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Molecular genetic and enzymological techniques have been employed to study 

antibiotic biosynthesis.  The nonproteinogenic amino acid capreomycidine is the 

signature residue found in the tuberactinomycin family of antitubercular peptide 

antibiotics and an important element of the pharmacophore.  Recombinant VioG, a 

single module peptide synthetase from the viomycin gene cluster cloned from 

Streptomyces vinaceus (ATCC11861), is shown to specifically activate capreomycidine 

for incorporation into viomycin (tuberactinomycin B).  Insertional gene disruption of the 

putative hydroxylase  gene vioQ resulted in a mutant that accumulated tuberactinomycin 

O, confirming that hydroxylation at C-5 of the capreomycidine residue is a post-

assembly event. The inactivated chromosomal copy of vioQ could be complemented 

with a wild-type copy of the gene to restore viomycin production. 

  

 Chimeric genes have been constructed in an attempt to generate viomycin 

analogs containing enduracididine residue in place of capreomycidine.  The expression 



of these genes resulted in insoluble proteins.  Further investigation is needed to obtain 

functional chimeric NRPS modules to produce viomycin analogs containing 

enduracididine.  
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Activation, Incorporation and Modification of Capreomycidine during 
Viomycin Biosynthesis 

 
Chapter 1 

 
General Introduction 

 
 
Bacterial Infectious Diseases and Antibiotics 
 

Since Alexander Fleming discovered penicillin in Penicillium notatum in 1928, 

antibiotics have been the most powerful tool to fight infectious diseases.1  Although 

there are some chemically synthesized antibiotics in the market, most clinically used 

antibiotics are natural products or natural product derivatives.2,3  Antibiotic natural 

products are secondary metabolites made by bacteria or fungi conditionally as signaling 

molecules or as chemical weapons to fight against other microbes in the environment.4  

Antibiotics have different and complicated structures that enable them to interact 

specifically with certain biological targets to fulfill their function (Figure 1.1).4  The 

importance of antibiotics is self-evident.  Before penicillin was available, pneumonia, 

among many other infectious diseases, was a very dangerous disease of high mortality.  

Scientists intensively and systematically investigated antibiotic producing 

microorganisms, especially soil bacteria and the actinomycetes in particular, and have 

discovered different classes of antibiotics to treat variety of infectious diseases.5,6  

However, the number of new antibiotic drugs discovered has decreased greatly in recent 

years and only seven antibiotic drugs were approved by the FDA from 2001 to 2004, 

among which linezolid and daptomycin are the only new classes of antibiotics approved 
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for clinical use in nearly 40 years.7,8,9  The low number of new discoveries is partly due 

to the high rediscovery rate (99%) of known antibiotics from soil bacteria.10  At the 

same time, the multi-drug resistant (MDR) and even extensive drug resistant (XDR) 

bacteria loom large because of the extensive use of antibiotics, which leads to 

approximately 5 billion USD annual health care cost in the US alone.11  This paradox 

brings forward a pressing need for discovering new antibiotics to fight against the MDR 

infectious diseases. 
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Figure 1.1 Structural diversity of antibiotics 
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Mechanism of Action of Antibiotics 

Despite the large number of antibiotics available in the market, all clinically 

available antibiotics target only a few crucial biological processes in bacteria. 

Vancomycin, teicoplanin and β-lactams target bacterial cell wall synthesis; 

tuberactinomycins, erythromycins and tetracyclines target protein biosynthesis; 

fluoroquinolones, novobiocin and coumermycins target DNA biosynthesis and repair 

and sulfamethoxazole and trimethoprim target folate synthesis.12,13 

Successful protein biosynthesis requires a concerted effort of both subunits of 

the ribosome, mRNA, tRNA, and many cofactors.  The complexity and the requirement 

of high fidelity of this process make the translation machinery very susceptible to 

interference.  Antibiotics targeting this process can bind specifically to different sites or 

regions on the ribosome and can interrupt this process at different stages, such as 

preventing the formation of the initiation complex (linezolid), interrupting the 

interaction between the 30S and the 50S subunits (viomycin), blocking the formation of 

the peptide bond or the translocation of peptidyl-tRNA (chloramphenicol and 

erythromycin), binding to the 30S ribosome to cause misreading of mRNA message 

(streptomycin), or interfering with the interaction of tRNA and mRNA-ribosome 

complex (tetracyclines).  Most antibiotics capable of blocking bacterial protein 

biosynthesis bind to rRNA rather than ribosomal proteins,14 which is consistent with the 

theory that most functions of the ribosome are carried out by catalytic rRNA instead of 

ribosomal proteins.15-19 
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Antibiotic Resistance 

The discovery of new antibiotics is always exciting, especially when new classes 

of antibiotics with unique antibacterial mechanisms are discovered.  New classes of 

antibiotics are usually very effective at the beginning of their clinical application 

because there is no cross resistance with known antibiotics to diminish their efficacy.  

The relatively new antibiotic linezolid was approved by the FDA in 2000 for clinical use.  

It is the first example of the oxazolidinone class of antibiotics and was the first new 

class of antibiotics in more than three.9,20-22  Linezolid targets the 23S rRNA near the 

peptidyltransferase center, thus blocking bacterial protein biosynthesis.  Because it has a 

unique oxazolidinone pharmacophore, is totally synthetic and does not share any 

structural similarity with known antibiotics, one would assume that it would be hard for 

bacteria to develop resistance to it.  Surprisingly, resistant strains were observed even 

during its clinical trials.23 

Bacteria can acquire resistance to antibiotics through several mechanisms: by 

inactivation of antibiotics via either modification or destruction, by mutating the sites 

for antibiotic binding, by efflux of antibiotics or by preventing the influx of antibiotics.  

Modification of antibiotic molecules is usually catalyzed by certain enzymes, for 

instance, the enzymes that also confer self-resistance in producing organisms.24,25  

Modification of the targets can occur through mutation or be catalyzed by enzymes.  For 

example, the resistance to linezolid is usually conferred by a single nucleotide mutation 

in the 23S ribosomal RNA.26 
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Biosynthesis of Natural Products 

The traditional process of antibiotic discovery usually starts with bioassay 

directed product isolation, purification, structure elucidation, and subsequent structure 

refinement.  The structure refinement step is usually carried out by chemical synthesis.  

This is often a slow process.  The structural complexity of many natural products also 

makes total synthesis impractical for commercial purposes.  Therefore, high-throughput 

screening of large libraries of synthetic compounds has become the pharmaceutical 

industry’s favorite method for drug discovery.  However, natural products have proved 

themselves to be the more powerful and suitable candidates for drug development,27 so 

new approaches are needed to facilitate the discovery of new drugs and refinement of 

existing drugs to fight against drug resistant bacterial strains.    

In 1984, the first entire gene cluster encoding the biosynthesis of an antibiotic, 

actinorhodin, was identified.  The production of actinorhodin was observed in a foreign 

host after being transformed with the DNA fragment including the biosynthesis gene 

cluster.28  This turned a new page in the study of natural products in microorganisms.   

Thanks to the development of molecular and cellular techniques and fast DNA 

sequencing methods, it is much easier today to identify biosynthetic gene clusters than 

20 years ago.  The genomic era not only opens a new window for drug target discovery 

but also, more importantly, provides more information about the biosynthesis of natural 

products, which allows for generating new compounds by manipulating their 

biosynthesis genes.  As mentioned above, antibiotics of bacteria origin are secondary 

metabolites and only synthesized conditionally by the producing organisms.  Many 
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bacteria dedicate more than 5% of their total genome to encode enzymes for the 

synthesis of secondary metabolites, such as toxins, iron scavengers and pigments.29   

Due to the inability to properly simulate the natural environment or identify inducers for 

the production of certain compounds, a large number of natural products have never 

been isolated from cultures,29 not to mention the even larger number of microorganisms 

that cannot be cultured.  With the knowledge of full genome sequences of bacteria 

strains, biosynthesis gene clusters of unknown metabolites can be revealed and new 

natural products may be discovered.30 

 

Nonribosomal Peptides and Their Biosynthesis 

Nonribosomal peptides (NRPs) are a large family of natural products with 

diverse structures and various types of bioactivities including antimicrobial, antiviral, 

anti-tumor, or immunosuppressive activities.31  These peptides can usually be easily 

distinguished from ribosomally synthesized peptides or proteins in the following ways.  

Firstly, rather than just the 20 proteinogenic amino acids as building blocks, there are 

more than 300 known precursors found in NRPs including many unusual 

nonproteinogenic amino acids.32  Secondly, unlike peptides produced by ribosomes that 

are almost always linear, NRPs can be linear, cyclic or cyclic with branches.  Thirdly, 

these peptides are often further modified to form lipopeptides, glycopeptides, or a hybrid 

of the two.  Lastly, NRPs are usually shorter with lengths varying from 2 to 48 amino 

acid residues.  
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Figure 1.2 Examples of nonribosomal peptides 
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The biosynthesis of these compounds has been studied intensively during the last 

two decades and a considerable amount of knowledge has been gained.33  NRPs 

biosynthesis can be divided into three stages: precursor synthesis, building block 

assembly (peptide bonds formation) carried out by nonribosomal peptide synthetases 

(NRPS), and post-assembly modifications sometimes called tailoring events.   

