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Myxobacteria represent an interesting class of Gram-negative soil bacteria.   

These bacteria utilize organic materials from the environment as a food source by 

the action of their extracellular hydrolytic enzymes.  They grow vegetatively in the 

presence of adequate nutrients.  During starvation conditions, however, they 

aggregate and form multicellular structures called fruiting bodies.  In addition, 

myxobacteria have been shown to be prolific producers of biologically active 

secondary metabolites.  A fundamental goal of our research is to understand and 

utilize the biosynthetic machineries used by these organisms to build biologically 

active molecules.   

The first part of this research focuses on the investigation of a novel 

biosynthetic pathway to isovaleryl-CoA, which is involved in myxothiazol 

biosynthesis in S. aurantiaca.  In this study, we identified a novel biosynthetic 

route to isovaleryl-CoA.  Isovaleryl-CoA is a starter unit of branched-chain fatty 



 

acid (BCFA) and many other microbially derived polyketide natural products, 

including myxothiazol.  BCFA compose the majority of the cellular fatty acids of 

myxobacteria.  They are formed from branched-chain starter units (isovaleryl-

CoA, isobutyryl-CoA, and 2-methylbutyryl-CoA), which in turn are derived from 

the degradation of leucine, valine, and isoleucine, respectively.  Inactivation of the 

branched-chain α-keto acid dehydrogenase complex, which is responsible for the 

degradation of branched chain amino acids, gave a mutant that lost the ability to 

utilize leucine as a precursor of isovaleryl-CoA but still produced myxothiazol and 

BCFA.  Feeding experiments with isotopically labeled precursors as well as cell-

free extract experiments provided significant evidence for a novel branch of the 

mevalonate pathway responsible for the formation of isovaleryl-CoA. 

The focus of the second part of this research centered on the biosynthesis 

of the myxalamids in S. aurantiaca strain Sg a15.  Myxalamid is synthesized by a 

combination of multimodular/multifunctional enzymes, the polyketide synthases 

(PKS) and the nonribosomal peptide synthetases (NRPS).  Preliminary studies 

have provided evidence on the feasibility of manipulating the biosynthetic 

processes in the myxalamid producer using unnatural starter units that can be 

accepted by both PKSs and NRPSs of myxalamid biosynthesis to generate novel 

natural products.  Using this knowledge, we have generated novel analogs of the 

myxalamids via mutagenetic approaches.  The studies showed that a combination 

of genetic engineering and biochemical methods used to dissect the substrate 

acquisition and incorporation processes can lead to the development of new 

bioactive natural products with potential pharmaceutical uses. 
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CHAPTER 1 

 

INTRODUCTION 

 

The Value of Microbial Secondary Metabolites 

Microbial secondary metabolites have been known as one of the immense 

reservoirs of natural chemical diversity with potent biological activity [1, 2].  Their 

distinctive chemical structures and diverse functions can be harnessed to combat 

diseases in humans, animals and plants.  Unlike primary metabolites, secondary 

metabolites are not essentially required for growth or for sustaining the 

reproduction system of the producing organisms.  However, they are normally 

used to defend the hosts against their potential competitors and predators.  These 

agents are normally harmful to other organisms that are competing with the host in 

shared environments.  In addition, they are also used as regulators, cell-cell 

communication signals and enzyme inhibitors [3, 4].   

Exploration of microbial secondary metabolites has led to the discovery of 

hundreds of biologically active compounds, some of which are currently being 

used for the treatment of various diseases in humans, animals, and plants (Figure 

1).  The most common sources of these secondary metabolites are Gram-positive 

soil bacteria from the class of actinomycetes, particularly Streptomyces.  However, 

more recent studies revealed that some bacteria, e.g., Bacillus, Pseudomonas, and 

myxobacteria, are also outstanding sources of secondary metabolites with unique 

structures and biological activities.  For example, there are more than 100 basic  
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structures and over 500 derivatives that have been isolated from myxobacteria [1, 

2, 4, 5]. 
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Figure 1.  Examples of secondary metabolites isolated from microorganisms. 
Structure, name, mechanism of action and producer are provided. 
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Most bacterial secondary metabolites are generated through a unique, 

multi-step biosynthetic process with specific enzymes for each complex structure 

formation.  Their encoding genes are normally clustered within the genome of the 

organism and the precursors for the biosynthesis are derived from primary 

metabolites [6-8].  While studies on the biosynthesis of secondary metabolites in 

actinomycete have been widely conducted, relatively little is known about the 

biosynthesis of secondary metabolites in Gram-negative bacteria, particularly in 

myxobacteria. 

 

Characteristics and Unique Behavior of Myxobacteria 

Myxobacteria belong to the δ-group of the Proteobacteria.  These bacteria 

have also been assigned into two suborders, Cystobacterineae and Sorangineae.   

Myxobacteria utilize organic materials from the environment as a food source by 

excreting extracellular proteases and antibiotics that would degrade 

macromolecular organic materials [1-5, 8, 9].   

 The unique social behaviour of myxobacteria has distinguished them from 

other bacteria.  These unicellular gliding bacteria grow vegetatively in the 

presence of adequate nutrients.  Under conditions of starvation, however, the cells 

aggregate and pile to form multicellular structures called fruiting bodies (Figure 2).  

The cells accumulate together and continue the aggregation process in an upward 

trajectory to form a treelike structure.  After stretching to the highest peak of the 

stem, the cells branch out in different directions away from the top of the stalk.  
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Thousands of vegetative cells differentiate into myxospores that are encased by 

pocket-like shells called sporangioles [1-4, 8-10].   

 

Figure 2.  Myxobacteria cell cycle. 

 

Some of the myxobacteria derived compounds contain unique structural 

characteristics and mechanisms of biological activities.  Examples of such 

compounds include the antitumor agent epothilone as well as the antifungal agents 

soraphen A, myxothiazol, and the myxalamids (Figure 3).  The latter two 

compounds will be discussed in more detail in Chapters 2 and 3.   

Epothilone B and its derivatives have been studied in more detail than the 

others.  This compound is currently in phase II clinical trials as a microtubule-

stabilizing agent against tumor cells.  It also induced the formation of multipolar 
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mitotic spindles and the enhancement of mitotic arrest at the G2/M phase of the 

cell cycle, leading to the apoptosis of cancer cells.  Microtubules, which are 

composed of two protein subunits:  α- and β–tubulin, are a crucial component of 

cell division, including the division of tumor cells [11-16].  Great attention has 

also been drawn to other secondary metabolites from myxobacteria such as the 

myxothiazols, the myxalamids, the chondramides, and the soraphens. 

In the early 1990’s, little was known regarding the biosynthetic systems 

required for secondary metabolite production in myxobacteria.  However, through 

the outstanding work of Müller and coworkers during the last several years, it now 

becomes apparent that most of the secondary metabolites in myxobacteria are 

derived from unique biosynthesis of mixed polyketide and polypeptide origin.  For 

example, both myxothiazol and myxalamid biosynthetic genes are composed of a 

unique combination of two multimodular/multifunctional enzymes, the polyketide 

synthases (PKSs) and the nonribosomal peptide synthetases (NRPSs) [17-19]. 
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Figure 3. Examples of secondary metabolites produced by myxobacteria.      
Structure, name, mechanism of action and producer are provided. 
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Assembly Line of Polyketide Megasynthases  

Polyketide-derived natural products have great potential to be developed as 

drugs against a variety of diseases due to their diverse structures and bioactivity.  

For example, they are being used as antibiotics, immunosuppressants, anti-

parasitics, cholesterol-lowering agents, anti-fungal agents and anti-cancer agents.  

Except for plant-derived chalcones and related compounds, most biologically 

active polyketides have been isolated from microorganisms, particularly bacteria 

and fungi [20-23].   

While studies on natural products biosynthesis began more than half a 

century ago, useful genetic tools were not available until the early 1980s.  

Pioneering work by Hopwood and coworkers resulted in the discovery of the first 

polyketide biosynthetic gene cluster.  Since that time, hundreds of biosynthetic 

gene clusters have been elucidated enabling the detailed study of unique tailoring 

enzymes and fastering advances in recombinant technologies and gene swapping 

experiments [22-24].   

The polyketide synthases (PKSs) have high homology with fatty acid 

synthases.  PKS can be classified into three types.  Type I PKS are encoded 

sequentially on a single polypeptide that is organized into modules.  Each 

extension unit, or module, contains three core domains- ketosynthase (KS), acyl 

carrier protein (ACP) and acyltransferase (AT) - all are required for one elongation 

step (Figure 4).  Throughout the biosynthetic process, the extending chains 

remained bound to the PKS.   
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Figure 4.  Reaction mechanism of PKS assembly line. 

 

The KS domain functions as an acceptor of building blocks during chain 

extension.  The acyl unit from the previous module is bound to a cysteine of the 

KS through a thioester linkage.  Meanwhile, the AT domain transfers the extended 

unit, usually malonyl or methyl-malonyl units, from their CoA esters to the 

prosthetic group 4’-phosphopantetheine residue of the ACP domain.  The 4’-

phosphopantetheine residue acts as a long arm to transfer the extending chain from 

one catalytic center (domain) to the others.  The KS domain catalyzes the 

formation of the carbon-carbon bond by Claisen condensation between the acyl-

KS and the ACP-bound extender unit, resulting in generation of a β-keto ester 

intermediate and a chain extension [22-27].  
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Within each module, there can be “secondary” domains located between 

the AT and ACP that carry out the reduction process during the extension.  Such 

enzyme modules include ketoreductase (KR), dehydratase (DH) and enoyl 

reductase (ER) domains, generating hydroxyl, allyl, or alkyl functional groups, 

respectively.  The presence of tailoring domains are not required in the PKS, 

however they provide additional variability for the generation of unique chemical 

structures.  After the elongation process is finished, the extended compound is 

cleaved off by a thioesterase (TE) domain and released from the enzyme complex.  

In general, the uniqueness of type I PKS systems is that within one elongation 

cycle, each module is only used once in the assembly of the polyketide backbone.   

Type II PKSs are typically involved in the biosynthesis of aromatic 

polyketides.  Aromatic polyketides are normally synthesized through the repeated 

use of a single constructed iterative PKS unit to generate a β-keto intermediate.  

Iterative PKS systems commonly include aromatases for catalyzing the cyclization 

of β-ketone chain intermediate to form aromatic ring(s), in addition to enzymes 

that are responsible for post-PKS modifications.   

Type III PKSs are the least common among PKS.  Compared to type I and 

type II PKS systems, the acyl thioester in type III is processed through chain 

elongation at a single active site, and uniquely utilizes CoA thioesters throughout 

the biosynthetic process rather than through ACP docking domains.  Similar to 

type II biosynthesis, the extended chain does not usually undergo β-keto reductive 

processing when synthesizing aromatic metabolites [22-27]. 
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In polyketide biosynthesis, CoA esters of short branched-chain carboxylic 

acids, which are derived from valine, leucine, and isoleucine, are sometimes used 

as starter units, e.g., in the myxobacterial mixed PKS/NRPS product myxothiazol, 

and the myxalamids.  Myxothiazol is primed by isovaleryl-CoA and myxalamids 

A and B are derived from 2-methyl-butyryl-CoA and isobutyryl-CoA, respectively.  

In myxobacteria, these short branched-chain carboxylic CoA esters were proposed 

to be derived from not only the branched-chain amino acids but also from a new 

shunt pathway involving the mevalonate pathway [28, 29].  Investigation on the 

new pathway is discussed in Chapter 2.     

