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Abstract 

Nucleocidin is an adenosine analogue produced by the bacterium Streptomyces calvus. 

The molecule contains two substituents that are rarely observed in natural products: a 4'-

fluorine and a 5'-O-sulfamate. The biosynthetic genes encoding the production of 

nucleocidin were identified in the genome sequence of S. calvus. A comparison of the 

nucleocidin gene cluster with the genes encoding the biosynthesis of the structurally 

related molecule ascamycin has provided insight into conserved elements for biosynthesis 

of a sulfamate. Plasmids were designed and synthesized to disrupt two key conserved 

genes encoding a sulfotransferase and a radical SAM / Fe-S dependent oxidoreductase. 

These genes were also successfully expressed in Escherichia coli and the encoded 

enzymes purified for activity assays. The sulfotransferase was not observed to transfer 

sulfate to the 5'-OH of adenosine using PAPS as the sulfate donor, suggesting that 

another substrate is the acceptor. A unique dehydrogenase gene in the cluster was 

selected as a possible candidate for encoding fluorination. This gene was heterologously 

expressed in E. coli and the encoded enzyme purified by affinity chromatography. A 

potential substrate, 5'-O-sulfamyladenosine, was synthesized and tested with the 

dehydrogenase using NAD+ and NADP+ as the redox cofactors. 19F-NMR spectroscopic 

analysis did not show fluorination of 5'-O-sulfamoyladenosine, or other candidate 

substrates such as S-adenosylmethionine, ATP, and adenosine. This suggests another 

gene encodes fluorination. Finally, through gene disruption nucleocidin production was 

found to be dependent on a nucleoside phosphorylase gene. 
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Chapter 1 

Introduction 

1.1 Biosynthesis of Natural Products by Bacteria 

Bacteria have gained an enviable reputation for their ability to synthesize diverse 

natural products. Natural products are defined as small molecules produced by living 

organisms.1  The valuable medicinal properties of natural products are the driving force 

for producing these molecules on a synthetic level.2 However, the unique and intricate 

structures of these small molecules makes large scale synthesis a difficult task to 

accomplish. For this reason, production of complex natural products is generally 

performed in microorganisms. To further complicate the study of natural product 

biosynthesis, some bacteria grow very little or not at all outside their native environment 

(eg. lab cultivation).3 This suggests that there could be a large array of natural products 

that have yet to be discovered. In an attempt to circumvent this problem, heterologous 

hosts have been used to produce these natural products.4 Attempts are also being made to 

mimic the host’s natural environment in a lab setting.3,5 

1.2 Streptomyces 

Streptomyces, a type of Gram-positive bacteria known as actinomycetes, first 

appeared on earth around 450 million years ago.6 Streptomyces are well known for their 

ability to produce a vast array of bioactive secondary metabolites, including antibiotics, 

anticancer agents, and herbicides. This genus is single-handedly responsible for 
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fabricating over two-thirds of antibiotics used in medicine.7 Medically important 

antibiotics isolated from different Streptomyces species include streptomycin, 

chloramphenicol, vancomycin, and clavulanic acid.8  Genome sequencing has shed light 

on the potential capacity of a given Streptomyces strain to synthesize 25-30 secondary 

metabolites. Only approximately 10 % of these molecules are produced under normal 

cultivation conditions indicating a significant number of secondary metabolites have yet 

to be discovered.7 

The life cycle of Streptomyces resembles that of fungi rather than the typical 

binary fission method of reproduction in bacteria (Figure 1-1). Streptomyces begin their 

life as a single spore that then germinates to produce vegetative mycelia. On solid media, 

mycelium grows into aerial hyphae that ultimately produce long chains of spores.9 

Secondary metabolites are typically produced during sporulation. Mutations within 

several genes (bldA, B, G, H, etc) have been identified that prevent the production of 

aerial mycelium, resulting in a ‘bald’ and glossy phenotype.10 Figure 1-2 demonstrates 

the phenotypic difference between Streptomyces coelicolor and its bldA mutant.6 

 

Figure 1-1. Streptomyces life cycle.  Reproduced from reference 9. 
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Figure 1-2. Streptomyces coelicolor and a bldA mutant.  Reproduced from reference 6.  

The inability of Streptomycetes to sporulate has been demonstrated to inhibit their 

production of secondary metabolites.7 Of the bld genes, the bldA gene is unique in that it 

encodes a tRNA molecule that translates mRNA UUA codons specifying leucine. This 

tRNA molecule is known as Leu-tRNAUUA. At the DNA level, mRNA UUA corresponds 

to a TTA codon that is rare in the GC rich genomes of Streptomyces.11 A highly 

conserved TTA codon is found in the adpA gene (also known as bldH) that encodes a 

central transcriptional activator. The adpA gene product targets several genes associated 

with the biosynthesis of secondary metabolites including sporulation. In bldA mutants the 

Leu-tRNAUUA is not functional and a bald phenotype is observed due to the adpA gene 

not being expressed. Interestingly, TTA codons tend to be present with a relatively high 

frequency in genes encoding and regulating the biosynthesis of secondary metabolites. 

This suggests that their expression could be dependent on the expression of the bldA 

gene.12 Direct dependence on the bldA gene has been demonstrated in the biosynthesis of 

secondary metabolites in many Streptomyces species.7 

1.3 Streptomyces calvus 

Streptomyces calvus was isolated in the 1950’s by American Cyanamid Company 

from a soil sample obtained in India.13 The strain exhibited poor to non-existent 
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sporulation on a variety of solid media and accordingly was named ‘calvus’, the Latin 

word for ‘bald’. More recently, the genome of S. calvus was sequenced and a point 

mutation was discovered in the bldA gene, A21G, located within a strictly conserved 

position corresponding to the D loop of the encoded Leu-tRNA molecule.7 The secondary 

structure of the S. calvus Leu-tRNAUUA molecule was predicted using a program called 

RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).14 Whereas the secondary 

structure of a functional tRNA molecule resembles a clover-leaf like molecule, the A21G 

mutation encodes for a misfolded and likely non-functional tRNA molecule (Figure 1-3). 

The strain was complemented with a functional copy of the bldA gene and sporulation 

was restored. This strain is referred to as S. calvus bldA+.7 

 

Figure 1-3. S. calvus WT Leu-tRNAUUA (left) and S. calvus bldA+ Leu-tRNAUUA (right).  
Reproduced from reference 7.  

1.4 Fluorine in pharmaceuticals 

In the past 45 years, fluorine has become more prevalent in the pharmaceutical 

industry, with an increase from 2 % to 25 % of molecules containing fluorine in their 

structure. Currently, three of the five top-selling pharmaceuticals contain fluorine in their 
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structure including Lipitor (atorvastatin), the top selling drug that is used to treat high 

cholesterol.15 Fluorine is a highly electronegative and a small atom with a van der Waals 

radius of 1.47 Å. The fluorine atom is larger than hydrogen, whose van der Waals radius 

is 1.2 Å, but smaller than a methyl, amino, or hydroxyl group.16 Incorporating fluorine 

into a molecule can have an effect on its properties, including metabolic stability, 

basicity, and binding affinity, without drastically changing its shape. 

There are three significant benefits to fluorine incorporation into a molecule. The 

first benefit is to improve metabolic stability. The bioavailability of a compound is 

determined largely by the compound’s metabolic stability. Bioavailability is often limited 

by rapid oxidative metabolism by liver enzymes, mainly P450 cytochromes. Replacing 

the oxidizable C-H group with a C-F group in the molecule can block the reactive site 

leading to improved metabolic stability. An example of improved metabolic stability by 

fluorine incorporation is the discovery of Ezetimibe, a cholesterol absorption inhibitor. 

Fluorination of two metabolically labile sites in the moderately potent inhibitor 

SCH48461 (1) contributed to the discovery of Ezetimibe (2). Ezetimibe is a very potent 

inhibitor where the addition of fluorine prevents hydroxylation of the phenyl ring and 

oxidative dealkylation of the methoxy group (Figure 1-4).17 

 

Figure 1-4. Structures of SCH48461 (1) and ezetimibe (2). 
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A second benefit is the ability of fluorine to change the basicity of a compound. 

Its high electronegativity has a drastic effect on the pKa of nearby functional groups. 

Introducing a fluorine atom in close proximity to a basic group reduces its basicity 

resulting in improved membrane permeability and increased bioavailability that is limited 

by highly basic groups. An example is the discovery of novel fluorinated indole 

derivatives as selective 5HT1D receptor ligands. A significant reduction in pKa of nearby 

functional groups was found when fluorine was incorporated, this decreased the affinity 

for the receptor leading to increased bioavailability (Figure 1-5).17 

 

Figure 1-5. Effect of fluorination on pKa values, bioavailability, and receptor binding. Figure 

adapted from reference 17. 

A third benefit is the ability of fluorine to increase the binding affinity of a 

compound by an indirect effect, such as a change in basicity.17 This is shown in the 
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increase of binding affinity with a 3,5-di(trifluoromethyl)phenyl group in NK1 

antagonists.18 

1.5 Fluorinated natural products 

Only five structurally distinct fluorinated natural products have been 

characterized19 out of the 130,000 unique natural products that are currently known.20 

The paucity of fluorinated natural products is at odds with the fact that fluorine is the 

most abundant halogen on Earth21. The identified fluorinated natural products include ω-

fluorooleic acid (6), fluoroacetate (7), 4-fluoro-L-threonine (8), (2R, 3R)-2-fluorocitrate 

(9), and nucleocidin (10) (Figure 1-6).  

 

Figure 1-6. The five known fluorinated natural products. 

ω-Fluorooleic acid (6) is the toxic constituent found in the seeds of Datura 

toxicarum that is a plant located in Western Africa, particularly Sierra Leone.22 This 

fluorinated acid comprises approximately 3 % of the fatty acids in the seed wax. Multiple 

metabolites of 6 are believed to be formed by degradative metabolism of 6, a ω-
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fluorooleate thioester, or as shunt lipids arising from the biosynthesis of 6 (Figure 1-7). 

Fluorine is believed to originate from fluoroacetyl-CoA instead of acetyl-CoA in fatty 

acid biosynthesis. 23,24 

 

Figure 1-7. The biosynthesis of 6 and its metabolites. Figure adapted from reference 21. 

 

The toxin fluoroacetate (7) is the most common fluorinated natural product, 

occurring in over 40 species of plants found in tropical and sub-tropical regions of South 

America, Africa, and Australia.25 Streptomyces cattleya also produces 7, which can be 

converted to 4-fluorothreonine (8).26 A metabolite of 7, fluorocitrate, is also produced in 

toxic plants that accumulate 7 but is usually found at a much lower concentration.27 The 

(2R, 3R)-2-fluorocitrate stereoisomer (9) is responsible for the highly toxic nature of 7. 

First, 7 is converted to fluoroacetyl-CoA by acetyl-CoA synthetase21, then citrate 

synthase, an enzyme in the citric acid cycle, catalyzes the formation of 9. The 
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stereoelectronic influence of fluorine during condensation results in formation of the (2R, 

3R) stereoisomer only. Accumulation of 9 results in the inhibition of another citric acid 

cycle enzyme, aconitase, which prevents citrate transport and induces respiratory failure 

in mammals.28 

The biosynthetic pathway of fluoroacetate (7) and 4-fluorothreonine (8) in S. 

cattleya involves six enzymes (Figure 1-8).29 Enzyme activity of the fluorinase was first 

detected in 2002.30 The S. cattleya fluorinase catalyzes nucleophilic attack by a fluoride 

ion at the C-5’ of S-adenosylmethionine (SAM) forming 5’-deoxy-5’-fluoroadenosine 

(5’-FDA) while displacing L-methionine.30 The mechanism is shown in Figure 1-9.31 An 

inversion of configuration is observed that is consistent with a SN2 reaction mechanism.32 

Kinetic analysis of the fluorinase reaction revealed that the enzyme is relatively slow (kcat 

= 0.07 min-1). The substrate SAM (KM ~ 74 μM) was found to bind to the enzyme with 

relatively high affinity but fluoride (KM ~ 2 mM) bound weakly.33 The driving force for 

this reaction is the binding of SAM that causes desolvation of the fluoride ion by trapping 

fluoride in the active site. Desolvation of fluoride creates a good nucleophile that is in 

proximity to the carbon of the C(5’)-S+ bond where the SN2 reaction occurs.21  
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Figure 1-8. Biosynthetic pathway of fluoroacetate and 4-fluoro-L-threonine in S. cattleya. 

Figure adapted from reference 29. 

 

Figure 1-9. The reaction mechanism of the S. cattleya fluorinase.  (A) Fluoride hydrated in the 

active site. (B) Fluoride disrupts hydrogen bonding to two water molecules by interacting with 

Ser-158 in the active site. (C) SAM binds in the active site displacing water and desolvates 

fluoride. (D) Fluoride acts as a nucleophile to attack SAM forming 5’-FDA and releasing L-

methionine. Reproduced from reference 31.  
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The second step in the formation of fluoroacetate is catalyzed by a purine 

nucleoside phosphorylase (PNP). This enzyme catalyzes the displacement of the adenine 

base of 5’-FDA with a phosphate to form 5-deoxy-5-fluoro-α-D-ribose 1-phosphate with 

an inversion of stereochemistry. The third enzyme in the pathway is an isomerase that 

catalyzes isomerization of 5-deoxy-5-fluororibose-1-phosphate to the ribulose isomer. 

The fourth enzyme in the pathway is a ribulose aldolase that catalyzes the conversion of 

fluororibulose phosphate to fluoroacetaldehyde. At this point, there are two enzymes that 

act on fluoroacetaldehyde to produce the end products, a transaldolase to form 4-fluoro-

L-threonine (8) and an aldehyde dehydrogenase to form fluoroactetate (7).21 The 

transaldolase is a pyridoxal phosphate (PLP) dependent enzyme that uses L-threonine and 

fluoroacetaldehyde as substrates.34 A retro aldol reaction occurs on threonine activated by 

PLP releasing acetaldehyde and generating a PLP aldimine that attacks 

fluoroacetaldehyde to produce 4-fluorothreonine.21 The aldehyde dehydrogenase is an 

NAD+-dependent enzyme that catalyzes the oxidation of fluoroacetaldehyde to 

fluoroacetate (7). This enzyme was the first of the pathway to be purified.35 

1.6 Sulfamates in the pharmaceutical industry 

Nucleocidin is notable not only for having a fluorine substituent but also a 

sulfamate group. Originating with sulfamic acid, the sulfamates include a minimum of 

four types of naturally occurring derivatives, the O-substituted derivatives, the N-

substituted derivatives, and the O,N-di/tri-substituted derivatives (Figure 1-10). Sulfamic 

acid itself is a potent inhibitor of the zinc enzyme carbonic anhydrase36 that catalyzes the 

reversible conversion of carbon dioxide and water to bicarbonate and a proton.37 The O-

substituted derivatives of sulfamates show inhibitory activity against several different 
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types of enzymes, including carbonic anhydrases and steroid sulfatase.38,39 The N-

substituted sulfamates are particularly used as sweeteners.40 The di/tri-substituted 

sulfamates have a vast array of biological activities.36 

 

Figure 1-10. Sulfamic acid and its derivatives. Figure adapted from reference 35. 

The structural similarity of sulfamate to phosphate has sparked interest in the use 

of the sulfamate moiety in the development of antiviral agents. A class of drugs for 

treating acquired immune deficiency syndrome (AIDS) are nucleoside and nucleotide 

reverse transcriptase inhibitors.41 The nucleoside analogues were the first anti-HIV drugs 

used clinically. Finding metabolically stable analogues of mono-, di-, and tri-phosphates 

of nucleosides and acyclonucleosides is of great interest. Different methods have been 

used to facilitate the transfer of these analogues through the cell membrane. One method 

involves mimicking the first phosphate moiety with different bioisosteres, including a 

sulfamate moiety. Sulfamates have increased lipophilic character in comparison to 

phosphate thus can cross the cell membrane more easily. Phosphorylation can then occur 

to form triphosphate nucleoside analogues that are their active antiviral form.36  
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Sulfamates have also found a role as anticancer agents. Steroid sulfatase (STS) is 

a sulfate ester hydrolyzing enzyme. This enzyme catalyzes the conversion of estrone 

sulfate (11) to estrone (12) and also catalyzes the hydrolysis of dehydroepiandrosterone 

sulfate (DHEA-S) (13) to form DHEA (14) (Figure 1-11).38 The O-substituted sulfamic 

acid derivatives, being close mimics to sulfate, were found to be potent inhibitors of 

STS42 leading to these enzymes becoming an important therapeutic target to produce 

compounds for treating hormone-dependent tumours.38 Generally, the variable substituent 

in these inhibitors is an aromatic group or polycyclic ring system.43 The inhibition of STS 

by this type of sulfamate is of great interest to develop novel therapies against breast 

cancer38, androgen-dependent skin diseases, and acne.44,45 Cognitive dysfunctions, such 

as learning and spatial memory, were found to be enhanced with STS inhibition.46 STS 

inhibition has also been shown in designing immune modulators to play a role in T helper 

cell function regulation.47 

 

Figure 1-11. Reactions catalyzed by STS. Figure adapted from reference 38. 
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Sulfamates continue their importance as anticonvulsant agents. Topiramate (15) 

(Figure 1-12) is an oral anti-epileptic drug that has rapid absorption, is highly 

bioavailable, and is active for a long period of time.48 The structure of 15 is different 

from all other anti-epileptic drugs on the market49 and has been shown to be a potent 

carbonic anhydrase inhibitor.50 

 

Figure 1-12. Structure of topiramate. 

1.7 Sulfamate natural products 

Like fluorine, sulfamates occur rarely as substituents in nature with only seven 

natural sulfamates known to date: 5’-O-sulfamoyl adenosine (16), 5’-O-sulfamoyl 2-

chloroadenosine (17), 5’-O-sulfamoyl 2-bromoadenosine (18), 5’-O-sulfamoyl tubercidin 

(19), and nucleocidin (10) (Figure 1-13).51 5’-O-sulfamoyl adenosine (16) is produced by 

a Streptomyces species and was found to inhibit the formation of aminoacyl-tRNA.52 5’-

O-sulfamoyl 2-chloroadenosine (17), also known as dealanylascamycin, is produced by 

Streptomyces sp. JCM9888 and demonstrates broad spectrum inhibition activity against a 

variety of Gram-positive and Gram-negative bacteria, Trypanosoma, and is also highly 

toxic towards mice.53 5’-O-sulfamoyl 2-bromoadenosine (18) is produced by a 

Streptomyces species and was found to have herbicidal activity.54 5’-O-sulfamoyl 
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tubercidin (19) is produced by Streptomyces mirabilis and was found to be an herbicidal 

antibiotic.55 

 

Figure 1-13. Sulfamate natural products. 

1.8 Nucleocidin 

Nucleocidin (10) was discovered in 1956 by American Cyanamid in culture 

extracts of the bacterium Streptomyces calvus based on the potent anti-trypanosmal 

activity of this molecule. The initial structure of 10 was proposed to be adenosine 

containing a 5'-O-sulfamate.56 It was not until 1969 with the advent of 19F-NMR 

spectroscopy that the structure was revised to additionally contain a fluorine at the 4’ 

position.57 Mysteriously, after its initial discovery in 1956, all attempts by multiple labs 

to observe the production of 10 in S. calvus were unsuccessful, leading to the belief that 

the genes encoding nucleocidin were lost.58 More recently, XiMing Zhu of the Zechel lab 

has shown that S. calvus with a functional bldA gene can produce 10. Analysis of culture 

extracts by 19F-NMR spectroscopy revealed a signal at δ = -121 ppm that agreed with the 

literature value of 10. The molecule was purified using a charcoal column and preparative 

HPLC to yield 0.5 mg of semi-pure compound that was confirmed to be nucleocidin by 
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NMR spectroscopy, high resolution mass spectrometry (MS), and a fluorine specific 

technique utilizing continuum source molecular absorption spectroscopy (CS MAS). 

With the 60 year old mystery now solved59, the revival of production of nucleocidin in S. 

calvus sets the stage to investigate the biosynthesis of this unique molecule. 

1.9 The nucleocidin gene cluster in S. calvus 

Three genes were initially identified in the genome of S. calvus that were 

proposed to be involved in the biosynthesis of nucleocidin (10) (Figure 1-14). These 

genes are predicted to encode a streptomycin-like (StrR) regulatory protein, a radical 

SAM/Fe-S dependent oxidoreductase, and a sulfotransferase. The nucleocidin gene 

cluster was first identified on the basis of the sulfotransferase gene. The sulfotransferase 

gene is adjacent to the strR regulatory gene and the radical SAM gene, that both contain 

single TTA codons. The presence of these codons were hypothesized to explain the 

dependence of nucleocidin production on bldA. However, as will be seen in Chapter 2, 

these three genes alone do not encode nucleocidin biosynthesis.  

 

Figure 1-14. Initial putative nucleocidin gene cluster. 

A publication on the gene cluster encoding a molecule very similar to 

nucleocidin, ascamycin53, led to the expansion of the proposed nucleocidin gene cluster 

to a 30 kbp region (Figure 1-15). It is now believed that there are many more enzymes 

involved in the process. Genes for 3’-phosphoadenosine-5’-phosphosulfate (PAPS) 
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biosynthesis, the putative sulfate donor for the sulfotransferase enzyme, are located on a 

different part of the chromosome (nucABW). Differences between the nucleocidin and 

ascamycin gene clusters will be discussed in Chapter 3. 

 

Figure 1-15. Current proposed nucleocidin gene cluster in S. calvus. 

1.10 Thesis objective 

The objective of this thesis was to assign functions to the genes encoding the 

biosynthesis of nucleocidin. A multipronged approach was used. The first method was to 

amplify the entire putative cluster and insert the cluster onto the chromosome of 

Streptomyces lividans. This experiment would confirm whether the strR, sulfotransferase, 

and radical SAM genes are solely responsible for nucleocidin production. The second 

method was to express, purify, and characterize the individual enzymes in vitro in the 

putative pathway. These experiments would give insight into the mechanism of 

nucleocidin biosynthesis. The third method was identifying genes through gene 

inactivation of the sulfotransferase and radical SAM genes. These experiments would 

confirm their role in nucleocidin biosynthesis. The fourth method was mutagenesis of 

TTA codons to an alternative leucine codon to confirm bldA dependence of nucleocidin 

production. 
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Chapter 2 

Heterologous expression of the strR, sulfotransferase, and radical SAM enzyme 

genes in S. lividans 

2.1 Introduction 

Prior to publication of the ascamycin gene cluster1, we hypothesized that the gene 

cluster responsible for nucleocidin production included at a minimum three genes: a strR 

regulatory gene, a sulfotransferase gene (nucK), and a radical SAM gene (nucJ) (Figure 

2-1). An increase in production of nucleocidin (10) was demonstrated when the strR 

regulatory gene was upregulated indicating a role in the biosynthesis.2 The 

sulfotransferase enzyme (NucK) is believed to place a sulfate group onto a nucleocidin 

precursor such as adenosine to form a molecule such as 5’-O-sulfoadenosine (20). The 

radical SAM enzyme (NucJ) was believed to be responsible for fluorination (Error! 

Reference source not found.). The proposed mechanism for fluorination is shown in 

Figure 2-3. One way to test this hypothesis is through amplification of this portion of the 

gene cluster and insertion into the genome of a different strain of Streptomyces such as S. 

lividans. The strain containing the gene cluster can then be cultured and analyzed for a 

fluorinated metabolite. 
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Figure 2-1. Portion of the gene cluster initially hypothesized responsible for nucleocidin 

production. 

 

Figure 2-2. Proposed biosynthetic scheme of NucK and NucJ. 

 

 

Figure 2-3. Proposed mechanism for fluorination by the radical SAM enzyme 

(NucJ). 
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2.1.1 Objective 

The objective for this part of the project was to amplify the entire putative cluster 

and insert the cluster onto the chromosome of Streptomyces lividans. These studies would 

confirm whether the strR, sulfotransferase, and radical SAM genes are solely responsible 

for nucleocidin production. 

2.2 Methods 

2.2.1 Materials and equipment 

Herculase II DNA polymerase with dNTPs was purchased from Agilent 

Technologies. The restriction endonucleases, T4 DNA ligase, and T4 DNA ligase 

reaction buffer were obtained from New England Biolabs. NEB 5-alpha chemically 

competent E. coli (high efficiency) cells were used for transforming ligated DNA as well 

as isolating plasmid DNA. E. coli XL1Blue cells (Stratagene) were used to propagate 

successfully ligated DNA. ET12567/pUZ8002 E. coli cells (glycerol stock, -80° C 

freezer) were used as DNA donor cells for conjugation into S. lividans. Genomic DNA 

was prepared by XiMing Zhu using the ‘salting out method’ adopted from ‘Practical 

Streptomyces Genetics’.3 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. Tryptone was obtained from Fisher Scientific. Tryptic soy broth (TSB) was 

obtained from EMD Chemicals. Soya flour was purchased from a local grocer. 

Magnesium chloride hexahydrate and magnesium sulfate heptahydrate were obtained 

from Fluka. Ammonium sulfate was purchased from CD Bionutrients, Deuterium oxide 

(D2O) was obtained from Cambridge Isotope Laboratories, Inc. The antibiotics 
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phosphomycin, kanamycin, apramycin, and chloramphenicol were purchased from either 

Bio-Shop or Sigma-Aldrich and used at final concentrations of 300 μg mL-1, 50 μg mL-1, 

50 μg mL-1, and 25 μg mL-1, respectively. Primers and all other chemicals were 

purchased from Sigma-Aldrich and used without further purification. 

PCR was performed using an Eppendorf Thermal Cycler. The 19F NMR spectrum 

(1H-decoupled) was recorded on a Bruker Avance 400 MHz spectrometer at Queen’s 

University. Samples were dissolved in 400 μL D2O and 19F NMR spectral chemical shifts 

(δ, ppm) were referenced to trifluoroacetic acid (TFA) contained in a capillary (δ = -

76.55 ppm, 1 mM in D2O). 

