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A gene cluster responsible for the biosynthesis of the antitumor agent 

cetoniacytone A was identified in Actinomyces sp. strain Lu 9419, an 

endosymbiotic bacteria isolated from the intestines of the rose chafer beetle. The 

nucleotide sequence analysis of the 26 Kb DNA region revealed the presence of 17 

complete ORFs, including genes predicted to encode a 2-epi-5-epi-valiolone 

synthase (CetA), a glyoxalase (CetB), an FAD/FMN-dependent dehydrogenase 

(CetF), an oxidoreductase (CetG), two aminotransferases (CetH, CetM), and a 

pyranose oxidase (CetL). BLAST search analysis using the newly isolated cet 

biosynthetic pathway revealed a homologous biosynthetic pathway in the genome 

of Frankia alni ACN14a, suggesting that this organism is capable of producing a 

metabolite related to the cetoniacytones. 

 

The 2-epi-5-epi-valiolone synthase (CetA) was cloned and expressed in E. 

coli and biochemical characterization of the gene product revealed that CetA is 



 

capable of catalyzing the cyclization of sedoheptulose 7-phosphate to 2-epi-5-epi-

valiolone. In addition, three other 2-epi-5-epi-valiolone synthase genes, from 

different natural product biosynthetic pathways have also been recombinantly 

expressed and biochemically characterized. These include BE-orf9 from the BE-

40644 biosynthetic gene cluster, prlA from the pyralomicin biosynthetic gene 

cluster, and salQ from the salbostatin biosynthetic gene cluster. Comparative 

analysis of the gene products with other related cyclases that are involved in natural 

product biosynthesis revealed that the 2-epi-5-epi-valiolone synthases uniquely 

represent a class of sugar phosphate cyclases (SPCs) that has a catalytic mechanism 

similar to that of dehydroquinate synthase in the shikimate pathway. Enzymes that 

belong to the SPC superfamily catalyze the cyclization of sugar phosphates to 

produce a variety of cyclitol intermediates that serve as the building blocks of many 

primary and secondary metabolites. Further phylogenetic analysis of SPC 

sequences revealed a new clade of SPCs, consisting a group of proteins with 

unknown function, that may regulate the biosynthesis of a novel set of secondary 

metabolites.  

 

The product of cetB, which has high identity to glyoxalases (members of the 

vicinal oxygen chelate (VOC) superfamily), has also been characterized. Members 

of the VOC superfamily catalyze a large range of divalent metal ion-dependent 

reactions. Enzymatic characterization of CetB revealed that this enzyme was able to 

catalyze the second metabolic step in cetoniacytone biosynthesis, mediating the 

epimerization of 2-epi-5-epi-valiolone to 5-epi-valiolone. Therefore, CetB may be 



 

designated as a new member of the VOC superfamily. Site directed nutagenesis and 

metal binding analysis showed that CetB is a Ni2+-dependent protein with four 

metal binding sites. Similar to other members of the VOC superfamily, CetB 

contains the common structural βαβββ scaffold, as predicted through Phyre 

program. Native protein gel and size exclusion analyses have shown that CetB 

exists as a two-module protein dimer. The results provide important insight into the 

mode of formation of this unique aminocyclitol natural product, and will contribute 

to future studies that aim to create new aminocyclitol analogs. 
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Functional Analysis of the Biosynthetic Gene Cluster of the Antitumor Agent 
Cetoniacytone A 

 

Chapter One 

 

Introduction 

 

Biosynthetic studies of natural products have emerged as one of the more 

exciting areas of research and have become an important part of modern drug 

discovery and development efforts. An in-depth knowledge of the biosynthesis of 

natural products, including identification of genes and characterization of enzymes 

that are involved, has proved to be crucial for the success of improving the 

production and creating new analogs of natural products.1-3 The advances of 

molecular genetics, protein science, biotechnology, and analytical instrumentation 

have accelerated the pace of natural products biosynthetic studies and provided 

significant contributions to this area of research during the last two decades. Using 

combinations of contemporary molecular genetic approaches, enzymology, and 

chemistry, coupled with powerful and sophisticated mass spectroscopy and NMR, 

it is now possible to dissect mechanisms and processes involved in natural product 

biosynthesis at the molecular level. In addition, dozens of structurally altered 

natural products have recently been generated,4 ranging from analogs of the 

antibiotic erythromycin5, 6 to the anthelmintic avermectins7 and the anti-tumor 

agents, the epothilones.8 In addition, genetic methods can be used to generate 

analogs that are difficult to make using traditional synthetic methodologies. 
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Figure 1-1. Chemical structures of diverse natural products derived from sugar 
phosphate intermediates. 
 
 

Among the various classes of natural products are those derived from 

cyclitol intermediates made through sugar phosphate cyclases, which represent a 
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large family of enzymes involved in primary and secondary metabolism (Figure 1-

1). They have formed a broad class of biologically active compounds and have 

come to occupy a prominent place in natural product research. These include the 

clinically important aminoglycoside antibiotics, e.g., kanamycin, neomycin, and 

streptomycin, the ansamycin antibiotics, e.g., rifamycin and geldanamycin, and the 

C7N-aminocyclitol-containing compounds, e.g., acarbose, validamycin A, and 

pyralomicin. Many of these compounds are used widely for the treatment of 

diseases in humans, animals, and plants. For example, streptomycin, kanamycin, 

neomycin, and rifamycin have long been used in the clinic against bacterial 

infections,2 whereas acarbose is a potent α-glucosidase inhibitor used for the 

treatment of insulin-independent type-II diabetes.3 On the other hand, validamycin 

A is an important crop protectant, particularly against sheath blight disease of rice 

plants.4 Based on the type of sugar phosphate cyclases involved in their 

biosynthesis, they can be divided into five major groups:1 (1) the myo-inositol-

derived aminoglycoside antibiotics [e.g., streptomycin and hygromycin], which 

require myo-inositol 1-phosphate synthase (a sugar phosphate cyclase); (2) the 

shikimate pathway-derived natural products [e.g., phenazine and esmeraldine], 

which require dehydroquinate (DHQ) synthase; (3) the 2-deoxy-scyllo-inosose 

(DOI)-derived aminoglycosides [e.g., kanamycin], which require DOI synthase; (4) 

the aminoshikimate-derived antibiotics [e.g., rifamycin, geldanamycin, and 

mitomycin], which require aminodehydroquinate (aminoDHQ) synthase; and (5) 

the 2-epi-5-epi-valiolone-derived aminocyclitols [e.g., acarbose and validamycin 
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A], which require 2-epi-5-epi-valiolone synthase for their biosynthesis. 

 
1.1. The  myo-inositol 1-phosphate synthases  

The first group of secondary metabolites made through a sugar phosphate 

cyclase intermediate is the myo-inositol-derived aminoglycoside antibiotics. 

