm 5μm) and distamycin was separated from the other analytes 

using AcN/H2O in 0.1% trifluoro acetic acid (TFA) with the procedure represented in the Table 

5. The elution was monitored at 298 nm and fractions collected freeze dried and 

resuspended. Purity was confirmed by H-NMR (see annex). 

Table 5. Semipreparative HPLC purification of Distamycin 

Time 

(min) 

Flow rate 

(mL/min) 

% Water (with 0.1% 

TFA) 

% MeCN (with 0.1% 

TFA) 

0 6 90 10 

25 6 50 50 

35 6 50 50 

40 6 30 70 

45 6 90 10 

 

Liquid-liquid extraction  

Supernatant from a Streptomyces culture was mixed by vigorous shaking in a separation 

funnel in a ratio 2:1 with a water immiscible organic solvent which selection depended upon 

application (chloroform, dichloromethane, ethyl acetate). Filtration and/or addition of NaCl 

was used when the formation of emulsions avoided the separation of both phases. After 

phase differentiation, the organic layer was collected and set aside. The exhausted phase was 

extracted twice again. Subsequently, the collected phases were pooled and evaporated in a 

rotary evaporator to a small volume, transferred to a small vial and evaporated the remaining 

solvent with an inert gas. If the layer had a high melting point, instead of evaporation in a 

normal rotary evaporator, it was evaporated under high vacuum rotary evaporator, or freeze 

dried. 

 

 



  

52 
 

Biomass extraction  

Biomass extraction was performed to extract compounds that were not present in the 

supernatant but presumed to accumulate in the cells. Biomass of the desired culture was 

pelleted in a centrifuge to separate it from the culture media. The pellet then was 

resuspended in methanol (70%) and lysated with a Branson Sonifier 450 (with 1/8 microtip, 

settings: intensity=7, continuous cycle) for 1.5 min in batches of 30 mL. The resulting mixture 

was centrifuged to give a washed cell pellet and a supernatant that was freeze dried. 

Reconstitution of dried samples for HPLC/LCMS 

Freeze dried samples were resuspended in a mixture 2:1 of the (Water /0.1% Formic acid: 

Acetonitrile/0.1% Formic acid) eluting buffers used in the analytical system, then filtrated 

with a 0.22 μm filter. 

Thin Layer Chromatography (TLC)  

Organic synthesis was monitored by the use of TLC plates (Macherey-Nagel, 0.25mm 

Kieselgel 60/ Merck Kieselgel 60 F254 aluminium sheets). Intermediate reaction crudes were 

spotted on silica plates and eluted with methanol, DCM, ethyl acetate, hexane or a mixture 

of them according to expected polarity of compound. All the analytes were visualised with 

the internal UV reactive dye after UV illumination. 

Antimicrobial susceptibility assay  

Broth Microdilution minimum inhibition concentration (MIC) Panel-Adapted from (American 

Society for Microbiology, 2005) 

Broth microdilution MIC testing is performed in 96 well plates containing Mueller-Hinton 

broth at pH 7.2-7.4. 

An overnight culture of the strain subject to the test was grown in LB media, then diluted 

1:100 in fresh LB media and incubated at 35oC until the resulting suspension reaches 1-2x108 

CFU/mL. The resulting dilution is further diluted with Mueller-Hinton broth to 5x105 CFU/mL. 

The wells in the plate are filled with 200 µL of this suspension. The drugs to be tested are 

added to each well in triplicates, and the positive control is the suspension containing the 

carrier solvent used to dissolve the drug tested. Growth is monitored by OD at 650nm during 

incubation at 35oC for 16-24 h.  
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Minor groove binding susceptibility assay  

Prior to screening the spore stocks, each strain was inoculated into YEME and grown for 16 

h or when a reading of OD600=0.4 was achieved. The inoculation ratio was 1:100 for a total 

volume of 20 mL of medium on a 50 mL Falcon tube which was incubated at 30 ͦC and 220 

rpm. 

These cultures were used to make the inoculum for the assay. The inoculation ratio was 

variable according to the particular OD600 in such an amount that 20 mL of YEME at OD600 

= [0.04-0.08] (the variability is due to pelleting on the strain, which makes difficult OD reads) 

was achieved for each strain. This 20 mL were then used to fill 198 μL of the 360 μL total 

volume of a 96 well plate (TPP). In order to stablish a working concentration to assay the 

different compounds, a preliminary study was carried out with congocidine and distamycin.  

The assays were performed over a 48 h period and OD600 monitored at intervals of 15 min. 

The data sets were then curated to include only the exponential phase of growth of the 

strain, time in which bacterial growth resembles a first order chemical reaction: 

𝜕𝑋
𝜕𝑡

= 𝑘𝑋 ,  

𝑋 𝑡ℎ𝑒 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛, 𝑘 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 𝑎𝑛𝑑 𝑡 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 

Regrouping terms the equation can be seen as: 

𝜕𝑋
𝑋

= 𝑘𝜕𝑡 

Which can be integrated: 

∫
𝜕𝑋
𝑋

𝑋

0
= 𝑘 ∫ 𝜕𝑡

𝑡

0
 

 

To result: 

𝑙𝑛 (
𝑋
0

) = 𝑘𝑡 + 𝐶 

𝑙𝑛𝑋 = 𝑘𝑡 + 𝐶 

Equation that describes a straight line: 
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𝑦 = 𝑎𝑥 + 𝑏 

So then, the OD values on the exponential phase were taken natural logarithms and plotted 

against the time, allowing a linear regression and specific growth rate calculation by least 

squares method. 

Some data points show negative specific growth rate which makes no physical sense, 

however this happens because a diminishing trend on OD values in a narrow absolute value.  

Those are displayed as 0 values but taken in account to calculate the error of the 

measurement.For clarity of interpretation, the specific growth rates were then normalised 

to a coefficient of survival defined as: 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 =
𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐴 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒

𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 
∙ 100 

 

 

Preparation of E. coli chemically competent cells (for transformation of DNA 

constructs up to 11kB) 

Adapted from (Sambrook and Russell, 2000) 

An overnight culture of the E.coli strain was cultured as described above. 150 µL of this 

culture was used to inoculate 50 mL of fresh LB media in a 250 mL erlenmeyer flask and then 

incubated at 37 ͦC  (or 30 Cͦ for strains containing temperature sensitive ori) in a shaking 

incubator at 220 rpm until the OD600 = 0.4-0.5. The culture was then centrifuged at 4200 x g 

at 4 ͦC for 10 min. The supernatant was discarded and cells washed in 12.5 mL of ice cold 100 

mM CaCl2. Cells were recovered by centrifugation for 10 min at 4200 x g and 4 Cͦ. Supernatant 

was discarded, and the step repeated once. Supernatant was discarded and cells were 

centrifuged again for 10 min at 4200 x g and 4 Cͦ. The resulting cell pellet was resuspended in 

1 mL of ice cold 100 mM CaCl2 in 20% glycerol. The resulting solution was then aliquoted in 

50 μL volumes in precooled Eppendorf tubes and left on ice for 30 min. Aliquots were used 

right away or snap frozen with liquid nitrogen for storage. 
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Preparation of E. coli electro-competent cells (for transformation of DNA 

constructs ≥11 kB)  

Adapted from (Untergasser, 2008). 

LB media (Without NaCl) was used to prepare an overnight culture of the required E.coli 

strain with the appropriate antibiotic selection. This overnight culture was used to inoculate 

50 mL of LB media (without NaCl) in a 250 mL Erlenmeyer flask and incubated at 37 Cͦ and 

200 rpm until OD600 reached 0.4-0.5. As this step limits the quality of the cells, OD was 

measured every 30 min, and if the cells were discarded if the OD was over 0.5. Cultures were 

transferred to an ice bath for 15 min and harvested by centrifugation at 3500 x g at 4 ͦC for 

20 min. The supernatant was discarded and the cell pellet was washed in 50 mL of ice cold 

deionised water of which 1.5 mL was added first to resuspend the pellet, and the rest added 

subsequently. Cells were recovered by pelleting at 4200 x g at 4 ͦC for 20 min. The supernatant 

was discarded and pellet resuspended in 50 mL of ice cold deionised water. This step was 

repeated twice and finally the cells were re-suspended in 0.5 mL 10% glycerol (v/v in 

deionised water), aliquoted in to 50 μL aliquots and used immediately or snap frozen in liquid 

nitrogen and stored at -80C, for six months. 

 

Transformation of E. coli chemically competent cells   

Adapted from (Sambrook et al., 1989) 

An aliquot of cells prepared as indicated above was thawed on ice and mixed carefully with 

a pipette tip (rather than pipetting up and down) with up to 5 µL of the DNA to be 

transformed (15-1000 ng) and incubated on ice for 30 min. The cell/DNA mixture was heat 

shocked at 42 Cͦ for 50 s followed by two min incubation on ice.  Immediately afterwards, 1 

mL of SOC medium (Super Optimal broth with Catabolite repression) was added and cells 

allowed to recover in a shaking incubator set at 220 rpm and 37  ͦC (or 30  ͦC for strains 

containing a temperature sensitive ori) for one hour. Following recovery, cells were 

centrifuged for 5 s at 6000 x g and resuspended in 300 µL of SOC before plating on LB agar 

with the appropriate selection marker(s).    
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Transformation of E. coli electro-competent cells  

Adapted from (Untergasser, 2008). 

Electro competent E. coli cells were thawed on ice, and the DNA used for the transformation 

was dissolved in desalted water. A maximum of 2 µg of DNA in 2 µL of water was mixed with 

50 µL cells. Cells and DNA were mixed carefully with circular moves of a pippete tip (rather 

than pipetting up and down) for one min while on ice. The mixture was then transferred to a 

1 mm electro cuvette and stored at -80 Cͦ (amounts can be doubled if using 2 mm, ie 100 µL 

cells + 4 µL-4 µg DNA) and immediately electroporated in a Biorad Gene Pulser set up at 1.25 

kV and 5 ms. Following electroporation, cells were recovered as quickly as possible with 1 mL 

of SOC medium. After the medium was added to the cuvette, it was recovered and placed in 

a 20 mL flask and cells were allowed to recover at 37  ͦC  (or 30  ͦC for strains containing  

temperature sensitive ori) in a shaking incubator (220 rpm) for a period of 1-2 h depending 

on the size of the construct and E. coli strain. Cells were then pelleted by centrifugation for 5 

seconds at 6000 x g and resuspended in 300 µL of SOC before plating them in a LB agar plate 

containing the appropriate selection markers. After overnight incubation colonies were 

screened for the appropriate construct.  

 

Isolation of plasmid and cosmid DNA from E. coli (Alkaline lysis method)  

Adapted from (Bimboim and Doly, 1979). 

E. coli strains containing the desired plasmid/cosmid were grown overnight with appropriate 

selection as detailed above. To harvest cells, the culture was centrifuged in a bench top 

centrifuge at 16000 x g for 5 min. The cell pellet was resuspended in 100 µL of ice cold 

solution 1 (50 mM glucose, 25mM Tris.Cl (pH 8.0), 10 mM EDTA (pH 8.0)) and transferred to 

a 1.5 mL microcentrifuge tube. Following resuspension, 200 µL of solution 2 (0.2 M NaOH, 

1% SDS) was added and the resulting solution was mixed by inverting the tube 6-8 times. 

After 5 min incubation on ice, 150 µL of ice cold solution 3 (60 mL 5 M potassium acetate, 

11.5 mL glacial acetic acid, 28.5 mL deionised water) was added and the tube vortexed. The 

tube was incubated on ice for 5 min before centrifuging for 10 min at 13,000 rpm in a 

microcentrifuge. The supernatant was transferred to a fresh 1.5 mL microcentrifuge tube, 

mixed by inversion with 2 x volumes of ethanol or isopropanol and incubated for 5 min at 

room temperature. Subsequently, the tube was centrifuged (with the hinge pointing 
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outwards) for 10 min at 13,000 rpm in a microcentrifuge. The supernatant carefully removed 

and the pellet of DNA rinsed with 1 mL 70 % ethanol. Excess ethanol was removed under 

vacuum at 37 Cͦ in a speedy vac (DNA concentrator, no brand listed). The resulting DNA pellet 

was then resuspended in deionised water (20-100 µL). 

Isolation of plasmid DNA from E. coli using commercial kits 

Performed according to manufacturer’s (BIOLINE) protocol. 

Intergeneric conjugation of DNA from E.coli to Streptomyces 

Adapted from (Kieser et al., 2000) 

To avoid the methyl specific restriction system in Streptomyces, the non-methylating E.coli 

strain ET12567/pUZ8008 was transformed with the required plasmid to be introduced in to 

the desired Streptomyces strain.  

An overnight culture of the ET12567/pUZ8008 transformant was grown as described above 

and used as inoculum for a 50 mL culture in a 1-3:100 ratio and incubated at 37  ͦC  at 220 

rpm in a shaking incubator until the OD600 reached 0.4-0.6. Cells were harvested by 

centrifugation at 4200 x g for 10 min, washed twice with LB medium to remove antibiotics 

and resuspended in a final volume of 500 µL LB medium. In parallel a suspension of 

Streptomyces spores was prepared to a concentration of 2 x 108 spores/mL in 2YT medium 

and heat shocked at 50 Cͦ for 10 min. The spore suspension was mixed with the E.coli cells 

(500 µL + 500 µL) and plated on MS medium. Plates were incubated at 30  Cͦ for 16-18 h, prior 

to plates being overlaid with a 1 mL of a solution containing  500 µg of nalixidic acid (to 

remove E.coli cells) and 1 mg of the appropriate selection marker for the incoming 

plasmid/cosmid. The overlay was left to dry in a laminar flow hood and further incubated 

until primary exconjugant Streptomyces colonies were observed. These colonies were 

subsequently patched onto MS agar or NA to screen for double crossovers. 

Isolation of genomic DNA from Streptomyces 

Adapted from (Kieser et al., 2000). 

A 250 mL Erlenmeyer flask containing a spring to reduce pelleting, with 50 mL of YEME 

medium was inoculated with approximately 1 x 106 Streptomyces spores and incubated at 

30  ͦC in a shaking incubator (220 rpm) for 48 h. The culture was centrifuged for 10 mins at 

16000 x g and the biomass resuspended in 500 µL of Solution 1 (50mM glucose, 25mM Tris.Cl 
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(pH 8.0), 10mM EDTA (pH 8.0))) in a 1.5 mL microcentrifuge cap tube. To this 10 µL of 30 

mg/mL lysozyme and 5mg/mL RNase was added and the cells incubated at 37 Cͦ for 60 min. 

Subsequently 10 µL of a 10% solution of SDS was added and the tube mixed by inversion. 

Thereafter, 500 µL of phenol-chloroform-isoamyl alchohol (25:24:1) saturated with 10 mM 

Tris, pH 8.0, 1 mM EDTA, was added and the mixture was vortexed for 5 min, before 

centrifugation at 16000 x g for 10 min. The aqueous (upper) layer was transferred to a fresh 

tube leaving behind as much as possible as the protein layer formed in the interphase. The 

transferred phase was reextracted with phenol-chloroform-isoamyl alchohol. The new 

purified layer was washed twice with chloroform to remove phenol dissolved in the water. 

The resulting supernatant was transferred into a fresh 1.5 mL tube and mixed by inversion 

with 2 x volumes of isopropanol to precipitate the DNA. Following 5 min incubation at room 

temperature, the tube was centrifuged 13,000 rpm in a microcentrifuge and the supernatant 

carefully removed. The resulting DNA pellet was rinsed with 1 mL 70 % ethanol. Excess 

ethanol was removed under vacuum at 37 Cͦ in a speedy vac (DNA concentrator, no brand 

listed). The resulting DNA pellet was then resuspended in deionised water (20-100 µL) and 

stored at -20oC. 

Agarose gel electrophoresis 
Agarose gels were made at different percentages according to the size of DNA that was 

separated on them; 0.5% to 2.5 % w/v of agarose in 1 x TAE buffer (40 mM Tris-acetate, 1 

mM EDTA) was dissolved using a microwave. Following cooling of the mixture to 

approximately 60 ͦC, ethidium bromide (final concentration of 100 µg/mL) was added and the 

gel poured in to an appropriate casting tray. 

Gels were run at a constant current of 100 volts for around 1 hr in Biorad electrophoresis 

tanks filled with 1 x TAE buffer.  DNA samples were mixed with 6X loading buffer (60 mL of 

100% glycerol,6 mL of 1M Tris HCl, pH 8.0, 1.2 mL of 0.5 M EDTA, pH 8.0, 32.8 mL of molecular 

biology grade water, 60 mg of Bromophenol Blue and/or 100 mg Orange G). Gels were 

visualised on a Syngene Gel Doc system. 

Agarose gel DNA extraction and purification 

When DNA purification was required, the gel was visualised in an low energy UV trans-

iluminator at the lowest setting, the desired bands were excised from the gel with a freshly 

opened disposable scalpel and processed according to the extraction kit manufacturer 

instructions (Bioline). 
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Cultivation of yeast strains  

Adapted from personal communication with Dr. Megan Lenardon (University of Aberdeen). 

Approximately 2mm diameter single yeast colonies were selected and grown in YPAD broth 

at 30 Cͦ, with shaking at 220 rpm. Cultures were maintained on plates for up to 2 weeks and 

re-streaked as required. 

Storage of yeast stocks 

Adapted from personal communication with Dr. Megan Lenardon (University of Aberdeen). 

Strains were grown at 30 Cͦ with shaking at 220 rpm until a stationary phase culture was 

obtained. An aliquot of 500 μL was mixed with 250 μL of YPAD medium and 250 μL of a 50% 

glycerol solution. This was followed by snap freezing in liquid nitrogen and storage at -80 Cͦ.  

To recover the yeast, strains were streaked on to fresh YPAD agar and given 6 days at 30   ͦC 

to recover. 

Lithium Acetate/SS DNA/PEG transformation of yeast 

Adapted from (Gietz and Schiestl, 2007). 

YPAD broth or aminoacid complemented synthetic media SC was inoculated with a single 

yeast colony according to strain/plasmid requirement and grown for 18-26 h at 30 Cͦ on a 

shaking incubator at 220 rpm. 

A 250 mL Erlenmeyer flask containing 50 mL of YPAD broth was inoculated to a final cell 

density of 5x106 cells/mL with the aid of a haemocytometer. The culture was grown until a 

cell density of 1x108 cells/mL was reached and the yeast cells were harvested by 

centrifugation at 3000 x g for 3 min. Cells were washed once with 50 mL of sterile ice cold 

deionised water, and then resuspended in 10 mL of 100 mM lithium acetate (LiAc). The 

suspension was aliquoted into sterile microcentrifuge tubes to harvest the cells at 11000 x g 

in a microcentrifuge. The supernatant was discarded and cells resuspended into 200 µL of 

100 mM LiAc. Cells were centrifugated again at 11,000 x g, the supernatant discarded and 

the pellet resuspended in freshly prepared transformation buffer (per transformation 36 µL 

1 M LiAc, 240 µL 50% PEG 3500 (w/v), 50 µL ssDNA 2 mg/mL and 29 µL ddH2O) and 5 µL of 

the DNA to transform with. The mixture was incubated at 42 Cͦ for 30 min with occasional 

agitation, before rapidly cooling by the addition of 1 mL of sterile deionised water. Cells were 

harvested and washed twice with 1 mL of deionised water and plated into amino acid 
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complemented synthetic media SC complemented agar with the appropriate aminoacids and 

marker. 

Electroporation of yeast (for up to 20 µg of DNA)  

Adapted from (Benatuil et al., 2010).  

All the yeast electroporation in this study was carried out with freshly made competent cells. 

A single yeast colony was inoculated into YPAD or complemented SC according to 

strain/plasmid requirement and grown for 18-26 h at 30 Cͦ on a shaking incubator set to 220 

rpm. With the aid of a haemocytometer, 50 mL of the same medium was inoculated to a cell 

density of 5x106 cells/mL. When this culture cell density reached 1x108 cells/mL, the yeast 

was harvested by centrifugation at 3000 x g for 3 min. Cells were washed twice with 50 mL 

of ice cold deionised water and once with 50 mL of ice cold electroporation buffer (1 M 

sorbitol / 1 mM CaCl2 in water). Another centrifugation was carried out and cells resuspended 

in 20 mL of 0.1M LiAc/10 mM DTT. The resulting suspension was incubated at 30 Cͦ on a 

shaking incubator set to 220 rpm for 30 min. After this, cells were harvested by centrifugation 

at 3000 x g for 3 min, washed once with 50 mL of electroporation buffer and the pellet finally 

resuspended in ice cold electroporation buffer to a final volume of 1 mL, sufficient for two 

400 μL reactions. Cells were kept on ice before electroporation. 

Electroporation of yeast cells was carried out in pre chilled Bio-Rad 2 mm electro cuvette. 

Yeast cells and DNA were mixed by stirring with a pipette tip rather than pipetting up and 

down and stored on ice for 5 min. Electroporation was carried out with a 2.5 kV pulse , 25 μF 

and 3 ms in a Bio Rad MicroPulser electroporator. After electroporation, cells were 

resuspended in 8 mL of a 1:1 mixture of YPAD and 1 M sorbitol. This mixture was incubated 

for 1 hour at 30 Cͦ on a shaking incubator at 220 rpm.  The cells were then washed with SC 

complemented media ΔURA or appropriate marker and plated on to the same agar media 

and incubated at 30 Cͦ. 

Use of a haemocytometer 

10 µL of the cell suspension to be measured was carefully placed between the cover slip and 

the base of the haemocytometer. Cells were left to settle onto the haemocytometer grid for 

a few mins. The grid area is typically 1 mm2, divided into 25 equal-sized squares, and the 

volume measured is 10-4 mL .Cell count per millilitre was calculated by using the following 

equation: 
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∑ 𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙𝐶𝑒𝑙𝑙 1
𝐶𝑒𝑙𝑙 6

6
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 106 𝑐𝑒𝑙𝑙𝑠

𝑚𝐿
= 

The efficiency of the transformation was calculated as follows: 

Transformation efficiency =

𝐶𝑒𝑙𝑙𝑠
𝑚𝐿 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

− 𝐶𝑒𝑙𝑙𝑠
𝑚𝐿 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐶𝑒𝑙𝑙𝑠
𝑚𝐿 𝑈𝑅𝐴 𝑝𝑙𝑎𝑡𝑒𝑠

 

 

Yeast recombineering  

Adapted from personal communication with Dr. Paul Rowley and (Zhao and Shao, 2009). 