2.2.2 Production of nucleocidin from S. calvus sporulating variant #4 

Before attempting heterologous production of nucleocidin in S. lividans, a trial 

production was performed using S. calvus sporulating variant #4 that was previously 

shown by XiMing Zhu to produce nucleocidin.2 Four 20 mL TSB cultures supplemented 

with phosphomycin were prepared using single colonies from plate streaked with S. 

calvus sporulating variant #4 and incubated at 28 °C, 180 rpm for two days. Four 1 L 

corn steep liquor medium (Table 2-1) production cultures supplemented with 

phosphomycin in 4 L baffled flasks containing springs were each inoculated with a TSB 

culture (2 % v/v) and incubated at 28 °C, 180 rpm for five days. All media were 

autoclaved before antibiotic addition and inoculation. Cultures were centrifuged at 10,000 

x g and 4 g L-1 activated charcoal and 4.5 g L-1 Celite were added to supernatant then 

incubated for 1 hour at 28 °C, 180 rpm. The charcoal-Celite mixture was collected by 

vacuum filtration using a Celite plug and washed with water (~400 mL) then acetone 

(~250 mL). The acetone extract was concentrated in vacuo to a brown viscous liquid 
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(~100 μL), dissolved in 400 μL of D2O and a 19F NMR spectrum was collected overnight 

(9300 scans). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2-1. Corn steep liquor medium 

composition 

 

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* 0.25 g 

KF** 0.058 g 

Trace element solution** 1 mL 

Antifoam 204** 

*Added after autoclaving. 

**Added after solution 

pH adjusted to 7.2 using 

NaOH 

0.1 mL 

 

Table 2-2. Trace element solution 

composition 

Component Amount (L-1) 

ZnSO4 • 7 H2O 2 mg  

FeSO4 • 7 H2O 2 mg 

MnCl2 • 4 H2O 2 mg 

CaCl2 • 6 H2O 2 mg 

NaCl 2 mg 

CoCl2 2 mg 

CuCl2 • 2 H2O 0.4 mg 

Na2B4O7 • 10 H2O 0.4 mg 

(NH4)6Mo7O24 • 4 H2O 0.4 mg 
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2.2.3 Construction of pTESa-nuc1 

PCR amplification of the strR, radical SAM, and sulfotransferase genes from the 

S. calvus sporulating variant #4 genomic DNA was performed in duplicate using the 

program shown in Table 2-3 and the primers shown in Table 2-4. PCR reaction 

components are reported as final concentrations with exception of DNA template and 

Herculase II polymerase. The reactions consisted of 1 X Herculase II buffer, 250 μM of 

each dNTP, 5 % DMSO, 2.5 μL of S. calvus sporulating variant #4 genomic DNA 

solution, 0.25 μM of each primer, and 1 μL Herculase II polymerase in a 50 μL reaction 

volume. PCR products were analyzed using agarose gel (1 %) electrophoresis and 

purified using a QIAquick Gel Extraction Kit. Restriction digests were performed on the 

purified PCR product and the integrative pTESa plasmid using the restriction 

endonucleases BamHI and EcoRI. The restriction digest of pTESa consisted of 

approximately 240 ng plasmid template, 1 X CutSmart buffer, 10 U calf-intestinal 

alkaline phosphatase (CIAP), and 30 U of each restriction endonuclease in a 30 μL 

reaction volume. The restriction digest of the purified PCR product consisted of 

approximately 120 ng template, 1 X CutSmart buffer, and 30 U of each restriction 

endonuclease in a 30 μL reaction volume. The resulting digested products were purified 

using QIAquick Gel Extraction Kit without agarose gel electrophoresis. The resulting 

PCR product was ligated into pTESa, yielding pTESa-nuc1. A control reaction was 

performed excluding PCR product along with three ligation reactions consisting of 

different concentrations of PCR product. Ligation reactions consisted of approximately 

24 ng digested pTESa, 1 X T4 DNA ligase reaction buffer, and 400 U T4 DNA ligase in 

a 20 μL reaction volume. Ligation reactions were performed overnight at 16 °C then 



30 

 

denatured at 65 °C for 10 minutes. Ligations were transformed into NEB 5-alpha 

chemically competent E. coli (high efficiency) cells and grown at 37 °C overnight on LB-

agar supplemented with apramycin. Single colonies containing pTESa-nuc1 were used to 

inoculate six culture tubes containing 4 mL of LB supplemented with apramycin that 

were then grown at 37 °C and 240 rpm for 16 hours. Isolation of plasmid DNA was 

performed using the Nucleospin Plus Plasmid Kit. Analytical digests were performed 

using the restriction endonucleases BamHI and EcoRI. The analytical digests consisted of 

approximately 100 ng plasmid (4 μL isolated pTESa-nuc1 plasmid DNA), 1 X CutSmart 

buffer, and 20 U of each restriction endonuclease in a 20 μL reaction volume. Analytical 

digests were performed at 37 °C for 2 hours and analyzed by agarose gel (1%) 

electrophoresis. 

Table 2-3. PCR program for amplification of the putative nucleocidin gene cluster. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 51 °C 

4. 3 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 2-4. Primers used for PCR amplification of the strR, radical SAM, and 

sulfotransferase genes. Restriction endonuclease recognition sites are italicized.   

Primer name Sequence 

pTESa forward BamHI 5’-agtactggatccatgccgtaccacttgttca-3’ 

pTESa reverse EcoRI 5’-ctttaagaattcgtccttgcgactgatggt-3’ 

2.2.4 Conjugation into S. lividans 

The integrative plasmid pTESa-nuc1 was introduced into S. lividans using 

intergeneric conjugation from E. coli according to the procedure described by Hopwood.3 

2.2.4.1 Preparation of donor cells 

The plasmid, pTESa-nuc1 (approximately 250 ng, 10 μL isolated plasmid DNA), 

was transformed into 200 μL chemically competent E. coli ET12567/pUZ8002 cells and 

incubated overnight at 37 °C on LB-agar supplemented with apramycin. A single colony 

from the plate was used to inoculate 1 mL of LB supplemented with kanamycin, 

chloramphenicol, and apramycin then incubated overnight at 37 °C, 240 rpm. The 

overnight culture was used to inoculate 100 mL of LB supplemented with kanamycin, 

chloramphenicol, and apramycin. The culture was incubated at 37 °C, 240 rpm until an 

optical density at 600 nm (OD600) reached 0.4-0.6. The culture was divided in two, 

centrifuged and washed twice with 20 mL LB.  

2.2.4.2 Preparation of acceptor cells 

To harvest spores from S. lividans, 100 μL of a dense 25 mL TSB culture of S. 

lividans supplemented with phosphomycin was spread onto four mannitol-soya (MS) 

agar plates supplemented with phosphomycin and incubated at 28 °C for six days. 
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Approximately 9 mL of Milli-Q water and a sterile Q-tip were used to suspend spores on 

densely sporulating MS-agar plates. Suspended spores were vortexed, centrifuged, 

resuspended in 500 μL 2 X YT broth, then heat-shocked at 50 °C for 10 minutes. 

2.2.4.3 Mating of donor and acceptor cells 

The germinated S. lividans spores prepared above were added to the washed E. 

coli ET12567/pUZ8002/pTESa-nuc1 cell pellets, mixed, and spread onto MS-agar plates. 

S. lividans cells not mixed with E. coli donor cells were spread onto two MS-agar plates 

as a positive and negative control. Plates were incubated at 28 °C for 18 hours at which 

time the plates were overlaid with the appropriate antibiotics: phosphomycin for the 

positive control and phosphomycin and apramycin for the negative control and 

conjugation plates. Exconjugants from the mating plates were streaked onto a new MS-

agar plate supplemented with phosphomycin and apramycin from which TSB cultures 

were made and -80 °C sucrose stocks (25% w/v) were prepared. 

2.2.5 Culturing, extraction, and 19F NMR spectroscopic analysis 

Four single colonies of S. lividans / pTESa-nuc1 grown on MS-agar plates were 

used to inoculate four 20 mL TSB cultures supplemented with phosphomycin and 

apramycin that were then incubated at 28 °C, 180 rpm for two days. Four 1 L corn steep 

liquor medium (Table 2-1) production cultures supplemented with phosphomycin and 

apramycin in 4 L baffled flasks containing springs were inoculated with each TSB culture 

(2 % v/v) and incubated at 28 °C, 180 rpm for five days. Cultures were extracted as 

mentioned above and the acetone extract was concentrated in vacuo to a brown viscous 
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liquid (~100 μL), dissolved in 400 μL D2O and a 19F NMR spectrum was collected 

overnight (9300 scans). 

2.3 Results 

2.3.1 Production of nucleocidin from S. calvus sporulating variant #4 

A 1H-decoupled 19F NMR spectrum was collected overnight of the extract 

dissolved in D2O (Figure 2-4). Three peaks are observed with the large peak at δ -120.9 

ppm believed to be nucleocidin. The peak at δ -119.2 ppm has been observed in extracts 

previously and could potentially be a precursor to nucleocidin. A new smaller peak is 

observed at δ -121.4 ppm that could be another interesting fluorinated metabolite. This 

experiment thus reproduces the result reported by XiMing Zhu2 for S. calvus sporulating 

variant #4 and demonstrates stable production of nucleocidin in this particular strain. It 

also serves as a reference for observing heterologous production in S. lividans or E. coli, 

or the outcome of gene disruption experiments. 

  

Figure 2-4. 1H-decoupled 19F NMR spectrum of S. calvus sporulating variant #4 culture 

extract.  Referenced to TFA standard at δ=-76.55 ppm. 
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2.3.2 Construction of pTESa-nuc1 

A scheme of the proposed cluster with the primer binding sites is shown in Figure 

2-5. PCR amplification of the proposed nucleocidin gene cluster resulted in a band on the 

agarose gel slightly below 5000-bp which agrees with the predicted size of 4558-bp 

(Figure 2-6). Restriction digest of pTESa and the PCR amplified gene cluster followed 

by purification of the linearized DNA resulted in bands on the agarose gel slightly below 

5000-bp and at 6000-bp which agree with the predicted sizes of 4558-bp for the gene 

cluster and 5969-bp for pTESa (Figure 2-7). Successful ligation of the gene cluster into 

pTESa was confirmed by analytical digest with the restriction endonucleases BamHI and 

EcoRI. Five of the six clones analyzed resulted in bands at 5000-bp and 6000-bp which 

agree with the predicted sizes of 4558-bp and 5969-bp on the agarose gel (Figure 2-8). 

 

Figure 2-5. Proposed nucleocidin gene cluster with primer binding sites. 
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Figure 2-6. PCR amplification of a segment of the nucleocidin gene cluster. 1% agarose gel 

shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, first PCR product of the nucleocidin 

gene cluster; Lane 3, second PCR product of the nucleocidin gene cluster. 

 

 

Figure 2-7. Restriction enzyme digests of the proposed nucleocidin gene cluster PCR 

product and pTESa. 1% agarose gel shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, 

pTESa digested with BamHI and EcoRI; Lane 3, PCR product digested with BamHI and EcoRI. 
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Figure 2-8. Restriction enzyme digests of pTESa-nuc1 clones.  1 % agarose gel shown. Lane 1, 

DNA ladder (SM0333, Fermentas); Lanes 2-7, pTESa-nuc1 clones digested with BamHI and 

EcoRI. 

2.3.3 Conjugation into S. lividans 

The conjugation consisted of a positive control, negative control, and two 

conjugation plates. The positive control only contained S. lividans and was overlaid with 

phosphomycin. A lawn of colonies was observed after 3 days that provides a reference 

for the conjugation plates. The negative control only contained S. lividans but was 

overlaid with phosphomycin and apramycin. No colonies were observed that indicates 

that S. lividans is not resistant to apramycin. The two conjugation plates contained a 

mixture of S. lividans and E. coli containing pTESa-nuc1 and were overlaid with 

phosphomycin and apramycin. After 3 days, hundreds of colonies were observed on each 

plate that indicated that the conjugation was successful. Colonies were picked and 

streaked onto new MS-agar supplemented with phosphomycin and apramycin. The plate 

was saturated with colonies that were used subsequently to make -80 °C sucrose stocks 

and large scale culturing. 
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2.3.4 19F-NMR spectroscopic analysis of S. lividans / pTESa-nuc1 culture extracts 

A 1H-decoupled 19F NMR spectrum was collected overnight of the extract 

dissolved in D2O (Figure 2-9). The top spectrum of S. calvus sporulating variant #4 

demonstrates the production of nucleocidin at δ = -120.9 ppm as well the production of 

two other fluorinated metabolites. No fluorinated nucleosides are observed in the bottom 

spectrum of S. lividans pTESa-nuc1. A fluorinated nucleoside is expected to have a 

signal around δ = -121 ppm.4 

 

Figure 2-9. A comparison of 1H-decoupled 19F NMR spectra of S. calvus sporulating variant 

#4 (Top) and S. lividans pTESa-nuc1 (Bottom) culture extracts. 

2.4 Discussion 

According to our initial hypothesis, heterologous expression of the strR, 

sulfotransferase, and radical SAM enzyme genes in S. lividans would lead to the 
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production of nucleocidin or a precursor such as a sulfated version of nucleocidin. A 

control experiment was performed to show that nucleocidin production is reproducible in 

S. calvus sporulating variant #4. A distinct signal was observed at δ = -120.9 ppm 

corresponding to nucleocidin. Two other fluorinated metabolites are observed at δ = -

119.2 ppm and δ = -121.4 ppm. The signal at δ = -119.2 ppm has been observed 

previously and could potentially be a precursor of nucleocidin. The signal at δ = -120.4 

has not been observed previously and could correspond to another derivative of 

nucleocidin or a biosynthetic precursor. As can be seen from the 19F NMR spectrum of 

the extract derived from S. lividans / pTESa-nuc1, no signals corresponding to a 

fluorinated nucleoside are observed indicating that either these genes do not encode 

fluorination, or functional expression of the encoded enzymes was not possible in S. 

lividans. The radical SAM / Fe-S oxidoreductase gene was believed responsible for 

fluorination, but in light of the ascamycin gene cluster1, published while this work was in 

progress, it is almost certain that this hypothesis is incorrect. Comparing the nucleocidin 

gene cluster to the ascamycin gene cluster, a radical SAM / Fe-S oxidoreductase gene is 

seen in both cases with high sequence similarity (see Chapter 3 for a detailed analysis). 

Ascamycin does not contain a fluorine atom, therefore it is believed the radical SAM / 

Fe-S gene serves a different purpose. These three genes alone are not responsible for 

production of a fluorinated precursor to nucleocidin. Sulfation of adenosine or a different 

substrate by the sulfotransferase may have occurred that, in future work, could be 

detected by UPLC-DAD-MS. 

Moving forward, a much larger region encompassing these genes could be cloned 

and tested for heterologous production of nucleocidin. Cloning such a large gene cluster 
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into a bacterial plasmid would be extremely difficult so a different method could be 

utilized. One method for cloning such a large gene cluster is transformation-associated 

recombination (TAR) cloning. TAR cloning occurs through in vivo homologous 

recombination between a target genome sequence and a linearized TAR cloning vector 

that contains end sequences homologous to the target sequence. Co-transformation into 

yeast results in homologous recombination between the vector’s end sequences and the 

flanking regions of the target genome sequence forming a circular yeast artificial 

chromosome.5 The artificial chromosome propagates and can be selected for in yeast with 

the tryptophan auxotroph.6 Thus future endeavors to clone the nucleocidin cluster should 

take advantage of the efficiency of TAR cloning.  

2.5 Conclusions 

In light of the ascamycin gene cluster, published while work described in this 

chapter was in progress, the nucleocidin gene cluster is believed to be much larger than 

previously assumed. Heterologous expression of the strR, radical SAM, and 

sulfotransferase genes did not result in the production of a fluorinated metabolite. The 

proposed gene cluster has been expanded and should be the focus of future cloning 

efforts. 
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Chapter 3 

A comparison of the nucleocidin and ascamycin gene clusters 

3.1 Introduction 

3.1.1 Ascamycin 

During the course of our studies into the biosynthesis of nucleocidin in S. calvus, 

a paper was published describing the gene cluster encoding the biosynthesis of a related 

molecule called ascamycin (22).1 Nucleocidin (10) contains a fluorine at C4’ and a 

sulfamate at C5’ whereas ascamycin (22) contains a chlorine at C2 on the adenine ring 

and L-alanine attached to the sulfamate at C5’. The precursor to ascamycin (22), 

dealanylascamycin (17), lacks the L-alanine group (Figure 3-1).  

 

Figure 3-1. Structures of ascamycin (22), dealanylascamycin (17), and nucleocidin (10). 

The two nucleoside antibiotics, ascamycin (22) and dealanylascamycin (17), are 

produced by Streptomyces sp. JCM9888. Dealanylascamycin (17) demonstrates broad 
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spectrum inhibition activity against Gram-positive and Gram-negative bacteria, 

eukaryotic Trypanosoma, and is also toxic to mice. Ascamycin (22) has very limited 

activity against microorganisms such as Xanthomonas. Their variation in biological 

activity is due to the action of an aminopeptidase that cleaves the peptide bond 

connecting the L-alanine group to the sulfamate in ascamycin. This aminopeptidase must 

be present in the target microorganism for ascamycin (22) to be active so 

dealanylascamycin (17) is believed to be the active form. The aminopeptidase is absent in 

all microorganisms except Xanthomonas so they are consequently not susceptible to 

ascamycin (22).1 

The proposed biosynthetic gene cluster for ascamycin (22) is 33 kb in length 

comprising 23 genes, acmA to acmW. There are two genes acmX and acmY encoding 

flavin adenine dinucleotide (FAD)-dependent chlorinases, located approximately 1 Mbp 

from the gene cluster that are believed responsible for chlorination at position 2 on the 

adenine ring. The genes acmD and acmF (alanyl tRNA-synthetases) as well as acmE 

(esterase) are believed responsible for attachment and removal of the alanyl group from 

ascamycin (22) to form dealanylascamycin (17).1 

Seven of the genes in the cluster are proposed by the authors to be involved in 

formation of the sulfamate group at position 5’ (Figure 3-2). Sulfate ions must be first 

activated by forming the sulfo donor PAPS. The first step in the biosynthesis of PAPS is 

coupling inorganic sulfate with ATP to form adenosine 5’-phosphosulfate (APS) and 

diphosphate2 that is most likely catalyzed by sulfate adenylyltransferase (AcmAW).  The 

second step is coupling ATP with APS to form PAPS and ADP2 that is most likely 

catalyzed by adenylyl sulfate kinase (AcmB). The sulfotransferase (AcmK), perhaps with 
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help from the sulfatase (AcmG) and the arylsulfatase (AcmI), is then believed to transfer 

a sulfate group onto the 5’-O position of adenosine utilizing PAPS as a sulfate donor to 

form 5’-O-sulfoadenosine (20). This is similar to the proposal from Chapter 3 that NucK 

is responsible for the transfer of a sulfate group onto adenosine. The authors of the 

ascamycin publication believe the sulfatase and arylsulfatase may play a role in the 

transfer as well. The hydroxyl group on the sulfate is proposed to be replaced by an 

amine group using an amidinotransferase (AcmN).  

 

Figure 3-2. Proposed biosynthetic pathway for sulfamate formation. 

Gene inactivation studies were performed to verify some genes within the cluster. 

Gene inactivation of acmG (sulfatase) and acmK (sulfotransferase) both resulted in loss 

of production of ascamycin (22) and dealanylascamycin (17) confirming a role in their 

production. Gene inactivation of acmE, the gene in between the two alanyl-tRNA 

synthetase genes that weakly resembles an aminopeptidase from Xanthomonas 

campestris, resulted in the production of dealanylascamycin (17) but not ascamycin (22). 

This suggests a role for acmE in encoding the condensation reaction between 

dealanylascamycin (17) and L-alanyl to form ascamycin (22).1 

 



44 

 

3.1.2 Nucleocidin vs. ascamycin 

A sequence analysis of the enzymes encoded by the proposed nucleocidin gene 

cluster identified 16 homologous enzymes within the ascamycin cluster (Table 3-1). 

Thirteen of the homologous genes (denoted with ascamycin labels) are located in one 

cluster (nucGIJKLMNOPQRUV) while the three genes encoding the biosynthesis of 

PAPS (nucABW) in S. calvus are located on a different part of the chromosome. There are 

a number of notable differences between the nucleocidin and ascamycin clusters. First, 

the PAPS biosynthetic genes are located within the ascamycin cluster.  The S. calvus 

PAPS biosynthetic genes are located on a different part of the chromosome within a gene 

cluster encoding a traditional sulfate reduction pathway3, including ORF2331 (sulfite 

reductase), ORF2333 (PAPS reductase), and ORFs 2341, 2342, 2345 (components of a 

sulfate transporter). Second, two genes in the ascamycin cluster encode Fe-S dependent 

oxidoreductases (acmJ and acmH) while there is only one found in the nucleocidin 

cluster (nucJ) that has the greatest sequence homology to acmJ. Third, genes encoding 

alanyl-tRNA synthetases and an esterase, acmD, acmE, and acmF, in the ascamycin gene 

cluster do not have homologous gene in S. calvus. Also, acmS (hypothetical protein) and 

acmT (phosphatase) do not have homologous genes in the nucleocidin cluster. Fourth, 

important genes located in the nucleocidin cluster but not the ascamycin cluster are a 

streptomycin-like regulatory gene (strR) and a purine nucleoside phosphorylase (PNP) 

gene, both of which affect the production of nucleocidin (10). XiMing Zhu previously 

demonstrated the enhancement of nucleocidin (10) production upon constituitive 

expression of the strR-like gene in S. calvus with a functional bldA gene.4 The 

dependence on the purine nucleoside phosphorylase gene is described later in this 
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chapter. A comparison of the nucleocidin gene cluster with the ascamycin gene cluster is 

shown in Figure 3-3. 

Table 3-1. ORFs associated with the nucleocidin biosynthetic cluster. 

S. calvus 

ORF 

amino 

acids 

Predicted 

function 

Homolog, 

origin 

Identity / 

similarity 

(%) 

Accession 

PAPS 

cluster 

     

ORF2331 

 

566 sulphite reductase S. 

griseoflavus 

Tu4000  

94 / 97 EFL38300 

ORF2333 

 

237 PAPS reductase 

(CysH) 

S. 

griseoflavus  

90 / 95 WP_004923414 

nucB 

 

179 adenylylsulfate 

kinase 

AcmB, 

JCM9888 

68 / 82 AJF34501 

nucA 

 

312 sulfate 

adenylyltransferase 

subunit 2 (CysD) 

AcmA, 

JCM9888 

82 / 90 AJF34500 

nucW 

 

445 sulfate 

adenylyltransferase 

subunit 1 (CysN) 

AcmW, 

JCM9888 

80 / 86 AJF34522 

ORF2341 

 

368 sulphate ABC 

transporter 

periplasmic 

binding protein 

S. 

toyocaensis 

 

86 / 91 WP_037925929 

ORF2342 

 

263 sulphate ABC 

transporter ATP 

binding protein 

S. 

toyocaensis 

 

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 

nucU  

 

477 Na+/H+ antiporter AcmU, 

JCM9888 

28 / 43 AJF34520 

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 
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ORF181 138 aminoglycoside 

phosphotransferase 

Streptomyces 

sp.  

NRRL F-

5123 

57 / 62 WP_031515024 

nucR 

 

463 major facilitator 

superfamily 

protein 

AcmR, 

JCM9888 

48 / 68 AJF34517 

nucM  

 

141 hypothetical 

protein 

AcmM, 

JCM9888 

76 / 86 AJF34512 

nucG  

 

476 sulfatase AcmG, 

JCM9888 

45 / 60 AJF34506 

nucN 333 amidinotransferase AcmN, 

JCM9888 

58 / 66 AJF34513 

nucI  

 

390 arylsulfatase AcmI, 

JCM9888 

67 / 75 AJF34508 

ORF191 

 

349 StrR-like 

transcriptional 

regulator 

Streptomyces 

sp. NRRL 

WC-3773 

56 / 66 WP_032927440 

nucJ 

 

561 putative Fe-S 

oxidoreductase 

AcmJ, 

JCM9888 

78 / 88 AJF34509 

nucK  

 

360 PAPS dependent 

sulfotransferase 

AcmK, 

JCM9888 

69 / 76 AJF34510 

nucL 256 UbiE/COQ5 

methyltransferase 

AcmL, 

JCM9888 

68 / 77 AJF34511 

nucQ  159 rubrerythrin AcmQ, 

JCM9888 

52 / 60 AJF34516 

nucP 

 

662 DNA 

topoisomerase II 

AcmP, 

JCM9888 

62 / 75 AJF34515 

nucO  

 

461 hypothetical 

protein 

AcmO, 

JCM9888 

51 / 61 AJF34514 

nucV 

 

195 adenine 

phosphoribosyl-

transferase 

AcmV, 

JCM9888 

46 / 58 AJF34521 

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 
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Figure 3-3. (A) The proposed nucleocidin gene cluster (B) The proposed ascamycin gene 

cluster.  Genes in black correspond to genes conserved between the two clusters. Genes in grey 

have homologues in other Actinobacterial genomes. Genes in white are not conserved in the 

nucleocidin cluster. 

3.1.3 Analysis of the purine phosphorylase gene in S. calvus 

A purine phosphorylase gene is encoded within the proposed nucleocidin gene 

cluster (ORF206) but not the ascamycin gene cluster. The gene has high sequence 

homology to 5’-methylthioadenosine / S-adenosylhomocysteine phosphorylases (Error! 

Reference source not found.). These enzymes are involved in the catabolism of 5’-

methylthioadenosine and S-adenosylhomocysteine that are reaction products of SAM 

dependent enzymes.5 The gene also shows high homology to the F1B enzyme in S. 

cattleya that catalyzes the phosphorolysis of 5’-deoxy-5’-fluoroadenosine in fluoroacetate 

biosynthesis.6 Since two genes are present within the nucleocidin gene cluster that encode 

SAM dependent enzymes, nucJ and nucL, it seems plausible that the purine nucleoside 

phosphorylase gene plays a role in the catabolism of SAM dependent reaction products.  

3.1.4 Objective 

The objective for this part of the project was to culture the PNP mutant strain 

prepared and provided by the Wright group at McMaster University and observe the 

effect on nucleocidin production. 
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3.2 Methods 

3.2.1 Materials and equipment 

All materials and chemicals used are described in Chapter 2. The strain of S. 

calvus containing the mutated PNP gene was prepared and provided by Dr. Maulik 

Thaker from the Wright group at McMaster University.  

3.2.2 Culturing, extraction, and 19F NMR of S. calvus ΔPNP  

As a control, S. calvus sporulating variant #4 was cultured and extracted to show 

production of nucleocidin that is described in Chapter 2. A mutant of S. calvus 

sporulating variant #4 containing a disruption of ORF 206 encoding a PNP gene was 

prepared by Dr. Maulik Thaker from the Wright group at McMaster University. Briefly, a 

portion of the PNP gene was amplified from S. calvus sporulating variant genomic DNA 

and cloned into a version of pSET152 lacking the ΦC31 integrase gene. The lack of the 

integrase gene prevents integration of the gene into the chromosome. The final plasmid, 

pSET152-ΔPNP, encodes a single crossover mutation of the PNP gene. The plasmid 

pSET152-ΔPNP was introduced into S. calvus sporulating variant #4 by intergeneric 

conjugation with E. coli and single crossover mutants corresponding to S. calvus 

sporulating variant #4 ΔPNP were selected using apramycin. 