 

Assembly Line of Non-Ribosomal Peptide Megasynthetases Machinery 

 NRPSs represent large multifunctional enzyme systems involved in the 

biosynthesis of non-ribosomal peptide natural products.  In 1954, Fritz Lipmann 

proposed that certain peptides are not synthesized by ribosomes but rather through 

multi-enzymatic pathways [30].  In the 1960s, scientists discovered the production 

of peptide compounds in the absence of ribosomes by conducting experiments 

using RNases and inhibitors of the ribosomal pathway.  Unlike ribosomes, NRPS 

systems have more flexibility for unnatural amino acid adaptation [31].  Similar to 

the PKSs, this enzyme complex is organized by modules with the subdivision of 

domains that carry out the catalytic functions.  Each module is responsible for 

incorporation of one building block (amino acid) into the extending polypeptide 

chain (Figure 5).    
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Figure 5.  Reaction mechanism of NRPS assembly line. 
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Adenylation-(A), peptidyl carrier protein-(PCP) and condensation-(C) 

domains are the three domains that are essential for the elongation of 

nonribosomal peptide biosynthesis.  Initiation of the NRPS system requires the 

modification of the PCP-domain by 4’-phosphopantetheine unit where the 

intermediate product can be docked to the enzyme through a thioester linkage 

(Figure 5A).  In a sequence specific manner, the A-domain binds to and activate a 

specific amino acid, converting it to the amino-acyl adenylate intermediate (Figure 

5B).  The activated, or adenylated, intermediate is transported to the 4’-

phosphopantetheinyl arm of the activated PCP-domain, which allows amino acids 

or peptidyl substrates to be transferred to the following catalytic center via 

covalent bonding (Figure 5C).  Elongation of the amino acid chain is catalyzed by 

the C-domain through peptide bond formation.  Chain extension occurs on the 

amino acid bound to each downstream module until termination by the TE-domain 

(Figure 5D). 

In addition, there are numerous catalytic domains that function as tailoring 

enzymes for further modifications.  These include cyclization-(Cy), halogenation 

(Hal), methylation (MT) and oxidation (Ox) domains.  In addition to the peptide 

bond formation, Cy domains catalyze heterocyclization of cysteine, serine, and 

threonine residues, generating thiazoline or oxazoline rings as intermediate.  In the 

presence of an Ox domain, both the thiazoline and oxazoline rings can be further 

oxidized to thiazoles or oxazoles, respectively.  In addition, some NRPS products 

contain combinations of L- and D-amino acid residues.  D-amino acids can be 

generated by external racemaces or, as in most cases, converted from the PCP 
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bound L-isomer by module integrated epimerization (E) domain.  Furthermore, 

MT domains catalyze methylation reactions at activated N-, C-, or O-positions [30, 

31]. 

There are three types of synthetases within the NRPS family.  They are 

known as type A, B, and C.  The A type of NRPS functions linearly.  Each module 

participates only once during one cycle of biosynthesis.  On the other hand, 

modules among the type B NRPSs can be recycled and used iteratively, generating 

homodimeric products, where type C deviates from the standard co-linearity rule. 

 

Biosynthesis of Novel Natural Products via Genetic Engineering and 

Mutasynthesis 

 
 Due to unique programming, modular type I PKS system posses high 

potential for biosynthetic engineering to generate novel secondary metabolite 

production.  To date, many biosynthetic approaches have been used for generating 

novel analogs of secondary metabolites by using unnatural precursor incorporation, 

site-directed mutation, domain module inactivation, domain/module deletion, 

domain/module insertion and domain/module swapping [22-27, 32-36].   

Site-directed mutagenesis has been considered as a less invasive, but 

effective technique to disable the function at the active site of the particular 

domain of interest.    Using this technique, a particular domain can be inactivated 

with a decreased likelihood of interfering with the overall translation and 

conformation of downstream modules [37].  For example, the mechanism of 

erythromycin biosynthesis in Saccharopolyspora erythraea has well been studied 
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by Leadlay and coworkers for the investigations of novel starter units that are 

associated with the PKS system.  The six modules on the N-terminus named 6-

deoxyerythronolide B synthase I (DEBS) catalyzes the production of 6-

deoxyerythronolide B, which then undergoes post-modification, generating 

erythromycin A.  The loading module of the synthase coordinates by one AT and 

one ACP.  During the biosynthesis, starter unit, propionyl-CoA, is loaded to the 

AT domain on the loading module transferred to the ACP prior being transported 

to the cysteine residue of the active site of the KS domain on the first extension 

module.  In another study of the DEBS pathway, the active site cysteine within the 

KS domains was replaced with glutamine [26, 27].  The modified KS domains 

accept malonyl-CoA.  Fascinatingly, the synthesized starter units with CoA moiety 

are accepted by the AT-ACP loading didomain, where the free carboxylic acid 

form of starter units are loaded by a NRPS-like A-T didomain at the N-terminus of 

the erythromycin PKS [26, 27].  In the current study, site-directed mutagenesis 

techniques were also employed in studying the domain flexibility and substrate 

specificity of myxalamid biosynthesis.    
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CHAPTER 2 

Investigation of a Novel Biosynthetic Pathway Providing 
Precursors for Secondary Metabolite Formation in Myxobacteria 

 

INTRODUCTION 

 

Small branched-chain fatty acids (BCFAs) are normally derived from 

branched-chain amino acids.  BCFAs are formed by the catalysis of amino acids 

by the branched-chain amino acid transaminase and branched-chain α-keto acid 

dehydrogenase complex.  For example, branched-chain amino acids, such as 

leucine, isoleucine, and valine, are converted to isovaleryl (IV)-CoA, 2-

methylbutyryl-CoA, and isobutyryl-CoA, respectively, where they serve as 

precursors for branched-chain fatty acids.  At the same time, they also serve as 

starter units for the formation of numerous secondary metabolites including the 

antifungal agent myxothiazol, which was isolated from the myxobacterium S. 

aurantiaca strain DW 4/3-1 [38].   

Myxothiazol was first characterized and isolated from Myxococcus fulvus 

Mx f16 by Thierbach, Reichenbach and their coworkers in 1980 [39].  It was later 

found that this compound is also produced by S. aurantiaca strain DW 4/3-1 [29].  

This antibiotic is active against yeasts, fungi and some Gram-positive bacteria.  

However, the antibiotic has no inhibition against Gram-negative bacteria.  

Myxothiazol showed high toxicity towards eukaryotic cells, including chicken 

embryo fibroblasts and ascites cells, as well as towards animals, such as mice [39].   
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Myxothiazol was first considered as a cytostatic agent, which inhibits, 

suppresses, or delays cellular growth and multiplication.  However, inhibitory 

effect recovery in the presence of glucose suggested that myxothiazol interferes 

with cellular respiration.  Further investigation revealed that this antibiotic disrupts 

cytochrome b in the cytochrome b-c1 segment in the respiratory chain by inhibiting 

oxygen consumption of mitochondria as well as NADH oxidation by 

submitochondrial particles [29, 40].   

Myxothiazol has a unique structure.  This compound contains two thiazole 

ring structures embedded in linear polyketide backbone, a β-methoxy-acrylate and 

a terminal amide structure [28, 29].  An isotopically labeled amino acid feeding 

experiment showed incorporation of cysteine and leucine into myxothiazol 

biosynthesis [39], where as the terminal amide has been found to be derived from 

glycine (unpublished data). 

The biosynthetic gene cluster of myxothiazol has been identified in S. 

aurantiaca DW 4/3-1.  It consists of six PKS and three NRPS modules, including 

a hybrid PKS/NRPS gene, which are located in the vicinity of the 4’-

phosphopantetheinyl transferase, MtaA (Figure 6).  Inactivation of MtaA and 

MtaB both impaired the production of myxothiazol [19, 41].  It has been suggested 

that the CoA thioester of a small branched-chain fatty acid, 3-methylbutyrate (also 

known as isovaleryl-CoA, or IV-CoA), is the precursor of myxothiazol [26, 29].   
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Figure 6.  Myxothiazol biosynthetic gene cluster and proposed biosynthetic 
pathway in S. aurantiaca strain DW 4/3-1.   

 

In addition to myxothiazol biosynthesis, a large portion of myxobacteria 

membranes are composed of iso-branched fatty acids.  This type of fatty acid 

enhances membrane fluidity.  It also allows thermal adaptation.  The branched 
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chain α-keto acid dehydrogenase gene (bkd), which is also called esg gene in 

myxobacteria, has been identified from S. aurantiaca DW 4/3-1 [19].  During 

development, this gene is essential for cell-cell signaling [42].  Mutants of the esg 

gene were unable to develop fruiting bodies on agar media, even under a condition 

of depleted nutrients [43].   

The Esg protein is composed of two polypeptide chains referred to as 

Esg1-α and Esg1-β.  It was proposed that inactivation of the esg locus would have 

an effect on the regulation of production of the starter molecules for both the 

primary metabolites – such as iso-fatty acids – and secondary metabolites, such as 

myxothiazol.  The Müller group and co-workers identified and inactivated this 

gene by deleting a fragment (450 bp) of the esg1-β subunit.  Surprisingly, the 

mutant still produced iso-fatty acids but in lower amounts compared to the wild 

type [29, 44].   In addition, the mutant also produced myxothiazol, although in 

lesser amounts than that of the wild-type strain.  On the other hand, the mutant did 

not produce other derivatives.  This experiment revealed that the esg mutant can 

use an alternative biosynthetic pathway to generate IV-CoA.   

Feeding experiments with deuteriated leucine (D10) to the wild type strain 

showed incorporation of the isotope into the myxothiazol. However, feeding 

experiments with the esg mutant strain showed no incorporation of the isotope.  

These results suggest the possibility that the starter unit, IV-CoA, is synthesized 

from an alternative biosynthetic pathway. 

Unlike the wild-type, results from feeding experiments using 13C-labeled 

acetate revealed that leucine is not utilized as a precursor for the myxothiazol 
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starter unit in the esg mutant.  Alternatively, the 13C-labeling pattern is indicative 

of production via the mevalonate pathway.  Thus, the mevalonate pathway may be 

responsible for the formation of IV-CoA in myxobacteria, when the primary route 

through leucine metabolism is compromised.   

To address this possibility, the isotopically labeled free acid form of 3,3-

dimethylacrylyl-CoA (DMA-CoA), 3,3-dimethylacrylate (DMAA), was 

synthesized and fed to the mutant.  The result showed that DMAA was 

incorporated into myxothiazol (45% incorporation).  DMAA was also incorporated 

into iso-fatty acids (75% incorporation), which clearly indicates the involvement 

of DMA-CoA in the alternative pathway [29].  It also suggests that there is a 

correlation between the mevalonate pathway and BCFA biosynthesis in 

myxobacteria. 

The typical mevalonate pathway begins from acetate to acetyl-CoA, which 

is converted to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) via acetoacetyl-

CoA.  HMG-CoA is the precursor of isoprenoid biosynthesis.  Alternatively, 

leucine is also proposed to be involved in the isoprenoid biosynthesis through 

trans-3-methylglutaconate (trans-3MGA) pathway [45].  Leucine is first converted 

to IV-CoA, followed by DMA-CoA, 3-methylglutaconyl-CoA (3MG-CoA), then 

HMG-CoA.   

Alternatively, it is also possible that leucine participates in the 

incorporation of isoprenoids via the hypothetical trans-3-methylglutaconate 

pathway.  This pathway suggests that one of the intermediates from leucine 

degradation, either 3MB-CoA or DMA-CoA, is reduced to the corresponding 
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isopentenyl alcohol (IPOL) or dimethylallyl alcohol (DMAOL), respectively, 

followed by phosphorylation to prior entering to the mevalonate pathway (Scheme 

1). 