 

Nonproteinogenic Amino Acids 

 Nonproteinogenic amino acids are the hallmark of NRPs and play important 

roles in their bioactivities.31  Different from the 20 usual amino acids that are 

incorporated ribosomally into peptides and proteins, more than 300 unusual amino acids 

have been discovered in NRPs.33  Examples include D-isomers, N-methylated, 

halogenated, cyclic, and β-amino acids, etc. (Figure 1.3).  These highly modified 

building blocks diversify the structures of NRPs and often enable them to be further 

modified.  For example, hydroxylation of amino acids can happen at different sites or at 

more than one site, thus it results in different hydroxylated forms such as 4-

hydroxyphenylglycine (HPG), 3,5-dihydroxyphenylglycine (DPG),  β-hydroxyarginine, 

β-hydroxytyrosine,  γ-hydroxy-β-lysine and γ-hydroxyarginine.  The hydroxyl group 

functionalizes the carbon, which in turn provides targets for further modification, such 

as glycosylation, oxidation, retro-aldol cleavage and macrolactonization.34 
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Figure 1.3 Representative structures of nonproteinogenic amino acids 

Some of these unusual amino acid residues are synthesized as free precursors, 

some are synthesized as enzyme bound species, and some are modified after being 

incorporated into the peptides.35,36  Both 4-hydroxyphenylglycine (HPG) and 3,5-

dihydroxyphenylglycine (DPG) in the vancomycin class of antibiotics are synthesized as 

free precursors before being incorporated into the peptide chain.  D-Amino acids are 

usually converted from the NRPS-bound L-isomers by integrated epimerization (E) 

domains and N-methylation also occurs while the amino acid is bound to the NRPS.37   
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β-Amino acids are another group of nonproteinogenic amino acids that are 

widely distributed in nature, including β-alanine, β-leucine, β-phenylalanine, β-tyrosine, 

β-arginine and β-lysine.  While β-alanine can be formed from aspartate through 

decarboxylation38 or from malonic semialdehyde through transamination,39 most other 

β-amino acids are synthesized by aminomutases.  Synthesis of β-lysine has been 

intensively studied and the enzymes require pyridoxal phosphate (PLP) and S-

adenosylmethionine (SAM) as cofactors.  The reaction is proposed to be catalyzed 

through a radical rearrangement mechanism (scheme 1.1).40  Recently, the 4-

methylideneimidazole-5-one dependent tyrosine aminomutase was also reported.41  
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Scheme 1.1 Proposed radical rearrangement mechanism of β-lysine biosynthesis 

Although they exhibit high structural similarity, HPG and DPG are synthesized 

from totally different pathways.  HPG is synthesized from prephenate, which is derived 
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from the shikimate pathway,42 while DPG is produced by a polyketide synthase using 

malonyl-CoA as building blocks.34 
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Scheme 1.2 Different biosynthesis pathways leading to 4-HPG and DPG 

 

 There are other hydroxy amino acids, especially β-hydroxy amino acids that are 

synthesized from proteinogenic amino acids by oxidation.  These β-hydroxy amino 
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acids are synthesized by two different mechanisms.  The first mechanism involves 

synthesis on enzyme bound species and then incorporation into the final products.  This 

group of hydroxy amino acids is usually subject to further modification such as 

glycosylation of the β-OH-Tyr in vancomycin and bleomycin families.43  The formation 

of β-OH-Tyr in novobiocin biosynthesis is catalyzed by NovH and NovI, which are A-

PCP bi-domain NRPS and homologues of cytochrome P450 monooxygenases, 

respectively.  During novobiocin biosynthesis, L-Tyr is first activated by the adenylation 

(A) domain of NovH and then loaded on the downstream peptidyl carrier protein (PCP) 

domain to form an aminoacyl-S-PCP intermediate (Scheme. 1.3).  Then, NovI oxidizes 

the β carbon to form the PCP bound β-OH-Tyr.34,44 
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Scheme 1.3 Formation of β-OH-tyrosine in novobiocin biosynthesis 
 

The other mechanism is represented by the β-hydroxy-arginine biosynthesis in 

the viomycin pathway.45,46  This will be discussed in detail later in this chapter (Scheme 

1.8).  In this route, these β-hydroxyl amino acids are not formed as enzyme-bound 

species and are often intermediates in the formation of cyclic products, such as the β-

OH-His in nikkomycin biosynthesis to form the imidazolone ring.47 
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Enduracididine (End) is another arginine derived cyclic amino acid.  It was first 

discovered in enduracidin, an antibiotic produced by Streptomyces fungicidicus.48   Later, 

both L and D forms of β-hydroxyenduracididine were found in the antibiotic 

mannopeptimycins (MPP).49  The hydroxylation of End is catalyzed by MppO.  MppO 

is a non-heme iron, α-ketoglutarate dependent oxygenase, which catalyzes the β-

hydroxylation of End.  Enzyme assays showed that MppO can convert only L-End into  

3S-OH-L-End, although both isomers are present in MPP.49   
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Scheme 1.4 Biosynthesis β-hydroxyenduracididine 
 

Peptide Assembly  

The assembly of amino acids to form NRPs is a nucleic acid template-

independent process, and each set of NRPSs is usually dedicated to the synthesis of only 

one product.  This is quite different from the universal peptide bond formation 

machinery of the ribosome.  Nevertheless, from the biochemical prospective, these two 

independent mechanisms share a high similarity.  To better understand the NRPS 

working mechanism, it is helpful to look at the ribosomal production of peptides.  To 

form a peptide on the ribosome, three essential catalytic steps must be carried out 

sequentially in every cycle to incorporate a single amino acids into the growing peptide 
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chain: 1) selection and activation of amino acids by tRNA synthetases to form activated 

tRNA bound aminoacyl species; 2) the selection of aa-tRNA according to the mRNA 

codon; and 3) formation of the peptide bond catalyzed by GTP dependent aminoacyl 

transferase.  These three steps are also crucial in NRPs synthesis, and are catalyzed by 

three different domains within a NRPS module.  The adenylation (A) domain selects and 

activates free amino acids in an ATP dependent manner.  The activated amino acid 

residue then is loaded onto a peptidyl carrier protein (PCP), or sometimes called 

thiolation (T), domain through a thioester bond between the aminoacyl group and the 4’-

phosphopantetheinyl prosthetic group that is attached to a serine residue within the PCP 

domain.  The peptide bond formation is then catalyzed by the condensation (C) 

domain.36,50 
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Scheme 1.5 Function of NRPS core domains 
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A standard NRPS module has the domain construction of C-A-PCP.  The 

exceptions are usually that the first module does not have a C domain, and the last 

module has a thioesterase (TE) domain at the position of C domain to catalyze the 

release of the peptide.  Sometimes a module may lack an A domain and this is usually 

compensated by an A domain somewhere else within the gene cluster.  The fidelity of 

the process is usually maintained by the A domain, which decides largely the substrate 

to be activated and incorporated. 51,52  The C domain has also been shown to 

demonstrate a degree of substrate specificity.53  When the incorrect substrate is loaded 

onto the PCP domain, the C domain will not catalyze the condensation.  The type II 

thioesterase will hydrolyze the stalled aminoacyl or peptidyl-S-PCP intermediates and 

free the NRPS for further reactions.54  Another important factor to assure the accurate 

synthesis of peptides is the proper communication among modules.  The intermediates 

must be delivered properly between different modules and the amino acids must be 

incorporated following a strict order.  How these large modular enzymes communicate 

and coordinate has been the focus of recent research.55,56 
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The release of the product from the last PCP domain can be catalyzed by a TE 

domain to form a cyclic peptide, or in some cases, a linear peptide when H2O serves as 

the nucleophile.57,58  The NAD(P)H mediated reduction release is another way to 

produce linear peptide, releasing an aldehyde product.57,59 

Post Assembly Modifications 

Some modifications of the peptides can happen during peptide synthesis and are 

catalyzed by auxiliary domains within the NRPS, such as epimerization (E), 

methyltransferase (MT) and heterocyclization (Cy) domains.34,50  Post-assembly 

modifications include self cross-linking and the linkage of peptides with other molecules, 

such as lipids, sugars, or both, to form lipopeptides, glycopeptides, or hybrids.  These 

modifications often affect either the proper delivery of the mature molecules or their 

interaction with targets.34 
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Combinatorial biosynthesis 

The modular organization of NRPS and the distinctive function of different 

domains make it possible to generate new compounds with different structures by 

combinatorial manipulation of the biosynthesis genes of existing natural products.60  

There are two reasons to explain the motivation to explore combinatorial biosynthesis.  

First, most natural products, even those with great therapeutic potential, are not suitable 

for direct clinical use because of their side effects, low solubility and/or the difficulty to 

deliver them to the targets within the human body.  This requires the refinement of their 

structures.  As mentioned before, the structural complexity of many natural products 

makes it difficult for not only total chemical synthesis but also structural alteration.  

Second, natural resources of precious natural product drugs can be very limited due to 

the limited availability of the producing organism or the difficulty to grow them on a 

large scale in the laboratory.  Taxol is a good example.  This potent anti-tumor drug was 

first found in the bark and needle of the pacific yew tree.61  The low yield from nature 

origin and commercially impractical total synthesis due to its complicated structure 

make its availability a problem.62  Combinatorial biosynthesis is a promising means to 

solve both of the problems.  The modular pattern of NRPS makes it possible to 

manipulate these enzymes to generate new molecules, the “unnatural” natural products, 

with new structures and thus new bioactivities.47,60,63-66  Heterologous expression 

systems have been investigated extensively to address the poor availability of some 

natural products.  The whole gene cluster for a compound can be cloned, modified and 

transferred into another organism, such as E. coli, S. lividans, P. putida or yeast.  If 
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properly handled, the foreign hosts can readily produce the desired compound at a 

satisfactory level.16,67,68  Besides their fast growth rate and low nutrition requirements, 

E.coli or yeast as foreign gene host have other advantages. With their full genome 

sequenced and the availability of sophisticated molecular and cellular tools, E.coli and 

yeast provide a powerful platform for genetic manipulation.16,67-70 

The three-step biosynthesis of NRPs has, accordingly, imposed three challenges 

on the implementation of combinatorial biosynthesis: the availability of 

nonproteinogenic amino acids, recognition and communication of modified NRPSs and 

substrate specificity of tailoring enzymes.64  The gene cluster for NRP biosynthesis 

usually contains not only NRPS genes but also the genes responsible for precursor 

biosynthesis, post-assembly modification, self-resistance and export.52,69 The first 

challenge can be conquered by introducing the precursor producing genes together with 

the assembly line genes.67  The attempts to address the second challenge will be 

discussed in chapter three. One strategy to circumvent the third challenge is to rely on 

introducing tailoring enzymes with loose or altered substrate specificity.  This can be 

achieved by either modifying the native enzymes to relax their specificity or introducing 

foreign tailoring enzymes with loose specificity.71,72   

 