An MS plate streaked with S. calvus ΔPNP was sent from McMaster University. 

Single colonies were used to inoculate four 20 mL TSB cultures supplemented with 

phosphomycin and apramycin. The TSB cultures were incubated at 28 °C, 180 rpm for 

two days. Four 1 L corn steep liquor medium (see recipe in Chapter 2) production 

cultures supplemented with phosphomycin and apramycin in 4 L baffled flasks 
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containing springs were each inoculated with one TSB culture (2 % v/v) and incubated at 

28 °C, 180 rpm for five days. Cultures were centrifuged at 10,000 x g and extracted with 

charcoal as described in Chapter 2. The acetone extract was concentrated in vacuo to a 

brown viscous liquid (~100 μL), dissolved in 400 μL D2O and a 19F NMR spectrum was 

collected overnight (9300 scans). 

3.3 Results 

3.3.1 19F NMR of S. calvus ΔPNP extract 

A 1H-decoupled 19F NMR spectrum was collected overnight of the extract 

dissolved in D2O (Figure 3-4). The top spectrum of S. calvus sporulating variant #4 

demonstrates the production of nucleocidin at δ -120.9 ppm as well the production of two 

other fluorinated metabolites. No fluorinated nucleosides are observed in the bottom 

spectrum of S. calvus ΔPNP. 
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Figure 3-4. A comparison of 1H-decoupled 19F NMR spectra of S. calvus sporulating variant 

#4 (Top) and S. calvus ΔPNP (Bottom) culture extracts.  

3.4 Discussion 

Comparing the nucleocidin and ascamycin gene clusters gives insight into 

sulfamate biosynthesis and provides the opportunity to search for other microbial 

sulfamate producers. Of the 25 total genes proposed for ascamycin biosynthesis, the 

nucleocidin cluster shares 16 of these genes including the three genes encoding the 

biosynthesis of PAPS. This places an upper limit on the amount of genes required for 

sulfamate biosynthesis. Gene inactivation studies were performed by Zhao et al. on two 

genes in the cluster, acmG and acmK that encode a sulfatase and PAPS-dependent 
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sulfotransferase. A loss of ascamycin production was shown in both cases indicating a 

necessity for the sulfatase and sulfotransferase.1 The 13 conserved genes are also located 

in the genomes of S. monomycini (GenBank accession NZ_KL571064) and Streptomyces 

sp. NRRL WC-3773 (NZ_JOJI010000031) (Figure 3-5). The Frankia sp. CcI3 

(GenBank accession NC_007777) genome contains 12 of these genes but in a scattered 

manner. 

 

Figure 3-5. Overview of the S. calvus ATCC 13382 nucleocidin gene cluster and its 

homologs. The main cluster is shown in (1), while the separate cluster encoding PAPS 

biosynthesis is shown in (2). Genes in black are conserved with the ascamycin cluster (3) found 

in Streptomyces sp. JCM9888 (GenBank accession KJ817374) and use ascamycin annotations. 

Genes in grey are conserved with the nucleocidin cluster and use nucleocidin annotations, while 

genes in white are not conserved with the nucleocidin cluster. The other clusters shown by entry 

are (4) S. monomycini (NZ_KL571064), (5) Streptomyces sp. NRRL WC-3773 

(NZ_JOJI01000031), (6) Frankia sp. CcI3 (NC_007777). 

 

Important differences are observed between the nucleocidin and ascamycin 

clusters. The first difference is that the genes encoding the biosynthesis of PAPS are 

located on a different part of the chromosome in the nucleocidin case but are located 

within the ascamycin cluster. Also, the PAPS biosynthetic genes for nucleocidin 

production are located within a cluster that encodes a sulfate reduction pathway in which 

PAPS is an intermediate.3 A second difference is that the genes encoding aminoacylation 

of the sulfamate in ascamycin are not present in the nucleocidin cluster that suggests that 
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nucleocidin does not undergo aminoacylation. An interesting future experiment would be 

the insertion of the aminoacylation genes into the genome of S. calvus to create a hybrid 

of nucleocidin and ascamycin.  

A third difference is the dependence of nucleocidin production on the encoded 

PNP gene. The gene was found to have high sequence homology to 5’-

methylthioadenosine / S-adenosylhomocysteine phosphorylases that are reaction products 

of SAM dependent enzymes.5 A homologous gene is not observed in the ascamycin 

cluster or other predicted sulfamate clusters (Figure 3-5). The nucleocidin cluster 

encodes two SAM dependent enzymes, nucJ and nucL, so the encoded PNP may play a 

role in catabolizing their products. Mutation of the PNP gene resulted in loss of 

nucleocidin production that indicates an important role in the biosynthesis. 

3.5 Conclusions 

The ascamycin publication suggests that the nucleocidin gene cluster is larger 

than initially proposed. Culturing and extraction of the mutated PNP strain confirmed the 

expanded cluster since nucleocidin is no longer produced. Nucleocidin shares 16 

homologous genes with ascamycin that suggests an upper limit exists on the amount of 

genes required for sulfamate formation.  
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Chapter 4 

Heterologous expression of genes encoding the sulfotransferase and radical SAM enzymes 

in E. coli 

4.1 Introduction 

4.1.1 Sulfotransferases 

Sulfotransferases are enzymes that catalyze the transfer of a sulfate group from an 

activated sulfate donor to an acceptor nucleophile, such as a hydroxyl or amine group (Figure 

4-1). There are two classes of sulfotransferases: cytosolic, that catalyze sulfation of small 

molecules such as hormones and drugs, and membrane-associated, that catalyze sulfation of 

larger biomolecules such as carbohydrates and proteins.2  

 

Figure 4-1. General sulfotransferase reaction using PAPS as the sulfate donor. 
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Within the cytosolic class, 3’-phosphoadenosine-5’-phosphosulfate (PAPS)-

dependent and PAPS-independent sulfotransferases can be found. The PAPS-independent 

class are composed of aryl sulfotransferases. These enzymes catalyze the transfer of a 

sulfate group from a phenol sulfate ester to an acceptor nucleophile using an activated 

aryl species such as p-nitrophenol sulfate (PNPS) (Figure 4-2).1 The focus of this chapter 

will be on the PAPS-dependent sulfotransferases.  

 

Figure 4-2. General aryl sulfotransferase reaction using PNPS as the sulfo donor. 

The amino acid sequence in the PAPS-binding region is conserved among 

sulfotransferases. PAPS binding requires three structural features: the 5’-phosphosulfate-

binding (PSB) loop, the 3’-phosphate-binding (PB) loop, and the β-strand-loop-α-helix 

(SLH3) motif. Along with these structural features, a hydrophobic pocket is present that 

stacks the adenine ring of PAPS. Most heparin sulfate sulfotransferases also have a loop 

region that is flanked by two cysteine residues.2 

PAPS plays an important role in sulfate acquisition and reduction to sulfite in 

many bacteria who can use sulfate as the only source of sulfur for growth. In the initial 

step of this assimilatory sulfate reduction pathway, ATP sulfurylase catalyzes the attack 

of inorganic sulfate on ATP eliminating pyrophosphate and forming adenosine-5’-
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phosphosulfate (APS). APS kinase then catalyzes phosphorylation of APS to form PAPS. 

The sulfate of PAPS is reduced to sulfite by a multicomponent enzyme system, PAPS 

reductase. Sulfite is further reduced to sulfide by sulfite reductase that can then be used to 

synthesize cysteine after cleavage of O-acetylserine by acetylserine sulfhydrase.3 

4.1.2 Sulfotransferase in the proposed nucleocidin gene cluster 

Looking at the structure of nucleocidin, a logical gene to search for is a 

sulfotransferase gene that is likely required for formation of the sulfamate group. The 

nucleocidin biosynthetic gene cluster contains a single gene nucK that through BLAST 

analysis is predicted to encode a PAPS-dependent sulfotransferase. BLAST analysis 

revealed the two closest homologues as sulfotransferase enzymes from the curacin and 

olefin synthase (OLS) gene clusters. An amino acid sequence alignment of the encoded 

enzyme NucK with the sulfotransferase enzymes from the curacin and OLS gene clusters 

reveals the conserved sequence motifs shared by PAPS-dependent sulfotransferases 

(Figure 4-3).4  
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Figure 4-3. Sequence alignment of the sulfotransferase enzymes from nucleocidin, curacin, 

and olefin synthase (OLS) gene clusters.  Amino acids involved in PAPS binding are red. 

Amino acids highlighted in yellow belong to the active site flap. Sequence alignment performed 

with ClustalW2. (PDB ID 4GCM for curacin ST and 4GOX for OLS ST) 

We hypothesized that NucK would catalyze the sulfation of the 5’-OH of 

adenosine using PAPS as the sulfate donor (Figure 4-4).  

 

Figure 4-4. Proposed NucK reaction with adenosine as an acceptor. 
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Another possible acceptor substrate for this reaction is an amino group, perhaps 

from an amino acid. The amino group could be sulfated first by NucK and the resulting 

N-alkyl sulfamate transferred by another enzyme in the nucleocidin pathway onto an 

adenosine-like molecule such as SAM or ATP (Figure 4-5). To test these hypotheses, 

NucK was expressed and purified from E. coli and an assay was developed to test the in 

vitro reactivity of the enzyme.  

 

Figure 4-5. Proposed NucK reaction with an amino group as an acceptor. 

4.1.3 Radical SAM Enzymes 

The radical SAM / Fe-S superfamily contains over 2800 enzymes5 that catalyze a 

large variety of reaction types including methylation, methylthiolation, hydroxylation, 

carbon-carbon bond formation and fragmentation, and dehydrogenation. These enzymes 

are found in primary and secondary metabolism including processes such as DNA 

biosynthesis and repair, biosynthesis of bioorganic and bioinorganic cofactors, 

posttranscriptional and posttranslational modifications, and antiviral response.6 

Radical SAM / Fe-S enzymes function by using a [4Fe-4S] cofactor that 

reductively cleaves S-adenosyl methionine (SAM) to form a 5’-deoxyadenosyl carbon 

centered radical (5’-dA•) and methionine. Characteristic of radical SAM / Fe-S enzymes 

is a CxxxCxxC motif. The cysteine side chains coordinate three iron atoms of the [4Fe-

4S] cluster. The fourth iron is coordinated to the carboxy and amino groups of SAM 
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(Figure 4-6). Structurally, these enzymes have a core domain containing either a full 

(α/β)8 or partial (α/β)6 TIM barrel fold (Figure 4-7). The [4Fe-4S] cluster is located on a 

loop containing the CxxxCxxC motif at the N-terminus of the core domain.7 

  

Figure 4-6. Coordination of the [4Fe-4S] cluster with three cysteine residues and SAM. 

Reproduced from reference 7.  

 

 

Figure 4-7. Examples of TIM barrel folds in radical SAM enzymes.  Left: Pyruvate formate-

lyase activating enzyme (PFL-AE) structure demonstrating a partial (α/β)6 TIM barrel fold (PDB 

ID 3CB8). Right: Biotin synthase (BioB) enzyme structure demonstrating a complete (α/β)8 TIM 

barrel fold (PDB ID 1R30). Reproduced from reference 6. 
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The reaction mechanism of a radical SAM / Fe-S enzyme begins with the 

reduction of the [4Fe-4S] cluster from its +2 resting state to the +1 active state by an 

electron donor such as flavodoxin. The next step is believed to be the transfer of an 

electron from the reduced [4Fe-4S] cluster ([4Fe-4S]+) to the sulfonium ion of SAM 

resulting in homolytic cleavage forming methionine and the highly reactive 5’-

deoxyadenosyl radical. The 5’-deoxyadenosyl radical can then abstract a hydrogen from a 

substrate leading to a large variety of different reactions (Figure 4-8).8 

 

Figure 4-8. Radical SAM enzyme reaction mechanism. Figure adapted from reference 8. 

4.1.4 Radical SAM enzyme in the proposed nucleocidin gene cluster 

In the proposed nucleocidin biosynthetic gene cluster, the radical SAM / Fe-S 

gene contains a TTA codon and thus may not have been expressed without a functional 

bldA gene. BLAST analysis revealed the radical SAM enzyme, NucJ, belongs to the B12-

binding like superfamily (Pfam 02310) and the radical SAM superfamily (Pfam 04055). 

BLAST analysis also revealed that the closest homologues are radical SAM enzymes 

from different Streptomyces strains. The characteristic CxxxCxxC motif is shown in the 

sequence alignment of NucJ and methylornithine synthase (Pylb) (Figure 4-9). 
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Figure 4-9. Partial sequence alignment of NucJ and methylornithine synthase (Pylb).  The 

conserved CxxxCxxC motif is highlighted. Sequence alignment performed using ClustalW.  

NucJ was initially hypothesized as the enzyme responsible for fluorination of a 

nucleocidin precursor with the proposed reaction mechanism shown in Figure 4-10. A 

method for testing this hypothesis is to isolate the enzyme and test its activity with 

different substrates. Potential substrates were hypothesized to be adenosine, 5’-O-sulfo 

adenosine (20), or 5’-O-sulfamoyl adenosine (16).  

 

Figure 4-10. Proposed reaction mechanism for fluorination of a nucleocidin precursor by 

the radical SAM enzyme. 

 

 

 



 

62 

 

4.1.5 Dual expression of the sulfotransferase and radical SAM genes 

We also hypothesized that co-expression of nucK and nucJ, encoding the 

sulfotransferase and radical SAM / Fe-S enzymes, would lead to the synthesis of 4'-

fluoro-5'-O-sulfoadenosine (21). To test this, both genes can be expressed in cis from a 

pETDuet plasmid and the enzymes produced simultaneously in E. coli. The culture can 

then be extracted and analyzed by 19F-NMR spectroscopy. 

It is important to note again that as these hypotheses were being tested 

experimentally, the publication of the ascamycin gene cluster revealed that nucJ is not 

unique to the nucleocidin cluster, thus nucJ is unlikely to encode a fluorination enzyme. 

Nevertheless, expression and purification of NucJ is still important due to the 

conservation of the corresponding gene in clusters predicted to encode sulfamate 

biosynthesis.  

4.1.6 Objective 

The objectives for this part of the project were to express, purify, and characterize 

the individual enzymes in vitro. The sulfotransferase enzyme, NucK, was to be tested 

with different substrates to give insight into its mechanism.  Another objective was 

heterologous expression of the radical SAM and sulfotransferase enzymes in vivo. This 

experiment would determine if both enzymes are involved in the production of a 

fluorinated nucleocidin precursor. 
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4.2 Methods 

4.2.1 Materials and equipment 

The expression plasmids pJ411-ST and pJ411-RS containing the nucK gene and 

nucJ gene, respectively, in front of T7 promoters, were synthesized by the company DNA 

2.0 and codon optimized for expression in E. coli. The genes encode NucK and NucJ 

with a hexahistidine tag on the N-terminus and a Strep-tag® (WSHPQFEK) on the C-

terminus. The optimized DNA sequences for nucK and nucJ are given in Appendix B. 

The pETDuet-1 plasmid was purchased from Novagen. E. coli BL21(DE3) cells 

(Novagen) were used for protein expression. The restriction endonucleases, 10 X 

CutSmart buffer, Gibson Assembly mastermix, and NEB 5-alpha chemically competent 

E. coli (high efficiency) cells were obtained from New England Biolabs or Fisher 

Scientific. NEB 5-alpha chemically competent E. coli (high efficiency) cells were used 

for transforming assembled DNA as well as isolating plasmid DNA. E. coli XL1Blue 

cells (Stratagene) were used to propagate plasmids. Nucleospin Plus Plasmid Kit was 

purchased from Macherey-Nagel. QIAquick Gel Extraction Kit and Ni-NTA agarose 

were obtained from Qiagen. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was 

purchased from Bio-Shop. Imidazole was obtained from VWR. The antibiotics 

kanamycin and ampicillin were purchased from Bio-Shop and used at final concentration 

of 50 μg mL-1 and 100 μg mL-1. All other chemicals were purchased from Sigma-Aldrich 

and used without further purification or mentioned previously. 

PCR and Gibson Assembly were performed using an Eppendorf Mastercycler® ep 

Gradient thermal cycler. Adenosine assays with NucK were monitored by UPLC-DAD-

MS with a Waters Acquity UPLC HSS T3 (1.8 µm, 2.1 x 5 mm) column. Amino acid 
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assays with NucK were monitored by UPLC-DAD-MS with a Waters Acquity UPLC 

BEH C18 (1.7 μm, 2.1 x 50 mm) column.  19F NMR spectra (1H-decoupled) were 

recorded on a Bruker Avance 400 MHz spectrometer at Queen’s University. Samples 

were dissolved in 400 μL 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). 

4.2.2 NucK Protein expression 

High temperature expression condition. pJ411-ST was transformed into E. coli BL21 

(DE3) and incubated at 37 °C for 16 h on LB-agar supplemented with kanamycin. A 

single colony was used to inoculate one 5 mL starter culture of LB supplemented with 

kanamycin that was incubated at 37 °C, 240 rpm for 16 hours. The 5 mL starter culture 

was used to inoculate a 500 mL LB production culture supplemented with kanamycin. 

The production culture was incubated at 37 °C, 240 rpm until the OD600 reached 0.5-0.7 

at which time the culture was placed on ice for 30 minutes. IPTG (0.5 mM final 

concentration) was added to the culture and incubated at 37 °C, 240 rpm for 4 hours. The 

culture was centrifuged at 10,000 x g, 4 °C, following expression and the resulting cell 

pellet was frozen at -20 °C until purification of NucK was performed. Uninduced 

samples, samples taken prior to induction with IPTG, and induced samples were analyzed 

by 12% SDS-PAGE. 

Low temperature expression conditions. pJ411-ST was transformed and grown as 

mentioned above. After the production cultures reached an OD600 of 0.5-0.7, IPTG (0.5 

mM final concentration) was added to one culture and incubated at 30 °C, 240 rpm for 4 

hours. IPTG (0.2 mM final concentration) was added to the second culture and incubated 

at 20 °C, 240 rpm for 18 hours. IPTG (0.1 mM final concentration) was added to a third 
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culture and incubated at 15 °C, 240 rpm for 20 hours. Cultures were centrifuged at 

10,000 x g, 4 °C following expression and the cell pellets were frozen at -20 °C until 

purification 

4.2.3 NucJ protein expression 

Expression of NucJ was performed using similar conditions as NucK. 

High temperature expression condition. pJ411-RS was expressed at 37 °C, 240 rpm 

with 0.5 mM IPTG for 4 hours. The culture was centrifuged at 10,000 x g, 4 °C, 

following expression and the resulting cell pellet was frozen at -20 °C until purification 

of NucJ was performed. Uninduced and induced samples were analyzed by 12% SDS-

PAGE. 

Low temperature expression conditions. pJ411-RS was expressed at 30 °C, 240 rpm 

with 0.5 mM IPTG for 4 hours. IPTG (0.2 mM final concentration) was added to the 

second culture and incubated at 20 °C, 240 rpm for 18 hours. IPTG (0.1 mM final 

concentration) was added to a third culture and incubated at 15 °C, 240 rpm for 20 hours. 

Cultures were centrifuged at 10,000 x g, 4 °C following expression and the cell pellets 

were frozen at -20 °C until purification. 

4.2.4 NucK protein purification 

The frozen cell pellets were thawed and resuspended in approximately 15 mL 

lysis buffer (50 mM HEPES, 500 mM NaCl, 10 mM β-mercaptoethanol, 20 mM 

imidazole, 5% glycerol, 0.5% Triton X-100, pH 7.5) and the cells were lysed by high-

pressure homogenization at 15,000 psi for three passages (Emulsiflex, model C5, 

Avestin, Ottawa, ON). Initial purifications were performed in sodium phosphate buffer 
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but HEPES buffer seemed to increase the amount of soluble protein. The lysate was 

clarified by centrifugation at 30,000 x g, 4 °C for 30 minutes. Protein purification was 

performed by affinity chromatography with Ni-NTA resin using an ÄKTA-FPLC system. 

The supernatant was passed through a 0.45 μm filter and loaded onto a 5 mL Ni-NTA 

agarose column equilibrated with 96% buffer A (50 mM HEPES, 500 mM NaCl, 10 mM 

β-mercaptoethanol, 5% glycerol, pH 7.5) and 4% buffer B (50 mM HEPES, 500 mM 

NaCl, 10 mM β-mercaptoethanol, 5% glycerol, 500 mM imidazole, pH 7.5) at 2 mL/min. 

The column was then washed with 96% buffer A and 4% buffer B at 2 mL/min until the 

absorbance at 280 nm reached a stable minimum baseline. The protein was eluted using a 

gradient of 4% to 50% buffer B over 30 minutes at 2 mL/min (12 column volumes total). 

The absorbance of the eluent was recorded at 280 nm. A final wash with 10 column 

volumes of 100% buffer B was performed. The eluted fractions were analyzed by 12 % 

SDS-PAGE. The fractions that displayed bands corresponding to NucK (42 kDa) were 

combined, concentrated down to approximately 1.5 mL using a 10,000 MW Amicon® 

filter unit. The concentration of NucK was determined by absorbance at 280 nm using the 

extinction coefficient 55,983 M-1 cm-1 that was calculated from the amino acid sequence 

of NucK using the ProtParam tool on the ExPASY website 

(http://web.expasy.org/protparam/). The theoretical molecular weight was calculated as 

41,915.4 kDa. 

4.2.5 NucJ protein purification 

Protein purification of the cell pellets from expression at 37 °C, 20 °C and 15 °C 

were performed by affinity chromatography with a Ni-NTA resin using gravity. The cell 

pellets were resuspended in approximately 15 mL lysis buffer (30 mM sodium phosphate, 
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300 mM NaCl, 20 mM imidazole, pH 7.7) and the cells were lysed by high-pressure 

homogenization at 15,000 psi for three passages (Emulsiflex, model C5, Avestin, Ottawa, 

ON). The lysate was clarified by centrifugation at 30,000 x g, 4 °C for 30 minutes. The 

supernatant was passed through a 0.45 μm filter and loaded onto a 1 mL Ni-NTA agarose 

column equilibrated with 30 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, 

pH 7.7. Column was washed with 10 column volumes of 30 mM sodium phosphate, 300 

mM NaCl, 20 mM imidazole, pH 7.7 then eluted with 2 column volumes each of 30 mM 

sodium phosphate, 300 mM NaCl, and differing concentrations of imidazole (50, 100, 

150, 200, and 250 mM). A final wash with 10 column volumes of 30 mM sodium 

phosphate, 300 mM NaCl, 500 mM imidazole was performed. Eluted fractions were 

analyzed by 12 % SDS-PAGE. 

4.2.6 Assay of NucK activity with adenosine 

The NucK assays were performed by an undergraduate student in the lab, Shane 

Colborne. The NucK assay conditions were obtained from a similar sulfotransferase 

assay described by Brady.9 Reactions containing 86 µM NucK, 0.1 mM DTT, 0.5 mM 

adenosine, 0.5 mM PAPS, 82 mM HEPES buffer (pH 7.5) and 1 mM MgCl2 in 200 μL 

reaction volumes were performed as well as an enzyme-free control. After incubation for 

16 hours, 28° C and 180 rpm, the enzyme was removed using a 10,000 MW Amicon® 

filter unit and the flow-through was diluted ~3-fold to 600 µL in 5 mM ammonium 

acetate before analysis by UPLC-DAD-MS. The column was eluted at 0.3 mL min-1 with 

a mixture of (A) 1 % formic acid and (B) 5 mM ammonium acetate, pH 8, using the 

following gradient scheme: 0-7 min., 100% A; 13 min., 60% A, 40% B, 15 min., 5% A, 
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95% B; 17 min., 100% B; 17-19 min., 100 % A.  The mass spectrum was monitored from 

m/z 100 to 600 in positive ion mode and UV was monitored from 200 to 500 nm. 

4.2.7 Assay of NucK activity with amino acids 

Initially Arg, Asn, and Gln were chosen as potential substrates for NucK. The 

reaction conditions were the same as above, substituting the amino acid for adenosine. 

After reaction with NucK the amino acids and any potential sulfated derivative were 

reacted with phenyl-isothiocyanate (PITC) prior to UPLC-DAD-MS analysis following 

the protocol by Gunawan et al.10 PITC-derived standards of arginine, asparagine and 

glutamine were prepared by drying 50 µL of 1 mM solutions of each amino acid in water 

in vacuo, re-dissolving in 20 µL of 2:2:1 ethanol-water-triethylamine, drying in vacuo 

again and re-dissolving in 30 µL of 7:1:1:1 ethanol-water-triethylamine-PITC.10 The 

samples reacted with PITC at room temperature for 20 minutes, dried in vacuo and re-

dissolved in 300 µL of water prior to analysis by UPLC-DAD-MS. The column was 

eluted at 0.1 mL min-1 with a mixture of (A) acetonitrile and (B) Milli-Q water using the 

following gradient scheme: 0-2 min., 5% A, 95% B; 10 min., 40% A, 60% B, 11 min., 

95% A, 5% B; 11-15 min., 95% A, 5% B; 16 min, 5% A, 95% B; 16-17 min., 5% A, 95% 

B.  The same derivitization protocol was followed for the NucK assays after removal of 

the enzyme by ultrafiltration. The mass spectrum was monitored from m/z 100 to 600 in 

positive ion mode and UV was monitored from 200 to 500 nm. 

4.2.8 Construction of pETDuet-1-ST-RS 

Restriction digests were performed on the plasmids pETDuet-1 and pJ411-ST as 

described in Chapter 2 for digestion of pTESa. The restriction endonucleases NdeI and 
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XhoI were used to linearize the pETDuet-1 plasmid and excise the sulfotransferase gene 

from pJ411-ST. The excised sulfotransferase gene and linearized pETDuet-1 were 

purified using QIAquick Gel Extraction Kit with and without agarose gel electrophoresis, 

respectively. The resulting purified sulfotransferase gene was ligated into pETDuet-1 as 

described in Chapter 2 for pTESa-nuc1, yielding pETDuet-ST. Ligations were 

transformed into NEB 5-alpha chemically competent E coli (high efficiency) cells and 

grown at 37 °C overnight on LB-agar supplemented with ampicillin. Single colonies from 

different plates were used to inoculate six 4 mL cultures of LB supplemented with 

ampicillin that were grown at 37 °C, 240 rpm for 16 hours. Isolation of pETDuet-ST was 

performed using the Nucleospin Plus Plasmid Kit. Analytical digests were performed on 

pETDuet-ST as described in Chapter 2 using the restriction endonucleases NdeI and 

XhoI. 