Primers were designed to produce overlapping DNA fragments by PCR that would assemble 

large DNA fragments. Templates with no homology were attempted to be ‘’stitched’’ 

together with 80 bp long oligos (40 bp complementary to each non homologous DNA 

segment). The incorporation of vectors was pursued either by PCR amplification or digestion 

with two different restriction enzymes and dephosphorylation –recombineered vectors 

contained both a bacterial and yeast origin of replication. All DNA fragments were gel purified 

prior to recombineering. Yeast competent cells were then transformed with 200-1000 ng 

DNA of each of the overlapping fragments. Colonies resulting from the transformation were 

harvested from the plate with the help of a spreader and 1 mL of deionised water. Depending 

on cell density, the recombineered plasmid could be extracted directly using the Zymolase 

protocol (see below) or by growing the yeast strain overnight in broth culture. After obtaining 

the recombineered plasmid (usually in low yield), E.coli was transformed in order to enrich it 

and verify the construct.  

Yeast Zymolase plasmid DNA extraction protocol 

Adapted from personal communication with Dr. Paul Rowley.(Gietz and Schiestl, 2007). 

Approximately 1.5 x 10 9 cells were harvested from a suitable transformation plate. Cells were 

washed with 1 mL of sterile deionised water and centrifuged at 13000 x g in a microcentrifuge 

for 30 s. The pellet was resuspended in 200 µL spheroblasting buffer (1 M sorbitol, 0.1 M 

EDTA, 5 mM β-mercaptoethanol [added fresh 0.3 μL in 1mL]) and 5 μL of 10 mg/mL Zymolase. 
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The suspension was incubated at 37 ͦC for 1 hour. The resulting spheroblasts were then 

centrifuged at 13,000 x g in a microcentrifuge for 10 s. At this point spheroblasts were treated 

in the same manner as a bacterial pellet to extract the desired plasmid DNA. 

Primers design for PCR and cloning techniques  

All primers were designed using the online tool primer Blast (Ye et al., 2012), which uses the 

latest algorithm of Primer3 (Koressaar and Remm, 2007) to design the primers within user 

defined constraints and then searches the primers using basic local alignment search tool, 

BLAST (Altschup et al., 1990) against an user defined database to avoid selection of primer 

pairs that could result in unspecific amplification or self-priming. SnapGene (GSL Biotech) was 

used to visualize binding sites and modification of the DNA templates. The oligonucleotides 

used in this study are listed in Table 6: 

Table 6. Oligonucleotides used in this study. 

Primer Name Sequence (5’-3’) Description 
RD1fusion ATGCGCCACCTTCTGG 

 

Overlap of congocidine and 
distamycin efflux genes 

C1fusion TCAGTGGCTCTCCTCCCTG Overlap of congocidine and 
distamycin pump 

D1 TCAGGGGGATCCCTCCT Overlap of congocidine and 
distamycin pump 

RC1FUSION ATGGCGCACTTGCTGG Overlap of congocidine and 
distamycin pump 

DC1LINKER CCAGAAGGTGCGCCATTCAGTGGCTC
TCCTCCCTG 

Overlap of congocidine and 
distamycin pump 

CD2LINKER CCAGCAAGTGCGCCATTCACCCCCATC
CCTCCT 

Overlap of congocidine and 
distamycin pump 

DPRV2 GTCATGTACCGCCCTTGACA distamycin pump cloning 
DPFV2 GAAGGAATGCAGCAGGGGAA distamycin pump cloning 

FORWARD TO CGC3* ATGGCCACCGAGTCCGCC Cloning of SAMR0921 for 
protein expression 

CHAMPION KIT F CACCATGGCCACCGAGTCCGCC Directional cloning of 

SAMR0921 for protein 

expression 

LESSCGREVERSECGC3* ACAAGCGGTACGGCGCTC Cloning of SAMR0921 for 
protein expression 

REVERSECGC3* GGCGCTCCTACCCGCCG Cloning of SAMR0921 for 
protein expression 

DISGOPUMPF CCGGATCTTCGGCAGC Distamycin pump cloning 
DISGOPUMPR ATCATGAGTGAGGAGAGCCG Distamycin pump cloning 
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REVERSEDPPROMOTER CTCACTTCTTTCGCTGCAAC Distamycin pump cloning 
CGC10OUT-F ACGCGCAGGACATCGCGGCCCGCGGA

ACCGGGGCGTGAGCATTCCGGGGATC
CGTCGACC 

λ-Red knock out of SAMR0909 
from pCG002(Juguet et al., 

2009) 
CGC10OUT-R AGTCGGCGTCCCTCGCCTCCGGCCAGT

ACCACTGCTCTCATGTAGGCTGGAGCT
GCTTC 

λ-Red knock out of SAMR0909 
from pCG002 (Juguet et al., 

2009) 
CGC10CHECKF CAGCTGCGTGAGGATG PCR check of knock out of 

SAMR0909  
CGC10CHECKR GGTTGCGGGAACTGAC PCR check of knock out of 

SAMR0909 
RSTF CGAATCGAGTATGTCGGAGATCCACG

ATCACGATCGTCCTGACGTCCCGCCTT
GCGGAGTTGCCGTCATGGGGTCCGTC

CGGATCGGTCTTGCCTTGCT 

In vitro synthesis of 
congocidine cluster 

RSTR CTGGAACGGGACTTCGAGTACGCCGT
CCTGTCCATGAGCGGCGAGGCCCACG
TCGACGGCGTGCCCCTGGTACCGGGC

TCATACGTCGCGGTGAGTTCAG 

In vitro synthesis of 
congocidine cluster 

Pij6902f GGAGAGGCGGTTTGCGTATTTATGTC
CGCTCCCTTCTCTG 

In vitro synthesis of 
congocidine cluster- Delivery 

vector 
Pij6902r AGGACGATCGTGATCGTGGATCTCCG

ACATACTCGATTCGTATTCGGTCGCTG
AGGCTTG 

In vitro synthesis of 
congocidine cluster- Delivery 

vector 
pRS416F CGCTCATGGACAGGACGGCGTACTCG

AAGTCCCGTTCCAGCAGGGGATAACG
CAGGAAAG 

In vitro synthesis of 

congocidine cluster- yeast 

vector 

pRS416R CAGAGAAGGGAGCGGACATAAATAC
GCAAACCGCCTCTCC 

In vitro synthesis of 
congocidine cluster- yeast 

vector 
Start1 CGAATCGAGTATGTCGGAGATCCACG

ATCACGATCGTCCTTTACTAACGTCTG
GAAAGACGACAAAACTTTAGATCTGG

GG 

In vitro synthesis of 
congocidine cluster 

Stvect1 TATGTCCGCTCCCTTCTCTGAAGCCGT
CCACGCTGCCTCCCTAGAGCGGCCGCC
ACCGCGGTGGAGCTCCAGCTTTTGTT 

In vitro synthesis of 
congocidine cluster 

stend1 GCCGCTCATGGACAGGACGGCGTACT
CGAAGTCCCGTTCCACATTGGGTACCG
GGCCCCCCCTCGAGGTCGACGGTATC

GATA 

In vitro synthesis of 
congocidine cluster 

phiC31F TTCGAACGCATCCTGAACGA In vitro synthesis of 
congocidine cluster- Delivery 

vector 
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phiC31R TCTTGATCTCACGCCACCAC In vitro synthesis of 
congocidine cluster- Delivery 

vector 
PartACGCF TTGGTGAACAGCCCGATCAT In vitro synthesis of 

congocidine cluster 
PartACGCR TGTCCTCTTCCGTGAACTGC In vitro synthesis of 

congocidine cluster 
PartBCGCF GGAGCAGATGGGCGTAGAAG In vitro synthesis of 

congocidine cluster 
PartBCGCR CGTTCCACATCGAGTCCGTC In vitro synthesis of 

congocidine cluster 
PartCCGCF TCGTCTTCGTCGTGCTGTTC In vitro synthesis of 

congocidine cluster 
PartCCGCR ACGACCTCTTTGATCCGCTG In vitro synthesis of 

congocidine cluster 
URA F GCCCAGGTATTGTTAGCGGT In vitro synthesis of 

congocidine cluster 
URA R TTCCCAGCCTGCTTTTCTGT In vitro synthesis of 

congocidine cluster 
R12Fcongo TTTTCACCTACTCGCCGCAT In vitro synthesis of 

congocidine cluster 
R1Fcongo TTCACCTACTCGCCGCATTT In vitro synthesis of 

congocidine cluster 
R1RCONGO CCGAGGTAGTGCGTGAACAT In vitro synthesis of 

congocidine cluster 
FRAGEMENT1FOR TGGAGCTCCACCGCGGTGGCCGAATC

GAGTATGTCGGAG 
In vitro synthesis of 
congocidine cluster 

FRAGMENT2REV TGCATGCCTGCAGGTCGACTGCGTAG
CCGGATGACCAT 

In vitro synthesis of 
congocidine cluster 

FRAGMENT1REV GACCGTACTCTGAACTGCCGGAGCTCT
A 

In vitro synthesis of 
congocidine cluster 

FRAGMENT2FOR CGGCAGTTCAGAGTACGGTCCTGCTC
AC 

In vitro synthesis of 
congocidine cluster 

FRAGMENTREV TGCATGCCTGCAGGTCGACTTGAACTG
CCGGAGCTCTA 

In vitro synthesis of 
congocidine cluster 

ACB AF TGGAGCTCCACCGCGGTGGCCGAATC
GAGTATGTCGGAGATC 

In vitro synthesis of 
congocidine cluster 

ACB AR TTCATCGAGGGCAACGTCATGCACCA
GATA 

In vitro synthesis of 
congocidine cluster 

ABC BF ATGACGTTGCCCTCGATGAACACCGA
GTAC 

In vitro synthesis of 
congocidine cluster 

ABC BR GAGTTCCGTCGCGTAGCCGGATGACC
ATAG 

In vitro synthesis of 
congocidine cluster 

ABC CF CCGGCTACGCGACGGAACTCGGCTGA
TCGG 

In vitro synthesis of 
congocidine cluster 

ABC CR TGCATGCCTGCAGGTCGACTCTGGAA
CGGGACTTCGAGTAC 

In vitro synthesis of 
congocidine cluster 

FRAGMENT1FORAO TGGAGCTCCACCGCGGTGGCCGAATC
GAGTATGTCGGAGATC 

In vitro synthesis of 
congocidine cluster 
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FRAGMENT1REVAO TGTCCTGTCGTCTAGATGAACTGCCGG
AGCTCTATC 

In vitro synthesis of 
congocidine cluster 

FRAGMENT2FORAO CGGCAGTTCATCTAGACGACAGGACA
TGACGTTCCA 

In vitro synthesis of 
congocidine cluster 

FRAGMENT2REVAO TGCATGCCTGCAGGTCGACTCTGGAA
CGGGACTTCGAGTA 

In vitro synthesis of 
congocidine cluster 

PEPAPTF TCATTCATATGNNKNNKNNKNNKNNK
NNKNNKNNKNNKNNKNNKNNKNNK

NNKNNKNNKTGAGAATTCGCAT 

Aptamer study 

PEPAPTR ATGCGAATTCTCANNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNCATATGAATGA 

Aptamer study 

1.1f CGAATCGAGTATGTCGGAGA In vitro synthesis of 
congocidine cluster 

1.1r TGAACTGCCGGAGCTCTATC In vitro synthesis of 
congocidine cluster 

1.2f AGCTGCCGAAAGGTGATGTG In vitro synthesis of 
congocidine cluster 

1.2r GCAACGTCATGCACCAGATAC In vitro synthesis of 
congocidine cluster 

2f CCTCGATGAACACCGAGTACC In vitro synthesis of 
congocidine cluster 

2r CTGGAACTGGACTTCTCGCT In vitro synthesis of 
congocidine cluster 

3f GTACTTGCCCTCGAAGTCCT In vitro synthesis of 
congocidine cluster 

3r TCAACGGGCACTACGAGAAC In vitro synthesis of 
congocidine cluster 

4f GAGTACGGTCCTGCTCACG In vitro synthesis of 
congocidine cluster 

4r GCGTAGCCGGATGACCATAG In vitro synthesis of 
congocidine cluster 

5f GACGGAACTCGGCTGATCG In vitro synthesis of 
congocidine cluster 

5r TTGCCTCTCGAATTTTGCGG In vitro synthesis of 
congocidine cluster 

6.1f TTTCACCTACTCGCCGCATT In vitro synthesis of 
congocidine cluster 

6.1r GTTGACCTCGTCGAGTCCTG In vitro synthesis of 
congocidine cluster 

6.2f CGACAGGACATGACGTTCCA In vitro synthesis of 
congocidine cluster 

6.2r CTGGAACGGGACTTCGAGTA In vitro synthesis of 
congocidine cluster 
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Diagnostic PCR  

For routine diagnostic use in checking for DNA integrity and for sequencing. MyTaq from 

BIOLINE was used according to manufacturer guidelines in 200 μL mastermixes, with reaction 

volumes of 10 μL. Thermocycling conditions were individually determined and are detailed 

in the Results section. 

Cloning PCR  

The blunt ended high fidelity KOD Xtreme Hot Start DNA Polymerase (TOBOYO) was used for 

amplicons that would subsequently be cloned according to supplier recommendations. 

Thermocycling conditions were individually determined and are detailed in the Results 

section. To amplify large products or GC rich amplicons special step down thermocycling 

conditions were used, as it can be seen in Table 7. 

 

Table 7. Cycling conditions of KOD Xtreme polymerase used to amplify GC rich 

Cycle Temperature (°C) Time (min: seconds) 

1. Polymerase activation 94 2:00 

2. Denature 98 0:10 

3. Annealing/Extension  72 1 min/kbp 

Steps 2 and 3 for 5 cycles 

4. Denature 98 0:10 

5. Annealing/Extension  70 1 min/kbp 

Steps 4 and 5 for 5 cycles 

6. Denature 98 0:10 

7. Annealing/Extension  68 1:10 min/kbp 

Steps 6 and 7 for 25 cycles 

 

Blunt end cloning  

The Invitrogen Zero Blunt® PCR cloning kit was used for blunt end cloning of PCR products. It 

was used according to the manufacturer’s protocol and the resulting ligation mixtures were 

chemically transformed with competent TOP10 E.coli. 
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Restriction digest cloning  

Adapted from (Sambrook et al., 1989). 

DNA to be cloned was obtained by PCR or restriction digest performed as per manufacturers 

guidelines (Promega, New England Biolabs). The DNA was examined by electrophoresis, and 

if correct, insert and vector were ligated. 

Ligation 
DNA inserts were obtained by PCR or restriction digest and purified from an agarose gel using 

an ISOLATE II purification kit (BIOLINE). DNA obtained through restriction digest was 

dephosphorylated with 1 µL of thermosensitive alkaline phosphatase (TSAP, Promega) for 15 

min at 37oC (this was done along with the restriction digest when the enzymes were from 

Promega). The fragments were mixed with different insert to vector ratios depending on size 

of fragments, tipically 2:1, 3:1, and 5:1 or 10:1 and ligations performed with T4 Quick-

StickLigase (BIOLINE) according to the manufacturer protocol. 

Polymerase cycling assembly cloning 
Adapted from the work of (Quan and Tian, 2014). 

Vectors were linearised by either restriction digest or PCR amplification and the gel products 

purified to avoid carry over of the whole vector. The insert was produced by PCR with primers 

that included vector homology to the insert (required for the assembly), or with homology 

between each fragment, and subsequently gel purified. The parameters used to determine 

optimal length were the melting temperature (Tm) of the overlapping region and secondary 

structures that could arise were studied independently. This was designed to be as close to 

60 ͦC as possible for consistency between fragments. Once the vector and insert fragment(s) 

were ready, the assembly PCR was set up (see reagents in Table 8a/8b) 

Table 8a. Reagents used in high fidelity cloning amplification of vector/insert 

Component Volume Final Concentration 

2X Xtreme buffer  25 μL 1X 

dNTPs (2 mM each) 10 μL 0.4 mM (each) 

PCR grade water X μL  

KOD Xtreme® Hot Start 

DNA Polymerase (1 U/μL) 

1 μL 0.02 U/μL 
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Template DNA Y μL  0.2 ng/μL from plasmid 

DNA 

2 ng/μL from genomic DNA 

Sense (5') primer (10 μM) 1.5 μL 0.3 μM 

Anti-Sense (3') primer (10 

μM) 

1.5 μL 0.3 μM 

Final volume 50 μL  

 

 

Table 8b. Reagents in the assembly PCR reaction on Polymerase cycling assembly 

Component Volume Final Concentration 

2X Xtreme buffer  25 μL 1X 

dNTPs (2 mM each) 10 μL 0.4 mM (each) 

PCR grade water X μL  

KOD Xtreme® Hot Start 

DNA polymerase (1 U/μL) 

1 μL 0.02 U/μL 

Vector Y μL 5-10 ng/μL 

Insert Z μL 10-20 ng/μL 

Final volume 50 μL  

 

 

 

Overlapping PCR ligation 

Adapted from (Heckman and Pease, 2007). 

To achieve directional ligation of non-homologous blunt ended fragments an approach 

similar to polymerase cycling assembly cloning was used. A linker primer was designed to 

overlap 15-25 nucleotides at both ends of fragments to be joined, making up a single primer 

of 30-50 nucleotides. The two PCR fragments to be joined were gel purified and mixed in the 

reaction mix with the linker primer and can be seen in Table 9. Cycling conditions can be seen 

in Table 10. 
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Table 9. Overlapping PCR ligation reagents assembly. 

Component Volume Final Concentration 

2X Xtreme Buffer  25 μL 1X 

dNTPs (2 mM each) 10 μL 0.4 mM (each) 

PCR Grade Water X μL  

KOD Xtreme® Hot Start 

DNA Polymerase (1 U/μL) 

1 μL 0.02 U/μL 

DNA part A Y μL 5-10 ng/μL 

DNA part B Z μL 10-20 ng/μL 

A-B primer (10 μM) 4 μL 0.8 μM 

Final volume 50 μL  

 

Table 10. Cycling conditions of KOD Xtreme polymerase overlapping reaction. 

Cycle Number of 

cycles 

Temperature (°C) Time (min: seconds) 

Polymerase 

activation 

1 94 2:00 

3 step cycling : 

Denaturation 

Annealing 

Extension 

 

 

30 

 

98 

Linker Tm-3 

68 

 

00:10 

00:30 

1:00/kbp 

Final extension 1 72 10:00 

 

Gene disruption by λ-Red recombination  

Adapted from (Gust et al., 2006). 

The apramycin cassette flanked by FRT recognition sites was excised from plasmid pIJ773 

with a double restriction digest reaction using EcoRI and HindIII enzymes. The resulting DNA 

fragment was gel purified to avoid plasmid contamination. To further check the absence of 

the plasmid, DH5α competent cells were transformed with the resulting cassette to ensure 

no carry-over of vector.  
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Two sets of primers were designed to target the DNA sequence to disrupt (gene cgc 10): the 

sense primer would match 59 nucleotides upstream of the region to disrupt followed by a 20 

nucleotide sequence present in the apramycin cassete (FRT sequence). The antisense primer 

would match 19 nucleotides in the FRT 3’ end of the apramycin cassette and then 58 

nucleotides downstream the region to disrupt. The apramycin cassette, was amplified using 

KOD Xtreme high fidelity polymerase and the desired PCR product was gel purified. 

Electrocompetent cells of E. coli BW25113/pIJ790 were prepared as detailed above 

(cultivation temperature was changed to 30°C due to sensitive OriT) to introduce the 

Streptomyces cosmid to be disrupted. An overnight culture of the newly produced 

BW25113/pIJ790/cosmid of interest was inoculated to 10 mL of SOB without magnesium 

chloride containing the appropriate antibiotics and was induced with L-arabinose to a final 

concentration of 10 mM.  When cells reached an OD600 of approximately 0.5, 

electrocompetent cells were prepared. The resulting E. coli was transformed with the gel 

purified apramycin cassette and cells were then plated on to LB media containing the 

appropriate antibiotics and incubated for 12-16 h at 37°C to promote the loss of the 

temperature sensitive pIJ790. The resulting colonies were grown overnight, the cosmids 

extracted and confirmed by restriction digest and PCR. The correct cosmid was conjugated 

into Streptomyces to create the allelic replacement mutant. 

Strain identification by 16S rDNA clonal DNA  

Adapted from (Woese et al., 1990).  

Strains were cultivated and their DNA extracted. The 16S rDNA clonal DNA was amplified 

with universal primers (Jiang et al., 2006) 27 F and 1492 R and submitted for sequencing. 

Chemical synthesis of novel heterocycles for feeding to congocidine 

producing strains 

Synthesis of all compounds was carried out in the Dr. Glenn Burley Laboratory (Strathclyde 

Organic Chemistry department) with assistance from Giacomo Padroni (PhD student in the 

Burley laboratory), unless stated otherwise.  
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4-acetamido-1-methyl-pyrrole-2-carboxylic acid 

Adapted from (Tao et al., 1999). 

The compound 4-acetamido-1-methyl-pyrrole-2-carboxylic acid was obtained by acetylation 

followed by saponification from the commercially available benzyl amino methyl pyrrole. 

a) AcCl (1.5 eq.), TEA (3 eq), 0°C reaction time, 16 h, 98% yield. 

b) NaOH 1N (10 eq), reflux, reaction time, 16 h, 94% yield. 

a) A solution of benzyl 4-amino-1-methyl-pyrrole-2-carboxylate hydrochloride (0.4 g, 1.5 

mmol, 1 eq.) in dry dichloromethane (DCM) (20 mL) was mixed with triethylamine (TEA) (0.8 

mL, 4.5 mmol, 3 eq.). Acetyl chloride was slowly added at 0°C and the mixture was left stirring 

overnight at room temperature. DCM (10 mL) was added and the organic phase extracted 

with water (3x 10 mL), then dried over Na2SO4. The resulting oil was purified through silica 

gel chromatography using 5% MeOH in DCM to yield benzyl 4-acetamido-1-methyl-1H-

pyrrole-2-carboxylate (0.4 g, 98%) as a brown oil. 