Members of this group include streptomycin, bluensomycin, spectinomycin and 

fortimicin, which contain aminocyclitol units originating from a myo-inositol 

intermediate. The biosynthesis of inositol has been known as an evolutionarily 

conserved pathway and its importance in the biological kingdom has been 

recognized for a long time. The cyclitol and its metabolites are not only involved in 

the biosynthesis of aminoglycoside antibiotics, they are also involved in growth 

regulation, membrane biogenesis, osmotolerance and many other biological 

functions including signal transduction pathways.9, 10 Phylogenetic analysis of myo-

inositol 1-phosphate synthase (MIPS) has shown that myo-inositol not only has a 

diverse set of functions but also is abundantly distributed throughout the biological 

kingdoms, e.g., in higher plants and animals, parasites, fungi, green algae, 

eubacteria and archaea.11 

 

All myo-inositol-producing organisms studied to date produce the cyclitol 

via dephosphorylation of myo-inositol 1-phosphate generated from glucose 6-

phosphate by an oxidoreduction/aldol cyclization reaction catalyzed by MIPS.10, 11 

MIPSs serve as the first and the rate-limiting enzyme in the synthesis of all 
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inositol-containing compounds. A number of MIPS genes have been cloned from 

different organisms, and their catalytic function has been studied in detail. In 

addition, the crystal structure of yeast MIPS has been determined.12  Based on both 

the NAD+-bound enzyme and the inhibitor-bound enzyme, the mechanism of the 

conversion of glucose 6-phosphate to myo-inositol 1-phosphate has been proposed 

(Figure 1-2). It involves three distinct steps including an oxidation, an 

intramolecular aldol cyclization, and a reduction.11, 13 NAD+ and an ammonium 

cation are required as cofactors in the reaction (Figure 1-2). Although myo-inositol 

1-phosphate is also a cyclic product of an SPC enzyme and is incorporated into a 

wide array of secondary metabolites, the MIPSs are thought to utilize a separate 

reaction mechanism and do not share significant homology with other classes of 

SPCs described below.  
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Figure 1-2. Proposed mechanism of myo-inositol 1-phosphate synthase. 
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1.2. Dehydroquinate synthases (DHQ synthases) 

DHQ synthases are sugar phosphate cyclases that are involved in the 

shikimate pathway.  The shikimate pathway is a common route leading to the 

production of aromatic amino acids, e.g., phenylalanine, tyrosine, and tryptophan. 

Seven metabolic step are involved in the conversion of phosphoenolpyruvate (PEP) 

and erythrose 4-phosphate (E4P) to chorismic acid, the precursor of the three 

aromatic amino acids and a number of other aromatic compounds which are critical 

to sustaining the primary function of living organisms (Figure 1-3). A number of 

very good reviews have been published during the last three decades.14-18 
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Figure 1-3. The shikimate pathway. 
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DHQ synthase catalyzes the second step in the shikimate pathway, 

converting DAHP to DHQ. In the fungus Neurospora crassa, the DHQ synthase 

reaction is the first of five sequential steps in the shikimate pathway that are 

catalyzed by a multifunctional super enzyme called AROM. The multifunctional 

AROM enzyme, comprising DHQ synthase and the four subsequent shikimate 

pathway activities, appears to be restricted to fungi. In bacteria and plants, each 

biosynthetic step during shikimate biosynthesis is mediated by a separate, 

independent enzyme. It appears that the arom locus evolved by gene fusion and 

convergent evolution.19 DNA encoding the entire AROM complex has been cloned 

and sequenced from Aspergillus nidulans,19-22  Saccharomyces cerevisiae,23, 24 N. 

crassa,25 and P. carinii.26 Crystal structure analysis of the A. nidulans DHQ 

synthase showed that DHQ synthase adopts an open form in the absence of 

substrate27 and that large-scale domain movement occurs during the normal 

catalytic cycle.28-31 Compared to corresponding fungal enzymes, the DHQ 

synthases of bacteria are smaller and generally separable from other shikimate-

pathway activities. Since the discovery of the AROM protein, a substantial number 

of DHQ synthases from different source including E coli K-12,32, 33 

Corynebacterium glutamicum,34 Neisseria gonorrhoeae,35 Helicobacter pylori,36 

and Bacillus subtilis37 have been purified and characterized.  

 

DHQ synthases require divalent cations for activity,33, 38 showing the most 

robust activity with either Co2+ or Zn2+. In addition, the enzyme also requires 
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catalytic amounts of NAD+ for activity.25 There is evidence for two functionally 

distinct metal binding sites per polypeptide chain.39 Conversion of DAHP to DHQ 

involves an oxidation, a ß-elimination of inorganic phosphate, a reduction, a ring 

opening, and an intramolecular aldol condensation (Figure 1-4).29, 40 The molecular 

mechanism of the overall reaction has been studied extensively by the use of 

substrate analogs. The crystal structure of DHQ synthase in five liganded states 

suggests that the enzyme is actively involved in all of the five steps of the 

reaction.29, 30 Comparison of the available A. nidulans and S. aureus DHQ synthase 

structures suggested that despite the low overall amino acid sequence identity, there 

is a 100% identity between substrate-contacting residues.28 
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Figure 1-4. Proposed mechanism of DHQ synthase. 

 

1.3. 2-Deoxy-scyllo-inosose synthases 

One of the most-well-studied families of secondary metabolites made 

through sugar phosphate cyclase is the 2-deoxy-scyllo-inosose-derived 
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aminoglycosides. The 2-deoxystreptamine aglycon is a common structural feature 

found in this class of aminoglycoside antibiotics including neomycin, kanamycin,41 

tobramycin,42 gentamicin, sisomicin, butirosin and ribostamycin.43 This moiety 

plays a critical role in the biological function of this class of aminoglycoside 

antibiotics and has been shown to interact directly with the 16S ribosomal RNA 

subunit.44-46 The biosynthesis of 2-deoxystreptamine commences with the initial 

carbocycle formation step from D-glucose 6-phosphate to 2-deoxy-scyllo-inosose 

(DOI). This crucial step is known to be catalyzed by DOI synthase, an enzyme that 

shares high homology with DHQ synthase. Three additional steps including 

oxidation and two transaminations47, 48 are required to complete the production of 

2-deoxystreptamine (Figure 1-5). 
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Figure 1-5. The formation of 2-deoxystreptamine. 

 

Kakinuma and coworkers reported the first isolation and functional 
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characterization of DOI synthase from the butirosin-producing bacteria, Bacillus 

circulans, by cloning and overexpression the gene, btrC.49-51 A gene (btrC2) 

encoding a 20-kDa subunit of DOI synthase was also identified from butirosin-

producer B. circulans. Although heterologous expression of BtrC in the absence of 

BtrC2 gave full enzymatic activity, the simultaneously over-expressed BtrC2 and 

BtrC showed that BtrC2 and BtrC spontaneously form a heterodimer structure, and 

that the heterodimer was much more stable than BtrC homodimer. So, the major 

role of BtrC2 appears to be involved in the stabilization and regulation of BtrC.52 In 

addition to BtrC, a number of DOI synthases from different aminoglycoside 

biosynthetic gene clusters, including the ribostamycin,53 neomycin,54 kanamycin,55-

57 tobramycin,42, 58 and gentamicin,59 have been isolated.  

 

The mechanism of the DOI synthase reaction was investigated by X-ray 

crystallography analysis with a potent irreversible inhibitor.60 A comparison of the 

active site residues of the DHQ synthase from A. nidulans with DOI synthases 

showed several key differences within the active site, suggesting that these residues 

may be involved in substrate binding.61 However the reaction mechanism of DOI 

synthase is predicted to be very similar to that of DHQ synthase. This single 

enzyme is able to catalyze the full carbocycle-forming process from glucose 6-

phosphate to DOI in the presence of NAD+ and Co2+ as cofactors. The multistep 

process includes, (i) oxidation at C-4 and elimination of phosphate, (ii) 

stereoselective reduction at C-4, (iii) deprotonation and ring-opening of the hemi-
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acetal to an enolate-aldehyde, and, finally, (iv) stereoselective intramolecular aldol 

condensation between C-1 and C-6 (Figure 1-6). The presence of Co2+ was 

essential for enzyme activity, and Zn2+ was totally inhibitory.49 While the reaction 

mechanisms are quite similar, the DOI synthases appear to be distinct from the 

DHQ synthases with respect to their quaternary structures, metal cation 

requirements, and kinetic parameters.49 In the DHQ synthase reaction, the 

phosphate elimination takes place in syn fashion by intramolecular self-catalysis. 

On the other hand, anti-elimination of the phosphate is postulated for the DOI 

synthase reaction.50  
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Figure 1-6. Proposed mechanism of 2-deoxy-scyllo-inosose synthase. 

