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Abstract 

 The formation of carbon-fluorine (C-F) bonds represents a very rare form of enzyme 

catalysis relative to other organohalogens. Instead of an oxidative mechanism, desolvation and 

nucleophilic incorporation of fluoride is required. Nucleocidin, produced by Streptomyces 

calvus, is a novel fluorinated analog of adenosine. The fluorine at the 4’-carbon of nucleocidin 

demands an unusual sequence of cleavage of the 4’C-H bond of the ribose ring and 

stereospecific glycosylation of fluoride. The nucleocidin biosynthetic gene cluster has recently 

been identified in Streptomyces calvus. This provides an opportunity to elucidate the functions of 

the encoded enzymes. To determine the minimal set of genes required to synthesize nucleocidin, 

a strategy was developed to clone the gene cluster using transformation associated recombination 

(TAR) in yeast, followed by heterologous expression in another Streptomyces strain. In parallel, 

CRISPR/Cas9 was used to inactivate selected biosynthetic genes. Plasmids encoding 

CRISPR/Cas9 that were designed to inactivate orf171, nucG, and nucK were conjugated into S. 

calvus. Additionally, the biosynthesis of a chlorinated derivative of nucleocidin was attempted 

by incorporating the putative ascamycin halogenase genes acmX and acmY into S. calvus Spore 

4. Integration of acmX into the chromosome of S. calvus Spore 4 was successful as confirmed by 

PCR, while integration of acmY could not be confirmed.The presence of nucleocidin in the 

extracts of S. calvus Spore 4 att::[acmX, aac(3)IV] and S. calvus Spore 4 was confirmed by 19F-

NMR spectroscopy. A new signal was observed in the S. calvus Spore 4 att::[acmY,aac(3)IV] 

extract that was not observed in the S. calvus Spore 4 extract. This could correspond to a 

chlorinated derivative, or a new nucleocidin biosynthetic or shunt intermediate. AcmX was 

successfully heterologously expressed in E. coli and purified. Further studies can focus on 

assaying AcmX to confirm its function as a variant B FADH2-dependent chlorinase. A putative 
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purine nucleoside phosphorylase (orf206) present in the nucleocidin cluster was heterologously 

expressed as inclusion bodies in E. coli, setting the stage for purification under denaturing 

conditions. Finally, enhanced production of nucleocidin was not observed after orf191 encoding 

a predicted streptomycin-like regulatory gene was integrated onto the chromosome of S. calvus 

Spore 4. Overall, this work sets the stage for investigating the functions of nucleocidin 

biosynthetic genes and generating new nucleocidin derivatives. 
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Chapter 1 
Introduction 
 
1.1 Biosynthesis of Natural Products in Bacteria 
 

Studies on bacteria have led to the identification of many unique enzymes, the 

functions of which have been of tremendous interest for medicinal and biotechnological 

applications. For example, Taq polymerase isolated from the thermophilic bacterium Thermus 

aquaticus, is an important enzyme for the polymerase chain reaction (PCR).1 Recently, a 

fluorinase from Streptomyces cattleya has found potential uses in radiolabeling substrates with 

[18F]-fluorine for positron emission tomography (PET) imaging.2 These are just a few 

examples where microorganisms have revolutionized molecular science and biotechnology. 

Scientists like Louis Pasteur opened our eyes to the microbial world around us, and 

many scientists now look to microbes as a valuable source of mechanistic, pharmaceutical and 

biotechnological inspiration. For example, yeast have had a significant impact in the 

fermentation industry, and in biotechnologies like yeast two-hybrid systems for studying 

protein-protein and protein-DNA interactions.3 Recently, the repair mechanisms of yeast are 

being utilized for assembly of large yeast artificial chromosomes (YACs) in transformation-

associated recombination (TAR) cloning.4 Another biotechnology is CRISPR/Cas9 from the 

adaptive immune system of Streptococcus pyogenes that has been developed into a new gene 

editing technology. Finally, natural products from microbes or other organisms have had a vast 

impact on the pharmaceutical industry and provide inspiration for the design of pharmaceutical 

derivatives. Based on a recent review, about 53% of all newly approved drugs between 1981 

and 2014 were natural products or derived from natural products.5 Microorganisms, such as 

those from the phylum of Actinobacteria, are a large source of medically relevant and life-

saving natural products, like the antibiotic vancomycin frequently used as a last resort against 
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resistant strains of bacteria.  

1.2 Streptomyces  
 
 Streptomyces are the largest genus in the phylum of Actinobacteria. These soil-dwelling, 

gram-positive bacteria are known for their GC-rich genomes and fungal-like life cycle. These 

filamentous bacteria produce mycelium that scavenge for nutrients. Aerial hypha form over the 

dying mycelium and produce spores that spread and germinate (Figure 1-1 a).  

a)  

b)                 c)  
Figure 1-1. General life cycle of Streptomyces and examples of secondary metobilites 
produced by Streptomyces. a) Life cycle reproduced from reference 6; b) vancomycin; c) 
chloramphenicol. 
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Expression of regulatory genes from the family bld and whi are often associated with initiating 

mycelial growth, hyphae growth and production of secondary metabolites.6 A secondary 

metabolite is defined as a metabolite not necessary to the primary metabolism of an organism. In 

Streptomyces, secondary metabolites are excreted during aerial hyphae formation to protect the 

underlying mycelium from opportunistic competitors. About two-thirds of clinically relevant 

pharmaceuticals, such as vancomycin, chloramphenicol, streptomycin, and neomycin (Figure 1-1 

b and c) are secondary metabolites from Streptomyces. In a study from 2010 it was found that 

45% of all microbial bioactive secondary metabolites are from Actinomycetes and of this 80% 

are from Streptomyces.7 However, it is becoming increasingly difficult to find new natural 

products in Streptomyces. The costly rediscovery of known compounds, along with the laborious 

screening for new compounds, has resulted in reduced interest from industry, leaving academic 

labs to discover new compounds.7  

 Infectious disease is one of the leading causes of death worldwide and antibiotic 

resistance is an immediate threat. Therefore, future research is relying on probing 

microorganisms for new antibiotics and antifungal agents. With increased accessibility to 

genomic sequencing and databases, it is now known that the pool of antibiotics is far from 

exhausted. In the last 15 years, it has been realized that a given Streptomyces strain has the 

potential to produce 25-30 secondary metabolites, but only produces about 10% of this number 

in culture.7,8 Manipulation of these ‘cryptic’ gene clusters is of considerable interest for 

producing the encoded metabolites and provides a fresh start for the antibiotic industry. 

Manipulation of or expression of regulatory genes, like the pleiotropic regulatory gene bldA, in a 

native or heterologous host, has been shown to awaken cryptic genes, producing new or 

overexpression of known secondary metabolites.9 This is one of several methods for accessing 
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the untapped potential in microorganisms.  Additional methods include using better culturing 

methods like the iCHIP used in the discovery of the antibiotic teixobactin10, using new genetic 

tools like CRISPR, the manipulation of other pleiotropic regulatory genes like adpA, crp, absB, 

and the substitution of TTA codons.11,12,13,14 TTA codons are rare in Streptomyces and found 

predominantly in genes like adpA that are associated with sporulation and secondary metabolite 

production. Therefore, TTA codons have been proposed as a mechanism for controlling the 

expression of cryptic biosynthetic gene clusters.14 In the case of bld or ‘bald’ genes A, B, C, D 

etc., their inactivation is often associated with a non-sporulating bald phenotype and loss of 

antibiotic production (Figure 1-2).14 

a)  b)  
Figure 1-2. The effects of bldA on phenotype and natural product production in 
Streptomyces. Reproduced from reference 15. a) Streptomyces coelicolor wild type and bald 
mutant without bldA;16 b) Steptomyces calvus with mutated bldA and a functional copy of bldA 
that produced cryptic metabolites annimycin and nucleocidin.  
 
1.3 Streptomyces calvus 
 
 In the Zechel lab two cryptic biosynthetic gene clusters were discovered in S. calvus. 

Initial studies had identified a point mutation in bldA (Figure 1-3 A).16 This gene encodes a 

tRNA molecule that has a UUA anticodon used for translating rare TTA codons in Streptomyces. 

The point mutation resulted in a misfolded tRNA which could not translate TTA codons              

(Figure 1-3 B). The correctly folded and functional tRNA is seen in Figure 1-3 C. A novel 

fluorinated molecule, nucleocidin, as well as a new polyketide 4-Z-annimycin and its minor 4-E 

isomer, were produced once this mutation in bldA was corrected, in addition to restored 
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sporulation (Figure 1-3 D).16 The annimycin cluster does not contain a TTA codon indicating 

that antibiotic production is initiated by other regulatory mechanisms. However, the nucleocidin 

cluster contains three TTA codons, two of which reside in regulatory genes orf178 and orf191.8 

Overexpression of orf191 was observed to enhance nucleocidin production.7 Furthermore, the 

expression of these three genes is presumed to be affected by bldA, since its tRNA product is 

required for translating the TTA codons.8 Expressing a correct copy of bldA most likely restored 

the expression of adpA, which also contains a TTA codon, and encodes a global regulator of 

differentiation and secondary metabolite production.14 Remarkably, over-expressing bldA in 

other Streptomycetes led to the production of new secondary metabolites in these strains as 

well.9 

 
Figure 1-3. Characterization of bldA and its effect on phenotype. Reproduced from reference 
16. A, Comparison of bldA from S. calvus with that of other strains to identify the point mutation 
from an A21G; B, Leucine tRNA correctly folded; C, Leucine tRNA incorrectly folded due to 
bldA point mutation; D, Change from bald (centre) to sporulating phenotype (top and bottom) 
upon correction of point mutation.  



	 6	

1.4 Halogenases in Natural Products and Their Industrial Applications  
 
 Recent research has focused on the production of halogenated molecules using bacterial 

halogenase enzymes, since many of their products are currently important antibiotic 

medications. Halogenated natural products are also important antifungal and antitumor 

medications.17 In terms of biotechnology, a recently discovered fluorinase in S. cattleya has been 

used in radiolabeling substrates with [18F]-fluoride for clinical PET imaging (Figure 1-4).2 This 

research has also lead to the engineering of fluorinated polyketides using fluoroacetate as a 

building block, where polyketides are another important class of medically relevant natural 

products.18  

 
 

a) b)  
Figure 1-4. The fluorinase and its applications reproduced from reference 2. a) The 
fluorinase used in the chemoenzymatic synthesis of [18F]-5-fluoro-5-deoxyribose ([18F]-42);2 b) 
A trial using [18F]-42 for PET imaging of a subcutaneous tumor (indicated by arrows) in a mouse 
model.2 
 
 Halogenases are a class of enzyme that catalyse the attachment of fluorine, chlorine, 

bromine, or iodine to organic compounds, whereby the halogenated substituent is often essential 

for the bioactivity of a molecule, as is the case for chloramphenicol and vancomycin.19,20 It has 
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been described that non-chlorinated derivatives of vancomycin are inactive as antibiotics.20 The 

number of iodines on the bicyclic core of thyroid hormones triiodothyronine or thyroxine is 

critical to the activity.20 Halogenases can incorporate organohalogens with a high degree of 

specificity.21 Halogenases have been identified in all domains and kingdoms of life including soil 

and marine bacteria, mammals, insects, and plants. The halogenated compounds produced often 

have anticancer, antibacterial and/or antifungal properties.  Halogens are often associated with 

the negative reputation of halogenated chemicals, including polychlorinated biphenyl (PCB), 

polyvinyl chloride (PVC), halogenated pesticides, herbicides or insecticides like chloro-

neonicotinoids. However, halogens are important to the activity of many natural products and 

metabolic functions of organisms, as seen with the hormone thyroxine, an iodinated compound 

found in the thyroid, or the secondary metabolites produced by bacteria as a form of defence. 

Therefore, intense research interest has arisen to identify organisms expressing halogenases that 

could be used for antibiotic and anticancer drug synthesis.  

 Many halogenases catalyzing the addition of iodine, bromine, and chlorine have been 

characterized. These enzymes are divided into five classes of halogenation mechanisms. Heme 

iron-dependent, vanadium-dependent, and flavin-dependent halogenases all oxidize the halide to 

form an electrophilic halogenating species that can react with electron rich substrates such as 

aromatic compounds.20,22 Flavin-depedent haloperoxidases, form free hypochlorous acid using 

flavin hydroperoxide and chloride. A lysine in the active site then forms a chloroamine 

intermediate that regiospecifically attaches a chlorine on a substrate such as the indole side chain 

of L-tryptophan.20 Non-heme iron-dependent halogenases activate the halogen through a radical 

mechanism (X•) to halogenate unactivated aliphatic substrates.20,22,23 Non-heme iron-dependent 

halogenases use Fe(II), oxygen and α-ketoglutarate as cofactors.20 Finally, nucleophilic 



	 8	

halogenases use the halogen as a nucleophile (X-) on electrophilic compounds with good leaving 

groups. S-Adenosyl methione (SAM) is a common substrate used. The fluorinase from S. cattleya 

and a chlorinase from Salinispora tropica use nucleophilic mechanisms.20,22 The fluorinase 

mechanism will be discussed in subchapter 1.6. The mechanisms of halogenation are summarized 

in Figure 1-5.  
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Figure 1-5. The five classes of halogenating mechanisms. Adapted from references 20, 22, 23. 
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 In contrast to the numerous halogenases characterized for bromination and chlorination, 

only one naturally occurring fluorinase is described. This is found in S. cattleya as a part of the 

pathway for the biosynthesis of fluoroacetate.2 A second, yet uncharacterized fluorinase, is 

implied by the production of nucleocidin by S. calvus.  

1.5 Fluorine in the Pharmaceutical Industry  
 
 Halogen substituents, especially fluorine, have a profound impact on the activities of 

pharmaceuticals. For example, fluorine forms strong and highly polarized carbon-fluorine (C-F) 

bonds. Multiple fluorine substituents cumulatively create a hydrophobic nature lowering the 

coefficient of friction and increasing lipophilicity of a drug.21 Examples of natural and synthetic 

bioactive organohalogenes are shown in Figure 1-6.24   
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Figure 1-6. Examples of halogenated pharmaceuticals and agrochemicals. 
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In 2011 it was estimated that of 450 halogenated pharmaceuticals, approximately 53% contained 

chlorine, 36% contained fluorine, 6% contained bromine, and 5% contained iodine. 24 Multi-

substituted halogenated compounds make up approximately 10% of synthetic compounds 

pharmaceuticals, 78.5% being agrochemicals. About 30% of agrochemicals and 20% of 

pharmaceutical compounds, for example Lipitor, Prozac and Lexapro, are fluorinated.21 

Introducing halogenated substituents in synthetic compounds results in low yields and 

selectivity, and the use of hazardous chemicals. Typical reactions include free radical, 

electrophilic or nucleophilic halogenations. Chlorine and bromine more easily form carbon-

halogen bonds, whereas for iodine and fluorine it is more difficult due to the inability of iodine to 

act as a strong nucleophile depending on the solvent and the high electronegativity of fluorine.24  

 Fluorine has a small atomic size and ionic radius, high electronegativity and oxidation 

potential, and reduced polarizability (Table 1-1). Fluorine forms hydration shells with water, 

alcohols, amines, and amides resulting in a high energy of solvation that reduces nucleophilicity 

and the ability to perform substitution reactions.21 These factors contribute to the lack of 

diversity in fluorinating reactions, often limiting synthetic and potential enzymatic reactions to 

simple substrates and non-oxidative mechanisms.  

Table 1-1. Electronegativity χ, atomic and ionic radius Å, polarizability α, oxidation 
potential V and hydration energy kcal/mol for the halogens.25 

 
Halogen χ Atomic 

Radius 
(Å) 

Ionic 
Radius 
(Å) 

Polarizability 
α (Å3) 

Oxidation 
Potential 
(V) 2X- → X + 
2 e- 

Hydration 
Energy  
(kcal/mol) 

-F 4.0 1.47 1.33 0.5 -3.06 117 
-Cl 3.2 1.75 1.81 2.2 -1.36 84 
-Br 3.0 1.85 1.96 3.1 -1.07 78 
-I 2.7 1.98 2.20 4.7 -0.54 68 
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 Fluorine is incorporated into aromatics and aliphatic chains as C-F and C-CF3 bonds. 

Balz-Schiemann and Halex reactions are used in the synthesis of aryl fluorides, but have low 

stereospecificity and substrate scope is limited due to high temperatures and reactive 

intermediates.21 The low polarizability of fluorine limits its use with metal catalysts since the 

overlap of sigma bonds between metal-ligand and metal-fluorine bonds is not sufficient for 

cross-coupling and reductive elimination.21 Reductive elimination is the step where the C-F bond 

would form, and break from the metal to regenerate the catalyst. Elimination is often slow and 

competes with hydrolysis of the metal-fluorine bond.21 

 Due to the size and electronegativity of halogens, they are incorporated into compounds 

to influence the chemistry at a specific area, without interfering significantly with other aspects 

of the compound including the overall structure.26 This is termed bioisosterism and the halogen 

must be of a similar size and shape to the functional group or atom(s) it is replacing.26 For 

example, looking at bond lengths, a C-F bond is 1.41 Å, C-O 1.43 Å and C-H 1.09 Å, therefore 

fluorine is often used to replace hydrogen, or the oxygen of a carbonyl as C-CF3 for C=O 

(Figure 1-7). Frequently, halogens are used to replace hydrogen, and analogously they can form 

a halogen bond with an acceptor like oxygen, nitrogen, sulfur or an aromatic ring.27  

 
Figure 1-7. Examples of synthetic fluorinated nucleosides as reverse transcriptase 
inhibitors. The 3’ hydroxyl group is replaced by fluorine.  
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In addition to altering affinity and activity, fluorine can also induce conformational changes. For 

example, a methoxy group will lie in the plane of a phenyl ring, whereas trifluoromethoxy will 

turn out of plane.26 This is due to the stereoelectronic effects of fluorine with oxygen that 

prevents π-π conjugation of the p-orbital of the oxygen with the ring.26  

 The strength and polar character of the C-F bond is also an important factor in the 

stability of fluorinated pharmaceuticals. Fluorinated substituents often improve the 

bioavailability of a compound by reducing degradation in the liver. This is the result of the 

fluorine bearing carbons resisting cytochrome P450 mediated hydroxylation. This is seen with 

the 5HT1D agonists in Figure 1-8. Although the addition of a single fluorine slightly weakens 

binding of the agonist to the receptor, as shown by the increase in IC50 value, the bioavailability 

of the agonist is increased. The addition of two fluorine atoms is more detrimental to the IC50 

value, likely a reflection of a large reduction in basicity of the molecule, which may be important 

for binding.21, 26  
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Figure 1-8. 5HT1D fluorinated agonists and the effects of pKa on the bioavailability and 
receptor binding.  
 
 Biological absorption and distribution (logD), and pKa effects are also altered by 

fluorine. The ionization state, lipophilicity and hydrophilicity will alter the logD of a drug. Thus, 

exchanging a hydrogen for a fluorine increases the lipophilic nature of a molecule.21 With 

addition of fluorine, electronegativity increases inducing a hydrophobic nature to the compound 

that allows it to bypass lipid bilayers. Fluorine can also reduce the basicity of heteroatoms like 

nitrogen in amines through induction. Near aliphatic chains and rings a fluorine substitution 

reduces logD, which means the drug is more readily cleared and the bioavailability reduced. The 

acidity and/ or basicity, pKa, of a pharmaceutical has a strong influence on the binding affinity 

and pharmacokinetics. Progressive addition of fluorine will decrease the pKa of the amine as 

follows; CH3CH2NH2 10.7, FCH2CH2NH2 9, F2CHCH2NH2 7.3, F3CCH2NH2 5.7,26 therefore it 
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can change the acidity and basicity of proximal functional groups changing the pKa, and in turn 

the affinity and kinetics.28  

1.6 Fluorine in Natural Products 
 
 Natural products are a major source of medically relevant compounds, and mechanistic 

and structural inspiration for the pharmaceutical industry. Over 3,000 halogenated natural 

products are known.17 However, of these there are only 6 fluorinated natural products (Figure 1-

9), one of which is nucleocidin from S. calvus. This is due to the inaccessibility of fluoride, since 

it is present as insoluble fluoride salts or in tight hydration shells making it difficult for 

organisms to incorporate fluoride. The five other fluorometabolites are derived from or degraded 

to fluoroacetate (Figure 1-9). The fluoroacetyl-CoA is used as a precursor unit in the 

biosynthesis of lipid derivatives of ω-fluorooleic acid.30,31 
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Figure 1-9. Synthesis and degradation of 5'-FDA in the fluoroacetate pathway.  
 
 The low number of fluorinated compounds is likely due to the restriction of a fluorinase to a 

nucleophilic mechanism.32 Additionally, fluoride is trapped as insoluble salts, fluorspar (CaF2) 

and cryolite (Na3AlF6) and not always accessible in its soluble form.30 In contrast, chloride, 

bromide and iodide are vastly more abundant in soluble form, particularly in marine 

environments.  Additionally, organisms have evolved enzymes that use five mechanisms of 

halogenation (Figure 1-5), spanning oxidative, radical, and nucleophilic reactions, for the 

incorporation of mechanisms for the incorporation of chloride, bromide and iodide.   

 Only one naturally occurring fluorinase has been biochemically characterized. This 

enzyme is found in Streptomyces cattleya, and catalyzes the SN2 reaction between fluoride and 

the 5’-carbon of S-adenosylmethionine.2 The S. cattleya fluorinase binds fluoride through strong 
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hydrogen bonds to a backbone amide, serine hydroxyl group, and polar contacts.33 This enables 

the desolvation of fluoride in the active site, allowing it to become a potent nucleophile. Upon S-

adenosylmethionine (SAM) binding, water is driven out and the 5’C-S bond is oriented collinear 

to fluoride for nucleophilic attack through an SN2 mechanism (Figure 1-10).33 This produces L-

methionine and 5’-fluoro-5’deoxyadenosine (5’-FDA), which is further catabolized to 

fluoroacetate and fluorothreonine. The fluorinase is slow with a kcat value of 0.07 min-1.33 SAM 

binds the enzyme with a high affinity (KM of 74 µM), where as the enzyme has a lower affinity 

for fluoride (KM of 2 mM).33 Therefore, SAM is the driving force of the reaction trapping and 

desolvating  fluoride upon binding.33 Furthermore, the desolvation makes fluoride a more potent 

nucleophile. Mining of other genomes indicates the presence of similar fluorinases with greater 

than 80% homology, including Streptomyces sp. MA37, indicating a potential to produce 

fluoroacetate, 4-fluorothreonine and other fluorometabilites.2 Indeed, the marine bacterium, 

Streptomyces xinghaiensis has been shown to produce fluoroacetate.  
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Figure 1-10. Mechanism of the fluorinase adapted from reference 33.  
 
 C-F bond formation has also been shown to be catalyzed by retaining glycosidases that 

are missing their active site nucleophiles. Substituting the active site Glu residue to Ala, Gly, or 

Ser allows fluoride to be used as an alternate nucleophile, leading to the synthesis of glycosyl 

fluorides.34 

 In 1943, fluoracetate was identified in Dichapetalum cymosum a Southern African plant. 

It is found in this genus at concentrations as high as 8,000 ppm.17 The mechanism for inhibition 

of aconitase begins with citrate synthetase that is responsible for introducing acetyl-CoA into the 

TCA cycle.17 The highly stereospecific citrate synthetase condenses fluoroacetyl-CoA with 
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oxaloacetate to only form the stereoisomer (2R,3R)- fluorocitrate, which is a potent inhibitor of 

aconitase.17 Aconitase comes after citrate synthase in the TCA cycle and is responsible for 

converting citrate to isocitrate. Aconitase converts (2R, 3R)-fluorocitrate to fluoro-cis-aconitate, 

whereupon hydrolysis results in 4-hydroxy-trans aconitate. This compound acts as a competitive 

inhibitor with a high binding affinity for aconitase (Figure 1-11). In plants that produce ω-

fluorooleic acid derivatives, the toxicity is due to their lipophilic nature that allows for easy 

uptake into cells, followed by beta-oxidation of the fatty acid that produces fluoroacetate. 

Mechanisms of host resistance is hypothesized to include situating the acetyl-CoA synthetase in 

the chloroplast rather than mitochondria, altering the affinity of the citrate synthetase for 

fluoracetyl- CoA, or by degrading the molecule using fluoroacetyl-CoA hydrolase.17 

 
 
Figure 1-11. Mechanism of inhibition of fluorocitrate in aconitase adapted from reference 
17. 
 
1.7 Sulfamate Pharmaceuticals and Natural Products  
 
 The second notable feature of nucleocidin is the 5’-sulfamate. Sulfamate compounds are 

prevalent in synthetic drugs, but are surprisingly rare in natural products. In pharmaceuticals 

sulfone, sulfonamides and sulfamates are common structural motifs (Figure 1-12 and 1-13).36 A 

prodrug for sulfanilamide, prontosil red, or azo dye, is a potent antibacterial. It is an inspiration 

for the structures of many sulfonated pharmaceuticals.35 Another sulfone based pharmaceutical is 
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dapsone which targets dihydropteroate synthatase within the folate pathway in bacteria.35 It is 

used in combined treatments in leprosy or for patients that are immunocompromised.  

 
Figure 1-12. Examples of sulfones and sulfanilamides used in pharmaceuticals. Of these, 
echinosulfone A is a natural product that is a metabolite produced by the sponge Echinodictyum. 
Structures reproduced from reference 35. 

 
Figure 1-13. Examples of sulfonamide and sulfamate natural products. These include 
sulfonamides: (-)-altemicidin and psammaplin C, and sulfamates: nucleocidin, 5’-O-
sulfamoyladenosine, 5’-O-sulfamoyl-2-chloroadenosine, 5’-O-sulfamoylbromoadenosine, and 
5’-O-sulfamoyltubercidin. Structures reproduced from reference 36. 
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 In terms of sulfamate nucleosides, these contain oxygen-sulfur bonds with an amino 

functional group.36 Examples of sulfamate natural products are depicted in Figure 1-12. 