1 H-NMR (CDCl3 400 MHz): 2.11 (s, 3H, Ac-H), 3.89 (s, 3H, N-C H3), 5.26 (s, 2H, CH2-Bn), 6.71 

(d, 1H, Py-H, J= 2 Hz), 7.02 (s, 1H, CON H), 7.37 (m, 6H, Ph-H Py-H). 

b) Benzyl 4-acetamido-1-methyl-pyrrole-2-carboxylate (0.4 g, 1.47 mmol, 1 eq.) was 

dissolved in tetrahydrofuran (THF) (10 mL), mixed with NaOH 1N (10 mL) and heated with 

reflux overnight. THF was removed and the aqueous phase acidified to pH 2 using HCl (1N), 

followed by extraction with ethyl acetate (3x 10 mL). The organic phases were pooled and 

washed with brine, dried over Na2SO4 and filtered to give 4-acetamido-1-methyl-1H-pyrrole-

2-carboxylic acid (0.250 g, 94%) as a brown solid.  
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1 H-NMR (d6-DMSO 400 MHz): 1.94 (s, 3H, Ac-H), 3.80 (s, 3H, N-CH3), 6.64 (d, 1H, Py-H, J= 2 

Hz) 7.31 (d, 1H, Py-H, J= 2 Hz), 9.80 (s, 1H, CONH), 12.16 (b, 1H, COOH).  

LC-MS (+ve mode) = m/z 183 [M+H] + 

NMR and Mass data in Annex. 

4-acetamido-1-(methyl-d3)-pyrrole-2-carboxylic 

The deuterated compound 4-acetamido-1-(methyl-d3-pyrrole-2-carboxylic acid was 

prepared from commercially available methyl 4-nitro-1H-pyrrole-2-carboxylate by alkylation 

and subsequent acylation and saponification by Dr. Abedawn Khalaf. NMR and Mass data in 

Annex. 

 

4-acetamido-1-methyl-imidazole-2-carboxylic acid 

Adapted from (Tao et al., 1999). 

Synthesis of 4-acetamido-1-methyl-imidazole-2-carboxylic acid started from the 

commercially available nitro ester, which was acetylated and reduced in a one pot reaction 

with a 66% yield. The final compound was obtained upon saponification with a 42% yield. 

 

a) Pd / C (10% w/w), Ac2O (1.5 eq.), H2, reaction time, 16 h, 66% yield. 

b) KOH 1N (5 eq.), reaction time, 16h, 42% yield. 

A solution of ethyl 1-methyl-4-nitro-imidazole-2-carboxylate (0.5g, 2.5mmol, 1mmol) in 

MeOH/ EtOAc (1:1, 20 mL) was mixed with acetic anhydride (0.35 mL, 3.7 mmol, 1.5 eq.) and 
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Pd/C (10% w/w), and left to stir overnight at room temperature in a hydrogen atmosphere. 

Subsequently, the catalyst was filtered off and the mixture taken to dryness and purified 

through silica gel chromatography (MeOH 2% in DCM) to give ethyl 4-acetamido-1-methyl-

imidazole-2-carboxylate (0.352g, 66%). 

1 H-NMR (CDCl3 400 MHz) 𝛿: 1.44 (t, 3H, COOCH2CH3)1.58 (s, 3H, Ac-H), 4.08 (s, 3H, N-CH3), 

4.42 (q, 2H, COOCH2CH3), 7.83 (d, 1H, Im-H,), 7.83 (s, 1H, CONH). 

4-acetamido-1-methyl-imidazole-2-carboxylate (0.3 g, 1.4mmol, 1 eq.) was dissolved in THF 

and mixed with NaOH 1N (4 mL). The mixture was stirred at room temperature for 4 h. THF 

was removed and the water phase acidified to pH 2 with HCl 1N to form an orange 

precipitate, 4-acetamido-1-methyl-1H-imidazole-2-carboxylic acid that was collected after 

centrifugation (0.11 g, 42%).  

1 H-NMR (d6-DMSO 400 MHz): 1.92 (s, 3H, Ac-H), 3.89 (s, 3H, N-CH3), 7.47 (d, 1H, Im-H,), 

10.54 (s, 1H, CONH).  

LC-MS (+ve mode) =m/z 184 [M+H] + 

NMR and Mass data in Annex. 

2-acetamidothiazole-4-carboxylic acid 

Adapted from (Kobayashi et al., 2011). 

The synthesis of 2-acetamidothiazole-4-carboxilic acid started from an amine, kindly 

provided by Giacomo Padroni, who works in the Glenn Burley laboratory (Strathclyde 

University, Organic Chemistry department). Alkylation followed by saponification provided 

the pure compound for an overall yield of 82%. 
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a) AcCl (1.5 eq.), TEA (3 eq.), reaction time, 16 h.  

b) KOH 1N (5 eq.), reaction time, 6h, 82% yield. 

Ethyl 2-acetamidothiazole-4-carboxylate (0.26 g, 1.5 mmol, 1eq) was dissolved in dry DCM 

(20 mL) and mixed with TEA (0.8 mL, 4.5 mmol, 3 eq.). Acetyl chloride was slowly added at 

0°C and the mixture was left stirring overnight at room temperature. DCM (10 mL) was added 

and the organic phase extracted with water (3x 10 mL), then dried with Na2SO4. The resulting 

oil was purified through silica gel chromatography using 5% MeOH in DCM to give ethyl 2-

aminothiazole-4-carboxylate. 

Ethyl 2-aminothiazole-4-carboxylate (0.7 g, 3.27 mmol, 1 eq.) was dissolved in THF (15 mL) 

and mixed with KOH 1N (15 mL) and stirred overnight at room temperature. THF was 

removed by vacuum and the water phase was acidified to pH 2 using HCl 1N, then extracted 

with EtOAc (3x 10 mL). The organic layers were combined, washed with brine, dried over 

Na2SO4 and taken to dryness to give the desired compound (33) (0.5 g, 82%) as a white solid.  

1 H-NMR (d6-DMSO 400 MHz): 2.15 (s, 3H, Ac-H), 7.94 (s, 1H, Th-H), 12.40 (s, 1H, CONH). 

LC-MS (-ve mode) =m/z 187 [M+H]- 

NMR and Mass data in Annex. 

For clarity the compounds synthesised and used in the feeding experiments are summarised 

in Table 13, Chapter 2, along with the predicted congocidine-like compounds that may result 

from incorporation of the non-natural heterocycles in the congocidine peptide. 

 

 



  

75 
 

Chemical synthesis of two minor groove binders used in the chapter four 

assays (compounds 24 and 26) 

Synthesis of ECS6 and ECS7 were carried out in the Colin Suckling laboratory (Strathclyde 

Organic Chemistry department) with guidance provided by Dr. Abedawn Khalaf and Dr. 

Fraser Scott. 

 

Synthesis of MGB-6/ Compound 24 

Reaction scheme: 

a) Ac₂O, ZnCl2, heated at 140oC, reaction time 48 h. 

b) EtOH/H2O, NaOH, reflux heated, reaction time 3 h. 

c) MetOH, Pd/C-10 %, hydrogenated at room temperature for 3 h. 

d) HBTU, TEA, room temperature, reaction time 18 h. 
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 3 

3-Methoxybenzaldeyde (5.64 g) was dissolved in acetic anhydride (8 g) to which (6.2 g) of 

methyl-6-methylnicotinate was added in the presence of a catalytic amount of zinc chloride. 

The mixture was left stirring in a 100 mL round flask heated at 140o C for 48 h. The product 

formed was a precipitated by adding ethyl acetate and small amounts of brine and methanol. 

The precipitate was recovered by filtration, and dried under vacuum. Methyl [(E)-6-(3-

methoxystyryl)] nicotinic acid (592 mg) was dissolved in ethanol (5 mL) and 40 mL of water 

containing (0.8 g) NaOH was added. The mixture was reflux-heated for 3 h. The product was 

precipitated by acidification with HCl and filtered (313 mg).  

1-amino-3-(1-methyl-4-(1-methyl-4-nitro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxamido) propan-1-iminium (50 mg, 0.15 mmol) was dissolved in methanol (30 mL). 

Pd/C-10 % (80 mg) was added portionwise with stirring under nitrogen at 0oC. The reaction 

mixture was hydrogenated for 3 h at room temperature and atmospheric pressure. The 

catalyst was removed over kieselguhr and the solvent was removed under reduced pressure 
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to give the amine which was dissolved in DMF (2 mL, dry). (E)-6-(3-methoxystyryl) nicotinic 

acid (39 mg, 0.15 mmol) and the coupling agent (2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate) (HBTU) (90 mg, 0.24 mmol) were added with a 

few drops of TEA. The reaction mixture was left stirring at room temperature overnight. DMF 

was removed under reduced pressure and the crude product was treated with ethyl acetate 

containing 5% methanol and a solution of sodium hydroxide (60 mg, 1.484 mmol in water 10 

mL). The organic layer was collected, dried (Na2SO4), filtered and the solvent removed under 

reduced pressure. The crude product purified was purified by semi preparative HPLC. NMR 

and Mass data in Annex. 

Synthesis of MGB-7/ compound 26  

Reaction scheme: 

a) Heated at 160oC, reaction time 3 h. 

b) THF, NaH on ice, reaction time 18 h. 

c) EtOH/H2O, NaOH, heated to reflux, reaction time 2.5 h. 

d) MetOH, Pd/C-10 %, hydrogenated at room temperature for 3 h. 

e) HBTU, TEA, room temperature, reaction time 18 h. 

Reaction scheme:
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Triethylphosphite (4.3g) and methyl 4-(bromoethyl)-benzene (2.97g) was heated at 160oC for 

2 h, after which, the resulting oil was dried in a rotary evaporator for 4 h. 4-

[(diethoxyphosphoryl) methyl]-benzoate (3 g) was dissolved in (10 mL) dry THF under N2 and 

mixed with (0.6 g) of NaH on ice, to which (1.6 g) m-anisaldehyde was added drop wise. The 

mixture was left stirring overnight and neutralised with HCl. The organic layer was kept, and 

the aqueous extracted with ethyl acetate. Both organic layers were combined and taken to 

dryness, washed with hexane and filtered (2.794 g). The resulting methyl (E)-4-(4-

methoxystyryl)benzoate (1.976 g) was dissolved in 30 mL of ethanol and 80 mL of water 

containing (4.3g) NaOH and left stirring heated to reflux for 2.5 h. The product was 

precipitated by addition of HCl and filtered. 

1-amino-3-(1-methyl-4-(1-methyl-4-nitro-1H-pyrrole-2-carboxamido)-1H-pyrrole-2-

carboxamido) propan-1-iminium (50 mg, 0.15 mmol) was dissolved in methanol (30 mL). 

Pd/C-10 % (80 mg) was added portion wise with stirring under nitrogen at 0 oC. The reaction 

mixture was hydrogenated for 3 h at room temperature and atmospheric pressure. The 

catalyst was removed over kieselguhr and the solvent was removed under reduced pressure 

to give the amine which was dissolved in DMF (2 mL, dry). (E)-4-(4-methoxystyryl) benzoic 
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acid (39 mg, 0.154 mmol) and HBTU (90 mg, 0.238 mmol) were added with a few drops of 

TEA. The reaction mixture was left stirring at room temperature overnight. DMF was 

removed under reduced pressure and the crude product was treated with ethyl acetate 

containing 5% methanol and a solution of sodium hydroxide (60 mg, 1.484 mmol in water 10 

mL). The organic layer was collected, dried (Na2SO4), filtered and the solvent removed under 

reduced pressure. The crude product purified was purified by semi preparative HPLC. NMR 

and Mass data in Annex. 
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Chapter 1: distamycin-congocidine 

combinatorial biosynthesis. 
 

Introduction 

Society needs new antibiotics to fight pathogenic micro-organisms. Paradoxically the source 

of these drugs is mostly micro-organisms according to a report indicating that 64% of novel 

compounds are natural products or natural product derivatives (Cragg and Newman, 2013). 

Several approaches are used now in the effort to produce novel drugs. The ideas of those 

pioneers of antibiotic discovery back in the ‘golden age’ of antibiotic discovery (Cortes-

sanchez and Hoskisson, 2015) are being revisited and expanded thanks to novel technologies. 

The research that led to the early characterisation of the congocidine pathway, narrowed 

down the set of genes necessary for its expression to 24 genes by gene knock out studies. 

Those genes were cloned into a cosmid (pCG002) containing 43.4 kb DNA from 

S.ambofaciens, which comprised the congocidine biosynthetic cluster, as well as a 

pBeloBAC11 backbone, including a ΦC31 integrase gene and attP and oriT with hygromicyn 

as a selection marker (Juguet et al., 2009). Through this thesis, all work involving congocidine 

uses pCG002 which was a kind gift from Dr. Pernodet.  

On the other hand distamycin was first isolated in 1964 (Arcamone et al., 1964), but until 

recently its biosynthetic pathway was unknown. Recently two groups reported putative 

mechanisms of distamycin biosynthesis almost simultaneously (Hao et al., 2014; 

Vingadassalon et al., 2014), however when this study started, the enzymatic machinery 

remained unpublished. To overcome this lack of knowledge at the pathway level, an 

alternative to single gene combinatorial biosynthesis was envisioned. Combinatorial 

biosynthesis ( Hopwood et al., 1985), is utilised to engineer biosynthetic clusters, usually by 

mutating enzymes or module swapping (being this modules from the same or a different 

cluster) (Menzella and Reeves, 2007), however here we describe a whole cluster 

recombination strategy between the congocidine cluster (encoded in the pCG002 cosmid) 

and the distamycin cluster (present in the distamycin producing strain Streptomyces 

netropsis DSM40846). Since the chemical structures of congocidine and distamycin are very 
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similar, it was theorised that the genes comprising each biosynthetic cluster would also be 

very similar. This could allow for a recombination event between highly similar genes leading 

to the assembly of a hybrid cluster resulting in the assembly of a congocidine-distamycin 

hybrid peptide. 

Validating congocidine biosynthesis  

The original congocidine biosynthetic pathway was characterised by Dr. Pernodet lab (Juguet 

et al., 2009), and a later -more in depth- biochemical characterisation of the pathway was 

achieved by Dr. Lautru (Lautru et al., 2012) using Streptomyces lividans TK23 as the chosen 

heterologous host for congocidine production. At the same time, three novel Streptomyces 

coelicolor strains, named M1146, M1152, M1154 were reported to be more productive 

superhost strains (Gomez-Escribano and Bibb, 2011), which could be could be used for 

heterologous expression of several metabolite clusters. 

These strains as well as another S.coelicolor engineered strain for heterologous production, 

(CH999) (McDaniel et al., 1993), were used to ensure the cosmid pCG002 was functional and 

allowed production of congocidine.The cosmid was first transformed into E coli ET12567/ 

pUZ8002, and then mixed with spores of each of the Streptomyces strains to facilitate 

conjugation, to finally screen for double cross overs. The phiC31 integrase carried on the 

cosmid facilitates integration of the biosynthetic cluster in to the genome of most 

Streptomyces strains.  

The strains obtained were named CH999·002, M1146·002, M1152·002 and M1154·002. Such 

strains exhibited delayed sporulation (one day later when comparing with the parental 

strains). 

Following sporulation, a glycerol stock solution was created and used to store the strains and 

to submit a liquid culture in YEME and GYM. In these experiments, strains M1146·002, 

M1152·002 and M1154·002 cultured in GYM medium (Fig.9)  or YEME medium (Fig.10) 

showed a peak with retention time equal to that of congocidine (4.1 min) in the HPLC UV 

signal, and in the case of M1146·002 with the expected m/z mass (431). Both culturing media 

allowed production of the secondary metabolites. However, we never explored the levels of 

congocidine production, as strains were used to confirm congocidine pathway integrity. An 

unexpected result was that only strain M1146+pCG002 was able to produce congocidine as 

measured by LCMS. The reason why the other strains failed to produce congocidine was not 
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explored. Overexpression of some metabolites in M1146+pCG002 vs M1146 was analised, 

but as the data in Fig.9 A) shows for the GYM media experiment, or Fig.10 A) for the YEME 

media experiment, there are no production of novel metabolites other than congocidne 

between the strains. This is confirmed by MS data, and the overexpression of certain 

metabolites may be a result of increased metabolite flux, since the same masses are present 

in both strains but at different relative abundance levels. 
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Figure 9. HPLC UV (254 nm) overlay of culture supernatants of 

M1146/M1146·002 strains cultured in GYM medium and MS of congocidine.  

Congocidine production is validated by mass spectrum. A) Signal of the strain M1146·002 

(blue) overlaid to the signal of the parental strain M1146 (red).  B) Associated to A) is the 

signal of the mass spectrum expressed in arbitrary intensitiy units. Congocidine mass of 430 

is seen in as m/z + H (431) in C) for the case of M1146+pCG002 while is absent in M1146. 
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Figure 9 A. HPLC UV (254 nm) overlay of culture supernatants of 

M1146/M1146·002 strains cultured in GYM medium, with MS data showing 

no differences other than congocidine production 

A) Signal of the strain M1146·002 (blue) overlaid to the signal of the parental strain M1146 

(red). B) Associated to A) is the signal of the mass spectrum expressed in arbitrary intensitiy 

units. C) Display the integrated MS signal of the peaks that differs in the overlay (signalled 

with green arrows), showing no differences between strains. 
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Figure 10. HPLC UV (254 nm) overlay of culture supernatants of 

M1146/M1146·002 strains cultured in YEME medium. 

A) Signal of the strain M1146·002 (blue) overlaid to the signal of the parental strain 
M1146 (red), congocidine mass of 430 is seen in as m/z + H. B) Associated to A) is 
the signal of the mass spectrum expressed in arbitrary intensitiy units. C) Congocidine 
mass of 430 is seen in as m/z + H (431) in C) for the case of M1146+pCG002 while 
is absent in M1146. 
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Figure 10 A. HPLC UV (254 nm) overlay of culture supernatants of 

M1146/M1146·002 strains cultured in YEME medium with MS data showing 

no differences other than congocidine production. 

 

A) Signal of the strain M1146·002 (blue) overlaid to the signal of the parental strain 

M1146 (red). B) Associated to A) is the signal of the mass spectrum expressed in 

arbitrary intensitiy units. C) Display the integrated MS signal of the peaks that differs 

in the overlay, showing no differences between strains. 
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After validation that pCG002 by integration in the genome of some Streptomyces strains lead 

to the production of congocidine, the integration in the genome of a distamycin producer 

strain was pursued with a view to potential native combinatorial biosynthesis. 

Congocidine-distamycin combinatorial biosynthesis.  

A strain with reported distamycin production was purchased from DSMZ (Streptomyces 

netropsis DSM40846). Spores of this strain were prepared for storage in glycerol stocks but 

also to allow conjugational transfer of the cosmid pCG002 containing the congocidine cluster. 

The cosmid was first transformed into E. coli ET12567/ pUZ8002, and then the cosmid was 

transferred by conjugation in to Streptomyces netropsis DSM40846. The resulting strain was 

named S.net002, which possessed a delayed sporulation phenotype (one extra day) when 

compared to the wildtype strain on MS agar. More evident morphological variations were 

obvious when cultured in solid YEME such as a change in colony elevation from crateriform 

to umbonate and a more filiform margin, with production of a red pigment on the spores, as 

shown in Fig.11. 
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Figure 11. Morphological differences between S.netropsis (A) and S.net002 

(B) when culturing in solid YEME. 

Change in colony elevation from crateriform in A) S.netropsis to umbonate in B) 
S.net002, as well as a more pronounced filiform margin, with production of a red 
pigment on the spores. 
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The spores obtained from S.net002 were used to start a 50 mL YEME culture in parallel with 

Streptomyces netropsis in conical flasks containing springs. The cultures were sampled at 96 

h. An overlay of the UV signal for the supernatants of both cultures at that time point showed 

no distinctive production of novel metabolites. Presence of congocidine is proved by 

comparison of the MS data and LC retention time of these samples to the authentic standard 

for the same conditions (see annex). For the authentication of distamycin production, as no 

standard could be purchased, the putative metabolite was purified by semipreparative HPLC 

and structure and purity confirmed by proton NMR (see annex). Production of congocidine 

is detected in both strains (retention time of 4.1 min, detected m/z+H, 431.2), although 

increased (in terms of UV area) in the strain containing the pCG002 congocidine pathway 

(Fig.12 A).  Distamycin is detected this time point only in the strain containing the pCG002 

congocidine pathway (Fig.12 B), (retention time of 5.3 min, detected m/z+H, 482.1), although 

the MS data for the same retention time indicates the presence of a compound with mass 

445, which could be the distamycin backbone prior to N-pyrrole methylation. 
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Figure 12 A. LCMS chromatogram signal overlay of two supernatants samples 

from Streptomyces netropsis and S.net002, with detection at 254 nm, and 

associated MS data. 

The signal from S.net002 (blue) indicates an increased production of congocidine 
(t=4.1, qualitative, detected m/z+H, 431.1) over the wildtype producer S.netropsis 
(red). 
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Figure 12 B. LCMS chromatogram signal overlay of two supernatants samples 

from Streptomyces netropsis  and S.net002, with detection at 254 nm, and 

associated MS data. 
The signal from S.net002 (blue) indicates production of distamycin (t=5.273, 

qualitative, detected m/z+H, 482.1) over the wildtype producer S.netropsis (red). 
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This result was highly unexpected as that Streptomyces netropsis strain was not reported to 

produce congocidine. In light of the results and to further check the validity of this result both 

strains were grown again in YEME medium, but also in the recommended DSMZ propagation 

medium, GYM medium.  At the same time, the m/z of congocidine and distamycin was 

scanned among the signal of the mass spectrum of the LCMS in positive mode, confirming 

the production of both metabolites by the wildtype Streptomyces netropsis  DSM40846 when 

culturing on YEME (Fig.13 A), but with no production of either metabolite when cultured in 

GYM (Fig.14 A). The culture was grown for longer periods of time to see if at some point, 

congocidine disappeared and distamycin increased its yield, so that congocidine could be 

incorporated in distamycin biosynthesis, which could explain the production of congocidine 

not reported for the DSM4086 strain. However, the analysis performed on the supernatant 

always showed presence of congocidine, although at 120h the intensity of distamycin was 

greater (Fig.14). 
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Figure 13. LCMS analysis of S.netropsis DSM40846 supernatant in YEME 

media. 