The radical SAM gene was sub-cloned using Gibson assembly. PCR 

amplification of the radical SAM gene from pJ411-RS was performed using the program 

shown in Table 4-1 and the primers shown in Table 4-2. PCR reaction components are 

similar to the reaction components in Chapter 2 with pJ411-RS used as DNA template. 

PCR products were analyzed using agarose gel (1%) electrophoresis and purified using 

QIAquick Gel Extraction Kit. A restriction digest was performed, as described in Chapter 

2, on pETDuet-ST using the restriction endonucleases NotI and BamHI. The resulting 

digested product was purified using QIAquick Gel Extraction Kit without agarose gel 

electrophoresis. Gibson Assembly was then performed at 50 °C for one hour to assemble 

the two pieces of linear DNA, yielding pET-Duet-ST-RS. The Gibson Assembly reaction 

consisted of 1 X Gibson Assembly Mastermix, approximately 96 ng of linearized 
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pETDuet-ST, and approximately 72 ng of the radical SAM gene PCR product in a 20 μL 

reaction volume. The assembled product was transformed into NEB 5-alpha chemically 

competent E coli (high efficiency) cells and grown at 37 °C overnight on LB-agar 

supplemented with ampicillin. Single colonies from the plate were used to inoculate six 4 

mL cultures of LB supplemented with ampicillin that were grown at 37 °C, 240 rpm for 

16 hours. Plasmid isolation was performed using the Nucleospin Plus Plasmid Kit. 

Analytical digests were performed, as described in Chapter 2, on pETDuet-ST-RS using 

the restriction endonucleases XbaI and AflII and analyzed by agarose gel (1%) 

electrophoresis. A positive clone was used to isolate more pETDuet-ST-RS plasmid 

DNA. As cloned, both the radical SAM gene and the sulfotransferase gene contain a 

hexahistidine tag on the N-terminus and a Strep-tag® (WSHPQFEK) on the C-terminus. 

The radical SAM gene was sequenced at The Centre for Applied Genomics (TCAG) at 

the Hospital for Sick Children in Toronto, Ontario. No mutations were found in the 

sequence. 

Table 4-1. PCR program for amplification of radical SAM gene 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 51 °C 

4. 1 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 4-2. Primers used for PCR amplification of the radical SAM gene from pJ411-

RS. Base pairs complementary to the radical SAM gene insert are italicized and base 

pairs complementary to the plasmid are capitalized. 

Primer name Sequence 

RS-ST-pETDuet-1 forward 5’CACCATCATCACCACAGCCAgaggaggtaaaacatat

ggg-3’ 

RS-ST-pETDuet-1 reverse 5’-TCGACTTAAGCATTATGCctcgagttatttctcgaattg-3’ 

 

4.2.9 Expression of pETDuet-ST-RS in E. coli 

The constructed plasmid pETDuet-ST-RS was transformed into E. coli BL21 

(DE3) and incubated at 37 °C for 16 h on LB-agar supplemented with ampicillin. A 

single colony was used to inoculate two 5 mL starter cultures of LB supplemented with 

ampicillin that were incubated at 37 °C, 240 rpm for 16 hours. Each starter culture was 

used to inoculate 500 mL LB production cultures containing 0.5 mM KF supplemented 

with ampicillin. The production cultures were incubated at 37 °C, 240 rpm until the 

OD600 reached 0.5-0.7 at which time the cultures were placed on ice for 30 minutes. IPTG 

(0.5 mM final concentration) was added to one culture and incubated at 30 °C, 240 rpm 

for 4 hours. IPTG (0.2 mM final concentration) was added to the other culture and 

incubated at 20 °C, 240 rpm for 18 hours. Cultures were centrifuged following 

expression, both the cell pellet and supernatant were frozen.  Uninduced and induced 

samples were analyzed by 12 % SDS-PAGE.  

Both the sulfotransferase and radical SAM proteins were purified by affinity 

chromatography with a Ni-NTA resin. The cell pellet from the 20 °C culture was 

resuspended in approximately 15 mL lysis buffer (30 mM sodium phosphate, 300 mM 

NaCl, 20 mM imidazole, pH 7.7) and the cells were lysed by high-pressure 
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homogenization at 15,000 psi for three passages (Emulsiflex, model C5, Avestin, Ottawa, 

ON). The lysate was clarified by centrifugation at 30,000 x g, 4 °C for 30 minutes. The 

supernatant was passed through a 0.45 μm filter and loaded onto a 1 mL Ni-NTA agarose 

column. Column was washed with 10 column volumes of 30 mM sodium phosphate, 300 

mM NaCl, 20 mM imidazole, pH 7.7 then eluted with 2 column volumes each of 30 mM 

sodium phosphate, 300 mM NaCl, and differing concentrations of imidazole (50, 100, 

150, 200, 250 mM). A final wash of 10 column volumes with 30 mM sodium phosphate, 

300 mM NaCl, 500 mM imidazole was performed. Eluted fractions were analyzed by 12 

% SDS-PAGE. 

4.2.10 Analysis of E. coli / pETDuet-ST-RS cultures by 19F NMR spectroscopy 

Cultures of E. coli / pETDuet-SR-RS were extracted as described in Chapter 2. 

The acetone extract was concentrated in vacuo to a brown viscous liquid (~25 μL), 

dissolved in 400 μL D2O and a 19F NMR spectrum was collected overnight (9300 scans). 

4.3 Results 

4.3.1 NucK Protein expression and purification 

Initial protein expression at 37 °C yielded a significant amount of NucK with an 

apparent mass of 42 kDa as shown by SDS-PAGE (Figure 4-11).  However, most of the 

enzyme appeared in the insoluble fraction after lysis and purification (Figure 4-12). 

Uninduced samples and induced samples of the three additional protein expression 

conditions were analyzed by SDS-PAGE demonstrating expression at 20 °C, 18 h, 0.2 

mM IPTG yields the most protein (Figure 4-13). The optimal expression conditions of 20 

°C, 16 h, 0.5 mM IPTG and the use of HEPES buffer during purification yielded the 
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largest amount of soluble protein. This is observed by comparison of the insoluble and 

soluble fractions of the two buffer systems (Figure 4-14) and purification of the 20 °C 

expression (Figure 4-15). Elution fractions containing protein were pooled and 

concentrated to approximately 1 mL resulting in a protein concentration of approximately 

693 μM (Figure 4-16). 

 

Figure 4-11. SDS-PAGE analysis E. coli cells expressing nucK at 37 °C from pJ411-ST. 
Expression was performed at 37 °C, 4 hours, 0.5 mM IPTG. Lane 1, protein MW marker in kDa; 

Lane 2, induced sample; Lane 3, uninduced sample. The expected MW of NucK is 42 kDa.  

 

 

Figure 4-12. SDS-PAGE analysis of nucK expression at 37 °C and purification of the 

encoded enzyme.  Expression conditions were 37 °C, 4 hours, 0.5 mM IPTG. Lane 1, protein 

MW marker in kDa; Lane 2, cell lysate, insoluble fraction; Lane 3, cell lysate, soluble fraction; 

Lane 4, flow through from loading the Ni-NTA column; Lane 5, combined elution fractions 

displaying an absorbance at 280 nm. The expected MW of NucK is indicated. 
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Figure 4-13. SDS-PAGE analysis of whole cells expressing nucK with variable temperatures 

and IPTG concentrations.  Whole cells were analyzed. Lane 1, protein MW marker in kDa; 

Lane 2, uninduced sample of 30 °C, 4 h expression; Lane 3, induced sample of 30 °C, 4 h, 0.5 

mM IPTG expression; Lane 4, uninduced sample of 20 °C, 18 h expression; Lane 5, induced 

sample of 20 °C, 18 h, 0.2 mM IPTG expression; Lane 6, uninduced sample of 15 °C, 20 h 

expression; Lane 7, induced sample of 15 °C, 20 h, 0.1 mM IPTG expression. The expected MW 

of NucK is shown. 

 

 

Figure 4-14. Comparison of insoluble protein between purification with phosphate and 

HEPES buffers.  Left: Purification with phosphate buffer. Lane 1, protein MW marker in kDa; 

Lane 2, cell lysate, insoluble fraction; Lane 3, cell lysate, soluble fraction. Right: Purification 

with HEPES buffer. Lane 1, protein MW marker in kDa; Lane 2, cell lysate, insoluble fraction; 

Lane 3, cell lysate, soluble fraction. 
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Figure 4-15. SDS-PAGE analysis of nucK expression at 20 °C and purification of the 

encoded enzyme.  Optimized expression conditions were 20 °C, 16 hours, 0.5 mM IPTG. Lane 1, 

protein MW marker in kDa; Lane 2, cell lysate, insoluble fraction; Lane 3, cell lysate, soluble 

fraction; Lane 4, flow-through from loading the Ni-NTA column; Lane 5, wash fraction; Lanes 6-

10, elution fractions. The expected MW of NucK is shown. 

 

 

Figure 4-16. SDS-PAGE analysis of purified NucK.  Lane 1, protein MW marker in kDa; Lane 

2, concentrated NucK. 

4.3.2 NucJ protein expression and purification 

Initial protein expression at 37 °C yielded a significant amount of protein as can 

be seen by comparing the uninduced to induced samples (Figure 4-17) but most appeared 

in the insoluble fraction after lysis and purification (Figure 4-18). Lower temperature and 

IPTG concentration yielded more soluble protein as can be seen in the elution fractions of 

the purifications with expression conditions 20 °C, 18 h, 0.2 mM IPTG (Figure 4-19) and 

15 °C, 20 h, 0.1 mM IPTG (Figure 4-20).  
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Figure 4-17. SDS-PAGE analysis E. coli cells expressing NucJ at 37 °C from pJ411-RS.  
Expression was performed at 37 °C, 4 hours, 0.5 mM IPTG. Lane 1, protein MW marker in kDa; 

Lane 2, uninduced sample; Lane 3, induced sample. The expected MW of NucJ is 66 kDa. 

 

 

Figure 4-18. SDS-PAGE analysis of nucJ expression at 37 °C and purification of the 

encoded enzyme.  Expression conditions were 37 °C, 4 hours, 0.5 mM IPTG. Lane 1, protein 

MW marker in kDa; Lane 2, cell lysate, insoluble fraction; Lane 3, cell lysate, soluble fraction; 

Lane 4, flow through from loading the Ni-NTA column; Lane 5, wash fraction; Lanes 6-10, 

elution fractions. The expected MW of NucJ is indicated. 
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Figure 4-19. SDS-PAGE analysis of nucJ expression at 20 °C and purification of the 

encoded enzyme.  Expression conditions were 20 °C, 18 hours, 0.2 mM IPTG. Lane 1, protein 

MW marker in kDa; Lane 2, cell lysate, insoluble fraction; Lane 3, cell lysate, soluble fraction; 

Lane 4, flow through from loading the Ni-NTA column; Lane 5, wash fraction; Lanes 6-10, 

elution fractions. The expected MW of NucJ is indicated. 

 

 

Figure 4-20. SDS-PAGE analysis of nucJ expression at 15 °C and purification of the 

encoded enzyme.  Expression conditions were 15 °C, 20 hours, 0.1 mM IPTG. Lane 1, protein 

MW marker in kDa; Lane 2, cell lysate, insoluble fraction; Lane 3, cell lysate, soluble fraction; 

Lane 4, flow through from loading the Ni-NTA column; Lane 5, wash fraction; Lanes 6-10, 

elution fractions. The expected MW of NucJ is indicated. 

4.3.3 Assay of NucK activity 

4.3.3.1 Adenosine as the acceptor substrate 

In the NucK assay with adenosine as a substrate, adenosine is the least polar 

molecule followed by the product, 5’-O-sulfoadenosine (20), and the most polar 

molecules being PAP and PAPS. Therefore, on a reverse phase UPLC column, adenosine 
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would elute near the end of the run and the product should elute in the middle with PAP 

and PAPS eluting at the front. Single ion recording (SIR) by the ESI-MS detector was 

used to monitor for the specific mass of each reaction component. The UPLC UV 

chromatographs of the enzyme-free control and reaction show a peak at the front 

corresponding to PAPS and a peak at ~11 min corresponding to adenosine (Figure 4-21). 

There is no new peak in the reaction chromatograph compared to the control 

chromatograph corresponding to 5’-O-sulfoadenosine (20) (m/z = 348) indicating that no 

reaction had occurred (Figure 4-21). The expected λmax (260 nm) and the m/z value (m/z 

= 268.4) of adenosine are shown in Figure 4-22.  

 

 

Figure 4-21. UPLC-DAD-MS UV chromatographs of the NucK assay with adenosine.  Top: 

Enzyme-free control reaction. Bottom: Reaction with adenosine. The eluent was monitored at 

245 nm.  
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Figure 4-22. The absorbance spectrum (Top) and the mass spectrum (Bottom) of the 

adenosine peak at ~11 min in the chromatographs for the control and reaction. The 

absorbance and mass spectrum for adenosine are identical in both the control and reaction. 

4.3.3.2 Amino acids as the acceptor substrates. 

PITC-derivatized standards of Arg, Asn, and Gln standards were analyzed by 

UPLC-DAD-MS and eluted at ~9 min, ~10 min, and ~10.5 min, respectively, with the 

eluent monitored at 245 nm (Figure 4-23). Although there are multiple amine groups on 

these substrates, the PITC reagent only reacted once in each case, as shown by the m/z 

values for each peak in positive ion mode (Figure 4-24).  
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Figure 4-23. UPLC chromatographs of the PITC-derivatized standards of arginine (Top), 

asparagine (Middle) and glutamine (Bottom).  The eluent was monitored at 245 nm. 

 

 

Figure 4-24. The mass spectra corresponding to the PITC-derivatized amino acids. Top: 

arginine (m/z = 310 [M+H]+). Middle: asparagine (m/z = 268 [M+H]+). Bottom: glutamine 

(m/z = 282 [M+H]+) standards. The eluent was monitored at 245 nm. 
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The reactions and enzyme-free controls, following derivatization with PITC, were 

analyzed by UPLC-DAD-MS with the same solvent gradient as the standards. The UPLC 

chromatographs for the controls and reactions of the PITC-derivatized amino acids 

arginine, asparagine, and glutamine are shown in Figure 4-25, Figure 4-26, and Figure 

4-27, respectively. There is no new peak with the expected m/z value corresponding to 

the PITC-derivatized N-sulfated amino acid in any of the reactions. The expected m/z 

values in positive ion mode for the PITC-derivatized N-sulfated amino acids are 376 for 

arginine, 348 for asparagine, and 362 for glutamine. The chromatographs for the reaction 

samples show a peak at ~12 min while those of the enzyme-free controls do not. This 

peak has a mass spectrum showing a prominent ion at m/z = 228 corresponding to PITC-

derivatized glycerol that is present at 15% in the NucK stock solution (Figure 4-28). The 

chromatographs for all of the standards, reactions, and controls show a peak at ~13 min 

with a mass spectrum containing a single peak at m/z = 181 corresponding to PITC-

derivatized ethanol that is present in the both of the PITC reagents (Figure 4-28). 
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Figure 4-25. The UPLC chromatographs of the arginine enzyme-free control (Top), the 

reaction of arginine with NucK (Middle) and the MS spectrum corresponding to the PITC 

derivatized arginine (m/z = 310 [M+H]+) peak at ~9 min (Bottom).  The eluent was monitored 

at 245 nm. 
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Figure 4-26 The UPLC chromatographs of the asparagine enzyme-free control (Top), the 

reaction of asparagine with NucK (Middle) and the MS spectrum corresponding to the 

PITC derivatized asparagine (m/z = 268 [M+H]+) peak at ~9 min (Bottom).  The eluent was 

monitored at 245 nm. 

 

. 
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Figure 4-27. The UPLC chromatographs of the glutamine enzyme-free control (Top), the 

reaction of glutamine with NucK (Middle) and the MS spectrum corresponding to the PITC 

derivatized glutamine (m/z = 282 [M+H]+) peak at ~9 min (Bottom). The eluent was 

monitored at 245 nm. 
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Figure 4-28. Mass spectra of PITC reaction side products. Top: The mass spectrum 

corresponding to the peak at ~12 min in the UPLC-DAD-MS analysis of the reaction samples that 

shows a prominent peak at m/z = 228 corresponding to PITC-derivatized glycerol. Bottom: The 

mass spectrum corresponding to the peak at ~13 min in the UPLC-DAD-MS analysis of the 

reaction and control samples and standards that shows a single peak at m/z = 181 corresponding 

to PITC-derivatized ethanol.  
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4.3.4 Construction of pETDuet-1-ST-RS 

The restriction digest of pETDuet-1 and pJ411-ST with NdeI and XhoI followed 

by purification resulted in bands on the agarose gel slightly above 5000-bp and at 1100-

bp which agree with the predicted sizes of 5364-bp for the linearized plasmid and 1157-

bp for the sulfotransferase gene (Figure 4-29). The construction of the plasmid pETDuet-

ST was confirmed by analytical digest with the restriction endonucleases NdeI and XhoI 

(Figure 4-30). All six clones analyzed resulted in bands slightly above 5000-bp and 

1100-bp which agree with the predicted sizes of 5364-bp and 1157-bp on the agarose gel. 

 

Figure 4-29. Purified fragments from digests of pETDuet-1 and pJ411-ST. 1 % agarose gel 

shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, pETDuet-1 digested with NdeI and 

XhoI; Lane 3, pJ411-ST digested with NdeI and XhoI. Predicted lengths of the fragments (bp) are 

indicated. 
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Figure 4-30. Analysis of pETDuet-ST clones by restriction enzyme digests. 1% agarose gel 

shown. Lane 1, DNA ladder (SM0333, Fermentas); Lanes 2-7, pETDuet-1-ST clones digested 

with NdeI and XhoI. Predicted lengths of the fragments (bp) are indicated. 

 

PCR amplification of the radical SAM gene from pJ411-RS followed by 

purification resulted in a band on the agarose gel above 1500-bp which agrees with the 

predicted size of 1778-bp. Restriction digestion of pETDuet-ST followed by purification 

resulted in a band on the agarose gel slightly above 5000-bp which agrees with the 

predicted size of 5518-bp (Figure 4-31). Successful assembly of the radical SAM gene 

into pETDuet-ST was confirmed by analytical digest with the restriction endonucleases 

XbaI and AflII (Figure 4-32). Four of the six clones analyzed resulted in bands on the 

agarose gel at 2000-bp and slightly above 6000-bp which agree with the predicted sizes 

of 1911-bp and 6344-bp. 
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Figure 4-31. Purified fragments of pETDuet-ST and radical SAM PCR product. 1 % agarose 

gel shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, pETDuet-ST digested with 

BamHI and NotI; Lane 3, radical SAM gene PCR product. Predicted lengths of the fragments (bp) 

are indicated. 

 

Figure 4-32. Analysis of pETDuet-ST-RS clones by restriction enzyme digests. 1% agarose 

gel shown. Lane 1, DNA ladder (SM0333, Fermentas); Lanes 2-7, pETDuet-1-ST clones digested 

with XbaI and AflII. Predicted lengths of the fragments (bp) are indicated. 

4.3.5 Expression of pETDuet-ST-RS in E. coli 

Expression of pETDuet-ST-RS in E. coli BL21(DE3) cells was performed under 

two conditions: 4 hours, 30 °C, 0.5 mM IPTG (final concentration) and 18 hours, 20 °C, 
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0.2 mM IPTG (final concentration). An uninduced sample, a sample taken prior to 

induction with IPTG, and an induced sample were taken from each culture and analyzed 

by 12 % SDS-PAGE (Figure 4-33). A distinct band of 42 kDa was observed in the 

induced samples corresponding to the sulfotransferase enzyme but a band around 66 kDa 

corresponding to the radical SAM enzyme was not evident. Affinity purification of the 

sulfotranserase and the radical SAM enzymes was attempted from cells grown at 20 °C 

and analyzed by 12 % SDS-PAGE (Figure 4-34). Unfortunately, neither enzyme could 

be purified in soluble form. A band that may correspond to the sulfotransferase was 

observed in the insoluble fraction (42 kDa). A low abundance band that may correspond 

to the radical SAM enzyme (66 kDa) can be observed eluting with 100 mM imidazole. 

 

Figure 4-33. SDS-PAGE analysis of uninduced and induced samples of pETDuet-ST-RS 

protein expression. Lane 1, protein MW marker in kDa; Lane 2, uninduced sample of 4 h, 30 °C 

expression; Lane 3, induced sample of 4 h, 30 °C, 0.5 mM IPTG expression; Lane 4, uninduced 

sample of 18 h, 20 °C expression; Lane 5, induced sample of 18 h, 20 °C, 0.2 mM IPTG 

expression. Arrows indicated the predicted sizes of the radical SAM (RS) and sulfotransferase 

(ST) enzymes.  
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Figure 4-34. SDS-PAGE analysis of pETDuet-ST-RS expression in E. coli and 

affinity purification of the encoded enzymes. Lane 1, protein MW marker in kDa; Lane 

2, soluble protein; Lane 3, insoluble protein; Lane 4, flowthrough from loading the Ni-

NTA column; Lane 5, wash fraction; Lane 6, elution fraction using 50 mM imidazole 

buffer; Lane 7, elution fraction using 100 mM imidazole buffer; Lane 8, elution fraction 

using 150 mM imidazole buffer; Lane 9, elution fraction using 250 mM imidazole buffer; 

Lane 10, elution fraction using 500 mM imidazole buffer. All elution buffers also contain 

30 mM sodium phosphate, 300 mM NaCl. Arrows indicated the predicted sizes of the 

radical SAM (RS) and sulfotransferase (ST) enzymes. 

4.3.6 19F-NMR spectroscopic analysis of E. coli / pETDuet-ST-RS cultures 

A 1H-decoupled 19F NMR spectrum was collected from an extract derived from a 

500 mL culture of E. coli / pETDuet-ST-RS (Figure 4-35). The TFA standard can be 

seen at δ = -76.55 ppm but no other signals corresponding to fluorinated molecules are 

observed. The small signal at δ = -123 ppm most likely corresponds to residual fluoride 

based on spectra of extracts acquired from S. calvus (see Chapter 2). 
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Figure 4-35. 1H-decoupled 19F NMR spectrum of E. coli BL21(DE3) pETDuet-1-ST-RS 

culture extract.  Referenced to TFA standard at δ = -76.55 ppm. 

4.4 Discussion 

The first objective for this part of the project was to express and purify the PAPS-

dependent sulfotransferase NucK and the radical SAM / Fe-S dependent enzyme NucJ for 

in vitro characterization. Initial expression tests of the nucK gene in E. coli demonstrated 

that 20 °C, 18 h, 0.2 mM IPTG produced the largest amount of soluble protein. Initial 

purification of NucK was performed with a phosphate buffer containing NaCl and 

imidazole. Further purification optimization was performed by using the HEPES buffer 

that was used by Banik to purify Teg12, Teg13, and Teg14 sulfotransferase enzymes.9 A 

decrease of insoluble protein was observed after switching to the HEPES buffer. The 

HEPES lysis buffer contains Triton X-100 that dissolves cell membranes helping soluble 

proteins be released into solution. Maximizing protein solubility was crucial, not only for 

stability, but also to achieve a high concentration of NucK in the test reactions.  This is 

because PAP, a product of the NucK reaction with PAPS, is known to strongly inhibit 
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sulfotransferases.1 By using a high concentration of enzyme one can potentially increase 

the amount of sulfated product that is formed before inhibition by PAP stalls the reaction. 

Our initial hypothesis assumed adenosine would be sulfated by NucK to form 5’-

O-sulfoadenosine (20). However, upon incubation of adenosine with NucK, a peak 

corresponding to this reaction product could not be observed by UPLC-DAD-MS. 

Adenosine also does not appear to be consumed nor did single ion monitoring (m/z = 348, 

[M+H]+) with the MS detector identify a peak corresponding to 5’-O-sulfoadenosine 

(20). These results suggest that adenosine is not the correct substrate for NucK, or that 

the enzyme as produced is not functional.   

We next hypothesized that NucK catalyzed the sulfation of an amino group. Such 

a reaction would create an N-alkylsulfamate that would then be transferred to an activated 

form of adenosine, such as ATP or SAM, through an SN2 reaction. Subsequently the alkyl 

group would be removed. If the amino group came from the side chain of Asn, Gln, or 

Arg, a simple hydrolysis reaction would release the sulfamate. Accordingly, Asn, Gln, or 

Arg were tested as substrates with NucK. However, reactions with these amino acids did 

not result in production of any N-sulfated products. A new peak appeared in the reaction 

UV chromatograph for each amino acid at ~12 min that corresponds to PITC-derivatized 

glycerol (m/z = 228). Glycerol is used as a cryoprotectant when freezing the protein. 

Another peak that was found at ~13 min in the standards, controls, and reactions 

corresponds to PITC-derivatized ethanol (m/z = 181) that is in the PITC-derivatization 

process. Peaks other than those mentioned were found in both the control and reaction 

and are therefore not believed to be significant. 
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There are multiple factors that could affect the lack of activity observed with 

NucK. Foremost, the correct substrate may not have been identified. This might include a 

different sugar acceptor, such as α-D-ribose-1-phosphate, or an alternative amino acid. 

Second, the enzyme may not be active in its current form. Perhaps it needs to be co-

expressed with other enzyme(s) to be functional, or the N- and C-terminal purification 

tags interfere with activity. Third, the assay conditions, that may include pH or metal ion 

content, may not be optimal for activity. In this regard a high throughput assay for PAPS-

dependent sulfotransferase activity would facilitate identification of the correct substrate 

and reaction conditions. One such assay, the Universal Sulfotransferase Activity Kit 

Assay from R & D Systems, is based on the production of inorganic phosphate (Figure 

4-36). The first step involves mixing an acceptor substrate, PAPS, and the coupling 

enzyme inositol monophosphatase domain containing 1 (IMPAD1). The second step 

involves the addition of sulfotransferase to initiate the reaction. PAPS donates a sulfate 

group to the accepting substrate producing PAP that IMPAD1 breaks down into inorganic 

phosphate. The third step involves the detection of the inorganic phosphate with 

Malachite Green. The absorbance can be measured at 620 nm. This method could test 

multiple substrates and reaction conditions simultaneously in 96-well plates.11 
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Figure 4-36. Universal Sulfotransferase Activity Kit Assay mechanism of action. Reproduced 

from reference 11. 

The successful production and purification of NucK sets the stage for performing 

future structural studies. A 3-dimensional structure of NucK, especially if bound to 

PAPS, would facilitate identification of potential substrates for sulfation, either through 

computational docking, or co-crystallization with various candidate substrates. 