 

1.4. AminoDHQ synthases 

The third family of secondary metabolites derived from the cyclization of 

sugar phosphate is the large family of ansamycin antibiotics. They all contain a 
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common C7N core unit, which is derived from 3-amino-5-hydroxybenzoic acid 

(AHBA). Members of this family include rifamycin B,62-64 geldanamycin,65 

ansamitocin, and mitomycin.66 In the case of rifamycin B, geldanamycin, and 

ansamitocin, the AHBA represents the starter unit from which the ansa chain is 

assembled by a polyketide-type biosynthesis. Inactivation of the AHBA 

biosynthetic genes in Amycolatopsis mediterranei and Streptomyces hygroscopicus 

genome resulted in the loss of rifamycin 67 and geldanamycin68, 69 formation, 

respectively. 

 

The biosynthesis of AHBA has been studied at the chemical, biochemical, 

and genetic levels in organisms producing various ansamycins,70 and in the 

heterologous host E. coli.71, 72 Floss and coworkers have probed the biosynthetic 

pathway to AHBA through feeding experiments with stable isotopes, cell-free 

assays,67, 73 and mutational analyses.74 Their results confirmed that the formation of 

AHBA occurs by a novel parallel route to the normal shikimate pathway. The 

operation of the new variant of the shikimate pathway in the formation of AHBA 

starts from phosphoenolpyruvate (PEP) and imino-erythrose 4-phosphate (imino-

E4P) to 3,4-dideoxy-4-amino-D-arabino-heptulosonate-7-phosphate (aminoDAHP). 

The pathway then continues via 5-deoxy-5-amino-3-dehydroquinic acid 

(aminoDHQ) and 5-deoxy-5-amino-3-dehydroshikimic acid (aminoDHS) to AHBA 

(Figure 1-7).75-77  The key intermediate, aminoDAHP, was first proposed by 

Hornemann et al.78 Heterologous expression of the biosynthetic gene cluster of 



13 
 

 

AHBA from the rifamycin producer and the geldanamycin producer further 

confirmed the proposed AHBA biosynthetic pathway.71 In AHBA biosynthesis, an 

aminoDHQ synthase catalyzes the cyclization of aminoDAHP to aminoDHQ (RifG 

in rifamycin pathway,79 GdmO in geldanamycin pathway,80 Asm47 in ansamitocin 

pathway,81 and MitP in mitomycin66 pathway). These enzymes show high sequence 

similarity with DHQ synthase in the shikimate pathway. AHBA synthase, the 

terminal enzyme in the formation of AHBA was studied in detail and shows the 

dependency on pyridoxal 5′-phosphate (PLP).82, 83 Mechanistic studies showed that 

the enzyme-bound pyridoxal 5′-phosphate forms a Schiff’s base with the amino 

group of aminoDHS and catalyzes both an α,β-dehydration and a stereospecific 

1,4-enolization of the substrate.  
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Figure 1-7. Proposed pathway for the formation of AHBA. 
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1.5. 2-epi-5-epi-Valiolone synthases 

The last group of secondary metabolites made through sugar-phosphate-

cyclase is the 2-epi-5-epi-valiolone derived natural products (Figure 1-8). Many of 

these compounds are used widely to combat diseases in humans, animals, and 

plants. For example, acarbose, which is produced by Actinoplanes strain SE 50/110, 

is a potent α-glucosidase inhibitor used for the treatment of insulin-independent 

type-II diabetes.84 Validamycin A, which was isolated from the fermentation broth 

of Streptomyces hygroscopicus var. limoneus and Streptomyces hygroscopicus 

subsp. jinggangensis 5008, is a trehalase inhibitor widely used in Asia as a crop 

protectant for sheath blight disease.85, 86 Other members of this family include the 

anti-bacterial agent pyralomicin, the antitumor agent cetoniacytone A, the trehalase 

inhibitor salbostatin, and the human thioredoxin system inhibitor BE-40644.87 

Epoxyquinomicins, which were isolated from the culture broth of Amycolatopsis sp. 

strain MK 299-95 F4, share a similar C7N-aminocyclitol moiety with cetoniacytone 

A, although the biosynthetic origin of its core C7N moiety has not been 

investigated.88-90 Since the central part of this Ph.D thesis is most related with the 

biosynthesis of C7N-aminocyclitols, this family of natural products will be 

discussed in more detail.  
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Figure 1-8. Chemical structures of 2-epi-5-epi-valiolone-derived C7-cyclitols. 

 

1.5.1. Biosynthetic origin of the C7N-aminocyclitol core unit 

The carbon skeleton of the aminocyclitols in acarbose and validamycin has 

been established by the groups of Rinehart91 and Floss.92 Feeding experiments with 

13C-labeled glucose and [U-13C3]glycerol demonstrated that the C7N moiety is 

derived from a 7-carbon sugar phosphate, sedoheptulose 7-phosphate, which is 

formed by C2+C2+C3 related to the pentose phosphate pathway. Later, Floss and 

co-workers synthesized a number of 2H-, 3H-, or 13C-labeled potential precursor 

cyclitols and fed them to the acarbose and validamycin producer.93-95 The feeding 

experiments showed that while valiolone, which has the same stereochemistry as 

the aminocyclitol core unit of acarbose, failed to act as a precursor of acarbose, its 
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epimer, 2-epi-5-epi-valiolone, was efficiently incorporated into the compound. It 

suggested that 2-epi-5-epi-valiolone is the initial cyclitol precursor of this core 

moiety. Additional feeding experiments showed that 2-epi-5-epi-valiolone was also 

efficiently incorporated into validamycin and labels both cyclitol moieties, 

suggesting that 2-epi-5-epi-valiolone is the precursor of all the aminocyclitol 

moieties in this compound. Similar results have also been shown in the biosynthetic 

studies of pyralomicin and cetoniacytone A, in which 2-epi-5-epi-valiolone was 

incorporated into both compounds.96-98 

 

The use of 2-epi-5-epi-valiolone in the biosynthesis of acarbose and 

validamycin has been confirmed by genetic and biochemical approaches.99-101 The 

putative biosynthetic gene cluster of acarbose was identified in the producer strain 

Actinoplanes sp. SE50/110 by cloning a DNA fragment containing the conserved 

sequences for dTDP-glucose 4,6-dehydratases (acbB) and using this fragment as a 

hybridization probe. The two flanking genes were acbA, which showed homology 

to dTDP-glucose synthases, and acbC, which encodes a protein homologous to 

DHQ synthases, amino-DHQ synthases, and DOI synthases. The acbC gene was 

overexpressed heterologously in Streptomyces lividans and the product was shown 

to be a C7-cyclitol synthase using sedoheptulose 7-phosphate, but not ido-heptulose 

7-phosphate, as its substrate.99 The cyclization product was identified as 2-epi-5-

epi-valiolone. Based on the analysis of the three dimensional structure of an 

eukaryotic DHQ synthase domain, a five-step reaction mechanism of AcbC, 
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including dehydrogenation at C-5 by NAD+, elimination of phosphate group, 

reduction of the C-5 ketone, ring opening and rotation along the C-5-C-6 bond, and 

intramolecular aldo condensation, was proposed (Figure 1-9).99  
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Figure 1-9. Proposed mechanism of 2-epi-5-epi-valiolone synthase. 

 

1.5.2. Biosynthesis of acarbose 

The α-glucosidase inhibitor acarbose is produced by Actinoplanes sp. 