UV signal of the metabolic profile in an LCMS of S.netropsis DSM40846 supernatant 
when cultured in YEME at 96h. In A) (retention time 4.041 min) the mass of 
congocidine (430), is detected as a molecular ion of 431.2 m/z (+H). In B) presenting 
a retention time of 5.229 min, he mass of distamycin+H (481+1) is observed, showing 
a molecular ion with 482.1 m/z.  
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Figure 14. LCMS analysis of S.netropsis DSM40846 supernatant in YEME vs 

GYM medium, and in YEME at two different time points. 

Figure 14A) is an overlay of the chromatogram of an LCMS of S.netropsis DSM40846 
supernatant when cultured in GYM over the one when cultured in YEME. Absence of 
congocidine (4.05 min) and minuscule amounts of distamycin (5.3 min) are obtained 
when culturing in GYM as appreciated in the UV. Identity of peaks confirmed by mass 
spectrum, 431.2 m/z for congocidine, 482.1 m/z for distamycin. 

In B) the red UV signal of an LCMS of S.netropsis DSM40846 supernatant when 
cultured in YEME at 96h and overlaid to it in blue is the UV signal of S.netropsis 
DSM40846 supernatant when cultured in YEME at 120h. Overall increase of 
metabolites is observed (qualitative), but especially with distamycin that at this time 
point is secreted in larger amounts than congocidine (in relation to UV absorbance). 
Identity of peaks confirmed by mass spectrum, 431.2 m/z for congocidine, 482.1 m/z 
for distamycin. 
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Rather than focusing in the presence of congocidine in the supernatant of the distamycin 

producer DSM40846, the research efforts were directed to isolate putative assembled novel 

hybrid compounds between congocidine and distamycin. It was theorised that such 

compounds may accumulated on the cell pellet, due to the inability of the mutant to secrete 

such compound, since the native resistance mechanisms is based on the efflux of distamycin. 

Since no differences between wildtype and engineered strain were detected in the 

supernatant, the extraction of the supernatant and the biomass with organic solvents of 

varied polarities (chloroform, ethyl acetate), was performed to concentrate the metabolites 

that may be unappreciable when analysing the supernatant and to assure that compounds 

inside the cells were also screened. For these extractions, larger volumes of culture were 

used. Culturing conditions remained constant, but the media was split on 30 erlenmeyers per 

strain, such as at every time point sampled, three replicates were extracted. To ensure 

homogeneous distribution of the inoculum, this was done in a two litre flask containing 

1500mL of YEME media which was shaken evenly and distributed into the 30 flasks. 

Due to the large number of samples generated, the biomass and bioactivity of the 

supernatant was monitored in liquid culture against Bacillus subtilis following the BSAC 

guidelines in a 96 well plate to check for any difference that could focus the solvent extraction 

work. As expected, biomass yield increased with time, to reach stationary phase at around 

100 h. Both cultures grew without significant differences in terms of specific growth rate. The 

bioactivity of the supernatant against Bacillus subtilis remained low (10-15% inhibition rate) 

and constant through all the samples, indicating a low concentration of bioactive metabolites 

in culture. These results are shown in Fig.15. 
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Figure 15. Biomass and bioactivity against Bacillus subtilis of two cultures of 

Streptomyces at different time points (12-120 h). 

Each graph shows the amount of biomass in grams per litre at every time point and 
the bioactivity against Bacillus subtilis in liquid culture of the supernatant of the 
cultures of A) Streptomyces netropsis and B) Streptomyces netropsis+pCG002. 
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Since no significant differences were observed, it was decided to extract all the samples 

individually. In the fractioning of the culture and biomass, the first solvent used was 

chloroform, then ethyl acetate sequentially. The organic layers were concentrated to dryness 

in each case and resuspended in one millilitre of dimethyl sulfoxide, and analysed by HPLC 

(sample made up of 10% DMSO extract in water). While the ethyl acetate extraction did not 

present differences among strains, the extraction performed with chloroform rendered a 

different metabolite profile between Streptomyces netropsis and S.net002 at time point 72 

h (Fig.16). S.net002 clearly overproduced some peaks present in both cultures but also 

produced peaks that were not in the sample of Streptomyces netropsis. This novel peaks were 

purified by semi-preparative HPLC, and their bioactivity screened against B. subtillis (Fig.16). 

The purified compounds were also submitted to High Resolution Mass Spectrum Direct 

Infusion Electrospray analysis, and although the mass for peak ten, indicated the putative 

assembly of a six pyrrole amide compound of molecular formulae of C40H45N15O7, with 

molecular mass of 847.36, hybrid of congocidine and distamycin, it was not possible to find 

a decomposition pattern from the proposed adduct, although the molecular ion was found 

[M+ACN+H]. As the reproducibility of this novel peaks had to be proved and with views on to 

isolate a larger amount of compound to produce two dimensional nuclear magnetic 

resonance spectroscopy data that would help identifying the molecule, another culture of 

the strains was performed. This time the strains were cultivated in six replicates made up of 

400mL YEME medium in two litre flask, also containing a steel spring, at 30oC and 220rpm. 

The whole culture was extracted with chloroform at the same time point (72 h), all the 

organic layers pooled, concentrated and resuspended in Dimetyl Sulfoxide. However, this 

time the metabolite profile between both strains was identical, with only small deviations 

regarding productivity of some metabolites. The process was repeated twice a month for half 

a year without success. At this point, it was thought that, perhaps the strain S.net002 was 

not stable and that lost or mutated the genes from pCG002 over time. In order to discard this 

eventuality, the strain S.net002 was streaked on nutrient agar plates containing hygromycin 

to subsequently propagate into MS agar and create new spore stocks to perform new 

cultures. The spores arising from this plates were then used to produce the inoculum of new 

cultures, yet the HPLC results were again the same for both strains Streptomyces netropsis 

and S.net002 after three attempts. To discard mutations in the stocks of S.net002, the strain 

was made again through a fresh conjugation, although the novel peaks were never 

reproduced, even when looking at earlier and later time points, and analysis of the 
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supernatants, biomass and supernatant extraction individually that were performed for an 

additional half year without constant reproducibility. 
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Figure 16. A) HPLC UV signal overlay of the chloroform extract of 

Streptomyces netropsis and Snet002 fermentations. B) bioactivity of some of 

the metabolites isolated from Streptomyces netropsis+pCG002 on Bacillus 

subtillis. 

A) Is the HPLC UV signal overlay of apolar metabolites present in the culture of 
S.netropsis (Blue) / S.netropsis+pCG002 (red). Putative de novo production of three 
metabolites (peaks 1-3). Such metabolites were purified by preparative HPCL and 
assayed against Bacillus subtillis following BSAC guidelines, with results on B) as 
percentage of inhibition, with 0% indicating no effect and 100% no measurable 
growth, negative control was done with carrier solvent (DMSO). 
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Repeated analysis could not detect the peaks 1-3 produced by S.net002, although a 

consistent difference between both cultures was observed. Several metabolites had their 

yield increased in the S.net002 culture up to two fold (in relative terms, as increasing UV 

absorbance of certain peaks between strain samples), but one particularly was overproduced 

to a six fold (in terms of area of the UV peak at 254nm). UV overlay and molecular ion results 

are shown in Fig.17. This metabolite was identified by LCMS as aureothin, a known antifungal 

also known as mycolutein, distacin or antibiotic 74A, first isolated from Streptomyces 

thioluteus (Nakata et al., 1961), that was also reported to be produced by some strains of 

S.netropsis (Akhunov et al., 1976). Details of their biosynthesis, chemical synthesis and 

characterisation are known (He et al., 2003; Jacobsen et al., 2005) 

Since the production of aureothin was already reported in the Streptomyces netropsis strain, 

its detection was not a product of introducing the congocidine cluster. The increase might be 

a regulatory response that could rely on genetic elements from the congocidine cluster or 

just a response to stress.  
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Figure 17. UV trace from LCMS data of a chloroform extraction of S.netropsis 

and S.net002 cultures. Aureothin increased production is indicated with an 

arrow. 

UV trace of apolar metabolites present in the culture of S.netropsis / S.net002 (A). 
The increase of a peak at approx. t=14.7 min is due to overproduction of aureothin 
(indicated with an arrow), which structure is indicated in B), along with the 
molecular ion with m/z of 398.0 (M+H) as reported in (Jacobsen et al., 2005). 
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While trying to replicate the results, big deviations in culture colour (red, black or intense 

yellow) from culture to culture of S.net002 were observed, even between replicates 

inoculated with the same pre-culture. To check for these differences, a small aliquot (500μL) 

as well as a 1:4  dilution of the pre-culture originated from S.net002 spores, were spread into 

a MS plate and incubated at 30oC for four days; after this time, several different 

Streptomyces-like phenotypes were observed, from which four different morphotypes could 

be isolated (Fig.18). The morphotypes were named S.nety1, S.nety2, S.nety3, S.nety4 and 

significantly differed from each other when cultivated in MS agar. To the naked eye, S.nety4 

was the one that showed closest similarity to the colonies formed by S.net002 (originating 

inoculum); S.nety3 presented an umbonate elevation with undulate margin and irregular 

form, but the most remarkable phenotypical differences was production of an intense yellow 

pigment and complete loss of sporulation; S.nety2 had a circular form with raised elevation 

and entire margin, with a dark grey pigment production and fast sporulation; S.nety1 was 

similar to the colonies of S.netropsis (Fig.18). 
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Figure 18.Different morphotypes isolated from a culture of S.net002. 

The figure show the original MS agar plate in which the preculture was spreaded with 
A) supernatant, B) a 5x dilution with water. C) Shows the plate in which four stable 
morphotypes were isolated with and were randomly named S.nety1, S.nety2, S.nety3, 
S.nety4.  
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To disregard cross-contamination from other Streptomyces spores in the laboratory, the 

morphotypes were cultivated alone and their genomic DNA extracted to perform 16S rDNA 

sequencing (Woese et al., 1990). Analysis of the sequences confirmed that all the four 

morphotypes belonged to phenotype variations of the S.netropsis strain, as the phylogenetic 

tree on Fig.19a illustrate (built upon the alignment displayed on ANNEX 1).  
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Figure 19a. Phylogenetic tree showing differences between Streptomyces 

netropsis and the four phenotypes originated after conjugational transfer of 

pCG002 and 16rDNA alignment overview. 

Phylogenetic tree built with the Neighbor-Joining method (Saitou N, 1987) using the 
Jukes-Cantor or JC69 (Jukes and Cantor, 1969) model for genetic distance showing 
the morphotype relationships and expressing their distances in number of amino acids 
substitution per site of each branch. Alignment of the sequences (unclipped 
sequence) are graphically indicated below. Figure 19.b show the alignment used for 
the tree. 
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Due to the marked morphological differences in the four isolated strains, new cultures in 

YEME medium were performed in order to check if the metabolite variability observed in 

previous cultivations of S.net002 were the product of different morphotypes in culture. This 

time the metabolite extraction was performed by disruption of the mycelium by sonication 

in methanol, providing a way to monitor all the metabolites present in the ethyl acetate and 

chloroform extractions with one sample analysis. LCMS analysis of such extractions from the 

four morphotypes cultured in parallel with Streptomyces netropsis are shown in Fig.20. 

Qualitative differences were found (based on UV absorbance), such as increased production 

of aureothin by S.nety1 and different levels of congocidine and distamycin production 

between all the strains. When comparing the UV signals presented in Fig.20 , the parental 

strain Streptomyces netropsis   produces distamycin, congocidine and aureothin (in order of 

UV absorbance), S.nety1 presents diminished congocidine and distamycin UV absorbance 

which is detected in an 1:1 ratio, however it doubles the aurothin UV peak area; in S.nety2 

and S.nety3 congocidine, distamycin and aureothin are almost not detected; S.nety4 presents 

the same levels of congocidine and aureothin UV absorbance but no detectable distamycin. 

 

 

 

 

 

 

 

 



  

107 
 

 

 

Figure 20. LCMS chromatogram signal overlay of S.netropsis and different 

morphotypes of S.net002 (methanolic extract). Detection at 254 nm. 

Congocidine (a), distamycin (b), aureothin (c) are identified by m/z. Metabolite profile 
differ greatly between morphotypes. When comparing UV absorption levels with the 
parental strain Streptomyces netropsis, only Snety4 maintain the congocidine 
production, while Snety1 halves it and the other two morphotypes hardly produce any. 
Distamycin production is greatly diminished in Snety1 and non existing on the 
remaining morphotypes. Interestingly Snety1 doubles aurothin production (in terms of 
UV detection area). 
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Conclusions 

 

Integrating the whole congocidine cluster on a cosmid into Streptomyces netropsis resulted 

in genomic instability. This maybe the result of pleiotropic effects from genetic elements 

within the cluster or several recombination events due to high cluster similarity between that 

of congocidine on the cosmid and the native genome encoding the distamycin biosynthetic 

clusters. Further study should be carried out to reach any of these conclusions. Combinatorial 

biosynthesis is a complex technique that is not completely understood, and thus every 

pathway should be studied individually, without making generalisations regarding 

techniques to use. Perhaps the approach followed in this chapter was too ambitious, as the 

S.netropsis strain is not well known and the knowledge of its genomic sequence should be 

pursued. Study of combinatorial biosynthesis among congocidine and distamycin could be 

studied in known heterologous hosts in which more variables can be set constant. Perhaps 

combinatorial experiments may be more successful by synthetically constructing 

congocidine-distamycin genetic cluster hybrids or smaller modifications such as homologous 

module swapping between clusters. 
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Chapter 2: Synthetic assembly of the 

congocidine cluster. 
Introduction 

The study of specialised metabolite biosynthetic genetic clusters and their engineering is 

restricted by the ability to rapidly manipulate the DNA that encodes their enzymes. Exploring 

new DNA editing or assembly methods may allow precise control over assembly of large DNA 

fragments in a rapid and robust manner (Wright, 2014). Developing methods that are 

independent of restriction enzymes have been sought in an attempt to produce tuneable 

platforms for rapid mutasynthetic and combinatorial biosynthetic experiments. This chapter 

shows how three recent DNA assembly techniques were applied to attempt the synthetic 

assembly of the congocidine biosynthetic gene cluster. This was done to establish a proof of 

concept for the technology, and to provide a platform for rapid manipulation via gene 

replacement or exchange within the cluster. If successful, future work may enable rapid 

alterations of biosynthetic gene clusters to increase the biosynthetic capability of natural 

gene clusters. 

Organisation of the congocidine cluster  

The congocidine pathway is contiguously organised in a 31.127 bp gene cluster (Fig. 21) 

within the genome of Streptomyces ambofaciens (Juguet et al., 2009). The gene cluster was 

previously cloned in a cosmid vector, pCG002 (Juguet et al., 2009), which was kindly provided 

by Dr. Jean Luc Pernodet (University Paris Sud). Gene putative function are indicated in table 

11. This cosmid was used as a template to amplify the DNA parts used to perform the 

assembly experiments.  
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Table 11. Organisation of the congocidine gene cluster  

ORF 
SAM number Cgc 

annotation 
Size 

(aa’s) 
Putative function Proposed role in 

congocidine 
biosynthesis 

SAMR0922  321 Pirin-like protein Not involved 
SAMR0921 cgc3* 532 Acyl-CoA synthetase Congocidine 

assembly 
SAMR0920 cgc2* 611 ACB transporter, ATP binding 

protein 
Resistance 

SAMR0919 cgc1* 619 ACB transporter, ATP binding 
protein 

Resistance 

SAMR0918 cgc1 223 Two-component response 
regulator 

Regulation 

SAMR0917 cgc2 470 NRPS C domain Congocidine 
assembly 

SAMR0916 cgc3 485 Aldehyde dehydrogenase Precursor 
biosynthesis 

SAMR0915 cgc4 181 Nucleoside 2-
deoxyribosyltransferase 

Precursor 
biosynthesis 

SAMR0914 cgc5 297 Dihydroorotate 
dehydrogenase 

Precursor 
biosynthesis 

SAMR0913 cgc6 276 Creatininase Precursor 
biosynthesis 

SAMR0912 cgc7 377 Hypothetical protein Precursor 
biosynthesis 

SAMR0911 cgc8 436 Nucleotide sugar 
dehydrogenase 

Precursor 
biosynthesis 

SAMR0910 cgc9 327 Nucleoside diphosphate sugar 
epimerase 

Precursor 
biosynthesis 

SAMR0909 cgc10 360 Glycosyltransferase Precursor 
biosynthesis 

SAMR0908 cgc11 254 Sugar nucleotidyltransferase Precursor 
biosynthesis 

SAMR0907 cgc12 381 Nucleotide-sugar 
aminotransferase 

Precursor 
biosynthesis 

SAMR0906 cgc13 641 Glycoside  hydrolase Precursor 
biosynthesis 

SAMR0905 cgc14 302 Amidohydrolase Precursor 
biosynthesis 

SAMR0904 cgc15 268 Methyltransferase Methylation of 
pyrrole 

SAMR0903 cgc16 445 NRPS, C domain Congocidine 
assembly 
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SAMR0902 cgc17 348 Alcohol dehydrogenase Precursor 
biosynthesis 

SAMR0901 cgc18 1067 NRPS, A-PCP-C domains Congocidine 
assembly 

SAMR0900 cgc19 121 NRPS, PCP domain Congocidine 
assembly 

SAMR0899 cgc20 221 RNA polymerase ECF 
subfamily factor 

Not involved 

SAMR0898 cgc21 217 Hypothetical protein Not involved 
SAMR0897 cgc22 100 Membrane protein Not involved 
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Figure 21. Annotated diagram
 representing the m

inim
al set of genes required for biosynthesis of congocidine. 

The D
N

A is found on S
treptom

yces am
bofaciens  and the purple features refer to the original annotation of the coding D

N
A sequences 

(Juguet et al., 2009). In the nam
ed study, the authors cloned the genes in a cosm

id, pC
G

002, proving this are the m
inim

al set of genes 
coding for the congocidine pathw

ay, as congocidine heterologous biosynthesis w
as achieved.  

 



  

113 
 

Yeast recombination based assembly. 

Transformation-associated recombination (TAR) cloning, was first described by Burke and 

colleagues  (Burke et al., 1985) , and was latter refined by removing the need for in vitro 

enzymatic reactions (Larionov et al., 1996). Yeast based cloning methods were widely used 

for sub-cloning of large DNA fragments, (specially from human sources) specially at the final 

stages of the human genome sequencing project (Raymond et al., 2002). However, the use 

of this technology for the assembly of complex bacterial DNA clusters, was reported six years 

later (Shao et al., 2009). At that time, only one report of the reconstruction of a 

streptomycete biosynthetic cluster with yeast recombineering technology was published 

(Zhao and Shao, 2009). This DNA manipulation technique for the assembly of large 

autonomously replicating vectors is based on native recombinatorial activity in yeast (Kunesf- 

et al., 1985)  and requires homology between the assembled fragments (Hua et al., 1997). 

Based on the information provided on those studies, the initial experimental design had a 

homology between pathway DNA fragments of 350-670 bp (overlaps used in the only report 

of Streptomyces pathway refactor were 450 bp) com and 40 bp between vectors (following 

the methodology of (Zhao and Shao, 2009)) . The number of fragments and particular 

overlaps were determined within the particular constraints of the congocidine cluster.  In 

silico sequence analysis of the congocidine biosynthetic gene cluster sequence reveals highly 

repetitive GC rich DNA sequences, which can be difficult to amplify. This precludes the use of 

short oligonucleotides which would anneal to multiple locations within the sequence, 

however longer, more specific oligonucleotides were difficult to design due to self-annealing 

secondary structures. When taking all of these factors in to consideration, a strategy could 

be designed to divide the pathway into modules (DNA Fragments) which span several 

biosynthetic genes (i.e. one part coding for resistance, one part coding for acyl carrier 

enzymes, etc). Eventually the DNA fragments were designed to avoid high melting 

temperature regions, to facilitate PCR amplification. The first assembly design strategy was 

comprised of six fragments, obtained by polymerase chain reaction as shown in Fig. 22.  
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Figure 22. Diagram
 of the congocidine DN

A biosynthetic cluster divided into overlapping fragm
ents. 

Purple arrow
s represent the coding D

N
A sequence in the congocidine biosynthetic cluster w

hich are em
bedded into coloured rectangles 

sym
bolizing the PC

R
 am

plicons; the alternate colour is to portrait the end and beginning of the different fragm
ents, w

hich are also 
represented by their nam

e and size at the bottom
 of each feature. O

verlaps betw
een the am

plicons are represented by superposition of the 
rectangles, w

hich have indicated the overlap num
erically below

. 
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Amplification of the high GC content DNA fragments from Streptomyces by PCR was found to 

be challenging. Amplification of the fragments were initially attempted using Q5 polymerase 

(New England Biolabs). After initial failure to obtain discrete bands of the correct size for each 

PCR amplicon, several PCR enhancing additives were used, including Betaine (Henke et al., 

1997), DMSO alone and DMSO with Betaine (Kang et al., 2005), dimethyl formamide 

(Chakrabarti and Schutt, 2001), 1,2-propanediol and ethylene glycol (Zhang et al., 2009). 

However, little to no change in performance was observed in the PCR reactions (data not 

shown). Following reagent optimisation, iterative thermo-cycling conditions (changing 

annealing temperatures and extension times) were used in addition to the use of different 

polymerases (myTaq, One Taq and Q5 Hot start, Phusion) was performed. Using Taq98 

polymerase (Lucigen) fragments two, three, four and five were successfully amplified (Fig. 