To determine the relationship between IV-CoA and the mevalonate 

pathway in myxobacteria, studies were carried out to investigate the shunt pathway 

using both wild-type and esg mutant strains of S. aurantiaca strain Sg a15.  The Sg 

a15 strain produces aurachin, a quinoline alkaloid containing a sesquiterpene side 

chain known to be derived from the mevalonate pathway.  Thus, this strain will 

serve as a good comparative strain to evaluate in concert with the myxothiazol 

producer, S. aurantiaca strain DW 4/3-1.   
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RESULTS AND DISCUSSION 

 

Involvement of 3MGA in the Alternative Pathway to IV-CoA 

 To determine the involvement of 3-methylglutaconyl-CoA (3MG-CoA) in 

the alternative pathway from acetyl-CoA to IV-CoA, deuterium labeled 3-

methylglutaconic acid (3MGA) was synthesized and fed to the esg mutant strain of 

the myxothiazol producer.  The preparation of the isotopically labeled intermediate 

was initiated from methyl acetoacetate via a modified method published by 

Kuchkova et al. using D2SO4/D2O and KOD/D2O as deuterium sources [37].  The 

product was identified according to its TLC and mass spectrometry result in 

comparisons with those of the unlabeled analog.  Feeding experiments with 

[D6]3MGA showed no incorporation into either myxothiazol or BCFAs in the bkd 

mutants of S. aurantiaca DW 4/3-1.  

[D3]HMGA, the deuteriated, free acid form of HMG-CoA, was also fed to the 

wild-type and the mutant strains of the myxothiazol producer.  HMGA is 

recognized as an antilipemic agent, which is used to interrupt the enzymatic steps 

in the conversion of acetyl-CoA to HMG-CoA.  In addition, this compound also 

inhibits mammalian HMG-CoA reductase activity.  Contrary to this, HMGA was 

expected to be activated and utilized for the steroid and IV-CoA biosynthesis in S. 

aurantiaca.  LC-MS analysis showed no incorporation of the [D3]HMGA into 

myxothiazol although both strains, the wild-type and the esg mutant of S. 

aurantiaca DW 4/3-1, grew normally with antibiotic productions. 
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Synthesis and Assessment of [D5]3MBA, [D7]IPOL, and [D8]DMAOL as Possible 

Intermediates Involved in IV-CoA biosynthesis 

 
Possible intermediates - 3MB-CoA, isopentenyl diphosphate (IPP) and its 

free alcohol IPOL, or dimethylallyl diphosphate (DMAPP) and DMAOL – may be 

related to acetyl-CoA and IV-CoA via the mevalonate pathway (Scheme 1).  To 

determine the involvement of any of the possible intermediates in IV-CoA 

biosynthesis, the isotopically labeled corresponding free acid, [D5]3MBA, along 

with [D7]IPOL and [D8]DMAOL were synthesized and fed to the myxothiazol 

producer, S. aurantiaca strain EBS7.   

[D5]3MBA was prepared from [D6]DMAA with lithium diisopropylamide 

(LDA) at –78 °C for 1 h [29], followed by quenching with 10% HCl solution, 

producing a mixture of [D6]DMAA and [D5]3MBA in approximately 4:6 ratio.  

[D5]3MBA was isolated as yellowish syrup (% atom D >95% as judged by GC-

MS and 1H-NMR data) through silica gel column chromatography.  The product 

mixture of [D6]DMAA and [D5]3MBA can be distinguished since the latter 

compound lacks  UV absorption at 254 nm, but can be detected using TLC under 

potassium permanganate exposure.  [D5]3MBA was reduced by lithium aluminum 

deuteride (LiAlD4) at room temperature, generating [D7]IPOL (% atom D >85%),  

whereas the reaction of ethyl [D6]DMAA with the same reducing agent produced 

[D8]DMAOL (% atom D >90%).  The fragmentation pattern of which in the GC-

MS analysis is consistent with that of the authentic compound, 3-methyl-2-buten-

1-ol (Aldrich). Ethyl [D6]DMAA was synthesized from deuterium labeled acetone, 
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[D6]acetone and triethyl phosphonoacetate using the Wittig/Wadsworth-Emmons 

reaction [29]. 

Feeding experiments and mass spectrometry analysis of the products 

revealed that [D5]3MBA was the only compound incorporated into myxothiazol 

with approximately 45% incorporation (Table 1).  Incorporation experiments with 

[D6]DMAA and [D9]IVA were also carried out for comparisons and the result 

showed that both compounds were incorporated into myxothiazol with 

incorporation of approximately 40% and 55%, respectively [28].  Similar results 

were obtained for the incorporation of [D5]3MBA into branched-chain fatty acids 

(Table 2).  

 

Myxothiazol  Aurachin 
Compounds Amount 

Fed DW4/3-
1 DWEBS7  Sg 

a15 
 Sg 
aEBS7 

[D6]3MGA 1 mM – –  – – 
[D3]HMGA 1 mM – –  NT - 
[D5]3MBA   1 mM – ++++  + +++ 
[D6]DMAA 1 mM – ++++  +– ++ 
[D9]IVA 1 mM NT +++++  NT +++ 
[D7]IPOL 1 mM – –  – – 
[D8]DMAOL 1 mM – –  – – 
[D10]Leucine 3.8 mM +++++ –  + NT 
[2-13C]mevalonolactone 1 mM NT –  NT + 
Table 1. Incorporation of isotopically labeled intermediates into myxothiazol and 
aurachin.  +– (1-5), + (5-15%), ++ (16-25%), +++ (26-35%), ++++ (36-45%), 
+++++ (46-55%). 
NT: Not Tested. 
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Sg a15  Sg aEBS7 
Fatty acid 

[D6]DMAA [D5]3MBA   [D6]DMAA [D5]3MBA  
iso-15:0 0 0  33 74 
iso-15:0 aldehyde 0 0  33 70 
iso-16:0 0 0  51 75 
iso-17:0 0 0  36 80 
iso-17:0 2OH 0 0  39 77 
iso-17:0 3OH 0 0  35 60 
Table 2. Incorporation of [D6]DMAA and [D5]3MBA into fatty acids. 
 

Incorporation of Mevalonolactone into Aurachin, But Not  Myxothiazol  

 The lack of incorporation of [D8]DMAOL and [D7]IPOL into myxothiazol 

suggests that the shunt pathway does not utilize IPP or DMAPP as intermediates.  

For further confirmation, incorporation experiments using [2-13C]mevalonolactone 

to the esg mutants of both the myxothiazol and the aurachin producers were 

carried out.  The ESI-MS analysis showed incorporation of mevalonolactone into 

aurachin (approximately 20%), whereas there was no incorporation into 

myxothiazol in S. aurantiaca strain DW4/3-1/EBS7. 

 

Enzymatic Decarboxylation/Dehydration of HMG-CoA  

To investigate the involvement of HMG-CoA in the shunt pathway, in vitro 

experiments using cell-free extracts of the esg mutant and wild type of S. 

aurantiaca DW4/3-1 were carried out.  The reactions were performed using HMG-

CoA as a substrate in the presence of adenosine triphosphate (ATP), dithiothreitol 

(DTT), EDTA, PMSF as well as the HMG-CoA reductase inhibitor mevinolin.   

Analysis of the reaction products using ESI-MS (negative-ion mode) suggested a 

significant enzyme activity in the cell-free extract of the esg mutant that converted 

HMG-CoA to a major product.  Incubation of HMG-CoA with cell free extract of 
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the esg mutant produced a product with pseudo-molecular ions at m/z=848 [M-H]- 

and a doubly charged ion species at m/z=424, which correlated with the 

decarboxylation/dehydration product of HMG-CoA (Figure 7B).  ESI-MS analysis 

of commercially available standard DMA-CoA (Sigma) and synthetic 3MB-CoA, 

which was synthesized from 3MBA and coenzyme A using the procedure reported 

by Kawaguchi et al. both gave an identical set of pseudo-molecular ions. Tandem 

mass spectrometry experiments with these compounds did not provide any 

information to differentiate the two CoA esters. While approximately 10% of the 

enzyme activity was also observed in the cell free extract of the wild type strain 

(Figure 7A), no products could be detected in the reaction with boiled cell-free 

extract (Figure 7C). On the other hand, incubation of cell free extract of the bkd 

mutant and HMG-CoA in the absence of ATP resulted in only trace amounts of the 

expected product (data not shown). 
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Figure 7. ESI-MS analysis of enzymatic reaction with HMG-CoA and cell-free 
extractions of S. aurantiaca DW4/3-1 and the bkd mutant.  A) Cell-free extract of 
the wild-type incubated with HMG-CoA; B) cell-free extract of the mutant 
incubatd with HMG-CoA; C) boiled cell-free extract of the mutant and HMG-CoA; 
D) cell-free extract of the mutant only.  Peaks at 910 and 932 (singly charged) and 
455 and 466 (doubly charged) represent pseudo-molecular ion species of HMG-
CoA and its sodium salt, respectively.  Peaks at 848 and 424 (marked as single and 
double stars, respectively) represent pseudo-molecular ion species of the product. 
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The Fate of Leucine in S. aurantiaca Sg a15  

 In many organisms, leucine is catabolized to acetyl-CoA prior to entering 

the mevalonate pathway.  However, in some species, leucine was found to be 

directly incorporated into isoprenoids as the IVA backbone.  In myxobacteria, IV-

CoA is derived from HMG-CoA via 3MB-CoA and DMA-CoA.  Thus, it is 

interesting to investigate the isoprenoid productions using L-leucine as substrate 

through the same pathway, but in opposite directions.  Incorporation experiments 

with [D10]leucine (3.8 nM) were carried out with the wild-type strain of auranchin 

producer S. aurantiaca Sg a15 to determine the isoprenoids biosynthesis.   

 Feeding experiment using isotopically labeled leucine showed 

incorporation into the isoprene units of the aurachins with mass unit [M+H+5]+ 

(from incorporation of leucine derived DMAPP) and [M+H+6]+ (from 

incorporation of leucine derived IPP) with approximately 10% of both isotopomers.  

This result suggests the possibility of the shunt pathway to operate reversibly in 

myxobacteria.   Similar results were previously conducted for the incorporation of 

label into cycloartenol with approximately 15% incorporation into the [(M-

HOSiMe3)+5]+ and the [(M-HOSiMe3)+6]+ isotopomers [46]. 

 

Investigation of the Involvement of the Shunt Pathway in Isoprenoid Biosynthesis  

To investigate the involvement of the shunt pathway in the biosynthesis of 

isoprenoids in myxobacteria, feeding experiments with a number of isotopically 

labeled potential intermediates and a esg mutant of the aurachin producer strain 
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were carried out.  The mutant strain was obtained from the Müller Group at 

Saarland University. 

Similar to the previous experiments, incorporation of [D5]3MBA and 

[D6]DMAA into branched-chain fatty acids of S. aurantiaca Sg a15 and its 

descendants was observed in the mutants and no incorporation of either labeled 

compound in the wild type (Table 2).  Additionally, [D5]3MBA, [D6]DMAA, and 

[D9]IVA were incorporated into aurachin but [D6]3MGA, [D9]DMAOL and 

[D7]IPOL were not.  These incorporation results revealed the participation of the 

proposed intermediates in the biosynthesis of isoprenoids.  Feeding with 

[D5]3MBA and [D6]DMAA both gave [M+H+4]+ and [M+H+5]+ as the 

predominant pseudo-molecular ion species, with approximately 35% incorporation 

for 3MBA and 15% for DMAA, together with other pseudo-molecular ion which 

have different levels of deuterium label.  On the other hand, [D9]IVA 

predominantly gave [M+H+5]+ and [M+H+6]+ pseudo-molecular ion species with 

approximately 25% incorporation.   This result is consistent with the loss of three 

deuterium atoms due to dehydrogenation and isomerization reactions to 3MB-CoA.  

The same phenomenon was also observed in the experiments with L-[D10]leucine, 

in which at least four deuterium atoms are lost during transamination, 

dehydrogenation and isomerization processes. A non-specific wash out of one or 

more deuterium also appeared to occur during the conversion of 3MB-CoA to the 

isoprene moieties of aurachin, as pseudo-molecular ions with lower levels of 

deuterium labeling were also observed.   

 



30 

CONCLUSION 

 

A biosynthetic shunt pathway branching from HMG-CoA of the 

mevalonate pathway to isovaleryl CoA which is one of the precursors of iso-fatty 

acids and also the starter unit of myxothiazol via 3MB-CoA and 3MG-CoA was 

identified in strains of the myxobacterium Stigmatella aurantiaca.  The pathway is 

up-regulated in the esg mutants where the branched-chain α-keto acid 

dehydrogenase gene, which functions in amino acid degradation, is inactivated.  