SE50/110 and inhibits various α-glucosidases including sucrase, maltase, 

dextrinase, and glucoamylase. It is built-up from three distinct moieties, an 

unsaturated cyclitol (valienamine), a deoxyhexose and a maltose unit, linked by 

(pseudo-)α-1,4 linkages. The valienamine and the deoxyhexose are linked via an N-

glycosidic bond. This acarviosyl moiety, the combination of valienamine and the 

deoxyhexose, is primarily responsible for the inhibitory effect on α-glucosidases.  
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The biosynthesis of acarbose has been studied by a combination of 

conventional feeding experiments using isotopically labeled compounds and by 

genetic and biochemical approaches. Feeding experiments with Actinoplanes using 

various 15N-labeled compounds have been done and showed that glutamate is the 

most efficient nitrogen source among the substrates tested and that the mode of 

nitrogen introduction into the acarbose must be a pyridoxal phosphate-dependent 

transamination.102 Feeding experiments using 2H- or 3H-labeled maltose or 

maltotriose showed that the maltose unit of acarbose arises from maltotriose which 

is present in abundance in the fermentation medium.103 Feeding experiments with 

[U-13C3]glycerol demonstrated that the aminocyclitol moiety of acarbose is derived 

from the pentose phosphate pathway and that 2-epi-5-epi-valiolone is a key 

intermediate in acarbose biosynthesis.92, 104  

 

With the identification of the acarbose biosynthetic gene cluster, the 

formation of acarbose becomes more evident. Biosynthesis of acarbose is proposed 

to begin with the cyclization of sedoheptulose 7-phosphate to 2-epi-5-epi-valiolone 

by the 2-epi-5-epi-valiolone synthase, AcbC. AcbM has been verified as a 2-epi-5-

epi-valiolone 7-kinase that converts 2-epi-5-epi-valiolone to its 7-phosphate 

derivative.105 The 2-epi-5-epi-valiolone 7-phosphate was further converted by the 

AcbO epimerase to 5-epi-valiolone 7-phosphate.105, 106 The NADH-dependent 

dehydrogenase AcbL has been proposed to mediate the reduction of the C-1 keto 

group to form 5-epi-valiolol 7-phosphate. The remaining steps in acarbose 
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biosynthesis have been predicted from BLAST search analysis and include a 

dehydration reaction by AcbN to synthesize 1-epi-valienol 7-phosphate. A second 

phosphorylation by an unidentified kinase and a subsequent nucleotidylation by the 

NDP-transferase, AcbR, are predicted to yield NDP-1-epi-valienol 7-phosphate. 

The AcbA (homology to dTDP-glucose synthase), AcbB (homology to dTDP-

glucose 4,6-dehydratases), and AcbV (homology to aminotransferases) proteins are 

predicted to catalyze the conversion of glucose 6-phosphate to 4-amino-4,6-

dideoxy-dTDP-glucose, which is then coupled with NDP-1-epi-valienol 7-

phosphate by either AcbS or AcbI to give dTDP-acarviose 7-phosphate. Further 

extension with two units of glucose yields acarbose (Figure 1-10). 
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Figure 1-10. Proposed biosynthetic pathway to acarbose. 

 

1.5.3. Biosynthesis of validamycin 
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The validamycins were found to be effective for controlling sheath blight 

disease of rice plants and preventing damping-off of cucumber seeding caused by 

the fungus Rhizoctonia solani. As mentioned above, the valienamine moieties in 

acarbose and validamycin both utilize 2-epi-5-epi-valiolone as a precursor during 

biosynthesis. However, the downstream steps required for valienamine moiety 

formation are substantially different.94 In the case of acarbose biosynthesis, 2-epi-5-

epi-valiolone is phosphorylated directly and further reactions in the acarbose 

pathway involve phosphorylated intermediates. In the case of validamycin, several 

nonphosphorylated intermediates, including 5-epi-valiolone, valienone, and 

validone, were incorporated into validamycin, suggested that the phosphorylation 

step happens later than that of acarbose pathway.95 Validamycin A, the most 

abundant validamycin metabolite, contains validoxylamine A as a core moiety, 

which is assembled from two C7N-aminocyclitols, the unsaturated residue, 

valienamine, and the saturated one, validamine, which are connected through a 

single nitrogen bridge shared by both units. Feeding experiments with isotopically 

labeled precursors to the validamycin producer S. hygroscopicus var. limoneus 

revealed that 2-epi-5-epi-valiolone is specifically incorporated into validamycin A 

and labels both cyclitol moieties. A more proximate precursor of validamycin A is 

valienone, which is also incorporated into both cyclitol moieties. The first step 

involves epimerization at C-2 of 2-epi-5-epi-valiolone to give 5-epi-valiolone, 

which is also efficiently incorporated into validamycin A in isotopic feeding 

experiments. Epimerization is followed by dehydration between C-5 and C-6, to 
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yield valienone which is the specific precursor of both the unsaturated and saturated 

cyclitol moieties of validamycin A. Reduction of valienone forms validone, which 

is also incorporated specifically into validamycin A, but labels only the reduced 

cyclitol moiety(Figure 1-11).95  
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Figure 1-11. Precursors used for feeding experiments with validamycin A producer.  

 

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

hygroscopicus subsp. jinggangensis 5008 by a collaboration between the Deng and 

Mahmud laboratories.100 A 45 Kb DNA sequence revealed 16 structural genes, 2 

regulatory genes, 5 genes related to transport, transposition/integration or resistance, 

and 4 genes with no obvious identity.101 Deletion of a 30 Kb DNA fragment from 

this cluster in the chromosome resulted in the loss of validamycin production, 

confirming a direct involvement of the gene cluster in the biosynthesis of 

validamycin.100 Within the 16 structural genes, only seven genes, valABCKLMN, 

from the two original operons are required for the synthesis of validoxylamine A in 

the heterologous host S. lividans. The predicted function of these seven genes 

include valA as the 2-epi-5-epi-valiolone synthase, valB as a nucleotidyltransferase, 

valC as a cyclitol kinase, valK as an epimerase/dehydratase, valL as a 

validoxylamine A 7-phosphate synthase, valM as an aminotransferase, and valN as 
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a cyclitol reductase. With one more gene, valG (encoding a glycosyltransferase), 

the formation of validamycin has been observed in S. lividans.101 In vivo 

inactivation of the valG gene abolished the final attachment of glucose for 

validamycin production, and resulted in the accumulation of the precursor, 

validoxylamine A, while the normal production of validamycin A was restored by 

the complementation with valG. In vitro enzymatic assays using the recombinant 

ValG protein also demonstrated the glycosylation of validoxylamine A to 

validamycin A.101 Further genetic and biochemical studies revealed that a number 

of other genes, e.g., ValD and ValO, are also essential for the optimal production of 

validamycin A (Figure 1-12).  
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Figure 1-12. Proposed biosynthetic pathway to validamycin A. 
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Recently, two other validamycin gene clusters were identified from S. 

hygroscopicus 10-22107 and S. hygroscopicus var. limoneus.108 Three open reading 

frames, orf1-orf3, in S. hygroscopicus 10-22 genome were identified and showed 

99% identity with valA, valB, and valC. Direct comparison of the validamycin 

cluster from S. hygroscopicus subsp. jinganggensis 5008 (the val cluster) and that 

from S. hygroscopicus var. limoneus KCCM 11405 (the vld cluster) has shown that 

both clusters contain an almost identical set of genes necessary for the biosynthesis 

of validamycin A, or at least for that of validoxylamine A. 