23), while fragments one and six still proved to be difficult to amplify. 
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Figure 23. PCR-amplified DNA (Taq 98, Lucigen) for the use in the assemble 

of the congocidine biosynthetic cluster 

Agarose gel of PCR amplicons as design in Fig. 23 shows, for use in yeast 
recombination assembly experiment. Fragments two, three, four and five showing the 
correct size, lanes one and six on the contrary do not match the expected size. 
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The two fragments that were not obtained (one and six), were significantly larger (9 Kbp and 

6.6 Kbp) than the successfully amplified PCR fragments (3.8-5.9 Kbp). To discard a size 

limitation, it was decided to split each amplicon into two subparts (Fig. 24). Each of these 

smaller parts was amplified successfully using Taq98 polymerase, based on the experience 

gained in the previous optimisation process. 
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 Figure 24. Subdivision of parts one and six of the DN

A fragm
ents to be am

plified by PCR from
 the congocidine biosynthetic 

cluster. 

Purple arrow
s represent the coding D

N
A sequence in the congocidine biosynthetic cluster w

hich are em
bedded into coloured rectangles 

representing the PC
R

 am
plicons (fragm

ents one and six in the previous design are now
 split into tw

o new
 am

plicons each); the alternate 
colour is to illustrate the end and beginning of the different fragm

ents, w
hich are also represented by their nam

e and size at the bottom
 of 

each feature. O
verlap betw

een the am
plicons is represented by superposition of the rectangles, w

hich have indicated the overlap 
num

erically below
. 
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Due to the large amount of DNA required for the assembly experiments and with a view to 

increase the yield of amplicons, the use of KOD XTreme polymerase (Toboyo) was used for 

amplifying large fragments. Whilst it was impossible to eliminate the formation of non-

specific amplicons using this polymerase, despite attempts to optimise additives (DMSO etc), 

annealing and extension temperatures, the yield of product per unit of polymerase was 

higher with the same number of cycles than observed for the other polymerases used in the 

study, allowing for better cost per assembly and lower mutation rate. The amplification of all 

fragments and the comparison of KOD XTreme with Taq98 polymerase is shown in Fig. 25, 

showing increase of amplicon yield by the KOD XTreme, even when presenting more 

unspecific amplicons.  
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Figure 25. Congocidine biosynthetic cluster DNA parts PCR-amplified to 

perform its assembly. 

Agarose gels showing the amplicons designed for the assembly of the congocidine 
pathway in yeast by recombination. A) KOD XTreme polymerase. B) Taq98 
polymerase. 
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Once the correct amplification conditions were established for all gene fragments comprising 

the congocidine cluster, the PCR amplification of each fragment was scaled up from 25 µL to 

500 µL reactions (no more than 50 µL per tube) and run on agarose gels to purify the desired 

bands in larger quantities (an average of 3 μg per amplicon). Each DNA band was purified to 

a 260/280 ratio of 1.75-1.83 and the correct sequence was confirmed by sequencing 500 bp 

at each end of the parts (Eurofins genomics).  

Based on the experimental design of (Zhao and Shao, 2009), the yeast recombination 

experiments were designed to create constructs that could undergo recombination in yeast. 

Consequently the inclusion of a yeast origin of replication and suitable yeast selection 

markers were needed. The vector was also constructed with a view to verifying the construct 

in E. coli, and required markers and a suitable origin of replication. Finally, the vector was 

delivered to the chromosome of Streptomyces via bacteriophage integration through 

intergeneric conjugation, which required the inclusion of an origin of transfer. Yeast 

recombination experiments were set-up as shown in Fig. 26. The Streptomyces vector 

pIJ6902 (Huang et al., 2005) contained an apramycin resistance cassette, phiC31 integrase 

and attB site and pRS416 (Sikorski et al. 1989; yeast centromere, URA3 marker, ampicillin 

resistance and an MCS). Both vectors were linearised with EcoRI/NdeI and XbaI/HindIII 

enzymes respectively. To ensure high quality material for recombination all vector DNA 

fragments were dephosphorylated and gel purified. To allow joining between the vectors and 

the PCR amplicons generated, there was a requirement to introduce 40 bp of homology. 

Based in the idea of linker mediated recombination (Raymond et al., 2002), we designed 

three linking or ‘’stitching’’ 80 bp oligomers. One introducing homology between the two 

different cloning vectors (STVECT), and two more (START, STEND) were designed to facilitate 

the stitching of the vectors and the biosynthetic gene fragments. The START oligo introduced 

a 40 bp homologous region between pIJ6902 and fragment 1.1 (see Fig. 25), and STEND 

introduced 40 bp homology to pRS416 and fragment 6.2 (See Fig. 25). Once ready, the DNA 

components of the assembly were mixed according to the conditions specified by (Zhao and 

Shao, 2009) (200 ng of vector DNA and biosynthetic gene fragments and 625 ng for the 

stitching oligos). The resulting mixture was concentrated to 80 µL, which was achieved by 

taking it to dryness in a DNA centrifugal concentrator, followed by resuspension in water. 

Subsequently the DNA solution was used to transform yeast chemically. 
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Figure 26. Diagram of the congocidine biosynthetic pathway assembly as 

designed for yeast recombination. 

The Streptomyces integrative vector pIJ6902 (red) and the yeast vector pRS416 (red) 
were linearised with the indicated enzymes. The linking oligomers (yellow) START 
and STEND stitching the vectors to fragment 1.1 and 6.2 respectively by inclusion of 
40 bp of homology. Another oligomer (yellow), STVECT, introduces 40bp homology 
between both vectors. Green and blue blocks represent the DNA fragments that 
contains the DNA from the cluster. The overlap between fragments is represented by 
graphic superposition (numeric bp overlap indicated in diagram below). 
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The negative control for the assembly was the transformation mixture with water (to check 

for background yeast growth) and the positive control the same mixture containing a total of 

200 ng of uncut pRS416 (to check transformation efficiency). The yeast cells were then 

transformed and plated into synthetic dropout media complemented with leucine, valine, 

isoleucine, histidine and lysine. An additional positive control was set up by plating the 

negative control in the same media with additional URA (this would determine viability of 

cells). After four days, the plates and cells counted with a haemocytometer (Table 12).  

Table 12. Cell count in yeast assembly. 

The number of cells (averaged from a total of 6 counts in a haemocytometer) per millilitre in 

each of the four samples, and the efficiency of transformation for the experimental samples 

and positive control. 

Experiment Cells per mL (from 

Haemocytometer count n=6) 

Efficiency 

Water control 2.50 x 106 - 

Water control in URA plates 1.64 x 108 - 

congocidine assembly 2.14 x 107 11% 

pRS416 control 1.56 x 107 8% 

 

To establish if the yeast cells in the congocidine pathway recombination experiment had 

successfully assembled the correct construct, the yeast cells were harvested and grown in 

synthetic media until a total cell count of 5x109 was achieved. At this point the plasmid DNA 

was extracted using a Qiagen QIAprep Spin miniprep kit. This kit allows purification of 

constructs up to 50,000 bp in size. The procedure yielded 65 µL of DNA at 500 ng/µL and 

280/260 ratio of 1.80 as measured by NanoDrop spectrophotometer. To check that the DNA 

isolated corresponded with the correct assembly of the congocidine biosynthetic cluster, a 

restriction digest with BamHI was performed along with a PCR to check for the DNA fragment 

1.1 that was used in the assembly. The restriction digest mixture was electrophoresed on a 

1% agarose gel (Fig. 27 A) along with undigested DNA, (Fig. 27 B). The gel showed no defined 

bands in any of the lanes of the restriction digest gel, suggesting DNA may have been 

degraded. The PCR analysis with primers 1.1F and 1.1R however, showed presence of 
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fragment 1.1, (Fig. 27 C). This however may indicate either the presence of the correct 

assembly or carry-over DNA.  
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Figure 27. Restriction digest with BamHI and PCR analysis to check for 

successfully assembly of the congocidine biosynthetic cluster 

A) Restriction digest of the congocidine biosynthetic gene cluster with BamHI with 
DNA extracted from yeast (lane 1) and un-digested DNA (lane 2). B) PCR 
amplification, using 1.1F and 1.1R primers to amplify DNA isolated from the yeast in 
lane 1 or pCG002 in lane 2 used as a control. 
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Although the DNA extracted from yeast looked degraded (Fig.27A), because of the 

amplification of fragment 1.1 by PCR (Fig.27B), E.coli DH5D was transformed both by 

chemical transformation and electroporation with it. By doing so, the cells containing at least 

the two vector assembled should survive. Controls were performed with water (negative) 

and 500 ng of pIJ6902 (positive). After three attempts of recovery on SOC plates containing 

apramycin, the E. coli cells transformed with the DNA from yeast (500ng) never grew, 

indicating absence of the apramycin marker. 

Other homology based methods for synthetic assembly of large DNA fragments such as 

Gibson cloning (Gibson et al., 2009), have reported that efficiency decreases with the number 

of fragments in the assembly reaction (Kok et al., 2014). Therefore, we attempted to redesign 

the experiment with a lower number of amplicons. 

Reducing the number of amplicons, implied the amplification of bigger ones.  KOD Xtreme 

polymerase allowed the amplification of the congocidine biosynthetic gene cluster in three 

DNA parts. Part A (size 8577 bp) using primers 1.1f/1.2r, B (size 15095 bp) using primers 2f/4r 

and C (size 9636 bp) using primers 5f/6.2r. The new amplicons had 353 bp overlaps between 

fragment A and B, and 352 bp overlap between fragment B and C. This enabled the removal 

of the stitching oligonucleotides from the design. Homology between these fragments and 

the vectors was introduced by PCR amplification of the vectors with primers -Pij6902F/ 

Pij6902R and pRS416F/pRS416R- (20 bp between both cloning vectors and 40bp between 

those and the biosynthetic cluster parts). A diagram with the assembly design is shown in Fig. 

28.  Agarose gels of the PCR amplicons of the newly designed fragments are also shown in 

Fig. 28.   
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Figure 28. Alternative strategy for congocidine biosynthetic gene cluster 

assembly in yeast.  

Three agarose gels showing DNA fragments, A) Cloning vectors pIJ6902 and pRS416 
amplified with KOD Xtreme and Q5 polymerases B) ‘Part’ A (size 8577 bp), B (size 
15095 bp) amplified with KOD Xtreme polymerase, C) Part C (size 9636 bp) amplified 
with KOD Xtreme polymerase and D) diagram providing an overview of the cloning 
strategy, stating the overlaps and the features contained in each DNA fragment in the 
assembly. 
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Amplicons were gel purified and verified by sequencing of the 5’ and 3’ ends before 

proceeding to the recombination assay. In this assembly method, the DNA added to the 

recombination mix was calculated in picomols rather than in nanograms of DNA; this was 

carried out to keep the vector-fragment ratio constant, due to molecular size differences in 

the fragments (significantly larger than the initial amplicons and those described by Zhao and 

collaborators (Zhao and Shao, 2009) (4-6 kb vs 10-15 kb)). The initial DNA amount was set to 

0.35 pmol of each of the three fragments and vector which was a direct translation from the 

amounts employed in the previous attempt with smaller parts. Controls were set up as 

previously stated (water for negative, 500ng pRS416 as positive). Unfortunately, none of the 

three yeast strains used in the assay (BY4741, BY4742, BY4743) grew when transformed with 

uncut pRS416, either when chemically transformed or by using electroporation. After several 

iterations it was concluded that cells were not viable after a thawing cycle after being stored 

at -80 Cͦ, since the competency was non-existent. From this point onwards, all 

transformations carried out in yeast, were done with freshly made competent yeast cells. 

Subsequent recombination assays were also unsuccessful. To combat this, amounts of DNA 

in each synthetic DNA assembly reaction were varied in ranging from 0.1-0.8 pmol per 

reaction per fragment. Nevertheless, no successful assembly was achieved.   

Reviewing previous designs and strategies it was hypothesised that the weakest part of the 

strategy was the homology between the cloning vectors. To address this, a new shuttle vector 

was created that allowed transfer between yeast-E.coli-Streptomyces and reduced the 

number of fragments in the assembly by one. The shuttle vector was constructed by 

restriction digest of pIJ6902 and pRS416 with EcoRI and XbaI yielding DNA fragments of 

7313bp and 5055bp respectively. These two fragments were ligated together to create pCS-

RS31 (Fig. 29), of which the restriction digest pattern is shown in Fig.30. 
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Figure 29. Plasmid map of pCS-RS31 

Yeast-Ecoli-Streptomyces shuttle vector used in yeast assembly experiments, 
derivate from two plasmids (pIJ6902, pRS416) after linearisation with EcoRI and XbaI  
and subsequent ligation between them: the pRS416 part of the plasmid is highlighted 
in red and the pIJ6902 part in black. Restriction digest NcoI and XhoI sites are 
represented in the map as they were used to make a restriction digest to check the 
assembly was correct, which can be seen in Fig.30.  
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Figure 30. Restriction digest of plasmid pIJ6902, pRS416 and pCS-RS31. 

A) Agarose gel showing the restriction digest of plasmid pIJ6902, pRS416 and pCS-
RS31 with enzymes NcoI, XhoI and NotI (represented in the plasmid map of pCS-
RS31 in Fig.29). B) Expected sizes of the fragments arising after cutting plasmids 
pIJ6902, pRS416 and pCS-RS31 with enzymes NcoI, XhoI and NotI. 
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This new shuttle vector (pCS-RS301) was used to attempt the cloning of another design of 

the synthetic version of the congocidine biosynthetic cluster. The amplicons A, B and C were 

obtained as described before. The homology to the new vector was added by PCR with two 

100 bp oligomers (RSTF, RSTR) that would allow 20 bp annealing to the vector for 

amplification of an 11.261 bp linear fragment and addition of 80 bp of homology to parts A- 

C. The design of the assembly as well as the agarose gel showing the amplification of pCS-

RS31 to a linearised ‘’tailored’’ fragment is shown in Fig. 31 A), 31 B). The recombination 

mixture was made with amplified A, B, C fragments and PCR amplified pCS-RS31 at 0.35 

pmol/fragment/μL. The mix was used to transform freshly make chemically competent yeast. 

This approach yielded no colonies, however the positive control (500 ng of pRS416) produced 

a lawn of cells, which led to think that chemical transformation of fragments larger than 

pRS416 were not efficient.  To address this, new prepared mixture at 0.1 pmol/fragment/μL 

and freshly made electrocompetent yeast cells were transformed. This approach produced 

no colonies in the negative control and again a lawn of cells in the positive control (positive 

control 2 μL of 250ng/μL pRS416, negative control 2μL of water). Yeast cells grew in the plates 

containing the yeast electroporated with the genetic construct, (1 μL transformation mix, 

n=17; 3 μL transformation mix, n=confluent grow; 5 μL transformation mix, n=confluent 

grow) although the cell count was too low to extract plasmid DNA. The three plates (1,3,5 μL 

transformation mix used) were flooded with 1mL YEPD medium and grown until the approx. 

cell count reached 1x109 cells, at which point they were harvested and spheroplasted to 

extract plasmid DNA as previously described. This DNA was used to transform E.coli, which 

was plated on to SOC media plates selecting for ampicillin (resistance on pCS-RS31) with 100 

Pg. mL-1 carbenicillin. No colonies were recovered however, and the same DNA was used to 

transform E.coli, this time with selection using apramycin 50 Pg. mL-1, however no colonies 

were obtained either, although a faint halo of growth could be seen on the plates. To analyse 

the reaction mixture, analysis by PCR of the DNA extracted from the yeast cells was 

undertaken (Fig. 32).  

This analysis consisted in the screening of five different elements in the desired construct; 

the phiC31 integrase (using primers phiC31F and phiC31R), the URA auxotrophic marker 

(using primers URA F and URA R), and the 3 parts of the assembly (using primers 

PartACGCF/PartACGCR, PartBCGCF/PartBCGCR and PartCCGCF/PartCCGCR). For a positive 

control of the vector backbone pCS-RS31 was used as template. For the positive control of 

the congocidine biosynthetic gene cluster, pCG002 was used as a template. The results 
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suggested that the assembly was not done as designed. After the failure of the different 

designs, and without a comprehensive knowledge of the pitfalls of the process, the yeast 

recombineering approach was abandoned. 
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Figure 31. Alternative strategy for congocidine biosynthetic gene cluster 

assembly in yeast with the new shuttle cloning vector   pCS-RS31 

A) Design used in the assembly of congocidine pathway by yeast recombination, with 
pCS-RS31. A, B and C parts as in the previous experiment, but single vector 
backbone with increased homology. 

B) Agarose gel showing the amplification of pCS-RS31 with primers to add homology 
to the congocidine pathway. 
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Figure 32. PCR based screening to diagnose correct congocidine assembly 

A) Agarose gel with the amplicons of five markers with three different templates 
(phiC31 integrase (phiC31F/ phiC31R), URA auxotrophic marker (URA F/URA R), 
and the 3 parts of the assembly 
(PartACGCF/PartACGCR,PartBCGCF/PartBCGCR,PartCCGCF/PartCCGCR)). 

B) Overview of the plasmid isolation, highlighting the plasmid preps used as template 
for the check in the PCR screen performed in A). In red the plasmid isolated from the 
yeast assay, in black the positive controls (pCS-RS31 for Integrase and Ura marker, 
pCG002 for the amplicons A, B, C  and in blue the plasmid isolated after transforming 
E.coli cells with the plasmid library obtained from yeast. 
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Gibson cloning to assemble the congocidine biosynthetic gene cluster. 

 

The assembly of the congocidine pathway was also attempted with the Gibson cloning 

technology. Due to the requirements of this methodology, such as, overlaps that are no 

longer than 80 bps (due to the limitation of the exonuclease activity in the reaction), it was 

necessary to redesign the congocidine biosynthetic gene cluster parts to reduce the 

overlapping regions to an optimal of 20 bps. Six oligonucleotides were then designed to 

amplify the cluster in a similar fashion as described for the yeast recombination approach 

(ACB AF/ACB AR, ACB BF/ACB BR, ACB CF/ACB CR).  

These new three fragments were also named A, B and C with sizes 8970 bp, 14830 bp and 

10075 bp respectively. These fragments included an overlapping span of 20 bp between each 

other and to the plasmid backbone, that would be pCS-RS31 restriction digested (NotI-XbaI). 

The use of pCS-RS31 instead of pIJ6902 was justified because the latter could decrease 

assembly efficiency due to size (small vector comparing with the final assembly). An overview 

of the strategy is shown in Fig. 33. The DNA fragments were amplified and gel purified as 

previously described and the vector was digested and gel purified. All parts were mixed with 

the assembly kit as per manufacturer guidelines (0.35 pmol of each part taken to dryness and 

mixed with the master mix), including the control reaction provided with the kit. The 

assembly mixture was incubated at 50 Cͦ for 60 min and subsequent transformation of  E.coli 

was performed using 1µL of the Gibson reaction of each of the mixtures by electroporation. 

While the positive (control reaction provided in kit) and negative (cells transformed with 

water) control reactions were successful, the assembly was not. Several additional attempts 

were made changing the total DNA content used in the assembly (0.30 pmol parts/0.1 pmol 

vector, 0.30 parts pmol / 0.2 pmol vector, 0.6 pmol parts/ 0.1 pmol vector), extending the 

incubation time or by using up to 5μL of the reaction mixture in the electroporation after 

desalting. However any of these conditions worked.  
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Figure 33. Diagram showing a Gibson assembly on the congocidine cluster, 

using the plasmid pCS-RS31 as a backbone. 

A) In silico assembly of congocidine pathway by Gibson cloning between plasmid 
backbone pCS-RS31 and three DNA fragments encoding genes of congocidine 
pathway. Overlaps are illustrated at the bottom.  
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With a view to producing smaller assemblies as a proof of concept, and to check the 

compatibility of the Gibson cloning approach with large (>1kb), high GC DNA fragments, the 

design was simplified and three new assemblies were attempted: 

One assembly of three fragments (parts 1.1 and 4 of congocidine cluster, plus vector pCS-

RS31) as designed in the yeast assembly but with redesigned primers to adapt the 

overlapping homologous regions. 

One assembly of three DNA fragments including a unique restriction site between them 

(modules 1.1 and 6.2 of congocidine cluster plus vector pCS-RS31). This construct was used 

as a tool to re-attempt a yeast recombineering experiment. Modules 1.1 and 6.2 are at the 

beginning and end of the congocidine biosynthetic cluster, and having cloned them into a 

shuttle yeast-bacteria vector that incorporates a unique restriction site between the 

congocidine biosynthetic gene parts would allow the construct to be linearised. This would 

produce big 3 kb overlaps to each side of the pathway, thus eliminating the weakest point in 

the design (the vector homology to the congocidine biosynthetic gene cluster parts). 

The last assembly was the vector and one module (Fragment 1.1 of the congocidine 

biosynthetic gene cluster) to simplify the experiment to its minimal point.  

Figures illustrating the three assembly strategies are shown below (Fig. 34, Fig. 35, Fig. 36).   
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Figure 34. Diagram of a Gibson assembly experiment developed to join the 

vector pCS-RS31 and the fragments 1.1 and 4 of the congocidine biosynthetic 

gene cluster. 

The modules are shown in red and blue with the pCS-RS31 backbone in black. 
Overlaps between modules and vector are illustrated in the bottom.  
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Figure 35. Diagram of a Gibson assembly ideated to join the vector pCS-RS31 

and the fragments 1.1 and 6.2 of the congocidine biosynthetic gene cluster. 

The parts are shown in red and blue with the pCS-RS31 backbone in black. The 
modules are shown in red and blue with the pCS-RS31 backbone in black. Overlaps 
between modules and vector are illustrated in the bottom. Unique restriction digest 
sites shown in bold.  
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Figure 36.Diagram of a Gibson assembly to join the vector pCS-RS31 and the 

fragment 1.1 congocidine biosynthetic gene cluster. 

The module is displayed in red with the pCS-RS31 backbone in black. Overlaps 
between module and vector are illustrated in the bottom.  
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However after several attempts none of the assembly strategies were successful.  Analysis of 

the plasmid DNA by restriction digest, showed either vector circularisation (colonies 

presenting three bands) or incorrect assembly (unexpected band pattern) (data shown for 

the assembly pCS-AO (Fig. 37)).  