Tuberculosis and Viomycin 

Tuberculosis and Chemotherapy 

While most people in the United States consider tuberculosis (TB) to be a 

disease of history, TB remains the leading single greatest infectious disease killer 
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worldwide.73  Some two billion people, almost one-third of the world's population, are 

predicted to be infected with Mycobacterium tuberculosis, the TB causing bacterium, 

and the World Health Organization (WHO) estimates nearly two million out of eight 

million people who develop active TB, die annually.74   Besides the sheer number of 

people who die from TB, the multi-drug resistant (MDR) TB also looms large since the 

1980s and the situation is worsening.  The Centers for Disease Control and Prevention 

(CDC) reported 14,093 cases of active TB in the US in 2005, among which are 128 

cases of MDR-TB, a 13.3% increase from 2003.75  Moreover, alarming results from 

recent research showed that the interactions between human immunodeficiency virus 

(HIV) and TB can increase the number of not only normal TB infection but also MDR-

TB.76 

TB is an ancient disease caused by Mycobacterium tuberculosis.  Fragments of 

the spinal column from Egyptian mummies from 2400 B.C. showed positive sign for TB 

infection, and its evolvement is thought to be sometime between 6000-7000 B.C.77  

However, the chemotherapy against TB only became available some 50 years ago.78  

The first-line anti-TB agents include p-aminosalicylic acid (1949), isoniazid (1952), 

ethambutol (1962), and rifampin (rifampicin; 1963).  Since then, MDR-TB, which is 

resistant to these first-line drugs, developed very quickly, and in these cases the second-

line anti-TB drugs usually are prescribed to the patients.  Tuberactinomycins (Tubs); 

(including viomycin and capreomycin) are examples of second-line drugs.  These 

natural products were discovered in the early 1950s to 1970s, and were applied to treat 

MDR-TB shortly after their discovery.  But the ototoxicity and nephrotoxicity of Tubs 
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were so pronounced that they were observed from the early stage of clinical trial, and 

thus greatly limited their applications.   Even so, the Tubs are still an indispensable 

weapon among our anti-TB arsenal.  This is reflected by the fact that capreomycin is on 

the World Health Organization’s list of Essential Medicines.79  Recently, the Tubs have 

also received attention as a tool to fight against bacterial infections caused by other drug 

resistant bacteria, such as vancomycin-resistant Enterococci (VRE) and methicillin-

resistant Staphylococcus aureus (MRSA).80-82  
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Table 1.1 Current Anti-TB drugs and their targets 

Name Structure Targets 

Isoniazid 

 

Long Chain ACP-
Enoyl Fatty Acid 

Reductase 

Rifampin RNA Polymerase 

Ethambutol N
H

H3C
H
N

CH3

OH

HO

 

Synthesis of 
Arabinose, 

Arabinomannan 
and 

Lipoarabinomann
an 

p-Aminosalicylic 
acid 

 

Folate Synthesis 
Iron Transport 

 

Cycloserine 

 

Dipeptide 
Synthetase and 

Alanine 
Racemase 

Ethionamide 

 

Long Chain ACP-
Enoyl Fatty Acid 

Reductase 

Streptomycin 

 

30S Ribosomal 
Subunit 
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The reason why the Tubs can be used against bacterial infections, especially the 

MDR-T

cin B) is one member of this family of highly basic, 

cyclic p

 such as 

 MDR-

 

B, is because their antibacterial mechanism of action is different from the first-

line anti-TB drugs, and this prevents cross-resistance.  They kill TB by blocking 

bacterial protein synthesis.83,84   

Viomycin (tuberactinomy

eptide antibiotics.  It is synthesized through NRPS mechanism, and is 

characterized by the presence of several unique nonproteinogenic amino acids,

5-hydroxy capreomycidine, 2,3-diaminopropionate (Dap) and β-lysine.  Although Tubs 

have strong anti-TB activity, their ototoxicity and nephrotoxicity have relegated 

capreomycins and viomycin to be used only as second-line anti-TB drugs to treat

TB where less toxic drugs have failed.  
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Figure 1.4 Tuberactinomycins and capreomycins 

 

Viomycin has been studied intensively as a model for investigating Tubs’ 

antibacterial mechanism.  Viomycin can not only interrupt the initiation of translation by 
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interac  from 

 

in by 

me 

 

reomycidine (or its 5-hydroxy-form), which is present in all the Tubs, is a 

key ele fied 

 

ting with the 30S initiation subunit, but also prevent the tRNA translocation

the acceptor (A) site to the donor (P) site due to its unique ability to bind to both 

subunits of the ribosome.83,84  A recent study shows that the activity of both viomycin 

and capreomycin is dependent on the tlyA gene.85  This gene encodes a 2’-O-

methyltransferase, which modifies nucleotide C1409 of the 16S RNA and C1920 of the

23S RNA.  M. tuberculosis can acquire resistance to viomycin and capreomyc

deactivating tlyA, so that either or both of these two residues cannot be modified.  These 

two residues are mapped to the interbridge B2a of the two subunits in the 70S riboso

complex, which is at the geometric center of the subunit interface and right between the 

A site and P site.85  This interbridge is also important in the interaction of tRNA and the 

ribosome.86,87  This finding strongly supports previous discoveries by explaining at the 

structure level why viomycin can inhibit both the formation of the initiation complex 

and the elongation of the peptidyl-tRNA chain.83,88  Yet, the lack of direct observation, 

such as crystal structure, of how the Tubs bind to the ribosome when the translation is

blocked leaves it an open question how exactly the Tubs interact with the bacterial 

ribosome. 

Previous studies show that the characteristic nonproteinogenic amino acid 

residue, cap

ment in the Tub pharmacophore.89  Several Tub O analogs containing modi

guanidine groups were synthesized and tested for anti-TB activity.  The results indicate

that the cyclic structure of capreomycidine is essential for the Tubs’ anti-TB activity.  
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Viomycin Biosynthesis Gene Cluster 

The viomycin biosynthesis gene cluster was identified and cloned from 

alysis of this gene cluster revealed 21 open 

reading redicted 

io yc

Streptomyces vinaceus.90,91   The sequence an

 frames (ORF) and the functions of the product of each ORF have been p

as following.   
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Figure 1.6 Organization and predicted function of genes in the viomycin biosynthesis 
pathway 
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The key structural element of viomycin, the cyclic capreomycidine is formed 

from ar

-

ginine, and catalyzed by the concerted work of VioC and VioD.  VioC, a non-

heme iron, α-ketoglutarate dependent oxygenase, catalyzes the hydroxylation of free L

Arg to form  β-OH-L-Arg. 29  VioD then catalyzes an intramolecular β-replacement 

reaction to form the cyclic (2S,3R)-capreomycidine in a PLP dependent manner.92,93  
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Scheme 1.8 Formation of capreomycidine through a β-OH-L-Arg intermediate 

Because Cap is the key element of viomycin’s pharmacophore, the incorporation 

and modification of this residue during viomycin biosynthesis is of special importance.  
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With a 

 

d 

 

ethods.   

 

better understanding of its activation and incorporation, it may be possible to 

manipulate the NRPSs that catalyze this process to incorporate other amino acids into its

position, thus generating new viomycin analogs.  In viomycin, Cap is further modifie

to form 5-OH-Cap.  The biological significance and timing of this hydroxylation is 

another important aspect of viomycin biosynthesis.  This thesis will focus on the efforts

to elucidate the activation, incorporation and modification of Cap residue during 

viomycin biosynthesis.  It will also describe the attempts to construct chimeric NRPS in 

order to generate new Tub analogs by implementing combinatorial biosynthesis m
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Chapter 2 
 
The Hydroxylation of Capreomycidine during Viomycin Biosynthesis 

Is Catalyzed by VioQ   
 
 
Introduction  

The sequence analysis of the viomycin biosynthesis gene cluster revealed a 

putative hydroxylase protein VioQ, which has an N-terminal [2Fe-2S] cluster binding 

Rieske domain.1  This domain is usually found in Rieske non-heme iron oxygenase (RO) 

systems that catalyze the dihydroxylation of aromatic rings in bacteria, such as 

naphthalene dioxygenases2-9 and biphenyl dioxygenases.8,10-13  This domain was also 

found in yeast mitochondrial cytochrome bc(1) complexes14,15 and algae chloroplast.16   

 

Fig 2.1 Protein sequence alignment of VioQ and other proteins with Rieske domains.  
Among them, the 1EZV_E is in the yeast cytochrome bc1 complex; 1WW9_A is 
terminal Oxygenase component of carbazole 1,9a-dioxygenase; 1ULI_A is biphenyl 
dioxygenase; and ZP_01086374 is cell death suppressor Lls1 like protein.  The 
conserved Cys and His residues are marked with asterisks. 
 

 The Rieske domain usually has two cysteine and two histidine residues that bind 

the [2Fe-2S] cluster in its core conserved region.  This domain is considered as an 

electron donor in both the RO and the electron transport chain.17   In the RO system, this 
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domain will accept electrons from NAD(P)H by its reductase domain, save them at the  

[2Fe-2S] cluster, and then transfer the electrons to the C-terminal oxygenase domain, 

with (three component system) or without the help of ferredoxin.17    
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Figure 2.2 Model of the [2Fe-2S] cluster bound to conserved Cys and His residues in 
Rieske domain. 
 

 Because VioQ is the only hydroxylase, besides VioC, in the viomycin 

biosynthesis gene cluster, the hydroxylation of C-5 of the Cap residue is most likely 

catalyzed by VioQ.1  Furthermore, this hydroxylation is most likely to be a tailoring 

event during viomycin biosynthesis because there are Tub derivatives with and without 

this hydroxyl group,1,18 which implies the hydroxylation may not be necessary for the 

viomycin pentapeptide core assembly. 

 

Results and Discussion 

To investigate its role during viomycin biosynthesis, the vioQ gene was 

inactivated by double-crossover insertional disruption.  The 1 kb apramycin resistance 
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AmR marker aac(3)IV was inserted into vioQ in vitro, and this fragment was then cloned 

into the pXY300 vector, an E.coli / Streptomyces temperature-sensitive conjugal vector 

to give plasmid pXY300-vioQD.19  This vioQ disruption plasmid was first transformed 

into E.coli  S17-1 cells and then intergeneric conjugation was carried out according to 

standard protocol20 to introduce this plasmid into S. vinaceus.  The disruption of vioQ 

will not only provide us information about its role in vivo, but should also generate the 

substrate, presumably the intermediate Tub O, for in vitro enzyme assays.  The 

disruption of the chromosomal copy of vioQ was confirmed by Southern blot analysis 

using DIG-labeled vioQ gene as probe (Fig 2.3). 