Sulfamate nucleoside derivatives target aminoacyl-tRNA synthetases (aaRSs). Aminoacyl-tRNA 

synthetases transfer amino acids to their corresponding tRNAs to get the aminoacyl-tRNA used 

in the paired recognition and translation of codons.37 The inhibitors bind to the enzyme, 

preventing the transfer of the aminoacyl moiety to the 3’-terminal adenosine of the tRNA. A 

mixed anhydride acylphosphate bond in the intermediate is susceptible to hydrolysis and 

sulfamates are used to replace this as a non-hydrolizable substituent.37 Therefore, sulfamate 

analogues offer potent inhibition against aminoacyl-tRNA synthetases in bacteria and are used to 

treat against methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin resistant 

enterococci (VRE). As mentioned above there is a sulfamated nucleoside called 5’-O-sulfamoyl-

2-chloroadenosine or dealanylascamycin along with an alanyl-containing derivative ascamycin, 

the alanyl retains the S-stereochemistry.38 These are produced by Streptomyces sp. JCM9888. 

Also, mentioned is nucleocidin from S. calvus. These nucleoside natural products contain a 

sulfamate substituent, or variant of, at the 5’ carbon of a pentose sugar (Figure 1-13). 

Dealanylascamycin, ascamycin and nucleocidin are depicted in Figure 1-14. 
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Figure 1-14. Sulfated nucleosides dealanylascamycin and ascamycin from Streptomyces sp. 
JCM9888 and nucleocidin from S. calvus.  
 
1.8 Nucleocidin and its Biosynthetic Gene Cluster Found in Streptomyces calvus 
 

 Nucleocidin was identified in 1956 in cultures of S. calvus due to its activity towards 

trypanosomes such as Trypanosoma congolense, which are vectors for sleeping sickness.39 It has 

a similar structure to puromycin another potent inhibitor of trypanosomes.40 With the advent of 

19F-NMR spectroscopy and the discovery of the fluorine substituent, the structure for nucleocidin 

was revised in 1969 to include a fluorine bond and named 4’-fluoro-5’-O-sulfamoyl adenosine. 

Nucleocidin inhibits ribosomal protein synthesis. The mechanism of inhibition is not yet 

known.37 

 Nucleocidin is the first fluoro sugar to be isolated and the only fluoro metabolite not 

derived from the fluorinase catalyzed SN2 reaction of fluoride with SAM.41 It is unique in that 

the ribose ring contains a 4’-fluorine and a 5’-O-sulfamate.42 The location of the fluoro 

substituent at the 4’-carbon of nucleocidin requires a completely different mechanism than that 

used by the S. cattleya SAM-dependent fluorinase mentioned previously. The hypothetical 

fluorination mechanism for nucleocidin would require cleavage of the 4’C-H bond of the 
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ribose ring, followed by stereospecific glycosylation of fluoride. For decades, reliable 

production of nucleocidin in S. calvus evaded researchers, which has impaired the study of its 

biosynthesis. It was recently discovered that the public strain of S. calvus ATCC 13382 has a 

mutation in the gene bldA, which is well known to be important for secondary metabolite 

production in Streptomyces.16 Upon correcting this gene in S. calvus, reliable production of 

nucleocidin was restored.8 A set of potential genes for the biosynthesis of nucleocidin were also 

identified in the S. calvus genome extending the main cluster from three to 23 genes (Figure 1-15 

A). Previously, orf191, nucJ and nucK were thought to be the minimum set of genes for its 

biosynthesis with a regulatory, fluorinase and sulfamate gene, respectively.8 An alignment of the 

cluster of ascamycin with the genome of S. calvus (Figure 1-16 B) identified conserved genes for 

nucleocidin sulfamate biosynthesis including those for PAPS synthesis, a common sulfate donor. 

Of these, three (nucBAW) are found in the cluster of nucleocidin. Several homologous clusters 

can be found in other published genomes.8 However, it remains to be determined if these encode 

for only sulfamate nucleosides, or fluorinated compounds like nucleocidin. The main cluster of 

nucleocidin has 23 predicted genes for its biosynthesis. Excluding the genes for PAPS 

biosynthesis, 13 genes are found to be homologous to genes in the ascamycin cluster, and 

therefore may encode the biosynthesis of the sulfamate. Those for fluorination are still not 

known. However, disruption of orf206 encoding a nucleoside phosphorylase was shown to stop 

nucleocidin production, suggesting an essential role for this enzyme. Predicted function, 

homolog and identity of genes associated with the PAPS cluster and the main cluster are 

presented in Table 1-2, and to be discussed in detail in Chapter 3. In a recent study, deuterium 

labelled glycerol was fed to S. calvus and incorporated into the ribose ring of nucleocidin 

through the pentose phosphate pathway. Analysis of the deuterated nucleocidin revealed that 
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deuterium was removed and replaced by a hydrogen at the 5’ carbon of nucleocidin prior to 

fluorination.43 The conclusions of this study and the inferred mechanistic hypotheses are 

discussed further in Chapter 3. The opportunity is now available to elucidate the biosynthesis of 

nucleocidin and discover a new fluorinating enzyme.  

 
 
Figure 1-15. A) Hypothetical nucleocidin cluster; B) Hypothetical cluster for ascamycin 
and dealanylascamycin found in Streptomyces sp. JCM9888. Reproduced from reference 8. 
The location of TTA codons are shown. Black genes correspond to conserved genes with the 
cluster of ascamycin. Those in grey indicated homologues in other Actinobacterial genomes. 
Genes not conserved in the cluster of nucleocidin are crosshatched.  
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Table 1-2. ORFs associated with the biosynthetic cluster of nucleocidin. 
 
S. calvus 
ORF / gene 

Amino 
acids 

Predicted function of encoded 
protein 

Homolog, 
origin 

Identity/ 
similarity 
(%) 

Accession 

PAPS cluster 
ORF2331 566 Sulfite reductase S. griseoflavus 

 Tu4000 
94/97 EFL38300 

ORF2333 237 PAPS reductase (CysH) S. griseoflavus 90/95 WP_004923414 
nucA 312 Sulfate adenylyltransferase 

subunit 2 (CysD) 
AcmA, 
JCM9888 

82/90 AJF34500 

nucB 179 Adenylylsulfate kinase AcmB, 
JCM9888 

68/82 AJF34501 

nucW 445 Sulfate adenyyltransferase 
subunit 1 (CysN) 

AcmW, 
JCM9888 

80/86 AJF34522 

ORF2341 368 Sulphate ABC transporter 
periplasmic binding protein 

S. toyocaesis 86/91 WP_037925929 

ORF2342 263 Sulphate ABC transporter 
ATP binding protein 

S. toyocaesis 95/98 WP_037925926 

ORF2345 297 Sulphate ABC transporter 
permease 

Streptomyces sp. 
NRRL S-37 

94/98 WP_030861323 

Main Cluster 
ORF171 333 Oxidoreductase S. clavuligerus 39/50 WP_003955749 
ORF173 276 Hypothetical protein S. clavuligerus 82/90 WP_003955751 
ORF174 195 Phosphoglycerate mutase S. clavuligerus 57/70 WP_003955752 
ORF178 1057 Transcriptional regulatory 

protein 
Streptomyces sp. 
Mg1 

55/67 EDX24272 

ORF181 138 Aminoglycoside 
phosphotransferase 

Streptomyces sp. 
NRRL F-5123 

57/62 WP_031515024 

ORF191 349  StrR-like transcriptional 
regulator  

Streptomyces sp. 
NRRL WC-3773 

56/66 WP_032927440 

ORF203 206 Histidine kinase S. clavuligerus 43/55 WP_003955737 
ORF206 274 Purine nucleoside 

phosphorylase 
Sulfolobus 
solfataricus 
S.cattleya FlB 

47/62 
41/50 

PDB ID: 2A8Y 
CAJ20005.1 

ORF208 895 Lycopene cyclase S. toyocaensis 72/81 WP_037926391 
ORF210 306 Glycosyltransferase Actinospica 

robiniae 
34/52 WP_034263555 

nucG 476 Sulfatase AcmG, 
JCM9888 

45/60 AJF34506 

nucI 390 Arylsulfatase AcmI, 
JCM9888 

67/75 AJF34508 

nucJ 561 Putative Fe-S oxidoreductase AcmJ, 
JCM9888 

78/88 AJF34509 
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nucK 360 PAPS dependent 
sulfotransferase 

AcmK, 
JCM9888 

69/76 AJF34510 

nucL 256 UbiE/COQ5 
methyltransferase 

AcmL, 
JCM9888 

68/77 AJF34511 

nucM 141 Hypothetical 
protein 

AcmM, 
JCM9888 

76/86 AJF34512 

nucN 333 Amidinotransferase AcmN, 
JCM9888 

58/66 AJF34513 

nucO 461 Hypothetical protein AcmO, 
JCM9888 

51/61 AJF34514 

nucP 662 DNA topoisomerase II AcmP, 
JCM9888 

62/75 AJF34515 

nucQ 159 Rubrerythrin AcmQ, 
JCM9888 

52/60 AJF34516 

nucR 463 Major facilitator 
Superfamily protein 

AcmR, 
JCM9888 

48/68 AJF34517 

nucU 477 Na+/H+ antiporter AcmU,  
JCM9888 

28/43 AJF34520 

nucV 195 Adenine 
phosphoribosyltransferase 

AcmV, 
JCM9888 

46/58 AJF34521 

 
1.9 Thesis objective 
 
 With reliable production of nucleocidin restored and a set of potential genes identified 

this presents an opportunity to discover a new fluorinating enzyme. Currently, only one naturally 

occurring fluorinase has been described, discovered in S. cattleya as part of the pathway for the 

biosynthesis of fluoroacetate. Another has yet to be found in S. calvus, the producer of 

nucleocidin. The goal of this thesis was to characterize the nucleocidin biosynthetic cluster and 

manipulate the genes to encode nucleocidin derivatives. To this end, this thesis had the following 

objectives: 

1. To determine the minimal genes required for fluorination by cloning the proposed 

nucleocidin gene cluster using transformation associated recombination (TAR) followed 

by expression in a heterologous Streptomyces host. 

2. To assign gene functions through disruption using CRISPR/ Cas9 to inactivate selected 

genes in the cluster.  
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3. To engineer the nucleocidin gene cluster to encode a chlorinated analog of nucleocidin by 

incorporating the proposed chlorinase genes acmX and acmY from the ascamycin gene 

cluster. These genes were also expressed in E. coli to produce the encoded proteins for in 

vitro characterization. 

4. To express the ORF206 specified purine nucleoside phosphorylase in E. coli for 

purification and in vitro characterization.  
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Chapter 2 
Cloning the Nucleocidin Biosynthetic Gene Using Transformation-Associating 
Recombination  
 
2.1 Introduction  
 

Transformation-associated recombination (TAR) cloning is a technique performed 

using Saccharomyces cerevisiae, a yeast strain with the ability to assemble large chromosomal 

regions from bacterial or mammalian genomes into a large circular yeast artificial 

chromosome (YAC).1 Large chromosomal regions on genomes can be studied without the 

need to construct genomic libraries that require extensive screening of hundreds of clones.1,2 

This promising technique takes advantage of homologous repair, a natural process used by 

cells to repair double stranded breaks in DNA, create genetic diversity in gamete cells during 

meiosis, or for the exchange of genetic material during horizontal gene transfer between 

bacteria or viral strains.3  

During TAR cloning the yeast homologously recombines, in vivo, the complementary 

ends that flank the genomic DNA (gDNA) of interest with that of homologous hooks on a 

linearized plasmid. Subsequent screening usually results in a frequency of 0.5-2%1 or 1-5%4 of 

YAC clones containing the insert. DNA fragments approaching 250 kb have been captured 

using TAR.4 A YAC contains several components to improve stability of an insert, including 

an autonomous replicating sequence (ARS), a centromere and telomere, and a selectable 

marker for identifying positive clones.4 The most common selectable marker uses the gene 

URA3 encodes orotidine 5’-phosphate decarboxylase (ODCase).5 This enzyme converts 5-

fluoroorotic acid (5-FOA), which is present on the selection agar plate, to 5-fluorouracil. This 

pyrimidine analogue kills yeast cells by interfering with the synthesis of DNA or RNA.5 

Another gene, ADH1 is a strong promoter for URA3 and selects against non-homologous end 
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joining in the presence of 5-FOA. If the promoter is within 130 bp of URA3 ODCase is 

expressed and converts 5-FOA to the toxic analogue.6,7 If cluster capture is successful the 

promoter is no longer close enough to induce expression of ura3 allowing positive yeast 

clones to grow. In this thesis the plasmid pCAP03-acc(3)IV was used for TAR cloning, which 

contains aph, TRP1, URA3, ADH1, acc(3)IV, pUC ori, and φC31 int-attP-oriT-aph elements 

(Plasmid map in Appendix D, Figure D-1).6 The gene aph allows selection using kanamycin or 

neomycin. The yeast strain Saccharomyces cerevisiae VL6-48N that was used in this study 

also lacks TRP1 that is essential for biosynthesis of L-tryptophan. Positive clones containing 

plasmid can be selected for on media lacking L-tryptophan. The TRP1 on the plasmid encodes 

an enzyme that will allow the yeast to synthesize its own tryptophan on deficient plates. This is 

used to select for positive clones containing the plasmid on tryptophan deficient media. This 

strain can also stably transform large pieces of DNA resulting in a high transformation 

efficiency of captured clusters.8 Other elements on the plasmid include an apramycin cassette 

used to confirm linearization of the plasmid after restriction digestion with XhoI and NdeI. A 

synthetic 144 bp double stranded (ds) DNA insert is assembled into the plasmid pCAP03 to 

obtain a capture vector that is cut with restriction enzyme PmeI prior to cluster capture 

(Plasmid map in Appendix D, Figure D-2). The dsDNA contains 50 nucleotide hooks that 

have sequences homologous to the flanking ends of the cluster of interest (Figure 2-1). The E. 

coli replicative element pUC ori allows stable replication of plasmids of up to 75 kb in E. coli. 

The component, φC31 int-attP-oriT-aph is used for integration into Streptomyces. Figure 2-1 

summarizes the cloning process. The genomic DNA of the organism (gDNA) is isolated and 

fragmented using restriction enzymes flanking the region of interest for capture. The 

fragmented gDNA and a linear pathway-specific capture vector are transformed into the yeast. 
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Recombination occurs between the 50 nucleotide hooks and the complementary regions on the 

DNA fragment (highlighted in black). The promoter, ADH1 is highlighted blue and URA3 

highlighted red. 

       
 

Figure 2-1. Scheme for TAR cloning in Saccharomyces cerevisiae VL6-48N. The gDNA is 
fragmented prior to homologous recombination in yeast. 
 
 2.1.1 Objective  
 
 The objective of this project was to capture the proposed biosynthetic cluster of 

nucleocidin (30 kbp) in pCAP03 in yeast using TAR cloning. Positive clones would be 

heterologously expressed in a Streptomyces host and extracts analyzed by 19F{1H}-NMR for the 

characteristic signal of nucleocidin. Heterologous production of nucleocidin would set the stage 

to determine the minimum number of genes encoding its biosynthesis, as well as identify the 

fluorinase gene. 

2.2 Methods 

2.2.1 Materials and Equipment  

 Herculase II Fusion DNA polymerase with dNTPs (Agilent Technologies) was used in 

the PCR amplification of DNA. PCR was performed using an Eppendorf Thermal Cycler. E. coli 

XL1Blue and DH10B chemically competent cells were used for the transformation and isolation 

of plasmid DNA. DH10B (NEB), S. cerevisiae VL6-48N and pCAP03-acc(3)IV were provided 
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by Dr. Avena Ross in the Chemistry Department at Queen’s University. Zymolase 20T was 

obtained from MP Biomedicals Canada. The NucleoSpin® Plasmid Kit was purchased from 

Macherey-Nagel and the QIAquick® Gel Extraction Kit purchased from Qiagen. Restriction 

enzymes were purchased from NEB. The synthetic dsDNA insert was synthesized by IDT in San 

Diego, California. TAR clones were sent to CCIB DNA CORE in Massachusetts for whole 

plasmid sequencing performed by an Illumina MiSeq System. Luria-Bertani (LB) broth, yeast 

extract, sodium chloride, and agar were purchased from Bio-Shop. The antibiotic kanamycin was 

purchased from Sigma-Aldrich, and unless otherwise stated used at a final concentration of        

50 µg/mL. Primers and all other chemicals were purchased from Sigma-Aldrich and used 

without further purification. 

2.2.2 Construction of the Pathway-Specific Capture Vector 
 
 The 144 bp synthetic dsDNA insert was designed with 50 nucleotide hooks (nts) to 

capture homologous regions on the ends of the nucleocidin cluster (Figure 2-2). Regions on the 

cluster with low GC content were selected to increase chances of assembly. The area to be 

captured was 47.7 kb. The capture arms are 11.7 kb left and 6.7 kb right of the cluster         

(Figure 2-3). The resulting YAC upon recombination is predicted to be 58 kb.  

catggtataaatagtggcTGGAACTCTCCGATTTCGTCGATGAACGCTTGAC 

CGGACTGCACGACGGAgtttaaacGCCCAGTTGATCATGCCGAAGTCGCGTTCGAAGAT

CATGGTGAAGACGAGtatgtcgaaagctacata 

Figure 2-2. Synthetic dsDNA fragment with 50 base hooks complimentary to the ends of 
the region for capture of the nucleocidin biosynthetic gene cluster in S. calvus. Homologous 
overhangs for Gibson Assembly are in lower case. Those homologous to the capture region are 
in upper case. The PmeI recognition site is italicized.  
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Figure 2-3. 48kb selected region for capture using TAR cloning. The region includes the 
main nucleocidin cluster (30kb) and additional length on either side to account for potential 
truncation during homologous repair, or genes for nucleocidin biosynthesis not yet accounted 
for. Left and Right 50 nts hooks are labelled. 
 
 E. coli XL1Blue was transformed with pCAP03-acc(3)IV and incubated overnight at 

37ºC. A single colony was inoculated in LB broth (5 mL) and incubated overnight at 37ºC and 

240 rpm. Plasmid was then isolated using the NucleoSpin® Plasmid Kit. The plasmid was 

linearized using restriction enzymes XhoI and NdeI (Figure 2-4). Linear pCAP03 (20 ng) and the 

synthetic dsDNA insert (140 ng) were assembled by Gibson Assembly as per the standard 

protocol by New England Biolabs to generate a pathway-specific capture vector (plasmid map 

annotated with restriction sites in Appendix D, Figure D-2). The standard protocol for Gibson 

Assembly requires inserts to be amplified with 15-25 nucleotides homologous to the plasmid, 

and with an annealing temperature greater than 48°C. The reaction mixture consists of a total 

amount of 0.02-0.5 pmols of insert and linear vector, and 10 µL of Gibson Assembly Master Mix 

(2X) for a total volume of 20 µL in dH2O. The mixture is incubated at 50°C for 15 minutes. Of 

this, 2 µL is transfected into chemically competent E. coli (50 µL). The E. coli is then incubated 

on LB agar, containing appropriate antibiotic, at 37°C overnight. The product was transformed 

into E. coli DH10B chemically competent cells on LB agar containing kanamycin, and incubated 

overnight. Four colonies were streaked on a fresh LB agar plate containing kanamycin, incubated 

again, prepared as a liquid LB culture containing kanamycin and plasmid isolated using a as 

NucleoSpin® Plasmid Kit. The capture vector was confirmed with PCR using primers that 
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amplify from the 144 bp insert of the plasmid (Table 2-1, 2-2, 2-3). This plasmid was digested 

with PmeI and gel purified using the QIAquick® Gel Extraction Kit prior to TAR cloning.  

Table 2-1. Primers used to check for assembly of the dsDNA insert in the capture vector.  
 
Primer Name  Sequence 

GenTARIns FP 5’-CATGGTATAAATAGTGGC-3’ 
 

GenTARIns RP  
 

5’-TATGTAGCTTTCGACATA-3’ 
 

 
Table 2-2. PCR reagents used for amplification of the dsDNA gene to characterize TAR 
clones. 
 
Reagent  Volume (uL) 
dH2O 31.74 
5X Herculase II reaction buffer 10 
dNTPs  2  
Capture Vector as DNA 
Template 

1 

GenTARIns FP 2.13 
GenTARIns RP  2.13 
Herculase II fusion DNA 
polymerase  

1 
Added after Step 1 
of PCR program. 

Total Volume 50  
 
Table 2-3. PCR program for amplification of the dsDNA insert to confirm assembly of the 
capture vector. 
 
Step Program 
1 2 min at 95°C 
2 20 s at 95°C 
3 20 s at 38°C 
4 20 s at 72°C 
Go to step 2, 30 times  
5 2 min at 72°C 
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2.2.3 Preparation of S. calvus bldA+ Genomic DNA 
 
 S. calvus genomic DNA (gDNA) was isolated using a standard salting out method.9 

Restriction enzymes HpaI and NdeI were used to digest the gDNA (2 µg) to improve 

transformation into and recombination efficiency in the yeast. These restriction enzymes had the 

closest restriction sites to the nucleocidin cluster. The resulting genomic fragment was predicted 

to be 106.6 kb. The S. calvus gDNA was digested with HpaI and NdeI and inactivated according 

to the standard protocol instructed by NEB. To prevent loss of the desired 106.6 kbp fragment, 

column purification was not used, and instead the entire gDNA digest was used for 

transformation of yeast with the linearized capture vector. Successful recombination between the 

106.6 kb fragment and the capture vector would result in the incorporation of 48 kb into the 

pCAP03 plasmid (Appendix D, Figure D-3 a). 

2.2.4 Preparation of Yeast Spheroplasts and Transformation of DNA  
 
 S. cerevisiae VL6-48N was transformed using the ‘Basic Transformation Protocol’ 

obtained in a private communication from Prof. Bradley Moore.6 S. cerevisiae VL6-48N was 

incubated at 30ºC and 220 rpm in yeast extract peptone dextrose (YPD) liquid medium with 2% 

(w/v) glucose and 100x adenine (1x final concentration)) to an early log phase (OD600 of 0.7 to 

1.0). Using early log phase cells results in higher competency and transformation efficiency than 

mid-log phase cells (OD600 of 3 to 5.0), which were used in the original protocol for TAR 

cloning.10 Cells were then osmotically stabilized with 1M ice-cold sorbitol (50 mL) overnight to 

improve the spheroplast yield. This was a modification made to the original protocol, which 

obtained spheroplasts with partially digested cell walls without incubation in 1M sorbitol.10 After 

overnight incubation, the stabilized cells were centrifuged at 1800xg for 3 minutes at 4ºC. The 

supernatant was removed and the pellet suspended in room temperature SPE solution (20 mL of 
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a solution of HEPES buffer, pH 7.5, 10 mM, EDTA pH 8.0, 1 mM, Sorbitol 9.1 g in 50 mL 

dH2O) containing 2-mercaptoethanol (40 µL) and zymolase-20T (80 µL). Spheroplasts were 

generated by digestion with zymolyase-20T (10 mg/mL, 25% (w/v) glycerol, 50 mM Tris-HCl 

(pH 7.5)) at 30ºC to remove the polysaccharide wall. Progress was monitored at OD600, until 

there was a 5 to 20-fold difference between cells in 1M sorbitol, not lysed, and those lysed with 

2% (w/v) SDS. After 40 minutes of incubation the digestion was complete. Ice-cold 1 M sorbitol 

(50 mL) was added and the solution centrifuged at 600xg for 10 minutes at 4ºC. The supernatant 

was removed and the cells washed again. Spheroplasts were suspended in room temperature STC 

solution (3 mL of a solution of 10 mM Tris buffer pH 7.5, CaCl2 100 mM, Sorbitol 9.1 g in       

50 mL dH2O) using a 5 mL pipette and incubated at room temperature for 10 minutes. 

Spheroplasts (200 µL) were transformed with S. calvus gDNA (2 µg) and linear capture vector 

(0.2 µg) in a 1.5 mL Eppendorf tube. Uncut capture vector (0.1 µg) was used as a control. PEG 

solution (800 µL, 20%) was added to each tube and the solution mixed by inversion then 

incubated for 20 minutes at room temperature. These were centrifuged at 700xg for 10 minutes at 

4ºC. The supernatant was removed and SOS solution (800 µL) used to suspend the cells with a 1 

mL pipette. This was incubated for 40 minutes at 30ºC. Transformed yeast cells were added to 

molten top agar (8 mL) into a 15 mL Falcon tube. The agar was made as a 50 mL stock solution 

consisting of sorbitol (1.1 M, 9.1g), dextrose 2.2% (w/v) (1.1g), 10x N-bases (1x final 

concentration), 100x adenine (1x final concentration), and agar (1.5g)). The 10x N-bases contain 

yeast nitrogen base without amino acids and ammonium sulfate (1.7 g), yeast synthetic drop-out 

medium supplements without tryptophan (1.9 g) and ammonium sulfate (5g) dissolved in dH2O 

(100 mL). The 100x adenine contains adenine (0.5 g) and 1 M HCl (3.7 mL) in 50 mL dH2O. A 

water bath set at 60ºC was used to keep the agar molten. The molten top agar containing the 
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DNA was inverted in the 15 mL Falcon tube and immediately poured onto bottom selective agar 

(25mL) in a petri dish. The bottom selective agar stock solution was made as a 500 mL solution 

containing sorbitol (1.1 M, 91g), dextrose (2.2% (w/v), 11g), 10x N-bases, 100x adenine, agar 

(10g), and 5-FOA (0.0001%). Plates were incubated for three days at 30ºC. Nine colonies were 

transferred onto new selective plates and two clones propagated in yeast selective liquid medium 

(5 mL) consisting of 10x N-bases with 2% (w/v) glucose, without L-tryptophan, and incubated 

for 20 hours at 30ºC.  

2.2.5 Extracting YAC DNA from Positive Yeast Clones 
 
 DNA was extracted by centrifuging the overnight cultures (5 mL) for 1 minute at 3000xg. 