At this point Gibson cloning approach seemed to be inadequate for the assembly of the 

congocidine biosynthetic gene cluster and it was abandoned to pursue other means for 

synthetic assembly of biosynthetic gene cluster.  
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Figure 37. Restriction digest with the restriction digest enzyme SacI of 

plasmid DNA  

A) Agarose gels showing the restriction digest pattern of plasmid DNA extracted from 
colonies formed after transformation with a Gibson cloning assembly of vector pCS-
RS31 and fragments 1.1 and 6.2. B) Map of the plasmid pCS-AO (parent vector pCS-
RS31 in black, fragments 1.1 and 6.2 in blue and red) and a table indicating the 
restriction fragments expected after digestion with SacI. 
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Conclusions 

 

One biosynthetic pathway from Streptomyces was reconstructed with the use of the yeast 

assembling techniques described in this chapter before (Shao et al., 2009; Zhao and Shao, 

2009). However after using these approaches to the congocidine platform, and exploring 

alternatives that were reported during the completion of this PhD work (Yamanaka et al., 

2014),(Montiel et al., 2015), it was hypothesised that these techniques does not work with 

all pathways equally, and are highly DNA template-dependant. This impression was discussed 

with Dr.Huimin Zhao and Dr.Jeff Boeke to further theorise that the use of each technique 

depends on the particular DNA to assemble, and general guidelines cannot be given at the 

current state of DNA assembly technology. The best assembling methodology for a particular 

construct relies hugely on individual customisation, and often the reports in literature are 

isolated successes. Despite ongoing research, the hypothesis derived from this chapter is that 

assembly of high G+C content and repetitive templates, such as NRPS containing gene 

clusters is hard to achieve.  
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Chapter 3: Mutasynthesis of 

congocidine  

Introduction 

Mutasynthetic experiments were first described in work on Streptomyces fradiae in the late 

1960s (Shier et al., 1969). The aim of these experiments was to produce novel hybrid 

metabolites derived from the original chemical structures produced by the native organism, 

but through the incorporation of non-native moieties into the chemical backbone. Synthetic 

chemistry provides the ‘’building blocks’’ which resemble the natural precursor in the 

biosynthetic pathway. Mutations in the original strain are performed to block the synthesis 

of endogenous precursors in order to maximize uptake of the non-natural precursor, without 

altering the catalytic enzyme, and/or through modifying the biosynthetic enzymes towards 

increased affinity for the heterologously fed non-natural precursor (Cortes-sanchez and 

Hoskisson, 2015). This chapter describes how the previous research deciphering the putative 

congocidine assembly pathway inspired a strategy to perform mutasynthetic experiments, 

with a view to produce Congocidine-like compounds (with different hetero-rings and N-

substitutions) in vivo, pursuing the assembly of molecules with different DNA binding 

properties. 

The congocidine biosynthetic assembly pathway was first proposed when the minimal 

biosynthetic gene cluster for its synthesis was determined (Juguet et al., 2009). However, not 

all the steps were clear and most of the putative enzymatic functions were based on 

bioinformatics analysis of gene homology with other previously characterised biosynthetic 

enzymes. Subsequent work from the same group described in more detail the chemistry of 

the pathway (Lautru et al., 2012). Most recently, an unrelated research group proposed an 

alternative  pathway based on enzyme activity assays (Al-Mestarihi et al., 2015). 

Nevertheless, all three studies conclude that the biosynthesis of 4-acetamidopyrrole-2-

carboxylate is the direct precursor of congocidine. This was confirmed by the work of Sylvie 
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Lautru and colleagues, (Lautru et al., 2012) which showed that a cgc10 null mutant in the 

congocidine biosynthetic cluster was unable to make congocidine  but exogenous 

supplementation of 4-acetamidopyrrole-2-carboxylate could restore production in the 

mutant. The gene cgc10 does not encode for the enzyme catalysing the final step of pyrrole 

synthesis, but does block production of 4-acetamidopyrrole-2-carboxylate. Moreover, these 

studies indicate that the pyrrole molecules used in biosynthesis are N-methylated in a final 

tailoring step by a methyltransferase enzymes following synthesis of the polyamide (Fig. 38).   
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Figure 38. Putative congocidine assembly pathway  
Adapted from (Juguet et al., 2009; Lautru et al., 2012; Al-Mestarihi et al., 2015). 
Putative biochemical assembly of congocidine. In bold are the genes encoding for 
enzymes in which there is a consensus about their biosynthetic role. Highlighted is 
the 4-acetamidopyrrole-2-carboxylate precursor (red box, compound 1) which 
synthesis is abolished in the cgc10 (red, bold) null mutant. PCP = Peptidyl Carrier 
Protein 

 

1 
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Competitive inhibition assay 

Given the potential promiscuity of the Non-Ribosomal Peptide Synthetases in biosynthetic 

pathways (Kim et al., 2015; See also Chapter 1), the possibility of incorporating diverse 

heterocycles in to the congocidine backbone was explored. A preliminary experiment was 

performed in order to provide some insight in to the catalytic plasticity of the pathway. The 

affinity towards substrates other than 4-acetamido-1-methyl-pyrrole-2-carboxylic acid (1) 

(Fig.38) was assayed by competitive inhibition.  

It was hypothesised that feeding of [1H]-imidazole-2-carboxylic acid (2) and 1-methyl-

imidazole-2-carboxylic acid (3) (Fig.39) into cultures with the natural producer of 

congocidine, S.netropsis would stop the polymerisation of the growing peptide chain, due to 

the lack of the acetamido group. Moreover, if these substrates were to bind irreversibly to 

the enzymes, they would compete with the natural precursor. This would prevent 

congocidine biosynthesis or proportionally diminish production through non-natural 

substrates blocking natural substrates. 

Cultures of S. coelicolor M1146+pCG002 were grown in 50 mL triplicates of MP5 media and 

the chemicals added at 1 mM final concentration after 48 h, with sampling at 96 h. It is likely 

that the blockage in biosynthesis occurs because the carboxylic moiety is still able to be 

thiolated at the pocket of peptidyl carrier proteins, but once there, the lack of the acetamido 

moiety prevents the condensation reaction proceeding after enzymatic de-acetylation. This 

mechanism is represented in Fig. 39. In Fig.40, HPLC chromatograms reveal diminished 

production of congocidine (measured by decrease of congocidine peak area in a UV 

chromatogram, qualitative data) when 1H-imidazole-5-carboxylic acid (2) and 1-methyl-1H-

imidazole-5-carboxylic acid (3) are in culture respectively. The reduction observed in 

congocidine production when cultivated with 1H-imidazole-2-carboxylic (2) acid (1mM), 

appeared to be less pronounced than when 1-methyl-1H-imidazole-2-carboxylic acid (3) 

(1mM) was present in the culture. This qualitative data suggest that the enzyme coded by 

cgc18, which according to (Juguet et al., 2009) catalyses the reaction between two pyrroles,  

may have a higher affinity for the 1-methyl-1H-imidazole-2-carboxylic acid (3).  
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Figure 39. Inhibition assay diagram and chromatograms 

The diagram shows how the lacking of the acetamido moiety (in green) on the natural 
precursor blocks the Peptidyl Carrier Protein (PCP) to continue polymerisation. As the 
acetamido moiety is missing, the compound cannot be deacetylated, exposing an 
amino moiety that forms the amide bond. 
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Figure 40. Inhibition assay chromatograms 

HPLC UV chromatograms (295 nm) that quantitatively show decrease in congocidine 
detection when feeding the cultures with A) 1H-imidazole-5-carboxylic acid  (2) and 
B) 1-methyl-imidazole-2-carboxylic acid (3), at final concentration of 1 mM. 
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Non-natural substrate incorporation 

The inhibition assay allowed insight into the possibility of broad catalytic activity of the 

congocidine cluster. Sylvie Lautru and colleagues (Lautru et al., 2012), did work on chemical 

complementation of a null cgc10 mutant in the cosmid carrying the congocide biosynthetic 

cluster to restore congocidine production. Inspired by the complementation assay, the same 

mutant was made and heterologously expressed in S. lividans. Building on this work, it was 

proposed that an already methylated analogue of the natural precursor used in the 2012 

study (1),  4-acetamido-1-methyl-pyrrole-2-carboxylic acid (4),  may be a suitable substrate 

for the enzymatic machinery to incorporate an N-alkylated pyrrole during congocidine 

biosynthesis. The natural mechanism involves obtaining the methyl group on the congocidine 

molecule by the action of a SAM methyl transferase as (Juguet et al., 2009). If incorporation 

of a methyl group was achieved, the possibility of feeding alternative N-alkylated pyrroles in 

the pyrrole could be explored. 

To exclude potential de-methylation of the intermediate in the feeding experiments as a 

result its uptake or by another processes that may be present in the heterologous host, the 

cultures were fed a deuterated methyl precursor, 4-acetamido-1-(methyl-d3)-1H-pyrrole-2-

carboxylic acid (4) as well.  To further broaden the production of potential congocidine 

derivatives, the synthesis of different heterocycles, based on the natural precursor, were 

carried out and fed.  Synthesis of all the precursors used for feeding are described in the 

materials and methods chapter. For clarity the compounds synthesised and used in the 

feeding experiments are summarised in Table 13, along with the predicted congocidine-like 

compounds that may result from incorporation of the non-natural heterocycles in the 

congocidine peptide. To determine congocidine restoration and production of methyl-

deuterated congocidine, pyrrole-thiazole (py-tz) or pyrrole-imidazole (py-im) congocidine 

derivates, LCMS was employed to analyse samples from the feeding experiments as 

discussed later. 
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Table 13. Alternative heterocycles used in the feeding experiments  

Building block Expected Compound 

 

(Lautru et al., 2012) 

 

 

 

 

 

 

 

 

4 

5 
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Strain construction of a Δcgc10 congocidine mutant 

After three attempts to produce the strain as described in materials and methods, and due 

to time constrains, the Δcgc10 mutant already integrated in Streptomyces lividans TK23 was 

kindly provided by Dr. Sylvie Lautru. 
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Production of novel congocidine derivatives by mutasynthesis  

Due to lack of initial availability and means of production of 4-Acetamidopyrrole-2-

carboxylate (1) that experimental procedures could focused on feeding the carboxylic acids 

of the acetamido methyl-pyrrole (4), methyl-imidazole (6) and thiazole (7) directly. All 

experiments were performed in triplicate. A negative control of each experiment was also 

conducted which consisted of the bacterial strain, with no substrate fed, but the culture was 

extracted and processed as described for the fed strains in parallel. After feeding to 1 mM at 

48h, when total cultivation time reached 96 h, the supernatant was sampled for congocidine 

production according to what is described in the protocol of Dr.Lautru (Lautru et al., 2012). 

A UV-LCMS signal overlay of the supernatant from each each feeding experiment (Fig. 40) 

shows that congocidine production is restored when feeding the unnatural, methylated 

acetyl amino pyrrole carboxylic acid. This shows that the biosynthetic enzymes are capable 

of accepting methylated precursors, whereas the natural biosynthetic pathway incorporates 

unmethylated substrates, with methylation occurring after the polyamide has been 

synthesised. When the 4-acetamido-1-methyl-imidazole-2-carboxilic acid (6) and the 4-

acetamidothiazole-2-carboxilic (7) acid are fed, a polyamide-like structure is not synthesised 

suggesting that the biosynthetic machinery is incapable of incorporating these structures in 

to the extending polyamide chain. This hypothesis could be further tested by individual 

enzymatic assays in another study. 

 

 



  

154 
 
 

 

Figure 41. UV signal overlay of the LCMS analysis of the supernatants of the 

S.lividans congocidine Δcgc10 mutant after 96 h in culture with different 

chemical precursor addition at 48 h.  

Each colour represents a different feeding experiment; 4-acetamido-1-methyl-pyrrole-
2-carboxilic acid in blue, 4-acetamido-1-methyl-imidazole-2-carboxilic acid in red, 4-
acetamidothiazole-2-carboxilic acid in green). The structures of the compounds 
identified by m/z are indicated. 
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Given several enzymes would be required to accept these non-natural substrates, it was 

hypothesised that only very small amounts (not detected by UV) of the novel compounds 

may have been produced. This hypothesis was tested by m/z scanning of the masses 

indicated in Table 13 on the LCMS spectral data. This would allow identification of the 

putative compounds rather than identifying the masses of only the major peaks on the UV. 

This approach helped to identify the molecules fed into culture and also those visible in the 

UV spectra. Mass scanning shows presence of a molecular ion with mass of a thiazole-

congocidine hybrid compound (437), of which the retention time is slightly increased 

compared to congocidine (Fig. 42). However finding the mass does not guarantee assembly 

of any compound, and purification of this compound was not achieved for further 

characterisation.  

 

 

 

 

 

 

 

 

 

 



  

156 
 
 

 
 
Figure 42. LCMS data on the supernatant culture of 4-acetamidothiazole-2-
carboxilic fed batch of the Δcgc10 congocidine production mutant. Detection 
at 254 nm. 
 

UV chromatogram and m/z scans for the mass of, the chemical fed into culture (7) (a) 
and the putative novel compound (b). 4-acetamidothiazole-2-carboxilic (7) (a) elutes 
at retention time = 4.277min. The putative thiazole derivate of congocidine (437) is 
eluting at retention time = 4.722min.  
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Since the secretion of congocidine in to the medium is facilitated through an ABC type 

transporter/efflux pump (Juguet et al., 2009), it was postulated that any novel congocidine-

like compounds may not be transported by the cognate efflux/resistance system to the 

outside of the cell and the novel compounds may be trapped in the inside of the cells due 

this pump-substrate incompatibility. One further possibility is that the novel substrates are 

not taken up by the strains and thus cannot be incorporated in to the biosynthetic reaction. 

To explore this the whole cell contents were extracted to check the intracellular contents and 

also to allow an estimation of the amount of non-natural precursor available for the enzymes. 

However, no assembly of novel compounds was detected either (data not shown). In light of 

the putative success with the feeding of a methylated pyrrole in the restoration of 

congocidine, the experiment was repeated with a deuterated methyl pyrrole, in order to 

check that the pathway was still functioning. The suggestion is that this experiment would 

confirm the successful feeding of an alkylated pyrrole, since de-acetylase activity in S.lividans 

may had reversed the N-methylated pyrrole to the natural precursor. Following the synthesis 

of 4-acetamido-1-(methyl-d3)-1H-pyrrole-2-carboxylic acid (5), it was fed to S. lividans 

Δcgc10 as previously described. After several assays were performed without success, only 

trace amounts of the deuterated congocidine were putatively obtained (Fig. 43). Purification 

of these components for characterisation, supernatant concentration and semi preparative 

HPLC were performed, although only the monomer was able to be recovered from culture 

supernatant. The small change in steric hindrance due to a deuterated methyl group against 

a non-deuterated methyl group is unlikely to produce any change in precursor uptake. To 

further understand such a decrease in congocidine production when the complementation 

was done with 4-acetamido-1-(methyl-d3)-1H-pyrrole-2-carboxylic acid (5) instead of 4-

acetamido-1-(methyl)-1H-pyrrole-2-carboxylic acid (4)  the feeding experiments were 

repeated for both methyl and deuterated methyl pyrrole in parallel, although without 

success. The original conditions were followed as well as earlier and later time points were 

sampled. Some of the m/z scans performed in consecutive batches showed the expected 

mass, although with negligible UV peaks and congocidine recovery was not achieved. 

To ensure that the mutant was still metabolically able to produce congocidine under 

complementation with the natural substrate, a positive control (feeding of the reported 4-

acetamido-1H-pyrrole-2-carboxylic (3)) was performed. The LCMS data proved the assay 

failed to produce any congocidine after four attempts following the exact steps as described 
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in the work by (Lautru et al., 2012) nor with small deviations from the reported assay, such 

as prolonged incubation or earlier addition of the precursor or slight changes in media pH or 

temperature incubation to name some. At this point, the strain was thought to be the 

problem, so it was tested for the presence of the congocidine cluster and the antibiotic 

marker used in the conjugation. The presence of the pathway in the strain was tested by PCR 

as well as by ability to grow in presence of hygromycin. 
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Figure 43. UV signal (LCMS) and m/z scan for 4-acetamido-1-(methyl-d3)-
pyrrole-2-carboxylic acid and deuterated congocidine. Detection at 254 nm. 

UV chromatogram showing a  (a) peak corresponding to 4-acetamido-1-(methyl-d3)-
1H-pyrrole-2-carboxylic acid (Retention time=4.138) . Putatively at retention time = 
3.974 there is formation of minute amounts of deuterated congocidine as indicated by 
the (b) peak showing the m/z of M+H 437.1. 
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Conclusions 

The incorporation of 4-acetamido-1-(methyl)-1H-pyrrole-2-carboxylic acid (4)  and to some 

extent 4-acetamido-1-(methyl-d3)-1H-pyrrole-2-carboxylic (5) is putatively achieved, but not 

reproducible, and the positive control as described in the work by Dr. Lautru (Lautru et al., 

2012) fails to restore congocidine production. It is thought that the strain containing the 

congodicine cluster lacking the cgc10 gene is not functional. Pathway deletion should be 

discarded as the strain is able to grow in presence of hygromycin, the selection marker used 

in the cosmid containing the pathway. Perhaps a spontaneous mutation compromised the 

expression of the pathway. Future work should include creation of the same strain, making 

a knock out in a congocidine producing strain. Once the work by Dr. Lautru and colleagues is 

reproducible, feedings could be pursued again. 
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Chapter 4: Pyrrole-amide ABC 

transporter study 
Introduction  

ABC transporters represent the largest class of all transporter protein families (Zhang et al., 

2015) and efflux pumps belong to this protein family. Their role in antibiotic resistance has 

been extensively reported (Webber and Piddock, 2003). The efflux mechanism does not alter 

the drug, but reduces its cellular concentration due to continuous pumping (efflux) of it to 

the external environment, thus increasing the Minimum Inhibitory Concentration (MIC) of 

the drug.  

Early studies indicated large sections of the bacterial chromosome (5-10%) were dedicated 

to genes encoding efflux pumps. A closer look into their phylogenetic distribution shows 

multiple functions for the ABC superfamily, mostly transporting different molecules such as 

siderophores (Saier and Paulsen, 2001). Their presence not only in bacteria but also 

eukaryotic cells (Bambeke et al., 2000) points towards a universal and conserved resistance 

mechanism.  Any antibiotic producing bacteria will be self-protected by a resistance 

mechanism, usually clustered within the pathway genes responsible for the antimicrobial 

assembly (Cundliffe, 1989). Knowing that soil bacteria are the biggest source of 

antimicrobials to the date (Baltz, 2008), it is easy to conclude that soil is the most likely 

ecosystem in which resistance to any new or old antibiotic will arise due to mobile genetic 

elements from producers to neighbouring bacteria. This idea was proposed back in 1998 

when a study established the presence of paralogs of the vancomycin cluster in glycopeptide 

antibiotic resistant bacteria (Marshall et al., 1998), and supported by the shocking fact that 

the average soil bacterium is resistant to between 15 and 20 different antimicrobials. In 

another study, 8% of the isolates studied showed resistance to daptomycin shortly after its 

FDA approval (D’Costa, 2006). It also has been found that the vast majority of resistant 

bacteria used non-modifying drug resistance mechanisms. Efflux pumps are not the only 

mechanisms involved in resistance that do not alter drugs, but the abundance of DNA 

sequences encoding efflux pump genes, may indicate that efflux is the predominant 

mechanism for resistance in the bacteria used in the D’Costa study. 
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ABC type efflux pumps play a role not only in resistance, but also in regulation and antibiotic 

production. In Streptomyces sp. Regulation, this has been recently studied and the data leans 

towards secondary metabolites being used as signalling molecules (Lee et al., 2012). In the 

era of antibiotic resistance huge efforts are put into the understanding of resistance 

mechanisms, with current research on efflux systems focused on multidrug efflux systems of 

pathogenic bacteria. However, integral protein structural determination is still difficult, since 

creating crystals of membrane proteins suitable for X-ray crystallography remains challenging 

(Moraes et al., 2014). Although the basic mechanistic details on drug efflux are known (Sun 

et al., 2014), these are focused on pathogenic bacteria, and the profiling is done using 

common antibiotics (Kumar and Worobec, 2005). So far, little attention is focused on the 

mono-resistant efflux pumps clustered into antibiotic producing pathways. Their study may 

provide an easier avenue to establish SAR between drugs and efflux systems, that could be 

used to improve productivity on industrial heterologous hosts or guide the development of 

‘non-pump-able’’ drugs, instead of following the trend of using antibiotics synergistically with 

pump inhibitor drugs (Tegos et al., 2011). This study focus on two ABC type efflux system 

paralogs that likely evolved from the same common ancestor but represent a different 

chemical sensitivity profile. The systematic study of this putative resistance mechanism for 

congocidine and distamycin with functionalised synthetic compounds intends to gain insights 

into SAR at the efflux level and to establish an iterative platform to anticipate resistance and 

generate novel drugs for pathogenic bacteria. Furthermore, this knowledge will also be 

fundamental to our understanding on how to produce laboratory strains able to export non-

natural metabolites that are assembled in vivo due to mutasynthetic experiments (see 

chapter 3) in the quest for novel drugs. 

Since one of the aims of this thesis is the production of novel pyrrole amide peptides, the 

substrate specificity of the putative congocidine and distamycin ABC transporters were 

characterised with their natural substrates, and with derivatives of those. A systematic 

approach was taken in the study; the rationale on the compound synthesis for the screenings 

was focused in fixing the charge and steric impediment in the molecules, while making single 

moiety changes subdividing these changes into families or sets. The total number of 

compounds assayed as a result of this rationale was 54 compounds that were synthesised by 

Professor Colin Suckling’s laboratory, plus two novel compounds synthesised for this study, 

compiled in 3 sets according to their structural similarity to distamycin, congocidine or the 
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new pyrrole amide BP3, an antibacterial compound assembled by the Suckling group, now in 

phase 1 of clinical trials,. The modifications of the two natural products were: 

 

x Same C-ends as in the natural product but different N- alkylations in the pyrrole 

x Substituted amidine moiety 

x Substituted guanidinium moiety  

x Substituted amidine moiety and different N- alkylations in the pyrrole 

x Substituted guanidinium moiety and different N- alkylations in the pyrrole 

x Substituted guanidinium and amidine moieties   

x Substituted guanidinium and amidine moieties and different N- alkylations in the 

pyrrole 

x Introduction of a thiazole instead of a pyrrole with N- alkylations and substituted 

guanidinium and amidine moieties 

 

In silico analysis of the putative transporters 

The congocidine resistance genes from S.ambofaciens are SAMR0919 and SAMR0920 or 

cgc1* and cgc2* to follow the nomenclature used in the study that unravelled the 

congocidine production (Juguet et al., 2009), and the putative distamycin resistance genes 

are AAU04844 and AAU04845 or Dst20 and Dst21 as named in the paper depicting distamycin 

biosynthesis (Vingadassalon et al., 2014b). These were analysed using bioinformatics tools 

(BLAST, TMpred, Geneious tree builder) before their substrate tolerance profiling.  