We proposed that in this pathway, isovaleryl-CoA is derived from 3,3-

dimethylacrylyl-CoA (DMA-CoA), which is an isomerization product of 3-

methyl-but-3-enoyl-CoA (3MB-CoA).  The latter compound is directly derived 

from 3-hydroxy-3-methylglutoryl-CoA (HMG-CoA) by a decarboxylation/ 

dehydration reaction.  

Incubation of cell-free extracts of a esg mutant with HMG-CoA gave 

product(s) with the molecular mass of 3MB-CoA or DMA-CoA.  The shunt 

pathway most likely also operates reversibly and provides an alternative source for 

the monomers of isoprenoid biosynthesis in myxobacteria that utilize L-leucine as 

precursor (Figure 8).   
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MATERIALS AND METHODS 

 

Instruments and Chemicals 

The 1H and 13C NMR spectra were recorded on Bruker AF-300 or AM500 

NMR spectrometers with MacNMR 5.5 PCI as the instrument controller and data 

processor. Low-resolution mass spectra were recorded on a Bruker-Esquire 

(electrospray ionization) and a ThermoFinnigan LCQ Advantage (electrospray and 

atmospheric pressure chemical ionizations) Liquid Chromatograph-Ion Trap Mass 

Spectrometers. A Bruker APEX III 4.7 T Fourier transform (Ion Cyclotron 

Resonance) Mass Spectrometer was used for the high-resolution mass 

spectrometry. A quadrupole mass spectrometer (Hewlett Packard model 5971A) 

with gas chromatograph (model 5890) inlet, was used for the GC-MS experiment. 

A ISF-4-V shaker, Adolf Kuhner AG, was used for the fermentation. All synthetic 

reactions were carried out under an atmosphere of dry argon at room temperature 

in oven-dried glassware unless otherwise noted. Reactions were monitored by TLC 

(silica gel 60 F254, Merck) with detection by UV light, alkaline permanganate or 

Ce(SO4)2/H2SO4 solutions. Column chromatography was performed on 230-400 

mesh silica gel (Aldrich). For HPLC, a Beckman System Gold Programmable 

Solvent Module was used with a Beckman System Gold Diode Array Detector 

Module. All non-isotope-labeled chemicals were purchased from Aldrich or Sigma 

and used without further purification unless otherwise noted. [D2]Sulfuric acid was 

purchased from Isotec, Inc. [D6]Acetone, [D4]methanol, CDCl3, D2O were 

purchased from Cambridge Isotope Laboratories, Inc.  [D9]Isovaleric and 3-
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hydroxy-3-[D3]methylglutaric acids were purchased from CDN Isotopes, Inc. DL-

[D10]leucine was purchased from Campro Scientific. 

 

Incorporation Experiments with Isotopically Labeled Compounds 

Incorporation experiments with [D5]3MBA, [D6]DMAA, [D9]IVA, 

[D6]3MGA, [D7]IPOL, [D8]DMAOL, [D3]HMGA, and DL-[D10]leucine were 

carried out in tryptone-starch medium (100 ml) after inoculation with 1x107 cells. 

The cells were grown at 28 °C in a gyratory shaker (200 rpm) for 24 h and the 

labeled compounds were pulse-fed in equal amounts at 24 h, 26 h, 28 h, 44 h, 46 h, 

52 h, 68 h, and 74 h to give final concentrations of 1 mM. Two grams of Amberlite 

XAD-1180 were added to each flask after 80 h. The cells and the resin were 

harvested after 96 h.  

 

Analysis of Precursor Incorporation into Fatty Acids, Myxothiazol, Aurachin and 

Cycloartenol 

Fatty acid analysis was carried out according to published procedures [29]. 

Myxothiazol was isolated from S. aurantiaca DW4/3-1 and the bkd mutant by 

repeated acetone extraction of cell pellets and resins and the extracts were dried 

over anhydrous sodium sulphate. The organic solvent was evaporated to dryness 

and the residues were dissolved in a small amount of methanol, filtered using an 

Acrodisc 0.2 µm PVDF membrane (Pall) and subjected to LC-MS analysis 

(analytical column: Agilent Zorbax SB-C8; solvent gradient: acetonitrile – 0.2% 

aqueous acetic acid 6:4 → 100% acetonitrile). Aurachin was isolated from S. 
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aurantiaca Sg a15 and its bkd mutant (strain EBS7) using the same procedure 

described for myxothiazol. Cycloartenol was isolated as described previously [21]. 

The incorporations were obtained by comparisons of the selected ion monitoring 

mass spectra of the isotope peaks with the parent peaks of the samples. 

 

Cell Disruption and Enzyme Assay 

Cells from culture of S. aurantiaca DW 4/3-1 and strain EBS7 (50 mL 

each) were disrupted by sonication in buffer A [sodium phosphate buffer pH 7.4 

(50 mM), EDTA (1 mM), dithiothreitol (1 mM), and phenylmethyl sulfonyl 

fluoride (PMSF) (1 mM)], and the resulting cell-free extracts were clarified by 

centrifugation (10,000 x g, 20 min, 4 °C). Incubations of HMG-CoA with the cell-

free extracts were carried out with substrate (5 mM), ATP (25 mM), mevinolin (1 

mM), cell-free extract (50 µL), and buffer A to a final incubation volume of 100 

µL. The reaction mixtures were incubated at 30°C for 3 h and then lyophilized. To 

the residues, MeOH (200 µL) were added, and the mixtures were agitated in a 

Vortex mixer and allowed to stand for 30 min. The suspensions were centrifuged 

to remove the precipitates and the supernatants were subjected to mass 

spectrometry analysis. 

 

Synthesis of 3MGA 

Methyl acetoacetate (9.29 mL) was added dropwise to concentrated H2SO4 

(16.2 mL) at 0 °C. The mixture was stirred at room temperature for 4 days, ice (40 

g) was added and the mixture was stirred for another 5 min. The products were 
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extracted with ethyl ether (3 x 50 mL) and the organic layer was pooled and 

washed with water and brine. The solution was dried over anhydrous sodium 

sulfate and concentrated in vacuum to give crude crystals. The crystals were 

dissolved in MeOH (10 mL) and cooled to 0 °C. A solution of KOH (20 g) in H2O 

(20 mL) was added dropwise over 30 min and the mixture was stirred at room 

temperature for 1 h. Water (100 mL) was added and the mixture was acidified to 

pH 1 with concentrated hydrochloric acid (HCl). The products were isolated with 

ethyl acetate and the organic layer was washed with brine and dried over 

anhydrous sodium sulfate. The organic solvent was evaporated under reduced 

pressure and the residue was chromatographed over a silica gel column (50 g silica 

gel, eluent: n-hexane:EtOAc 2:1  1:1  1:2  EtOAc) to give white crystals of 

trans-3MGA and its cis-isomer in a 1:1 ratio. The geometrical configurations of 

the products were determined by NOE experiments. Repeated recrystallization (in 

n-hexane:Et2O 1:1) of the mixture increased the trans/cis-isomer ratio to 

approximately 95:5. 1H NMR (300 MHz, CDCl3): for the trans-isomer δH 2.21 

(3H, d, J = 1.75 Hz, 6-CH3), 3.20 (2H, d, J = 1.0 Hz, 4-H2), 5.82 (1H, m, 2-H); for 

the cis-isomer δH 1.98 (3H, d, J = 1.56 Hz, 6-CH3), 3.76 (2H, s, 4-H2), 5.86 (1H, 

m, 2-H). Electrospray-MS m/z 167.0 [M + Na]+. Electrospray-HRMS: m/z 

167.0323 [M + Na]+; Calcd for C6H8O4Na 167.0320. 

 

Synthesis of [D6]3MGA 

[D6]3MGA was synthesized according to the procedure developed for the 

unlabeled analog. However, D2SO4 (96% in D2O, %D = 99%), CD3OD, and a 
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solution of KOD (24 g) in D2O (24 mL) were used in the synthesis to give 

[D6]3MGA, as amorphous crystals; TLC Rf 0.2 (n-hexane:EtOAc 1:1). 

Electrospray-MS m/z 173.1 [M + Na]+. Electrospray-HRMS: m/z 173.0698 [M + 

Na]+; Calcd for C6H2D6O4Na 173.0697. 

 

Synthesis of [D5]3MBA 

To a solution of diisopropylamine (1.32 mL, 9.4 mmol) in anhydrous THF 

(10 mL) butyllithium solution (5.89 mL, 9.4 mmol) in hexane (1.6 M) was added 

at –20 °C under an argon gas atmosphere. The solution was stirred at room 

temperature for 15 min. The mixture was then cooled to –78 °C and a solution of 

[D6]DMAA (500 mg, 4.7 mmol) in THF (7 mL) was added. The reaction mixture 

was stirred at – 78 °C for another 1 h. The reaction mixture was quenched while 

stirring with 10% HCl (10 mL) at –78 °C and allowed to warm to room 

temperature. The product was extracted with ethyl ether (2x15 mL) and the extract 

was washed with brine and dried over anhydrous sodium sulfate and concentrated 

in vacuo. The resulting residue was purified by silica gel column chromatography 

(n-hexane:ethyl ether 5:1  4:1  3:1, v/v). Concentration of the appropriate 

fractions afforded [D5]3MBA (192 mg, 1.83 mmol, 38.9%) as a yellowish liquid; 

TLC Rf 0.35 (n-hexane:Et2O 2:1, UV negative), and recovered [D6]DMAA (279 

mg, 2.63 mmol, 56%); TLC Rf 0.40 (UV positive). 1H NMR (300 MHz, CDCl3) 

δH 3.08 (2H, s, 2-H2); for unlabeled analog: δH 1.84 (3H, d, J = 0.7 Hz, 3-CH3), 

3.09 (2H, s, 2-H2), 4.90 (1H, m, 4-Ha), 4.96 (1H, m, 4-Hb). GC-MS for [D5]3MBA 

(Agilent J&W Scientific GC DB-5MS column; oven initial temp: 50°C (run for 5 
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min); gradient rate: 10 °C/min; final temp: 220 °C), Rt 5.1 min, EI-MS: 105 [M]+, 

87, 77, 60 (100), 52. GC-MS for [D6]DMAA, Rt 5.3 min, EI-MS: 106 [M]+, 88, 60, 

52. 

 

Synthesis of [D8]DMAOL 

To a solution of ethyl [D6]3,3-dimethylacryloate (500 mg, 3.4 mmol) in 

tetrahydrofuran (12 mL) LiAlD4 solution in THF (1.0 M, 7.0 mL) was added at –

78 °C. The mixture was stirred for 1.5 h at room temperature and quenched by an 

addition of 2N hydrochloric acid solution (10 mL), ether (50 mL) and water (40 

mL). The product was extracted with ether (3 times) and the ether portion was 

washed with brine and dried over anhydrous sodium sulfate. The product was 

chromatographed over a silica gel column (n-hexane:Et2O 5:1) to give 

[D8]DMAOL (160 mg, 50%) as a colorless liquid; TLC Rf 0.25 (n-hexane:ethyl 

acetate, 2:1, v/v); Electrospray-MS m/z 211.2 [2M + Na]+. Electrospray-HRMS: 

m/z 211.2264 [2M + Na]+. Calcd for C10H4D16O2Na 211.2365. GC-MS for 

[D8]DMAOL (Agilent J&W Scientific GC DB-5MS column; oven initial temp: 

50°C (run for 5 min); gradient rate: 10 °C/min; final temp: 220 °C), Rt 3.87 min, 

EI-MS: 94 [M]+, 76 (100), 57. GC-MS for the authentic compound (Aldrich), Rt 

4.00 min, EI-MS: 86 [M]+, 71 (100), 53. 