The second objective of this part of the project was to express and purify the 

radical SAM enzyme for future biochemical studies. The gene encoding this enzyme is 

strictly conserved in gene clusters homologous to the nucleocidin gene cluster (see 

Chapter 3). Expression at 37 °C for 4 h yielded mostly insoluble protein. As temperature 

and IPTG concentration were lowered and length of expression was increased, more 

soluble protein was produced. More than one band is observed by SDS-PAGE in the 

elution fractions indicating non-specific binding of other proteins. The radical SAM 
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enzyme also has a Strep® tag on the C-terminus so an orthogonal purification could be 

performed in the future. 

The third objective of this part of the project was to coexpress the sulfotransferase 

and radical SAM enzymes and observe any reactivity in vivo. According to our initial 

hypothesis, the sulfotransferase would catalyze sulfation of adenosine and the radical 

SAM protein would perform fluorination. If this hypothesis is correct, expressing the two 

proteins simultaneously should result in production of a 5’-O-sulfated and 4’-fluorinated 

adenosine (21). The design of the pETDuet-1 plasmid allows coexpression of two 

different genes by possessing two independent T7 promoters.  Neither enzyme was 

conclusively expressed using similar conditions as NucK and NucJ expression but there 

are bands suggesting a low level of expression. In the future, expression could be 

confirmed either by running the protein sample over a Strep® column or by using 

Western blot that is used to detect specific proteins.  The 19F NMR spectrum of an extract 

derived from E. coli expressing this plasmid revealed two signals, one at δ = -76.55 ppm 

corresponding to the TFA standard and one at δ = -123 ppm corresponding to residual 

fluoride. No additional signals were observed corresponding to a fluorinated nucleoside. 

This suggests that the radical SAM enzyme is not responsible for fluorination but protein 

expression needs to be confirmed. Extracts could also be subjected to UPLC-DAD-MS to 

search for the expected product or 5’-O-sulfoadenosine (20). In light of the recent 

publication on the gene cluster encoding the production of the related molecule 

ascamycin (22)12, which also contains the radical SAM gene, it is highly unlikely that the 

encoded enzyme performs fluorination since ascamycin lacks a fluorine atom. 
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Nevertheless, the conservation of this gene suggests a key role in the biosynthesis of 

sulfamated nucleosides. 

4.5 Conclusions 

NucK, a sulfotransferase from the nucleocidin biosynthetic pathway, was 

successfully expressed and purified. This enzyme is conserved in known (nucleocidin, 

ascamycin) and predicted sulfamate biosynthetic pathways, and thus undoubtedly plays a 

key role in the synthesis of this unusual functional group. Neither adenosine, arginine, 

asparagine, nor glutamine were found to be substrates with this enzyme. Future work will 

focus on testing alternative acceptor substrates (eg: amino acids, ribose derivatives) and 

crystallizing the enzyme.  

NucJ, predicted to be a radical SAM dependent enzyme from the nucleocidin 

biosynthetic pathway, was also successfully expressed and partially purified. NucJ is no 

longer believed to be responsible for fluorination but may play a different role in 

nucleocidin biosynthesis. This enzyme is conserved in the ascamycin pathway and 

several predicted sulfamate biosynthetic pathways (See Chapter 3), and thus is believed 

to play a role the biosynthesis of this functional group.12  
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Chapter 5 

Nucleocidin gene cluster mutagenesis 

5.1 Introduction 

The sulfotransferase, nucK, and radical SAM / Fe-S, nucJ, genes are both 

believed to be involved in the production of nucleocidin. In the previous chapter, the 

sulfotransferase, NucK, and radical SAM, NucJ, enzymes were investigated. These two 

genes can also be investigated at the genetic level. Experimentally, part of the gene can 

be disrupted or deleted and the effect on nucleocidin production investigated. The 

mutation can be achieved either through a single crossover that introduces an antibiotic 

resistance gene (eg. hygromycin) within the gene of interest (Figure 5-1), or by a double 

crossover, that removes a portion of the gene of interest (Figure 5-2). The latter approach 

is less prone to the possibility of polar effects faced by a single crossover mutation. A 

single crossover mutation inserts the entire plasmid onto the chromosome and can disrupt 

transcription of flanking genes. Experimentally, a plasmid can be constructed containing 

either nucK or nucJ where part of the desired gene is deleted. A suicide vector is used, in 

this case pKGLP21, that cannot replicate in the host and relies on homologous 

recombination into the bacterial chromosome.1 Intergeneric conjugation can then be 

performed to introduce the disrupted genes into S. calvus where homologous 

recombination can occur creating mutant strains. The resulting mutant strains of S. calvus 

can then be repeatedly sub-cultured without antibiotic to promote the double crossover. 

Double crossover mutants can be screened on MS-agar using appropriate antibiotic and 
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by loss of the gusA gene that will be discussed later.1 Double crossover mutants can then 

be cultured and analyzed to observe any change in the production of nucleocidin. 

 

Figure 5-1. Scheme for a single crossover mutation in S. calvus. 

 

Figure 5-2. Scheme for a double crossover mutation in S. calvus. 
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5.1.1 Objective 

The objective for this part of the project was to identify the sulfotransferase, 

nucK, and radical SAM, nucJ, genes through gene inactivation using either single or 

double crossover mutants. Two plasmids derived from pKGLP2 encoding double 

crossover mutations of the radical SAM gene were to be constructed. The first construct 

contains an in-frame deletion where the flanking regions and part of the radical SAM 

gene are amplified and Gibson Assembly is used to assemble the two pieces with a 

linearized segment of pKGLP2. The second construct also contains an in-frame deletion 

where the flanking regions and part of the radical SAM gene are amplified along with an 

apramycin resistance gene and Gibson Assembly is used to assemble the three pieces into 

linearized pKGLP2. Plasmids encoding single crossover mutants of both the radical SAM 

and sulfotransferase genes were also to be constructed as single crossover mutants are 

typically easier to generate than double crossover mutants. Conjugation into S. calvus 

would confirm the role of the radical SAM and sulfotransferase genes in nucleocidin 

biosynthesis. 

5.2 Methods 

5.2.1 Materials and equipment 

ET12567/pUZ8002 E. coli cells (glycerol stock, -80° C freezer) were used as 

DNA donor cells for conjugation into S. calvus. HEPES was purchased from Bio-Shop. 

Beef extract was purchased from BD Bionutrients. The antibiotics phosphomycin, 

kanamycin, apramycin, hygromycin and chloramphenicol were purchased from either 

Bio-Shop or Sigma-Aldrich and used at final concentrations of 300 μg mL-1, 50 μg mL-1, 

50 μg mL-1, 50 μg mL-1 and 25 μg mL-1, respectively. Primers and all other chemicals 
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were either purchased from Sigma-Aldrich and used without further purification or 

mentioned in previous chapters.  

PCR and Gibson Assembly were performed using an Eppendorf Mastercycler® ep 

Gradient thermal cycler. Electroporation was performed using an Eppendorf 

Electroporator 2510 device. 

5.2.2 Construction of pKGLP2-ΔRS 

A scheme for the construction of pKGLP2-ΔRS is shown in Figure 5-3. PCR 

amplification of each flanking region of the radical SAM gene from S. calvus sporulating 

variant #4 gDNA was performed using the programs shown in Table 5-1 and Table 5-2 

and the primers shown in Table 5-3 and Table 5-4. PCR reaction components are 

identical to the reaction components in Chapter 2. PCR products were analyzed using 

agarose gel (1 %) electrophoresis and purified using QIAquick Gel Extraction Kit. A 

restriction digest was performed on pKGLP2 using the restriction endonuclease BamHI. 

The digest consisted of approximately 240 ng plasmid template, 1 X CutSmart buffer, 10 

U CIAP, and 60 U of BamHI in a 50 μL reaction volume.  The resulting digested product 

was purified using QIAquick Gel Extraction Kit without agarose gel electrophoresis. 

Assembly PCR of the two PCR products was then performed. The primers used for 

assembly PCR are RS-1.1f and RS-1.2r (shown in Table 5-3 and Table 5-4) and the PCR 

program used is shown in Table 5-5. PCR products were analyzed using agarose gel 

(1%) electrophoresis and purified using QIAquick Gel Extraction Kit. Gibson Assembly 

was then performed at 50 °C for one hour to assemble the two pieces of linear DNA. The 

Gibson Assembly reaction consisted of 1 X Gibson Assembly Mastermix, approximately 

150 ng of linearized pKGLP2, and 120 ng of assembly PCR product in a 20 μL reaction 
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volume. The assembled product was transformed into NEB 5-alpha chemically 

competent E coli (high efficiency) cells and grown at 37 °C overnight on LB-agar 

supplemented with hygromycin. Single colonies from the plate were used to inoculate 

five 4 mL cultures of LB supplemented with hygromycin that were grown at 37 °C, 240 

rpm for 16 hours. Isolation of pDNA was performed using the Nucleospin Plus Plasmid 

Kit. Analytical digests were performed as described in Chapter 2 on the resulting pDNA, 

pKGLP2-ΔRS, using the restriction endonucleases PstI and EcoRI and analyzed by 

agarose gel (1%) electrophoresis. 

 

Figure 5-3. Construction of pKGLP2-ΔRS. This plasmid encodes an in-frame deletion of the 

radical SAM enzyme gene upon a double crossover with the bacterial chromosome. 
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Table 5-1. PCR program for amplification of the upstream nucJ flanking region to 

construct pKGLP2-ΔRS. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.6 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 5-2. PCR program for amplification of the downstream nucJ flanking region 

to construct pKGLP2-ΔRS. 

 

 

 

 

 

 

 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.4 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 5-3. Primers used for PCR amplification of the upstream nucJ flanking region 

to construct pKGLP2-ΔRS. Base pairs complementary to the flanking regions are 

italicized, base pairs complementary to the plasmid are capitalized, and the BamHI 

restriction sites are underlined. 

Primer name Sequence 

RS-1.1f 5’-GCTGCAGGTCGACTCTAGAGccgtccggcagaacatc 

ag-3’ 

RS 1.1r 5’-TGAAGCGCTCGGATCCgtacggggaggtcaggaaga-3’ 

 

Table 5-4. Primers used for PCR amplification of the downstream nucJ flanking 

region to construct pKGLP2-ΔRS. Base pairs complementary to the flanking regions 

are italicized, base pairs complementary to the plasmid are capitalized, and the BamHI 

restriction sites are underlined. 

Primer name Sequence 

RS-1.2f 5’-GTACGGATCCgagcgcttcaccctcgac-3’ 

RS 1.2r 5’-CGATATCGCGCGCGCGGCCGCGgtagccgagcgact 

ccttg-3’ 

 

Table 5-5. PCR program for assembly PCR of the two flanking region PCR 

products. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.5 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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5.2.3 Construction of pKGLP2-ΔRSaac 

A scheme for the construction of pKGLP2-ΔRS is shown in Figure 5-4. PCR 

amplification of each flanking region of the radical SAM gene from S. calvus sporulating 

variant #4 gDNA was performed using the programs shown in Table 5-6 and Table 5-7 

and the primers shown in Table 5-8 and Table 5-9. PCR reaction components are 

identical to the reaction components in Chapter 2. PCR amplification of the apramycin 

resistance gene from pUWL-oriT-aac was performed using the program shown in Table 

5-10 and the primers shown in Table 5-11. PCR reaction components are similar to the 

reaction components in Chapter 2 with pUWL-oriT-aac used as DNA template.  PCR 

products were analyzed using agarose gel (1%) electrophoresis and purified using 

QIAquick Gel Extraction Kit. A restriction digest was performed as described in Chapter 

2 on pKGLP2 using the restriction endonuclease BamHI.  The resulting digested product 

was purified using QIAquick Gel Extraction Kit without agarose gel electrophoresis. 

Gibson Assembly was then performed at 50 °C for one hour to assemble the four pieces 

of linear DNA. The Gibson Assembly reaction consisted of 1 X Gibson Assembly 

Mastermix, approximately 50 ng linearized pKGLP2, and approximately 24 ng of each 

PCR product in a 20 μL reaction volume. The assembled product was transformed into 

NEB 5-alpha chemically competent E coli (high efficiency) cells and grown at 37 °C 

overnight on LB-agar supplemented with apramycin. The single colony from the plate 

was used to inoculate a 4 mL culture of LB supplemented with apramycin that was grown 

at 37 °C, 240 rpm for 16 hours. Isolation of pDNA was performed using the Nucleospin 

Plus Plasmid Kit. Analytical digests were performed, as described in Chapter 2, on the 
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resulting pDNA, pKGLP2-ΔRSaac, using the restriction endonucleases PstI and NotI and 

analyzed by agarose gel (1%) electrophoresis. 

 

Figure 5-4. Construction of pKGLP2-ΔRSaac.  This plasmid encodes a double crossover 

mutation of the nucJ gene, resulting in disruption with the apramycin resistance gene aac(3)IV.  

 

Table 5-6. PCR program for amplification of upstream radical SAM flanking region 

to construct pKGLP2-ΔRSaac. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.6 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 5-7. PCR program for amplification of downstream radical SAM flanking 

region to construct pKGLP2-ΔRSaac. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.4 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 5-8. Primers used for PCR amplification of the upstream radical SAM 

flanking region to construct pKGLP2-ΔRSaac. Base pairs complementary to the 

flanking regions are italicized, base pairs complementary to pKGLP2 (RS-1.1f) or the 

apramycin resistance gene (RS-1.1br) are capitalized, and the BamHI restriction site is 

underlined. 

Primer name Sequence 

RS-1.1f 5’-GCTGCAGGTCGACTCTAGAGccgtccggcagaacatc 

ag-3’ 

RS 1.1br 5’-ACCGGGATCCgtacggggaggtcaggaaga-3’ 

 

Table 5-9. Primers used for PCR amplification of the downstream radical SAM 

flanking region to construct pKGLP2-ΔRSaac. Base pairs complementary to the 

flanking regions are italicized, base pairs complementary to pKGLP2 (RS-1.2r) or the 

apramycin resistance gene (RS-1.2bf) are capitalized, and the BamHI restriction site is 

underlined. 

Primer name Sequence 

RS-1.2bf 5’-TCCTGGATCCgagcgcttcaccctcgac-3’ 

RS 1.2r 5’-CGATATCGCGCGCGCGGCCGCGgtagccgagcgact 

ccttg-3’ 
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Table 5-10. PCR program for amplification of the apramycin resistance gene from 

pUWL-oriT-aac. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.5 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 5-11. Primers used for PCR amplification of the apramycin resistance gene 

from pUWL-oriT-aac. Base pairs complementary to the flanking regions are capitalized, 

base pairs complementary to the apramycin resistance gene are italicized, and the BamHI 

restriction sites are underlined. 

Primer name Sequence 

RS-1.4f 5’-CTCCCCGTACGGATCCcggtaggacgaccatgactg-3’ 

RS 1.4r 5’-TGAAGCGCTCGGATCCaggaacagaggcgcttatcg-3’ 

5.2.4 Introduction of double crossover mutations in S. calvus sporulating variant #4 

Two different methods were used to attempt introduction of pKGLP2-ΔRSaac 

into S. calvus sporulating variant #4 using intergeneric conjugation from E. coli using 

mycelia and spores. 
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5.2.4.1 Conjugation using S. calvus mycelia 

5.2.4.1.1 Preparation of donor cells 

E. coli ET/pUZ8002 cells were used as donor cells. Approximately 250 ng 

pKGLP2-ΔRSaac (10 μL isolated pKGLP2-ΔRSaac plasmid DNA) was transformed into 

200 μL ET12567/pUZ8002 cells and incubated at 37 °C for 16 hours on LB-agar 

supplemented with kanamycin and hygromycin. A single colony was used to inoculate 4 

mL of LB supplemented with kanamycin and hygromycin and incubated for 16 hours at 

37 °C, 240 rpm. The following morning, 1 mL of LB culture was used to inoculate 100 

mL of LB supplemented with kanamycin and hygromycin and grown to an OD600 of 0.5-

0.7. The culture was then divided in two, centrifuged and washed twice with 50 mL of 

LB.  

5.2.4.1.2 Preparation of acceptor cells 

S. calvus sporulating variant #4 was used as the acceptor strain for conjugation. 

Two parallel methods were used for prepararion of acceptor cells. Cultures were prepared 

from either a single colony from a MS-agarose plate or directly from a -80 °C sucrose 

stock. A volume of 20 mL of TSB supplemented with phosphomycin was inoculated with 

S. calvus sporulating variant #4 from a -80 °C sucrose stock and incubated for 2 days at 

28 °C, 180 rpm. A volume of 20 mL of TSB supplemented with phosphomycin was 

inoculated with a colony of S. calvus sporulating variant #4 from a MS-agarose plate 

supplemented with phosphomycin and incubated for 2 days at 28 °C, 180 rpm. A volume 

of 1 mL from each culture was used to inoculate 20 mL of TSB supplemented with 

phosphomycin and incubated for 2 days at 28 °C, 180 rpm. The following day, 1 mL 
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from each culture was used to inoculate 20 mL of TSB supplemented with phosphomycin 

and incubated for 1 day at 28 °C, 180 rpm. The second and third S. calvus sporulating 

variant #4 TSB cultures were combined and 8 mL was centrifuged and washed twice with 

equal volumes of TSB. The final pellet of S. calvus was resuspended in 2 mL of TSB and 

0.5 mL was added to 1.5 mL Eppendorf tubes. 

5.2.4.1.3 Mating of donor and acceptor cells 

The S. calvus suspension was added to the E. coli pellet, mixed, and spread on 

MS-agarose plates. A portion of the S. calvus sporulating variant #4 suspension not 

mixed with E. coli donor cells was spread onto two MS-agarose plates as a positive and 

negative control. Plates were incubated at 28 °C for 18 hours at which time the plates 

were overlaid with the appropriate antibiotics: phosphomycin for the positive control and 

phosphomycin and apramycin for the negative control and conjugation plates. The plates 

were incubated at 28 °C for 10 days. 

5.2.4.2 Conjugation using S. calvus spores 

5.2.4.2.1 Preparation of donor cells 

This procedure is similar to the conjugation of pTESa-nuc1 into S. lividans (see 

Chapter 2). Approximately 200 ng of pKGLP2-ΔRSaac (10 μL isolated pKGLP2-

ΔRSaac plasmid DNA) was transformed into 200 μL ET12567/pUZ8002 chemically 

competent cells and incubated overnight at 37 °C on LB-agar supplemented with 

apramycin. A single colony from the plate was used to inoculate 1 mL of LB 

supplemented with kanamycin, chloramphenicol, and apramycin was incubated overnight 

at 37 °C, 240 rpm. The overnight culture was used to inoculate 100 mL of LB 
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supplemented with kanamycin, chloramphenicol, and apramycin. The culture was 

incubated at 37 °C, 240 rpm until an optical density at 600 nm (OD600) reached 0.4-0.6. 

The culture was divided in two, centrifuged and washed twice with 20 mL aliquots of 

LB.  

5.2.4.2.2 Preparation of acceptor cells 

A volume of 100 μL of a dense 25 mL TSB culture of S. calvus sporulating 

variant #4 was spread onto 4 MS-agar plates supplemented with phosphomycin and 

incubated at 28 °C for six days. Approximately 9 mL of Milli-Q water was used to 

suspend spores on densely sporulating MS-agar plates. Suspended spores were vortexed, 

centrifuged, resuspended in 500 μL 2 X YT broth, and heat-shocked at 50 °C for 10 

minutes. 

5.2.4.2.3 Mating of donor and acceptor cells 

A portion of resuspended spores were added to E. coli donor cell pellets, mixed, 

and spread onto MS-agar plates. A second portion of resuspended spores not containing 

E. coli donor cells were spread onto two MS-agar plates as a positive and negative 

control. Plates were incubated at 28 °C for 18 hours at which time the plates were 

overlaid with the appropriate antibiotics: phosphomycin for the positive control and 

phosphomycin and apramycin for the negative control and conjugation plates. Plates were 

incubated at 28 °C for 10 days. 

5.2.5 Construction of pKGLP2-ΔSTsingleX 

A scheme for the construction of pKGLP2-ΔSTsingleX is shown in Figure 5-5. 

PCR amplification of a portion of the sulfotransferase gene from S. calvus sporulating 
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variant #4 was performed using the program shown in Table 5-12 and the primers shown 

in Table 5-13. PCR reaction components are identical to the reaction components in 

Chapter 2. PCR amplification of the plasmid, pKGLP2, was performed using the program 

shown in Table 5-14 and the primers shown in Table 5-15. PCR products were analyzed 

using agarose gel (1%) electrophoresis and purified using QIAquick Gel Extraction Kit. 

Gibson Assembly was then performed at 50 °C for one hour to assemble the two pieces 

of linear DNA. The Gibson Assembly reaction consisted of 1 X Gibson Assembly 

Mastermix, approximately 96 ng of linearized pKGLP2, and approximately 24 ng of the 

PCR product in a 20 μL reaction volume. The assembled product was transformed into 

NEB 5-alpha chemically competent E coli (high efficiency) cells and grown at 37 °C 

overnight on LB supplemented with hygromycin.  Six colonies from the plate were used 

to inoculate individual 4 mL cultures of LB supplemented with hygromycin that were 

grown at 37 °C, 240 rpm for 16 hours. Isolation of pDNA was performed using the 

Nucleospin Plus Plasmid Kit. Analytical digests were performed, as described in Chapter 

2, on the resulting plasmid, pKGLP2-STsingleX, using the restriction endonucleases 

BamHI and EcoRV and analyzed by agarose gel (1%) electrophoresis. 
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Figure 5-5. Construction of a plasmid encoding a single crossover mutatation of a target 

gene.  

 

Table 5-12. PCR program for amplification of a portion of the sulfotransferase gene. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.0 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 5-13. Primers used for PCR amplification of a portion of the sulfotransferase 

gene. Base pairs complementary to the flanking regions are italicized and base pairs 

complementary to the plasmid are capitalized. 

Primer name Sequence 

STsingleX (genome) for 5’-AGGTCGACTCTAGAGGATCCgtgtggctggtcaggg 

ac-3’ 

STsingle X (genome) rev 5’-ACATGATTACGAATTCGATATCcggtagttgtcgtcg 

ttgc-3 

 

Table 5-14. PCR program for amplification of pKGLP2 for the sulfotransferase and 

radical SAM single crossover mutations. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 60.0 °C 

4. 3 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 5-15. Primers used for PCR amplification of pKGLP2 for the sulfotransferase 

and radical SAM single crossover mutations. 

Primer name Sequence 

ST&RSsingleX pKGLP2 for 5’-GATATCGAATTCGTAATCATGTCA-3’ 

ST&RSsingleX pKGLP2 rev 5’-GGATCCTCTAGAGTCGACCTG-3’ 
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5.2.6 Construction of pKGLP2-ΔRSsingleX 

A scheme for the construction of pKGLP2-ΔRSsingleX is shown in Figure 5-5. 

PCR amplification of a portion of nucJ from S. calvus sporulating variant #4 was 

performed in duplicate by summer student Maria Cleveland using the program shown in 

Table 5-16 and the primers shown in Table 5-17. PCR reaction components are identical 

to the reaction components in Chapter 2. PCR amplification of the plasmid, pKGLP2, 

was performed using the program shown in Table 5-14 and the primers shown in Table 

5-15. PCR reaction components are similar to the reaction components in Chapter 2 with 

pKGLP2 as DNA template. PCR products were analyzed using agarose gel (1%) 

electrophoresis and purified using QIAquick Gel Extraction Kit. Gibson Assembly was 

then performed at 50 °C for one hour to assemble the two pieces of linear DNA. The 

Gibson Assembly reaction consisted of 1 X Gibson Assembly Mastermix, approximately 

96 ng of linearized pKGLP2, and approximately 24 ng of the PCR product in a 20 μL 

reaction volume. The assembled product was transformed into NEB 5-alpha chemically 

competent E coli (high efficiency) cells and grown at 37 °C overnight on LB 

supplemented with hygromycin. Several colonies from the plate were used to inoculate 4 

mL cultures of LB supplemented with hygromycin that were grown at 37 °C, 240 rpm for 

16 hours. Isolation of pDNA was performed using the Nucleospin Plus Plasmid Kit. 

Analytical digests were performed, as described in Chapter 2, on the resulting pDNA, 

pKGLP2-STsingleX, using the restriction endonucleases BamHI and EcoRV and 

analyzed by agarose gel (1%) electrophoresis. Analytical digests did not seem successful 

so PCR was used to analyze for the insert. PCR was performed as above using the 
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primers RSsingleX(genome) for and RSsingleX(genome) rev with the same program. 

PCR products were analyzed by agarose gel (1%) electrophoresis 

Table 5-16. PCR program for amplification of a portion of the radical SAM gene. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.0 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 5-17. Primers used for PCR amplification of a portion of the radical SAM 

gene. Base pairs complementary to the flanking regions are italicized and base pairs 

complementary to the plasmid are capitalized. 

Primer name Sequence 

RSsingleX (genome) for 5’-AGGTCGACTCTAGAGGATCCccgcgagctgatgg 

agaag-3’ 

RSsingleX (genome) rev 5’-ACATGATTACGAATTCGATATCcgcctgcttgtag 

atcgtgg-3’ 

5.2.7 Introduction of single cross-over mutations in S. calvus sporulating variant #4 

Introduction of the plasmids pKGLP2-ΔSTsingleX and pKGLP2-ΔRSsingleX 

into S. calvus sporulating variant #4 were attempted using three different methods: 

intergeneric conjugation from E. coli with S. calvus mycelia, with cells derived from 

spores, and electroporation of mycelium. The two methods involving intergeneric 

conjugation are described in section 4.2.4 with the only difference being hygromycin 
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used as the antibiotic rather than apramycin. The single crossover mutation introduces a 

hygromycin resistance gene at the crossover site (Figure 5-1). 

5.2.7.1 Electroporation of mycelium 

Electroporation of mycelium was performed according to the procedure described 

by Hopwood.2 A volume of 100 μL of a dense 25 mL TSB culture of S. calvus 

sporulating variant #4 supplemented with phosphomycin was spread onto 4 MS-agar 

plates supplemented with phosphomycin and incubated at 28 °C for six days. A volume 

of 9 mL of Milli-Q water was used to suspend spores on these densely sporulating MS-

agar plates. The suspended spores were vortexed, centrifuged, and added to 25 mL 

cultures of TSB containing 1 % glucose, 0.5 % beef extract, and 25 mg mL-1 MgCl2 (1 

plate of spores per TSB culture). Cultures were incubated at 28 °C for two hours to form 

freshly germinated cells, harvested by centrifugation, and washed twice with 

approximately 5 mL 0.2 M sucrose. Cell pellets were resuspended in 2 pellet volumes of 

7 mM HEPES pH 7.4, 75 mM sucrose, 1 mM MgCl2. Approximately 200 ng of 

pKGLP2-ΔRSsingleX or pKGLP2-ΔSTsingleX (10 μL isolated pKGLP2-ΔRSsingleX or 

pKGLP2-ΔSTsingleX plasmid DNA) isolated from ET12567/pUZ8002 cells by 

transformation and plasmid DNA preparation that was eluted in water to minimize salt 

concentration, were separately added to 50 μL of cells and subjected to a 2 kV electric 

pulse with a time constant of 4.8. Cells were then diluted 10-fold with cold TSB, left on 

ice for 10 minutes, and incubated at 28 °C for 1.5 hours. Undiluted cells along with 10x, 

100x, and 1000x dilutions with TSB were spread on MS-agar plates supplemented with 

phosphomycin and hygromycin. A positive and negative control lacking pDNA were also 

grown: the positive control was spread on a MS-agar plate supplemented with 
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phosphomycin and the negative control was spread on a MS-agar plate supplemented 

with phosphomycin and hygromycin. Plates were incubated at 28 °C for 10 days. 