The distribution of the resistance genes within the two antibiotic clusters are identical. 

Common structural features are the clustering with a putative Acyl-CoA transferase in an 

operon with opposite transcription direction of the antibiotic biosynthetic genes and with 1 

bp overlap with them. This distribution, results in an overlap of 17 bp to a putative Acyl-CoA 

transferase with Dst21 in the distamycin cluster, and only 3 bp distance between cgc2* and 

the other putative Acyl-CoA transferase in the congocidine cluster, which points towards a 

single promoter for the three genes in each case (SAMR0919/ SAMR0920/Acyl transferase 

gene; AAU04844/ AAU04845/ Acyl transferase gene). An alternative to this single promoter 

theory, would be the presence of additional promoters within the genes, since the Shine-

Dalgarno consensus sequence GGAGG is present in the both -10 region of both dst21 and 
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cgc2*, however not present before the acyl-CoA transferase coding gene in either cluster. If 

the hypothesis of a single promoter controlling the resistance genes as well as a biosynthetic 

gene were to be true, this arrangement could be a fail-safe type regulatory system, in which 

only after the resistance mechanism is in place, the biosynthetic pathway can move forward, 

and it would call for a revision on the distamycin biosynthetic pathway  as some other authors 

already proposed with the revision of the congocidine pathway (Al-Mestarihi et al., 2015). 

However both biosynthetic clusters possess an obvious regulatory system. One gene 

downstream of the ABC transporters and starting in the opposite  biosynthetic operon, codes 

for a two component response regulator, Dst1 (AAU04843) in the distamycin cluster 1 and 

cgc1(SAMR0918) in the congocidine cluster, with no more obvious regulatory elements in 

the neighbouring DNA up or downstream of both ABC type transporters. 

In order to compare the putative resistance genes of both clusters structurally, and confirm 

their role as ABC transporters, an alignment search of their aminoacidic sequences was 

perform using the online tool BLAST (Tatusova and Madden, 1999) which uses the Clustal 

algorithm (Larkin et al., 2007). Highly similar sequences were identified using a cut off rate 

of 50% homology for a query cover bigger than 90% were downloaded and aligned by the 

CLUSTAL W algorithm (Larkin et al., 2007) on the software tool geneious. The results are 

displayed in Fig.44, where a clear differentiation within the sequence can be observed, 

including a highly conserved ATP binding domain in which the core motifs have been 

highlighted and a more variable TMD region, which surprisingly shows a higher degree of 

similarity towards a multidrug efflux pump from Streptomyces hygroscopicus rather than to 

the protein coded by Dst20 in Streptomyces netropsis. This is illustrated using a Neighbor-

Joining (Saitou, 1987) phylogenetic tree built using the Jukes-Cantor or JC69 (Jukes and 

Cantor, 1969) model for genetic distance. It shows the evolutionary relationships among 

similar proteins from other strains and express their distances in the number of amino acids 

substitution per site in each branch, as seen in Fig.45. This same process was carried out for 

cgc2*, dst20 and dst21 as seen in Figs.44-49. 
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Figure 44. Protein BLAST data search of cgc1* 

Sequences aligned following the CLUSTAL W (Larkin et al., 2007) algorithm. cgc1* 
sequence is highlighted at the top of the figure, right below a sequence chromatogram 
showing a consensus sequence (green tall bar for highly conserved residues, short 
red for non conserved). Marked in blue with triangles are signature motifs for ABC 
proteins. The first 27 sequences (homology above 50 % and query cover of at least 
90%) are displayed. 
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Figure 45. Phylogenetic tree of cgc1*. 

Evolutionary relationships between resistance proteins that show high homology to 
the protein coded by cgc1* (in green). The distance is shown as numer of aminoacids 
substitutions per site and calculated by JC69, to then build the tree with the 
Neighbour-Joining method.  
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Figure 46. Protein BLAST data search of cgc2*. 

Sequences aligned following the CLUSTAL W (Larkin et al., 2007) algorithm. cgc2* 
sequence is highlighted at the top of the figure, right below a sequence chromatogram 
showing a consensus sequence (green tall bar for higly conserved residues, short red 
for non conserved). Marked in blue with triangles are signature motifs for ABC 
proteins. The first 25 sequences (homology above 50 % and query cover of at least 
90%) are displayed. 
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Figure 47. Phylogenetic tree of cgc2*.  

Evolutionary relationships between proteins that show high homology to the protein 
coded by cgc2* (in green). The distance is shown as number of aminoacids 
substitutions per site and calculated by JC69, to then build the tree with the 
Neighbour-Joining method. 
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Figure 48.Protein BLAST data search of Dst20 

Sequences aligned following the CLUSTAL W (Larkin et al., 2007) algorithm. Dst20 
sequence is highlighted at the top of the figure, right below right below a sequence 
chromatogram showing a consensus sequence (green tall bar for higly conserved 
residues, short red for non conserved). Marked in blue with triangles are signature 
motifs for ABC proteins. The first 20 sequences (homology above 50 % and query 
cover of at least 90%) are displayed. 
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Figure 49. Phylogenetic tree of Dst20. 

Evolutionary relationships between proteins that show high homology to the protein 
coded by Dst20 (in green). The distance is shown as number of aminoacids 
substitutions per site and calculated by JC69, to then build the tree with the 
Neighbour-Joining method.  
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Figure 50.Protein BLAST data search of Dst21  

Sequences aligned following the CLUSTAL W (Larkin et al., 2007) algorithm. Dst21 
sequence is highlighted at the top of the figure, right below a sequence chromatogram 
showing a consensus sequence (green tall bar for highly conserved residues, short 
red for non-conserved). Marked in blue with triangles are signature motifs for ABC 
proteins. The first 22 sequences (homology above 50 % and query cover of at least 
90%) are displayed. 
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Figure 51. Phylogenetic tree of dst20. 

Evolutionary relationships between proteins that show high homology to the protein 
coded by Dst20 (in green). The distance is shown as number of aminoacids 
substitutions per site and calculated by JC69, to then build the tree with the 
Neighbour-Joining method.  
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As the amino acid alignments Fig.45, 47, 49, 51 show, all four genes are closely related, coding 

for proteins comprising highly conserved ABC domains and slightly divergent TMD domains. 

The expression of these genes, cgc1*+cgc2* / Dst20+Dst21 points towards the formation of 

hetero dimer ABC transporters. By sequence homology, cgc1* relates to dst20 and cgc2* to 

dst21. However when running a prediction with the transmembrane spanning algorithm 

TMbase (Hofmann and Stoffel, 1993) (TMpred, Swiss protein database ExPASy), six 

transmembrane helices for both Dst21 and cgc1* are estimated, although  with opposite N-

terminal orientation for each one (N terminus inside for cgc1*), and five helices for Dst20 

and cgc2* but again with opposed N orientations (N terminus  outside for cgc2*). The 

predictions can be seen in Fig.53 for the cgc1*/cgc2* dimer and in Fig.54 for dst20/dst21. In 

the case of cgc1*/cgc2* the model looks plausible. However, in the case of dst20/dst21, the 

extensive length of the peptides, including the C terminus outside the cell, makes no 

biological sense, since the ATP binding domain is located at residues 489-498 on dst21 and 

499-508 on dst20, which would indicate the presence of the ATPase on the exterior of the 

cell. 
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Figure 53. TMpred model and graphic outline of results for congocidine ABC 

transporter. 

Transmembrane domains distribution (A) as predicted by the online tool TMpred (B, 
Axis represent scoring values calculated with amino acid residues (Hofmann and 
Stoffel, 1993) ) of proteins corresponding to genes cgc1* and cgc2*. Numbers between 
parentheses indicate length of amino acids transmembrane or on the spanning 
helices; numbers outside parenthesis indicate the beginning and end of those regions. 
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Figure 54. TMpred model and graphic outline of results for distamycin ABC 

transporter. 

Transmembrane domains distribution (A) as predicted by the online tool TMpred (B, 
Axis represent scoring values calculated with amino acid residues (Hofmann and 
Stoffel, 1993) ) of proteins corresponding to genes Dst20 and Dst21. Numbers between 
parenthesis indicate length of amino acids transmembrane or on the spanning 
helices; numbers outside parenthesis indicate the beginning and end of those regions. 
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Strain construction 

While some properties can be inferred from in silico analysis, only physical characterisation 

can determine the substrate specificity of the pumps. To that end, a congocidine and 

distamycin sensitive host was selected, in which the putative function of the genes 

cgc1*/cgc2* and dst20/dst21 would be tested.  

Streptomyces lividans TK23, a Streptomyces strain characterised by a quick growth and easy 

and stable genetic manipulation, was picked as the parental strain in which the putative ABC 

transporters would be integrated to yield the antibiotic resistant strains. Following the 

creation of Streptomyces lividans TK23RC01 (TK23 resistant to congocidine) and 

Streptomyces lividans TK23RD01 (TK23 resistant to distamycin) from Streptomyces lividans 

TK23, the library of pyrrole-amides was assayed. 

Congocidine resistant strain TK23RC01 

An overview of the cloning strategy is shown in Fig.55. The putative congocidine resistance 

genes coding for an ABC type transmembrane transporter  (Juguet et al., 2009) were PCR 

amplified using the high fidelity, blunt end yielding polymerase, KOD XL from the congocidine 

containing cluster pCG002 (Juguet et al., 2009). A region upstream of the genes of interest 

(around 400 bp) was included to assure the inclusion of the native promoter. The desired 

DNA fragment was obtained using the primer pair R12F/R1Rcongo, but the amplification was 

difficult and several unspecific amplicons were obtained. The problem was solved after PCR 

optimization and subsequently the target band (5379bp, Fig.55) was gel purified and cloned 

into the vector pCR-Blunt. The intermediate plasmid generated was named pCS-BC01 (Fig.56) 

which was used to sub-clone the genes into the Streptomyces integrative plasmid pIJ6902 by 

double restriction digest with the enzymes KpnI/XbaI. The resulting plasmid was named pCS-

RC01 (Fig.57) which was tested by double restriction digest with the enzymes KpnI/XbaI 

(Fig.57) and verified by sequencing with M13 universal primers, then introduced into 

Streptomyces lividans TK23 via conjugation with a non-methylating E.coli strain (see 

materials and methods) yielding a Streptomyces lividans congocidine resistant strain. 
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Figure 55. Cloning strategy to obtain the plasmid pCS-RC01.  

A) Overview of the cloning process for the strain containing the congocidine trasport 
genes. Those were PCR amplified using pCG002 as template and blunt end cloned 
into pCRblunt. The intermediate produced pCS-BC01, was then digested with XbaI 
and KpnI RE and subcloned into pIJ6902 on those sites. B) PCR product is highlighted 
in blue.  
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Figure 56. Subcloning vector pCS-BC01.  

A) Plasmid map of the subcloning intermediate pCS-BC01, resulting from 
cloning the congocidine resistance genes on the plasmid pBLUNT. B) The DNA 
size marker (HyperLadder adapted from www.BIOLINE.com), has the bands labelled. 
An agarose gel (1.5% agarose/Ethidium Bromide) shows the digestion of a plasmid 
prep with XbaI/KpnI obtained from ten randomly picked colonies from the cloning of 
pBC01. Expected sizes are below the gel, and the restriction sites are highlighted in 
the plasmid map. 
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Figure 57. The integrative plasmid pCS-RC01, containing the congocidine 

efflux system 

A)Plasmid map of pCS-RSC01, derivative of pIJ6902 containing the two putative 
genes for congocidine resistance cgc1* and cgc2* (Juguet et al., 2009) , the DNA 
inserted is pictured in red, and the pIJ6902 backbone in black. B) Agarose gel (1.5% 
agarose/Ethidium Bromide) shows the digestion of a plasmid prep with XbaI/KpnI 
obtained from ten randomly picked colonies from the cloning of pCS-RC01. Expected 
sizes are below the gel, and the restriction sites are highlighted in the plasmid map. 
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Distamycin resistant strain TK23RD01 

An overview of the cloning strategy is visible in Fig.58. The putative distamycin resistance 

genes coding for an ABC type transmembrane transporter (Vingadassalon et al., 2014b) were 

PCR amplified with an high fidelity, blunt ending polymerase KOD XL (Toboyo) from  

Streptomyces netropsis  genomic DNA. In order to include the native promoter a region 

upstream the genes of interest (400 bp) was included. After several attempts the correct 

band was obtained using the primer pair DPFV/DPRV (Fig.58). Following gel purification the 

amplicon was cloned into the vector pCR-Blunt (Fig.59) to obtain the intermediate plasmid 

pBdP. This construct was analysed by restriction digest to ensure correct cloning of the DNA 

fragments (Fig.59) and subsequently subcloned into the Streptomyces integrative plasmid 

pIJ6902. The resulting plasmid was named pCS-RD01 (Fig.60) and was confirmed by 

sequencing with M13 universal primers and then introduced into S.lividans TK23 via 

conjugation, yielding an S.lividans distamycin resistant strain. 

Control strain TK23pIJ6902  

To remove the possibility of increased antimicrobial resistance of the chosen host due to the 

inclusion of the apramycin acyl transferase or thiostrepton resistance in its genome, a novel 

strain TK23pIJ6902 containing the empty vector pIJ6902 was also made by conjugative 

transfer. 
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Figure 58. Cloning strategy to obtain the plasmid pCS-RC01.  

A) Cloning strategy to obtain the plasmid pCS-RD01. B) Distamycin transporter genes 
were PCR amplified using Streptomyces netropsis genomic DNA as template and 
blunt end cloned into pCRblunt. The intermediate obtained pBd2, was then digested 
with XbaI and KpnI RE and sub-cloned into pIJ6902 on those sites. The agarose gel 
shows the distamycin efflux system, marked in blue in the diagram. 
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Figure 59. Map and restriction digest of pBdP containing the two putative 

genes for Distamycin resistance 

A)The two putative genes for distamycin resistance dst20 and dst21 (Hao et al., 2014) 
(Vingadassalon et al., 2014b), created by blunt end cloning with pCRBlunt . The 
plasmid map has the vector backbone in red, and in black the DNA cloned. B) The 
agarose gel shows restriction pattern of ten randomly picked E. coli colonies from the 
pBdP cloning experiment, and the expected sizes after a digestion with KpnI+XbaI. 
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Figure 60. The integrative plasmid pCS-RD01, containing the distamycin 

efflux system 

 

A) Plasmid map of pCS-RDC01, derivative of pIJ6902 containing the two putative 
genes for Distamycin resistance dst20 and dst21 (Hao et al., 2014; Gerbaud, 2014), 
the map has two colours, black for the pIJ6902 backbone and red for the DNA cloned 
in; at the same time it is numbered in two fragments split by green bars corresponding 
to the expected restriction digest by NcoI. B) Agarose gel showing the digestion with 
NcoI (expected sizes below gel) of eight plasmid preperations from randomly picked 
E. coli colonies from the cloning of pCS-RD01 experiment.  
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Compound screening in the pump mutants 

To determine the congocidine and distamycin MIC for the S. lividans strains, the carrier 

solvent DMSO was used as a control and varying concentrations of the compounds were 

assayed. Since there is no method developed to monitor Streptomyces sensitivity, the 

procedure presented in this work is novel. The approach used is adapted from the British 

Society for Antimicrobial Chemotherapy MIC determination in clinical settings (Andrews, 

2001) and a high throughput method published in nature protocols (Wiegand et al., 2008) 

suited for the growth requirements and measurement limitations of Streptomyces. 

Due to the natural occurring pelleting of Streptomyces during liquid culture, some of the data 

present big variations. To give a better appreciation of these phenomena, pictures of the MIC 

determination plates are displayed on Fig.61A. For this reason statistical analysis were 

designed to avoid false discovery rates (Benjamini and Hochberg, 1995), as in every 

significant difference arising from the two way analysis of variance (ANOVA; Yates, 

1934)(Gelman and Hill, 2006) was tested for one way ANOVA individually. Nevertheless as 

visible in Fig.61B, sometimes growth was not detected. This is especially pertinent in the case 

of the strain TKRD01 which demonstrates some limited congocidine resistance, although in 

some measurements its growth is not detected due to pelleting or adherence to the sides of 

the wells in the plate. 

Along with a visual outlook of the plate, Fig.61 show a congodicine MIC90 for Streptomyces 

lividans TK23/pIJ6902 of 50 μM (survival rate after 48h < 10%). The mutant S.lividans 

TK23RC01 containing the congocidine transporter shows a survival rate of 40% with a 

congocidine concentration of 200 μM, which roughly represents its MIC50, showing at least a 

4-fold increase in congocidine resistance. In the case of TK23RD01, the congocidine MIC was 

no different from the control strain, however growth is visible in the wells. This is later 

appreciated with data produced while assaying other compounds and using congocidine as 

a control for variability (Figs. 61, 62, 63). This data suggest that the strain has a congocidine 

MIC50 of 100 μM. In parallel the distamycin MIC was determined with the same methodology 

as for congocidine. However even assayed up to 400 μM, distamycin did not affect the 

growth of any strain (Fig.61). 

In light of these results and knowing the MICs of these compounds on pathogenic bacteria 

(results not published, data courtesy of MGB biopharma), it was decided to use 100 μM for 

the remaining assay compounds. In order to do that, each well containing 198 μL of the 



  

185 
 
 

culture was filled with 2 μL containing 100 mM of the compound to assay dissolved in pure 

DMSO (final concentration of DMSO is 1%). The carrier solvent control were 3 wells with 2 μL 

of pure DMSO per strain. The blank was performed with YEME without inoculum.  
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Figure 61. Congocidine MIC assay on three Streptomyces mutants  

A) Survival rate (defined as the percentile coefficient between the specific growth rate 
of the strain treated with drug and carrier solvent (DMSO)) for the strains 
Streptomyces lividans TK23/pIJ6902, Streptomyces lividans TK23RC01 and 
Streptomyces lividans TK23RD01 after treatment with different concentrations (50-
200 μM) of congocidine and distamycin (400 μM). Data normalised for DMSO at 1%.  

B) Picture of the 96 well plate showing the pelleting of the strains. 
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Pump inhibition 

To ensure that the resistance mechanism in the strains assayed was due to the effect of the 

ABC transporters introduced in them, two different pump inhibitors were tested in the 

presence of congocidine. The efflux pump inhibitors (EPI’s) tested were 1-(1-

naphthylmethyl)-piperazine (NMP) at 200 mg/L and phenylalanine-arginine beta-

naphthylamide (PAβN) at 100 mg/L based on previous work on Gram negative pathogens 

(Kern et al., 2006). Both EPI’s show slight bacterial inhibition when applied alone but a 

synergetic effect was observed when added in presence of congocidine at 100 µM. Inclusion 

of the EPI’s completely cancels the ability of the strain TK23RC01 to survive to congocidine 

at 100 µM, while without the presence of inhibitors it was able to grow at 200 µM. Results 

are visible in Fig.62. 
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Figure 62. Effect of efflux pump inhibitors on three Streptomyces strains 

Survival rate (defined as the percentual coefficient between the specific growth rate 
of the strain treated with drug and carrier solvent (DMSO)) for the strains 
Streptomyces lividans TK23/pIJ6902, Streptomyces lividans TK23RC01 and 
Streptomyces lividans TK23RD01, after treatment with different concentrations of 
NMP, PAβN and Congocidine. 
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Non-natural pyrrole amide assay  

The compounds assayed were distributed in three major groups. The first is a group of 

distamycin like compounds, which structures are in the Table 14. The first five compounds 

have the same pyrrole amide core as distamycin, and differs from the parent compound by 

the substitution of the amidine group by a trimethylamine, a change that is constant among 

all compounds, and variable head groups. Compounds six to ten contains a substitution of 

the N-methyl in the pyrrole tail for an N-pentil-2-methyl moiety, presenting the same 

changes in the head groups as compounds one to five. Compounds 11 to 15, follow the same 

logic as compounds six to ten, but instead of substitution of the N-methyl in the pyrrole tail, 

the pentil-2-methyl is attached to a thiazole ring. 

These substitutions explore the effect of increased lipophilicity on a set of head groups on a 

three ring amide. Results of the screening are visible in Fig.63. 

Table 14. Distamycin-like functionalised compounds. 
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Figure 63. Response of congocidine and distamycin ABC efflux resistant 

strains in the presence of functionalised minor groove binders.  

Survival rate (defined as the percent coefficient between the specific growth rate of 
the strain treated with drug and carrier solvent (DMSO)) for the strains TK23 or control 
strain (red), TK23RC01 or resistant to congodicine (green) and TK23RD01 or 
resistant to distamycin (purple), after treatment with a library of distamycin like 
compounds. Congocidine included as an internal control. 
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Interestingly compound number one, (the most similar to distamycin) behaves like 

distamycin in terms of bacterial inhibition, with no observable differences between the two 

ABC transporter strains and the control strain TK23+pIJ6902. In stark contrast to this, the 

inclusion of a guanidinium in the head group on compound two, (as it is present in the 

congocidine molecule), affects severely the control strain TK23+pIJ6902 and the distamycin 

resistant strain (still presenting minimum growth) , while the congocidine resistant strain 

grows without any impairment (comparing to solvent treated). While examining the 

compounds that possess the same moiety in the head group AIK-30/41 and AIK-30/26/1 a 

similar appreciation can be done. As the lipophilicity of the compounds increases, the control 

strain is completely inhibited, while the congocidine mutant strain is able to survive AIK-

30/41 but not the most lipophilic compound AIK-30/26/1. However the distamycin strain 

performs almost identically with all three drugs. The trends emerging from this set are that 

increasing the lipophility of the compounds impacts negatively on the ability of survival of all 

three strains, while the distamycin strain adapts better to it. 