The pellets were suspended in 200 µL of Solution 1 (10% sucrose, 50 mM Tris-HCl pH 8.0, 10 

mM EDTA, 2-mercaptoethanol (diluted 1/500), and 0.5 mg/mL zymolase-20T) in an Eppendorf 

tube, and incubated for an 90 minutes at 37°C and 240 rpm. Subsequently, 400 µl of Solution 2 

(0.2 M NaOH and 1% (w/v) SDS) was added and the tube inverted to mix. Next 300 µL of 

Solution 3 (3 M potassium acetate, pH 8.0) was added, mixed and centrifuged again for 10 

minutes at 11 000 g. The supernatant was then removed and placed in a clean Eppendorf tube. A 

mixture of chloroform, phenol, and isoamyl alcohol (1 volume) (Fisher Scientific, BP17521-100) 

was added to the supernatant and the mixture inverted for 15 minutes. After, this was centrifuged 

for 10 minutes at 11,000 g. The top layer was removed and mixed with ice chilled isopropanol 

(0.6 volume) and incubated on ice for 2 minutes to precipitate the DNA, then centrifuged again. 

The supernatant was decanted, the pellet air dried and then suspended in 30 µL 5mM Tris-HCl, 

pH 8.5. The purified DNA solution was stored at -30°C. 
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2.2.6 Characterizing Positive Yeast Clones with PCR and Restriction Mapping 
 
 PCR amplification of the aph gene in the pCAP03 backbone was used to confirm the 

efficacy of YAC purification (Table 2-4, 2-5, 2-6). Characterization focused on two selected 

TAR clones using PCR and restriction mapping. 

Table 2-4. Primers used to check for the presence of the pCAP03 backbone of TAR clones.  
 
Primer Name  Sequence 

pCAP03aph-1 
Forward 

5’-TCCAATTATGTCACACCAC-3’ 
 

pCAP03aph-2 
Reverse  
 

5’-CTGATCAAGAGACAGGATG-3’ 
 

 
Table 2-5. PCR reagents used for amplification of the aph gene to characterize TAR clones. 
 
Reagent  Volume (uL) 
dH2O 31.74 
5X Herculase II reaction buffer 10 
dNTPs  0.5 
Capture Vector as DNA 
Template 

0.5 

pCAP03aph-1 Forward  2.13 
pCAP03aph-2 Reverse   2.13 
DMSO (5%) 2.5 
Herculase II fusion DNA 
polymerase  

0.5 
Added after Step 1 
of PCR program. 

Total volume  50 
 

Table 2-6. PCR program for amplification the aph gene to characterize TAR clones. 
 
Step Program 
1 3 min at 98°C 
2 20 s at 98°C 
3 20 s at 45°C 
4 36 s at 72°C 
Go to step 2, 25 times  
5 2 min at 72°C 
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2.3 Results 

2.3.1 Construction of the Nucleocidin Gene Cluster Capture Vector 

 Restriction enzymes XhoI and NdeI were used to prepare the linear pCAP03 plasmid 

prior to assembly with the synthetic dsDNA to make the capture vector (Plasmid map with 

restriction enzymes in Appendix D, Figure D-2). In Figure 2-4, the expected band sizes are 

predicted to be 10,515, 1,079 and 303 bp, respectively. On the gel, two of these are seen at about 

10,000 and 1,000 kb. The band at 300 bp was shadowed by the loading dye. Based on these 

observed bands the linear pCAP03 was successfully prepared for insertion of the synthetic DNA 

insert.   

  

Figure 2-4. Restriction digest of pCAP03-acc(3)IV. 1% agarose gel shown; Lane 1, DNA 
ladder (SM1331, Thermo Fisher Scientific); Lane 2 and 3, the digests for two clones. 
 
 Following Gibson assembly, PCR was used on plasmids isolated from individual clones 

to confirm the formation of pCAP03-nuc1 (Figure 2-5). An amplicon of 144 bp for four clones 

confirmed assembly of the capture vector, pCAP03-nuc1 for all clones. The capture vector was 

then digested with PmeI prior to TAR cloning.  
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Figure 2-5. PCR amplification of insert from capture vector pCAP03-nuc1 clones. 1% 
agarose gel shown; Lane 1, DNA ladder (SM0333, Fermentas); Lane 2-5, PCR products for four 
clones. 
 
2.3.2 Preparation of Yeast Spheroplast Cells and Transformation  
 
 TAR cloning was performed in parallel with four controls (Figure 2-6) and the qualitative 

results are summarized in Table 2-7.  
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Table 2-7.  Summary of qualitative results from TAR cloning.  

Plate Number and 
Contents  

Control 
Type 

Result  Explanation  

1 
Bottom selective agar 
(10x N-bases, 100x 
adenine and 5-FOA) 
 
Top selective agar 
(yeast only) 

Negative 
control 

No growth  Plate is deficient in tryptophan, 
which the yeast cannot make. 

2 
Bottom selective agar 
(10x N-bases and 100x 
adenine) 
 
Top selective agar      
(yeast only) 

Negative 
control 

No growth  Demonstrated the same concept. 
since the plate is tryptophan 
deficient and 5-FOA will have no 
effect on the yeast unless it carries a 
capture vector encoding TRP1. 

3 
Bottom selective agar 
(10x N-bases and 100x 
adenine) 
 
 
Top selective agar 
(yeast transformed with 
capture vector) 

Positive 
control 

Growth  The yeast will grow once transfected 
with capture vector, since it contains 
the gene TRP1 that is required to 
synthesize tryptophan. 

4 
Bottom selective agar 
(10x N-bases, 100x 
adenine and 5-FOA) 
 
Top selective agar 
(yeast transformed with 
capture vector) 

Negative 
control 

No growth   Yeast containing a capture vector 
will not grow on agar with 5-FOA, 
since the adh1 promoter is within 
130 bp of URA3. 

5 
Bottom selective agar 
(10x N-bases, 100x 
adenine and 5-FOA) 
 
Top selective agar 
(yeast, linear capture 
vector and S. calvus 
pre-digested gDNA) 

TAR 
cloning 
experiment 

Nine 
colonies  

Indicates that clones should have 
had the cluster, since they grew of 
plates with 5-FOA.    
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Figure 2-6. Outcome of TAR cloning of the nucleocidin gene cluster in yeast.  Plate 1, S. 
cerevisiae VL6-48N  grown on bottom selective agar (10x N-bases, 100x adenine and 5-FOA); 
Plate 2, yeast grown on bottom selective agar (10x N-bases and 100x adenine); Plate 3, yeast 
transfected with capture vector grown on bottom selective agar  (10x N-bases and 100x adenine); 
Plate 4, yeast transfected with capture vector grown on bottom selective agar (10x N-bases, 100x 
adenine and 5-FOA); Plate 5, yeast with captured TAR cloning product grown on bottom 
selective agar (10x N-bases, 100x adenine, and 5-FOA). Colonies that grew on the selective 
medium are highlighted with arrows. 
 
2.3.3 Characterizing Positive Yeast Clones with PCR and Restriction Mapping 
 
 Two yeast clones were selected for further characterization. Figure 2-7, the expected 

amplicon of 1,200 bp is observed demonstrating successful amplification of the aph gene found 

in the backbone of the pCAP03 plasmid (Plasmid map, with primers annotated, in Appendix D, 

Figure D-1). This indicates that the DNA isolated in these clones is a derivative of pCAP03 and 

the plasmid was successfully isolated from the yeast according the procedure mentioned in the 

methods.  
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Figure 2-7. PCR amplification of the aph gene on the backbone of pCAP03 vector and 
selected clones. 1% agarose gel shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, 
PCR product from pCAP03 capture vector as control; Lane 3, PCR product of selected clone 1; 
Lane 4, PCR product of selected clone 2. 
 
Both clones were transformed into E. coli DH10B and the plasmid DNA isolated via alkaline 

lysis11, since the plasmid is too large for a standard NucleoSpin® Plasmid Kit restriction mapping 

was used to further characterize the selected clones. One E. coli transformant was mapped for 

each of the two original yeast clones. Initial mapping was done with the restriction enzyme PstI. 

In Appendix D, Figure D-3 b, a virtual construct of the captured cluster in pCAP03 was digested 

virtually with PstI and the expected band sizes were 9602, 9043, 8579, 8110, 7239, 5080,     

4032, 2403, 1750, 1478, 806, and 161 bp, respectively. In Figure 2-8 Lane 4 and 5, restriction 

mapping with PstI does not show this pattern, but instead a pattern closely resembling that of the 

original capture vector digested with PstI, Figure 2-8 Lane 3 (Plasmid map, with annotated 

restriction sites, in Appendix D, Figure D-4). The capture vector served as a control and the 

expected band sizes of 8,065, 1,750 and 806 bp were seen. The selected clones have bands at 

about 1,750 and 806 bp, however the third band is about 1,000 bp less indicating that the 

transformants contain a derivative of pCAP03. Figure 2-9, demonstrates the same digest just on a 
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1% agarose gel for comparison. Figure 2-10, demonstrates that the TAR products are not 

pCAP03-acc(3)IV, which would have band sizes 6,331, 3,016, 1,750 and 806 bp, respectively 

(Appendix D, Figure D-1). In Figure 2-7, Lane 2 shows the digest of pCAP03-acc(3)IV. There is 

no similarity to the digested clones to that of pCAP03-acc(3)IV. This indicates that the clones are 

most likely a truncated derivative of the capture vector.  

 
Figure 2-8. PstI digests of pCAP03-acc(3)IV, capture vector and TAR clones 1 and 2. 1% 
agarose gel shown. Lane 1, DNA ladder (SM1331, Thermo Fisher Scientific); Lane 2 pCAP03-
acc(3)IV control; Lane 3, capture vector control; Lane 4, TAR clone 1; Lane 5, TAR clone 2. 
 
Figure 2-9, shows the results of restriction mapping with PvuI and EcoRV (Plasmid map, with 

annotated restriction sites, in Appendix D, Figure D-2 and D-4), which were used to map the 

area where homologous recombination took place. With capture vector as a control, the expected 

band sizes of 7,928, 2,017 and 666 bp are seen, however for the transformants the band at 666 bp 

is missing. This demonstrates that a segment of DNA the size of about 1,000bp is missing within 

the region of the adh1 promoter and ura3 gene. 
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Figure 2-9. PvuI and EcoRV digests of capture vector and C1 and C2 transformants. 1% 
agarose gel shown. Lane 1, DNA ladder (SM1331, Thermo Fisher Scientific); Lane 2, capture 
vector control; Lane 3 and 4, digest of clone 1 and 2. 
 
A sample was submitted for whole plasmid sequencing and the results analyzed using Geneious. 

Figure D-4 in Appendix D depicts pCAP03-nuc1 prior to recombination. Figure 2-10 below, 

shows a side-by-side comparison of the site of recombination before and after TAR cloning 

within the region of the ADH1 and URA3 genes. 

2.3.4 Whole Plasmid Illumina MiSeq Sequencing of a TAR Clone 
 
 Sequencing of clone 1 revealed that a 1 kbp segment was removed from pCAP03-nuc1 

(Figure 2-10). The ADH1 promoter was removed with this segment allowing the yeast to grow 

on selective plates containing 5-FOA.  

 
Figure 2-10. Close-up of pCAP03-nuc1 with removed segment annotated. Pink, a 1 kbp 
region removed from the plasmid during TAR cloning; Red, synthetic dsDNA containing arms 
homologous to cluster in black; Orange, homologous regions that were the site of repair and 
recombination in the yeast. The plasmid was sequenced using whole-plasmid Illumina MiSeq 
sequencing at CCIB DNA CORE in Massachusetts. 
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2.4 Discussion 
 
 The aim of this project was to capture the nucleocidin cluster using TAR cloning, 

however it was determined that the yeast modified the pCAP03-nuc1 plasmid based on a 6 bp 

complementary region. The pCAP03 plasmid was initially designed to improve on the issue of 

plasmid repair that was also encountered with pCAP01, which had cloning efficiencies less than 

2%.7 In pCAP03, addition of the ADH1 promoter and counter-selectable URA3 marker was 

supposed to improve the cloning efficiency by selecting against non-homologous end joining 

using 5-FOA. Furthermore, the dsDNA insert containing the homologous capture arms for a 

gene cluster simplifies the construction of customized capture vectors and improves efficiency of 

recombination.7 These modifications proved successful in a recent study that had eight out of 

twelve positive clones containing the captured clusters.7 With only two clones characterised it is 

not possible to make clear conclusions on the efficiency of the cloning in this thesis, therefore 

future work should look at repeating the TAR cloning procedure. However, with the current 

clones characterised it is still apparent that 5-FOA is not a completely robust selection marker if 

the yeast can disrupt or remove the ADH1 promoter. Other modifications may need to be made 

to improve on this. 

 The 48 kb insert that would contain the nucleocidin gene cluster is well within the 

acceptable size range for stable assembly in pCAP03.6 Not enough clones were characterized to 

comment on the efficiency and it is recommended to attempt more rounds of TAR cloning. If 

future clones were to have the same result, the issue could be reduced efficiency due to the 

closest restriction cut sites being 13.6 kb from the left homologous flanking arm and 45.5 kb 

from the right homologous flanking arm. However, other than HpaI and NdeI, all other common 

restriction sites occurred within the cluster.  As noted in a recent study, efficiency increases the 
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closer the double stranded break is to the ends of the desired region for capture.1 CRISPR/Cas9-

mediated TAR cloning could be used to cleave the gDNA closer to the site of interest to improve 

cloning efficiency up to 32%.1 Other possibilities could be constructing cosmid and fosmid 

libraries. Although tedious, these methods are more established and have been used in many 

studies related to the characterization of biosynthetic pathways. For example, a genomic cosmid 

library was used to clone the genes associated with the fluoroacetate pathway in S. cattleya.12 

Multiplex genome editing can also be used with CRISPR/Cas9 to progressively cut out large 

segments of the nucleocidin cluster until nucleocidin production is not detected by 19F-NMR 

spectroscopy. It has been demonstrated that CRISPR can perform deletions up to 31,415 bp. In 

the study that used multiplexed CRISPR/Cas9, two guiding RNA sequences were expressed with 

the Cas9 to excise the undecylprodigiosin gene cluster in S. lividans with 100% efficiency.13  

2.5 Conclusions  
 
 TAR cloning shows promise for elucidating gene function in biosynthetic clusters and 

was therefore employed to attempt to elucidate the minimum number of genes required for 

fluorination and biosynthesis of nucleocidin. Once captured, and the assembly characterized, the 

plasmid containing the nucleocidin gene cluster would have been heterologously expressed in 

Streptomyces lividans or Streptomyces albus. 19F-NMR spectroscopy would have been used to 

detect nucleocidin in the extracts. Unfortunately, TAR capture of the cluster was not successful 

for the two clones characterized. This conclusion was based on the results of whole plasmid 

sequencing, which revealed that the yeast had removed a 1 kbp segment of the plasmid by 

recombination with a 6 bp complementary region. Future work will focus on further rounds of 

TAR cloning or re-designing the capture arms if future experiments give similar restriction maps. 
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Chapter 3 
Mutagenesis of Genes Involved in the Biosynthesis of Nucleocidin 
 
3.1 Introduction 
 
3.1.1 Mutagenesis of Genes using CRISPR/Cas9  
 
 CRISPR/Cas9 is a highly adaptable gene editing technology that has been reconstituted in 

most model organisms.1 Surprisingly, although derived from bacteria, the technology has not 

been used extensively in this kingdom. Within the last two years CRISPR/Cas9 is being applied 

to the engineering of biosynthetic pathways in Streptomyces.1,2 It is a facile system now 

replacing other gene editing technologies such as transcription activator-like effector nucleases 

(TALENS) and zinc finger nucleases (ZFNs).2 It is also a promising alternative to single and 

double crossover integration techniques commonly used for genetic manipulation in 

Streptomyces.3  

 Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 

(Cas) proteins makeup the adaptive immune system of bacteria.4 The current technology is based 

on the type II system from Streptococcus pyogenes using a Cas9 endonuclease to induce a 

double-strand break (DSB) to cleave and edit DNA at any location.4 The commercial system, 

such as those from IDT or Addgene, requires two components to perform the gene editing. These 

are usually expressed from a plasmid encoding the Cas9 endonuclease gene and CRISPR RNA 

(crRNA) for specificity. The crRNA is encoded as a spacer on the plasmid and is upstream from 

the trans-activating RNA (tracrRNA). These are expressed together as a duplex within the Cas9 

protein.4 Once expressed, the Cas9 will seek out a trinucleotide sequence called the protospacer 

adjacent motif (PAM), with the sequence NGG, where N is any nucleotide.  Subsequently Cas9 

will look for a 5’-complementary sequence called the protospacer on the DNA that matches the 

crRNA spacer. Once bound the Cas9 endonuclease cuts three nucleotides upstream of the PAM 
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on both strands of DNA to induce a DSB.4 The commercial system has retained most of the 

characteristics of the native system except that bacteria use a CRISPR locus that is downstream 

of the cas genes.5 This consists of many short spacers of foreign DNA cleaved from 

bacteriophages or other genetic material that is used to form an adaptive immunity.5 The 

incorporated spacers are later processed to crRNA, which binds a tracrRNA. This duplex is 

incorporated into multiple Cas proteins that will identify and cleave the foreign DNA from 

bacteria or phages that have entered the cell (Figure 3-1).5 

 
Figure 3-1. Native adaptive immune system in bacteria. Reproduced from reference 5. 
 
  Commercially, the native crRNA: tracrRNA duplex may be used (Figure 3-2 a), 

trademarked by various names such as Alt-R™ by IDT. However, this duplex is often fused as a 

chimeric single-guide RNA (sgRNA) of the tracrRNA and crRNA. This limits the cellular 

processing after expression and improves editing efficiency (Figure 3-2 b).1 
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a) b)  
 
Figure 3-2. Types of RNA duplexes used in CRISPR/Cas9 editing.  
a) Alt-R™ crRNA:tracrRNA duplex used in the native system and adapted system. b) sgRNA 
chimera complex. Figure reproduced from https://www.idtdna.com/pages/decoded/decoded-
articles/core-concepts/decoded/2016/02/04/crispr-guide-rna-format-affects-genome-editing-
outcomes. 
 
 The Cas9 endonuclease has two domains, HNH and RuvC, which have been modified 

(D10A and H840A) to form a deactivated Cas9 (dCas9) used in CRISPR interference (CRISPRi) 

for gene repression or activation.2,4 CRISPRi could be exploited to study regulatory genes in the 

biosynthetic pathways of Streptomyces. Green fluorescent protein (GFP) can also be expressed 

along with the dCas9 protein for fluorescent visualization in cells.4 CRISPR/Cas9 is most known 

for its ability to create random or precise insertions or deletions. These are induced through 

different repair mechanisms following the DSB. Non-homologous end joining (NHEJ) is the 

native repair system used by eukaryotes and prokaryotes to repair nicks or DBS in DNA. It is 

error prone inducing insertions and deletions of bases (InDels). This is advantageous for 

inducing random mutations after Cas9 cleavage of the DNA. However, homology directed repair 

(HDR) uses a homologous donor template for homologous recombination allowing more control 

over the repair of the DSB and the mutation to be made (Figure 3-3).1,3 
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Figure 3-3. Mechanisms of repair and editing used in CRISPR/Cas9 following a DNA DSB. 
Reproduced from reference 6.  
 
 A HDR system has been adapted by Zhao into the plasmid pCRISPomyces, a 

CRISPR/Cas9 plasmid system for Streptomyces.1 This plasmid has a Cas9 gene that is codon 

optimized for expression in Streptomyces. It also has an aac(3)IV for selection with apramycin, a 

LacZ cassette and its promoter gapdhp(EL) for blue-white screening, and a temperature-sensitive 

pSG5 origin of replication for clearing the plasmid from the Streptomyces host following 

mutagenesis. E. coli replicative elements, restriction sites BbsI and XbaI, and a strong promoter 

rpsLp for expression of Cas9 and the sgRNA are also present. The pCRISPomyces-1 expresses a 

native guiding RNA system where the tracrRNA and crRNA are not fused (Figure 3-4), and was 

noted to have reduced editing efficiency.1 In pCRISPomyces-2 the two RNAs are expressed as a 

fused chimeric sgRNA duplex in the Cas9 (Figure 3-4). This resulted in higher editing 

efficiency, where 100% of the clones were noted to harbor the mutation in this study.1 The 

pCRISPomyces system is unique in that it contains cloning sites for insertion of multiple spacer 

sequences for high-efficiency multiplex genome editing.1 Two CRISPR sgRNA cassettes can be 
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expressed with the Cas9 to make multiple edits at different locations or to cut out large fragments 

of DNA. For example, the multiplex system can be used to cleave at either end of a biosynthetic 

cluster or gene to excise it from the genome.1 Therefore, such a feature is useful for studying 

natural products and the effects of regulatory and biosynthetic genes on their production.  In the 

study a deletion as small as 20 bp was achieved with one sgRNA and as large as 31.4 kb using a 

multiplexing cassette.1 

 

 
 
Figure 3-4. pCRISPomyces-1 and pCRISPomyces-2 system used for gene editing in 
Streptomyces. Reproduced from reference 1.  
 
3.1.2 Introduction to the nucleocidin biosynthetic genes targeted for mutagenesis 
 
 A summary of the genes to be targeted for mutagenesis can be found in Table 3-1. To 

explore the ability of CRISPR/Cas9 to precisely induce small mutations using HDR, an in-frame 

deletion of 42 bp, including the start codon, was designed to inactivate orf171, orf191, nucG, 

nucI, and nucK. S. calvus Spore 4 was used instead of S. calvus att::[bldA, aac(3)IV], since it has 

a functional bldA, but is not resistant to apramycin. Therefore, it was used to select for 

exconjugants containing the pCRISPomyces-2 plasmid constructs. 
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Table 3-1. Summary of Nucleocidin genes targeted by CRIPSR/Cas9.  
 

 
 
 
 
 
 
 

3.1.2.1 The oxidoreductase orf171 
 
 The gene orf171 is one of two predicted oxidoreductases in the nucleocidin cluster. The 

other is nucJ an iron-sulfur (Fe-S) cluster dependent oxidoreductase.7 It was hypothesized that 

either gene had the potential to express an enzyme that could take part in the fluorination of 

nucleocidin. The orf171 specified NAD(P)+ dependent dehydrogenase was hypothesized to 

perform fluorination by removing a hydride equivalent from C5’ of adenosine, while NucJ would 

do the same through a radical mechanism. However, in Streptomyces sp. JCM9888, the producer 

of ascamycin and dealanylascamycin, there is a gene with 78% identity to nucJ (Chapter 2, Table 

1-3).7 As ascamycin is not fluorinated, it is unlikely that nucJ encodes a fluorinase. Based on a 

recent study that fed S. calvus deuterium and carbon-13 labelled glycerol, the dehydrogenase 

may be the better candidate.8 The study contributed two observations. Firstly, that glycerol is fed 

through the pentose phosphate pathway and is incorporated into the pentose ring of nucleocidin 

(Figure 3-5).8 This was observed using glycerol labelled with five deuterium atoms [2H5]-

glycerol, and two deuterium atoms, (R)-[2H2]-glycerol. The result indicates that part of the 

pentose ring of nucleocidin is synthesized by enzymes in the pentose phosphate pathway. And 

secondly, that a single hydrogen is removed, then restored, at C5’ of nucleocidin.8  

 

Gene Predicted Function Deletion 
orf171 Oxidoreductase  42bp (14 codon) in-frame 

deletion including start codon.  
 
 
 

orf191 StrR-like transcriptional regulator 
nucG Sulfatase 
nucI Arylsulfatase  
nucK PAPS-dependent sulfotransferase  
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Figure 3-5. Scheme summarizing the incorporation of deuterated glycerol into nucleocidin. 
Glycerol is incorporated into the pentose ring of nucleocidin via the pentose phosphate pathway. 
Prior to the addition of fluoride, deuterium is abstracted and a proton added to the C5’ of the 
pentose ring. Adapted from reference 8.  
 
 It is interesting that a C5’ hydrogen of the ribose ring is transiently removed during 

nucleocidin biosynthesis. A dehydrogenase could remove this hydrogen using a NAD+ or 

NAD(P)+ cofactor as a hydride acceptor. One such candidate is orf171 which is predicted to 

encode a NAD+ dehydrogenase. In the previous hypothesis, a fluorination mechanism catalyzed 

by a dehydrogenase would require removal of the C4’ hydrogen using NAD+ or NADP+ to form 

an oxocarbenium ion intermediate.9 This would allow for a fluoride ion to attack at the C4’ in a 

stereospecific fashion to reform the sp3 carbon (Figure 3-6 a).  In the current hypothesis, the 

latter mechanism occurs after abstraction of the C5’ and formation of the enol intermediate 

(Figure 3-6 b). Therefore, orf171 was selected for mutagenesis based on its potential to perform 

a fluorination mechanism. 
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Figure 3-6. Dehydrogenase mechanisms for fluorination. a) Removal of a hydride equivalent 
from C4’;9 b) Removal of a hydride equivalent, via acid-base catalysis, from C5’ followed by 
tautomerization to an oxacarbenium ion via an enol.  
 
3.1.2.2 The StrR-like transcriptional regulator encoded by orf191 
 
 The gene, orf191 is predicted to encode a streptomycin-like transcriptional regulator 

(StrR). A detailed introduction can be found in Appendix A that discusses the results of its 

overexpression using an integrative plasmid, pTESa.7 In summary, previous overexpression of 

this gene using pUWL, an autonomously replicating plasmid conjugated into S. calvus, was 

noted to enhance nucleocidin production.7  The sequences of strR and nucJ contain TTA codons, 

which makes their expression dependent on bldA.7 The role of regulatory genes such as strR in 

the expression of biosynthetic pathways is prevalent in literature. The production of 

streptomycin, produced by Streptomyces griseus, is controlled by an strR gene. It was also noted 
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that production of streptomycin is improved when strR is overexpressed.7 Therefore, orf191 was 

selected for mutagenesis to see if inactivation of this gene would abolish nucleocidin production 

or effect the level of production. 