5.3 Results 

5.3.1 Construction of pKGLP2-ΔRS 

PCR amplification of each flanking region resulted in bands on the agarose gel at 

1000-bp for the upstream and downstream flanking region, which agree with the 

predicted sizes of 992-bp and 952-bp, respectively (Figure 5-6). A restriction digest of 

pKGLP2 with BamHI resulted in a band on the agarose gel at 6000-bp which agrees with 

the predicted size of 5916-bp (Figure 5-6). Assembly PCR of the two flanking regions 

resulted in a band on the agarose gel at 2000-bp which agrees with the predicted size of 

1944-bp (Figure 5-7). Successful insertion of the assembly PCR product into pKGLP2 

was confirmed by analytical digest with the restriction endonucleases PstI and EcoRV. 

Two of the five clones analyzed resulted in a band slightly above 2000-bp and above 

6000-bp which appear high but agree with the predicted sizes of 1980-bp and 5881-bp on 

the agarose gel (Figure 5-8).  
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Figure 5-6. Purified flanking regions PCR products and pKGLP2 restriction digest. 1 % 

agarose gel shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, pKGLP2 digested with 

BamHI; Lane 3, PCR product of upstream flanking region; Lane 4, PCR product of downstream 

flanking region. Predicted lengths of the fragments (bp) are indicated. 

 

 

Figure 5-7. Purified pKGLP2 and assembly PCR product of flanking regions. 1 % agarose 

gel shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, pKGLP2 digested with BamHI; 

Lane 3, assembly PCR product of flanking regions. Predicted lengths of the fragments (bp) are 

indicated. 
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Figure 5-8. Analysis of pKGLP2-ΔRS clones.  1 % agarose gel shown. Lane 1, DNA ladder 

(SM0333, Fermentas); Lanes 2-6, pKGLP2-ΔRS clones digested with PstI and EcoRV. Predicted 

lengths of the fragments (bp) are indicated. 

5.3.2 Construction of pKGLP2-ΔRSaac 

PCR amplification of each flanking region resulted in bands on the agarose gel at 

1000-bp for the upstream and downstream flanking regions which agree with the 

predicted sizes of 992-bp and 952-bp, respectively (Figure 5-9). PCR amplification of 

the apramycin resistance gene from pUWL-oriT-aac resulted in a band on the agarose gel 

at 1100-bp which agrees with the predicted size of 1151-bp (Figure 5-9). Successful 

assembly of the three PCR products into pKGLP2 by Gibson assembly was confirmed by 

analytical digest with the restriction endonucleases PstI and NotI. The single clone was 

analyzed and resulted in bands on the agarose gel slightly above 3000-bp and 6000-bp 

which agree with the predicted sizes of 3116-bp and 5895-bp indicating successful 

Gibson Assembly (Figure 5-10). 
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Figure 5-9. Purified pKGLP2-ΔRSaac PCR products.  1 % agarose gel shown. Lane 1, DNA 

ladder (SM0333, Fermentas); Lane 2, PCR product of upstream flanking region; Lane 3, PCR 

product of downstream flanking region; Lane 4, PCR product of apramycin resistance gene. 

Predicted lengths of the fragments (bp) are indicated. 

 

 

Figure 5-10. Analysis of pKGLP2-ΔRSaac clones. 1 % agarose gel shown. Lane 1, DNA ladder 

(SM0333, Fermentas); Lane 2, pKGLP2-ΔRSaac clone digested with PstI and NotI. Predicted 

lengths of the fragments (bp) are indicated. 
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5.3.3 Attempts to introduce double crossover mutations in S. calvus sporulating 

variant #4 

Many attempts using S. calvus spores and mycelium for conjugation with the 

plasmids pKGLP2-ΔRS and pKGLP2-ΔRSaac encoding double crossover mutations of 

nucJ were unsuccessful. The negative control plate contained no growth and the positive 

control contained a mass of colonies in each case as expected. The conjugation plates 

showed no colonies that might correspond to S. calvus sporulating variant #4 mutants. 

Accordingly, it was decided to attempt to introduce single crossover mutations at these 

genetic loci. 

5.3.4 Construction of pKGLP2-STsingleX 

PCR amplification of a portion of the sulfotransferase gene and pKGLP2 resulted 

in bands on the agarose gel slightly above 500-bp and at 6000-bp which agree with the 

predicted sizes of 539-bp and 5904-bp, respectively (Figure 5-11). Successful assembly 

of the two PCR products into pKGLP2 was confirmed by analytical digest with the 

restriction endonucleases BamHI and EcoRV. One of the six clones analyzed resulted in 

bands on the agarose gel slightly above 500-bp and at 6000-bp which agree with the 

predicted sizes of 547-bp and 5896-bp indicating successful Gibson Assembly (Figure 

5-12). 
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Figure 5-11. PCR products corresponding to a fragment of the sulfotransferase gene and 

amplification of pKGLP2.  1 % agarose gel shown. Lane 1, DNA ladder (SM0333, Fermentas); 

Lane 2, PCR amplified sulfotransferase gene fragment; Lane 3, pKGLP2 PCR product. Predicted 

lengths of the fragments (bp) are indicated. 

 

 

Figure 5-12. Analysis of pKGLP2-STsingleX clones.  1 % agarose gel shown. Lane 1, DNA 

ladder (SM0333, Fermentas); Lanes 2-7, pKGLP2-STsingleX clones digested with BamHI and 

EcoRV. Predicted lengths of the fragments (bp) are indicated. 

 

5.3.5 Construction of pKGLP2-RSsingleX 

PCR amplification of a portion of nucJ and Gibson Assembly was performed by 

summer student Maria Cleveland. PCR amplification of a portion of nucJ and pKGLP2 
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resulted in bands on the agarose gel at 1000-bp (Figure 5-13) and at 6000-bp (Figure 

5-11) which agree with predicted sizes of 1003-bp and 5904-bp, respectively. The 

plasmid was PCR amplified rather than digested to obtain a higher yield of DNA. 

Successful Gibson assembly of the two PCR products into pKGLP2 was confirmed by 

PCR with the primers used to amplify the portion of the radical SAM gene. Four of the 

eight clones analyzed resulted in a band at 1000-bp on the agarose gel which agrees with 

the predicted size of 1045-bp (Figure 5-14). 

 

Figure 5-13. PCR amplification of a fragment of the radical SAM gene. 1% agarose gel 

shown. Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, first PCR product; Lane 3, second 

PCR product. Predicted lengths of the fragments (bp) are indicated. 
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Figure 5-14. Analysis of pKGLP2-RSsingleX clones by PCR. 1% agarose gel shown. Lane 1, 

DNA ladder (SM0333, Fermentas); Lane 2-9, PCR amplification of clones. Predicted lengths of 

the fragments (bp) are indicated. 

5.3.6 Attempts to introduce single crossover mutations in S. calvus sporulating 

variant #4 

Many attempts using S. calvus spores and mycelium for conjugation as well as 

electroporation of mycelium were unsuccessful. The negative control plate contained no 

growth and the positive control contained a mass of colonies in each case as expected. 

The conjugation plates showed no sign of colonies that might correspond to S. calvus 

sporulating variant #4 single crossover mutants.  

5.4 Discussion 

The radical SAM, nucJ, and sulfotransferase, nucK, genes are believed to be 

essential for nucleocidin production since these two genes are conserved in the ascamycin 

gene cluster. Gene inactivation of the ascamycin sulfotransferase resulted in loss of 

ascamycin production indicating an important role in its biosynthesis.3 The role of the 

radical SAM gene is unknown but gene inactivation could confirm its role in nucleocidin 

production. 



 

126 

 

The plasmid pKGLP2 has useful features to facilitate selection of double 

crossover mutations. The plasmid is a suicide vector that contains the gusA gene and a 

hygromycin resistance gene. Suicide vectors cannot replicate in the host and rely on 

homologous recombination into the bacterial chromosome.1 The gusA gene encodes the 

enzyme β-glucuronidase (GUS) that hydrolyzes a wide variety of β-glucuronides.4 The 

synthetic substrate 5-Bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-GLUC) forms a 

blue precipitate upon hydrolysis by GUS. Following conjugation, exconjugants can be 

repeatedly sub-cultured in liquid media to promote a double crossover, or increase the 

frequency of occurrence, then grown on solid media. The plate is then overlaid with X-

GLUC solution.  A single crossover results in the gusA gene residing on the Streptomyces 

chromosome. These clones will produce the GUS enzyme, resulting in hydrolysis of the 

substrate X-GLUC and a blue halo around the corresponding colony. A double crossover 

mutation removes the vector backbone along with the gusA gene. Such clones will not 

hydrolyze X-GLUC and the colonies remain white.1  

Unfortunately, all attempts at generating single or double crossover mutations of 

the gene encoding the radical SAM / Fe-S gene and sulfotransferase were unsuccessful. 

Many different methods for introducing the plasmids encoding single and double 

crossover mutations were attempted. In the future, further efforts to introduce mutations 

can be made, focusing on the following changes.  

New plasmids encoding double crossover mutations could be made that contain 

longer complimentary sequences of 2 or 3 kbp rather than the current 900 bp. In general, 

longer complimentary sequences increase the efficiency of homologous recombination 

but the length is dependent on the organism. A study was performed demonstrating the 
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effect of flanking sequence length on efficiency of homologous recombination in Xylella 

fastidiosa, a pathogenic plant bacteria. Homologous recombination efficiency increased 

as the length of flanking regions increased from 96 bp to 1000-bp. Efficiency remained 

relatively the same increasing from 1000-bp to 4000-bp.5  

Another method to introduce the mutagenic plasmids could also be used such as 

transformation of protoplasts.2 Transformation of Streptomyces protoplasts by plasmid 

DNA was found to be highly efficient in the presence of polyethylene glycol.6 Protoplasts 

are prepared by digesting the cell wall with lysozyme. Transformation of protoplasts has 

been successfully demonstrated in many Streptomyces species with different protocols for 

different species.7 

5.5 Conclusions 

Plasmids encoding double crossover mutations of the radical SAM / Fe-S enzyme 

gene and single crossover mutations of both the radical SAM / Fe-S and sulfotransferase 

genes were successfully made. Conjugations into S. calvus were unsuccessful so the two 

genes could not be confirmed as responsible for nucleocidin production. However, due to 

conservation with the ascamycin gene cluster3, the radical SAM and sulfotransferase 

genes are believed essential for nucleocidin production. 
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Chapter 6 

Mutagenesis of TTA codons in the nucleocidin gene cluster 

6.1 Introduction 

In 1967 Hopwood described a mutation in S. coelicolor A3(2) that obstructed 

secondary metabolite biosynthesis. The mutated gene, named S48 but later revised to 

bldA, led to the loss of blue and red pigmentation corresponding to the loss of production 

of the polyketide antibiotic actinorhodin and the prodiginine complex generally termed 

“Red”, respectively. Hopwood also noticed that the mutant lacked the ability to produce 

sporulating aerial mycelium.1 The bldA gene of the wild type allele along with some 

mutant alleles were cloned and sequenced to reveal that the bldA gene encodes for a 

tRNA responsible for translating UUA codons corresponding to leucine.2,3 Genome 

sequencing and codon-anticodon recognition rules demonstrated that the bldA tRNA is 

solely responsible for the translation of UUA codons.4,5 The dependence on bldA was 

demonstrated using test genes containing TTA codons by changing the TTA codons to 

CTC codons that also translate leucine. Changing the TTA codons to CTC codons 

resulted in bldA-independent expression6  

The UUA codon, corresponding to a TTA codon at the DNA level, is the rarest of 

all the codons found in G + C rich Streptomyces genomes.7 The adpA gene, also known 

as bldH, contains a highly conserved TTA codon. This gene encodes a central 

transcriptional activator involved in the A-factor cascade. Many genes involved in 

secondary metabolite biosynthesis and morphological differentiation are targeted by 
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AdpA including sporulation. Therefore, if the bldA gene is not expressed then the UUA 

codon in adpA will not be translated leading to a bald phenotype.8 

In light of the point mutation found in the bldA gene in S. calvus (see Chapter 1), 

an analysis of the protein coding sequences containing TTA codons was performed by 

XiMing Zhu using a program called TTA Lynx.9 A total of 125 protein coding sequences 

were discovered to contain TTA codons. The predicted functions of the encoded proteins 

were found using BLAST analysis that compares amino acid sequences to sequences of 

known proteins (Figure 6-1). Over 50% of the genes containing TTA codons encode 

regulatory, transport, or enzymatic proteins. This number suggests that the lack of 

expression of the bldA gene may be hindering the production of a significant pool of 

secondary metabolites. ‘Other’ genes encode various proteins including: signaling, 

clamping, metal ion binding, sugar binding, hormones, and ATP binding.10 

 

Figure 6-1. Protein functions encoded by genes containing TTA codons. Reproduced from 

reference 10. 
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6.1.1 Objective 

A TTA codon is located in the strR regulatory gene and nucJ in the proposed 

nucleocidin gene cluster of S. calvus (Figure 6-2). Without a functional bldA gene, the 

TTA codons may not be translated, therefore, strR and nucJ may not be expressed. To 

confirm the effect of the bldA gene on these two TTA-containing genes in the nucleocidin 

gene cluster, an experiment analogous to that conducted by Leskiw et al6 can be 

performed. Site-directed mutagenesis can be used to change the TTA codons in the strR 

regulatory gene and nucJ to different codons that also code for leucine. The mutated 

genes will be cloned into the pTESa plasmid that has been used successfully with S. 

calvus to complement the wild type strain with a functional bldA gene.11 These TTA free 

genes can then be introduced into wild type S. calvus that does not have a functional bldA 

gene. If nucleocidin is produced, it indicates that production is dependent on bldA 

expression, and specifically these two specific TTA codons, since it is produced with an 

alternative leucine codon and not the TTA codon.  

 

Figure 6-2. Location of TTA codons in strR and nucJ. 

6.2 Methods 

6.2.1 Materials and equipment 

The antibiotics phosphomycin, kanamycin, and apramycin were purchased from 

either Bio-Shop or Sigma-Aldrich and used at final concentrations of 300 μg mL-1, 25 μg 

mL-1, and 50 μg mL-1, respectively. Primers and all other chemicals were either 
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purchased from Sigma-Aldrich and used without further purification or mentioned in 

previous chapters. PCR and Gibson Assembly were performed using an Eppendorf 

Mastercycler® ep Gradient thermal cycler. 

6.2.2 Construction of pTESa-TTAmutant 

A scheme for the construction of pTESa-TTAmutant is shown in Figure 6-3. 

PCR amplification of the upstream flanking region, the strR regulatory gene, and the 

radical SAM gene at the positions where the TTA codon is located from S. calvus 

sporulating variant #4 gDNA was performed using the programs shown in Table 6-1, 

Table 6-2, and Table 6-3 and primers shown in Table 6-4, Table 6-5, and Table 6-6, 

respectively. PCR reaction components are identical to the reaction components in 

Chapter 2. The program used for assembly PCR of the flanking region and strR 

regulatory gene is shown in Table 6-7. The primers used for assembly PCR are nucM-F1 

and nucM-R2 shown in Table 6-4 and Table 6-5. Assembly PCR was performed in 

duplicate. The program used for PCR amplification of the pTESa vector is shown in 

Table 6-8. PCR reaction components are similar to the reaction components in Chapter 2 

with pTESa as DNA template. PCR products were analyzed using agarose gel (1%) 

electrophoresis and purified using QIAquick Gel Extraction Kit. Gibson Assembly was 

then performed at 50 °C for one hour to assemble the three pieces of linear DNA. The 

Gibson Assembly reaction consisted of 1 X Gibson Assembly Mastermix, approximately 

48 ng of linearized pTESa, approximately 24 ng of assembly PCR product, and 

approximately 48 ng of nucM3 PCR product in a 20 μL reaction volume. The assembled 

product was transformed into NEB 5-alpha chemically competent E coli (high efficiency) 

cells and grown at 37 °C overnight on LB-agar supplemented with apramycin. Single 
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colonies from the plate were used to inoculate six 4 mL cultures of LB supplemented 

with apramycin that were grown at 37 °C, 240 rpm for 16 hours. Isolation of plasmid 

DNA was performed the following morning using the Nucleospin Plus Plasmid Kit. 

Analytical digests were performed, as described in Chapter 2, on the resulting plasmid 

DNA, pTESa-TTAmutant, using the restriction endonucleases BamHI and EcoRI and 

analyzed by agarose gel (1%) electrophoresis. A positive clone was used to isolate more 

pDNA with E. coli XL1 Blue. 

 

Figure 6-3. Construction of the plasmid pTESa-TTAmutant. 
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Table 6-1. PCR program for amplification of upstream flanking region (nucM1). 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 53 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 6-2. PCR program for strR regulatory gene (nucM2). 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 55.4 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 6-3. PCR program for amplification of the radical SAM gene (nucM3). 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 56 °C 

4. 1.5 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 6-4. Primers used for PCR amplification of the upstream flanking region 

(nucM1). Base pairs complementary to the PCR product are italicized, base pairs 

complementary to the adjacent gene or plasmid are capitalized, and the mutagenic codons 

are underlined. 

Primer name Sequence 

nucM-F1 5’-TACCTCTAGAtcctgtgtgtcctttcgcg-3’ 

nucM-R1 5’-CGCGACGCGCagccggtgcattccgtcga-3’ 

 

Table 6-5. Primers used for PCR amplification of the strR regulatory gene (nucM2). 

Base pairs complementary to the PCR product are italicized, base pairs complementary to 

the adjacent gene or plasmid are capitalized, and the mutagenic codons are underlined. 

Primer name Sequence 

nucM-F2 5’-TGCACCGGCTgcgcgtcgcggccctgc-3’ 

nucM-R2 5’-GTTGGCGTACagctccagggcgagtgacttg-3’ 
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Table 6-6. Primers used for PCR amplification of the radical SAM gene (nucM3). 

Base pairs complementary to the PCR product are italicized, base pairs complementary to 

the adjacent gene or plasmid are capitalized, and the mutagenic codons are underlined. 

Primer name Sequence 

nucM-F3 5’- CCCTGGAGCTgtacgccaacgccgacgag-3’ 

nucM-R3 5’-AATTCAGATCTtggtgtcgttgtacgtgtgc-3’ 

 

Table 6-7. PCR program for assembly PCR of nucM1 and nucM2. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 54 °C 

4. 1 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

 

Table 6-8. PCR program for amplification of pTESa for construction of pTESa-

TTAmutant. 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 61 °C 

4. 3 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 6-9. Primers used for PCR amplification of pTESA for construction of 

pTESa-TTAmutant. Base pairs complementary to the plasmid are italicized, base pairs 

complementary to the adjacent gene are capitalized. 

Primer name Sequence 

pTESa-F1 5’-AACGACACCAagatctgaattcttaaaggctcct-3’ 

pTESa-R1 5’-ACACACAGGAtctagaggtaccagtactcgct-3’ 

 

6.2.3 Conjugation into S. calvus WT 

6.2.3.1 Preparation of donor cells 

E. coli ET/pUZ8002 cells were used as the donor cells. Approximately 125 ng of 

pTESa-TTAmutant (5 μL isolated plasmid DNA),  was transformed into 60 μL 

ET12567/pUZ8002 cells and incubated at 37 °C for 16 hours on LB_agar supplemented 

with kanamycin and apramycin. A colony from the LB plate was used to inoculate 100 

mL of LB supplemented with kanamycin and apramycin and incubated for 16 hours at 37 

°C, 240 rpm. The culture was then divided into two, centrifuged and washed twice with 

15 mL TSB. Each E. coli pellet was resuspended in 200 μL TSB.  

6.2.3.2 Preparation of acceptor cells 

S. calvus mycelium was used as the acceptor cells. A solution of 20 mL of TSB 

supplemented with phosphomycin was inoculated with a colony of wild type S. calvus 

from a MS-agarose plate supplemented with phosphomycin and incubated for 2 days at 

28 °C, 180 rpm. An aliquot of 1 mL from the TSB culture was used to inoculate 20 mL of 

TSB supplemented with phosphomycin and incubated for 2 days at 28 °C, 180 rpm. The 

following day, 1 mL from the previous day’s culture was used to inoculate 20 mL of TSB 
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supplemented with phosphomycin and incubated for 1 day at 28 °C, 180 rpm. The second 

and third TSB cultures were combined and 20 mL of this was centrifuged and washed 

twice with 50 mL of TSB. The pellet was resuspended in 5 mL TSB and 700 μL aliquots 

were added to 1.5 mL Eppendorf tubes. 

6.2.3.3 Mating of donor and acceptor cells 

E. coli suspension was added to S. calvus suspension (1 pellet E. coli per tube of 

S. calvus), mixed, and spread on MS-agar plates. S. calvus not containing E. coli were 

spread onto two MS-agar plates as a positive and negative control. Plates were incubated 

at 28 °C for 8.5 hours at which time the plates were overlaid with the appropriate 

antibiotics: phosphomycin for the positive control and phosphomycin and apramycin for 

the negative control and conjugation plates. The plates were then incubated at 28 °C for 

10 days. 

6.3 Results 

6.3.1 Construction of pTESa-TTAmutant 

PCR amplification of the upstream flanking region (nucM1), the strR regulatory 

gene (nucM2), the radical SAM gene (nucM3), and pTESa (Figure 6-3) resulted in bands 

on the agarose gel slightly above 300-bp, at 900-bp, slightly below 3000-bp, and at 6000-

bp, respectively, which agree with the predicted sizes at 323-bp, 903-bp, 2752-bp, and 

6003-bp (Figure 6-4). Assembly PCR of nucM1 and nucM2 resulted in a band on the 

agarose gel slightly above 1200-bp which agrees with the predicted size of 1226-bp 

(Figure 6-5). Successful assembly of the PCR products into pTESa was confirmed by 

analytical digest with the restriction endonucleases BamHI and EcoRI. One of the six 



 

139 

 

clones analyzed resulted in bands on the agarose gel slightly above 4000-bp and 6000-bp 

which agree with the predicted sizes of 4012-bp and 5969-bp indicating successful 

assembly (Figure 6-6). 

 

Figure 6-4. PCR amplification of nucM1, nucM2, nucM3, and pTESa. 1% agarose gel shown. 

Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, PCR product of upstream flanking region 

(nucM1); Lane 3, PCR product of strR regulatory gene (nucM2); Lane 4, PCR product of radical 

SAM gene (nucM3); Lane 5, PCR product of pTESa plasmid. Predicted lengths of the fragments 

(bp) are indicated. 

 

Figure 6-5. Assembly PCR product of nucM1 and nucM2. 1 % agarose gel shown. Lane 1, 

DNA ladder (SM0333, Fermentas); Lane 2, first assembly PCR amplification; Lane 3, second 

assembly PCR amplification. Predicted lengths of the fragments (bp) are indicated. 
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Figure 6-6. Analysis of the final construct pTESa-TTAmutant.  1 % agarose gel shown. Lane 

1, DNA ladder; Lane 2, a pTESa-TTAmutant clone digested with BamHI and EcoRI. Predicted 

lengths of the fragments (bp) are indicated. 

6.3.2 Introduction of pTESa-TTAmutant into wild type S. calvus 

Many attempts to introduce the plasmid pTESa-TTAmutant into wild type S. 

calvus via intergeneric conjugation were unsuccessful. The negative control plate 

contained no growth and the positive control contained a mass of colonies in each case as 

expected. The conjugation plates overlaid with apramycin showed no sign of colonies 

corresponding to exconjugants containing pTESa-TTAmutant.  

6.4 Discussion 

The strR and radical SAM genes containing alternate leucine codons were 

successfully cloned into pTESa. Unfortunately, all attempts at conjugating pTESa-

TTAmutant into S. calvus WT were unsuccessful. The pTESa vector contains a ΦC31 

integrase site that is a sequence-specific recombinase that facilitates recombination 

between two attachment sites, one on the integrative plasmid and one on the genome, 34 

bp and 39 bp in size.12 As mentioned previously, this plasmid has been used successfully 

with S. calvus to complement the wild type strain with a functional bldA gene.11 
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Many parameters could be changed to help attain a successful conjugation. Once 

Streptomyces and E. coli are mixed and plated, incubation time could be increased to 24 

hours or more prior to overlaying with antibiotics to allow for a longer mating time. 

Perhaps 8.5 hours is not long enough for the transfer of DNA to occur. Culture age may 

also play a role in successful conjugation. For example, a study was performed on culture 

age with conjugation from E. coli to S. lincolnensis. Mycelia from 1-2 days and 5-6 days 

were found unsuitable for conjugation. Three days of growth was found as the most 

competent for conjugation in that particular strain.13 However, mycelia of 34 hours of age 

were suitable for conjugation into S. peucetius.14 Optimal culture age for conjugation is 

different for each strain of Streptomyces so different culture ages should be attempted.  