The second set of compounds are congocidine like functionalised compounds (although 

because of the size of some head groups, they could also be seen as three ring substituted 

compounds). For this set, two novel compounds not present in the library of MGB biopharma 

were synthetized. In this set, the pyrrole amide core as well as the tail group remain 

unchanged in the series, while varying the head groups. Results of the screening with this set 

are on Fig.64 and structures in Table 15. 

Table 15. Congocidine-like functionalised compounds used. 
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Figure 64. Response of congocidine and distamycin ABC efflux mutants in 

presence of functionalised minor groove binders. 

Survival rate (defined as the percentual coefficient between the specific growth rate 
of the strain treated with drug and carrier solvent (DMSO)) for the strains TK23 or 
control strain (red), TK23RC01 or resistant to congodicine (green) and TK23RD01 or 
resistant to distamycin (purple), after treatment with a library of congocidine like 
compounds.  
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In this series, compounds 16-22 and 28-30 share the same pyrrole amide core as congocidine, 

but possess different head groups other than the guanidinium moiety present in the natural 

product. None of these compounds seem to be ineffective to kill any of the three strains. 

Only when the head group is bigger (compounds 23-27) , and the compound turn into a three 

ring substituted amide is that the bacteria is affected. It is compelling though that the strain 

containing the distamycin efflux system survive better than the other two strains to 

treatment with compounds 23, 26 and 27. While compounds 26 and 25 completely kill all 

three strains (both compounds share structure appart from a meta / para methyl substitution 

in the terminal benzyl of the head group), 26 and 27 allows for a limited survival of the strain 

containing the distamycin efflux system, putatively indicating that a pyridine ring on the head 

group decreases the potency of the compound. At the same time, 50% survival of the strain 

containing the distamycin efflux system to compound 23 but not to compound 27 points 

towards the importance of the presence of methoxybenzene, even when the quinoline 

moiety is known to be present in several bioactive molecules (Prajapati et al., 2014). 

The last set is the most heterogeneous of all three, containing structures sharing a pyrrole 

amide core with congocidine but changing the tail and head group, as well as substitutions 

on the N-methyl pyrrole, creating bulkier compounds. At the same time smaller compounds 

with only one pyrrole ring are included. The structure of these compounds are represented 

in Table 16, and results of the screening are shown in Fig.65. 

Table 16. Polyamides used for the treatment of Streptomyces strains.  

Compound R1 Minor Groove Binding  R2 R3 
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Figure 65. Response of congocidine and distamycin ABC efflux mutants in 

presence of functionalised minor groove binders.  

Survival rate (defined as the percentual coefficient between the specific growth rate 
of the strain treated with drug and carrier solvent (DMSO)) for the strains TK23 or 
control strain (red), TK23RC01 or resistant to congodicine (green) and TK23RD01 or 
resistant to distamycin (purple), after treatment with a library of diverse polyamides.  
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Although repeated on several occasions, the assay should be taken with care as the variability 

due to the pelleting nature of Streptomyces allows for conflicting results such as the control 

strain growing significantly better than the strain containing the congocidine resistance 

genes for compounds 32 and 40. Apart from these two compounds, the strains containing 

the efflux genes of congocidine or distamycin perform better than the control strain for 

compounds having an adverse effect on growth. As in the previous two sets, the strain 

containing the distamycin efflux genes performs better overall. 

 Some of the compounds that present three substitutions seem not to affect the growth of 

any strain, perhaps reflecting uptake dynamics, due to their size. The compounds that 

significantly inhibit the growth of all three strains but allow the strain containing the 

distamycin efflux system to grow better are 31, 32, 34, 46, 49 and 52. Compounds 31 and 32 

contains a quinoline head group in addition to a morpholino tail not present in the second 

set. Compounds containing quinoline in set two, inhibited the control and congocidine 

mutant strain but not TKRD01. Intriguingly compound 33 being very similar to compound 34 

(different alkene linking chain to the morpholino tail) do not affect any of the strains while 

the latter compound only allows strain TK23RD to grow. For the remaing compounds, since 

the group is so heterogeneous, proposing more SAR is difficult. While compounds 52 and 54 

present features seen in compounds from the first and second group of is not possible to 

conclude if differences in growth after treatment are due to the different tail groups or the 

overall lipophilicity of the molecules. 
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Conclusions 

While the strain containing the congocidine efflux system is better at surviving with 

congocidine, the data suggest that the strain containing the distamycin efflux system is able 

to tolerate a broader range of substrates. It appears that the congocidine ACB transporter is 

better suited to transporting specific molecules, and the guanidinium head group plays a 

fundamental role in congocidine efflux. On the other hand, the distamycin efflux system is 

able to expel bulkier and more lipophilic compounds. This along with the fact that distamycin 

is not toxic up to 400 µM and that the distamycin producing clusters also produces two other 

pyrrole amides, suggest that the efflux system in the distamycin cluster evolved towards a 

(multidrug resistance system) MDR. While some SAR have been outlined from the data sets 

one and two, a bigger library is needed to establish definitive conclusions over the results on 

the third set of compounds. 
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Discussion 

The work described in this thesis was dedicated to exploring combinatorial biosynthesis and 

mutasynthesis as an approach to antibiotic discovery and functionalisation of the peptide 

congocidine. 

Although both approaches were described during the pioneering years of antibiotic discovery 

(Shier et al., 1969; Hopwood et al., 1985), these concepts have been revisited, applying 

current technologies such as DNA recombineering (Shao et al., 2009) or Gibson cloning 

(Gibson et al., 2009; Gibson  et al., 2010). 

Combinatorial biosynthesis between distamycin and congocidine clusters.  

While current combinatorial approaches focuses on the replacement of one gene with a 

mutagenized version of itself in a given cluster (Ru et al., 2015) or swapping of analogue 

modules from similar pathways (Kakule et al., 2014), these approaches require precise 

information about the pathway and the genes coding for it. However the first reported 

success of combinatorial biosynthesis (D.A Hopwood et al., 1985) was the product of a 

‘’blind’’ whole cluster approach. In this first study, due to genetic manipulation limitations, a 

big part of the actinorhodin cluster, of which the size was arbitrarily determined by the 

presence of a BamHI site, was cloned into a medermycin producing strain. Because of a 

similar logic of assembly and the use a of common core compound, but with different 

tailoring enzymes, as Fig.66 show, the experiment brought to fruition novel derivatives. 

While exploring the expansion of natural minor groove binders due to their potential for 

therapeutic use, a putative pathway for congocidine was already proposed (Juguet et al., 

2009), which later would be revised (Al-Mestarihi et al., 2015), but the gene cluster 

responsible for distamycin biosynthesis was not proposed. However, following the same logic 

that Hopwood used, it was thought that due to the compound similarity, (Fig.66) congocidine 

and distamycin may also share a core of biosynthetic enzymes, with additional enzymes 

governing the polymerisation of the pyrrole chain as well as the head-tail functionalisation. 

We hypothesised that mixing of the two gene sets would lead to assembly of a novel peptide.  

The distamycin producing strain was at the time not characterised other than its production 

of distamycin (Finlay. et al., 1951) and aurothin (Akhunov and Otroshchenko, 1976), with 

protocols to achieve conjugative transfer being reported (Wang and Jin, 2014) two years after 

the first combinatorial biosynthetic experiments in this lab were performed. 
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Figure 66. Medermycin and actinorhodin common precursor. Distamycin and 

congocidine similarities. 

Common biosynthetic precursor of medermycin and actinorhodin (He et al., 2015) 
leads to the production of different antibiotics. Peptides congocidine and distamycin 
also share structural core, with different chemical entities highlighted in green and 
red.  
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While it was possible to transfer 43.4 kb DNA from S.ambofaciens comprising the congocidine 

biosynthetic cluster including a pBeloBAC11 backbone used to integrate the pathway on the 

attP sites through ΦC31 recombinase activity, this caused genetic instability of the strain. 

At first glance, the production of three novel compounds was achieved in sufficient amounts 

to purify and test their antimicrobial activity against Bacillus subtilis. However, in order to 

propose a chemical structure for this compounds through 2D NMR experiments, more 

compound was trying to be obtained, but the strain stopped production. Several factors were 

taken in consideration while changing the experimental design since some parameters may 

have changed but without success. To discard a deletion of the pathway, the strain was made 

again. However, the metabolic profile, while changing randomly, never re-produced the 

production of the three peaks that were observed once. 

As the metabolic profile variability was investigated, isolation of four different phenotypes 

of the strain containing the congocidine pathway were isolated. At first they were thought to 

be contaminants, but 16S rDNA sequencing showed that all were S.netropsis strains.    

It is thought that gene similarity and repetitive GC sequences on the clusters may have led to 

multiple recombination events between pathways. External DNA which is related to 

pathways within the cell genome may have triggered recombinase active in Streptomyces 

netropsis originating multiple hybrid pathways. Different prevalence rates, could explain the 

isolation of different morphotypes as well as the different metabolic profile.  Perhaps some 

of the spores coming from the conjugative transfer plate contained one combination leading 

to the expression of these putatively novel compounds (or awakened pathway), while the 

average population does not. It would be possible to trace back the genetic elements 

accountable for the synthesis of these novel compounds, shall they be observed back in 

culture, through strain recovery and sequencing, but reproducing the result seems to lay on 

random parameters. 

As it turns out, later research on the biosynthesis of distamycin (Hao et al., 2014; 

Vingadassalon et al., 2014a), has shown that in fact the production of distamycin is governed 

by not one but two biosynthetic clusters. While antibiotic pathways in bacteria are generally 

clustered, in the case of distamycin, the two clusters necessary for peptide production are 

separated by 58 Kb. Interestingly, in the surroundings of the genetic cluster most similar to 

congocidine from these two clusters , there is a putative kirromycin cluster and a region rich 

in phage-related proteins (Vingadassalon et al., 2014a). These facts along with the 
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phylogenetic trees produced for the analysis of the resistance mechanisms in both clusters 

(chapter 4) points toward a horizontal acquisition of a congocidine-like biosynthetic cluster 

which led to natural combinatorial biosynthesis, keeping the novel genes and deleting the 

redundant ones, leading to the synthesis of different pyrrole amides. 

After these results, trying to induce a unique controlled combinatorial event in S.netropsis is 

very complicated, as genetic elements or processes present the strain are not known. The 

compounds that were produced could may be the product of pleiotropic changes on the 

strain leading to activation and expression of silent metabolite clusters on it. 

Perhaps, the key for obtaining these compounds again, requires sequencing of the strain to 

understand its metabolic capabilities. An overview of the biosynthetic clusters on the 

genome could provide cues of pathways that can be ‘awakened’. Knowledge of other genes 

could also allow understanding of the observed genetic instability. Another approach would 

be using the congocidine and distamycin clusters in combinatorial experiments generated in 

vitro and expressed in different known heterologous host strains.   

 

Synthetic assembly of the congocidine cluster 

Since the whole cluster combinatorial biosynthetic approach was too variable, novel 

synthetic DNA assembling techniques were applied to pursue a synthetically built 

congocidine cluster, in which the genes constituting the cluster could be refactored on DNA 

modules. This design would allow for quick combinatorial biosynthetic experiments, or gene 

knockouts for mutasynthetic experiments. At the same time, possessing a library of genes 

encoding interesting enzymes such as N-methyl SAM methyl transferase or a standalone 

pyrrole carrier protein could serve for combinatorial experiments with unrelated clusters. 

Refactoring of genetic clusters into plug and play scaffolds is currently a hot topic due its 

possibilities (Shao et al., 2013; Smanski et al., 2016), and while the success has been reported 

in previously characterised well-known pathways, the novel assembling techniques pitfalls 

are not reported. In a perspective article in nature chemical biology (Kim et al., 2015) 

techniques such as linear-plus-circular homologous recombination; LCHR, linear-plus-linear 

homologous recombination; LLHR, sequence and ligation independent cloning; SLIC, 

transformation associated recombination; TAR, and DNA assembler (or recombineering) are 

presented  and praised as a platform for antibiotic discovery. 
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While successful use of some of these assembling techniques ((Shao et al., 2009; Zhao and 

Shao, 2009))  were inspiration to produce a congocidine refactored biosynthetic cluster, and 

other pathways  had been cloned and refactored or modified (Yamanaka et al., 2014; Montiel 

et al., 2015) with the same yeast technology, after several attempts with Gibson assembly, 

DNA assembler and polymerase cycling assembling approaches, results have shown that 

these techniques are template-dependant, as there are no universal guidelines for DNA 

assembly (Huimin Zhao and Jeff Boeke personal communication) and the use of each one 

depends on the assembly being attempted, and needs to be assessed individually by trial-

error. At the same time, these methods relies hugely on individual customisation, and are 

not yet universal. Unfortunately, often the reports in literature appear to be the exceptions 

of the norm. While constant advances in the field are achieved, it is thought that NRPS 

containing gene clusters (usually containing high G+C content and repetitive sequences) are 

difficult to assemble.  

 

Mutasynthesis of congocidine.  

 

Incorporation of non-native precursors on natural product biosynthesis have been exploited 

to generate diversity. Pathways containing PKS are often more successful in incorporating 

non-natural moieties (Winter and Tang, 2014), perhaps due to better enzymatic knowledge 

of these pathways. Nevertheless, NRPS or NRPS-PKS systems have also successfully 

incorporated synthetically made precursors, with reports on incorporation of propargylic 

click reaction handles (Kries et al., 2014). While on some of these works, mutagenesis of the 

acceptor enzyme is needed, some NRPS and PKS pathways contains highly promiscuous 

enzymes (Li et al., 2010; Werneburg et al., 2010; Crawford et al., 2011; Winter et al., 2013; 

Xie et al., 2014; Sato et al., 2016), perhaps as a natural way to achieve diversity, and were 

exploited by scientists to produce novel molecules. 

The congocidine assembly, also pointed towards enzymatic promiscuity on the congocidine 

cluster (Al-Mestarihi et al., 2015). Based on the precursor study of congocidine biosynthesis, 

(Lautru et al., 2012), we proposed the use of surrogate heterocycles instead of the natural 

pyrrole substrate for feeding to the strain containing the pyrrole producing enzyme knock 

out. 
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The natural precursor 4-acetamidopyrrole-2-carboxylate, used to complement the knock-out 

mutant in the previous study (Lautru et al., 2012), was used as a positive control. Since 

congocidine is N-methylated after the peptide is formed, we explored incorporation of the 

closest non-natural pyrrole substrate to congocidine, by feeding of the 4-acetamido-1-

methyl-1H-pyrrole-2-carboxilic acid and the deuterium labelled 4-acetamido-1-(methyl-d3)-

1H-pyrrole-2-carboxylic acid. However results are not conclusive, and although some 

enzymes within the cluster may appear to be accepting surrogate precursors, more research 

has to be done. 

Feeding of heterocycles with different electronic configuration such as imidazole and thiazole 

did not result on incorporation. Whether if this was due to a catalytic affinity problem due to 

electrostatic forces and/or steric impediment or impossibility of deacetylation later in the 

biosynthetic cascade is unknown. While trying to perform the feeding of the imidazole and 

thiazole building blocks again, the positive control feeding of the natural precursor 4-

acetamidopyrrole-2-carboxylate ceased to work, so it is plausible that incorporation of these 

heterocycles is possible, but as congocidine production was not restored upon feeding of the 

positive control, the work should be repeated. 

Pyrrole-amide ABC transporter study.  

 

Crystallisation of the bacterial multidrug exporter AcrB from E.coli in 2002, greatly advanced 

the mechanistic knowledge of drug efflux (Murakami et al., 2002). Since then, several 

pathogenic bacteria had been reported to possess this resistance mechanisms and their 

tolerance profile has been determined by screening against several antibiotics (Nishino et al., 

2009; Kosmidis et al., 2012). As some studies suggested that drug efflux plays a key role in 

antibiotic efficiency (Lomovskaya and Bostian, 2006) (for new and old drugs), the use of efflux 

pump inhibitors (EPI’s) was extensively studied. Phenyl-arginine beta-naphthylamide (PaβN) 

was the first identified EPI that inhibits all four clinically relevant P. aeruginosa efflux systems 

(Kourtesi et al., 2013). However the use of this molecule in the clinic remains questionable, 

as PAβN affects the membrane integrity of bacteria and thus can lead to modification of its 

lipopolysaccharides (Lomovskaya et al., 2001), creating undesired resistance profiles by 

reducing drug penetration. Another extensively used EPI is naphthylpiperazine, which has 

been shown to increase the intracellular accumulation of several antibiotics although it is too 

toxic for clinical use due to serotonin agonistic properties (Pagès and Amaral, 2009).    
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While genetic overexpression of these efflux systems has been studied, there is a lack of 

understanding of how EPI’s can block them, or the ability to predict which drugs would be 

subject to efflux. The research done in this thesis, presents an innovative approach to study 

efflux systems. By profiling efflux systems of antibiotic producing bacteria with compounds 

related to the antibiotics they produce, but with a rational approach to their 

functionalisation, the importance of certain moieties in drug efflux can be understood. 

However the approach used to measure the activity of the drugs presents some difficulties 

experimental challenges. As the ABC systems to characterise were from Streptomyces they 

were cloned in S.lividans TK23, and cultured in 96 wells plates, in which their growth was 

measured. The problem of this approach lies on the tendency of Streptomyces to form cell 

pellets while in liquid culture, producing highly variable growth data. This phenomenon was 

in part avoided by spacing the measurements over long periods of time, and calculating the 

specific growth. The initial characterisation with congocidine showed that the control strain 

was unable to survive to concentrations of 50 µM, while the congocidine ABC transporter 

containing strain did survive to at least four-fold the concentration. Addition of the 

aforementioned EPI’s showed a decreased capacity of survival in all strains, but only when 

co-cultivated with the peptide congocidine, proving that the strains prepared for the study 

were surviving due to efflux mechanisms. Interestingly, distamycin while reporting antibiotic 

activity against some bacteria (Sanfilipo et al., 1966), did not show any effect on the growth 

of the control strain in concentrations as high as 400 µM. The presence of a efflux ABC 

transporter in the distamycin cluster might seem unjustified then, but as research has shown, 

the bi-cluster that produces distamycin, also assembles other pyrrole peptides 

(Vingadassalon et al., 2014a). It could be just an exporting system for the bacteria to expel 

those peptides to the surroundings, in which competitive bacteria could be affected, while 

sparing symbiotic bacteria. 

At the same time, some compounds that were predicted to be toxic for the cells (due to key 

moieties seen in bioactive compounds), were not bio-active, but this was perhaps due to 

inability of the drug to permeate to the strain. Future work can be done to test this 

hypothesis, either by displacement fluorescence microscopy (using the natural fluorescence 

of these compounds), or by cell extraction and quantification. Another not expected result 

was that compound 33 which is very similar to compound 34, did not affect any of the strains 

while the latter compound only allowed the distamycin efflux overexpressing strain to grow. 

Nevertheless a high number of compounds inhibited the control strain as well as the 
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congocidine overexpressing strain, while not causing a growth alteration the strain 

possessing the distamycin ABC transporter. At the same time, the inclusion of a head 

guanidinium group seemed to bring potency to the compound, while the strain bearing the 

congocidine resistance genes, would be able to expell it. These results points toward a 

distinct evolutionary divergence on both transporters, with the distamycin one, evolving 

towards a MDR efflux system.   
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Conclusions and Future work 

While synthetic DNA manipulation technologies have improved significantly, and novel 

methods are reported frequently, rich G+C DNA templates are still difficult to edit precisely 

perhaps due to stronger affinity and tendency of form secondary structures due to frequent 

repeats. With the current technology, perhaps the best pathway capturing approach is based 

on yeast recombinering (and novel TAR cloning approaches), and high G+C cluster editing 

should rely on CRISP/CAS and λ-Red systems. For the assembly of small cassettes destined to 

produce mutations in particular enzymes, the use of polymerase cycling assembly could be 

used. Independently of the DNA manipulation technique used, combinatorial biosynthesis 

can be performed in biosynthetic clusters. While it can be argued that introducing whole 

antimicrobial clusters in Streptomyces strains could lead to accelerated evolution of the 

strain, and perhaps creation of novel pathways or activation of dormant clusters from 

pleiotropic regulatory effects, those experiments should be performed when knowing the 

genetic imprint of the parental strain, and studying the arising transcriptomic changes. In this 

study, although compounds not present in the parental S.netropsis were detected. Since this 

detection could not be repeated, no proof of these hypothesis was achieved, and thus the 

recommended approach for combinatorial biosynthesis is to perform the experiments on 

known heterologous hosts which are easier to work with, after years of experience and 

optimisation. 

On the other hand, the muthasynthetic experiment showed tendency of the enzymes in the 

congocidine pathway to incorporate non-natural pyrroles. However the irreproducibility of 

the results and the control experiment calls to further explore these experiments. Perhaps 

saturation enzymatic assays could be done to every enzyme in the pathway to assess the 

affinity for non-natural substrates and further characterise the congocidine pathway. At the 

same time, these essays could be done while studying the effect of point mutations and the 

effect of those in the affinity for novel substrates. 

The profiling of the efflux systems on congocidine and distamycin showed some clear 

structure-activity relationships, although to fully understand the mechanisms governing the 

efflux of these pumps, a more systematic and bigger set of compounds should be made and 

assayed. 
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Annex-Figure 19  

 

 

Figure 19b. Alignment used to produce the phylogenetic tree between 

Streptomyces netropsis  and the four phenotypes originated after 

conjugational transfer of pCG002. 

Reference sequence is the 16rDNA of S.netropsis. Sequences 1-4 corresponding to 
phenotypes Snety1-4 are aligned with the ClustalW (Larkin et al., 2007) algorithm and 
displayed used Snap Gene interface. Mismatches are highlighted in red and 
insertion/deletions with spaces. The mismatches are in the clipping DNA regions 
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