 

Synthesis of [D7]IPOL 

To a solution of [D5]3MBA (200 mg, 1.9 mmol) in tetrahydrofuran (6.4 

mL) LiAlD4 solution in THF (1.0 M, 4.0 mL) was added at –78 °C. The mixture 
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was stirred at room temperature for 1 h. The reaction was quenched by an addition 

of 2N hydrochloric acid solution (6 mL), ether (30 mL) and water (24 mL). The 

product was extracted with ether (3 times) and the ether portion was washed with 

brine and dried over anhydrous sodium sulfate. The product was chromatographed 

over a silica gel column (n-hexane:Et2O 5:1) to give [D7]IPOL (80 mg, 45%) as a 

colorless liquid; TLC Rf 0.25 (n-hexane:ethyl acetate, 2:1, v/v). GC-MS for 

[D7]IPOL (Agilent J&W Scientific GC DB-5MS column; oven initial temp: 50°C 

(run for 5 min); gradient rate: 10 °C/min; final temp: 220 °C), Rt 4.05 min, EI-MS: 

93 [M]+, 73 (100), 61, 56. 
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CHAPTER 3 

Mutagenetic Approaches to Novel Myxalamids in S. aurantiaca 

  

INTRODUCTION 

 

The myxalamids are a group of myxobacterial bioactive secondary 

metabolites with unique structures.  These antibiotics were first isolated from the 

myxobacterium Myxococcus xanthus Mx12 by Thierbach and coworkers in 1983 

[47].  After the discovery in Mx 12, production of this secondary metabolite was 

also found in S. aurantiaca strain Sg a15, and other species of myxobacteria.   

Myxalamids were found to be active against yeast, molds and some Gram-

positive bacteria [47].  They were also found to be potent electron transport 

inhibitors of the respiratory chain [47, 48].  Treatment of beef heart 

submitochondrial particles with myxalamid B showed inhibitory effects on 

nicotinamide adenine dinucleotide (NADH):ubiquinone oxidoreductase (NADH 

dehydrogenase or complex I).   

Despite their strong antifungal activity, further development of these drugs 

was discontinued due to their relatively high level of cytotoxicity [47, 49].  

Therefore, improvement of their chemical properties is required for them to be 

developed as therapeutically useful drugs.  As the chemical structures of the 

myxalamids are relatively complex, it is less desirable to generate new analogs of 

myxalamid through conventional organic synthetic methods.  Alternatively, 

generation of novel analogs of the myxalamids was proposed via mutagenetic or 
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biosynthetic approaches.  A combination of genetic engineering and biochemical 

methods to dissect the acquisition and incorporation processes of substrates in the 

biosynthetic machinery of myxalamid could lead to the discovery of new bioactive 

natural products with potential pharmaceutical uses.   

There are four homologues of the myxalamids (A-D) produced by S. 

aurantiaca Sg a15.  They are derived from acetate, propionate and amino acids 

with the involvement of a combined type I PKS and NRPS systems.  Branched-

chain fatty acid CoA esters (2-methylbutyryl-CoA and isobutyryl-CoA) are used 

as starter units for myxalamid A and B biosynthesis, where as propionyl-CoA and 

acetyl-CoA provide the starter units for myxalamid C and D, respectively.  

Differences in their starter units suggest that the loading module of the 

biosynthetic machinery of myxalamids has broad substrate specificity (Figure 9).  

Thus, the broad substrate recognition of myxalamid biosynthetic enzymes can be 

exploited to lead to the generation of novel myxalamid analogs by substrate 

alterations.  

As previously mentioned, the biosynthetic gene cluster of myxalamids in S. 

aurantiaca strain Sg a15 is composed of NRPS and PKS.  The first open reading 

frame, MxaF, comprises the loading module and the first extension module that 

are responsible for myxalamid biosynthesis (Figure 10) [31]. 
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Figure 9. The myxalamid biosynthetic gene cluster in S. aurantiaca strain Sg a15 
and chemical structures of the natural myxalamids.  Genes and partial structure 
show in green and blue represent the PKS and NRPS respectively.  The location 
for starter unit incorporation shown in red.   
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 Preliminary feeding experiments with N-acetylcysteamine (SNAC) 

derivatives of the natural starter units to the myxalamid producer showed an 

increased production of the corresponding myxalamids (Figure 11).  For instance, 

the production of myxalamid B and C increased dramatically when the precursors, 

isobutyryl-SNAC or propionyl-SNAC, respectively, were fed in excess (Figure 

11B,C), indicating that the production of the myxalamids is dependent on the 

availability of the starter molecules present in the cells.  SNAC derivatives, which 

resemble the structure of CoA esters with a thiol linkage and less complex 

molecular structure, were used for the replacement of the CoA moiety throughout 

the feeding experiments, because CoA esters normally cannot penetrate the 

microbial cell wall. 

 

Figure 11. HPLC analysis of cultures of S. aurantiaca EBS7-1 fed with exogenous 
starter molecules.  A) Control with no feeding; B) S. aurantiaca EBS7-1 fed with 
isobutyryl-SNAC; C) S. aurantiaca EBS7-1 fed with propionyl-SNAC; D) S. 
aurantiaca EBS7-1 fed with benzoyl-SNAC.  MxaA: myxalamid A; MxaB: 
myxalamid B; MxaC: myxalamid C; MxaD: myxalamid D. 
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Interestingly, feeding experiment with an unnatural SNAC compound, 

benzoyl-SNAC, produced a number of novel secondary metabolites that have 

never been detected previously in the wild-type cultures (Figure 11).  Fractions of 

each produced compounds were collected and analyzed by electrospray ionization 

mass spectrometry (ESI-MS).  The result showed that the novel compounds gave 

different mass units than of the four natural myxalamids.  Based on their MS-MS 

fragmentation patterns (Figure 12), the chemical structures of the novel 

compounds have been proposed as shown in Figure 13.   

Figure 12. ESI-MS analysis of the feeding experiment products.  The result shows 
different fragmentation patterns for [M+H]+ and [M+Na]+ ions 
 

The majority of the novel compounds are proposed to be benzoyl esters of the 

myxalamids (M-P-5 – M-P-19).  For these compounds, the benzoyl moiety is 

functioning as a tailoring unit after the completion of the normal biosynthesis of 

the myxalamids (Figure 13).  However, one of the new products (M-P-5) contains 

benzoyl moiety at the start unit position, which suggests that the benzoyl unit can 
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be used as a starter unit during myxalamid biosynthesis.  However, the production 

of this new compound is relatively low in comparison with the natural products, 

suggesting the possibility of direct competition between the benzoyl-SNAC and 

the natural substrates or that the benzoyl moiety is not recognized or extended as 

efficiently by the enzyme.  

 

 
Figure 13. Novel metabolites isolated from cultures of S. aurantiaca EBS7-14 fed 
with IV-SNAC and benzoyl-SNAC.  Most of the compounds show modification 
on the myxalamid backbone, where M-P-5 shows incorporation of benzoyl 
thioester moiety at the starter unit position of the myxalamids. 
 
 
 

Interestingly, M-P-5 has a shorter chain structure (one ketide unit less) 

when compared with the natural myxalamid backbone.  This result has raised 

questions regarding this abnormal occurrence suggesting the skipping of the first 

module of the PKS (Figure 14).  Two plausible mechanisms could be proposed for 
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the incorporation of the benzoyl-SNAC into the myxalamids PKS.  First, the 

compound could be recognized by the first acyltransferase (ATL) domain of MxaF 

and loaded to the first ACP.  However, instead of being transferred to the first 

ketosynthase (KS) domain on MxaF for a chain extension, it may be directly 

transferred to the KS domain of MxaE, by-passing the extension module of MxaF.  

While this hypothesis is mechanistically attractive, the transfer of substrate from 

the ACPL to the second KS domain is less likely since the ACPL domain of MxaF 

may be located distantly from the KS domain of MxaE.   

In the second scenario, the benzoyl-SNAC is not recognized by the ATL 

domain of MxaF but rather by the KS domain of the second module (MxaE).  This 

is possible due to the fact that SNAC side chain of the substrate resembles the 

phosphopantetheinyl arm of the ACP.   

If this is the case, inactivation of the loading domain of the myxalamid 

PKS would minimize competition from the natural substrates.  This in turn will 

give broader access to the unnatural substrates to be directly incorporated into the 

biosynthetic system via the second module (MxaE). 
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Figure 14.  Possible mechanisms for the incorporation of the benzoyl-SNAC into 
the myxalamid PKS.  A)  The benzoyl-SNAC can be recognized by the ATL of 
MxaF and then loaded to the first ACP; B) The benzoyl-SNAC does not 
recognized by the ATL domain of MxaF, but rather by the KS domain on the 
MxaE.  

 

The results also suggest a possible broader substrate specificity of the 

entire system.  Therefore, manipulating the biosynthetic processes in the 

myxalamid producer using unnatural starter units that can be accepted by both 

PKSs and NRPSs of myxalamid biosynthetic machinery is proposed to generate 
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novel natural products.  Using this knowledge, the generation of novel analogs of 

myxalamids via mutagenetic approaches was attempted.  A combination of genetic 

engineering and biochemical methods to dissect the substrate acquisition and 

incorporation processes may lead to new bioactive natural products with potential 

pharmaceutical uses. 
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RESULTS AND DISCUSSION 

 

Cloning of the loading domains in mxaF from S. aurantiaca Sg a15 

To investigate the nature of module skipping in the myxalamid 

biosynthetic machinery and to explore the possibility of generating novel 

myxalamid derivatives via mutasynthesis, the three domains (ACP, AT, and KS) 

on the PKS loading module were inactivated individually by site-directed 

mutagensis.  The inactivation of these three domains should result in disabling the 

incorporation of natural starter units that are responsible for myxalamid A-D 

biosynthesis.   

To generate mutants with single amino acid mutations, knock out plasmids 

were constructed for each mutant.  Cosmid CS2a, containing the DNA region 

upstream of mxaF through part of mxaC of the myxalamid biosynthetic gene 

cluster (Figure 9), was used for all PCR amplifications [18].  For each mutant, two 

PCR reactions were carried out with two sets of primers in which mutation was 

created by introducing a new restriction site at the mutated sites of the two PCR 

products.  Each mutant carries a 280 bp sequence upstream of mxaF, which is 

believed to contain the promoter region.  This would allow a single amino acid 

mutation of the multimodular enzyme via a single cross-over process without 

affecting the translation of the downstream modules.  Thus, the two fragments 

were cloned into two cloning vectors individually with appropriate restriction 

enzymes.  After obtaining sequencing confirmation, the two fragments were 

combined together as one insert fragment on the cloning vector.   
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Construction of ACP Mutant 

 To study the involvement of the ACP domain of the loading module in M-

P-5 production, an ACP mutant of the myxalamid producer (strain MTACP) was 

constructed by a replacement of single amino acid within the ACP, altering the 

active site residue serine to a isoleucine (Figure 15).  Two sets of PCR primers, 

Pro1/MTACP(R) and MTACP(F)/AT1b, were designed and PCR reactions using 

CS2a as template were carried out, resulted in products with expected sizes 0.5 Kb 

and 2.6 Kb, respectively.  The EcoRV restriction site was introduced at the 

mutated site for ligation of the two fragments as well as for mutant confirmation 

analysis.  Both DNA fragments were cloned into vector pCR2.1/TOPO, resulting 

in plasmids pMTACP/TOPO-I-1 and pMTACP/TOPO-II-2, respectively.  The 

inserts of the plasmids were sequenced, revealing the mutated sites as well as the 

introduced EcoRV restriction site on both plasmids (Figure 16).    
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Figure 15.  Plasmid construction of pMTACP. 