Other methods of introducing the plasmid into wild type S. calvus could be used 

such as transformation and transfection of protoplasts or electroporation of 

mycelium.15,16,17. DNA can be introduced by applying a high voltage to a mixture of 

DNA and cells similar to the protocol in Chapter 4.15 

Once successfully conjugated, if nucleocidin is produced, it indicates that 

production is dependent on bldA expression, and specifically these two TTA codons, 

since it is produced with an alternative leucine codon and not the TTA codon. If 

nucleocidin is not produced, it may indicate a dependence on AdpA that has a conserved 

TTA codon and may not be expressed without a functional bldA gene. AdpA may be 

required for transcription of nucleocidin genes, specifically the strR regulatory gene. In 

streptomycin biosynthesis in S. griseus, the strR gene is regulated by AdpA.18 If the same 

is true in nucleocidin biosynthesis, nucleocidin may not be produced without expression 

of AdpA. 
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6.5 Conclusions 

An integrative plasmid was successfully constructed encoding TTA codon free 

genes corresponding to the radical SAM / Fe-S enzyme and StrR-like transcriptional 

regulator. It is predicted that expression of these TTA free genes in wild type S. calvus 

will bypass the dependence on the bldA gene. Future attempts at introducing pTESa-

TTAmutant into wild type S. calvus can be made using alternative methods.  
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Chapter 7 

Characterization of the dehydrogenase (ORF 171) in the nucleocidin gene cluster 

7.1 Introduction 

An interesting gene, ORF 171, predicted to encode a dehydrogenase is observed 

at one end of the nucleocidin gene cluster. BLAST analysis of the amino acid sequence 

encoded by ORF 171 revealed that the dehydrogenase belongs to a GFO/IDH/MocA 

superfamily and possesses a sequence motif that is distinctive for a NAD+/NADP+ 

binding Rossman fold. Glucose –fructose oxidoreductase (GFO) catalyzes the conversion 

of D-glucose and D-fructose into D-gluconolactone and D-sorbitol (Figure 7-1).1 Inositol 

dehydrogenase (IDH) catalyzes the conversion of myo-inositol and NAD+ into 2-keto-

myo-inositol, NADH and H+ (Figure 7-2).2 MocA is involved in rhizopine catabolism by 

a NAD(H)-dependent dehydrogenase reaction.3  

 

Figure 7-1. Reaction catalyzed by GFO. 
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Figure 7-2. Reaction catalyzed by IDH. 

The dehydrogenase, ORF 171, could potentially fulfill the role of the fluorinase in 

the biosynthesis of nucleocidin. A mechanism can be proposed that resembles that of 

inositol dehydrogenase2 or alcohol dehydrogenase of the short-chain 

dehydrogenase/reductase (SDR) superfamily.4 Upon removing the C4’ hydrogen of the 

nucleoside substrate using NAD+ or NADP+ as the hydride acceptor, an oxocarbenium 

ion intermediate would be formed. A fluoride ion could then attack C4’ in a 

stereospecific fashion to reform a sp3 carbon (Figure 7-3). Potential substrates might 

include adenosine, SAM, and 5’-O-sulfamoyl adenosine (16). Formally, this represents a 

glycosyl transfer reaction, with the oxocarbenium ion (or enzyme stabilized intermediate) 

being transferred to the fluoride ion. There is precedence for a glycosyl transfer to 

fluoride. Active site mutants of retaining glycosidases have been shown to perform 

glycosyl transfer to a fluoride ion, forming glycosyl fluorides stereospecifically.5 

 

Figure 7-3. Proposed reaction mechanism for a dehydrogenase catalyzed fluorination 

reaction. 
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7.1.1 Objective 

The objective for this part of the project was to express, purify, and test the in 

vitro reactivity of the ORF 171 encoded dehydrogenase using adenosine, SAM, and 5’-O-

sulfamoyl adenosine (16) as substrates in the presence of fluoride ions and the co-factors 

NAD+ or NADP+. 

7.2 Methods 

7.2.1 Materials and equipment 

The antibiotic kanamycin was purchased from Bio-Shop and used at final 

concentration of 50 μg mL-1. Primers and all other chemicals were either purchased from 

Sigma-Aldrich and used without further purification or mentioned in previous chapters.  

PCR and Gibson Assembly were performed using an Eppendorf Mastercycler® ep 

Gradient thermal cycler. 1H NMR, 13C NMR, and 19F NMR (1H-decoupled) spectra were 

recorded on a Bruker Avance 400 MHz spectrometer at Queen’s University. 19F NMR 

chemical shifts (δ) were referenced to trifluoroacetic acid (TFA) contained in a capillary 

(δ = -76.55 ppm, 10 mM in D2O). 1H NMR and 13C NMR chemical shifts were 

referenced to the corresponding solvent peak. 

7.2.2 Construction of pJ411-SDR and pET28a-SDR 

PCR amplification of the ORF 171 gene, herein denoted SDR, from S. calvus 

sporulating variant #4 gDNA and PCR amplification of pJ411 from pJ411-RS were 

performed using the programs shown in Table 7-1 and Table 7-2 and primers shown in  
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Table 7-3 and Table 7-4, respectively. PCR amplification of the SDR gene from S. 

calvus sporulating variant #4 gDNA and PCR amplification of a segment of pET28a were 

performed using the programs shown in Table 7-5 and Table 7-6 and primers shown in 

Table 7-7 and Table 7-8. PCR reaction components for amplification of the SDR gene 

are identical to the reaction components in Chapter 2. PCR reaction components for 

amplification of the pJ411 and pET28a are similar to the reaction components in Chapter 

2 with pJ411-RS and pET28a as DNA templates, respectively. PCR products were 

analyzed using agarose gel (1%) electrophoresis and purified using QIAquick Gel 

Extraction Kit. Gibson Assembly was performed with both constructs at 50 °C for one 

hour to assemble the two pieces of linear DNA. The Gibson Assembly reactions 

consisted of 1 X Gibson Assembly Mastermix, approximately 48 ng of linearized pJ411 

or approximately 72 ng of linearized pET28a, approximately 38 ng of SDR PCR product 

for cloning into pJ411 or pET28a in 20 μL reaction volume. The assembled products 

were transformed into NEB 5-alpha chemically competent E coli (high efficiency) cells 

and grown at 37 °C overnight on LB-agar supplemented with kanamycin. Single colonies 

from the plate were used to inoculate six 4 mL cultures of LB supplemented with 

kanamycin that were grown at 37 °C, 240 rpm for 16 hours. Isolation of pDNA was 

performed the following morning using the Nucleospin Plus Plasmid Kit. Analytical 

digests were performed, as described in Chapter 2, on the resulting pDNA, pJ411-SDR 

and pET28a-SDR, using the restriction endonucleases XbaI and XhoI for pJ411-SDR and 

XbaI and BamHI for pET28a-SDR and analyzed by agarose gel (1%) electrophoresis. 

The SDR gene in both constructs were sequenced at The Centre for Applied Genomics 
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(TCAG) at the Hospital for Sick Children in Toronto, Ontario. No mutations were found 

in the sequence. 

Table 7-1. PCR program for amplification of the SDR gene for cloning into pJ411. 

 

 

 

 

 

 

 

Table 7-2. PCR program for amplification of the pJ411 vector. 

 

 

 

 

 

 

 

 

 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 53 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 53 °C 

4. 2 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 7-3. Primers used for PCR amplification of the SDR gene for cloning into 

pJ411. Base pairs complementary to the PCR product are italicized and base pairs 

complementary to the plasmid are capitalized. 

Primer name Sequence 

SDR into pJ411 (genome) for 5’-ACCATCATCACAGCAGCGGCatgaacgcagccct 

catcg-3’ 

SDR into pJ411 (genome) rev 5’-TGGCTCCAGCCGCTACCCGAggccccactgaacg 

ggt-3’ 

 

Table 7-4. Primers used for PCR amplification of a segment of pJ411. 

Primer name Sequence 

SDR into pJ411 (plasmid) for 5’-TCGGGTAGCGGCTGGAG-3’ 

SDR into pJ411 (plasmid) rev 5’-GCCGCTGCTGTGATGATG-3’ 

 

Table 7-5. PCR program for amplification of the SDR gene for cloning into pET28a. 

 

 

 

 

 

 

 

 

 

 

 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 54 °C 

4. 30 s at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 
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Table 7-6. PCR program for amplification of the pET28a vector. Base pairs 

complementary to the PCR product are italicized and base pairs complementary to the 

plasmid are capitalized. 

 

 

 

 

 

 

 

Table 7-7. Primers used for PCR amplification of the SDR gene for cloning into 

pET28a. 

Primer name Sequence 

SDR into pET28a (genome) for 5’-ATCATCATCACAGCAGCGGCatgaacgcagcc 

ctcatcg-3’ 

SDR into pET28a (genome) rev 5’-CGGAGCTCGAATTCGGATCCtcaggccccactg 

acgg-3’ 

 

Table 7-8. Primers used for PCR amplification of a segment of pET28a. 

Primer name Sequence 

SDR into pET28a (plasmid) for 5’-GGATCCGAATTCGAGCTCCG-3’ 

SDR into pET28a (plasmid) rev 5’-GCCGCTGCTGTGATGATGAT-3’ 

7.2.3 Protein expression and purification 

The difference between the two constructed plasmids is that pJ411-SDR encodes 

a hexahistidine tag on the N-terminus of the dehydrogenase and a Strep-tag® 

(WSHPQFEK) on the C-terminus whereas pET28a-SDR encodes only a hexahistidine tag 

Step Program 

1. 4 min at 98 °C  

2. 20 s at 98 °C 

3. 20 s at 53 °C 

4. 3 min at 72°C 

Go to step 2, 30 times  

5. 3 min at 72 °C 



 

152 

 

on the N-terminus. Both plasmids encode resistance to kanamycin. The plasmids pJ411-

SDR and pET28a-SDR were transformed into chemically competent E. coli BL21 (DE3) 

cells and incubated at 37 °C for 16 h on LB-agar supplemented with kanamycin. A single 

colony was used to inoculate two 5 mL starter cultures of LB supplemented with 

kanamycin that were incubated at 37 °C, 240 rpm for 16 hours. Each starter culture was 

used to inoculate a separate 500 mL LB production culture supplemented with 

kanamycin. The production cultures were incubated at 37 °C, 240 rpm until the OD600 

reached 0.5-0.7 at which time the cultures was placed on ice for 30 minutes. IPTG (0.5 

mM final concentration) was added to one culture and it was incubated at 30 °C, 240 rpm 

for 4 hours. IPTG (0.5 mM final concentration) was added to the other culture and it was 

incubated at 18 °C, 240 rpm for 16 hours. Cultures were centrifuged following expression 

and the cell pellet was frozen. Uninduced samples, samples taken prior to induction with 

IPTG, and induced samples were analyzed by 12 % SDS-PAGE.  

Protein purification was performed by affinity chromatography with a Ni-NTA 

resin by gravity. The cell pellet from the 20 °C culture was resuspended in approximately 

15 mL of lysis buffer (30 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, pH 

7.7) and the cells were lysed by high-pressure homogenization at 15,000 psi for three 

passages (Emulsiflex, model C5, Avestin, Ottawa, ON). The lysate was clarified by 

centrifugation at 30,000 x g, 4 °C for 30 minutes. The supernatant was passed through a 

0.45 μm filter and loaded onto a 1 mL Ni-NTA agarose column. Column was washed 

with 10 column volumes of lysis buffer then eluted with 2 column volumes each of 30 

mM sodium phosphate, 300 mM NaCl, and differing concentrations of imidazole (50, 

100, 150, 200, 250 mM). A final wash of 10 column volumes with a buffer containing 30 
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mM sodium phosphate, 300 mM NaCl, 500 mM imidazole was performed. Eluted 

fractions were analyzed by 12 % SDS-PAGE. Fractions containing protein were pooled 

and buffer exchange was performed three times with 25 mM Tris-HCl, 150 mM NaCl, 10 

% (w/v) glycerol, pH 7.5. Protein was concentrated down to ~1 mL using a 10,000 MW 

Amicon® filter unit. The protein concentration was determined by absorbance at 280 nm 

using the extinction coefficient 48,533 M-1 cm-1 that was calculated from the amino acid 

sequence using the ProtParam tool on the ExPASY website 

(http://web.expasy.org/protparam/). The theoretical molecular weight was calculated as 

37,907.6 kDa. 

7.2.4 Synthesis of 5’-O-sulfamoyl adenosine (16)6,7,8 

7.2.4.1 Synthesis of 2′,3′-isopropylidene-5’-O-sulfamoyl adenosine (24) 

  

 

Chlorosulfonyl isocyanate (0.32 mL, 3.7 mmol) was added dropwise to a stirred 

solution of formic acid (0.14 mL, 3.8 mmol) in dichloromethane (1 mL) on ice under an 

atmosphere of dry nitrogen. The reaction mixture was stirred for 2 hours at room 

temperature at which time a catalytic amount of N,N-dimethylacetamide (DMA) (7 μL, 

0.074 mmol) was added. The reaction mixture was stirred for an additional hour at which 

time a solution of 2’,3’-isopropylidene adenosine (23) (0.57 g, 1.85 mmol) dissolved in 
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DMA (3 mL) was added. The reaction mixture was left to stir overnight under nitrogen at 

room temperature. Approximately 5 mL distilled water was added to quench the reaction. 

The reaction mixture was extracted with ethyl acetate (3 x 50 mL) then the combined 

organic layers were extracted with distilled water (3 x 50 mL) to remove remaining 

DMA. The organic layer was dried with MgSO4 and filtered. The solvent was removed 

under reduced pressure to obtain an oil. The oil was dissolved in methanol and the 

mixture was purified by flash SiO2 column chromatography (9:1 chloroform : methanol) 

to yield 40 mg (0.015 %) of a light yellow oil. NMR spectral data agrees with previously 

published data8. Spectra can be found in Appendix D. Mass spectrometry data was 

collected by David Simon. 

1H-NMR (400 MHz, MeOD): δ 8.20 (s, 1H, H2), 8.16 (s, 1H,H8), 6.19 (d, 1H, J = 2.4 

Hz, H1’), 5.36 (dd, 1H, J = 6.1 Hz, 2.5 Hz, H2’), 5.07 (dd, 1H, J = 6.1 Hz, 2.5 Hz, H3’), 

4.47 (td, 1H, J = 4.9 Hz, 2.8 Hz, H4’), 4.27 (m, 2H, H5’a/b) 1.54 (s, 3H, H10/11), 1.32 

(s, 3H, H10/11). 13C-NMR (400 MHz, MeOD): δ 157.59 (C6), 154.32 (C2), 150.53 (C4), 

141.71 (C8), 120.67 (C5), 115.89 (C9), 92.05 (C1’), 85.99 (C2’), 85.72 (C3’), 83.19 

(C4’), 70.21 (C5’), 38.75 (DMA), 35.83 (DMA), 27.69 (C10/11), 25.78 (C10/11), 21.61 

(DMA). ESI-MS (positive mode): m/z = 387.1 ([M+H]+), calculated m/z = 387.1 

([M+H]+). 
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7.2.4.2 Synthesis of 5’-O-sulfamoyl adenosine (16) 

 

 

A solution of 8:1 TFA : H2O (1 mL) was added to 2′,3′-isopropylidene-5’-O-

sulfamoyl adenosine (24) (40 mg, 0.1 mmol) at room temperature and allowed to stir for 

2 hours. The solvent was removed under reduced pressure, followed by co-evaporation 

with ethanol four times to yield 34 mg (94 %) of a white solid that was not further 

purified. Spectra can be found in Appendix D. Mass spectrometry data was collected by 

David Simon. 

 1H-NMR (400 MHz, MeOD): δ 8.31 (s, 1H, H2)), 8.23 (s, 1H, C8), 5.97 (d, 1H, J = 4.9 

Hz, H1’), 4.50 t, 1H, J=5.0 Hz, H4’), 4.22 (m, 4H, H2’,H3’, H5’a/b). 13C-NMR (400 

MHz, MeOD): δ 152.70 (C6), 150.37 (C2), 146.42 (C4), 143.65 (C8), 120.68 (C5), 90.67 

(C1’), 84.33 (C4’), 76.21 (C2’), 72.07 (C3’), 69.86 (C5’), 38.76 (DMA), 35.83 (DMA), 

21.61 (DMA). ESI-MS (positive mode): m/z = 347.1 ([M+H]+), calculated m/z = 347.1 

([M+H]+). 

7.2.5 Activity assays 

Reactions performed with the dehydrogenase contained 1 mM substrate, 1 mM 

NAD+ or NADP+, 10 mM KF, 50 mM Tris-HCl pH 7, and 10 μM enzyme in a 500 μL 

reaction volume. A substrate-free reaction was also performed. Attempt to monitor the 

reaction by absorbance at 340 nm, corresponding to the formation of NADH or NADPH 
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were not successful due to slow precipitation of the enzyme. As an alternative, reactions 

were rotated at 25 °C for 6 hours, 100 μL D2O was added, and the mixtures analyzed by 

19F NMR spectroscopy. Reactions with adenosine and SAM were then extracted twice for 

30 mins with a spatula tip of activated charcoal, eluted for 30 mins with 500 μL 

methanol, 100 μL D2O added, and analyzed again by 19F NMR. Reactions with 

synthesized 5’-O-sulfamoyl adenosine were extracted twice with activated charcoal, 

eluted with acetone, concentrated, 500 μL was D2O added, and analyzed again by 19F 

NMR spectroscopy. 

7.3 Results 

7.3.1 Construction of pJ411-SDR and pET28a-SDR 

PCR amplification of ORF 171 encoding the dehydrogenase for cloning into 

plasmids pJ411 and pET28a resulted in a product with an apparent size of ~1000-bp 

which agree with the predicted size of 996-bp in both cases (Figure 7-4 and Figure 7-5). 

PCR amplification of the corresponding plasmid sequences from pJ411 and pET28a 

likewise afforded the expected products (4020-bp predicted for pJ411, 5312-bp for 

pET28a) (Figure 7-4 and Figure 7-5, respectively). Successful Gibson assembly of the 

PCR product into pJ411 was confirmed by analytical digest with the restriction 

endonucleases XbaI and XhoI. Three of the six clones analyzed resulted in a bands on the 

agarose gel at ~1100-bp and ~4000-bp, which agree with the predicted sizes of 1114-bp 

and 3902-bp (Figure 7-6). Successful Gibson assembly of the PCR product into pET28a 

was confirmed by analytical digest with the restriction endonucleases XbaI and BamHI. 

All three clones analyzed produced bands on the agarose gel at ~1100-bp and slightly 



 

157 

 

above 5000-bp, which agree with the predicted sizes of 1076-bp and 5232-bp (Figure 

7-7). 

 

Figure 7-4. Purified ORF 171 and pJ411 vector PCR products.  1 % agarose gel shown. Lane 

1, DNA ladder (SM0333, Fermentas); Lane 2, ORF 171 PCR product; Lane 3, pJ411 PCR 

product. Predicted lengths of the fragments (bp) are indicated. 

 

 

Figure 7-5. Purified ORF 171 and pET28a vector PCR products.  1 % agarose gel shown. 

Lane 1, DNA ladder (SM0333, Fermentas); Lane 2, ORF 171 PCR product; Lane 3, pET28a PCR 

product. Predicted lengths of the fragments (bp) are indicated. 
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Figure 7-6. Analysis of pJ411-SDR clones.  1 % agarose gel shown. Lane 1, DNA ladder 

(SM0333, Fermentas); Lanes 2-7, pJ411-SDR clones digested with XbaI and XhoI. Predicted 

lengths of the fragments (bp) are indicated. 

 

Figure 7-7. Analysis of pET28a-SDR clones.  1 % agarose gel shown. Lane 1, DNA ladder 

(SM0333, Fermentas); Lanes 2-4, pET28a-SDR clones digested with XbaI and BamHI. Predicted 

lengths of the fragments (bp) are indicated. 

7.3.2 Protein expression and purification 

Initial expression attempts of pJ411-SDR and pET28a-SDR in E. coli BL21 

(DE3) at 30 °C and 18 °C seemed to be unsuccessful since there was no distinct band at 

the predicted size ~38 kDa in the induced samples (Figure 7-8 and Figure 7-9). Protein 

purification via affinity chromatography with Ni-NTA resin revealed a significant 
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amount of protein being expressed by both constructs shown by bands at ~38 kDa in the 

elution fractions (Figure 7-10 and Figure 7-11). However, the dehydrogenase is unstable 

and begins to precipitate out of solution when concentrated higher than 40 μM. Buffer 

exchange was attempted immediately after purification to remove imidazole but 

precipitation still occurred. Consequently only relatively dilute solutions of the 

dehydrogenase could be obtained (40 μM, 1.4 mg mL-1). The pJ411-SDR construct 

seemed to produce protein of higher purity so it was used to produce the enzyme for 

activity assays. 

 

Figure 7-8. SDS-PAGE analysis of uninduced and induced E. coli cells containing pJ411-

SDR.  Lane 1, protein MW marker in kDa; Lane 2, uninduced sample of 30 °C, 4 h expression; 

Lane 3, induced sample of 30 °C, 4 h, 0.5 mM IPTG expression; Lane 4, uninduced sample of 18 

°C, 16 h expression; Lane 5, induced sample of 18 °C, 16 h, 0.5 mM IPTG expression. 
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Figure 7-9. SDS-PAGE analysis of uninduced and induced samples of E. coli cells 

containing pET28a-SDR.  Lane 1, protein MW marker in kDa; Lane 2, uninduced sample of 30 

°C, 4 h expression; Lane 3, induced sample of 30 °C, 4 h, 0.5 mM IPTG expression; Lane 4, 

uninduced sample of 18 °C, 16 h expression; Lane 5, induced sample of 18 °C, 16 h, 0.5 mM 

IPTG expression. 

 

Figure 7-10. SDS-PAGE analysis of the purification of the dehydrogenase expressed from 

pJ411-SDR at 18 °C, 16 hours, 0.5 mM IPTG.  Lane 1, protein MW marker in kDa; Lane 2, 

cell lysate, insoluble fraction; Lane 3, cell lysate, soluble fraction; Lane 4, flowthrough from 

loading the Ni-NTA column; Lane 5, wash fraction; Lanes 6-10, elution fractions. 
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Figure 7-11. SDS-PAGE analysis of the purification of the dehydrogenase expressed from 

pET28a-SDR at 18 °C, 16 hours, 0.5 mM IPTG.  Lane 1, protein MW marker in kDa; Lane 2, 

cell lysate, insoluble fraction; Lane 3, cell lysate, soluble fraction; Lane 4, flowthrough from 

loading the Ni-NTA column; Lane 5, wash fraction; Lanes 6-10, elution fractions. 

7.3.3 Synthesis of 5’-O-sulfamoyl adenosine (16) 

The synthesis of 5’-O-sulfamoyl adenosine (16) was adapted from Geisler6 and 

Denehy7. The proposed mechanism for the synthesis of sulfamoyl chloride from 

chlorosulfonyl isocyanate and formic acid is shown in Figure 7-12. Chlorosulfonyl 

isocyanate was added to formic acid in dichloromethane to form an anhydride 

intermediate. The anhydride loses carbon monoxide to form a carbamic acid 

intermediate. The loss of carbon dioxide from the carbamic acid intermediate results in 

the formation of sulfamoyl chloride. N,N-dimethylacetamide (DMA) is added 

catalytically to the mixture and is believed to accelerate the loss of carbon monoxide 

from the reactive anhydride intermediate. The use of DMA does not result in the 

formation of unwanted by-products like the DMF adduct that is formed when DMF is 

used as the solvent.6 Attempted synthesis of 2',3'-O-isopropylidene-5’-O-sulfamoyl 

adenosine (24) occurred in high yield according to TLC but a poor purified yield was 

obtained (0.015 %) due to the difficulty in removing the solvent DMA. Water was added 

to quench the reaction with the hope that the product would precipitate out. Precipitation 
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did not occur so the reaction mixture was extracted with ethyl acetate (3x) then washed 

with water (3x). DMA has a high boiling point (165 °C) so removal by vacuum is 

difficult. DMA is soluble in water but extractions led to loss of the product into the 

acqueous phase. Residual DMA was still present in the product even after column 

chromatography as evidenced by 1H-NMR spectroscopy (δ = 2.98 ppm, 2.85 ppm, and 

2.01 ppm). A method to improve yield could be to quench the reaction with methanol and 

load the mixture directly onto a SiO2 column. DMA may still be present but more product 

may be obtained.  

 

Figure 7-12. Proposed mechanism for the synthesis of sulfamoyl chloride with formic acid. 

According to NMR spectroscopic analysis, the desired product was obtained. 

After addition of the more polar sulfamate group, C5’-Hab is predicted to be more 

deshielded so a shift downfield should be observed in the 1H-NMR spectrum. C5’-Hab 

appears at 3.67 ppm in the 1H NMR spectrum of the starting material (23) and is 

observed at 4.27 ppm in the protected 5-O-sulfamoyl adenosine (24), suggesting that the 

sulfamate group was successfully attached. All other signals in the 1H-NMR and 13C-

NMR spectra correspond to the literature values.8 The ESI mass spectrum also revealed 

the expected molecular ion m/z = 387.1, [M+H+]. Another signal is observed in the MS 

spectrum at m/z = 290.1 that may correspond to loss of water from the starting material, 

2’,3’-isopropylidene adenosine (m/z = 308) but it is unclear the mechanism behind this. 
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Acid hydrolysis of the isopropylidene group afforded 5'-O-sulfamoyladenosine 

(16). NMR signals for the isopropylidene methyl groups should disappear which was 

observed in the 13C NMR and 1H NMR spectra. All other signals correspond to the 

protected 5’-O-sulfamoyl adenosine as described by literature values.8 ESI-MS also 

revealed the expected molecular ion m/z = 347.1, [M+H+]. The signal at m/z = 290.1 was 

still present from the protected product. 

7.3.4  Dehydrogenase activity assays 

Reactions and controls with the dehydrogenase enzyme were analyzed by 19F 

NMR before and after extraction with charcoal. 19F NMR analysis of reactions and 

controls prior to charcoal extraction resulted in a signal at ~ δ = -121 ppm, corresponding 

to fluoride, which is where fluorinated nucleosides appear. The signal for the desired 

product may overlap with fluoride so charcoal extraction was performed to remove 

fluoride and extract nucleosides. Before charcoal extraction, all reactions and substrate-

free controls resulted in a signal at ~ δ = -121 ppm in D2O corresponding to fluoride in 

the 19F-NMR spectra. Fluoride typically appears ~ δ = -123 ppm relative to TFA so this 

change in chemical shift is unusual.  A signal at ~ δ = - 99 ppm is observed in some 

reactions but is not believed to be the desired product. The 19F NMR spectrum of the 

reaction with adenosine and NADP+ displaying signals at ~ δ = -121 ppm and ~ δ = -99 

ppm is shown in Figure 7-13. The 19F-NMR literature value for 4’-fluoroadenosine is ~ δ 

= -126 ppm9 in MeOD and that of nucleocidin (10) is ~ δ = - 121 ppm10 in DMSO-d6 so it 

is highly unlikely that ~ δ = - 99 ppm corresponds to the desired product. The peak at ~ δ 

= - 99 ppm was also present in the enzyme-free control reaction of SAM and NADP+ 

indicating this signal is not a product of the enzyme. After reactions and controls with 
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adenosine and SAM were extracted with charcoal, a new peak appeared ~ δ = - 139 ppm 

(Figure 7-14) that must be from the extraction process. After extraction, reactions and 

controls with 5’-O-sulfamoyl adenosine (16) resulted in a peak at ~ δ = -123 ppm (Figure 

7-15) that most likely corresponds to residual fluoride. All spectra are located in 

Appendix D. 