A BA B

 

Figure 2.3 Mutation of vioQ    A. Insertion of the AmR marker aac(3)IV into the vioQ 
gene via double-crossover homologous recombination.  B. Southern blot analysis of 
wild-type S. vinaceus (lane 4) and disruptants (SvdQ7, 10 and 13 in lane 1, 2 and 3, 
respectively) genomic DNA digested with BglII.  Blot was probed with DIG-labeled 
vioQ.  Compared to the 5.4 kDa band in wild-type strain, the 6.4 kDa bands in all 
mutant strains indicate the successfully insertion of the 1 kDa AmR marker into the vioQ 
gene. 

 

The mutant strain SvdQ13 was fermented using the same media and conditions 

for the production of capreomycins by S. capreolus.19,21  LC-MS analysis of the 
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metabolites from SvdQ13 mutant strain showed viomycin production was abolished and 

a new compound was eluted at 19.13 min (Figure 2.4A).  The new compound has a 

[M+H]+ = m/z  670.33 (Figure 2.4B), which matches the molecular weight of Tub O. 
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Figure 2.4 LC-MS analysis of metabolites from SvdQ13 and SvdQ13C strains.   
A. HPLC analysis of the metabolites extracted from the fermentation broth of the wild 
type S. vinaceus, vioQ disruptant SvdQ13, and integrant SvdQ13C.  a: viomycin 
standard; b: viomycin produced by wild-type strain; c: tuberactinomycin O produced by 
vioQ mutant strain SvdQ13; d: viomycin was recovered from the vioQ disruptant by 
complementation of vioQ.  B. Mass spectrum of tuberactinomycin O produced by the 
vioQ disruptant SvdQ13. C. Mass spectrum of viomycin produced by the 
complementation strain SvdQ13C::pXY152-vioQ. 
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In order to further characterize VioQ in vitro, Tub O was collected from the 

HPLC effluent.  Because Tub O was purified using a buffer system with 400 mM 

ammonium acetate, after being concentrated 10 fold, the salt concentration in the final 

product was estimated to be 4 M.  This salt concentration is too high to be used directly 

in enzyme assays.  Desalting of the Tub O was problematic because of its low molecule 

weight (669) and high water solubility.  Dialysis using a membrane of 500 molecular 

weight cut off failed to retain the Tub O.  Finally the Tub O fraction was desalted by 

HPLC (Figure 2.5).  The desalting column was PolySULFOETHYL Aspartamid SCX 

(200×4.6mm) from the Nest Group.  The fraction containing Tub O collected from the 

purification column (LUNA SCX) was first concentrated by speed-vac and then injected 

on to the desalting column.  Injection volumes were 15 µL.  Elution condition for 

desalting was 40% water with 0.1% acetic acid and 60% methanol at 1.2 mL/min.  

 
Tub OTub O

 

Figure 2.5 Desalting of Tub O by HPLC. 
 

In order to obtain VioQ for enzyme assays, vioQ  was amplified from cosmid 

pTOV106,18 and cloned into the expression vectors, pET21b, pET28a and pBADN3.22  
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Construct pET28a-vioQ will yield N-terminal His6-VioQ, pET21b-vioQ and pBADN3-

vioQ will produce VioQ in its native form.  The pET system uses T7 Lac promoter for 

strong expression23 while pBADN3 uses araBAD promoter for tightly regulated 

expression.24   Several expression conditions (different temperatures, different inducer 

concentrations and different media) were tested for all three constructs.  In all cases, 

most of the overexpressed VioQ remained within inclusion bodies and may be due to the 

lack of cofactors to help VioQ fold properly. 

Because S. lividans is genetically closer to S. vinaceus than E.coli and has been 

used successfully for the expression of proteins of Streptomyces origin with improved 

solubility,25  it may be possible to obtain soluble functional VioQ by expression in S. 

lividans.  To achieve this goal, pXY201-vioQ was constructed.  The pXY201 vector was 

developed in our laboratory by Dr. Xihou Yin (data not published).  It has an origin of 

transfer (oriT) site, an AmR marker aac(3)IV cassette conferring apramycin resistance 

for selection, and can maintain high copy numbers in Streptomyces.  The pXY201 

vector also has a thiostrepton inducible promoter to drive gene transcription in 

Streptomyces.26  The transformant S. lividans/pXY201-vioQ spores were used to 

inoculate 50 mL TSB media containing 5 µg/mL apramycin.  After 24 hrs of growth at 

30 °C, expression was induced by addition of thiostrepton to a final concentration of 5 

µg/mL.  The outcome was unexpected.  Twenty four hours after induction, there were 

no visible mycelia in the media and the culture became transparent.  Repeated 

experiments gave similar results, although the time necessary for the media to become 

totally transparent varied from 24 to 72 hours, during which time the cell mass 



41 

decreased gradually.  Cultures induced with 15-20 µg/mL thiostrepton were found to be 

transparent within 24 hours of induction.  The media was assayed for anti-bacterial 

activity, but none was observed.   The problem was further obfuscated by the re-growth 

of mycelia after 7-8 days incubation at 30 °C.  So far, the explanation for this 

thiostrepton induced autolysis has not been further investigated. 

Because of the inability to obtain soluble functional VioQ to carry out in vitro 

enzyme assays, in vivo complementation experiments were conducted to further confirm 

the role of VioQ.  The complementation experiments were conducted by introducing the 

integrative expression plasmid pXY152-vioQ into Svd13 disruptant strain.  pXY152 

was developed by Dr. Xihou Yin in our laboratory and is derivative of the integrative 

vector pSET152.27  The modifications include introducing hygromycin and ampicillin 

resistance cassettes while removing the apramycin resistance marker and introducing the 

strong constitutive Streptomyces expression promoters ermE*p28-30 immediately 

upstream of the multi-cloning site to promote the protein expression in S. lividans.  The 

metabolites produced from the complemented strain SvdQ13::pXY152-vioQ were 

analyzed by the same methods described above.  Tub O disappeared accompanied by the 

recovery of viomycin production (Figure 2.4A, trace d). 

These results indicate that VioQ is responsible for converting Tub O to 

viomycin.  Since vioQ mutation did not affect the formation of the pentapeptide core of 

viomycin, it is unlikely that the hydroxylation of Cap happens before Cap is 

incorporated, unless the NRPS module VioG has loose substrate specificity and can 

activate and incorporate both Cap and 5-OH-Cap.  It is possible that the substrate of 
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VioQ could be either free Tub O or an enzyme bound Cap, like PCP bound tyrosine in 

novobiocin biosynthesis.31  The in vitro enzyme assay data are necessary to determine 

the exact substrate of VioQ.  The attachment of the β-lysine residue to the viomycin 

pentapeptide core is also very likely a tailoring event.  Various tuberactinamines and 

tuberactinomycins have been isolated and they exhibit all possible β-lysine and 

capreomycidine hydroxylation combinations, suggesting the order of these two tailoring 

events may be arbitrary (Figure 2.6).32  To prove this hypothesis, the disruption of vioM 

or vioO is needed.  These genes are believed to work together to attach the β-lysine 

residue to the pentapeptide core of viomycin.1,18    The hydroxylation of amino acids in 

NRP natural products can happen at different stages during the biosynthesis and affects 

their biological activities significantly.  Elucidation of these different mechanisms will 

make it possible to engineer the biosynthesis genes to generate libraries of analogs for 

screening of new drug leads.  
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Figure 2.6 Viomycin post-NRPS tailoring. 



43 

Material and Methods 

Bacterial Strains, Plasmids, Cosmids and Culture Conditions 

   S. vinaceus (ATCC11861) and E. coli S17-1 (ATCC47055) were purchased 

from American Type Culture Collection (ATCC).  E. coli EPI300 (Epicentre) was 

routinely used as host for E. coli plasmids, cosmids and E. coli-Streptomyces shuttle 

vectors.  E. coli Rosetta (DE3) (Novagen) was used for protein overexpression.  All  

DNA and protein manipulations in E. coli were performed following the standard 

protocols.33  Standard media and methods were used to culture Streptomyces.20  Culture 

conditions for S. vinaceus were those described for capreomycin production in S. 

capreolus.34  Plasmid pSET15227 was obtained from Professor K.F. Chater (Norwich), 

the pGEM-T easy cloning vector was from Promega and the pET28a expression vector 

was from Novagen. 

   

DNA Isolation and Manipulation.   

 QIAprep spin miniprep kits (Qiagen) were used to prepare plasmids and cosmids 

from E. coli strains.  Restriction enzymes, T4 DNA ligase and DNA polymerase were 

purchased from various suppliers and used following the manufacturers’ protocols. 

QIAprep spin miniprep and QIAquick gel extraction kits (Qiagen) were used for DNA 

purification. DNA Sequencing was conducted at the Center for Genome Research and 

Biocomputing at Oregon State University.  
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Disruption of vioQ in S. vinaceus  

 To disrupt vioQ, a 2.8 kb fragment carrying the entire vioQ gene and flanking 

regions was amplified by PCR from cosmid pTOV106 using primers vioQDpf, 5’- 

ATACATATG CCGACGTGTCGAGTC-3’ and vioQDpr, 5’-

AGCGAATTCCGGGTGTGTAAAGCGA-3’.  This fragment was cloned into pGEM-

T-easy vector to yield the intermediate plasmid pGEMTE-vioQ.  An internal native 

BamHI site in vioQ was used as the site to introduce the BamHI-restricted apramycin 

resistance marker (AmR) into pGEMTE-vioQ.  The apramycin resistance gene was 

amplified by PCR from pSET152 using primers apraRf, 5'-

CACGGATCCAAGCTTGGTTCATGTGCA-3', and apraRr, 5'-

ATCGGATCCAAGCTTCACGTGTTGC-3' (BamHI sites are underlined).  The insert 

of the resulting plasmid was excised by EcoRI digestion and ligated with the EcoRI 

linearized vector pXY30035 to deliver the final gene disruption construct pXY300-vioQ-

AmR.  The disruption plasmid was introduced into S. vinaceus by conjugation and 

double-crossover mutants were identified as previously described.35  Southern blot 

analysis to confirm incorporation of inactivated vioQ into the chromosome was 

conducted using digoxigenin-labeled vioQ as probe and hybridization was revealed 

using a digoxigenin-DNA detection kit (Roche). 