 

ACPL   KS     ATL      AT      DH        KR     ACP  Promotor 
Region 

MxaF  Orf3 

MTACP 
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MxaF        AGAGAAAAGCGGTTTTTACCTGATTTGGCCGGAGCCGGGGTGGGGTCATCGGCTTGCTCG  
C75-54_Pro  AGAGAAAAGCGGTTTTTACCTGATTTGGCCGGAGCCGGGGTGGGGTCATCGGCTTGCTCG  
            ************************************************************ 
 
MxaF        CTTGCTAGGCAGAGGTCCAGGTGTCGGCAAAAGACAGAGTGCTGAAGGATGGTCTGGCTG  
C75-54_Pro  CTTGCTAGGCAGAGGTCCAGGTGTCGGCAAAAGACAGAGTGCTGAAGGATGGTCTGGCTG  
            ************************************************************ 
 
MxaF        AGGTACAGGCGCGTTTGGCCGGTGTCCTCTCGCAGCGGTTGGGGATTGAGGCGCGCAAGC  
C75-54_Pro  AGGTACAGGCGCGTTTGGCCGGTGTCCTCTCGCAGCGGTTGGGGATTGAGGCGCGCAAGC  
            ************************************************************ 
 
MxaF        TGGATGTGCGCGAGCGCTTCAGCCGGTATGGGCTTGACTCGATCAAGGTCACGGCCTTTA  
C75-54_Pro  TGGATGTGCGCGAGCGCTTCAGCCGGTATGGGCTTGATATCATCAAGGTCACGGCCTTTA  
            *************************************    ******************* 
 
MxaF        TCGCCGAGGTGGGAGAGGTGCTCGGGCGCTCGTTGTCGCCCACGCTCGCCTTCGAGTACC  
C75-54_Pro  TCGCCGAGGTGGGAGAGGTGCTCGGGCGCTCGTTGTCGCCCACGCTCGCCTTCGAGTACC  
            ************************************************************ 
 
MxaF        CGACCCTTGAAGCCCTGGCCCGGTATCTGGCTGGAGCAGAGGAGCGTCCCGCCTCGCAGC  
C75-54_Pro  CGACCCTTGAAGCCCTGGCCCGGTATCTGGCTGGAGCAGAGGAGCGTCCCGCCTCGCAGC  
            ************************************************************ 
 
MxaF        CCGTGTCTCAGGCGGCCCGGGAGAATGAGCCCATCGCCATTGTCGGCATGGCGTGCCGCT  
C75-54_Pro  CCGTGTCTCAGGCGGCCCGGGAGAATGAGCCCATCGCCATTGTCGGCATGGCGTGCCGCT  
            ************************************************************ 
 
 

Figure16.  DNA sequence alignment of pMTACP.  Boxed area: introduced 
mutation site. 
 

To construct plasmid pMTACP, pMTACP/TOPO-I and pMTACP/TOPO-

II were digested with EcoRV, providing fragments with sizes 4.5 Kb (insert/vector) 

and 2.6 Kb (insert only), respectively.  Ligation of the 2.6 Kb DNA fragment with 

the 4.5 Kb pre-digested pMTACP/TOPO-I gave pMTACT (7.0 Kb). 

 
 
Construction of AT Mutant 

The construction of the AT mutant of the myxalamid PKS loading module 

was carried out in the same way as that for the ACP mutant.  Two sets of PCR 

primers, Pro1/MTAT(R) and MTAT(F)/AT1a-c were designed and used for PCR 

amplification of the PKS gene fragments.  Mutation was created by replacing the 

AT active serine with methionine, facilitated by an introduction of a NdeI 

restriction site at the mutated site of the two fragments.  Using primers Pro1 and 



54 

MTAT(R) and cosmid CS2a as templates, a PCR product of the expected size 

(~2.4 Kb) was obtained, where the second set of primers MTAT(F) and AT1a-c 

gave a ~3.3 Kb fragment.  Both DNA fragments were cloned into vector 

pCR2.1/TOPO separately, resulting in construction of plasmids pMTACP/TOPO-

I-1 and pMTACP/TOPO-II-2, respectively.  The inserts of the plasmids were 

sequenced and analyzed, revealing the incorporation of mutated sequences of both 

plasmids as well as the NdeI restriction site (Figure 17).     

 
MxaF      GTGTTCCGGGCGTCGATGGAGCAGTGCGATCGGCTCATCCAGCAGAACGTGGGTTGGTCG  
MTAT-38   GTGTTCCGGGCGTCGATGGAGCAGTGCGATCGGCTCATCCAGCAGAACGTGGGTTGGTCG  
          ************************************************************ 
 
MxaF      CTGCTGGCCATGTTGGGCGCCAAGGACGCGGCGGCGCAGCTTGGCCGGATCGACGTCACG  
MTAT-38   CTGCTGGCCATGTTGGGCGCCAAGGACGCGGCGGCGCAGCTTGGCCGGATCGACGTCACG  
          ************************************************************ 
 
MxaF      CTGCCGGCGATCGTGGCCCTGGAGATCTCCATGACGGCGCTCTGGCGCTCCTGGGGGATC  
MTAT-38   CTGCCGGCGATCGTGGCCCTGGAGATCTCCATGACGGCGCTCTGGCGCTCCTGGGGGATC  
          ************************************************************ 
 
MxaF      GAGCCCGCCATGGTGGTGGGTCACAGCATCGGCGAGGTCTCGGCGGCGTACGCCGCGGGC  
MTAT-38   GAGCCCGCCATGGTGGTGGGTCATATGATCGGCGAGGTCTCGGCGGCGTACGCCGCGGGC  
          *********************** *  ********************************* 
 
MxaF      ATCCTGGGGCTCGAAGACGCCATGCGCGTCGTCTGCCACCAGAGTCTGCTGATGAGTCGG  
MTAT-38   ATCCTGGGGCTCGAAGACGCCATGCGCGTCGTCTGCCACCAGAGTCTGCTGATGAGTCGG  
          ************************************************************ 
 
MxaF      CTGAGCGGCCAGGGCGCGATGGGGATCGTGGGGATCTCTTGGGCGCAGTCCGCCGAGTTG  
MTAT-38   CTGAGCGGCCAGGGCGCGATGGGGATCGTGGGGATCTCTTGGGCGCAGTCCGCCGAGTTG  
          ************************************************************ 
 
MxaF      TTGGTGGGCTACGAGGGTCGGCTGTGCCGCGCCATCGATGCCGGCTCGGACTCGACGGTG  
MTAT-38   TTGGTGGGCTACGAGGGTCGGCTGTGCCGCGCCATCGATGCCGGCTCGGACTCGACGGTG  
          ************************************************************ 

 
Figure17.  DNA sequence alignment of pMTAT.  Boxed area: introduced mutation 
site. 
 

To construct plasmid pMTAT, pMTAT/TOPO-I and pMTAT/TOPO-II 

were digested with NdeI and KpnI, generating a 5.3 Kb (insert/vector) and a 3.3 

Kb (insert only) DNA fragments, respectively.  The 3.3 Kb fragment from 

pMTAT/TOPO-II was inserted into the 5.3 Kb fragment of pMTAT/TOPO-I, to 

give a 9.7 Kb product, pMTAT (Figure 18).  
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ProI-MTAT(R)
2.4 Kb

NdeI
MTAT(F)-AT1a-c

3.3 Kb

pTOPO

S-->M

 

Figure 18.  Plasmid construction of pMTAT. 

 

Construction of KS Mutant 

The construction of the KS mutant was carried out using two sets of PCR primers, 

Pro1/MTKS(R) and MTKS (F)/AT1b.  Mutation was introduced by replacing the 

active site residue cysteine on the KS domain with alanine, facilitated by an 

introduction of a NheI restriction site at the site of mutation.  PCR reactions were 

carried out using CS2a as template, resulted in products with ~1.1 and ~1.9 Kb, 

respectively.  The 1.1 Kb fragment was cloned into vector pCR2.1/TOPO, where 

as the 1.9 Kb fragment was cloned into vector pBluescript II SK(-), resulted in 

plasmids pMTKS/TOPO and pMTKS/SK(-), respectively.  The inserts of the 

MTAT
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plasmids were sequenced and analyzed, revealing the incorporation of mutated 

sites of both plasmids as well as the NheI restriction site (Figure 19).     

 

MxaF       GGGATCGCCGCGGAGGGCCTGCAGGGCTCGCCCACGGCGGTCTGCTTCGGCGTGGTCTGG  
MTKS-4     GGGATCGCCGCGGAGGGCCTGCAGGGCTCGCCCACGGCGGTCTGCTTCGGCGTGGTCTGG  
           ************************************************************ 
 
MxaF       ACGGACTACGAAGCCATGCTGCAGCGGATGGGTTTACGGCGCATTTCCTCCTACACGTCG  
MTKS-4     ACGGACTACGAAGCCATGCTGCAGCGGATGGGTTTACGGCGCATTTCCTCCTACACGTCG  
           ************************************************************ 
 
MxaF       TCGGGGTCCCACCACAGCATCGTTGCCAACCGCGTCTCCTATGTCCTGGGGCTCCGGGGA  
MTKS-4     TCGGGGTCCCACCACAGCATCGTTGCCAACCGCGTCTCCTATGTCCTGGGGCTCCGGGGA  
           ************************************************************ 
 
MxaF       CCCAGCATGGCCATCGACACGGCCTGCTCCTCCTCGCTCTCGGCGGTGCATCTGGCCTGC  
MTKS-4     CCCAGCATGGCCATCGACACGGCCGCTAGCTCCTCGCTCTCGGCGGTGCATCTGGCCTGC  
           ************************     ******************************* 
 
MxaF       GAGAGCCTGCGGCGTGGCGAGTCGACGATGGCCCTCGTGGGCGGCGTGAACCTGACCATC  
MTKS-4     GAGAGCCTGCGGCGTGGCGAGTCGACGATGGCCCTCGTGGGCGGCGTGAACCTGACCATC  
           ************************************************************ 
 
MxaF       GCGCCCGATAGCACGGTGGGCTTGTCCAAGCTGGGGGCGCTTTCGCCGGATGGGCGTTGC  
MTKS-4     GCGCCCGATAGCACGGTGGGCTTGTCCAAGCTGGGGGCGCTTTCGCCGGATGGGCGTTGC  
           ************************************************************ 
 
MxaF       TACACCTTTGATGCACGTGCCAACGGGTATGTGCGGGGCGAGGGAGCCGGCGTGGCGGTG  
MTKS-4     TACACCTTTGATGCACGTGCCAACGGGTATGTGCGGGGCGAGGGAGCCGGCGTGGCGGTG  
           ************************************************************ 
 

Figure19.  DNA sequence alignment of pMTKS.  Boxed area: introduced mutation 
site. 
 

Construction of plasmid pMTKS was carried out by ligation of the two 

DNA fragments on pMTKS/TOPO and pMTKS/SK(-).  Thus, the two plasmids 

were digested with NheI and HindIII, generating a 5.0 Kb (insert/vector) and a 2.9 

Kb (insert only), respectively.  Ligation of the 2.9 Kb DNA fragment with the 5.0 

Kb fragments of pMTKS/TOPO  gave a 6.9 Kb product (Figure 20).   
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KS1R-Pro1
1.1 Kb

NheI
AT1b-KS1F

1.9 Kb

pTOPO

C-->A

 

Figure 20.  Plasmid construction of pMTKS. 

 

 Transformation of S. aurantiaca Sg a15  

 To inactivate the ACP, AT, and KS domains on the loading module of the 

PKS for myxalamid biosynthesis, the constructed plasmid DNA, pMTACP, 

pMTAT, and pMTKS, were transferred into a wild-type strain of myxalamid 

producer using electroporation.  The cells were recovered by incubating the 

transformants in T-medium containing 1% Bactotryptone and 0.2% MgSO4 · 7H2O 

with no antibiotic selection for over 18 hours after electroporation.  Integration of 

the plasmid occurred after the plasmid was introduced to the host by 

electroporation, resulting in a single cross-over event by recombination between 

the plasmid and the chromosomal DNA of the wild-type (Scheme 2).  The size of 

the second PCR fragments (the downstream fragments of the mutated sites) for all 

MTKS
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plasmids were designed to be larger than the first PCR fragments (the upstream 

fragments) in order to increase the frequency of the expected cross-over event to 

take place.   The recovered cells were then resuspended in 2 ml of T-medium.  