3.1.2.3 Predicted genes involved in sulfamate biosynthesis; sulfatase (nucG), arylsulfatase 
(nucI) and PAP-dependent sulfotransferase (nucK) 
 
 Of the genes predicted to be involved in the biosynthesis of the sulfamate moiety on 

nucleocidin three were selected for mutagenesis; nucG, nucK and nucI. The gene, nucG is 

predicted to be a sulfatase, a class of enzyme that will hydrolyse sulfate esters.7 The gene, nucK 

is predicted to be a PAPS-dependent sulfotransferase.7 This class of enzyme uses a sulfate donor 

3’-phosphoadenosine-5’-phosphosulfate (PAPS) to assist in the transfer of a sulfo group (R-

OSO3
− ) to an alcohol sulfate or amine (R-NH-SO3

−) (Figure 3-7).10 NucK is thought to be 

responsible for transferring the sulfate with help from NucG and NucI. 

 

Figure 3-7. Proposed scheme for the addition of a sulfate to nucleocidin. 
 
The gene, nucI is predicted to encode an aryl sulfotransferase responsible for the catabolism of 

para-nitrophenol sulfate (PNPS) or related aryl sulfates.9  

 The genes for 5’-O-sulfamate biosynthesis were predicted by comparison to the 

ascamycin cluster in Streptomyces sp. JCM9888 and this described in Chapter 1.7 In total, there 

are 25 genes identified for the synthesis of ascamycin or dealanylascamycin, of these 23 are 

predicted to be responsible for synthesis of the 5’-sulfamate (dealanylascamycin) and 5’-N-
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alanyl-sulfamate (ascamycin) moiety. The nucleocidin cluster has 16 genes homologous to 

biosynthetic genes found in the ascamycin cluster, including 13 conserved genes that may 

encode biosynthesis of the sulfamate.7 

 Genes involved in PAPS synthesis, nucABW, are located an unknown distance outside the 

main nucleocidin cluster.10 In contrast, acmABW are located at either end of the ascamycin 

cluster.7 Adenosine 5’ phosphosulfate (APS) is synthesized by enzymes AcmAW (NucAW) and 

converted to PAPS using AcmB (NucB). PAPS is then potentially utilized by AcmGIK, 

analogous to NucGIK. AcmN is an amidinotransferase that may transfer the amine onto the 

sulfate. Other genes are discussed in Chapter 4.  Previously, acmG and acmK were knocked out 

in the ascamycin cluster and determined to be necessary for its biosynthesis.11 Therefore, nucG, 

nucI and nucK were selected for inactivation in the nucleocidin cluster, since little is known of 

their role in sulfamate biosynthesis in this cluster. 

3.1.3 Objective 
 
 The aim of the project was to inactivate genes in the nucleocidin cluster to elucidate those 

involved in the overall biosynthesis of nucleocidin, especially those involved in  the addition of 

the sulfamate and fluorine substituents. The genes to be inactivated were; orf171, encoding a 

predicted oxidoreductase that could hypothetically perform a fluorination mechanism, orf191, 

encoding a predicted StrR-like transcriptional regulator, and finally nucG, nucI, and nucK, three 

genes predicted to take part in addition of the 5’-sulfamate moiety. 

3.2 Methods 
 
 The assembly of the CRISPR constructs and some of the conjugations were performed in 

the Bechthold lab during the summer of 2016 at the University of Freiburg. 
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3.2.1 Materials and equipment  
 
 Tryptic soy broth was purchased from EMD Chemicals. D-mannitol was purchased from 

Bio Shop and tryptone from Fisher Scientific. Soya flour was purchased from a local grocer. 

Magnesium chloride hexahydrate was purchased from Fluka. The antibiotics phosphomycin, 

apramycin, kanamycin, and chloramphenicol were purchased from either Bio-Ship or Sigma-

Aldrich and unless otherwise stated, used at a final concentration of 200 µg/mL, 50 µg/mL,       

50 µg/mL, and 25 µg/mL, respectively. Plasmids, pCRISPomyces-1 and pCRISPomyces-2 were 

obtained from Addgene as LB agar E. coli stabs. E. coli ET12567/pUZ8002 cells (glycerol stock, 

-80°C freezer) were used as DNA donor cells for conjugation into S. calvus Spore 4. All other 

materials and equipment are mentioned in Chapter 2.  

3.2.2 Preparation of the pCRISPomyces plasmids 
 
 The E. coli agar stabs of pCRISPomyces-1 and pCRISPomyces-2 were streaked onto an 

LB agar plate containing apramycin (50 µg/mL) and incubated overnight at 37°C. Two colonies 

from each plate were inoculated into LB broth (5 mL) with apramycin (50 µg/mL) and incubated 

overnight at 37°C and 240 rpm. These were stored as 25% glycerol stocks by adding 500 µl of 

overnight culture to 500 µl of 50% sterile glycerol, mixed by inversion, frozen with liquid 

nitrogen, and stored at -80°C. The remainder of the culture was harvested as previously 

described and purified plasmids digested with restriction enzymes BamHI and EcoRI to confirm 

their structure. 

3.2.2.1 Design, Synthesis and Insertion of the CRISPR/ Cas9 sgRNA Spacer 
 
 CRISPR constructs were designed by analogy to that described by Zhao.1 Constructs 

were designed with 1 kb homology arms (HA) to delete a 42 bp region that includes the start 

codon of each gene of interest. A unique 20 bp protospacer was selected upstream of a PAM site. 
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An example of this approach is shown for orf171 in Figure 3-8. All other constructs followed 

this approach and the same plasmid map. The Golden Gate and Gibson Assembly process used 

to assemble all constructs is summarized in Figure 3-9. 

 

 
 
Figure 3-8. Selection of a protospacer and homology arms that will create a 42bp in-frame 
deletion knocking out the start codon of orf171. 
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Figure 3-9. A scheme summarizing the assembly of the sgRNA using Golden Gate 
Assembly and the HA using Gibson Assembly. 
 
In Appendix D, Figure D-5, an empty pCRISPomyces-2 plasmid is annotated with BbsI 

restriction sites. These sites are used for the insertion of the spacer. The LacZ cassette is used for 

blue-white screening of plasmids successfully assembled with this spacer. The XbaI restriction 

site is for insertion of the HA. Spacers were assembled into the BbsI restriction sites using 

Golden Gate Assembly1, and positive clones selected using blue-white screening.   

 The protospacer was ordered as a set of forward and reverse primers (Table 3-2). The 

forward and reverse oligos were suspended in dH2O to get a 100 µM solution. Forward primer  

(5 µL) and reverse primer (5 µL) were mixed in 30 mM HEPES, pH 7.8 (9 µL). Using a 

thermocycler, the reaction mix was heated for 5 minutes at 95°C, then cooled to 4°C at 0.1°C / s. 

BbsI BbsI

LacZ Cassette 
Codon-optimized Cas9 gene

Golden Gate 
Assembly

5’-ACGCNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNCAAA-5’

An annealed IDT DNA oligo with 4 bp ends 
complementary to the plasmid for seamless cloning 

with BbsI.
sgRNA (guiding RNA), 
also called a protospacer

XbaI
A complete construct 
with sgRNA and HA.

Step 1

Step 2
Gibson

Assembly pCRISPomyces-2 
sgRNA construct

pCRISPomyces-2

Upstream HA
Downstream HA

pCRISPomyces-2-
orf171

or orf191, nucG, 
nucI, or nucK
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The annealed oligos were inserted into pCRISPomyces-2 via Golden Gate Assembly (Table 3-3 

and Table 3-4). 

Table 3-2. Primers annealed as sgRNA spacers. Restriction sites for BbsI are underlined.1 

 
Primer Name  Sequence (5’-3’) 

171 sgRNA-F ACGCCATCGGCACCCGGCGAGGGG 

171 sgRNA-R AAACCCCCTCGCCGGGTGCCGATG
  

191 sgRNA-F ACGCCCGCTGGAGTGTGTTCAGGA 

191 sgRNA-R AAACTCCTGAACACACTCCAGCGG 

nucG sgRNA-F ACGCGTCCCGACGCATCCGAGGTG 

nucG sgRNA-R AAACCACCTCGGATGCGTCGGGAC 

nucI sgRNA-F ACGCGTAGGCGACATCGGCCCGGA 

nucI sgRNA-R AAACTCCGGGCCGATGTCGCCTAC 

nucK sgRNA-F ACGCCTCGCTGGCCGGCGTCAACG 

nucK sgRNA-R AAACCGTTGACGCCGGCCAGCGAG
  

 
 
Table 3-3. Reagents used for Golden Gate Assembly of pCRISPomyces-2 constructs.  
 
Reagent  Volume (µL) 
Plasmid (100ng) 0.2 
sgRNA oligo (diluted 10-fold) 0.3 
T4 ligase Buffer (NEB) 2 
BbsI (NEB) 1 
dH2O 15.5 
T4 ligase (NEB) Added last 1 
Total volume 20 
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Table 3-4. Program for Golden Gate Assembly. 
 
Step Program 
1 10 min at 37°C 
2 10 min at 16°C 
Go to step 1, 9 times  
3 5 min at 50°C 
4 20 min at 65°C 
5 Infinity at 4°C 
 
 Following assembly, the reaction mixture (5 µL) was transformed into E. coli DH10B 

chemically competent cells, with pCRISPomyces-2 as a control, and plated on LB agar with 

antibiotic. Then 0.5 M IPTG (10 µL) and 20 mg/mL X-gal (in DMSO) (40 µL) were used for 

blue-white screening to screen for positive clones. A white colony from each plate was streaked 

on fresh LB agar with antibiotic and incubated overnight. The plasmid was isolated and digested 

with the restriction enzyme XhoI to confirm insertion of the spacer.  

3.2.2.2 PCR Amplification of Homology Arms 
 
 Primers used to amplify HA for each construct are listed in Table 3-5. All primers were 

diluted to 10 µM and amplified per Table 3-6 and Table 3-7. The 1 kb HA were amplified from         

S. calvus Spore 4 gDNA isolated as described in Chapter 2.12 Modifications to the PCR program 

are as follows, where upstream HA is designated U and downstream HA as designated as D. The 

orf171 U HA was amplified with primers 1-171-F and 2-171-R, at an annealing temperature 

(Tm) of 60°C. The orf171 D HA was amplified using primers 3-171-F and 4-171-R at a Tm of 

58°C. The orf191 U HA was amplified using primers 5-191-F and 6-191-R at a Tm of 60°C, and 

the orf191 D HA was amplified using primers 7-191-F and 8-191-R at a Tm of 62°C. The nucG 

U HA and D HA were amplified using primers 13-nucG-F and 14-nucG-R, and primers 15-

nucG-F and 16-nucG-R, respectively at a Tm of 62°C. The nucI U HA and D HA were amplified 

using primers 17-nucI-F and 18-nucI-R, and 19-nucI-F and 20-nucI-R, respectively at a Tm of 
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62°C. The nucK U HA and D HA were amplified using primers 21-nucK-F and 22-nucK-R, and 

23-nucK-F and 24-nucK-R, respectively at a Tm of 62°C. All PCR products were purified on a 

1% agarose gel or column purified using the QIAquick® Gel Extraction Kit.  

Table 3-5. Primers used to amplify HA. Homologous overhangs used in Gibson Assembly are 
in lower case letters. 
 
Primer 
Name  

Sequence 5’-3’ 

1-171-F tgccgccgggcgttttttatGGGGTCTGTGCTCCCGAG 
2-171-R cggtcagccagcgcgcCGAGGATGCTCCTCCAGG  
3-171-F cctggaggagcatcctcgGCGCGCTGGCTGACCG 
4-171-R ctttttacggttcctggcctGCACACAGCAGTTGGGCG 
5-191-F tgccgccgggcgttttttatCGCAGGAACTCGGTCAGG 
6-191-R gatgcgcttcctggtcttcAACATCCGCGATTCGTCAAG 
7-191-F cttgacgaatcgcggatgttGAAGACCAGGAAGCGCATC 
8-191-R ctttttacggttcctggcctCCGAGGCGGTGCGCAGAT 
13-nucG-F tgccgccgggcgttttttatGCGGGCGACGAAGCCCG 
14-nucG-R cgtgatcgtaaggggcgttGCGGAAAGGGGCCGCGG 
15-nucG-F cgcggcccctttccgcAACGCCCCTTACGATCACG 
16-nucG-R ctttttacggttcctggcctGGGACCGGCCGTCGAAGA 
17-nucI-F tgccgccgggcgttttttatCCTCCCCCTCGTCCCAG 
18-nucI-R ccgcgaaaggacacacagGCCGATGTCGCCTACTCG 
19-nucI-F gagtaggcgacatcggcCTGTGTGTCCTTTCGCGG 
20-nucI-R ctttttacggttcctggcctAGTTGAGCCTGGGCGTCG 

21-nucK-F tgccgccgggcgttttttatTGCGGCTCGACCTGTGGC 

22-nucK-R gatgatgagaacgggaccGACGTCATTTTCTTCGCGCC 

23-nucK-F gcgcgaagaaaatgacgtcGGTCCCGTTCTCATCATCG 
24-nucK-R ctttttacggttcctggcctGGCCGTTCTCAGCCGGAG 
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Table 3-6. PCR reagents used for amplification of upstream and downstream HA. 
 
Reagent  Volume (µL) 
dH2O 15.95  
Buffer 5  
dNTPs 0.25  
DNA template 0.3  
Primer F 1  
Primer R 1  
DMSO (5%) 1.25 
Herculase Phusion Polymerase  0.25 

Added after Step 1 of PCR program. 
Total volume 25 

 
Table 3-7. PCR amplification program for upstream and downstream HA. 
 
Step Program 
1 2 min at 98°C 
2 20 s at 98°C 
3 30 s at 58, 60 or 62°C 
4 30 s at 72°C 
Go to step 2, 30 times  
5 2 min at 72 C 
6 Infinity at 4°C 
 
3.2.2.3 Gibson Assembly of Homology Arms into pCRISPomyces-2 

 All constructs containing the sgRNA were electroporated into E. coli XL1Blue. The 

plasmids were isolated and digested with the restriction enzyme XbaI, and the linear products 

were gel purified. The following constructs were assembled using Gibson Assembly using 

components amplified with complementary Gibson overhangs. The construct for 

pCRISPomyces-2-orf171 was assembled using linear plasmid (54 ng) and the corresponding 

upstream HA (25 ng) and downstream HA (25 ng). The pCRISPomyces-2-nucI construct was 

assembled with linear plasmid (53 ng) and the corresponding HA (100 ng each). The 

pCRISPomyces-2-nucK construct was assembled with linear plasmid (52 ng) and the 

corresponding HA (100 ng of each). The construct for pCRISPomyces-2-nucG was assembled 
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with linear plasmid (50 ng) and the corresponding HA (100 ng of each). Appendix D, Figure D-6 

is an example of a completed construct for orf171. Unfortunately, the construct for 

pCRISPomyces-2-orf191 was not successfully assembled with linear plasmid (33 ng) and the 

corresponding HA (25ng each). Assembled constructs were electroporated into XL1Blue and 

confirmed using the restriction enzyme XhoI. These were electroporated into E. coli 

ET12567/pUZ8002, a high efficiency conjugating strain of E. coli.12 

3.2.3 Intergeneric Conjugation of pCRISPomyces Constructs 
 
 The following is an overview of the various conjugation methods12 attempted that were 

successful for some constructs, but not for others. All methods were performed under sterile 

conditions. 

3.2.3.1 Conjugation of nucI and nucK Constructs Using Acceptor Cells of Different Ages 
 
 This method was attempted for the conjugation of nucI and nucK constructs without 

success. 

3.2.3.1.1 Preparation of Donor Strain 
 
 A single colony of E. coli ET12567/pUZ8002 transformed with pCRISPomyces-2-nucI 

or pCRISPomyces-2-nucK was inoculated in LB broth (100 mL) containing kanamycin           

(50 µg/mL) and apramycin (50 µg/mL). These cultures were incubated for 16 hours at 37ºC and 

240 rpm. The cultures were split between 50 mL Falcon tubes and centrifuged for 15 minutes at 

3 018xg. The E. coli pellets were washed twice with TSB (10 mL) then centrifuged for 10 

minutes. There was a total of four pellets, two from the E. coli ET12567/pUZ8002- 

pCRISPomyces-2-nucI cultures and two from the pCRISPomyces-2-nucK cultures. 
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3.2.3.1.2 Preparation of Acceptor Strain 
 
 S. calvus Spore 4, from a 25% sucrose freezer stock, was streaked onto a mannitol-soy 

(MS) agar (25 mL) plate containing 10 mM MgCl2. This was incubated for four days at 28°C. 

Two sporulating colonies were used to inoculate two TSB (20 mL) cultures that were incubated 

at 28°C and 180 rpm for two days. Two TSB (20 mL) cultures were propagated from the two-

day-old cultures (1 mL into each) and both sets of cultures incubated for 24 hours at 28°C and        

180 rpm. The three-day and one-day propagations were combined as 40 mL fractions in 50 mL 

Falcon tubes. All tubes were centrifuged at 3,018 x g for 15 minutes and the pellets washed twice 

with TSB (20 mL), then centrifuged at 3,018 x g for 10 minutes. 

3.2.3.1.3 Intergeneric Conjugation of Donor and Acceptor Strain 
 
   The S. calvus pellet was suspended in TSB (10 mL) and 700 µL added to             

6 x 2 mL Eppendorf tubes. Each E. coli pellet was suspended in TSB (300 µl) and the 

suspensions added to the above Eppendorf tubes, two duplicates for nucI and nucK constructs, 

and two controls without E. coli were made. For the two S. calvus Spore 4 controls, TSB        

(300 µl) was added so that the total volume was 1 mL. These suspensions were mixed with 1 mL 

pipette tips and the 1 mL added to MS agar plates (10 mM MgCl2) pre-warmed at 28°C and 

prepared the day of conjugation. These were left open at the back of the biosafety cabinet to dry 

for 25 minutes. After, the plates were incubated at 28°C for 8.5 hours, then overlaid with 1 mL 

of apramycin solution for a final concentration of 50 µg/mL and phosphomycin for a final 

concentration 200 µg/mL, respectively. The positive control was overlaid with phosphomycin, 

and the negative control overlaid with both antibiotics. Incubation at 28°C was continued for 

eleven days. As expected, the positive control had sporulating colonies and the negative control 

did not. Nothing grew on the six conjugation plates. 
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3.2.3.2 Conjugation of orf171, nucG, nucI and nucK Constructs Using One-Day-Old 
Acceptor Cells  
 
 This method was attempted for the conjugation of orf171, nucG, nucI and nucK 

constructs, and was not successful. 

3.2.3.2.1 Preparation of Donor Strain 
 
 LB broth (25 mL) with kanamycin and apramycin was inoculated with a single colony of 

E. coli ET12567/pUZ8002 transformed with either of the constructs mentioned above. These 

were incubated for 16 hours at 37ºC and 240 rpm. These cultures were centrifuged at room 

temperature at 1 800xg for 10 minutes and washed once with 2xYT (20 mL). Each pellet was 

suspended in 2xYT (200 µL).  

3.2.3.2.2 Preparation of Acceptor Strain 
 
 TSB (25 mL) was inoculated with a spore of S. calvus Spore 4 and incubated for 24 hours 

at 28ºC and 240 rpm. This culture was centrifuged at room temperature at 1,800 x g for                 

10 minutes. The pellet was suspended in 2xYT (1 mL). 

3.2.3.2.3 Intergeneric Conjugation of Donor and Acceptor Strain 
 
 The S. calvus suspension (200 µL) was added to an E. coli suspension (200 µL). The 

combined suspension (400 µL) was mixed with cut pipette tips and plated on MS agar as 

mentioned above. There was one replicate for each construct; orf171, nucG, nucI, and nucK, 

along with controls. Antibiotic was overlaid after 10 hours and the plates incubated for five days. 

The positive and negative controls grew as expected. Nothing grew on the conjugation plates. 
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3.2.3.3 Conjugation of orf171 Constructs Using the Spore Prep Method  
  
 This method was attempted for the conjugation of the orf171 construct and was 

successful. 

3.2.3.2.1 Preparation of Donor Strain 
  
 A single colony of E. coli ET12567/pUZ8002-pCRISPomyces-2-orf171 was inoculated 

in 2xYT (25mL) with kanamycin (50 µg/mL) and apramycin (50 µg/mL). The culture was 

incubated for 16 hours at 37 ºC and 240 rpm. 

3.2.3.2.2 Preparation of Acceptor Strain 
 
 TSB (20 mL) was inoculated with a spore of S. calvus Spore 4 and incubated for one day 

at 28ºC and 180 rpm. The TSB culture (1 mL) was plated on MS agar containing 20 mM MgCl2, 

and incubated for four days at 28ºC. Spores were suspended with 25% sucrose (5 mL) using a 

cotton swap. A cut pipette tip was used to add the dark purple suspension (1 mL) to four 

Eppendorf tubes. The tubes were centrifuged at 15,700 x g for three minutes, and 500 µL of the 

supernatant was removed. The pellet was suspended in the remaining 500 µL, and the preps 

stored at -20ºC. 

3.2.2.2.3 Intergeneric Conjugation of Donor and Acceptor Strain 

 The spore preparation was thawed on ice for 15 minutes. E. coli was centrifuged in a 50 

mL Falcon tube at 3 018 x g for five minutes at 4°C, and washed twice with chilled 2xYT          

(5 mL). Spore prep (50 µL) was added to 2xYT (50 µL) in five Eppendorf tubes. These were 

heated at 50°C for 10 minutes and cooled for one minute to promote germination of the spores. 

The E. coli pellet was suspended in 2xYT (500 µL) and cut pipette tips used to mix the E. coli 

cells  (100 µL) with the spore prep (100 µL). Five of these were plated on MS agar (20 mM 

MgCl2) as mentioned above. Antibiotic was added nine, 12 and 24 hours after incubation at 
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28ºC. A positive and negative control were incubated for 24 hours. The positive control had 

sporulating colonies after four days, and the nine-hour conjugation plate had one colony after 

five days. This and the controls were left to incubate for an additional day at 28°C. After six days 

of total incubation, this single colony and a colony from the positive control were streaked on 

MS agar with apramycin (50 µg/mL). The plate was incubated at 37°C for six days, and the 

control did not grow as expected. The exconjugant was inoculated in TSB (50 mL) and incubated 

for two days at 28°C and 180 rpm then stored as a 25% sucrose stock at -80°C.  

3.2.3.4 Conjugation of orf171, nucG, nucI, nucK, pTESa, and pSET Using Dense Plates of 
S. calvus Spore 4 and E. coli ET12567/pUZ8002 
 
 This method was attempted for the conjugation of all the constructs with no success. 
 
3.2.3.4.1 Preparation of Donor Strain 
 
 Along with the pCRISPomyces constructs mentioned above, integrative plasmids pTES 

and pSET, and pCRISPomyces-2 were transformed by heat shock into E. coli 

ET12567/pUZ8002, and plated on LB agar with kanamycin and apramycin. These were 

incubated at 37°C for 24 hours to get a dense lawn of cells. The lawns were suspended using a 

spreader and dH2O (2 mL), and 1 mL added to Eppendorf tubes. These were centrifuged at low 

speed, 8 000 x g for three minutes. Supernatant was decanted leaving a residual amount of about 

100 µL to suspend the E. coli cells.  

3.2.3.4.2 Preparation of Acceptor Strain 
 
 TSB (20 mL) was inoculated with S. calvus Spore 4 and incubated for 24 hours at 28°C 

and 180 rpm and 1 mL of culture spread on two MS agar plates (20 mM MgCl2). These were 

incubated at 37°C for five days. The lawn of spores was suspended using a sterile spreader and 

dH2O (8 mL). The suspension of one plate was combined with that of the second. This was 

aliquoted (1 mL) into Eppendorf tubes using cut pipette tips. The tubes were incubated at 50°C 
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for 10 minutes. These were centrifuged at low speed, 8,000 x g for three minutes. The 

supernatant was decanted leaving a residual amount of about 100 µL to suspend the spores.  

3.2.3.4.3 Intergeneric Conjugation of Donor and Acceptor Strain 
 
 Using an Eppendorf tube rack, the spores and E. coli were suspended, then centrifuged 

for 10 seconds to collect cells or spores off the walls of the tube. The E. coli was mixed with a 

spore prep and spread on MS agar as described above, and incubated at 37°C for nine hours, then 

overlaid with antibiotic. The pTESa and pSET control plates had sporulating colonies within 

three days at 37°C, along with the positive control. This is expected as integrative plasmids are 

more efficient in conjugations. Therefore, they were selected to confirm the efficacy of the 

conjugation protocols. After five days nothing had grown on the conjugation plates or plate 

conjugated with a pCRISPomyces-2 control. 

3.2.3.5 Conjugation of orf171, nucG and pTESa Using Dense Plates of S. calvus Spore 4 and 
E. coli ET12567/pUZ8002 
 
 This method was attempted for the conjugation of orf171and nucG constructs, and a 

pTESa control. It was successful for the nucG construct. 

3.2.3.5.1 Preparation of Donor Strain 
 
 LB broth (20 mL) was inculcated with a single colony of E. coli ET12567/pUZ8002. 

Cultures were incubated for 16 hours at 37°C then centrifuged at 3,000 x g for 10 minutes, and 

washed with dH2O (20 mL). The pellet was suspended in dH2O (4 mL). 

3.2.3.5.2 Preparation of Acceptor Strain 
 
 Two spore plates were made by spreading 1 mL of a 24 hour culture on MS agar            

(20 mM MgCl2) that were incubated for four days at 37°C. A spreader was used to suspend 

spores in dH2O (4 mL). The suspension (2 mL) was added to Eppendorf tubes. These were 
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incubated at 50°C for 10 minutes and centrifuged at 15,700 x g for two minutes. The supernatant 

was removed with a pipette and spores suspended in the residual 200 µL. 

3.2.3.5.3 Intergeneric Conjugation of Donor and Acceptor Strain 
 
 E. coli (1 mL) was mixed with a spore prep, plated and incubated for nine hours. These 

were overlaid with antibiotics apramycin (25 µg/mL) and phosphomycin (200 µg/mL). 