 

1.5.4. Biosynthesis of pyralomicin  

The pyralomicins are a set of antibiotics isolated from the soil bacterium 

Nonomuraea spiralis by Takeuchi and coworkers in 1995.109-111 Pyralomicin 1a has 

a unique structure, a benzopyranopyrrole that is N-glycosylated by a C7-cyclitol.109 

Studies on the origin of the benzopyranopyrrole core unit in pyralomicin 1a by 

feeding experiments have revealed that it is derived from two units of acetate, one 

unit of propionate and one molecule of proline.111 The mechanism required for the 

formation of the unique benzopyranopyrrole core structure during pyralomicin 

biosynthesis is unknown, but is suggested to occur in a manner similar to the 

related compound, pyoluteorin.112 On the other hand, biosynthesis of the cyclitol 

moiety is thought to occur in a similar manner to that of acarbose. Initial feeding 

experiments with D-[U-13C6]glucose showed incorporation into pyralomicin 1a 

with labeling and coupling patterns similar to those in acarbose and validamycin, 
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suggesting that it is derived from the pentose phosphate pathway. Further analysis 

of the cyclitol moiety of pyralomicin 1a has been studied using a series of 2H-

labeled potential precursors. The results demonstrate that 2-epi-5-epi-valiolone, a 

common precursor for acarbose and validamycin A biosynthesis, is also an 

immediate precursor of pyralomicin 1a. 5-epi-Valiolone was also incorporated into 

pyralomicin 1a, although much less efficiently than 2-epi-5-epi-valiolone. Other 

potential intermediates, such as valiolone, valienone, valienol, 1-epi-valienol, 5-

epi-valiolol, and 1-epi-5-epi-valiolol were not incorporated into pyralomicin 1a. It 

was suggested that either 2-epi-5-epi-valiolone is specifically activated (e.g., to its 

phosphate) or the transformation of 2-epi-5-epi-valiolone involves a substrate-

channeling mechanism in which enzyme-bound intermediates are directly 

transferred from one enzyme active site to the next in a multi-enzyme complex.97 

  

1.5.5. Biosynthesis of BE-40644 

BE-40644 is a new human thioredoxin system inhibitor produced by 

Actinoplanes sp. A40644.113 The structure of the novel metabolite was established 

by NMR analysis and was revealed as an isoprenoid-cyclitol-hybrid compound. 

Feeding experiments with [1-13C]acetate, [1,2-13C2]acetate, and [1-13C]glucose 

showed that the isoprenoid portion of the compound is derived from the 

mevalonate pathway, whereas the cyclitol unit is formed via the pentose phosphate 

pathway. It was suggested that the cyclization of the sedoheptulose 7-phosphate 

proceeds in a similar manner as reported for the biosynthesis of the cyclitol unit in 
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acarbose and validamycin.114 The biosynthetic gene cluster of BE-40644 has been 

identified in Actinoplanes sp. A40644 by Dairi and co-worker.87 A 22 Kb DNA 

sequence revealed a set of genes related to the mevalonate pathway that is 

responsible for the biosynthesis of isoprene units (orfs 2-7). Additional genes 

responsible for the formation of the cyclitol unit (orfs 9-13), genes encoding 

polyprenyl diphosphate synthase (orf1), prenyltransferase (orf14), and several 

hypothetical and regulatory proteins (orfs 15-18) were also revealed. In this study, 

orf9, a gene sharing high homology with 2-epi-5-epi-valiolone synthases has been 

identified. The lack of a cyclitol kinase in the gene cluster suggests that the cyclitol 

moiety may be transferred to the isoprenoid portion without an intermediate 

phosphorylation step (Figure 1-13). 
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Figure 1-13. Proposed biosynthetic pathway to BE-40644. 

 

1.5.6. Biosynthesis of salbostatin 

Salbostatin is a basic, non-reducing pseudodisaccharide that consists of 

valienamine moiety linked to 2-amino-1,5-dihydro-2-deoxy-D-glucitol by an imino 
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bridge.115 It was isolated from the fermentation culture of the polyether antibiotic 

salinomycin producer Streptomyces albus ATCC 21838. Despite having a similar 

chemical structure as acarviosine and other pseudodisaccharides, salbostatin does 

not inhibit the enzymes saccharase (EC 3.2.1.26) or maltase (EC 3.2.1.20) from the 

mucus of porcine small intestine, and only weakly (IC50 = 0.68 mM) inhibits 

murine liver aldose reductase (EC 1.1.1.21). Salbostatin also shows no antibiotic 

activity; however, it does effectively inhibit trehalase from porcine kidney (EC 

3.2.1.28) with a Ki of 1.8 × 10-7 M. By using degenerate primers designed from 

alignment of acbC, valA and aroB, a biosynthetic gene cluster of salbostatin was 

isolated recently by Hong and co-worker in Myongji University.116 Twenty one 

ORFs including an AcbC homolog, SalQ, was proposed to mediate the biosynthesis 

of salbostatin (Figure 1-14).  
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Figure 1-14. Proposed biosynthetic pathway to salbostatin. 

 

1.5.7. Biosynthesis of cetoniacytone and epoxyquinomicins 

Cetoniacytone A is a moderate anti-tumor agent produced by an 

endosymbiotic Actinomyces sp. strain Lu9419, which was isolated from the 

intestines of the rose chafer beetle (Cetonia aureata). Biological activity assays of 

cetoniacytone A showed no antimicrobial activity against Gram-positive and Gram-
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negative bacteria, but it showed a moderate growth inhibition against the human 

tumor cell lines, HEPG2 (GI50 = 3.2µM) and MCF7 (GI50 = 4.4µM).98 The structure 

of the novel metabolite was established by detailed spectroscopic analysis. 

Although cetoniacytone A belongs to the C7N-aminocyclitol family, in contrast to 

most of the secondary metabolites belonging to this family, it contains an unusual 

C7N-aminocyclitol structure, in which the amino group is acetylated and located at 

the C-2 position instead of the C-1 position (Fig 1-8). 

 

Feeding experiments with Actinomyces sp. strain Lu9419 using [U-

13C]glycerol showed that the labeling and coupling patterns are similar to those of 

the valienamine moiety of acarbose and validamycin A, suggesting that the core 

unit of cetoniacytone is derived via the pentose phosphate pathway.98 Further 

experiments with isotopically labeled 2-epi-5-epi-valiolone confirmed the 

involvement of this common precursor in the biosynthesis of cetoniacytone A.96 

The uniqueness of the cetoniacytone core structure has encouraged us to study their 

formation at the molecular level. Similar core structures have also been found in the 

epoxyquinomicins which were isolated from the culture broth of  Amycolatopsis sp. 

strain MK299-95F4. These compounds have been found to be potential drug 

candidates for rheumatoid arthritis.88-90, 117, 118 Structure determination showed that 

epoxyquinomicins C and D have the same core unit as cetoniacytone A, whereas 

epoxyquinomicins B and C are dechloro analogs of epoxyquinomicins A and D, 

respectively.  In addition, epoxyquinomicins A and B possess a keto group at the 
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C-1 position of their core units instead of the hydroxyl group seen in the 

epoxyquinomicins C and D (Figure 1-8). The mode of action of epoxyquinomicins 

appears to be different from that of common non-steroidal anti-inflammatory drugs 

(NSAIDs), since epoxyquinomicins C and D did not inhibit cyclooxygenase-I at the 

concentration of 300 uM. Subsequent studies on their biological activities have 

revealed that these compounds inhibit histidine decarboxylase which is considered 

to be involved in the mechanism of inflammation by producing histamine.119 On 

the other hand, the dehydroxymethyl derivatives of epoxyquinomicins C (DHMEQ) 

have been synthesized and several studies on the biological activities of DHMEQ 

showed that they are novel inhibitors of NF-κB which is a transcription factor that 

induces inflammatory cytokines and anti-apoptotic proteins.120-127  

 

As part of our long term goal to generate analogs of bioactive 

aminocyclitol-containing natural products, we have investigated the biosynthesis of 

cetoniacytone A at the molecular level. This dissertation describes a functional 

analysis of the biosynthetic gene cluster of cetoniacytone A, which include the 

identification of the gene cluster (Chapter 3) and characterization of a 2-epi-5-epi-

valiolone synthase (CetA) from the cetoniacytone pathway and its functional 

relationship within the sugar phosphate cyclase superfamily (Chapter 4). In 

addition, we have identified a new member of the vicinal oxygen chelate 

superfamily, CetB, as a 2-epi-5-epi-valiolone epimerase (Chapter 5).  
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Chapter 2 

 

Materials and Methods 

 

2.1. Bacterial strains and culture conditions 

The bacterial strains and plasmids used in this study are listed in Table 2-1. 