Transformants harboring plasmid that contain the kanamycin resistant gene were 

selected by overlaying them onto T-media agar containing kanamycin.  The single 

cross-over mutants were transferred onto new agar plates with kanamycin prior to 

being cultivated in TS medium with antibiotic for 72 hours. 

 

Scheme 2.  Single cross-over recombination between the mutated PKS loading 
domain on pTOPO and the chromosomal DNA of the wild-type strain.  Solid red 
box: single amino acid mutation site; red outlined rectangular box: region of the 
mutation site; Pr: putative promoter region. 
 
 
Screening of MTACP, MTAT, and MTKS Mutants 
 
 To confirm the occurrence of the expected single cross-over, Southern 

hybridization was carried out.  The kanamycin resistance gene on the TOPO vector 

was used as probe.  Genomic DNA of MTACP mutant was isolated and digested 

with EcoRV to give an expected DNA fragment of 4.3 Kb.  Restriction digestions 
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of DNA isolated from the MTAT mutants using ApaLI and NheI gave an expected 

3.0 Kb DNA fragments whereas digestions of DNA isolated for the MTKS 

mutants with HindIII and NdeI gave an expected 6.6 Kb DNA fragment (Figure 

21).   

 

Figure 21.  a) Illustration of mutated plasmids containing the synthetic restriction 
sites and the single amino acid replacement at the active site of each domain; b) 
Southern blot hybridization of digested chromosomal DNA isolated. 
 

Analysis of the Secondary Metabolite of the MTACP, MTAT, and MTKS Mutants 

 
To analyze the secondary metabolite production of mutants created in this 

work, each mutant strain was grown in 20 ml TS-medium in the presence of XAD-

1180 resin and the products were analyzed by LC-MS (Figure 22).  Results for all 

mutants show no myxalamid productions, proving that inactivation of any of the 

three domains on the myxalamid PKS loading module largely abolished 
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myxalamid biosynthesis.  The peak with a molecular mass of m/z=723 is an 

unknown compound, which appeared as a predominant peak in the HPLC.  

Surprisingly, small amounts of myxalamids B and C were still detected in the 

culture broths of the mutants, while there is no obvious explanation for this 

observations.    

 

Figure 22. LC-MS analyses of culture broths of mutants and wild-type strains. 
 
 
Feeding Experiments with SNAC derivatives of the Natural Starter Units  

 To investigate the involvement of the loading domains in natural 

myxalamid biosynthesis, feeding experiments using the two natural starter units, 

isobutyryl- and propionyl-SNAC, were carried out into both the wild-type (Sg a15) 

and the mutant strains.  Both incorporation results showed small amount 

productions of myxalamid B and myxalamid C, respectively, but not significant 

compared to before feeding (Figure 23a-d). 
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Figure 23a. LC-MS analyses of cultures of wild-type (S. aurantiaca Sg a15).  I: 
No feeding; II: fed with 0.1 mmol of propionyl-SNAC; III: fed with 0.1 mmol of 
isobutyryl-SNAC. 
 

 
Figure 23b. LC-MS analyses of cultures of MTACP.  I: No feeding; II: fed with 
0.1 mmol of propionyl-SNAC; III: fed with 0.1 mmol of isobutyryl-SNAC. 
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Figure 23c. LC-MS analyses of cultures of MTKS.  I: No feeding; II: fed with 0.1 
mmol of propionyl-SNAC; III: fed with 0.1 mmol of isobutyryl-SNAC. 
 

 

 
Figure 23d. LC-MS analyses of cultures of MTAT.  I: No feeding; II: fed with 0.1 
mmol of propionyl-SNAC; III: fed with 0.1 mmol of isobutyryl-SNAC. 



63 

 
 
Synthesis of 2,4-Dimethyl-2-Pentenoyl-SNAC and Incorporation of the Compound 

into the Second Module of MxaF 

To investigate if an SNAC analog of ACP-bound diketide intermediate of 

myxalamid biosynthesis can be recognized by the mutants and extended to the 

final product, 2,4-dimethyl-2-pentenoyl-SNAC was synthesized and fed to the 

mutant.  2,4-dimethyl-2-pentenoyl-SNAC was expected to mimic a diketide 

intermediate of myxalamid B biosynthesis, tethered to the pantetheinyl arm of the 

second module ACP.  The incorporation of this compound into the myxalamid 

PKS would rescue myxalamid B biosynthesis.  2,4-Dimethyl-2-pentenoyl-SNAC 

was prepared by stirring 2,4-dimethyl-2-pentenoic acid with N-acetylcysteamine, 

DMAP and EDCI in dichloromethane at room temperature for 14 h.  The reaction 

was quenched with a saturated aqueous solution of ammonium chloride and the 

product was extracted with dichloromethane.  Purification of the product using 

silica gel chromatography gave 2,4-dimethyl-2-pentenoyl-SNAC in 92% yield.  

Confirmation of the chemical structure and the purity of the product were carried 

out using ESI-MS and 1H NMR analyses (Figure 24).  Feeding experiments with 

the 2,4-dimethyl-2-pentenoyl-SNAC to the MTACP, MTAT, and MTKS mutants 

showed that all mutants produce myxalamid B, revealing that the SNAC derivative 

can be recognized by the enzymes as substrate and the downstream modules of the 

loading module are still active despite the inactivation of the loading module 

(Figure 25). 
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Figure 25. LC-MS analyses of culture broths of mutants with 0.1 mmol of 2,4-
dimethyl-2-pentenoyl-SNAC.   
 
 
Synthesis of Benzoyl-SNAC and Mutasynthesis of Novel Myxalamids 
 

As mentioned previously, the production of compound M-P-5 by the 

myxalamid producing strain fed with benzoyl-SNAC can be due to either a 

skipping of the loading module where the SNAC compound is recognized by the 

enzymes as ACP-bound intermediate of the second module of MxaF or is 

recognized by the first KS domain as ACP-bound starter unit but then was passed 

to the third module without an extension process in the second module.  To 

investigate the nature of incorporation of benzoyl-SNAC into the myxalamid 

biosynthetic machinery, the compound was synthesized and fed to the mutants.  

Benzoyl-SNAC was synthesized from benzoic acid and N-acetylcysteamine in the 

presence of DMAP and EDCI.  Purification of the product using silica gel 
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chromatography and crystallization gave pure compound in a good yield (83%).  

Conformation of the chemical structure and the purity of the product were 

performed using ESI-MS and 1H NMR (Figure 26).   

The analysis of the three mutants of S. aurantiaca strain revealed some 

striking differences compared with the wild-type.  The data showed that benzoyl-

SNAC was incorporated into the ACP mutants, producing large amount of M-P-5, 

where as the AT mutant showed only a small amount of product formation and the 

KS mutant produced no M-P-5.  These results suggest that the KS and AT 

domains of the first PKS module may play a role in recognizing and transferring 

the benzoyl starter unit (Figure 27).  However, the benzoyl moiety appears to skip 

the first module of myxalamid PKS (MxaF) and is incorporated directly into the 

second module (MxaE).   
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Figure 27. LC-MS analyses of culture broths of mutants. 



69 

CONCLUSION 

 

 The ACP, AT, and KS domains of the loading module of the myxalamid 

PKS were individually inactivated.  These results were confirmed by Southern 

analysis and the lack of myxalamid production in the mutant cell cultures.  

Incorporation experiments using the SNAC form of the natural starter unit, 

isobutyryl and propionyl-SNAC, showed low or no production of myxalamid B 

and myxalamid C, respectively, demonstrating the inability of the mutants to 

accept the natural starter units when the loading domain is inactivated.   

Feeding experiment with the 2,4-dimethyl-2-pentenoyl-SNAC can mimic a 

diketide intermediate of myxalamid B biosynthesis and showed recovery of 

myxalamid B production.  These results showed that the SNAC derivative can be 

recognized by the enzymes as substrate and the downstream modules of the 

loading module remain active despite the loading domain inactive.  Feeding 

experiments with the unnatural starter unit, benzoyl-SNAC, showed high 

production of M-P-5 in mutants lacking a functional ACP domain.  However, 

benzoyl-SNAC incorporation was limited or not possible in the AT and KS 

mutants.  These results suggest that the KS and AT domains of the first PKS 

module may play a role in recognizing and transferring the benzoyl starter unit.  

However, the benzoyl moiety appears to skip the first module of PKS and is 

incorporated directly into the second extension PKS module.  In addition, 

inactivation of the loading module prevents the uptake of natural starter units, thus, 
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increases the incorporation rate of benzoyl-SNAC into the myxalamid PKS, 

resulting in an increased production of compound M-P-5.  Further study on the 

mutant strains will undoubtedly shed more lights on these findings, and enable the 

production and harvesting of derivative compounds. 
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MATERIALS AND METHODS 

 

Instruments and chemicals 

PCR was carried out by the Eppendorf gradient mastercycler.  Incubations 

were done using the fermentation shaker, MaxQTM.   

All primers for Polymerase Chain Reaction (PCR) were purchased from 

Invitrogen, Operon, MWG, and Sigma-Aldrich.  All restriction enzymes, 

Platinum® Pfx DNA Polymerase, Taq DNA Polymerases and T4 DNA ligases 

were purchased from Invitrogen, Promega or New England BioLabs Inc and used 

according to the manufacturer’s guidelines.   

DNA purification kits were purchased from QIAquick® gel extraction and 

PureLink™ Gel Extraction Kit from Qiagen and Invitrogen, respectively.  Plasmid 

DNA isolation was purchased from QIAprep® spin miniprep kits, AurumTM 

Plasmid Mini Kit, and PureLink™ Quick Plasmid Miniprep Kit from Qiagen, Bio-

rads, and Invitrogen, respectively.   

TOPO TA Cloning Kit was purchased from Invitrogen.  Southern blotting 

DIG High Prime DNA labelling and detection start kit II was purchased from 

Roche Molecular Biochemicals.  Nitrocellulose membrane Hybond™-N+ 

(30 cm × 3 m) was purchased from Amersham Biosciences.   

Routine DNA electrophoresis was carried out on a 0.8% agarose gel in 

TAE buffer (40 mM Tris-acetate and 1mM EDTA).  All plasmid DNA 

manipulations were carried out in DH-10B (Invitrogens). 
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Liquid Chromatography-Ion Trap Mass Spectrometry (LCMS) was carried 

out using a ThermoFinnigan LCQ Advantage (electrospray and atmospheric 

pressure chemical ionizations) liquid chromatograph-ion trap mass spectrometer.  

HPLC analysis was carried out by a Beckman system Gold Programmable Solvent 

Module with Beckman System Detector Module.  HPLC analysis was carried out 

using SymmetryPrepTM C18 7 µm 7.8 x 150 mm Column from Waters.  1H NMR 

spectra were recorded on Bruker DPX-300 NMR spectrometers as the instrument 

controller and TopSpin as the data processor.   

Thin layer chromatography [(TLC) silica gel 60 F254] plates that were 

purchased from VWR International were used for monitoring chemical reactions 

along with UV light detection followed by alkaline permanganate or 

Ce(SO4)/H2SO4 staining solutions.  Column chromatography was performed on 

230-400 mesh silica gel from Aldrich.   

All synthetic reactions were carried out under dry argon at room 

temperature in oven dried glassware, unless otherwise noted.  All chemicals were 

purchased from Fisher Scientific, Sigma-Aldrich and VWR International.   