 

Expression of VioQ in E. coli 

 To produce recombinant VioQ in E. coli, the vioQ gene was amplified by PCR 

from cosmid pTOV101 using the following primers: vioQPf (5’- 
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ATACATATGCCGACGTGTCGAGTC -3’, NdeI site underlined) and vioQPr (5’- 

AATGAATTCTCACCGGCTTTCCTTGAAATT -3’, EcoRI site undrelined).  PCR was 

carried out in 50 µL total reaction volume, containing 15 ng pTOV101 DNA, 10 uL 5× 

buffer A (AccuPrime™ GC-rich polymerase system, Invitrogen), 100 pmol of each 

primer and 2.5 units DNA Polymerase (Expand Long Template PCR System, Roche).  

The PCR program was set as follows: cycle of 5 min at 95 °C followed by 30 cycles of 1 

min at 95 °C, 1.5 min at 55 °C and 2 min at 72 °C.  After a final cycle at 72 °C for 10 

min the reaction was stopped and the reaction mixture was stored at 4 °C until the next 

step.  The 1 kb PRC product was gel purified and ligated into pGEM-T easy vector 

(Promega) to generate pGEMT-vioQ, and the plasmids purified from two separate 

clones were submitted for DNA sequencing.  The correct construct was digested with 

NdeI and EcoRI, and then cloned into pET21b, pET28a and pBADN3 vectors at the 

NdeI and EcoRI sites to generate pET21a-vioQ, pET28a-vioQ and pBADN3-vioQ 

expression vectors.  Plasmids pET21b-vioQ and pET28a-vioQ were used to transform E. 

coli Rosetta (DE3) cells (Novagen), and  pBADN3-vioQ was used to transformed E. coli 

TOP10 cells (Invitrogen).  Single clones isolated from fresh transformation plates were 

grown overnight at 18, 25, 30, or 37 °C in LB medium (5 mL) containing corresponding 

antibiotics (50µg/mL kanamycin  for pET28a-vioQ; 100µg/mL ampicillin for pET21b-

vioQ and pBADN3-vioQ).  The overnight cultures were subsequently used to inoculate 

50 mL of LB media with the same antibiotics.  Cells were grown at the different 

temperatures until the OD600 = 0.6 - 0.9, at which point expression was induced by 

addition of IPTG (pET vectors) or arabinose (pBADN3 vector).  Different 
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concentrations of IPTG (0.1, 0.2, 0.5, and 1 mM) and arabinose (0.02, 0.2, 0.5, 1.0 and 

2.0 %) were tested.  Cells were harvested by centrifugation (3000g for 15 min at 4 °C) at 

different time points after induction (1 hour, 2 hours. 4 hours, 8 hours, or overnight for 

cultures at 18 °C).  For leaky expression, cells were grown at 16 ºC for 40 hours before 

harvested.  Harvested cells were washed twice with buffer A (50 mm sodium phosphate, 

300 mm NaCl, pH 8.0) and lysed by sonication in a Microson ultrasonic cell disruptor 

(five 10 s bursts at 10 watts output with 1 min cooling on ice between bursts).  The 

lysate was then centrifuged at 18,000g for 30 minutes at 4 ºC to separate soluble 

proteins from insoluble ones.  Both soluble and insoluble fractions were analyzed by 

SDS-PAGE to monitor the expression level and the solubility. 

 

Expression of VioQ in S. lividans  

 The vioQ fragment was excised from pET28a-vioQ by NdeI, EcoRI digestion 

and ligated with similarly prepared pXY201 vector to generate plasmid pXY201-vioQ.  

This plasmid was used to transform E. coli S17-1 cells and then transformed into S. 

lividans by intergeneric conjugation.  The conjugal transformation of S. lividans was 

conducted according standard protocols.20  Single colonies of E. coli S17-1/pXY201-

vioQ were picked and used to inoculate 5 mL Terrific broth (TB) containing appropriate 

antibiotics and incubated overnight at 37 °C.  Pre-cultures (0.5 mL) were used to 

inoculate 5 mL TB containing appropriate antibiotics.  Cells were grown at 37 °C until 

OD600 = 0.6 then harvested by centrifugation at 4 °C and 2000g for 5 min.  Cells were 

then washed twice with 2 mL TB, resuspended in 0.2 mL TB and kept on ice until the S. 
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lividans spores were ready.  The pregermination of freshly harvested S. lividans spores 

was carried out according to Kieser et. al.20   Different volumes of spores (1 µL, 5 µL, 

50 µL and 100 µL) were added to 200 µL of prepared E. coli cells, mixed and then 

plated on AS-1 plates.20  After incubation at 30 °C for 16-20 h, 5 mL soft nutrient agar 

containing nalidixic acid (250 µg/mL) and apramycin (250 µg/mL) was added on top of 

the plates.  Plates were incubated at 30 °C for one to two weeks.   The recombinant 

strain S. lividans/pXY201-vioQ was selected by the phenotype of resistance to both 

apramycin (50 µg/mL) on ISP2 agar plates.  S. lividan/pXY201-vioQ was grown in 

liquid TSB medium with 5 µg/mL apramycin.  The expression was induced by addition 

of 5 µg/mL thiostrepton. 

 

Complementation of Mutant SvdQ13   

 To recover the function of vioQ in SvdQ13, we constructed an integrative 

expression plasmid pXY152-vioQ. Vector pXY152is a derivative of the commonly used 

integrative vector pSET152.27  The pXY152 and pXY152-vioQ were constructed by 

multiple cloning steps that are briefly described as follows.  First, the insert of plasmid 

pET28a-vioC36 was excised by digestion with XbaI and EcoRI and cloned into similarly 

restricted vector pSET152 to yield plasmid pXY152a. Second, pXY152a was digested 

with XbaI and NdeI, and ligated with a similarly restricted PCR fragment containing the 

strong constitutive expression Streptomyces promoter ermE*p to generate plasmid 

pXY152b.  The ermE*p promoter was PCR-amplified from plasmid pWHM860.37  

Third, the vioC gene of pXY152b was replaced by the vioQ gene to give pXY152c.  The 
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vioQ gene was PCR-amplified from cosmid pTOV10622 using primers vioQf: (5’-

ATACATATGCCGACGTGTCGAGTC-3’, NdeI site underlined) and vioQr: (5’-

AATGAATTCTCACCGGCT“TTCCTTGAAATT-3’, EcoRI site underlined).  The 

nucleotide sequence for vioQ was confirmed by sequencing.  Fourth, the apramycin 

resistance marker in pXY152c was replaced by an ampicillin resistance gene to generate 

plasmid pXY152d. The ampicillin resistance marker was PCR-amplified from vector 

pUC18 and the product digested with SacI and EcoRI. Fifth, the NcoI-XbaI fragment of 

pXY152d was PCR-amplified with primers that introduced a unique BglII site 

immediately next to XbaI site. The original NcoI-XbaI fragment of pXY152d was 

replaced by this PCR fragment to produce plasmid pXY152e.  Finally, the BamHI 

fragment containing a hygromycin cassette excised from plasmid pHP45Ωhyg38 was 

cloned into the BglII site of pXY152e to obtain the new integrative conjugal gene 

complementation plasmid pXY152-vioQ.  The conjugal transformation of SvdQ13 

mutant was conducted as described above. 

 

Extraction of Viomycin and Tuberactinomycin O    

 Five hundred mL of seven day production culture 21 was harvested by 

centrifugation at 2000g for 30 min.  The fermentation broth was collected and mixed 

with an equal volume of methanol.  The broth and methanol mixture was reduced to 

almost dryness by rotary evaporation and the concentrated solution was redissolved in 

20 mL of deionized water.  The aqueous solution was centrifuged at 4,500g for 10 min 

and the pellet was discarded.  The pH of the supernatant was adjusted to 3.5 using 
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H3PO4 and then centrifuged at 4,500g for 10 min.  The pellet was discarded and the pH 

of the supernatant was adjusted to 7.5 using KOH.  The sample was centrifuged at 

4,500g for 10 min and the supernatant was used for further analysis.   

 

LC-MS Analysis of Viomycin and Tuberactinomycin O 

 A ThermoFinnigan LCQ Advantage LC/MS system (ThermoElectron), 

consisting of a LC pump, an autosampler, a photodiode array detector and a mass 

spectrometer, was controlled by a PC running Xcalibur 1.3 software.  The LUNA SCX 

HPLC column (5 µ, 150 × 4.6 mm ID) and guard column (5 µ, 4 × 3 mm ID) were from 

Phenomenex.  Samples were passed through a 0.45 µm syringe filter before being 

injected onto the HPLC column.  Elution buffers included (A) 25 mM ammonium 

acetate, (B) 500 mM ammonium acetate and (C) acetonitrile.  Gradient elution from 

80% buffer (A) to 60% buffer (B) in 10 min then to 80% (B) in another 10 min was 

carried out while buffer (C) was kept constant at 20% throughout the whole process.  