Incubation at 28°C was continued for six days. There was a negative and positive control, two 

plates conjugated with pTESa, two for conjugated with the orf171construct and four conjugated 

with the nucG construct. Spores conjugated with pTESa grew in three days, and those conjugated 

with nucG had 20 sporulating colonies after five days. Plates were incubated maximum six days, 

with nothing seen on the plates conjugated with the orf171 construct. The 20 colonies from the 

nucG conjugation plates were streaked onto fresh MS agar with apramycin (25 µg/mL) and 

incubated at 28°C for six days. Colonies 3, 5, 10, 14, and 15 grew and were renamed 

exconjugant 1, 2, 3, 4, and 5. TSB (25 mL) with apramycin (50 µg/mL) was individually 

inoculated with exconjugants 1 through 5, and incubated at 28°C and 180 rpm for four days. 

Stocks were made in 25% sucrose and stored at -80°C. 

3.2.3.6 Conjugation of pTESa and nucK construct Using Spore Prep Method 
 
3.2.3.5.1 Preparation of Donor Strain 
 
 A single colony of E. coli ET12567/pUZ8002 containing the nucK construct was 

inoculated in two 2xYT (20 mL) cultures, along with a pTESa control, and incubated for 16 

hours at 37°C with antibiotics kanamycin (50 µg/mL), apramycin (50 µg/mL), and 

chloramphenicol (25 µg/mL). These cultures were combined and centrifuged at 4,000 rpm for    

10 minutes at 4°C. These were washed once with sterile dH2O (20 mL), centrifuged again and 

the supernatant decanted. The pellet was suspended in dH2O (5 mL). 



	 75	

3.2.3.5.2 Preparation of Acceptor Strain 
 
 Spore 4 preps (300 µL) prepared as previously described, were added to four Eppendorf 

tubes and thawed on ice for 15 minutes. These were then incubated at 50°C for 10 minutes and 

centrifuged at 15,700 x g for one minute. Then supernatant (100 µL) was removed and the spores 

suspended in the remaining 200 µL of sucrose. 

3.2.3.5.3 Intergeneric Conjugation of Donor and Acceptor Strain 
 
 E. coli suspension (1 mL) was mixed with each spore prep using cut pipette tips. These 

were spread on MS agar plates (20 mM MgCl2), incubated overnight at 28°C, then overlaid with 

apramycin (25 µg/mL) and phosphomycin (200 µg/mL). Incubation continued for six days at 

28°C. After three days of incubation the pTESa controls had hundreds of sporulating colonies. 

The conjugation with the nucK construct also had hundreds of sporulating colonies. Of these, 10 

were streaked on a MS agar plate (20 mM MgCl2) containing apramycin (50 µg/mL) and 

incubated at 37°C for three days. These were inoculated in TSB without antibiotic and incubated 

for four days at 37°C and 180 rpm to clear the plasmid, then stored as 25% sucrose stocks at         

-80°C. 

3.2.4 Clearing the Exconjugants of the pCRISPomyces-2 Plasmid Constructs 

 In the published protocol1, pCRISPomyces-1 was used as an example to demonstrate the 

clearance of these plasmids. Exconjugants are streaked on MS agar with antibiotic then grown in 

liquid culture at high temperature (37°C to 39°C) without antibiotic to a stationary phase. A 

fraction is plated to isolate individual colonies. They stated that multiple colonies had restored 

sensitivity to apramycin demonstrating the plasmid had been cleared. In a similar fashion, TSB 

(20 mL) with no antibiotic was inoculated with 10 exconjugants from frozen 25% sucrose stocks 

and incubated for two days at 37°C and 180 rpm. These cultures (200 µL) were spread on MS 
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agar (20 mM MgCl2) with or without apramycin (50 µg/mL). These 10 plates were incubated for 

two days at 37°C and sporulating colonies grew on both plates. Individual colonies from these 

plates were spread onto new MS agar with or without antibiotic and grew the same as the latter. 

As expected, the S. calvus Spore 4 control streaked on a plate with antibiotic did not grow. This 

control was used to test the efficacy of the antibiotic prepared. Exconjugant 2 for nucG was 

inoculated in TSB (20 mL) with no antibiotic and incubated for one day at 37°C and 180 rpm. 

This was diluted 1:1000 in TSB (20 mL) with no antibiotic and incubated for 3 days at 37°C and 

180 rpm. This culture (100 µL) was spread on MS agar (20 mM MgCl2) without antibiotic and 

incubate for three days at 37°C. There were over 20 sporulating colonies and 13 were streaked 

on MS agar with apramycin (50 µg/mL).  

3.3 Results  

3.2.2 Preparation of the pCRISPomyces plasmids 
 
  Restriction enzymes BamHI and EcoRI were used to determine that the plasmids 

received from Addgene were pCRISPomyces-1 and pCRISPomyces-2. Band sizes 8,774 and       

2,701 bp are expected. In Figure 3-10, the expected sizes are seen at about 8 kb and slightly 

below 3 kb for each of the two clones, respectively. Only pCRISPomyces-2 was used for further 

studies in this chapter. 
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Figure 3-10. Digests of pCRISPomyces plasmids using BamHI and EcoRI. 1% agarose gel 
shown; Lane 1, DNA Ladder (SM0333, Fermentas); Lane 2 and 3, pCRISPomyces-1; Lane 4 
and 5, pCRISPomyces-2.  
 
3.2.2.1 Design, Synthesis, and Insertion of the CRISPR/ Cas9 sgRNA Spacer 
 
 If the lacZ cassette is excised, and replaced with the sgRNA spacer during assembly, 

positive E. coli clones containing the resulting plasmid will appear white when incubated with 5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside, also known as X-Gal. If not, negative clones 

will appear blue due to hydrolysis of X-Gal by the ß-galactosidase encoded by lacZ and the 

production of insoluble 5,5'-dibromo-4,4'-dichloro-indigo. After overnight incubation, the 

control E. coli DH10B strain transformed with pCRISPomyces-2 produced over 50 blue colonies 

and the control with just E. coli DH10B had no colonies, as expected. The plates transformed 

with the pCRISPomyces-2 constructs for orf171, orf191, nucG, nucK, and nucI had between 20 

to 40 white colonies with zero to three blue colonies (Figure 3-11). Plasmid was isolated from 

positive clones and digested with XhoI. The expected band sizes for each construct are 4,387,     

3,319, 2,525, and 327 bp, respectively. In Figure 3-12, the digest produced bands of sizes 4 kb,   

3 kb, 2.5 kb and 300 bp, respectively. The contrast had to be increased to make the 300 bp band 

more visible. This reduced the resolution of the 2.5 and 3 kb markers. Prior to this, the bottom of 
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the band was the 2.5 kb marker and the upper part of the band was the 3 kb marker. Based on the 

correct pattern, all constructs were assembled with the sgRNA via Golden Gate Assembly. 

 

  
Figure 3-11. pCRISPomyces-2 control (left) and pCRISPomyces sgRNA construct for 
orf171 (right). Blue-white screening in E. coli 10B using LB agar overlayed with apramycin and 
X-Gal was used to identify pCRISPomyces-2 plasmids successfully assembled with the sgRNA. 
 
 

 
Figure 3-12. Restriction digest of pCRISPomyces sgRNA constructs. 1% agarose gel shown. 
Lane 1, DNA Ladder (SM0333, Fermentas); Lane 2-7, sgRNA constructs for nucK, nuc191, 
nucI, orf171, and nucG. 
 
 
3.2.2.2 PCR Amplification of Homology Arms 
 
 The PCR amplification of each HA was successful as indicated by bands at slightly above 

1 kb (Figure 3-13). This is expected since the homologous overhangs add an extra 40 bp to the 

size of the amplicon. 
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Figure 3-13. PCR amplified HA products. 1% agarose gel shown. Lane 1, DNA Ladder 
(SM0333, Fermentas); Lane 2 orf171 D; Lane 3, DNA Ladder; Lane 4, orf171 U; Lane 5, orf191 
U; Lane 6, DNA Ladder; Lane 7, orf191 D; Lane 8, nucG U; Lane 9, nucI U; Lane 10, nucI D; 
Lane 11, nucG D; Lane 12, DNA Ladder; Lane 13, nucK U; Lane 14, nucK D. 
 
3.2.2.3 Gibson Assembly of Homology Arms into pCRISPomyces-2 

 The results of the transformations performed after Gibson Assembly are as follows. On 

LB agar plates containing apramycin (50 µg/mL) there were two transformants for orf171, 10 for 

orf191, and four transformants for nucG, nucI, and nucK. Plasmid was isolated and digested with 

restriction enzyme XhoI. Constructs for orf171, nucG, nucK, and nucI had the correct bands sizes 

and were successfully assembled. A construct with only sgRNA and no HA will have expected 

band sizes are 4,387, 3,319, 2,525, and 327 bp, respectively. Expected sizes for pCRISPomyces-

2-nuc171 are 4,541, 4,387, 3,319 and 327 bp, respectively. In Figure 3-14, these are a bold band 

above 4 kb and bands at 3 kb and 300 bp. Expected sizes for pCRISPomyces-2-nucG are 4,525, 

4,387, 3,319, and 327 bp, respectively. In Figure 3-15, these are a bold band at 4 kb, and a band 

3 kb and 300 bp. Expected sizes for pCRISPomyces-2-nucI are 4,387, 3,319, 3,243, 1,278, and 

327 bp, respectively. In Figure 3-16, these are 4 kb, 3 kb, 1,200 and 300 bp. Expected sizes for 

pCRISPomyces-2-nucK are 4,387, 3,319, 2,758, 1,757, 327 bp. In Figure 3-17, these are 4,000,  

3 000, 2 700, 1 700 kb, and in this case the 300 bp band is not visible for clones or control. 
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Finally, expected sizes for pCRISPomyces-2-orf191 are 4,387, 3,319, 3,368, 1,177, and 327 for a 

complete construct, and 4,387, 3,319, 2,367, 1,176, and 327 for a half complete construct. In 

Figure 3-18 Lanes 1-5, the pattern is consistent with Lane 11, a construct containing only the 

sgRNA. In Figure 3-18 Lanes 6-10, these are 4,000, 3,000, 2,300, 1,100, and 300 kb, which are 

characteristic of a construct assembled with just the upstream HA. 

 
Figure 3-14. Restriction digest of pCRISPomyces-2-orf171 completed construct. 0.7% 
agarose gel shown. Lane 1, DNA Ladder (N3232L, NEB); Lane 2-3, positive clones for 
pCRISPomyces-2-orf171; Lane 4, control of pCRISPomyces with sgRNA only. 
 
 

 
Figure 3-15. Restriction digest of pCRISPomyces-2-nucG completed construct. 0.7% 
agarose gel shown. Lane 1, DNA Ladder (N3232L, NEB); Lane 2-3, positive clones for 
pCRISPomyces-2-nucG; Lane 4, control of pCRISPomyces with sgRNA only. 
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Figure 3-16. Restriction digest of pCRISPomyces-2-nucI completed construct. 2% agarose 
gel shown. Lane 1, DNA Ladder (N3232L, NEB); Lane 2-3, positive clones for pCRISPomyces-
2-nucI; Lane 4, control of pCRISPomyces with sgRNA only. 
 

 
Figure 3-17. Restriction digest of pCRISPomyces-2-nucK completed construct. 2% agarose 
gel shown. Lane 1, DNA Ladder (N3232L, NEB); Lane 2-3, positive clones for pCRISPomyces-
2-nucK; Lane 4, control of pCRISPomyces with sgRNA only. 
 

 
Figure 3-18. Restriction digest of pCRISPomyces-2-orf191 completed construct. 1% agarose 
gel shown. Lane 1, DNA Ladder (N3232L, NEB); Lane 2-5, unsuccessful Gibson clones for 
pCRISPomyces-2-orf191; Lane 6-10, clones that are assembled with only one homology arm for 
pCRISPomyces-2-orf191; Lane 11, control of pCRISPomyces with sgRNA only. 
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3.2.3 Intergeneric Conjugation of pCRISPomyces Constructs 
 
 Of the conjugation methods attempted, the spore prep method and method using dense 

plates of E. coli and S. calvus spores worked for a few constructs. The spore prep method worked 

successfully for the conjugation of pCRISPomyces-2-orf171 and pCRISPomyces-2-nucK. 

Conjugating with freshly grown dense plates worked successfully for the conjugation of 

pCRISPomyces-2-nucG. 

3.2.4 Clearing the Exconjugants of the pCRISPomyces-2 Plasmid Constructs 
 
 The nucG construct was successfully cleared in 6 of 13 spores.  Plating a second 

propagation that was diluted 1:1000 in TSB from the first culture worked to clear the plasmid. 

This was a trial using nucG exconjugant 2, and can be used in future clear the plasmids from 

exconjugants of nucG and nucK, and the one orf171 exconjugant. However, when plating spores 

onto a new selective plate the same toothpick should be used to streak a non-selective plate at the 

same time so that cleared clones can be propagated. 

3.4 Discussion 
 
 Conjugation of the pCRISPomyces-2 constructs was met with a lot of difficulty, and 

many methods and recommendations were tried. These included changing incubation times, 

using a richer media like 2xYT, reducing the concentration of apramycin to 25 µg/mL, changing 

the volume of donor and acceptor cells mixed together, adding chloramphenicol12, and increasing 

the MgCl2 concentration13. Addition of chloramphenicol and increasing the MgCl2 concentration 

were recommended by Keiser et al for Streptomyces that are difficult to conjugate.12 Positive 

controls always grew indicating that the conjugated spores were competent. In conjugations 

CaCl2 (50 mM) is also used, however this reacts with apramycin.12 It was recommended by a 

student in the Bechthold lab to use the spore prep method or fresh spores grown on a plate. Both 
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methods use heat to initiate germination of spores, which increases the chances of conjugation. 

Initially, incubations were varied from 8-24 hours before adding antibiotic, and 5-11 days after 

adding antibiotic. However, there was no consistency when successful methods were used in 

conjugating other constructs. Incubation was reduced to a maximum of five days, since the 

control conjugated with a pTESa plasmid had sporulated in less than three days of incubation. 

Therefore, the pCRISPomyces plasmid or S. calvus are likely the issue.   

 To test if the acceptor strain was an issue along with the efficacy of the methods used, the 

integrative plasmid, pTESa was conjugated in parallel with an empty pCRISPomyces-2 plasmid. 

Except for the pCRISPomyces-2, this conjugated successfully using the spore prep method or 

fresh dense plates. Furthermore, in Chapter 4 pTESa-acmX was conjugated successfully using S. 

calvus cultures of different ages. Therefore, the mode of replication may be the issue as 

demonstrated by the efficiency of the controls. The control, pTESa is an integrative plasmid, 

which is more efficient than an autonomously replicating plasmid like pCRISPomyces. 

 Expression of the Cas9 gene is driven by a strong constitutive promoter, rpsLp
13, which 

leads to overexpression.2 As seen with recombinant proteins, this can be detrimental to the cell, 

either overwhelming the cell, or the native function of the protein is toxic to the cell. Therefore, 

inducible promoters are frequently used. In the case of Cas9, it may bind PAM sites non-

selectively if in excess. This trait is often associated with the inherent toxicity or off-target 

effects of CRISPR/ Cas9.2 Therefore, an inducible promoter can be used to reduce 

overexpression.2 In future, PEG-assisted transformation of Streptomyces protoplasts could be an 

alternative method to conjugate the remainder of the constructs.12  
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3.5 Conclusions  
 
 Future work will look at confirming the mutations with sequencing, and analyzing 

extracts for nucleocidin or fluoro-derivatives using 19F-NMR spectroscopy. Like a previous 

study, complementation of a corrected copy of the mutated gene can be used to investigate 

potential polar or off-target effects.14 Considering the publication on the feeding of S. calvus with 

labelled glycerol, it would also be worth assaying the dehydrogenase encoded by orf171 with a 

sugar as a substrate, since it has homology to glucose-fructose oxidoreductase from Zymomonas 

Mobilis.15 The homolog oxidizes one substrate, glucose to gluconolactone then uses the resulting 

NADPH to reduce fructose to sorbitol. Furthermore, with a conserved set of genes identified for 

sulfate biosynthesis further mining for sulfamate metabolites can continue in future. Future work 

can also look at targeting other genes involved in sulfate biosynthesis, knocking out regulatory 

gene orf178, or excising large sections of the cluster as mentioned in Chapter 2.  
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Chapter 4 
Biosynthesis of a Chloro-nucleocidin Derivative 
4.1 Introduction 
 
 The incorporation of halogens into bioactive molecules can be used to create analogs of 

pharmaceutical compounds to improve activity, therapeutic scope or reduce toxicity.1 Rather 

than use synthetic chemistry, methods for engineering biosynthetic pathways, and the enzymes 

involved, to create such halogenated molecules are emerging.1 One method is directed evolution 

to enhance stability or alter substrate selectivity of enzymes. Scientists can also exploit substrate 

promiscuity of enzymes, like the S. cattleya fluorinase that was observed to be a chlorinase when 

chloride ions were added during assays in vitro (Figure 4-1).2 

 
Figure 4-1. The fluorinase catalysing the fluorination or chlorination of 5’-FDA. Adapted 
from reference 2. 
 
 Another method involves expressing halogenase genes in new hosts to incorporate halogens into 

other natural products. Like the methodology performed in this chapter, one study looked at 

creating chlorinated derivatives of clorobiocin, an antibacterial produced by Streptomyces 

roseochromogenes. This was done by heterologously expressing hrmQ from Streptomyces 

griseoflavus W-384 the producer of hormaomycin in a S. roseochromogenes mutant with an 

inactive pyrrole-5-methyl-transferase.4 Hormaomycin has a 5-chloropyrrole moiety similar to the 

5-methylpyrrole of clorobiocin (Figure 4-2). Therefore, it was predicted that HrmQ, a protein 

with sequence similarity to FADH2-dependent halogenases, would chlorinate clorobiocin.  Two 

chloro analogues of clorobiocin, novclobiocin 124 and 125 were synthesized in the heterologous 
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mutant host (Figure 4-2). Novclobiocin 124 and 125 were tested for antibacterial activity against 

Bacillus subtilis. Novclobiocin 124 had the highest activity against the DNA gyrase of Bacillus 

subtilis at 88% since its structure was almost equivalent to clorobicin. Novclobiocin had only 

25% activity. 

 

Figure 4-2. Biosynthesis of clorobiocin and combinatorial biosynthesis of derivatives 
novclobiocin 124 and 125 via heterologous expression of HrmQ. Adapted from reference 4. 
 

  Heterologous expression of halogenase genes in S. calvus could similarily be used to 

create chlorinated derivatives of nucleocidin that have new bioactivities. Analysis of the 
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ascamycin cluster that produces dealanylascamycin and ascamycin, reveals significant homology 

to the cluster encoding nucleocidin.6  

 Nucleocidin has a similar structure to dealanylascamycin and ascamycin, except for the 

chlorine on the C2 position of the purine base, and the L-alanine group on the 5’-sulfamate of 

ascamycin. The putative genes hypothesized to chlorinate these compounds are acmX and acmY. 

These were identified to have homology to FADH2-dependent halogenases, and were found 

about 1 million base pairs from the genes used for 5’-O-sulfamate biosynthesis.7 However, gene 

knock out studies and in vitro assays with these enzymes is required to elucidate and confirm 

their function in chlorination.  

 The ascamycin gene cluster is predicted to have 23 biosynthetic ORFs including the two 

halogenase ORFs mentioned above.7 These were inferred from sequence alignments and gene 

disruption experiments. The gene acmE, predicted to encode an esterase, was shown to be 

essential for ascamycin biosynthesis through gene disruption. The biosynthesis of 

dealanylascamycin and ascamycin is proposed to begin with AcmT, a phosphatase that 

phosphorylates D-ribose to produce D-ribose-1-phosphate. A phosphoribosyltransferase, AcmV 

displaces the phosphate with adenine to form adenosine. Biosynthesis of the 5’-O-sulfamate is 

predicted to be performed by acmA, acmB, acmG, acmI, acmK and acmW (Figure 4-5). 

Adenosyl 5’-phosphosulfate (APS) or 3’phosphoadenosine 5’-phosphosulfate (PAPS) are used 

by a family of sulfotransferases as activated sulfate donors, since sulfate ions cannot be used 

directly.7 They are sulfated forms of ATP produced by adenylsulfate kinase, AcmB. A 

sulfotransferase, like AcmK, or sulfate adenyltransferases AcmA or AcmW, transfer the 

activated sulfate to the 5’ position of adenosine. The functions of two sulfatases AcmG and 

AcmI, encoded by the cluster are uncertain.  



	 89	

 The genes that are conserved between the nucleocidin and ascamycin clusters were used 

to infer those involved in the biosynthesis of the 5’-O-sulfamate of nucleocidin. The genes 

involved in PAPS synthesis (nucABW) for nucleocidin are in a smaller cluster an unknown 

distance from the main cluster for nucleocidin. In contrast, the genes encoding PAPS synthesis to 

support the biosynthesis of dealanylascamycin and ascamycin flank the proposed ascamycin 

cluster.6 Finally, the aminotransferase AcmN is proposed to transfer an amino group to the 5’-O-

sulfate to produce the 5’-sulfamate in dealanylascamycin. AcmD and AcmF are predicted to be 

alanyl-tRNA synthetases. Inactivation of the predicted esterase gene acmE produced 

dealanylascamycin revealing that AcmE is responsible for adding L-alanine to get ascamycin. 

Therefore, AcmD or AcmF are proposed to synthesize the L-Ala-tRNA molecule, which is then 

a substrate for AcmE to transfer the L-Ala to the sulfamate to produce ascamycin (Figure 4-3).7 

 
Figure 4-3. Overall biosynthesis of dealanylascamycin and ascamycin. Adapted from 
reference 7.  
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4.1.1 Objective 
 
 The aim of the project is to integrate the two putative chlorinase genes, acmX and acmY, 

from Streptomyces sp. JCM9888 onto the genome of S. calvus to promote the biosynthesis of a 

chlorinated derivative of nucleocidin. Since nucleocidin shares a similar structure to ascamycin, 

it is hypothesized that chlorination may occur at the C2 position on the purine base.  

4.2 Methods 
4.2.1 Materials and Equipment 
 
All materials, strains and reagents are described in previous chapters. Streptomyces sp. JCM9888 

was purchased from JCM. All enzymes were obtained from NEB.  

4.2.2 Revival and Storage of Streptomyces sp. JCM9888 
 
 Streptomyces sp. JCM9888 was revived from a lyophilized powder and suspended in 

656-tryptone-yeast extract broth containing 0.2% MgSO4. This suspension was plated on          

42-yeast-starch agar and incubated for one day at 28ºC. Spores from a colony were used to 

inoculate 25 mL TSB media in a baffled 125 mL shake flask that was incubated for 24 hours at 

28ºC and 180 rpm. Freezer stocks were made in 25% sucrose and stored at -80 ºC. The gDNA 

was isolated as described previously in Chapter 2. 

4.2.3 Cloning acmX and acmY in the Streptomyces integrative plasmid pTESa 
 
 The same PCR solutions and program were used to amplify acmX and acmY as listed in 

Table 4-1, 4-2 and 4-3. A gradient between 54.8 ºC and 70.1 ºC was used to optimize the 

annealing temperature for each gene (Table 4-3 and 4-5). 

 The backbone of the integrative plasmid pTESa was amplified with acmX-3 and acmX-4 

or acmY-2 and acmY-3 (Plasmid map is in Appendix D, Figure D-7). After amplification, the 

restriction enzyme DpnI was added to the PCR reaction mix and incubated for one hour at 37ºC. 
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This was used to digest parental plasmid. PCR products were purified using the column 

purification as previously described in Chapter 2, and stored at -30ºC. 

Table 4-1. Primers used for the PCR amplification of acmX, and acmY. Lower case letters 
represent the end of the Gibson overhang homologous to the gene or plasmid. Upper case letters 
represent the primer binding region on the gene or plasmid. The black lettering indicates the total 
overlap for Gibson Assembly. 
 
Primer Name  Sequence (5’-3’) 

acmX-1 F tacctctagaCTAGCTGACCACAGGAGAAG 
acmX-2 R attcagatctCCGTACGGGACATGGTGTG 
acmX-3 F tcccgtacggAGATCTGAATTCTTAAAGGCTC 
acmX-4 R ggtcagctagTCTAGAGGTACCAGTACTCG 
acmY-1 F acctctagagGAATGGGGAATTCTCACGTC 
acmY-4 R aattcagatctgCAAGCGACTGCAGCCAG 
acmY-3 F cagtcgcttgCAGATCTGAATTCTTAAAGGCT 
acmY-2 R ttccccattcCTCTAGAGGTACCAGTACTC 
 
Table 4-2. PCR reagents used for amplification of genes. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Reagent  Volume (µL) 
dH2O 31.3 
5X Herculase II reaction 
buffer 

10 

dNTPs  0.5 
JCM9888 gDNA 0.7 
acmX-1 F or acmY-1 F 1.25 
acmX-2 R or acmY-4 R 1.25 
DMSO (8%) 4 
Herculase II fusion DNA 
polymerase  

1 
Added after Step 1 of 
PCR program. 

Total volume 50 
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Table 4-3. Gradient PCR Program from amplification of acmX and acmY. 
 

 
 
 
 
 
 
 
 
 

Table 4-4. PCR reagents used for amplification of plasmids. 
 
Reagent  Volume (µL) 
dH2O 29.2 
5X Herculase II reaction buffer 10 
dNTPs  2 
pTESa 1 
acmX-3 F or acmY-3 F 2.13 
acmX-4 R or acmY-2 R 2.13 
DMSO (5%) 2.5 
Herculase II fusion DNA 
polymerase  

1 
Added after Step 1 
PCR of program. 

Total volume 50 
 
Table 4-5. PCR Program for amplification of pTESa fragment.  
 