 

Figure 7-13. 1H-decoupled 19F NMR spectrum of the dehydrogenase reaction with adenosine 

and NADP+. 
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Figure 7-14. 1H-decoupled 19F NMR spectrum of the charcoal extracted dehydrogenase 

reaction with adenosine and NADP+. 

 

Figure 7-15. 1H-decoupled 19F NMR spectrum of the charcoal extracted dehydrogenase 

reaction with 5’-O-sulfamoyl adenosine and NADP+. 
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7.4 Discussion 

Regarding the hunt for the fluorinase enzyme responsible for fluorination of 

nucleocidin (10), the described dehydrogenase enzyme seems like a worthy candidate. 

The dehydrogenase enzyme is unique in that does not have strong sequence homology to 

known dehydrogenases. BLAST analysis revealed that the closest homologue is an 

oxidoreductase from Streptomyces clavuligerus (GenBank accession WP_003955749) 

with a sequence identity of 39 %. The next closest homologues are hypothetical proteins 

from Burkholderia sp. UYPR1.413 (GenBank accession WP_035540839) and 

Pyrinomonas methylaliphatogenes (GenBank accession WP_041977830), respectively. A 

sequence alignment of the dehydrogenase enzyme with these top three homologues is 

shown in Figure 7-16. 

 

Figure 7-16. Sequence alignment of the dehydrogenase enzyme with its closest homologues. 

Alignment performed with ClustalW. 
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The dehydrogenase gene was successfully cloned into the pJ411 and pET28a 

plasmids and expressed in E. coli. The pJ411-SDR construct produced protein of higher 

purity so it was used to produce the enzyme for activity assays. None of the reactions 

with any substrates resulted in a signal corresponding to a fluorinated nucleoside. There 

are many factors that could contribute to the lack of success of the reactions. One factor 

could be that the correct substrate has not yet been identified. An alternative biosynthetic 

scheme has also been proposed (Figure 7-17) where an amine group attacks the sulfate 

group of PAPS first and that gets transferred onto an adenosine-like molecule such as 

SAM or ATP. The dehydrogenase could then catalyze the formation of the oxocarbenium 

ion and fluorination could occur. After fluorination, the carbon-nitrogen bond could be 

cleaved resulting in the formation of nucleocidin. It was initially believed that sulfation of 

adenosine occurs first followed by transfer of an amine group onto the sulfate group but 

that may not be the case. Other factors include: the reaction conditions may not be 

favourable for catalysis, the enzyme could be inactive, or the enzyme may not be the 

fluorinase after all. Also, protein precipitation occurred during the reactions so the protein 

may have precipitated out of solution before reaction with substrate could occur. A 

method that may overcome stability issues and increase the amount of soluble protein 

obtained is the addition of a solubility tag. Heterologous expression of some proteins in 

E. coli leads to the formation of aggregates of insoluble folding intermediates known as 

inclusion bodies. Inclusion bodies are typically formed when the protein does not have 

enough time to fold properly when being overexpressed. A method to prevent inclusion 

bodies from forming and increasing the stability of the protein includes the fusion of a 

solubility tag to the desired protein. The fusion tag is placed in-frame at either the N-
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terminus or C-terminus of the protein.11 A solubility tag could be fused to the 

dehydrogenase to help improve stability and solubility. 

 

Figure 7-17. Alternative proposed biosynthetic pathway for nucleocidin production. 

 

The results presented here are preliminary. The chemistry may occur very slowly 

and the amount of product produced may be below the detection limit of 19F NMR 

spectroscopy. The extracts could be analyzed by UPLC-DAD-MS to search for the 

desired reaction products.  

7.5 Conclusions 

The objective for this part of the project was to investigate the reactivity of the 

dehydrogenase enzyme, ORF 171, and the possibility of it acting as a fluorinase. 

Although this enzyme belongs to the GFO/IDH/MocA superfamily and is proposed to 

follow a similar mechanism to that of inositol dehydrogenase, the sequence of this 

enzyme is relatively unique as it does not have strong sequence homology with other 

dehydrogenases. The substrates adenosine, SAM, and 5’-O-sulfamoyl adenosine (16) 

were tested with both co-substrates NAD+ and NADP+ and fluoride with a lack of 
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success. There are many different variables that can be changed including improving the 

solubility and stability of the enzyme. Another method of testing the involvement of this 

gene in nucleocidin biosynthesis is to either disrupt the dehydrogenase gene, or clone the 

entire cluster with and without the dehydrogenase gene using TAR cloning. If 

nucleocidin is produced with the dehydrogenase gene intact but not without it, then the 

dehydrogenase gene is involved in the biosynthesis. It is possible that the wrong enzyme 

is being sought after but even if it is not involved in fluorination, it may play a different 

interesting role in the story of nucleocidin production. 
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Chapter 8 

Conclusions 

The work presented in this thesis is only the beginning to the story of nucleocidin 

biosynthesis. The initial hypothesis that the strR-like, radical SAM / Fe-S enzyme, and 

sulfotransferase genes encode biosynthesis was proven incorrect by inserting the three 

genes into the genome of a different strain of Streptomyces. Culturing and extraction did 

not produce a fluorinated metabolite, therefore, the gene cluster was expanded. The 

proposed expanded gene cluster was confirmed with the publication of the ascamycin 

cluster. There are 16 homologous genes between the proposed nucleocidin and ascamycin 

cluster that suggests an upper limit on the amount of genes required for sulfamate 

formation. 

The activity of the sulfotransferase enzyme, NucK, was tested with four different 

substrates. The most likely substrate, adenosine, was tested first but did not result in the 

desired product. The amino acids arginine, asparagine, and glutamine were tested next 

that also did not result in the desired product. Either the enzyme is not functional in its 

current form, the correct substrate has not been identified, or the proper reactions 

conditions have not been found. The radical SAM enzyme, NucJ, was successfully 

expressed and partially purified. The gene encoding this enzyme is strictly conserved in 

predicted sulfamate biosythetic pathways, thus the biochemical and structural 

characterization of this enzyme is of great interest.  

The dehydrogenase enzyme encoded by ORF 171 was hypothesized to be 

responsible for fluorination. Reactivity of the dehydrogenase enzyme was tested with 

three different substrates and both NAD+ and NADP+. The reactions were extracted with 
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activated charcoal and analyzed by 19F NMR spectroscopy. A signal corresponding to a 

fluorinated nucleoside was not present in any extracts. Either the enzyme is not functional 

in its current form, the correct substrate has not been identified, the enzyme is not 

responsible for fluorination, or the proper reactions conditions have not been found. 

Plasmids encoding double crossover mutations of the radical SAM / Fe-S enzyme 

gene and single crossover mutations of both the sulfotransferase and radical SAM / Fe-S 

enzyme genes were constructed. Conjugation into S. calvus was unsuccessful so the role 

of these genes could not be confirmed. 

A purine nucleoside phosphorylase gene was disrupted in S. calvus by the Wright 

group at McMaster University. The strain was cultured and was found to not produce 

nucleocidin. It is still unclear as to how this gene is involved in biosynthesis but it must 

play an important role. This gene shows homology to genes encoding enzymes that 

catabolize SAM-dependent reaction products, further suggesting SAM may be involved 

in nucleocidin biosynthesis. 

A TTA codon is found in both the strR-like regulatory gene and radical SAM / 

Fe-S enzyme gene. Mutagenesis of the codons to a different codon that also encodes 

leucine was performed. This experiment could confirm the role of the bldA gene in 

nucleocidin production. The construct was successfully made but introduction into S. 

calvus was unsuccessful.  

Expansion of the nucleocidin gene cluster has opened up a realm of possibilities 

moving forward. Many more genes are available to investigate to provide more insight 

into the highly interesting biosynthetic pathway of this unique molecule. TAR cloning 
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will be the key towards characterizing the entire cluster and will determine whether the 

fluorinase is located within the immediate cluster or elsewhere on the chromosome. 
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Appendix A 

Strains used in this thesis 

 

S. calvus WT (ATCC #13382) 

The wild type strain of Streptomyces calvus. Nucleocidin was initially produced in this 

strain. The genome was sequenced by Dr. Gerard D. Wright and Dr. Nathan Magarvey of 

McMaster University, and Dr. Andreas Bechtold of Albert Ludwigs Universitat Freiburg. 

Genome sequencing revealed a point mutation in the bldA gene. Since the initial 

isolation, nucleocidin has not been produced until recently. The strain has been found to 

sporulate spontaneously on refined agarose.  

S. calvus sporulating variant #4 

A 4th year honours student in the Zechel lab, Anjuli Szawiola, found a few sporulating 

colonies on highly dense S. calvus WT mannitol-soya-agar plates. These colonies, 5 in 

total, were grown in liquid TSB culture and stored in 25 % sucrose at -80 °C. The bldA 

gene of each colony was sequenced with 1 and 4 having a corrected gene. 

S. calvus ΔPNP 

A strain of S. calvus containing a mutation in the PNP gene. The strain has resistance to 

apramycin. 
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S. lividans pTESa-nuc1 

A strain of S. lividans containing the initial putative nucleocidin gene cluster. The 

putative cluster was inserted into the genome of S. lividans using the integrative plasmid 

pTESa that contains an apramycin resistance gene. 

E. coli XL1Blue (Stratagene) 

The strain of E. coli used for routine preparation of DNA. The strain contains a 

tetracycline resistance gene. 

E. coli BL21(DE3) (Novagen) 

The strain of E. coli used for protein expression. The strain is specific for use with a T7 

promoter and contains no antibiotic resistance. 

NEB 5-alpha chemically competent E. coli (high efficiency) 

The strain of E. coli used for transformation of Gibson Assembly products.  

E. coli ET12567/pUZ8002 

The strain of E. coli used as the donor in intergeneric conjugation from E. coli to 

Streptomyces. The strain is methylation-defective and allows uptake of DNA by 

Streptomyces since most strains of Streptomyces cannot process methylated DNA. 
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Appendix B 

Sequences 

 

Sulfotransferase (nucK) 

Genetic sequence: 

ATGGGTAGCTCGCATCATCATCATCATCATTCCTCTGGCATGACGGGTCGTTT

GGGTCCAGTCCTGATTATCGGCACCGAGCGCAGCGGTAGCAATCTGCTGCGT

CTGATTCTGAACGCGCACAGCCGCATTGCTGTTCCGCATCCGCCGCACTTTAT

GCGCTACCTGGCCCCTCTGGCGGCGAGCTATGACCGCTTGCCGGCAGCAGCG

GGTCGTGCGCGTGCGACCGCGGATGCGCTGGGCCTGTTGCGTCGTCACATCC

ATCCGTGGCCGCACCCGGTTGACGCCGATCGTGTGCTGGCCGCTGCGGAGCC

GGGTCACGGTCTGTTTGGCATTGTGGCGGCAATCTACGACGAGCACCGTATC

GCGGAAGGTAAGGCCCGTTGGGGCTGCAAAAGCACCTTCATGGTGGACCACG

TGGCAGATGTCCTGGCAGTTCGTCCAGACGCACGCTTCGTTTGGCTTGTCCGC

GACCCGTGCGATGTTGCGGCAAGCGCAAAGCGTGCCGTTTTTGGCCCGAGCC

ACCCGTACCGTACGGCGCTGCTGTGGCGTGCGCAGCAAGATCGTGCCCGTGC

GGCGCTGGACGCGCACGGTCCGGACGTTGTCCACCTCCTGCGTTATGAAGAT

CTGGTTTCCAATACTGCGGAAGAGGTCGGTCGTCTGTGTGATTTCTTGGGTGA

AGAACTGGAGCCGGCGATGCTGGAGCACCATCGTAGCGCGGACGCTCGTAG

AACCGCCGGTCTGGCGCAAGCATGGCGTCAGGCAGGCCAGCCGGTCACCAAC

CACCGCGTTGGCACCGGTCGCACCGGCCTGACTACCCGTGAACGTTTGCTGG

TCGATAAAGTGACGGGTCCGGTGAAGGAAAGCCTGGGTTACCCTGTGGACCC
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GGCTGCGGCTGGCACGCCGGACCCGAGCCCGCTGGCGGTGGCGCTGGGCAGC

GCTTGGTTACGTGCGCGTATCGAGTGGCGCTCTGCGCGTAATGATGATAACTA

TCGCGCACGCATGCGCCGTGACGCCTACGTACGCTTCCTGCGCCTGCGCACG

GCAGCGGCTCGTGCAGCCGCACCGCCAGGTGCCGGTGGTCGCCGTCACCAAG

CCCACGGTGGCAGCACCGCAAGCGGCTCCGGTTGGTCACACCCGCAGTTTGA

GAAATAA 

Protein sequence: 

MGSSHHHHHHSSGMTGRLGPVLIIGTERSGSNLLRLILNAHSRIAVPHPPHFMRY

LAPLAASYDRLPAAAGRARATADALGLLRRHIHPWPHPVDADRVLAAAEPGHG

LFGIVAAIYDEHRIAEGKARWGCKSTFMVDHVADVLAVRPDARFVWLVRDPCD

VAASAKRAVFGPSHPYRTALLWRAQQDRARAALDAHGPDVVHLLRYEDLVSN

TAEEVGRLCDFLGEELEPAMLEHHRSADARRTAGLAQAWRQAGQPVTNHRVGT

GRTGLTTRERLLVDKVTGPVKESLGYPVDPAAAGTPDPSPLAVALGSAWLRARI

EWRSARNDDNYRARMRRDAYVRFLRLRTAAARAAAPPGAGGRRHQAHGGSTA

SGSGWSHPQFEK 

 

Radical SAM (nucJ) 

Genetic sequence: 

ATGGGTAGCTCACATCACCACCATCATCACAGCAGCGGCATGGCACCGAAAT

CTCTGGCGTTGGAACTGTATGCAAATGCCGATGAATTGGTGGACCGCCAATT

CATGAATCAAATGCGTGAACAGGATATTACCCCTGTTCCGACCGATCCGAGC

CTGCCGCGTTTCACGCTGGTTGTGGGCCCGAGCCCTTTTACCATGCCGCGTGG
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TTGGGAGTTCTTCCTGACCAGCCCGTACGAGGGTGCGTCGTACATCAGCACC

GTTCTGCACAATGCTGGTTATCCAGTCCGTATTGTGGACGTTCGCTACGATTT

GGACCCGCTGAAATCTGCGTACGACCAAATCGTGGGCCAGACTGACGTTTTA

GGTTTGTGTACGTTTGAGGACAACTTTCCGTTTTGCCGCGAATTGATGGAGAA

AGTTCGCGAAGCTGAGCCGGACGTGCCGATTATCGTCGGTGGTTCTCTGTGCA

CCTCCGTTCCGCATATCTTTATGGAGCACACGGCGGCAGACATTGTGGTCATC

AGCGAGGGCGAACTGACTATCCTGGAGCTGATGGAAAGCTACGCAAGCGGC

AACTGGTCCCGTGATCTGCCGAACATCCGCGGTATTTGCTACCGTACCCCAGA

GGGTGAGGCCAAGCGTACGCGTCCGCGTGGTCAAATGATGGATCTGGATGCG

CTGCCAAGAATGCGTCTGGACCTCTGGCCGCAGTACCATAGCCCGATGGGTC

TGCAGCCGCAGATTATCTCCAGCTACAGCCGCGGTTGCAAAATGGACTGTAG

CTTTTGTTACCGTACCACCCCGCAAGTGCGCGCAAAGAGCCCGGAGAAGATG

GATCGCGACATGGCTTGGCTGAAAAGCCAGTATGGCATTGAGTTTAGCTTCTT

CGTCGACCTGACCTTCTCTAGCCACCGTAAACAGACTCTGGAGATTTGCGAC

GTCATCAAGGACCACGACATCCGTTGGACGTGCCTGACGCGTTGTGCGGATA

TGGATGAACCGCGCGTGAACGCTATGCGCGATTCGGGCTGTGATATCATTCT

GTATGGTGTGGAGAGCCTGGGTACCGAAGTACTGCGTGAAGCCCGTAAGGGT

TCCAGCGAGAACCTGACGGTCCGTGCGATGCGCACCACCTTTGATGCAGGCG

TTCGTTTTGGCTCCCTGCTGATCGTTGGCCTGCCGAACGAGAGCGAAGAAAG

CCTGAATCACATGGTTGAGTTTGCGGAAACGTATAATCACGTTACCCGCGTCA

AATATCTGAGCGCGATGCCGGGTACCACCATTTACAAGCAAGCGCTGGCATC

CGGCACGATTCGCAGCGAGATTGACCATTTGAATTGGCTGTCCGTCGAACAG

GCGCTGCATGAAGATGAGTTCCTGAACGTGAGCGGCCTGCCAGAAAAGGTGT
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GCCGCGACGCCTATAAGCGTATCTACGATGCGTATCAACCGGGTCCGGTGAT

GGATTTCCGTCACTTCCCGGAGCACATGCAGTACTTTCACCCGCAGCCGGCA

GACGGTCTGGAACGTTCTACCAGCTATGCGGGCACGGGTTGGCGCCGTGAGT

TCAGCAGCGCCGCTGGTCCGCTTGCGCCTGGTAGCGAGCGTTTCACCCTGGA

CAAATGCAGCGAGCCGGAAGTTGCGCGTGCCGGCAGCAGCCTGATGGAGTGT

GGTGCCAAAAAGATGACGAGCCCGAGCTTGGCGGGTGTCAATGAAGCATCG

GGTAGCGGCTGGAGCCACCCGCAATTCGAGAAATAA 

Protein sequence: 

MGSSHHHHHHSSGMAPKSLALELYANADELVDRQFMNQMREQDITPVPTDPSL

PRFTLVVGPSPFTMPRGWEFFLTSPYEGASYISTVLHNAGYPVRIVDVRYDLDPL

KSAYDQIVGQTDVLGLCTFEDNFPFCRELMEKVREAEPDVPIIVGGSLCTSVPHIF

MEHTAADIVVISEGELTILELMESYASGNWSRDLPNIRGICYRTPEGEAKRTRPRG

QMMDLDALPRMRLDLWPQYHSPMGLQPQIISSYSRGCKMDCSFCYRTTPQVRA

KSPEKMDRDMAWLKSQYGIEFSFFVDLTFSSHRKQTLEICDVIKDHDIRWTCLTR

CADMDEPRVNAMRDSGCDIILYGVESLGTEVLREARKGSSENLTVRAMRTTFDA

GVRFGSLLIVGLPNESEESLNHMVEFAETYNHVTRVKYLSAMPGTTIYKQALAS

GTIRSEIDHLNWLSVEQALHEDEFLNVSGLPEKVCRDAYKRIYDAYQPGPVMDF

RHFPEHMQYFHPQPADGLERSTSYAGTGWRREFSSAAGPLAPGSERFTLDKCSEP

EVARAGSSLMECGAKKMTSPSLAGVNEASGSGWSHPQFEK 
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Dehydrogenase (ORF 171) 

Genetic sequence: 

ATGGGTAGCTCACATCACCACCATCATCACAGCAGCGGCATGAACGCAGCCC

TCATCGGCACCCGGCGAGGGGCGGTGCACGCGCGCTGGCTGACCGCGGCGCC

GGGCTTCACCGTCGTCGGTGTCGCCCACGACCGGGACGAGCGGACCGCCGCC

GCGCTCGCCGCCCGCCATCCCGGTGCGCAGGTCACCTCGGACGCCCTGTCCCT

GGTCAAACGGCAGGACGTCGACCTGGTCGTGGTGGCCGTGCCGCCGACGGCC

TGCGAAGAGGTGGTCGCCCTGGCGCTGCGGCGCGGGGTGCGGGTGGTGTGCG

AGATGCCGCTGGCCGCGGACCGGGACACCGCGCTGCGCCTGGCGGAACTGGC

CGCGGAGAGCGGGGCGCCGGCCCACGCGTCGTTCCAGTGGCGGTGCAACGA

GGCGCTGCGGCAGGCGCGTTCGCGGGTGCTGGGCGGGGAGGTCGGGGAGGT

CGTCGCCGTCGACATCACCCTGTACGACGACTCGCACCTCGGGCCGGGCACC

CGGTGGCCGTGGCGTCAGCGGGCCGGTGCCGGCGGTGCCCTGCTGGAGCTGG

GCACCCACGCCCTCGACCTGGTGCGCTGGACGACGGCCGTGCCGGTCTGGGA

CGTCGGCTCGGCCTGGACGCACCGGCTCCACGACACGCGGCGCGGTCCGCAC

GGTCCGGTGCCCGTCGAGGTCGACGACGTCGCGCAGGTGGAGTTGCGGGCCT

ACGCCCGGGACACCCGGGCGCGGGTGATGGTGTCGCGGGTGGACCCGGAAC

GCCGCCTCACGGCGGTCTTCACCGGCAGCAGGGGCGTCCTGGAGGTCCGGGT

CGACGGCGCGGACGGGTCCGGGGTGGTGACGCTGCGCACCGGTTCCCGCTCG

GTGAGCCGGGTGACCGGTCCGGACGACATGAACCCCTACCCGCGGCTCGTCC

CGGACACCGCCCTCGACGGCGTGGCCACGTTCGACGACGCGCTGGCCGCGCT

CACGTCCGCGCACGCCGCGCTCGCCGTGGCCGCACCCGTCAGTGGGGCCTCG

GGTAGCGGCTGGAGCCACCCGCAATTCGAGAAATAA 
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Protein sequence: 

MGSSHHHHHHSSGMNAALIGTRRGAVHARWLTAAPGFTVVGVAHDRDERTAA

ALAARHPGAQVTSDALSLVKRQDVDLVVVAVPPTACEEVVALALRRGVRVVCE

MPLAADRDTALRLAELAAESGAPAHASFQWRCNEALRQARSRVLGGEVGEVVA

VDITLYDDSHLGPGTRWPWRQRAGAGGALLELGTHALDLVRWTTAVPVWDVG

SAWTHRLHDTRRGPHGPVPVEVDDVAQVELRAYARDTRARVMVSRVDPERRL

TAVFTGSRGVLEVRVDGADGSGVVTLRTGSRSVSRVTGPDDMNPYPRLVPDTAL

DGVATFDDALAALTSAHAALAVAAPVSGASGSGWSHPQFEK 

 

Purine nucleoside phosphorylase (ORF 206) 

Genetic sequence: 

ATGACCGACCTGCCCCGCGCCGACATCGGCGTCATCGGCGGTTCCGGCCTGT

ATTCCTTCCTCGACGACGTCACGGAAGTGCCCGTCACCACCCCGTACGGTCCG

CCGAGCGACGCCCTGCTCGTCGGGGAGTACGCGGGACGCACGATCGCCTTCC

TCCCGCGCCACGGCCGCTCCCACTCGGTGCCGCCGCACCGCATCAACTACCG

GGCCAACCTGTGGGCGTTGCGTTCCGTCGGGGTGCGGCGCGTCCTGGCCCCG

TGTGCCGTCGGCAGCCTCGACGCGGAGCTGGGCCCGGGCACCCTGGTCGTCC

CCGACCAGGTCATCGACCGTACGTACGGGCGGGAGAACACCTACTTCGACGG

CCTCCCCCGTGAGGACGGCACGTTCCCGCCCGTCGCGCACGCCCCCATGGCC

GACCCGTACTGTTCCACCGGGCGGGAGACGGTCATCGCCACGGCGCGCGAGC

AGGGCTGGCCGCCCCACCCGGAGGGCACGCTGGTGGTCATCCAGGGCCCGCG

CTTCTCGACCCGCGCCGAGTCGCTGTGGCACCGCGCCGCCGGCGGCACCGTC
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GTCGGCATGACCGGGCAGCCCGAGGCGGCCCTCGCCCGTGAACTGGGCCTGT

GCTACACGTCGATCGCCCTGGTCACGGACCTGGACGCGGGTGCGGAGACCGG

TGAGGGCGTCACGCACGAGGAGGTCCTCGCCGTGTTCCGGCAGAACATCGAC

CGGCTCCGTCCGCTGCTCACCGCGACCATCAAGAACCTGCCCGGCGAGGACG

CCTGCGCCTGCCCGGACGCGCCCGACGCCGAGCACGTGTAG 

Protein sequence: 

MTDLPRADIGVIGGSGLYSFLDDVTEVPVTTPYGPPSDALLVGEYAGRTIAFLPR

HGRSHSVPPHRINYRANLWALRSVGVRRVLAPCAVGSLDAELGPGTLVVPDQVI

DRTYGRENTYFDGLPREDGTFPPVAHAPMADPYCSTGRETVIATAREQGWPPHP

EGTLVVIQGPRFSTRAESLWHRAAGGTVVGMTGQPEAALARELGLCYTSIALVT

DLDAGAETGEGVTHEEVLAVFRQNIDRLRPLLTATIKNLPGEDACACPDAPDAE

HV 
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Appendix C 

Plasmids 

Plasmid maps are presented below for plasmids used in this thesis. The name and size of 

the plasmid, in bp, are found in the centre of the plasmid map. The plasmid backbone is 

black with characteristics of the plasmid such as the resistance gene and origin site in 

different colours. Unique restriction sites within the plasmids are bold. 

 

 

 

 

 

 



 

184 

 

 

 



 

185 

 

 

 



 

186 

 

  

 

 

 

 

 

 

 

 

 



 

187 

 

 

 



 

188 

 

 

 



 

189 

 

 

 



 

190 

 

 

 

 



 

191 

 

Appendix D 

Spectra 

 

2’,3’-Isopropylideneadenosine  
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2′,3′-isopropylidene-5’-O-sulfamoyl adenosine  
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Mass Spectrum 
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5’-O-Sulfamoyl adenosine 
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Mass Spectrum 
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19F NMR Spectra of dehydrogenase reactions and charcoal extracts 

Adenosine/NAD+ Reaction 

Control 

 

Reaction 
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Adenosine/NAD+ Reaction Extracts 

Control 

 

Reaction 
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Adenosine/NADP+ Reaction 

Control 

 

Reaction 
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Adenosine/NADP+ Reaction Extracts 

Control 

 

Reaction 
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SAM/NAD+ Reaction 

Control 

 

Reaction 
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SAM/NAD+ Reaction Extracts 

Control 

 

Reaction 
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SAM/NADP+ Reaction 

Control 

 

Reaction 
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SAM/NADP+ Reaction Extracts 

Control 

 

Reaction 
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5’-O-Sulfamoyl Adenosine/NAD+ Reaction 

Control 

 

Reaction 
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5’-O-Sulfamoyl Adenosine/NAD+ Reaction Extracts 

Control 

 

Reaction 
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5’-O-Sulfamoyl Adenosine/NADP+ Reaction 

Control 

 

Reaction 
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5’-O-Sulfamoyl Adenosine/NADP+ Reaction Extracts 

Control 

 

Reaction 

 