Flow rate was 1.0 mL/min.  And the injection volume was 15 µL.  The effluent was 

monitored at 266 nm and meanwhile scanned from 200 nm to 350 nm by a PDA 

detector.  Positive ion electrospray ionization (ESI+) was used for MS detection.  The 

sheath gas flow rate was 60 units.  The capillary temperature was 300 °C and the 

capillary voltage was 14 V.  Mass to charge ratio from m/z 150 to 900 was scanned in 

full scan mode.   
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Chapter 3 
 

Capreomycidine is Activated and Incorporated by VioG  
 
 
Introduction  

 The adenylation (A) domain of NRPS plays a key role in NRP biosynthesis by 

specifically activating the cognate amino acid to form an aminoacyl adenylate at the 

expense of ATP.1-5  Co-crystallization of the L-Phe activating A domain (GrsA) from 

gramicidin S biosynthesis gene cluster with L-Phe and AMP helped to identify a 

substrate binding pocket and ten key amino acid residues interacting with the substrate.6  

Putative pocket-forming amino acid residues were defined from other A domains by 

aligning their amino acid sequences with that of GrsA A domain.  The empirical 

correlation between A domain substrate and the eight specificity conferring amino acids 

was then established by two independent studies.7,8  Subsequently, the crystal structure 

of DhbE, a standalone A domain that activates dihydroxybenzoate, was also resolved.9  

Despite the structural difference between L-Phe and dihydroxybenzoate, GrsA and 

DheE A domains share high structural similarity, which further validates the method for 

predicting substrate specificity.  This method has been applied not only to predict the 

probable substrates of newly discovered NRPSs and the final products of biosynthesis 

gene clusters,10 but also to guide modifications of A domain substrate specificity to 

generate new NRPs.8,11     
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Results and Discussion  

Expression and Purification of VioG and the VioG A domain in E. coli 

VioG (Figure 3.1) is a single module NRPS with an N-terminal A domain 

followed by a peptidyl carrier protein (PCP or T) domain, an incomplete condensation 

(C) domain and an unusual C-terminal domain that exhibits significant homology only 

with a protein associated with an aminoglycoside cluster from S. ribosidificus.12 

Analysis of the A domain substrate recognition elements within the NRPS gene products 

from the viomycin cluster indicated VioG has a unique substrate binding pocket that is 

most similar to A domains activating L-Arg or L-Orn, which suggested VioG may 

activate L-Cap.13,14  

 

 
40 aa residues 
putative COM 
domain

VioG 118 kDa

65 kD

Acap C/ ?T

 
 
Figure 3.1 Domain organization of VioG.  (COM domain stands for “communication 
mediating domain.15) 
 

 In order to confirm this prediction, full length vioG  and the vioG A domain 

fragment were amplified by PCR from cosmid pTOV106 which contains a portion of 

the viomycin gene cluster.14  The fragments were then cloned into the pET28a vector for 

expression as N-terminal His6 tagged proteins in E. coli (DE3) Rosetta cells.  The 

recombinant proteins were purified by Co2+ metal affinity chromatography and the 

efficiency of purification was verified by SDS-PAGE (Figure 3.2). The final 

concentrations of VioG and VioG A domain were 1.5 and 5 mg/mL, respectively.
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Figure 3.2 Expression and purification of VioG A domain and VioG full length protein.  
A: Expression and purification of the VioG A domain. Lane 1, soluble protein; lane 2, 
flow through; lane 3, purified His6-VioG A domain; lane 4, MW markers.  B: 
Expression and purification of VioG. Lane 1, total protein; lane 2, soluble protein; lane 
3, flow through; lane 4-6, washes; lane 7, MW marker; lane 8, purified His6-VioG. 

 

ATP-[32P]PPi Exchange Assay 

The substrate specificity of VioG was analyzed by the standard amino acid 

dependent ATP-PPi exchange assay (Figure 3.3).16,17  Because the adenylation of an 

amino acid catalyzed by an A domain is reversible, when the cognate amino acid, ATP 

and radiolabeled pyrophosphate [32P]PPi  are incubated together with the enzyme, 

[32P]PPi can be incorporated into ATP to form [32P]ATP.  When enough time is allowed 

for the reaction to reach equilibrium, ATP in the reaction mixture is adsorbed by 

activated charcoal.  The radioactivity of [32P]ATP bound to charcoal is quantified by 

scintillation counting.  The amount of radioactivity reflects the activation efficiency of 

the A domain for the specific amino acid. 
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Figure 3.3 Model of ATP-[32P]PPi exchange assay.  If [32P]PPi is used, it will be 
incorporated into ATP and the radioactivity bounded to the ATP reflects the A domain’s 
ability to activate the specific substrate. 
 

 In addition to L-Cap, other substrates evaluated included L-Ser and 2,3-

diaminopropionate (L-Dap), the other amino acids found in viomycin.  We also tested 

the basic amino acids L-Arg, L-Orn and D,L-enduracididine (D,L-End) as possible 

substrates (Figure 3.4D).  The latter amino acid and its β-hydroxy derivative are found 

in the enduracidin and mannopeptimycin peptide antibiotics, respectively.18,19  The assay 

results confirmed the prediction that VioG is the NRPS in the viomycin pathway that 

activates L-Cap, with the full length protein showing slightly greater specificity than the 

A domain alone (Figure 3.4 A&B).  It was initially surprising that VioG was able to 

completely differentiate between L-Cap and End, because the substrates are similar.  

Subsequent to performing these assays, we cloned and sequenced the enduracidin 

biosynthesis gene cluster.19  The 10th NRPS module (EndM10) and 15th NRPS module 

(EndM15) within the enduracidin gene cluster were predicted to activate and incorporate 

End.19   The eight amino acid substrate specificity sequence for the enduracididine A 

domains (DAETDGSV) is markedly different from that found in VioG (DPQDVGIV) 

and helps explain why VioG does not activate enduracididine.13,19  To determine if D,L-

End was simply not recognized by VioG or bound to the active site in an unproductive 

manner, we tested if D,L-End could competitively inhibit the activation of L-Cap in the 
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ATP-PPi exchange assay.  The added D,L-End had no effect on L-Cap activation 

(Figure 3.4 C) and the result suggests that enduracididine is not recognized by the VioG 

active site.  
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Figure 3.4 ATP-PPi exchange assays.  A: assay using the purified VioG A domain. The 
diagram shows the relative activity compared to L-Cap, normalized to 100%.  B: Assay 
using the full length VioG protein.  C: L-Cap/enduracididine competition experiment 
using VioG.  X axis shows the End and L-Cap concentration ratio in the reaction 
mixture. The concentration of L-Cap was 2 mM and the concentration of End was 0, 
0.02, 0.2 and 2 mM, respectively, in the 4 groups of reactions from the left to the right.  
D: Structures of amino acids tested in the ATP-PPi exchange assay. 

 

Expression and Purification of EndM15 A Domain in E. coli 

In order to confirm the prediction that EndM15 activates End, the A domain 

fragment of EndM15 was amplified by PCR from cosmid pXYF20019 which contains a 

portion of the enduracidin gene cluster.  This fragment was then cloned into the pET28a 

vector for expression as an N-terminal His6 tagged protein in E. coli (DE3) Rosetta cells. 
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The recombinant protein was purified by Ni2+ metal affinity Ni-NTA spin column and 

the efficiency of purification was verified by SDS-PAGE (Figure 3.5).  ATP-PPi 

exchange assays are ongoing to confirm substrate specificity of EndM15.

 

Figure 3.5 Overepression and purification of EndM15 A domain.  Lane 1 is total 
soluble protein from the crude cell extract; lane 2 is partially purified His6-EndM15 A 
domain and lane 3 is molecular weight marker. 

 

Expression of Chimeric VioGE 

With the sequences of the End activating A domain and the Cap activating A 

domain available, it is tempting to apply combinatorial biosynthesis principles to 

generate new viomycin analogs containing an End residue (Figure 3.6). 
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Figure 3.6 The viomycin analog containing an End residue in place of Cap. 
 

In principle, the specificity of A domains can be changed by modifying the key 

residues that define the substrate binding pocket.  This method has had very limited 

success, for the specificity can only be changed to another amino acid of similar polarity 

and size.8,11  In other cases, the mutation of these specificity-conferring amino acids 

leads to the hydrolysis of the upstream peptidyl thioester intermediates.20  Another way 

to incorporate different amino acid substrates into the peptide is to change or introduce a 

whole new NRPS module or modules.21  Because the End activating A domains are in 

the middle of a large NRPS, which also activates and incorporates other amino acids,19 

this type of module swapping is less likely to be a good method.  Domain swapping to 

generate chimeric enzymes to change the specificity of VioG from Cap to End is an 

alternative method to address this problem.  The drawback of domain swapping is that 

the engineered  peptides are usually produced at a much lower level than the native 

products.22  This may be due to the poor communication between the chimeric enzyme 

and native NRPS modules.  Recent research has shown that the short C-terminal region 

of upstream NRPS and the N-terminal region of the immediate downstream NRPS are 
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crucial to the communication between adjacent NRPSs to ensure the correct delivery of 

peptidyl intermediates.23  These short communication-mediating (COM) regions were 

proven to be portable.  When fused to NRPSs from different biosynthesis gene clusters, 

the COM domains will mediate the communication between the NRPSs fused with them 

and direct the biosynthesis of new peptides.15  

 The sequence analysis of VioG suggested that its N-terminus might play a role 

as COM region (Figure 3.1) by communicating with the upstream NRPS to facilitate the 

condensation of the upstream peptidyl intermediate and the aminoacyl group activated 

by VioG.  Once it is fused to an End activating A domain, this COM region may 

mediate the condensation of End with upstream peptidyl intermediate to produce 

viomycin analogs containing End.  This requires the construction of chimeric NRPS 

modules with VioG A domain or A+T domain portion replaced by that of the End 

activating modules from the enduracidin NRPS.  For this purpose, two different sets of 

chimeric enzymes were constructed.  In the first one, the A domain of VioG was 

substituted by that of EndM10/15, while in the second construct both the A and the PCP 

(T) domains of VioG were substituted.  PCR primers were designed to amplify the DNA 

fragments encoding the predicted VioG N-terminal putative COM domain, A or A+T 

domains of EndM10/15 and the C-terminal fragment of VioG.  The chimeric genes were 

then assembled by ligating three DNA fragments together with the restricted expression 

vector pET28a (Figure 3.7 and Table 3.1).   

Correct constructs (pET28a-vioGE1-4) were confirmed by DNA sequencing and 

then individually used to transform E. coli (DE3) Rosetta cells for expression as N-
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terminal His6 tagged proteins.  The expression level of these chimeric genes was very 

low and most of the protein was insoluble (Figure 3.8).  No expression, or expression of 

nonfunctional NRPS, is commonly observed when E. coli is used as the heterologous 

expression host.24,25  To solve this problem, vioGE3 was cloned into the Streptomyces 

expression vector pXY201 and the construct pXY201-vioGE3 was then transformed 

into S. lividans by conjugation.  Unfortunately, the chimeric protein was either not 

expressed or the expression level was too low to be detected by Coomassie blue 

staining.   Further experiments are needed to obtain soluble and functional chimeric 

VioGE enzymes.  
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Figure 3.7 Construction of chimeric vioGE genes 
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Table 3.1 Diagram of Chimeric VioGE NRPS 
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Figure 3.8 Expression of VioGE3.  Lane 1, molecular weight marker; lane 2, insoluble 
protein; lane 3, soluble protein. 