Step Program 
1 4 min at 98°C 
2 20 s at 98°C 
3 20 s at 60°C 
4 180 s at 72°C 
Go to step 2, 30 times  
5 3 min at 72°C 
6 Infinity at 4°C 
 
 
 
 
 
 
 
 
 
 

Step Program 
1 3 min at 98°C 
2 40 s at 98°C 
3 30 s at 55-70°C 
4 96 s at 72°C 
Go to step 2, 30 times  
5 3 min at 72°C 
6 Infinity at 4°C 
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4.2.4 Gibson Assembly of pTESa-acmX and pTESa-acmY 
 
 Gibson Assembly was performed as per the standard protocol on NEB. The gene acmX 

(87.5 ng) was assembled with linear pTESa (50 ng). The gene acmY (55.8ng) was assembled 

with linear pTESa (52.8 ng). The products were transformed into chemically competent E. coli 

DH10B as per the standard protocol on NEB, plated on LB agar with apramycin (50 µg/mL) and 

incubated at 37 ºC overnight. The plasmid was isolated as previously described. The pTESa-

acmX construct was confirmed with restriction enzyme digest using EcoRI-HF and KpnI-HF 

(Plasmid map in Appendix D, Figure D-8). The pTESa-acmY construct was confirmed with 

restriction digest using EcoRI-HF (plasmid map in Appendix D, Figure D-19). The constructs 

were then conjugated into S. calvus Spore 4 (See Appendix B for strain information) as described 

below. 

4.2.5 Intergeneric conjugation of pTESa-acmX and pTESa-acmY into S. calvus Spore 4  
4.2.5.1 Preparation of donor strain 
 
 Each plasmid, pTESa-acmX and pTESa-acmY, was transformed into chemically 

competent E. coli ET12567/pUZ8002 and plated on LB agar with apramycin (50 µg/mL) and 

kanamycin (50 µg/mL). A colony from each plate was used to inoculate LB media (100 mL) 

containing apramycin (50 µg/mL) and kanamycin (50 µg/mL), and incubated for 18 hours at 

37°C and 240 rpm.  

4.2.5.2 Preparation of acceptor strain 
 
 TSB (20 mL) was inoculated with a toothpick of a 25% sucrose freezer stock of S. calvus 

Spore 4, and the culture incubated for three days at 28°C and 180 rpm. On the second day this 

culture (1 mL) was used to propagate a second TSB culture (20 mL). The first and second 

propagations were incubated for one day at 28°C and 180 rpm. These cultures were combined for 

a total of 40 mL of cells.   
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4.2.5.3 Intergeneric conjugation of donor and acceptor strain 

 
 The 100 mL cultures of E.coli ET12567/pUZ8002 transformed with pTESa-acmX or 

pTESa-acmY were centrifuged as two aliquots (50 mL) at 4,100 rpm for 10 minutes. The S. 

calvus spore 4 cultures were centrifuged as 40 mL aliquots at 4,100 rpm for 10 minutes. The 

supernatant was discarded and all pellets washed twice with TSB (10 mL), centrifuged between 

each wash, and supernatant discarded. S. calvus pellets were suspended in TSB (10 mL) using 

cut pipette tips and 700 µL distributed into four Eppendorf tubes. Each E. coli pellet was 

suspended in TSB (300 µL) and added to one of the Eppendorf tubes containing S. calvus for a 

total volume of 1 mL. Two additional Eppendorf tubes containing 700 µL S. calvus suspension 

and 300 µL TSB served as controls for conjugation. The cell suspension (1 mL) in each tube was 

mixed with a cut pipette tip and the entire suspension plated on mannitol-soy (MS) agar 

supplemented with 10 mM MgCl2. All plates were incubated for 16 hours at 28°C, then overlaid 

with 500 µL of apramycin (2.5 mg/mL) and 500 µL of phosphomycin (10 mg/mL) using a sterile 

spreader for a final concentration of 50 µg/mL apramycin and 200 µg/mL phosphomycin, 

respectively. A positive control consisting of a plate of only S. calvus spore 4 was overlaid with 

only phosphomycin (200 µg/mL). A negative control with Spore 4 was overlaid with 

phosphomycin (200 µg/mL) and apramycin (50 µg/mL). Incubation at 28°C continued for 10 

days. The conjugation produced 20 colonies, 10 of which were picked and streaked onto fresh 

MS-agar plates with 10 mM MgCl2 and apramycin (50 µg/mL and incubated at 28°C for four 

days. The conjugation of pTESa-acmY resulted in 4 colonies in total from two MS-agar plates 

with MgCl2 (10mM). Each colony was streaked on fresh plates. The 10 exconjugants of S. calvus 

Spore 4 att::[acmX, aac(3)IV] and four exconjugants of S. calvus Spore 4 att::[acmY, aac(3)IV] 
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were stored as 25% sucrose stocks at -80°C. Integration was to be confirmed by amplifying the 

gene from the gDNA isolated from each exconjugant.  

4.2.6 Confirming integration of acmX and acmY on the chromosome of S. calvus Spore 4 
 
 A set of primers for each gene (Table 4-6) were used to confirm the integration of genes 

acmX and acmY using the protocol and programs in Table 4-7 and 4-8. 

Table 4-6. Primers used to confirm integration of acmX and acmY on JCM9888 gDNA. 
 
Primer Name  Sequence (5’-3’) 

Kat-acmx-1 F CTAGCTGACCACAGGAGAAG    
Kat-acmx-2 R TCCGTACGGGACATGGTGTG 
Kat-acmy-1 F GGAATGGGGAATTCTCACGTC 
Kat-acmy-4 R GCAAGCGACTGCAGCCAG  
 
Table 4-7. Reagents used to confirm integration of acmX and acmY on JCM9888 gDNA. 
 
Reagent  Volume (µL) 
dH2O 32.6 
5X Herculase II reaction buffer 10 
dNTPs  0.4 
Exconjugant gDNA 1 
Kat-acmX-3 F or Kat-acmY-3 F 1.25 
Kat-acmX-4 R or Kat-acmY-2 R 1.25 
DMSO (6%) 3 
Herculase II fusion DNA 
polymerase  

0.5 
Added after Step 1 
of PCR program. 

Total volume 50 
 
Table 4-8. Program used to confirm integration of acmX and acmY on JCM9888 gDNA. 
 
Step Program 
1 3 min at 98°C 
2 40 s at 98°C 
3 30 s at 58°C 
4 48 s at 72°C 
Go to step 2, 30 times  
5 10 min at 72°C 
6 Infinity at 4°C 
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4.2.7 Method used for the isolation and analysis of extracts from S. calvus Spore 4 
att::[acmX, aac(3)IV].  
 
 An exconjugant of S. calvus Spore 4 att::[acmX, aac(3)IV] or S. calvus Spore 4 was 

streaked on MS agar with or without apramycin (50 µg/mL), respectively, and incubated at 28°C 

for four days. A colony from each was used to inoculate TSB (25 mL) in a 125 mL baffled flask 

and incubated for three days at 28°C and 180 rpm. These were used to inoculate two corn steep 

liquor cultures (4 L, recipe listed in Appendix A) in 6 L baffled flasks with springs, that were 

incubated for five days at 28°C and 180 rpm. The cultures were centrifuged at 4000 rpm at 4°C. 

The supernatant of each culture was split into 2 L portions and extracted using the batch or 

column methods. For the batch method, cultures were extracted by adding activated charcoal (4 

g/L) and Celite (4.5g/L) and rotated in a shaker at 180 rpm for one hour. The mixture was 

vacuum filtered with a Büchner funnel containing filter paper, washed with water (250 mL) and 

then of acetone (250 mL/L of culture). The acetone wash was concentrated in vacuo to an oily 

gum, freeze-dried, then dissolved in 500 µL of D2O. These were then characterized with 19F-

NMR spectroscopy without a standard.  

 For the column method, the supernatant was run through a charcoal / Celite column     

(3:7 w/w), 1 L at a time, using a slow drop rate of 2 mL/min. The column was eluted using a 

50:50 mixture of acetone and water and collected as 30 mL fractions until fractions were no 

longer yellow (about 13 fractions). These were concentrated individually then dissolved in 0.5 to 

1 mL of D2O and analyzed by 19F-NMR spectroscopy.  

4.3 Results 

4.3.1 PCR Amplification of acmX, acmY and linearized pTESa 
 
 The gene acmX was amplified by gradient PCR using annealing temperatures 63.2 and 

65.2ºC, and acmY using an annealing temperature between 61.2 and 67.0 ºC . These PCR 
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products were combined and column purified. The amplified plasmid DNA was gel purified. The 

expected DNA sizes are 1,615 bp and 1,564 bp for acmX and acmY, respectively. These are 

observed in Figure 4-4 a, above 1,500 bp, respectively. The expected DNA sizes for pTESa 

product is 5,971 bp and 5,983 bp with homologous ends to acmX and acmY, respectively. These 

are observed near 6,000 bp in Figure 4-4 b.  

a) b)  
Figure 4-4. PCR products for the chlorinase genes and pTESa. 1% agarose gel shown. a) 
Lane 1, DNA Ladder (SM0333, Fermentas); Lane 2, acmX PCR product; Lane 3, acmY PCR 
product. b) Lane 1, DNA Ladder (SM0333, Fermentas); Lane 2, pTESa PCR product with acmX 
homology ends; Lane 3, pTESa PCR product with acmY homology ends. 
 
 In Figure 4-5, the pTESa-acmX constructs were confirmed for five colonies with 

restriction restriction enzymes KpnI-HF and EcoRI-HF. The expected DNA bands after the 

digest are 5,989, 754, 638, and 221, and are observed at 6,000, 700, 600 and 200 bp, 

respectively. The presence of bands at 754 and 638 bp are represented as two light merged bands 

due to the lack of resolution. The expected DNA bands for the EcoRI-HF digest of pTESa-acmY 

are 6,009 and 1,546 bp. In Figure 4-7, these are observed at 6,000 bp, and just above 1,500 bp, 

respectively. 
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Figure 4-5. Restriction digest of pTESa constructs. 1% agarose gel shown; Lane 1, DNA 
Ladder (SM0333, Fermentas); Lane 2 and Lane 3, EcoRI-HF restriction digest of two pTESa-
acmY clones; Lane 4 and Lane 5, empty; Lane 6 to 10, KpnI-HF and EcoRI-HF restriction digest 
of five pTESa-acmX clones. 
 
 The expected size of the PCR amplicon from the gDNA of an exconjugant of S. calvus 

Spore 4 att::[acmX, aac(3)IV] is 1,584 bp. In Figure 4-6, a product above 1,500 bp is observed. 

The expected product for an exconjugant of S. calvus Spore 4 att::[acmY, aac(3)IV] is 1,544 bp. 

However, no amplicon was observed in this PCR run for all the exconjugants, or consecutive 

runs using other sets of primers and gradient PCR. This was also not the case for a positive 

control using freshly isolated Streptomyces sp. JCM9888 gDNA. 

 
Figure 4-6. Amplification of chlorinase gene off exconjugant gDNA. 1% agarose gel shown. 
Lane 1, DNA Ladder (SM1331, Thermo Fisher Scientific); Lane 2, S. calvus Spore 4 att::[acmX, 
aac(3)IV] PCR product amplified from the gDNA; Lane 3, S. calvus Spore 4 att::[acmY, 
aac(3)IV]  PCR product from the gDNA.  
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4.3.2 Isolation and analysis of extracts from S. calvus Spore 4 att::[acmX, aac(3)IV] 	

 S. calvus Spore 4 att::[acmX, aac(3)IV] was extracted using the charcoal column method 

described above. Nucleocidin was observed by 19F-NMR spectroscopy in fractions 2-7. 

Appendix E, Figure E-1, is a 19F-NMR spectrum of pooled fractions 2-7. Nucleocidin was 

identified in the control extract isolated using the batch method (Figure E-2). Selected ion 

recording was used on the UPLC-DAD-MS to monitor for m/z = 365, 382, and 400 in ESI-

positive ion as reported previously6. The parent ion of nucleocidin (m/z= 365.1) was not 

observed. There were also no parent ions corresponding to a chlorinated version of adenosine 

without fluorine (m/z = 382) or a chloro-nucleocidin (m/z = 400). However, the 19F NMR 

detected nucleocidin in both samples. 

 In Figure E-1 and E-2, a characteristic signal at -120.67 and -120.7 ppm was present in 

the S. calvus Spore 4 att::[acmX, aac(3)IV] and S. calvus Spore 4 extracts, respectively. This 

indicates that nucleocidin is present. Also observed in both extracts is a signal at -119 ppm, 

corresponding to an unknown fluorinated intermediate that has been observed by the Zechel and 

O’Hagan labs previously.6 New signals at -121.21 and -121.25 ppm were present in the S. calvus 

Spore 4 att::[acmX, aac(3)IV] and S. calvus Spore 4 extracts, respectively. Fluoride signals         

-121.61 and -121.75 ppm were present in Spore 4 att::[acmX, aac(3)IV] and S. calvus Spore 4 

extracts, respectively. Only observed in the extract of Spore 4 att::[acmX, aac(3)IV] is a signal 

of low intensity at -122.82 ppm.  

 An additional experiment was conducted to determine if Streptomyces sp. JCM9888 had 

the capability to fluorinate dealanylascamycin and ascamycin, since the ascamycin and 

nucleocidin gene clusters have substantial homology. Replicating the same culture conditions for 

S. calvus Spore 4 mentioned in the methods above, Streptomyces sp. JCM9888 was grown with 1 



	 100	

mM KF. Instead of a charcoal/celite column, n-butanol was used for extractions. In Appendix E, 

Figure E-3, the extraction using n-butanol for 1 L of supernatant derived from the control culture 

(S. calvus Spore 4)  has the characteristic 19F-NMR spectroscopic signals corresponding to 

nucleocidin, related metabolites, and residual fluoride at -118.67, -120.49, -121.06, and -123.25 

ppm, respectively.6 In Figure E-4, the characteristic shift of nucleocidin is observed at -120.59 

ppm in the control (S. calvus Spore 4), however in Appendix E, Figure E-5, there are no shifts 

corresponding to fluorinated compounds in the extract of Streptomyces sp. JCM9888. 

4.4 Discussion 

 The goal of this project was to integrate the halogenase genes acmX and acmY 

individually onto the genome of S. calvus Spore 4 and create a chlorinated version of 

nucleocidin. This strain was used since it does not harbor apramycin resistance and contains a 

functional bldA. The integration of pTESa-acmY into S. calvus spore 4 was not confirmed for 

any of the exconjugants, despite these being apramycin resistant.6 Therefore, future work can 

look at trying another round of conjugation using pTESa-acmY. The acmX gene was successfully 

integrated. A new signal was observed in the extract and could either be a chloro-nucleocidin or 

a new fluorinated nucleocidin biosynthetic intermediate. A BLAST search suggests the latter to 

be more likely. Acm X and Y are homologous to PltA and Mpy16, which catalyze dichlorination 

of the pyrrole ring of L-proline bound using a carrier protein. Therefore, production of a 

chlorinated nucleocidin with this halogenase may not be likely. It is also possible that this 

halogenase is not involved in the chlorination of dealanylascamycin and ascamycin. However, 

this would need to be confirmed through gene disruption in Streptomyces sp. JCM9888.   

 Future work can look at creating an aminoacyl derivative of nucleocidin by integrating 

genes acmDEF from the ascamycin pathway.  These genes are used for the aminoacylation of the 
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sulfamate of ascamycin, and are not present in the cluster of nucleocidin. This indicates that 

nucleocidin does not undergo condensation with an amino acid during its biosynthesis. Further 

work can look at probing the genome of Streptomyces sp. JCM9888 for other halogenase genes 

and performing assays with AcmX and AcmY in vivo to determine their function.   

4.5 Conclusions 

 Enzymes can catalyze a broad range of organic reactions and serve as a tool box of 

mechanisms for the biosynthesis or chemoenzymatic synthesis of novel pharmaceutical analogs. 

Although there are still many hurdles, the idea of designing custom halogenated molecules 

without the need for multistep reactions and harsh chemicals is a promising thought. Such an 

approach was attempted with the hypothetical chlorinase gene acmX, which was integrated onto 

the chromosome of S. calvus.  The extracts were analysed for a chlorinated derivative of 

nucleocidin and a new signal was present at -122.82 ppm. However, based on the homology of 

AcmX to carrier protein dependent halogenases, it is more likely a nucleocidin intermediate. In 

future, with the close similarity between ascamycin and nucleocidin many avenues are open for 

creating derivatives using other genes like acmDEF. Future work can also look at analysing the 

extracts from the nine other exconjugants of S. calvus Spore 4 att::[acmX, aac(3)IV]. 
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Chapter 5 
Heterologous Expression of Gene orf206 Encoding a Purine Nucleoside Phosphorylase 
5.1 Introduction 
 
 Purine nucleoside phosphorylases (PNPs) are from the glycosyltransferase family and are 

important enzymes used to recycle purine nucleotides within the purine nucleotide salvage 

pathway. They catalyze the cleavage of the glycosidic bond of ribo- and 2-deoxribonucleosides 

using inorganic phosphate to produce a nucleobase and ribose-1-phosphate.1 However, these 

enzymes tend to be promiscuous and can catalyze the forward or reverse reactions of various 

purine and pyrimidine nucleosides depending on the class of PNP (Figure 5-1).2  

 
Figure 5-1. Reaction scheme for a purine nucleoside phosphorylase. The reaction with 
inosine is shown as an example. Adapted from reference 2. 
 
 PNPs are separated into two classes. Class I are found in mammals, have trimeric or 

tetrameric quaternary structures, are of low molecular weight (80-100 kDa), and limited to 

accepting purine nucleosides, like inosine and guanosine. This is due to the mechanism for 

glycosidic bond cleavage, which relies on the presence of a carbonyl at carbon-6 of the 

nucleobase. A mechanistic scheme is summarized in Figure 5-2. The carbonyl on carbon-6 of the 

hypoxanthine ring forms a hydrogen bond with an active site asparagine. This stabilizes the 

negative charge of the transition state during the cleavage of the glycosidic bond (Figure 5-2).1 

Therefore, other ribonucleosides containing 6-alkyl, -alkylthio, -alkoxy, or –amino substituents 

cannot undergo glycosidic bond cleavage via phosphorolysis.1 Class II PNPs are found in 

bacteria, are hexameric and of high molecular weight (110-160 kDa), and accept a broader range 
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of substrates. These include adenosine and, unlike Class 1, other 6-substituted purine nucleosides 

in addition to the common inosine and guanosine substrates. This class uses a mechanism 

involving an active site aspartic acid, rather than an asparagine, to protonate N-7 of the imidazole 

ring. This allows the glyosidic bond of many substrates to be cleaved, since it is not required to 

stabilize substituents at the carbon-6 of the nucleobase (Figure 5-2).1  

 

 
Figure 5-2. Reaction scheme for a Class I PNP adapted from reference 1. 
 
 Nucleosides and nucleotides are important metabolic compounds that make up the core 

structure of many primary and secondary metabolites. Nucleotides, like those found in the 

building blocks of DNA, or the core structure of ATP, consist of a ribose or deoxyribose pentose 

ring, a nitrogenous base and at least one 5’-phosphate moiety. The susceptibility of 5’- 

phosphoryl anhydrides on nucleotides to nucleophilic attack is the mechanism of catalysis in 

many catabolic steps, like the hydrolysis of ATP or in the formation of aminoacyl-tRNA for 

protein synthesis. Due to their role in DNA, RNA and protein synthesis, mutations in 

nucleotides, or their misplacement, often lead to cancer and other diseases. Nucleosides, like 

cytidine, uridine, adenosine, and guanosine, lack the 5’ phosphate and are often modified and 

used as anti-viral and anticancer agents.3 Addition of substituents like sulfate, fluorine and 
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chlorine can be used to tune the activity of nucleosides. In a similar vein, nucleocidin may 

prevent ribosomal protein synthesis by inhibiting amino-acyl tRNA synthetase using a non-

hydrolysable 5’-sulfamate substituent.4 However, this has yet to be demonstrated experimentally. 

In another example, the synthetic drug Clofarabine has fluorine and chlorine substituents and is 

used in the treatment of pediatric acute leukemia (Figure 5-3).3 

 
Figure 5-3. Clofarabine. 
 
 The chemical synthesis of beta-glycoside bonds in nucleosides involves multi-step 

reactions that give low yields, and low stereoselectivity that results in mixtures needing further 

purification.1 In the case of Clofarabine, it is synthesized in a five-step or seven-step process at 

28% or 17% yield, respectively, as a mixture of alpha and beta forms. Therefore, PNPs have 

been proposed as biocatalysts to improve on the synthesis of nucleoside pharmaceuticals.1 With 

their promiscuity and ability to catalyse the synthesis of nucleosides, they can be used in the 

synthesis of novel drugs like fluoro-modified nucleosides.2 A recent study looked at the activities 

of natural and modified nucleosides as substrates for PNPs (Figure 5-4).2  For natural substrates, 

adenosine, inosine and the corresponding C’2-deoxy substrates, the activities were 50-500 

U/mg.2 For analogs 2’-amino modified 2’-deoxy-adenosine and inosine the activity was 0.1-3 U 

mg.2 For fluorinated analogs 2’-deoxy-2’-fluoroadenosine and 2’-deoxy-2’-fluoroinosine the 

activities were 0.01-0.03 U/mg.2 Although the PNP from Deinococcus geothermalis still 
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preferred catalyzing phosphorolysis of its natural substrate, the study demonstrated that this PNP 

could synthesize the fluoro-analogs at a 24% yield comparable to the synthesis of Clofarabine.2 

 

 
Figure 5-4. Structure of natural and synthetic nucleoside substrates tested with PNPs. 
Reproduced from reference 2. 
 

 PNPs with a broad range of specificity have also been identified in Aeromonas 

hydrophila and used to synthesize 6-modified (deoxy) ribonucleosides, through 

transglycosylation using sugar donors with uridine or thymidine nucleobases, and 6-substituted 

purines as acceptors (Figure 5-5).1 

 

 
Figure 5-5. A One-pot Transglycosylation reaction with PyNP and PNP. PyNP is pyrimidine 
nucleoside phosphorylase; PNP is purine nucleoside phosphorylase. Adapted from reference 1. 
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 Therefore, PNPs are good candidates for the synthesis of engineered designer 

nucleosides. However, their selectivity can also be taken advantage of in the bacterial host. A 

non-toxic prodrug can be converted in vivo to a toxic compound based on the differences in 

selectivity between bacterial and human PNPs. An example is 6-methylpurine-2’-deoxyribose 

that is not catalyzed by human PNPs, but becomes cytotoxic to E. coli when activated to 6-

methyl-purine by the E. coli PNP.1 

 In the nucleocidin gene cluster, orf206 is a predicated to encode a PNP. There are no 

homologs in the ascamycin cluster. However, the orf206 specified PNP has 41% sequence 

identity to the 5’-methylthioadenosine / S-adenosylhomocysteine phosphorylase (FIB) from       

S. cattleya.5 FIB is part of the fluoroacetate biosynthetic pathway and is responsible for the 

phosphorylation of 5’-deoxy-5’-fluoroadenosine.6 A BLAST (Basic Local Search Alignment 

Tool) search revealed that orf206 also has 70% identity to a 5'-methylthioadenosine 

phosphorylase (MTAP) from Kitasatospora griseola. These enzymes catabolize 5’-

methylthioadenosine and S-adenosylhomocysteine that are the products of S-adenosylmethionine 

(SAM)-dependent enzymes.7 In the nucleocidin cluster, nucJ and nucL produce enzymes that are 

SAM-dependent. Therefore, the products from these reactions may be catabolized by the orf206 

encoded PNP.  

 Recently it was observed that disruption of orf206 in S. calvus stopped the production of 

nucleocidin.5 This indicates that orf206 may play a critical role in the biosynthesis of 

nucleocidin, like FIB in S. cattleya.5 Although FIB is not directly involved in the fluorination 

step after the synthesis of 5’-FDA, it is responsible for converting 5’-FDA to 5-fluoro-5-deoxy-

ribose-1-phosphate (Figure 5-6).8  
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Figure 5-6. Fluorination and catabolism of 5’-FDA by FlB in S. cattleya. Adapted from 
reference 8.   
 
5.1.1 Objective 
 
 The objective of this chapter is to express, purify, and assay the orf206 encoded purine 

nucleoside phosphorylase found within the nucleocidin gene cluster. 

5.2 Methods 
 
5.2.1 Materials and equipment 
 
 E. coli DH10B cells (NEB) were used for cloning and plasmid propagation. Nucleospin 

Plus Plasmid Kit was purchased from Macherey-Nagel. QIAquick Gel Extraction Kit was 

obtained from Qiagen. Luria-Bertani (LB) broth, D-mannitol, yeast extract, sodium chloride, and 

agar were purchased from Bio-Shop Canada. Tryptone was obtained from Fisher Scientific. The 

antibiotic kanamycin was used at 50 µg/mL.  The putative PNP gene from S. calvus was 

synthesized and codon optimized for expression in E. coli by IDT San Diego, California 

(Sequence in Appendix C). 

5.2.2 Assembly of orf206 Expression Plasmid 
 
 The expression plasmid pET28a(+) (Appendix D, Figure D-10) was digested with 

restriction enzymes HindIII and EcoRI-HF and gel purified. The linearized plasmid (25 ng) and 

codon optimized orf206 (25 ng) were assembled via Gibson Assembly. The assembled pET28a-

orf206 was electroporated into E. coli DH10B and plated on LB agar with kanamycin              

(25 µg/mL) and incubated overnight. Colonies were streaked onto fresh LB agar with 
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kanamycin, incubated overnight and then three colonies inoculated into 2xYT (5 mL) containing 

kanamycin (50 µg/mL). Purified pET28a-orf206 was analyzed by analytical scale digestion with 

BamHI-HF and XhoI.  

5.2.3 Expression and Purification of ORF206 Hypothetical Purine Nucleoside 
Phosphorylase 
 
 The expression plasmid pET28a-orf206 was transformed into E. coli BL21(DE3) 

chemically competent cells and incubated overnight on LB agar with kanamycin. The three 

colonies were used to inoculated 2xYT (4 mL) containing antibiotic and grown overnight. For 

each, culture (500 µL) was mixed with 50% glycerol (500 µL), frozen in liquid nitrogen and 

stored at -80°C. For all expression tests, a nutrient-rich media 2xYT was used to achieve higher 

protein yield. A 2xYT (5 mL) starter culture containing kanamycin was inoculated with a frozen 

stock and incubated overnight at 37°C and 200 rpm.  