Actinomyces sp. strain Lu 9419 was kindly provided by Dr. Zeeck’s group at the 

University of Gottingen. This strain was maintained on YMG agar and cultured in 

YMG liquid medium consisting of malt extract (1%), yeast extract (0.4%), and 

glucose (0.4%), pH = 7.3 at 30 oC. Oatmeal medium consisting 2% oatmeal and 2.5 

ml/l trace element solution [contains CaCl2.2H2O (3 g/L), Fe(III)-citrate (1 g/L), 

MnSO4 (0.2 g/L), ZnCl2 (0.1 g/L), CuSO4.5H2O (25 mg/L), Na2B4O7.10H2O (20 

mg/L), CoCl2 (4 mg/L), Na2MoO4.2H2O (10 mg/L)], and sodium acetate (1g/L) as 

a supplement was used as the production medium for cetoniacytone A. E. coli 

strains XL-1-Blue and DH-10B (Stratagene) were used as hosts for library 

construction and routine subcloning, respectively. Over-expression of recombinant 

His-tagged proteins was carried out in E. coli BL21Gold(DE3)pLysS (Stratagene). 

E. coli VCS257 was used as a host for the preparation of pOJ446 cosmid library. 

Escherichia coli strains were cultured in Luria-Bertani Miller (LB) or LB 

containing betaine (2.5 mM) and sorbitol (1 M) (LBBS)67 medium supplemented 

with appropriate amount of antibiotics whenever necessary. S. lividans T7, TK-24 

and 1326 were used as hosts for the heterologous expression of the cetoniacytone A 
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biosynthetic gene cluster. S. lividans were routinely maintained on SFM agar at 30 

oC and grown in YEME medium for protoplast preparation.128 The production 

medium for S. lividans harboring the cetoniacytone A biosynthetic gene cluster is 

the same oatmeal medium as used for Actinomyces sp. strain Lu 9419. 

 

Table 2-1. Bacteria strains and plasmids used in this study. 

Strain or plasmid Relevant characteristics Source or Ref. 
Actinomyces sp. 
strain Lu9419 

Cetoniacytone producer Dr. Zeeck’s group 

S. lividans 1326 SLP2+ SLP3+  Hopwood et al., 1985 
S. lividans T7 S. lividans 1326 with T7 promoter Hopwood et al. 1985 
S. lividans TK24 Str-6 SLP2- SLP3- Hopwood et al. 1985 
E. coli DH10B F-, lacZ, recA1 Stratagene 
E. coli 
BL21Gold(DE3)pLys 

Protein expression strain Stratagene 

E. coli VCS257  Stratagene 
ET12567/pUZ8002 Dam dcm hsdS pUZ8002 MacNeil et al., 1992 
plasmid   
pOJ446 SCP2*-derived E. coli-streptomyces 

shuttle cosmid aac(3)IV oriT 
Bierman et al., 1992 

pBluescript SK(-) bla, lacZ-α Stratagene 
pRSET-B pUC origin, T7 promoter, bla  Invitrogen 
pSET152 aac(3)IV int(�C31) oriT ori(pUC18) Bierman et al., 1992 
pCet2 pOJ446 with 40 Kb Actinomyces sp 

genome fragment 
This study 

pCet25 pOJ446 with 40 Kb Actinomyces sp 
genome fragment 

This study 

pCet26 pOJ446 with 40 Kb Actinomyces sp 
genome fragment 

This study 

pCet27 pOJ446 with 40 Kb Actinomyces sp 
genome fragment 

This study 

pWUX12b pSET152 with bla and MCS from 
pACYC-duet 

This study 

pWUX –Cet2 pWUX12b with 23 Kb pCet2 
fragment  

This study 

pRSET-CetA pRSET-B with cetA gene This study 
pRSET-PrlA pRSET-B with prlA gene This study 
pRSET-Orf9 pRSET-B with BE-ORF9 gene This study 
pSQ2 pET30a carrying a salQ gene This study 
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2.2. Cetoniacytone A production and isolation 

Actinomyces sp. strain Lu 9419 was maintained as a stock culture on YMG 

agar. Pre-cultures were prepared by inoculating 50 ml YMG medium with a 1cm2 

piece of agar from 7 day old cultures in a rotary shaker and incubated for 48 hours 

at 28 oC. The main cultures were inoculated with 15 ml of these pre-cultures and 

incubated for 96 hours at 28 oC. Fermentations were carried out in 500 ml 

Erlenmeyer flasks with a spring coil inside containing 150 ml of oatmeal medium. 

At 48 hours, glucose (1 g/ml) was added into the culture to increase the yield of 

cetoniacytone A.  

 

The harvested culture broths were separated from the mycelia by 

centrifugation (2500 rpm, 25 minutes) and the supernatant was passed through 

Amberlite XAD-2 (40/20). The column was washed twice with dd H2O and the 

more lipophilic constituents were eluted with methanol. The methanol extract was 

evaporated to dryness using a rotary evaporator. The crude residue was subjected to 

silica gel column chromatography (CH2Cl2/methanol 9:1; 16/50) and subsequently 

to Sephadex LH-20 column chromatography (methanol; 16/70). The fractions 

containing cetoniacytone A were identified by TLC and MS. The chemical 

structure was confirmed by 1H NMR in DMSO-d6 on a Bruker topspin 300 (300 

MHz). Mass spectra were taken by ThermoFisher LC-Q advantage.  
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2.3. DNA isolation and manipulations 

Routine genetic procedures such as plasmid DNA isolations, restriction 

endonuclease digestions, alkaline phosphatase treatments, DNA ligations, and other 

DNA manipulations were performed according to standard techniques.129 DNA 

fragments were excised from agarose gels and residual agarose was removed with 

the QiaQuick Gel Extraction Kit (Qiagen). PCR was carried out using Pfx or taq 

high fidelity or GC-rich DNA polymerase (Invitrogen) according to the 

manufacturer’s protocol. For construction of the genomic library, the genomic 

DNA of Actinomyces sp. was isolated using standard techniques.129 Purified DNA 

was partially digested with dilute Sau3AI in various concentrations (0.0005 – 0.5 

IU/µl). The best partial digestion conditions (0.002 IU/µl, 30min) gave DNA 

fragments within the range of 35-45 Kb in size. The digested sample containing 35-

45 Kb fragments was pooled and ligated to pOJ446 predigested with BamHI and 

HpaI. In vitro packaging was carried out using Gigapack III Gold packaging extract 

(Stratagene). 

 

2.4. Hybridization of probe for the isolation of cetoniacytone A biosynthetic genes 

The valA gene from S. hygroscopicus var. limoneus and the acbC gene from 

Actinoplanes sp. encoding 2-epi-5-epi-valiolone synthases were used as 

heterologous probes to identify the equivalent gene in the genomic DNA of 

Actinomyces sp. by means of DNA-DNA hybridization experiments. The valA gene 

was obtained from a valA expression vector100 previously constructed in our lab by 
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cutting it with restriction enzymes NdeI and EcoRI. The acbC gene was amplified 

using PCR reaction from plasmid pAS8/799 by primers AcbC-F and AcbC-R which 

is listed in Table 2-2. Southern blot analysis was performed on Hybond-N nylon 

membranes (Amersham) with digoxigenin-labeled probes by using the DIG high 

prime DNA labeling and detection starter kit II (Roche). For this purpose, a 1.24 

Kb valA gene and a 1.15 Kb acbC gene were labeled with digoxigenin-dUTP. First 

screening was performed by colonies lifting within the whole library (6000 clones) 

and nine positive clones were identified. The cosmid DNA of these nine positive 

clones were isolated and digested with BamHI. Subsquently, a second screening 

was performed by Southern blot and 3 real positive candidates were identified. The 

identified 3 Kb BamHI fragment was further subcloned into pBluescript SK- for 

sequencing.  