 

Expression of EndP, EndQ and EndR in E. coli 

As addressed in Chapter 1, one of the difficulties in combinatorial biosynthesis is 

the availability of rare substrates.  The successful substitution of L-Cap by L-End in 
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viomycin biosynthesis will require L-End in the substrate pool.  Three genes, endP, 

endQ and endR, in the enduracidin gene cluster are proposed to direct L-End 

biosynthesis.19  Previous attempts to express these genes in E.coli from PCR amplified S.  

fungicidicus genes produced very low levels of insoluble proteins, which could only be 

detected by Western blot, likely due to the high GC content in these genes.26   Synthetic 

genes with optimized codon usage for expression in E.coli were obtained from DNA 2.0 

(Menlo Park, CA), with the small ubiquitin-like modifier (SUMO) gene fused as a linker 

region between the endP,Q,R genes and the N-terminal His6 sequences.  The SUMO tag 

has been proven to improve the solubility of the protein fused with it.27,28  This gene 

construction will hopefully allow easy purification of overexpressed proteins by metal 

affinity chromatography and the proteolytic cleavage of the N-terminal SUMO tag 

should yield the native proteins.27,28  The synthetic genes were excised from the 

plasmids they were received in by digestion with NdeI and EcoRI, and then cloned into 

the pRSETB vector for expression as N-terminal His6 tagged proteins in E. coli (DE3) 

Rosetta cells.  Overexpression of all three proteins was observed.  While EndP and 

EndQ were mostly insoluble, EndR appeared to be partially soluble (Figure 3.9).  

Further refinement of the expression conditions is ongoing to obtain soluble proteins to 

confirm their functions and to facilitate the combinatorial biosynthesis of viomycin 

analogs containing End residue. 
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Figure 3.9 Expression of EndP, EndQ and EndR.  Lane 1-3 are EndP, Lane 4-6 are 
EndQ and lane 7-9 are EndR.  Lane 1,4,7 are total protein from E. coli (DE3) Rosetta 
cells hosting the expression plasmids before induction; lane 2,5,8 and 3,6,9 are total 
insoluble and total soluble protein, respectively, extracted from the E. coli (DE3) 
Rosetta cells after induction with IPTG.   
  

Summary 

The activation of L-Cap by VioG suggests that hydroxylation of this residue in 

viomycin occurs either while an advanced precursor is attached to the NRPS or after the 

peptide core is assembled.  The latter scenario seems most probable in light of the 

isolation of tuberactinomycin O (Tub O) from some species.29  However, 5-hydroxy-L-

capreomycidine is not available as a substrate for use in the A domain assays to validate 

this assumption.   The structural similarity between L-Cap and L-End prompted us to 

investigate the possibility to generate viomycin analogs containing L-End by applying 

the combinatorial biosynthesis principles.  However, attempt to construct chimeric 

NRPS module VioGE produced only insoluble proteins.  Further investigation is needed 

to obtain soluble VioGE to further study the generation of new viomycin analogs with 

new structures and properties. 
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Scheme 3.1 Conversion of L-Arg to 5-OH-Cap during the viomycin biosynthesis 
 

Materials and Methods 

Bacterial Strains, Plasmids, Cosmids and Culture Conditions 

 All the bacterial strains, plasmids, cosmids and culture conditions used in 

experiments described in this chapter are the same as described in Chapter 2. 

DNA Isolation and Manipulation 

 QIAprep spin miniprep kits (Qiagen) were used to prepare plasmids and cosmids 

from E. coli strains.  Restriction enzymes, T4 DNA ligase and DNA polymerase were 

purchased from various suppliers and used following the manufacturers’ protocols. 

QIAprep spin miniprep and QIAquick gel extraction kits (Qiagen) were used for DNA 
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purification.  DNA Sequencing was conducted at the Center for Genome Research and 

Biocomputing at Oregon State University.  

Construction of E. coli Expression Plasmids for vioG and vioG A Domain 

 PCR primers were designed to amplify vioG and the vioG A domain fragment 

from cosmid pTOV101 which contains a portion of the viomycin biosynthesis gene 

cluster.30  The forward PCR primer used to amplify both vioG and vioG A domain 

fragment was vioGf (5’-CTGACATATGACCACCACGTCCCA-3’, NdeI site is 

underlined).  The respective reverse primers were vioGr (5’-

TCGCTCGAGTACTGCTTCTCCTCCGCT-3’, XhoI site is underlined) and vioG-Ar 

(5’-GACCTCGAGTAAGATCGCCGATTCCACTGG-3’, XhoI site is underlined).  

PCR reactions were carried out in a total volume of 50 µL containing 10 ng template, 1× 

buffer A (AccuPrime™ GC-rich polymerase system, Invitrogen), 100 pmol of each 

primer and 2.5 units DNA polymerase (Expand Long Template PCR System, Roche).  

Gel purified PCR products were ligated with pGEM-T easy vector (Promega).  The 

correct plasmid constructs pGEMT-vioG and pGEMT-vioGA were confirmed by 

sequencing, the inserts were excised by digestion with NdeI and XhoI and then ligated 

with similarly prepared pET28a vector (Novagen) for expression in E. coli as His6 

tagged proteins.  

Expression and Purification of VioG and VioG A Domain in E. coli 

 The plasmids pET28a-vioG and pET28a-vioGA were used separately to 

transform E. coli Rosetta (DE3) cells (Novagen). Single colonies were picked to 
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inoculate 5 mL LB medium seed cultures containing 50 µg/mL kanamycin.  After 

overnight growth at 37 ºC, the seed cultures were used to inoculate 500 mL 2×YT media 

containing 50 µg/mL kanamycin. Cells were grown at 20 ºC without induction until the 

A600 = 1.8-2.0, and then harvested by centrifugation at 2000g for 15 min at 4 ºC and 

washed with phosphate buffered saline (PBS; 100 mM NaCl, 50 mM 

Na2HPO3/NaH2PO3,  pH 8.0).  The washed cell pellets were stored at -80 ºC for later 

use.  Frozen cells were thawed on ice, resuspended in PBS and lysed by sonication in a 

Microson ultrasonic cell disruptor.  The lysate was centrifuged at 18,000g for 30 min at 

4 ºC to obtain a supernatant.  The His6-VioG and His6-VioG A domain were purified 

using BD Talon™ metal affinity (Co2+) resins (BD Biosciences) following the 

manufacturer’s protocol.  Purified proteins were dialyzed against 4 L dialysis buffer (50 

mM Tris, 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1 mM DTT, glycerol 10%, pH 

8.0) at 4 ºC overnight.  Bradford assay (Bio-Rad) was used to quantify protein 

concentrations.  The efficiency of purification was checked by SDS-PAGE and purified 

proteins were stored at -20 ºC. 

ATP-[32P]PPi Exchange Assay 

 The assay was carried out essentially as described.31  All commercially available 

substrates were purchased from Sigma.  The D,L-enduracididine was a gift from Dr. 

Edmund Graziani at Wyeth Research and (2S,3R)-capreomycidine was from previous 

studies carried out in our laboratory.32,33  Tetrasodium [32P]-pyrophosphate was 

purchased from NEN-Perkin Elmer.  Assays (100 µL) were conducted by incubating 2 

mM enzyme in reaction buffer (50 mM Tris, 100 mM NaCl, 10 mM MgCl2, 1 mM 
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Tris(2-carboxyethyl)phosphine hydrochloride, 5 mM DTT, pH 8.0) containing 4 mM 

ATP, 0.5 µCi tetrasodium [32P]-pyrophosphate and 2 mM amino acid substrate for 3 h at 

30 °C.  The reaction was terminated by the addition of stop mix (500 µL, 1.2% w/v 

activated charcoal, 0.1 M tetrasodium pyrophosphate and 0.35 M perchloric acid).  Free 

[32P]-pyrophosphate was removed by centrifugation of the sample and washing the 

charcoal pellet three times with wash buffer (0.1 M tetrasodium pyrophosphate, and 

0.35 M perchloric acid).  The final wash solution was aspirated and 1 mL deionized 

water was added to each tube before the level of bound radioactivity was determined by 

scintillation counting on a Beckman LS 6800.  Each individual experiment was carried 

out in triplicate, and the average was used as final measurements.   

Construction of E. coli Expression Plasmid for endM15 A Domain  

 PCR primers were designed to amplify the endM15 A domain fragment from 

cosmid pXYF200 which contains a portion of the enduracidin biosynthesis gene 

cluster.19  The primers used to amplify endM15 A domain are endM15Af (5’-

AGGCATATGGCGGTGGACGTACTCGACCCGGA -3’, NdeI site is underlined) and 

endM15Ar (5’-GGACTCGAGGTGAGCGAGTCCGCGGGCCAGG -3’, XhoI site is 

underlined.  PCR reactions were carried as described above.  Gel purified PCR products 

were ligated with pGEM-T easy vector (Promega).  The correct plasmid constructs 

pGEMT-endM15A was confirmed by sequencing, the insert was excised by digestion 

with NdeI and XhoI and then ligated with similarly prepared pET28a vector (Novagen) 

to give pET28a-endM15A for expression in E. coli as His6 tagged proteins.  
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Expression and Purification of EndM15 A Domain in E. coli 

 The plasmid pET28a-endM15A was used to transform E. coli Rosetta (DE3) 

cells (Novagen).  Single colonies were picked to inoculate 5 mL LB medium seed 

cultures containing 50 µg/mL kanamycin.  After overnight growth at 37 ºC, the seed 

cultures were used to inoculate 50 mL 2×YT media containing 50 µg/mL kanamycin. 

Cells were grown at 20 ºC without induction until the OD600 = 1.8-2.0, and then 

harvested by centrifugation at 2000g for 15 min at 4 ºC and washed with phosphate 

buffered saline (PBS; 100 mM NaCl, 50 mM Na2HPO3/NaH2PO3,  pH 8.0).  The washed 

cell pellets were stored at -80 ºC for later use.  Frozen cells were thawed on ice, 

resuspended in PBS and lysed by sonication in a Microson ultrasonic cell disruptor.  The 

lysate was centrifuged at 18,000g for 30 min at 4 ºC to obtain a supernatant.  The His6-

EndM15A was purified using metal affinity (Ni2+) Ni-NTA spin column (Qiagen).  The 

efficiency of purification was checked by SDS-PAGE. 