 

Organisms and Culture Conditions 

The wild type S. aurantiaca Sg a15 was obtained from Dr. Rolf Müller at 

the Saarland University in Germany.  S. aurantiaca strain Sg a15 was cultivated in 

TS liquid medium (1% Bactotryptone, 0.2 % MgSO4 · 7H2O, 0.4% Soluble Starch, 

1.19% HEPES Pufferan buffer/sliter, pH 7.2).  50 ml of cultures in 250 ml 

Erlenmeyer flasks were incubated at 30 °C on a rotary shaker at 200 cycles per 
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minute.  The organism also grew well in T liquid medium (1% Bactotryptone, 0.2 

% MgSO4 · 7H2O, pH 7.2).   

 

E. coli cultures were grown in LB medium [DifcoTM LB Broth, Miller 

(Luria-Bertani), VWR] or on LB agar plates at 37 °C for 12-16 hours.  Liquid 

cultures were incubated at 300 rpm in 15 ml Falcon tubes.  50 µg kanamycin/ml 

was used for mutant strain selection. 

 

Preparation of E. coli DH-10B Competent Cells 

 1 L of LB medium was inoculated with 20 ml of E. coli DH-10B overnight 

culture and incubated at 37 °C at 200 rpm until the OD600 of the culture reached 

between 0.5-0.7.  The culture was cooled at 4 °C for 1 hour.  The cells were 

harvested by centrifugation at 5000 rpm for 10 minutes at 4 °C.  The cells were 

washed three times with 250 ml of ice-cold 10% glycerol solution, and 

resuspended in a final volume of 5 ml.  The competent cells were distributed into 

0.5 ml Eppendorf tubes at 50 µl each and stored at -80 °C for future use. 

 

DNA Manipulations, Analysis, Sequencing and PCR  

Fragments of ACP, AT, and KS of the mxyalamid PKS loading modular 

were amplified by PCR using cosmid CS2a as template and oligonucletide primer 

pairs sets shown in Table 3.  PCR was carried out using Platinum® Pfx DNA 

Polymerase (Invitrogen) according to the manufacturer’s protocol along with 1x 

Amplication Buffers, 2x Enhancing Buffers, 2.5 mM MgCl2, 0.1 mM dNTP.  
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Amplification conditions were as follows:  1 min at 96 °C for polymerase 

activation, 30 s at 96 °C for denaturation, 30 s at 53 °C for annealing, extension for 

1-3 min at 72 °C for 30 cycles.  0.05 mM of dATP and 2.5 unit of Taq polymerase 

(Promega) were added during the final extension for 10 min at 72 °C.   

PCR products were purified by gel electrophoresis prior ligation with 

pCR2.1TOPO vector according to the manufacturer’s protocol.  pTOPO-ACP-I (or 

–KS-I or –AT-I) and pTOPO-ACP-II (or –KS-II or –AT-II) were constructed.  The 

plasmids were confirmed by sequencing prior to the ligation of fragment I and 

fragment II to generate plasmids pMTACP, pMTKS and pMTAT.  DNA 

alignments were preformed using Clustal W and T-coffee. 
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Construction of S. aurantiaca Sg a15 Mutants  

Electrocompetent cells were prepared from S. aurantiaca Sg a15 growing 

in 50 ml of T liquid medium at 30-32 °C for 72 hours and then harvested by 

centrifugation at 20 °C for 15 min x 5000 rpm.  The cells were first washed with 

equal volumes of HEPES Buffer (5 mM HEPES/NaOH, 0.5 mM CaCl2, pH 7.2) at 

room temperature and then washed with 1/3 of the culture volume of HEPES 

buffer.  After washing, the cells were resuspended in 500 µl of HEPES buffer.   

5 µl of DNA (300-500 ng) was mixed with 50 µl of cell suspension in 

1mm-cuvette for electroporation, 0.85 kV.  Directly after electroporation 1 ml of T 

medium was added and then transfered to 50 ml of T medium and the cells were 

cultivated for 18 hours at 30 °C.  The cultivated cells were harvested by 

centrifugation at 4 °C x 5000 rpm for 15 min.  The cells were resuspended in 2 ml 

of T medium.  Then 0.1 ml, 0.5 ml and 1.5 ml were mixed with 3 ml of T soft agar 

(T medium, 50 µg kanamycin/ml, 0.75 % agar) and plate out on T/Kan plates (T 

medium, 50 µg kanamycin/ml, 1.5 % agar).  The plates were incubated at 30 °C 

for at least 5 days.  The colonies were then transferred to new T/Kan plates after 

they became visible and incubated at 30 °C for 72 hours.  Next, the cells were 

cultivated in 20 ml of TS medium and incubated at 30 °C, 200 rpm, for 72 hours.   

 

Isolation of Chromosomal DNA from S. aurantiaca Sg a15 and Its Mutants 

 Both the wild-type and the mutant strains were inoculated into 20 ml of TS 

medium for 72 hours at 30 °C, 200 rpm.  Mutant strains were grown in the same 

medium after the addition of kanamycin to a final concentration of 50 µg/ml.  20 
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ml of culture was centrifuged at 5000 rpm for 10 minutes.  The cell pellet was 

resupended in 3 ml of STE buffer (10.3% sucrose, 25mM EDTA and 25 mM Tris-

HCl, pH 8.0) with 4 mg of lysozyme (EMD) and incubated at 28 °C for 30 minutes.  

300 µl of 10% sodium dodecyl sulfate (SDS) was added to the lysis mixture, 

followed by incubation at 30 °C for 30 minutes.  3 ml of phenol/chloroform was 

added to the lysis mixture to extract proteins.  The organic and aqueous phases 

were separated by centrifugation at 5000 rpm for 15 minutes.  The upper layer, 

which was the aqueous phase containing the genomic DNA, was transferred to a 

new tube.  6 ml of isopropanol was added to allow precipitation of the genomic 

DNA.  The white silk-like form of the precipitated DNA was transferred to a new 

tube and washed twice with 1 ml of ice-cold 70% ethanol.  The DNA was dried 

under a vacuum and dissolved in 50 µl of ddH2O. 

 

Southern Hybridization  

 Southern blot analysis of genomic DNA was performed using the standard 

protocol for homologous probes of the DIG High Prime DNA labeling and 

detection starter kit II.  For analysis, 15 µg of genomic DNA were digested with 

appropriate restriction enzymes(s) and then subjected to agarose gel 

electrophoresis in TAE buffer.  The DNA was transferred from the agarose gel to 

hybond-N membrane by capillary transfer, followed by hybridization with a non-

radiolabeled probe for homology hybridization.   
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Synthesis of 2,4-Dimethyl-2-Pentenoyl-SNAC  

 The synthesis of SNAC derivative of 2,4-dimethyl-2-pentenoic acid was 

carried out using a solution of the carboxylic acid in methylene chloride (20 ml) 

with 5.5 mmol of N-acetylcysteamine in the presence of reactivated molecular 

sieve 4A (10 g), 5 mmol of coupling reagent EDCI and 0.3 mmol of DMAP at 0 

°C under an argon atmosphere.  The mixture was allowed to warm to ambient 

temperature and stirred for 14 h.  TLC (petroleum ether/EtOAc 1:1) was used to 

monitor the progress of the reaction.  After the reaction was completed, equal 

amounts of chloroform and saturated aqueous solution of ammonium chloride 

were added.  The organic layer was collected and washed with brine and dried 

over anhydrous sodium sulfate.  The organic solvent was removed in vacuo, and 

the residue was purified by silica gel column chromatography (50 g silica gel, 

petroleum ether/EtOAc 1:1  1:3  EtOAc) to give the SNAC product (92% 

yield).  Rf=0.3 (petroleum ether/EtOAc 1:1).  1H NMR (300 MHz, CDCl3): δH 

1.06 (6H, d, J=6.7 Hz, 5-H3, 4-CH3), 1.89 (3H, d, J=1.4 Hz, 2-CH3), 1.97 (s, 2″- 

H3), 2.68 (1H, m, 4-H), 3.07 (2H, t, J=6.4 Hz, 1′-H2), 3.45 (2H, dt, J=6.4, 6.4 Hz, 

2′-H2), 6.01 (br s, -NH), 6.57 (1H, dd, J=9.5, 1.4 Hz, 3-H).  Electrospray MS: m/z: 

230 [M+H]+; 252.11 [M+Na]+. 

 

Synthesis of benzoyl-SNAC 

 The synthesis of SNAC derivate of benzoic acid was carried out using a 

solution of the acid in methylene chloride (20 ml) with 5.5 mmol of N-

acetylcysteamine in the presence of reactivated molecular sieve 4A (10 g), 5 mmol 
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of coupling reagent EDCI and 0.3 mmol of DMAP at 0 °C under an argon 

atmosphere.  The mixture was allowed to warm to ambient temperature and stirred 

for 14 h.  TLC (petroleum ether/EtOAc 1:1) was used to monitor the progress of 

the reaction.  After the reaction was completed, equal amounts of chloroform and 

saturated aqueous solution of ammonium chloride were added.  The organic layer 

was collected and washed with brine and dried over anhydrous sodium sulfate.  

The organic solvent was removed in vacuo, and the residue was purified by silica 

gel column chromatography (50 g silica gel, petroleum ether/EtOAc 1:1  1:3  

EtOAc) to give the SNAC product (83% yield).  The product was further purified 

by recrystallization by dissolving the sample in a small amount of ethyl acetate and 

allowed to stand at -20 °C overnight.  Petroleum ether (at -20 °C) was slowly 

added into the mixture followed by filtration.  Rf=0.1 (petroleum ether/EtOAc 1:1).  

1H NMR (300 MHz, CDCl3): δH  1.61 (s, 2″- H3), 3.26 (2H, dt, J=6.2 Hz, 1′-H2), 

3.56 (2H, dt, J=6.0, 6.2 Hz, 2′-H2), 7.49 (2H, dd, J=7.5, 7.6 Hz, 4-H, 6-H), 7.58 

(1H, dt, J=6.4, 6.4 Hz, 5-H), 7.99 (2H, dd, J=7.6, 1.1 Hz, 2-H, 7-H).  Electrospray-

MS: m/z: 224 [M+H]+; 246.06 [M+Na]+. 

 

Feeding experiments with Unnatural Precursors 

Feeding experiments using propionyl-SNAC, isobutyryl-SNAC, benzoyl-

SNAC and 2,4-dimethyl-2-pentenoyl-SNAC were performed with both the wild-

type (strain Sg a15) and the mutants (MTACP, MTAT, and MTKS) of 

S. aurantiaca in 50 ml cultures of TS medium in 250 ml Erlenmeyer flasks.  

Mutant strains were grown in the same medium after the addition of kanamycin to 
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a final concentration of 50 µg/ml. After inoculation for 12 h from a preculture in 

tryptone starch medium (10 g of bactotryptone, 2 g of MgSO4·7H2O, 4 g of soluble 

starch, 11.9 g of HEPES; pH adjusted to 7.2 with KOH), the cells were grown at 

30 °C for 93 h before harvest. After 12, 24, and 36 h, 0.1 mmol of substrates were 

added to each flask.  1% of resin XAD-1180 resin (Rohm & Haas, Germany) was 

added at 48 hours.  

 

Compound Extraction from the S. aurantiaca Strains 

The 72h cells and the resin were harvested by centrifugation at 5000 rpm at 

room temperature.  Compounds were extracted twice using equal volumes of 

acetone for each wash.  Excess water was removed by addition of anhydrous 

sodium sulfate followed by filtration.  The solvent was concentrated and the 

compounds were dissolved in 1 ml of methanol, filtered using Sep-Pak® Light 

C18 Cartridges (Waters) for further analysis. 

 

Production Analysis 

The samples were analyzed using reversed-phase LC-MS eluted with 

acetonitrile (CH3CN) and 0.2% acetic acid/H2O in gradient as shown in Table 4.  

Time (min) Flow Rate 0.2% Acetic acid/ H2O (%) Acetonitrile
0 1 ml/min 40 60
1 1 ml/min 40 60
11 1 ml/min 10 90
21 1 ml/min 0 100
26 1 ml/min 0 100
28 1 ml/min 40 60
40 1 ml/min 40 60

 

Table 4.  HPLC gradient chart for product analysis. 
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