5.2.4 High Temperature Expression and purification of the PNP encoded by pET28a(+)-
orf206 
 
 The following is adapted from Cacciapuoti et al.9 The starter culture (0.5% v/v) was used 

to inoculate of a 1 L 2xYT culture containing kanamycin. This culture was grown at 37°C and 

200 rpm until the OD600 value reached 1. IPTG was added to a final concentration of 1 mM. 

Induction proceeded for three hours at 37°C. The cells were harvested at 4,100 rpm for 20 

minutes at 4°C. The supernatant was discarded and the pellet lysed with the same lysis buffer as 

was used for purification of AcmX (recipe mentioned in Appendix A). The cells from both 

pellets were lysed under high-pressure homogenization at 15,000 psi for three passages 

(Emulsiflex, model C5, Avestin, Ottawa, ON).  The lysate was centrifuged at 35,000 x g for 20 

minutes at 4°C. The supernatant was heated to 100°C for 10 minutes to clear proteins other than 

PNP and centrifuged again. This was then filtered then eluted on an ÄKTA FPLC using the same 
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linear gradient as was used for AcmX (FPLC protocol mentioned in Appendix A). Protein 

samples were analyzed by 12% SDS-PAGE and stained with Coomassie Brilliant Blue. 

5.2.5 Low Temperature Expression and purification of the PNP encoded by of pET28a(+)-
orf206 
 
 This protocol was adapted from Huang et al8 and similar to the procedure mentioned 

above. Once OD600 reached 0.8 the 1 L culture was cooled on ice for 15 minutes then induced 

with 0.1 mM IPTG at about an OD600 of 1.0. Induction proceeded for 15 hours at 15°C and 200 

rpm. Samples were analyzed by SDS-PAGE (12 %).  

5.3 Results 
 
5.3.1 Assembly of orf206 Expression Plasmid  
 
 In Figure 5-7, DNA bands of 5,333 and 854 bp are expected after restriction digest. 

Bands slightly above 5 kb and 7 kb are observed for all three clones indicating successful 

assembly of pET28a(+)-orf206 (Appendix D, Figure D-11). 

 
 
Figure 5-7. Restriction digest of pET28(+)-orf206 with XhoI and BamHI-HF. 1% agarose 
gel shown. Lane 1, DNA Ladder (SM1331, Thermo Fisher Scientific); Lane 2, empty; Lane 3-5, 
clones 1 to 3. 
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5.3.2 High Temperature Expression of pET28a(+)-orf206  

 In Figure 5-8, a prominent band representing a protein less than 35 kDa is observed in 

Lane 2, derived from the insoluble protein fraction after lysis. This coincides with the predict 

molecular weight of the orf206 encoded PNP, which is predicted by the ExPASy ProtParam tool 

to be 34 kDa with the histidine tag. Overexpression of recombinant protein is not seen in any of 

the other fractions collected during purification. In lanes 5 and 6, non-specifically bound protein 

is eluted from the column.  

 
Figure 5-8. ÄKTA purification of ORF206. 12% SDS-PAGE Gel. Lane 1, Unstained Protein 
MW Marker #26610 Thermo Fisher Scientific; Lane 2, insoluble fraction; Lane 3, soluble 
fraction; Lane 4, insoluble heated fraction; Lane 5, soluble heated fraction; Lane 6, unbound 
fraction; Lane 7, wash fraction; Lane 8 to 10, eluted fractions. 
 
5.3.3 Low Temperature Expression of pET28a(+)-orf206 
 
 In Figure 5-9, overexpression of a protein less than 35 kDa is observed in Lane 2, 

representing the insoluble protein fraction after lysis. This coincides with the predict molecular 

weight of ORF206, which is 29 kDa. Overexpression of recombinant protein is not seen in any of 

the other fractions collected during purification. In lanes 5 to 9, non-specifically bound protein is 

eluted from the column.  
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Figure 5-9. ÄKTA purification of ORF206. 12% SDS-PAGE Gel. Lane 1, Unstained Protein 
MW Marker #26610 Thermo Fisher Scientific; Lane 2, insoluble fraction; Lane 3, soluble 
fraction; Lane 4, unbound; Lane 5, wash fraction; Lane 6 to 10, eluted fractions. 
 
5.4 Discussion 
 
5.4.1 High and low temperature expression  
 
 Initial high and low temperature expressions resulted in insoluble inclusion bodies that 

can occur during the overexpression of recombinant protein. Thermophilic archaeon, Aeropyrum 

pernix, expresses a thermal stable PNP, ApMTAP, which was purified as a 27 kDa monomer, 

but an oligomer of 116 kDa was also observed after heat treatment without DTT.2 Fractions 

collected from the ÄKTA FPLC were treated with DTT and it is unlikely an oligomer of 

ORF206 would be observed. Therefore, the extra bands in the eluted fractions are most likely 

non-specifically bound protein. Further purification protocols can use guanidine hydrochloride or 

urea to denature and solubilize the ORF206 encoded PNP, which then might be refolded in a 

suitable buffer. Expression could be optimized using other media like LB or an auto induction 

media of choice, or a solubility tag.    
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5.5 Conclusions  
 
 Future studies can focus on isolating ORF206 using denaturing conditions or changing 

the culturing conditions and media composition. After purification is optimized the enzyme can 

be assayed with adenosine, 5’-sulfamoyl adenosine, or added to an extract containing 

nucleocidin and associated metabolites, such as the unknown compound with a 19F-NMR signal 

at -118 ppm. Usually, but not always, the genes in a biosynthetic cluster can provide a general 

order of enzymes involved in each step of the pathway for the biosynthesis of a compound. The 

gene orf206 is just downstream of nucV an adenine phosphribosyltransferase. In addition to PNP, 

the phosphribosyltransferase is another enzyme involved in the purine nucleotide salvage 

pathway, which produces AMP from adenine and PRPP. AMP is later converted to the inosine 

substrate catabolised by PNP. Therefore, future studies could also look at this enzyme to 

understand the catabolism of nucleocidin. 

5.6 References 
 

1. Ubiali, et al. Production, Characterization and Synthetic Application of a Purine 
Nucleoside Phosphorylase from Aeromonas hydrophila. Adv. Synth. Catal. 2012, 354, 
96-104.  

2. Zhou, et al. Recombinant purine nucleoside phosphorylases from thermophiles: 
preparation, properties and activity towards purine and pyrimidine nucleosides. FEBS 
Journal 2013, 280, 1475-1490.  

3. Fateev, et al. The chemoenzymatic synthesis of clofarabine and related 2’-
deoxyfluoroarabinosyl nucleosides: the electronic and stereochemical factors determining 
substrate recognition by E. coli nucleoside phosphorylases. Beilstein J. Org. Chem. 2014, 
10, 1657-1669. 

4. Kim, et al. Deoxyribosyl analogues of methionyl and isoleucyl sulfamate adenylates as 
inhibitors of methionyl-tRNA and isoleucyl-tRNA synthetases. Bioorg. Med. Chem. Lett. 
2005, 15, 3389-3393.  

5. Zhu, et al. Biosynthesis of the Fluorinated Natural Product Nucleocidin in Streptomyces 
calvus is Dependent on the bldA-Specified Leu-tRNAUUA Molecule. ChemBioChem 
2015, 16 (17), 2498-2506.  

6. O’Hagan D and Deng H. Enzymatic Fluorination and Biotechnological Developments of 
the Fluorinase. Chem. Rev. 2015, 115 (2), 634-649.  

7. Parveen N and Cornell, KA. Methylthioadenosine/S-adenosylhomocysteine nucleosidase, 
a critical enzyme for bacterial metabolism. Mol Microbiol 2011, 79 (1), 7–20. 



	 114	

8. Huang, et al. The Gene Cluster for Fluorometabolite Biosynthesis in Streptomyces 
cattleya: A Thioesterase Confers Resistance to Fluoroacetyl-Coenzyme A. Chemistry & 
Biology 2006, 13, 475-484.  

9. Cacciapuoti, et al. A novel hyperthermostable 5’-deoxy-5’-methylthioadenosine 
phosphorylase from the archaeon Sulfolobus solfataricus. FEBS Journal 2005, 272, 
1886-1899. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 115	

Chapter 6 
Conclusions 
 
 A set of potential biosynthetic genes was recently identified for the biosynthesis of 

nucleocidin based on alignment to the sequence of ascamycin. Therefore, there is opportunity to 

elucidate genes associated with sulfamate synthesis and fluorination, along with the overall 

biosynthesis of nucleocidin. Initial work in this thesis began with TAR cloning in S. cerevisae 

VL6- 48N, with the goal being to capture the entire main cluster for nucleocidin. This would 

assist with determining the minimal set of genes required for the biosynthesis of nucleocidin. 

Future work would have looked at progressively shortening the region to be captured until the 

fluorine signal was no longer observed with 19F-NMR spectroscopy. Unfortunately, the cluster 

was not captured. Instead, the yeast had removed a region of the capture vector pCAP03-nuc1 

removing the pADH1, which is used in the selection of positive clones in the presence of 5-FOA. 

Future work will involve re-designing the capture arms with sequences that do not contain 

homologous sequences to the pCAP03 plasmid. Afterwards, additional rounds of TAR cloning 

and screening will be attempted again. 

 CRISPR was to be used to inactivate hypothetical genes for sulfamate synthesis nucG, 

nucI and nucK, and regulatory gene orf191, as well as orf171, which could perform a mechanism 

for fluorination. Currently, the CRISPR constructs for nucG, nucI and nucK, and orf171 have 

been successfully assembled. Of these, nucG, nucK and orf171 have been successfully 

conjugated into S. calvus Spore 4. Future work will involve clearing the plasmids and confirming 

mutations via PCR and sequencing.  

 In addition, biosynthesis of a chloro-nucleocidin was explored in this thesis by 

integrating hypothetical chlorinase genes acmX and acmY from Streptomyces sp. JCM9888 onto 

the chromosome of S. calvus Spore 4. Unfortunately, acmY was not integrated on to the 
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chromosome, however acmX was successfully intregrated and the extract from one exconjugant 

analysed for a chloro-nucleocidin using 19F-NMR spectroscopy. For this exconjugant, there was 

no indication of a chlorinated derivative, therefore future work can look at the other 

exconjugants.  

 Finally, a purine nucleoside phosphorylase ORF206 was expressed. Deletion of the gene 

orf206 was demonstrated previously using 19F-NMR spectroscopy to knock-out nucleocidin 

production. Therefore, the aim of the project was to look at optimizing the expression and 

purification conditions for this protein, and assaying it in vivo. The protein was successfully 

expressed, however as insoluble protein. Future work will look at purifying the insoluble protein 

and assaying it with substrates such as inosine.  
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Appendix A 
Heterologous Expression of Acm X a Predicted FADH2-dependant Chlorinase  
 
A.1 Introduction 
 
 In Streptomyces sp. JCM9888 two genes acmX and acmY are predicted to encode 

FADH2-dependent chlorinases. One of the halogenases was hypothesized to catalyse 

regioselective chlorination at C2 of the adenine base of ascamycin and dealanylascamycin. 

However, acmX and acmY appear to be located far from the ascamycin gene cluster and their 

functions have not been probed through gene disruption experiments or assays of the encoded 

enzymes in vitro (Figure A-1).1 Previously, AcmY was produced as an N-terminal hexahistidine 

tagged protein that was purified and then characterized using X-ray crystallography.1  

 
Figure A-1. Putative FADH2-dependent chlorinase genes, acmX and acmY.  
 
  AcmX and AcmY have an amino acid sequence identity of 62% to each other, and 59% 

identity and 52% identity to PltA, a variant B FADH2-dependent chlorinase from Pseudomonas 

fluorescens, respectively.1 FADH2-dependent halogenases are divided into subgroups, variant A 

or B, depending on the type of substrate being halogenated.1 Variant A halogenate free, small 

molecule substrates, while variant B halogenate a substrate, usually the pyrrole ring of L-proline, 

that has been covalently linked to a carrier protein.2 PltA catalyses dichlorination of a pyrrolyl-S-

carrier protein in pyoluteorin biosynthesis (Figure A-2). Through an electrophilic aromatic 

substitution an electrophilic chlorine atom generated in the PltA active site reacts with pyrrolyl-

S-PltL to form a 5-chloropyrrolyl intermediate.2 The product, 4,5-dichloropyrrolyl-S-PltL is 

synthesized after a second round of chlorination (Figure A-2).2 
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Figure A-2. PltA synthesis of dichloropyrrole. Formation of the dichloropyrrole moiety by 
PltA during pyoluteorin biosynthesis. Mechanism for variant B FADH2-dependent halogenation 
performed by PltA. Adapted from reference 2 using ChemDraw. 
 
 
 
 
 
 
 
 
 
 



	 119	

A.1.1 Objective 
 
 The aim of this project was to heterologously express and purify both AcmX and AcmY 

from E. coli. However, since the expression of AcmY was recently described1, efforts were 

shifted to the expression and purification of AcmX. Future studies will look at assaying AcmX 

and AcmY in vitro. 

A.2 Methods 
 
A.2.1 Materials and equipment 
 
 Restriction enzymes, Gibson Assembly mastermix were obtained from NEB. The 

plasmid pETDuet-1 was obtained from Novagen. Ni-NTA agarose was obtained from Qiagen. 

Isopropyl ß-D-1-thiogalactopyranoside (IPTG) was purchased from Bio-Shop. Imidazole was 

obtained from VWR. The antibiotic ampicillin was purchased from Bio-Shop and used at a final 

concentration of 100 µg/mL. All other chemicals were purchased from Sigma-Aldrich and used 

without further purification or mentioned in Chapter 2.  

A.2.2 Construction of pETDuet-acmX and pETDuet-acmY Expression Vectors 
 
 Streptomyces sp. JCM9888 gDNA was isolated as described in Chapter 2 and used as a 

template for PCR. The acmX and acmY genes were amplified using the primers, reagents and 

program in Table A-1, Table A-2 and Table A-3, respectively. The PCR products were column 

purified.  
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Table A-1. Primers used to amplify acmX and acmY. Gibson overhangs are in lower case 
letters. 
 
Primer Name  Sequence (5’-3’) 

pET-AcmX-for accatcatcaccacagccagGTGTCTGATTTCCTTTATGACGTCG 
 

pET-AcmX-rev gcgcgccgagctcgaattcgGACATGGTGTGCGGTCCG 
 

pET-AcmY-for 
 

ccatcatcaccacagccagcGCGTGACCGATTTCGATATCG 
 

pET-AcmY-rev 
 

gcgcgccgagctcgaattcgGCATCAGAAAAGCGGTGCG 
 

 
Table A-2. PCR reagents used for amplification of acmX and acmY. 
 
Reagent  Volume (uL) 
dH2O 32.6 
5X Herculase II reaction buffer 10 
dNTPs  0.4 
JCM9888 gDNA 1 
Primer F 1.25 
Primer R  1.25 
DMSO (6%) 3 
Herculase II fusion DNA 
polymerase  

0.5 
Added after Step 1 
of PCR program. 

Total volume 50 
 
Table A-3. PCR program used for amplification of acmX and acmY. 
 
Step Program 
1 30 s at 98°C 
2 10 s at 98°C 
3 20 s at 57.5°C 
4 30 s at 72°C 
Go to step 2, 30 times  
5 2 min at 72°C 
6 Infinity at 4°C 
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 Restriction enzyme BamHI was used to linearize pETDuet-1 (Plasmid map in Appendix 

D, Figure D-12). The linear pETDuet-1 (134 ng) was assembled with acmX (365 ng) or acmY 

(284 ng) via Gibson Assembly. The product pETDuet-1-acmX or pETDuet-1-acmY was 

transformed into E. coli XL1Blue and assembly confirmed using restriction enzymes EcoRI-HF 

and XbaI (Figure D-13 and D-14). Using the ExPASy ProtParam tool the expected molecular 

weights for each protein are 50.3 kDa and 47.9 kDa for AcmX and AcmY, respectively. E. coli 

BL21 (DE3) chemically competent cells were transformed with pETDuet-1-acmX and expressed 

using the following protocol adapted from the expression and purification of AcmY.1 

A.2.3 Heterologous Expression of AcmX in E. coli BL21 (DE3) 
 
 AcmX was purified as described for AcmY.1 A single colony was used to inoculate LB 

(100 mL), containing ampicillin of final concentration 100 µg/mL. This culture was incubated 

overnight at 37°C and 240 rpm. The overnight culture was diluted at a ratio of 1:100 in 1 L of 

liquid LB containing ampicillin. After the OD600 reached 0.5, the culture was induced with 0.1 

mM IPTG and incubated at 16°C for 20 h at 240 rpm. Cells were harvested and stored at -80°C. 

The pellet was thawed on ice for 30 minutes, suspended in 25 mL lysis buffer (20 mM Tris-HCl, 

pH 7.8, 500 mM NaCl, 10 mM imidazole), and lysed under high-pressure homogenization at 

15,000 psi for three passages (Emulsiflex, model C5, Avestin, Ottawa, ON). The lysate was 

centrifuged at 35,000g for 35 minutes at 4°C and the supernatant filtered with a 0.45 µm filter 

into a Falcon tube on ice. The lysate (25 mL) was manually loaded, using a syringe, onto an 

ÄKTA FPLC connected to a HisTrap column (5 mL) equilibrated with 5 column volumes of 

lysis buffer. As observed with AcmY, bound protein was noted to accumulate as a yellow layer 

indicative of AcmX tightly bound to a flavin cofactor.1 The column was eluted using a flow-rate 

of 5 mL/min with elution buffer (20 mM Tris-HCl, pH 7.8, 500 mM NaCl, 500 mM imidazole). 
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Insoluble, soluble, unbound, wash, and eluted fractions were run on a 12% SDS-PAGE 

polyacrylamide gel at 300 V for 30 minutes, then the gel was stained with Coomassie Brilliant 

Blue (Figure A-5). Fractions containing AcmX were concentrated and the buffer exchanged with 

sample buffer (20 mM Tris-HCl pH 7.8, 150 mM NaCl) using an Amicon Ultra-4 Centrifugal 

Filter.  

A.3. Results 
 
A.3.1 Construction of pETDuet-acmX and pETDuet-acmY Expression Vectors 
 
 The expect sizes for the acmX and acmY PCR products were 1 380 and 1 322 bp, 

respectively. In Figure A-3, there are two DNA bands of about 1300 bp, where the band in lane 2 

is slightly higher than the band in lane 3. These correspond with the expected amplification 

products for acmX and acmY. 

 
 
Figure A-3. PCR products from JCM988 gDNA. 1 % agarose gel shown. Lane 1, DNA ladder 
(SM0333, Fermentas); Lane 2, acmX PCR product with Gibson overhangs; Lane 2, acmY PCR 
product with Gibson overhangs. 
 
 The expected DNA bands after the digest are 5,342 and 1,462 bp for pETDuet-1-acmX, 

and 5,342 and 1,405 bp for pETDuet-1-acmY. In Figure A-4, A DNA bands are seen at 5,000 bp 

and close to 1,500 bp, corresponding to correctly assembled constructs. Therefore, two 

expression plasmids for acmX and acmY were constructed, however the current study only 
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focused on the expression and purification of AcmX. The constructed plasmid for AcmY can be 

expressed in future studies and purified as described.  

 
Figure A-4. Restriction digest with EcoRI-HF and XbaI. 1 % agarose gel shown. Lane 1, 
DNA ladder (SM1331, Thermo Fisher Scientific); Lane 2, pETDuet-acmX; Lane 2, pETDuet-
acmY. 
 
A.3.2 Heterologous Expression of AcmX in E. coli BL21 (DE3) 
 
 In Figure A-5 Lane 2, AcmX is still present in the pellet, however significant material 

could be retrieved and purified from the soluble fraction by affinity chromatography. A protein 

at about 50 kDa was eluted in relatively pure form using approximately 330 mM imidazole and 

is assumed to be AcmX (Figure A-5, Lanes 8 and 9).  A few additional proteins that bound non-

specifically to the column co-eluted with AcmX, but these are relatively minor in abundance. In 

lanes 4 and 5, no recombinant protein came out in the unbound or wash fractions, indicating that 

it had bound to the column during loading. Fractions in lanes 8 and 9 were collected and the final 

concentrations for each fraction were 0.9 mg/mL and 2.2 mg/ mL, respectively. This was from 

the lysate of one out of four cell pellets. 
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Figure A-5. Ni-NTA purification of His6 tagged AcmX. 12% SDS-PAGE Gel. Lane 1, 
Unstained Protein MW Marker #26610 Thermo Fisher Scientific; Lane 2, insoluble fraction; 
Lane 3, soluble fraction; Lane 4, unbound protein after loading; Lane 5, wash fraction; Lane 6 to 
10 eluted fractions. 
  
A.4 Discussion and Conclusions  
 
 AcmX was successfully expressed in E. coli purified by Ni-NTA affinity 

chromatography. As was done for AcmY, the AcmX fractions can be further purified using size 

exclusion chromatography.1 The purified protein is stable and did not precipitate in the sample 

buffer (20 mM Tris-HCl, pH 7.8, 150 mM NaCl) at 4˚C for several weeks or in initial test assays 

using sample buffer at 10mM Tris-HCl, pH 7.8, and 100 mM NaCl final concentrations (data not 

shown). However, a BLAST search revealed that both AcmX and AcmY have 66% and 57% 

identity, respectively to Mpy16, a FADH2-dependent halogenase from Streptomyces sp. CNQ-

418. They also have about 59% and 52% identity to PltA, a FADH2-dependent halogenase from 

Pseudomonas fluorescens, respectively. Mpy16 has 64% identity to PltA, which performs 

dichlorination during pyoluteorin biosynthesis.2 Therefore, AcmX and AcmY are most likely not 

responsible for the chlorination of 1 and 2. Future work will need to focus on acquiring access to 

the sequenced genome and the characterization of hypothetical chlorinases using BLAST. 
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Analysis of Nucleocidin production from S. calvus Spore 4 att::[orf191, aac(3)IV] 
containing an integrated strR regulatory gene orf191 
 
A.6 Introduction  
 
 Manipulation of biosynthetic regulatory genes like strR, or genes of ribosomal proteins, 

like rpoB, rpsL and rsmG, are a few methods for altering the regulation of biosynthetic 

pathways, or altering gene expression in these pathways through genes associated with 

transcription and translation, respectively.1 StrR regulatory genes are DNA binding activator 

proteins that control the production of several antibiotic pathways, like the streptomycin pathway 

in Streptomyces griseus.2 Streptomycin production was enhanced when the strR regulatory gene 

was overexpressed in this pathway. This was also observed for the strR gene that was conjugated 

as pUWL_orf191 into S. calvus att::[bldA, aac(3)IV] resulting in a five-fold increase in the 

production of nucleocidin.3 The strR genes from the streptomycin and nucleocidin clusters both 

contain a TTA codon, a rare codon important to the regulation of secondary metabolites in 

Streptomyces.4 Therefore, it is apparent that bacteria have many mechanisms of gene regulation 

that can be manipulated to the benefits of the researcher. 

 In the nucleocidin cluster three genes contain TTA codons; regulatory genes orf191 (also 

called strR) and orf178, and the oxidoreductase nucJ, and were expressed upon the 

complementation of a corrected copy of bldA.3 As mentioned above, orf191 was overexpressed 

from a constitutive promoter, ermE* in the plasmid pUWL_oriT_acc. This plasmid 

autonomously replicates in cells and harbours thiostrepton resistance. It is predicted that 
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integrating orf191 using an integrative plasmid pTESa will enhance production in S. calvus 

Spore 4.3 This strain already contains a functional version of bldA. Both pTESa and pUWL use 

constitutive promoters, rpsL and ermE*, respectively. However, it is expected that production of 

nucleocidin will be further enhanced, since orf191 can be expressed constitutively once 

integrated, without being limited by the autonomous replication of a plasmid.  

A.6.1 Objective 
 
 The aim of this project was to enhanced nucleocidin production by integrating the 

regulatory gene orf191 onto the genome of S. calvus Spore 4, which contains a functional bldA. 

This would be a simpler nucleocidin production strain compared to S. calvus att::[bldA, 

aac(3)IV] / pUWL_orf191, which requires thiostrepton to maintain the pUWL-orf191 plasmid. 

Greater titres of nucleocidin would facilitate not only production, but also biosynthetic studies. 

A.7 Methods  
A.7.1 Materials and Equipment 
 
 19F NMR spectra (1H-decoupled) was recorded on a Bruker Advance 400 MHz 

spectrometer at Queen’s University. Samples were dissolved in 0.5-1 mL D2O and 19F NMR 

chemical shifts (δ) were referenced to trifluoroacetic acid (TFA) contained within a capillary      

(δ = -76.55 ppm, 1 mM in D2O). Primers and all other chemicals were purchased from Sigma-

Aldrich and used without further purification. Other reagents are mentioned in Chapter 2.  

A.7.2 Construction of pTESa-orf191 
 
 The orf191 gene was amplified from pUWL_orf191 with homologous overhangs using 

the primers 191-1 and 191-2 in Table A-4, and the reagents and program in Table A-5 and Table 

A-6. For linearizing pTESa the same reagents and program were used except pTESa was the 

template, primers 191-3 and 191-4 were used, and Step 3 of the PCR program is 20 s at 62°C and 

Step 4, 3 minutes at 72°C (Table A-4, Table A-5 and Table A-6).  
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Table A-4. Primers used to amplify orf191 from pUWL and to linearize pTESa. Gibson 
overhangs are in lower case letters. 
 
Primer Name Sequence (5’-3’) 
191-1 atccagcgagtactggtaccATGTTCCGCTGGAGTGTG 
191-2 aaaggagcctttaagaattcCTAGCTGGACATGCGATG 
191-3 GAATTCTTAAAGGCTCCTTTTG 
191-4 GGTACCAGTACTCGCTGGAT 
 
Table A-5. Reagents used in the amplification of orf191 gene and pTESa. 
 
Reagent  Volume (µL) 
dH2O 31.74 
5X Herculase II reaction buffer 10 
dNTPs  2 
pUWL_orf191 or pTESa 1 
Primer 191-1 or -3 2.13 
Primer 191-2 or -4 2.13 
Herculase II fusion DNA 
polymerase  

1 
Added after Step 1 
of PCR program. 

Total volume 50 
 
Table A-6. PCR program used in the amplification of orf191 gene and pTESa. 
 