 

Construction of Chimeric vioGE Genes for Expression in E. coli 

 PCR primers were designed to amplify the vioG N-terminal putative COM 

domain (vioGup) fragment and two different vioG C-terminal fragments (vioGdownA 

and vioGdownAT) from cosmid pTOV106 which contains a portion of the viomycin 

biosynthesis gene cluster.14  The vioGdownA fragment starts immediately downstream 

of vioG A domain while vioGdownAT fragment starts immediately downstream of the 

vioG PCP (T) domain.  The endM10A, endM10AT, endM15A and endM15AT were 

amplified by PCR from cosmid pXYF200 which contains a portion of the enduracidin 
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biosynthesis gene cluster.19  PCR reactions were performed as described above.  Gel 

purified PCR products were ligated with pGEM-T easy vector (Promega).  The correct 

plasmid constructs were confirmed by sequencing.  The VioG N-terminal sequence 

(vioGup) was excised by digestion with NdeI and SacI, and then ligated with similarly 

prepared pET28a vector (Novagen) to generate pET28a-vioGup.  This construct was 

then digested with SacI and HindIII and ligated with similarly digested endM10A, 

endM10AT, endM15A or endM15AT to generate plasmid pET28a-GE1, pET28a-GE2, 

pET28a-GE3 and pET28a-GE4, respectively.  Finally, vioG C-terminal fragments 

(vioGdownA and vioGdownAT) were excised from pGEM-T-vioGdown by digestion 

with HindIII and XhoI, and then cloned into the pET28a-GE plasmids prepared by 

digestion with the same enzymes to generate the final expression vectors pET28a-

vioGE1, pET28a-vioGE2, pET28a-vioGE3 and pET28a-vioGE4.  Table 3.2 lists the 

primers used to amplify DNA fragments to construct the chimeric genes. 
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Table 3.2 PCR primers used to amplify DNA fragments to construct chimeric NRPS 
genes. 
 

NdeI 5’-CTGACATATGACCACCACGTCCCAC- 3’ vioGup 

(to vioGE1,2,3 & 4) SacI 5’-TTAGAGCTCGTCGGCGCGCC -3’ 

SacI 5’-ATTGAGCTCTTGGTGGGCAGCGGTG -3’ endM10-A  

(to vioGE1) HindIII 5’-TCTAAGCTTGCCGTTCGCGGTGA -3’ 

SacI 5’-ATTGAGCTCTTGGTGGGCAGCGGTG -3’ endM10-AT  

(to vioGE2) HindIII 5’-AATAAGCTTCCGGCGTAACCACTCG -3’ 

SacI 5’-ATTGAGCTCTTGGTGGGCAGCGGTG -3’ endM15-A  

(to vioGE3) HindIII 5’-TCTAAGCTTGCCGTTGGTGGTGAG-3’ 

SacI 5’-ATTGAGCTCTTGGTGGGCAGCGGTG -3’ endM15-AT  

(to vioGE4) HindIII 5’-ACTAAGCTTGGCGCGCACCCGGCT-3’ 

HindIII 5’-ACTAAGCTTGACAAGGACCGGCTGC-3’ vioGdownA  

(to vioGE1&3) XhoI 5’-TCGCTCGAGTACTGCTTCTCCTCCGCT-3’

HindIII 5’-TCTAAGCTTGTGGCCATCCGCGCCG-3’ vioGdownAP  

(to vioGE2&4) XhoI 5’-TCGCTCGAGTACTGCTTCTCCTCCGCT-3’

 
 
 
Expression of Chimeric Enzyme VioGEs in E. coli 

 The plasmids pET28a-vioGE1, 2, 3 and 4 were used separately to transform E. 

coli Rosetta (DE3) cells (Novagen).  Seperate colonies were used to inoculate 5 mL LB 

medium seed cultures containing 50 µg/mL kanamycin.  After overnight growth at 37 

ºC, the seed cultures were used to inoculate 50 mL LB media containing 50 µg/mL 

kanamycin.  Cells were grown at 37 ºC until the OD600 = 0.6 - 0.8, and then expression 

was induced by addition of IPTG to a final concentration of 0.5 mM.  Cells were 

harvested 4 hours after induction by centrifugation at 2000g for 15 min at 4 ºC and 

washed twice with phosphate buffered saline (PBS; 100 mM NaCl, 50 mM 
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Na2HPO3/NaH2PO3,  pH 8.0).  Washed cells were then lysed by sonication in a Microson 

ultrasonic cell disruptor.  The lysate was centrifuged at 18,000g for 30 min at 4 ºC to 

obtain a supernatant.  Expression and solubility of the chimeric protein was monitored 

by SDS-PAGE. 

 

Expression of Chimeric Enzyme VioGE3 in S. lividans  

 The gene vioGE3 was amplified by PCR from pET28a-vioGE3 using primers 

GEf (5’-CTGACATATGACCACCACGTCCCAC- 3’, NdeI site is underlined) and GEr 

(5’- TCGGAATTCTACTGCTTCTCCTCCGCT -3’, EcoRI site is underlined).   Gel 

purified PCR products were ligated with pGEM-T easy vector (Promega).  The correct 

plasmid construct pGEMT-vioGE3 was confirmed by DNA sequencing, and then the 

insert was excised by digestion with NdeI and EcoRI and ligated with similarly prepared 

pXY201 to generate plasmid pXY201-vioGE3.  This plasmid was first used to transform 

E. coli S17-1 cells and these cells subsequently used to transform S. lividans by 

conjugation following the protocols described in Chapter 2.  S. lividans/pXY201-

vioGE3 was grown in liquid TSB medium with 5 µg/mL apramycin. The expression was 

induced after 24 hours growth at 30 °C by addition of thiostrepton to final concentration 

of 5 µg /mL, and was monitored by SDS-PAGE. 

 

Construction of E. coli Expression Plasmids for endP, endQ and endR  

 The plasmids pJ36:6757, pJ36:6758 and pJ36:6759 hosting endP, endQ and 

endR synthetic genes, respectively, were obtained from DNA 2.0 Inc (Menlo Park, CA).  
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The synthetic genes were excised from the plasmids they were received in by digestion 

with NdeI and EcoRI.   Gel purified fragments were then ligated with similarly digested 

pRSETB (Invitrogen) for expression in E. coli (DE3) Rosetta cells as His6-SUMO 

tagged fusion proteins. 

 
Expression of EndP, EndQ and EndR in E. coli 

 The plasmids pRSETB-endP, pRSETB-endQ and pRSETB-endR were used 

separately to transform E. coli (DE3) Rosetta cells (Novagen).  Seperate colonies were 

used to inoculate 5 mL LB medium seed cultures containing 50 µg/mL kanamycin.  

After overnight growth at 37 ºC, the seed cultures were used to inoculate 50 mL LB 

media containing 50 µg/mL kanamycin.  Cells were grown at 37 ºC until the OD600 = 0.6 

- 0.8, and then expression was induced by addition of IPTG to a final concentration of 

0.5 mM.  Cells were harvested 4 hours after induction by centrifugation at 2000g for 15 

min at 4 ºC and washed twice with phosphate buffered saline (PBS; 100 mM NaCl, 50 

mM Na2HPO3/NaH2PO3, pH 8.0).  Washed cells were then lysed by sonication in a 

Microson ultrasonic cell disruptor.  The lysate was centrifuged at 18,000g for 30 min at 

4 ºC to obtain a supernatant.  Expression and solubility of the EndP, EndQ and EndQ 

were monitored by SDS-PAGE. 
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Chapter 4 
 

Conclusions 
 
 

The nonproteinogenic amino acid (2S,3R)-capreomycidine (L-Cap) is the 

signature residue found in the tuberactinomycin (Tub) family of antitubercular peptide 

antibiotics and an important element of the pharmacophore.  Viomycin 

(tuberactinomycin B) is the most extensively studied member of Tubs and has been 

widely used as a tool to study ribosome structure and functions.  Our laboratory has 

identified and cloned the viomycin biosynthesis gene cluster, and reported the roles of 

VioC and VioD in the biosynthesis of L-Cap.  To study the incorporation of L-Cap 

during viomycin biosynthesis, VioG , a standalone NRPS and its internal A domain 

were heterologously expressed and purified.  ATP-PPi exchange assay revealed that 

VioG can specifically activated L-Cap, which confirmed the role of VioG as the L-Cap 

activating NRPS module during the viomycin biosynthesis.    

 To investigate the hydroxylation of the Cap residue, the vioQ gene was 

deactivated by insertional disruption.  The metabolite profile of the vioQ mutant 

(SvdQ13) strain revealed that viomycin production was abolished and tuberactinomycin 

O, the unoxidized form of viomycin, was produced instead.  A wild-type copy of vioQ 

carried by the integrative plasmid pXY152e-vioQ complemented the SvdQ13 mutant 

strain and restored the production of viomycin accompanied by the disappearance of 

tuberactinomycin O.   

  The fact that the disruption of vioQ did not affect the formation of the 

pentapeptide core of viomycin, together with the observation that VioG can specifically 
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activate L-Cap, indicates the hydroxylation at C-5 of L-Cap occurs either after the 

amino acid is loaded onto the NRPS or the nascent peptide is released from the enzyme 

complex.  The conversion of tuberactinomycin O to viomycin by in trans 

complementation of vioQ proves that the hydroxylation is a post-assembly tailoring 

event. 

As a first step to generate viomycin analogs containing enduracididine (End) in 

place of L-Cap, the chimeric NRPS VioGE was created.  However, expression level was 

very low and the protein was insoluble.  The putative End synthase(s) EndP, EndQ and 

EndR were also overexpressed from synthetic genes.  While EndR was partial soluble, 

most of EndP and EndQ were in inclusion bodies.   

Further experiments are needed to obtain soluble and functional enzymes to 

investigate the possibility of generating viomycin analogs containing End residue 

through combinatorial biosynthesis. 
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