 

Sequencing was performed using the Big Dye RR terminator cycle 

sequencing kit (PerkinElmer Biosystems), and the gels were run on Applied 

Biosystems capillary 3730 Genetic Analyzer available at the Center for Genome 

Research and Biocomputing (CGRB) Facilities of Oregon State University. 

 

2.5. Cloning, expression, and purification of cetA, cetB, prlA, BE-orf 9, and salQ 

cetA, cetB, prlA, and BE-orf9, were overexpressed as histidine-fusion 

proteins (6XHis) at the N-terminus using the expression vector pRSETB 

(Invitrogen). The genes encoding CetA, CetB, PrlA, and BE-Orf9 were PCR 
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amplified using the Pfx PCR kit (Invitrogen). The primers used for amplification of 

these genes are listed in Table 2-2. The cetA gene (1.09 Kb) obtained from the 

cosmid pCet26 by the primers CetA-F and CetA-R was cloned into pRSETB 

digested with EcoRI and XhoI. The cetB gene (552 bp) obtained from the cosmid 

pCet2 by the primers CetB-F2 and CetB-R2 was cloned into pRSETB digested 

with EcoRI and BamHI. Similarly, the prlA gene (1.24 Kb) and the BE-orf9 gene 

(1.25 Kb) were subcloned into pRSETB in frame with the 6XHis tag at 

BamHI/KpnI and BamHI/EcoRI restriction sites, respectively. The salQ 

overexpressing vector was constructed by the Hong group in Myongji University 

and was subcloned into pET30a at BamHI and HindIII restriction sites. All 

expression constructs were confirmed by DNA sequencing. These prepared 

recombinants were transferred into the expression host E. coli BL21(DE3)pLysS. 

The transformants were cultured in 500 ml of LBBS medium supplemented with 

ampicillin and chloramphenicol. When the cells reached an OD600 of 0.5 at 37 oC, 

the growth temperature was reduced to 25 oC and protein expression was induced 

by the addition of 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells 

were harvested by centrifugation after 15 hours incubation and were washed three 

times with LB broth to remove excess sorbitol from the growth medium. Bacterial 

pellets were stored at –80 oC until further use.  
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Table 2-2. Primers for overexpression and site directed mutagenesis of genes in 
different pathway.  
 
Name Sequence (5’ to 3’) 
PrlA-F2 GAGGATCCCCATATGCCGGTATCGGCGCAGA 
PrlA-R2 CGGGGTACCTCAGAGGGCGACGTCCTCG 
BE-orf9-F GAAGATCTGCATATGAATGACCCAGGACCGATCACCGT 
BE-orf9-R GGAATTCTCACGCATGGGCACGCTCCATCTCCCGC 
Cet A-F CCGCTCGAGCCATATGGCCAATCAGTGGCAGG 
Cet A-R GGAATTCTCATTCGCCGCCTCCCAG 
SQF GGATCCATGACCGGTACGAGCCTGA 
SQR AAGCTTCTAAAGGTTCCTGCCGCCGC 
Acbc-F GAAGATCTGCATATGAGTGGTGTCGAGACGG 
Acbc-R GGAATTCTCAGCGCGGGCGGCCTG 
Cet B-F2 CCGCTCGAGCCATATGACCGGGCGGGGCATCC 
Cet B-R2 GGAATTCTCATGAAGCTCCTCGGTGATC 
LF ACAGTTCGACGCTTTCCACGAT 
LR TGACCTTGCTCGTGATGAAC 
RF CGGCCACCGAATAGCACAT 
RR CGCCCATCCGCACGACATCTTCC 
CF CCGCTCGAGCCATATGACATTCATCGAGCTGAACCCGTT 
CR GGAATTCTCACCGCGCTCCGGTGTCCTCAG 
CetBMF1 CCGGAGCGGTCGCGGTGCACGGCGTCGCCTACACGGTGCCCGA 
CetBMR1 TCGGGCACCGTGTAGGCGACGCCGTGCACCGCGACCGCTCCGG 
CetBMF2 ACAGCGACTGGGGCGGGCACGGCCTGGCCATCCACGTCGCGGA 
CetBMR2 TCCGCGACGTGGATGGCCAGGCCGTGCCCGCCCCAGTCGCTGT 
CetBMF3 TGGGCCCGGTGACCAACCTGGGGCTCTTCGAGTACGCCGCGCC 
CetBMR3 GGCGCGGCGTACTCGAAGAGCCCCAGGTTGGTCACCGGGCCCA 
CetBMF4 CGCCGTGGGGGATGCAGCTGGGACTGATCAACCTGCCCGCGGG 
CetBMR4 CCCGCGGGCAGGTTGATCAGTCCCAGCTGCATCCCCCACGGCG 
 

 

2.6. Enzyme assay for the activities of CetA, PrlA, BE-Orf9, and SalQ 

To examine the enzyme activity of putative 2-epi-5-epi-valiolone synthases, 

bacterial cell pellets were lysed in K2HPO4/KH2PO4 (25 mM), NaCl (300 mM), pH 

7.4, containing 0.2 mM CoCl2 and the protease inhibitor 4-(2-aminoethyl)-

benzenesulfonylfluoride (AEBSF) (200 ug/ml). The cell lysate was sonicated for 

two 30 sec bursts on a Microson Ultrasonic Cell Disruptor XL on setting 6, and 
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clarified by centrifugation to yield the cell free extract. This mixture was used 

directly in the cell-free protein assay or the enzymes were further purified using Ni-

NTA agarose beads according to manufacturer’s specifications (Qiagen). The 

purified protein was dialyzed in 2 L dialysis buffer [K2HPO4/KH2PO4 pH 7.5 (25 

mM), CoCl2 (0.2 mM)] and visualized using 10% SDS-PAGE followed by 

Coomassie staining. 

 

Enzyme activity was analyzed by the addition of cell-free extract or purified 

protein to a reaction mixture, as described below. The enzyme assay (100 µl 

volume) was performed at 30 °C for 2 h in 25 mM phosphate buffer (pH 7.5) 

containing 50 µl of protein (0.3 mg/ml), 5 mM substrate, 0.05 mM CoCl2, 1 mM 

NAD+ and 2 mM KF. AminoDAHP was a gift from Prof. Heinz G. Floss130. 

Sedoheptulose 7-phosphate, DAHP, glucose 6-phosphate, fructose 6-phosphate, 

mannose 6-phosphate, and ribose 5-phosphate were purchased from Sigma. After 

incubation, samples were visualized using silica gel thin layer chromatography 

(TLC) (butanol/ethanol/water 9:7:4), and the substrate and reaction product were 

detected as blue spots with a cerium sulfate/phosphomolibdate containing reagent. 

The reaction mixture was lyophilized and the reaction products were extracted with 

methanol. After drying, the extracts were mixed with drops of SIGMA-SIL-A and 

dried under argon. The products were reextracted with n-hexane and analyzed by 

GC-MS (Hewlett Packard 5890 series II gas chromatograph). 
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2.7. Enzyme assay for the activity of CetB 

To examine CetB enzyme activity, bacterial cell pellets were lysed in 

K2HPO4/KH2PO4 (25 mM), 150 mM NaCl, pH 7.5. The cell lysate was sonicated 

for two 30 sec bursts (Misonix, microson ultrasonic cell disruptor) and clarified by 

centrifugation to yield the cell free extract. This mixture was further purified using 

Ni-NTA agarose beads with elution buffer containing 300 mM imidazole. The 

purified protein was dialyzed in 2 L dialysis buffer [K2HPO4/KH2PO4 pH 7.5 (25 

mM)] and visualized using 10% SDS-PAGE followed by Coomassie staining. 