Step Program 
1 2 min at 98°C 
2 20 s at 98°C 
3 20 s at 56°C 
4 30 s at 72°C 
Go to step 2, 25 times  
5 3 min at 72°C 
6 Infinity at 4°C 
 
 The restriction enzyme DpnI (1ul) was added to digest parental plasmid DNA in each 

reaction and the reactions were gel purified. The linearized pTESa (16 ng) and orf191 (65 ng) 

were assembled via Gibson Assembly. After overnight incubation at 37°C on LB agar containing 

apramycin, two colonies were inoculated in separate LB media (6 mL) as overnight cultures. 

Plasmid was isolated and PCR used to confirm that the construct was pTESa-orf191 (Figure D-

11) using the reagents and program in Table A-7 and Table A-8. 
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Table A-7. Reagents used to confirm pTESa-orf191 clones. 
 
Reagent  Volume (µL) 
ddH2O 15.75 
5X Herculase II reaction buffer 5 
dNTPs  0.25 
pUWL-orf191 0.5 
Primer 191-1 0.63 
Primer 191-2 0.63 
DMSO (8%) 2 
Herculase II fusion DNA 
polymerase  

0.25 
Added after Step 1 
of PCR program. 

Total volume 25 
 
Table A-8. PCR program used to confirm pTESa-orf191 clones. 
 
Step Program 
1 3 min at 98°C 
2 30 s at 98°C 
3 30 s at 56°C 
4 40 s at 72°C 
Go to step 2, 25 times  
5 3 min at 72°C 
6 Infinity at 4°C 
 
A.7.3 Intergeneric Conjugation of pTESa-orf191 into S. calvus Spore 4 WT 
 
A.7.3.1 Preparation of donor cells 
 
 The plasmid, pTESa-orf191 was transformed into E. coli ET12567/pUZ8002 chemically 

competent cells. Two colonies from a LB agar plate grown overnight at 37°C were used to 

inoculate two 2xYT media (25 mL) containing apramycin (50 µg/mL), kanamycin (50 µg/mL) 

and chloramphenicol (25 µg/mL). These cultures were grown for 16 hours at 37°C. 

A.7.3.2 Preparation of acceptor cells 
 
 S. calvus Spore 4 spore preps were prepared as follows. A TSB (25 mL) culture was 

inoculated with a sporulating colony from a MS agar plate (20mM MgCl2) that had been 

incubated for three days at 37°C. The culture was grown one day at 28°C and 180 rpm, and 1 mL 
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of spores spread onto four MS agar plates. These plates were incubated at 37°C for three days. 

About 2 mL-5 mL of 25% sucrose was spread on the sporulating lawns on each plate to get a 

concentrated spore suspension. Using a sterile spreader, the spores were suspended and a cut 

pipette tip was used to pool fractions onto one plate. From this, spore suspension (1 mL) was 

added to Eppendorf tubes to make stocks. These were centrifuged at 13,000 rpm for 2 minutes, 

and 500 µL of supernatant removed. The pellets were suspended in the remaining supernatant 

(500 µL) to get dark purple spore suspensions that were stored at –30°C. 

 
A.7.3.3 Mating of donor and acceptor cells 
 
 MS agar plates (20 mM MgCl2) were warmed at 28°C and a spore prep thawed on ice for 

15 minutes. A centrifuge was set to 3,000 rpm, 10 minutes, 4°C, and a heat bath set to 50°C. 

Spore prep (50 µl) was added to 2xYT (100µl), heated at 50°C for 10 minutes, and cooled for 1 

minute. E. coli cultures were centrifuged, the supernatant decanted, and the pellet washed two 

times with chilled 2xYT (10 mL). The pellets were suspended with cut pipette tips and 

combined. E. coli (400 µL) was mixed with the heat activated spores (150 µL), then plated on 

MS agar. A positive and negative control along with the conjugation plate was incubated for 17 

hours at 37°C and then overlaid with apramycin (25 µg/mL) and phosphomycin (200 µg/mL). 

The positive control was overlaid with phosphomycin. Incubation was continued at 37°C for 

three days. Hundreds of sporulating colonies had grown and eight were streaked onto fresh MS 

agar (20mM MgCl2, apramycin 50 µg/mL and phosphomycin 200 µg/mL). This plate was 

incubated at 37°C for two days. These colonies were inoculated into TSB (25 mL), containing 

apramycin and incubated for two days at 28°C and 180 rpm. These were used to make 25% 

sucrose freezer stocks frozen with liquid nitrogen and stored at -80°C.  
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A.7.3.4 Analysis of nucleocidin production by S. calvus Spore 4 att::[orf191, aac(3)IV]  
 
 Spores from three exconjugants and a S. calvus Spore 4 control were grown in TSB      

(25 mL), with and without antibiotic, respectively. These cultures were incubated for two days at 

28°C and 180rpm. These cultures were used to inoculate (1%) corn steep liquor medium5         

(500 mL) (Table A-9 and A-10) containing 1 mM KF, 1 mM MgSO4• 7 H2O final concentration, 

and antibiotic where applicable. The cultures were incubated for five days at 28°C and 180 rpm. 

These were centrifuged at 4,000 rpm at 4°C for 20 minutes.  

Table A-9. Recipe for corn steep liquor media.5 

 
Component  Amount (L-1) 
Corn steep liquor 12.5 g 
D-mannitol 10 g 
NaCl 2 g 
(NH4)2HPO4 2 g 
KH2PO4 1.5 g 
MgSO4• 7 H2O* 0.25g (Added as sterile 1M stock solution) 
KF** 0.058 g or (Added as sterile 1M stock solution) 
Trace element solution** 1 mL 
Antifoam 204** 0.1 mL 

* Added after autoclaving 
** Added after solution pH adjusted to 7.2 using NaOH 

 
Table A-10. Trace element solution composition.5 

 
Component Final concentration in 1 L (mg/L) Amount per 0.05 L 

Stock  
ZnSO4 • 7 H2O 0.1 mg 100mg 
FeSO4  • 7 H2O 0.1 mg 100mg 
MnCl2 • 4 H2O 0.1 mg 100mg 
NaCl 0.1 mg 100mg 
CoCl2 0.1 mg 100mg 
CuCl2 • 2 H2O 0.02 mg 20mg  
Na2B4O7 • 10 H2O 0.02 mg 20mg 
(NH4)6Mo7O24 • 4 H2O 0.02 mg 20mg 
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 After centrifugation at 4,000 rpm at 4°C for 20 minutes, the supernatant was poured into 

a separatory funnel and n-butanol add at a ratio of 1:5 n-butanol to supernatant, and shaken by 

hand for five minutes.6 The top layer was separated into a round-bottom flask slightly larger than 

the volume being added (eg: 200 mL into a 500 mL flask) to increase surface area and improve 

evaporation of n-butanol. This was concentrated in vacuo at 28-33°C to a brown viscous product, 

the consistency and colour is due to the corn steep liquor and other media components. About 0.5 

to 1 mL of D2O was added to each extract, since the viscous product is caked around the flask 

and absorbs some of the D2O. There samples were filtered over glass wool into a NMR tube. 

Samples were scanned overnight 7,500 times using 19F NMR spectroscopy (400 MHz, 1H-

decoupled).  

A.8 Results 
 
A.8.1 Construction of pTESa-orf191 
 
 A DNA band of 5,951 bp is expected and a band about 6,000 bp in size is observed on 

the agarose gel in Figure A-6. This is the linear PCR product of pTESa. 

 

 
Figure A-6. PCR product from pTESa. 1 % agarose gel shown. Lane 1, DNA ladder 
(SM0333, Fermentas); Lane 2, linear pTESa product. 
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 A DNA band of 1,122 bp is expected for the PCR product of orf191. Bands slightly 

above 1,031bp are observed for both reactions indicating successful amplification of orf191 from 

pUWL. 

 
Figure A-7. PCR product from pUWL-orf191. 1 % agarose gel shown. Lane 1, DNA ladder 
(SM0333, Fermentas); Lane 2, orf191 product with Gibson overhangs. Lane 3, orf191 product 
with Gibson overhangs. 
 
 Following cloning of the PCR product into pTESa by Gibson assembly, PCR was used to 

determine the presence of orf191 in pTESa-orf191 clones. Again, an amplicon of 1,122 bp is 

expected. Bands about 1,100 bp are observed for three clones, indicating the plasmid isolated is 

pTESa-orf191 (Plasmid map in Appendix A, Figure D-15). 
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Figure A-8. PCR product from pTESa-orf191. 1 % agarose gel shown. Lane 1, DNA ladder 
(SM0333, Fermentas); Lane 2, orf191 product of clone 1; Lane 3, orf191 product of clone 2; 
Lane 4, orf191 product of clone 3. 
 
A.8.2 Intergeneric Conjugation of pTESa-orf191 into S. calvus Spore 4 
 
 In Figure A-9 a, the conjugants grew as a dense sporulating lawn. Eight isolated colonies 

had been selected and streaked on a fresh selective plate (Figure A-9 b). During integration, the 

entire pTESa plasmid, including the apramycin resistance gene, is integrated onto the host 

chromosome. Therefore, since the exconjugants grew it indicates that orf191 was successfully 

integrated onto the genome of S. calvus Spore 4.  

a) b)  
 
Figure A-9. Conjugation of pTESa-orf191. a) Conjugation plate; b) Eight exconjugants of S. 
calvus Spore 4 att::[orf191, aac(3)IV]. 
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A.8.3 Isolation of nucleocidin from S. calvus Spore 4 att::[orf191, aac(3)IV] Exconjugants 
 
 In Figure E-6, the characteristic shift of nucleocidin is seen at 𝛿 = 	−120.69 ppm, in 

addition to fluoride at 𝛿 = 	−122.53 ppm. In Figure E-7, there are no shifts observed for            

S. calvus Spore 4 att::[orf191, aac(3)IV] exconjugant 1. In Figure E-8, nucleocidin is observed 

at 𝛿 = 	−120.57 ppm for S. calvus Spore 4 att::[orf191, aac(3)IV] exconjugant 2, along with 

fluoride at 𝛿 = 	−122.46 ppm. In Figure E-9, nucleocidin is observed at 𝛿 = 	−120.57 ppm for 

S. calvus Spore 4 att::[orf191, aac(3)IV] exconjugant 3, along with fluoride at 𝛿 = 	−122.23 

ppm. 

A.9 Discussion and Conclusions 
 
  Characteristic peaks in an extract from S. calvus using standard methods like batch or 

column extraction usually include an unknown fluorinated intermediate at 𝛿 = 	−119.3 ppm, 

nucleocidin at 𝛿 = 	−121.6, −121.1	or − 120.9 ppm, and fluoride at 𝛿 = 	−123.3, −124	or −

126.3 ppm, respectively.3 Trifluoroacetic acid, 𝛿 = 	−76.55 ppm, is used as a reference. Shifts 

for each will vary slightly due to solvent and sample matrix.3 From the spectra collected it is 

apparent that integrating orf191 did not enhance nucleocidin production. However, extracts were 

not obtained using the batch method (protocol in Chapter 4), which was used in the extraction of 

nucleocidin in the study that used pUWL_orf191.3 It is important to consider factors such as the 

solubility of nucleocidin, which is 0.25 mg/mL in n-butanol.7 Its solubility is higher in acetone at 

4.80 mg/ mL7, which is why batch and column purifications use acetone for eluting nucleocidin. 

There is also inconsistency in the spectra, where no shifts are observed in the spectrum from the 

extract of S. calvus Spore 4 att::[orf191, aac(3)IV] exconjugant 1.  This could be due to how that 

extract was isolated, or it could be that S. calvus has opted to not produce nucleocidin. This strain 

tends to switch between sporulating and non-sporulating variants and it is possible that it is doing 
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so in culture causing nucleocidin to appear then disappear in extracts.4 Therefore, future studies 

can focus on extracting these again and the remaining seven exconjugants.  
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Appendix B 
Strains used in this thesis 
 
Saccharomyces cerevisiae VL6-48N 
 
A strain of yeast used in TAR cloning and is incapable of synthesizing L-tryptophan.  
 
Streptomyces sp. JCM9888 
 
The producer of ascamycin and dealanylascamycin. Spores were obtained from JCM. 
 
Streptomyces calvus ATCC 13382 
 
This publically available strain of S. calvus was identified through genome sequencing to have a 

point mutation in bldA. Correction of this mutation by the Zechel lab restored nucleocidin 

production. The genome was sequenced by Prof. Gerard D. Wright and Prof. Nathan Magarvey 

of McMaster University, and Prof. Andreas Bechtold of Albert Ludwigs Universitat Freiburg.  

S. calvus sporulating variant #4 

Abbreviated as S. calvus Spore 4, this is a sporulating variant of S. calvus ATCC 13382.  Several 

sporulating colonies were previously found when S. calvus ATCC 13382 was grown at high 

density on MS-agar plates by Anjuli Szawiola, a 4th year honours student in the Zechel lab. The 

bldA gene of each were sequenced MSc student XiMing Zhu and to reveal that the mutation in 

this gene had spontaneously reverted to the correct and functional sequence. 

S. calvus att::[bldA, aac(3)IV] 
 
Abbreviated as S. calvus bldA+, this is S. calvus ATCC 13382 complemented with a functional 

copy of the bldA gene that was introduced with the integrative plasmid pTESa.  

S. calvus ∆PNP 

S. calvus ATCC 13382 containing a mutation in orf206, which is predicted to encode a purine 

nucleoside phosphorylase. Orf206 encoding this enzyme was disrupted with a single cross-over 

mutation and the introduction of an apramycin resistance gene.  
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E. coli XL1Blue (Stratagene)  

A strain of E. coli used for routine replication of DNA and has a gene that confers resistance to 

tetracycline.  

E. coli DH10B (Ross Lab) 

A strain of E. coli used for routine replication of DNA.  

E. coli BL21(DE3) (Novagen)  
 
The strain of E. coli used for protein expression. Like E.coli BL21, it is a B strain deficient in 

Lon and OmpT proteases of the cytoplasm and outer membrane, respectively. However, DE3 

expresses a T7 RNA polymerase that allows expression of plasmid genes using T7 promoters. 

E. coli ET12567/pUZ8002  
 
A methylation-defective donor strain of E. coli is used in intergeneric conjugation to allow for 

uptake of DNA by Streptomyces, which can only process non-methylated DNA. The mutation 

conferring methylation deficiency is maintained with tetracycline. This strain also contains a 

‘driver’ plasmid pUZ8002 encoding proteins that facilitate intergeneric conjugation between E. 

coli and Streptomyces. The pUZ8002 plasmid confers kanamycin resistance. 
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Appendix C 
Sequences 
 
Sequence from Chapter 5 
 
Purine nucleoside phosphorylase (ORF206)  
The sequence below was codon optimized and synthesized by IDT, including the overhangs for 
Gibson Assembly. Bolded letters indicate additional nucleotides added to place the gene in frame 
with the N-terminal His6 tag encoded by pET28a. Homologous overhangs for Gibson Assembly 
are in lower case.  
 
Nucleotide Sequence (5’-3’): 
 
tgggtcgcggatccgCTATGACAGACCTGCCCCGTGCCGACATAGGTGTAATTGGAGGCTCG

GGCTTGTATAGCTTCCTGGACGATGTAACTGAAGTTCCTGTCACAACTCCGTATGGA

CCGCCTTCGGATGCTTTGCTGGTGGGTGAGTATGCCGGCAGAACTATCGCATTCCTT

CCTAGACATGGTCGTTCACACAGCGTACCTCCTCATAGAATAAATTATCGGGCCAAT

TTATGGGCGCTTAGATCAGTGGGTGTACGTCGGGTACTGGCTCCTTGTGCGGTAGGC

TCCTTGGATGCGGAACTGGGGCCTGGAACTCTGGTCGTTCCGGACCAAGTCATAGAT

CGCACTTACGGTAGAGAGAATACATATTTCGATGGATTACCTCGCGAGGATGGCAC

ATTTCCACCGGTAGCGCACGCGCCTATGGCTGACCCGTACTGTTCAACAGGAAGAG

AGACCGTAATTGCGACTGCTCGCGAACAAGGCTGGCCTCCGCATCCGGAAGGAACA

CTTGTTGTCATTCAAGGACCACGCTTTTCAACCAGAGCTGAGTCGCTTTGGCACCGC

GCTGCCGGTGGCACTGTTGTTGGGATGACTGGGCAACCGGAGGCTGCTTTGGCAAG

AGAATTAGGTCTGTGCTATACGAGTATCGCATTAGTGACCGATTTGGACGCAGGAGC

TGAAACCGGAGAGGGGGTAACACACGAAGAAGTATTGGCAGTCTTTCGCCAAAACA

TTGACCGCCTTCGCCCACTTCTGACCGCTACAATTAAGAACTTACCGGGGGAGGACG

CGTGTGCATGTCCTGACGCCCCTGATGCCGAGCACGTTTAGtgcggccgcactcga  
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Encoded Amino Acid Sequence: 
 

MTDLPRADIGVIGGSGLYSFLDDVTEVPVTTPYGPPSDALLVGEYAGRTIAFLPRHGRSH

SVPPHRINYRANLWALRSVGVRRVLAPCAVGSLDAELGPGTLVVPDQVIDRTYGRENT

YFDGLPREDGTFPPVAHAPMADPYCSTGRETVIATAREQGWPPHPEGTLVVIQGPRFSTR

AESLWHRAAGGTVVGMTGQPEAALARELGLCYTSIALVTDLDAGAETGEGVTHEEVLA

VFRQNIDRLRPLLTATIKNLPGEDACACPDAPDAEHV 

Sequence from Appendix A 

FADH2-dependant Chlorinase AcmX  

Nucleotide Sequence amplified by PCR and sequenced by IDT (5’-3’) 

GTGTCTGATTTCCTTTATGACGTCGGAATAATTGGCGGCGGCCCCGCGGGGTCGACC

ATGGCGTCCTATCTCGCACAGGCTGGCCTGTCCTGTGTCGTACTCGAAGCCGAACAC

TTTCCGCGCCCGCATGTCGGTGAATCCCTGGTGCCGGCCACCACACCGGTACTCCGG

GAGATCGGCGCCCTTGAGAAGGTCGAGAAGGTGGGATTCCCGCGCAAGTACGGAGC

TGCCTGGACCGCCGCGGTGGACGACTCGATCCCACAGCTCGGGTTCCGTGGCCTGCA

CAGCGGATTCCGGCTCGCGGACATCCGGTTCAGCGAGCGCGACCAGCCCGAGGTCC

ACCAGGACCACACCTACCACGTCGACCGCGGGCGCTTCGACGAGCTGCTGCTGGAG

CATGCCTCCGAACTGGGAGCGGTCGTCCGCCAAGGCGCCCGCGTGCAGCGGGTCGA

CCTGGACGGCGAGAGTAAGCGCATCACCTACCGCGACGGCAGTACGGAGAAGTCCG

TACGTGCTCGGATGGTGGTCGACGCCAGCGGCCGCGGTACCTGCCTCGGCCGGCAG

CTGAAGCTGAAGGAGCCCGACCCGGTCTTCAACCAGTACGCCATCCACACCTGGTTC

GAGGATCTGGACCGGCAGGCGGTCAGCGGCACCGAGGACCGCGCGGACTACATCTT

CATCCACTTCCTGCCGCTCACCGACACCTGGGTGTGGCAGATCCCGATCACCGACAC

CATCACCAGCGTCGGCGTCGTCACGCAGAAGAGCCGTTTCAAGGAGGCTGCCGCTG
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ACGACCTGGAAGCCTTCTTCTGGGACTCCATCGACTCCCGGCCTGAACTGGGCCGCG

CCCTCCGCTCCGCCCGGCGGCTACGGTCCTTCAAGTCCGAGGGCGACTACAGCTATG

CGATGCGTGAACTCTGCGGCGACGGTTGGCTGTTGGTCGGTGATGCGGCCCGCTTCG

TGGACCCGATCTTCTCCAGTGGCGTCAGCGTCGCCCTCAACAGCGCTCGGCTGGCTG

CCCGCGACATCATCGCTGCGCACGGGGCCGGCGACTTCACCCGGCAGCGGTTCGCG

GCCTACGAAGGCAAGCTGCGCAAAGCGGTGCGCAACTGGTACGAGTTCATCTCCAT

CTACTACCGCCTCAACATCCTCTTCACCGCCTTCGTCCAGGACCCGCGGTACCGCGT

CGACGTCTTGAAGATGCTGCAGGGCGATGTGTACGACGCCGAGGAGCCGGCCGCGC

TCGGCAAGATGCGCGAGGTACTGCGCGAGGTCGAGTCCGATCCTCAGCACCTGTGG

CACCGGCACCTCGGTTCGCTGCGGGCCACCGCCCCCGCGACAGGCGTCTGA 

Encoded Amino Acid Sequence: 

VSDFLYDVGIIGGGPAGSTMASYLAQAGLSCVVLEAEHFPRPHVGESLVPATTPVLREIG

ALEKVEKVGFPRKYGAAWTAAVDDSIPQLGFRGLHSGFRLADIRFSERDQPEVHQDHT

YHVDRGRFDELLLEHASELGAVVRQGARVQRVDLDGESKRITYRDGSTEKSVRARMV

VDASGRGTCLGRQLKLKEPDPVFNQYAIHTWFEDLDRQAVSGTEDRADYIFIHFLPLTD

TWVWQIPITDTITSVGVVTQKSRFKEAAADDLEAFFWDSIDSRPELGRALRSARRLRSFK

SEGDYSYAMRELCGDGWLLVGDAARFVDPIFSSGVSVALNSARLAARDIIAAHGAGDF

TRQRFAAYEGKLRKAVRNWYEFISIYYRLNILFTAFVQDPRYRVDVLKMLQGDVYDAE

EPAALGKMREVLREVESDPQHLWHRHLGSLRATAPATGV 
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Appendix D 
Plasmids 
 

 

 
Figure D-1. pCAP03-acc(3)IV. XhoI, NdeI, and PstI recognition sites along with the 
pCAP03aph primers are labelled.  
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Figure D-2. pCAP03 construct containing synthetic DNA insert with 50 nts hooks for 
capture of the nucleocidin gene cluster. PmeI and PstI recognition sites are labelled.  
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a) 
b) 

  
 
Figure D-3. a) Virtual construct of pCAP03 and nucleocidin cluster with PstI recognition 
sites labelled and b) virtual digest with PstI using virtual DNA ladder SM1331 from 
Thermo Fisher Scientific.  
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Figure D-4. Sequenced TAR clone annotated with EcoRV and PstI restriction sites used to 
characterize the plasmid.  The PvuI restriction site was removed during recombination. 
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Figure D-5. pCRISPomyces-2 with BbsI restriction sites for insertion of the protospacer, 
and XbaI site for Gibson Assembly of homology arms. 
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Figure D-6. Example of a completed pCRISPomyces plasmid construct, pCRISPomyces-2-
orf171 with spacer and homology arms (HA). 
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Figure D-7. Plasmid map for the Streptomyces integrative plasmid pTESa. 
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Figure D-8. Map for pTESa-acmX 
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Figure D-9. Map for pTESa-acmY 
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Figure D-10. Map for pET28a(+) 
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Figure D-11. pET28a(+)-orf206 
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Figure D-12. Map for pETDuet-1 
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Figure D-13. pETDuet-1-acmX  
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Figure D-14. pETDuet-1-acmY  
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Figure D-15. pTESa-orf191 
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Appendix E 
19F-NMR Spectra 
 
 

 
 
Figure E-1. 19F-NMR spectrum of an n-butanol extract derived from a 2 L corn steep 
liquor culture of S. calvus Spore 4 att::[acmX, aac(3)IV]. 19F{1H}-NMR (400 MHz), 7,500 
scans, dissolved in D2O, and referenced to TFA. 
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Figure E-2. 19F-NMR spectrum of an n-butanol extract derived from a 2 L corn steep 
liquor culture of S. calvus Spore 4. 19F{1H}-NMR (400 MHz), 7,500 scans, dissolved in D2O, 
and referenced to TFA. 
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Figure E-3. 19F-NMR spectrum of an n-butanol extract derived from a 1 L corn steep 
liquor culture of S. calvus Spore 4. 19F{1H}-NMR (400 MHz), 7,500 scans, dissolved in D2O, 
and referenced to TFA. 
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Figure E-4. 19F-NMR spectrum of an n-butanol extract derived from a 500 mL corn steep 
liquor culture of S. calvus Spore 4. 19F{1H}-NMR (400 MHz), 1,900 scans, dissolved in D2O, 
and referenced to TFA. 
. 
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Figure E-5. 19F-NMR spectrum of an n-butanol extract derived from a 500 mL corn steep 
liquor Streptomyces sp. JCM9888 culture supplemented with fluoride. 19F{1H}-NMR (400 
MHz), 1,900 scans, dissolved in D2O, and referenced to TFA. 
. 
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Figure E-6. 19F-NMR spectrum of an n-butanol extract derived from a 500 mL corn steep 
liquor culture of S. calvus Spore 4. 19F{1H}-NMR (400 MHz), 7,500 scans, dissolved in D2O, 
and referenced to TFA. 
 
 
 



	 162	

 
Figure E-7. 19F-NMR spectrum of a n-butanol extract derived from a 500 mL corn steep 
liquor S. calvus Spore 4 att::[orf191, aac(3)IV] culture. Culture was grown with exconjugate 
1. 19F{1H}-NMR (400 MHz), 7,500 scans, dissolved in D2O, and referenced to TFA. 
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Figure E-8. 19F-NMR spectrum of a n-butanol extract derived from a 500 mL corn steep 
liquor S. calvus Spore 4 att::[orf191, aac(3)IV] culture. Culture was grown with exconjugate 
2. 19F{1H}-NMR (400 MHz), 7,500 scans, dissolved in D2O, and referenced to TFA. 
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Figure E-9. 19F-NMR spectrum of a n-butanol extract derived from a 500 mL corn steep 
liquor S. calvus Spore 4 att::[orf191, aac(3)IV] culture. Culture was grown with exconjugant 
3. 19F{1H}-NMR (400 MHz), 7,500 scans, dissolved in D2O, and referenced to TFA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