 

The enzyme assay (100 µl volume) was performed at 30 °C for 3 h in 25 

mM phosphate buffer (pH 7.5) containing 30 µl of purified CetA and 30 µl of cell 

free or purified CetB (0.3 mg/ml), 5 mM sedoheptulose 7-phosphate, 0.05 mM 

CoCl2, 1 mM NAD+, and 2 mM KF. The reaction products were extracted with 

methanol using the same procedure as CetA enzymatic assay. The substrate and the 

reaction product were detected on TLC (butanol/ethanol/water, 9:7:4) followed by 

staining with cerium sulfate. The reaction products were mixed with drops of 

SIGMA-SIL-A and dried under argon. The products were reextracted with n-

hexane and analyzed by GC-MS (Hewlett Packard 5890 series II gas 

chromatograph). CetB was also incubated with different substrates including 1L-

epi-2-inosose, D-(+)-gluconic acid delta-lactone, mannose, shikimic acid, 

dehydroshikimic acid, and amino-dehydroshikimic acid. The reaction conditions is 

5 mM substrate, 0.05 mM CoCl2, 1 mM NAD+, and 2 mM KF with 30 µl of CetB 
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cell free extract at 30 °C for 3 h in 25 mM phosphate buffer (pH 7.5).  If 

sedoheptulose 7-phosphate was used, it was also incubated with CetA to convert it 

to the proposed CetB substrate, 2-epi-5-epi-valiolone. 

 

2.8. Gel filtration chromatography 

CetB (1 mg/ml) in 200 µl potassium phosphate (25 mM, PH = 7.4) was 

applied to a HiLoad 26/60 Superdex 75 prep grade gel filtration column (GE 

Healthcare) equilibrated with 25 mM potassium phosphate pH = 7.4, 150 mM NaCl, 

fitted to a System Gold HPLC work station (BECKMAN). The column flow rate 

was 0.5 ml/min. Retention time of proteins, determined by measurement of OD 280 

nm, was compared to those for protein standards. The protein size was estimated by 

making the standard curve of Kav to molecular weight. The Kav for the individual 

proteins can be calculated as follows: Kav = (VR-VO)/(VC-VO) where VO = void 

volume of the column.  The void volume was determined using Blue Dextran 2000. 

VR = elution volume of the proteins, VC = the geometric bed volume which was 

320 ml in this study. 

 

2.9. CetB site-directed mutagenesis and metal cofactor analysis 

Circular PCRs were performed to create all CetB single mutants (H14G, 

E76G, H98G, E151G) and double mutants (H14G/E76G, H14G/H98G, 

H14G/E151G, E76G/H98G, E76G/E151G, H98G/E151G). The composition of the 

PCR was as follows: 5 μl of 10× Taq Hi-fidelity polymerase buffer; 125 nM each 
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of dATP, dTTP, dGTP, and dCTP; 125 ng of each primer; 10 ng plasmid pRSETB 

carrying the cetB gene; H2O to 49 μl; and 1 μl (2.5 U) Taq Hi-fidelity polymerase 

(Invitrogen). The primers used for this study are listed in Table 2-2 (CetBMF1 and 

CetBMR1 for H14G; CetBMF2 and CetBMR2 for H98G; CetBMF3 and CetBMR3 

for E76G; CetBMF4 and CetBMR4 for E151G). For the double mutants, the single 

mutants were used as templates and the same PCR strategy was used to create 

second mutations. Following PCR, the mixtures were incubated with 1.5 μl (15 U) 

of DpnI (Promega) for 3.0 h to selectively digest the methylated parent plasmids, 

and the resulting PCR products were analyzed by 0.8% agarose gel electrophoresis. 

The products were transferred into DH-10B competent E. coli cells with selection 

for resistance to ampicillin (100 μg/ml), and successful mutagenesis was confirmed 

by DNA sequencing. Mutated plasmids were transferred into BL21(DE3) pLysS E. 

coli cells with selection for resistance to ampicillin (100 μg/ml) and 

chloramphenicol (20 μg/ml). 

 

All enzymatic characterizations of CetB mutants were performed in a 

similar manner as that for CetB wild type. For the metal cofactor analysis, CetB 

mutant H98G was used as this protein binds less strongly to the metal cofactor. 

After 3 hours reaction of CetA with sedoheptulose 7-phosphate, 1,10-

phenanthroline (1 mM) was added and the mixture incubated on ice for 20 min. 

Different metal ions were tested by adding solution of their corresponding salts 

(CoCl2, ZnCl2, MgCl2, MnCl2, FeSO4, NiCl2, CuSO4) (1.5 mM) into the reaction 
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mixture. CetB mutant H98G was then added to each reaction and incubated for 3 

hours at 30 ºC. 

 

2.10. DNA sequencing and analysis 

DNA sequencing of cetA, prlA and BE-orf9 was done with Applied 

Biosystems capillary 3730 Genetic Analyzer. ValA, acbC and aroB sequences were 

retrieved from genbank at the NCBI database. The complete genome sequence of 

Frankia alni ACN14a and the sequence of BE-40644 gene cluster were also 

obtained from NCBI database. Deduced amino acid sequence alignment was 

performed with T-COFFEE sequence analysis. The genome walking approach was 

employed to sequence the cosmid containing the cetoniacytone biosynthetic gene 

cluster. Potential open reading frames (ORF) were identified using ORF finder and 

were searched for homology using the BLAST sever.131 

 

2.11. Protoplast transformation and heterologous expression of cetoniacytone A 

biosynthetic gene cluster 

To prepare S. lividans protoplast, 0.1 ml of spore suspension was added into 

25 ml YEME medium in a 125 ml baffled flask and incubated for 36-40 h at 30 ºC. 

The cells were harvested by centrifugation at 1000 x g for 10 min and washed twice 

with 10.3% sucrose. The mycelia were then treated with lysozyme solution (1 

mg/ml lysozyme in P buffer128) at 30 ºC for 20 minutes. After lysozyme treatment, 

the cells were washed twice with P buffer to remove lysozyme and then were 



41 
 

 

passed through sterilized cotton wool. The collected protoplasts were pelleted by 

gently spinning in a centrifuge (1000 x g, 7 minutes) and resuspended in 1 ml P 

buffer. The protoplasts were stored at –80oC until further use. 

 

The entire cetoniacytone A gene cluster was cut out from the pCet2 by SpeI 

and AflII and ligated into pWUX12b at XbaI and AflII restriction site. pWUX12b 

is a pSET152 derivative with a bla gene inserted in ApaI site and pACYC Duet-1 

multiple cloning site replaced from BamHI to EcoRV site. The resulting plasmid 

was designated pWUX-Cet2. pWUX-Cet2 was then transferred into three different 

S. lividans strains (1326, T7, TK24) by protoplasts transformation. All 

transformants were confirmed by PCR of three fragments in the gene cluster (N-

terminal, mid-section, and C-terminal PCR products could be obtained) with three 

sets primers listed in Table 2-2 (LF, LR; CF, CR; and RF, RR). S. lividans 

harboring pWUX-Cet2 was grown in 500 ml Erlenmeyer flasks containing 100 ml 

oatmeal medium and apramycin (50 ug/ml). Fermentation was carried out in the 

same way as that of Actinomyces sp. (strain Lu 9419). Metabolites from 1 liter of 

culture broth were extracted with Amberlite XAD-2. The crude extracts were 

examined by LC-MS.  

 

2.12. Sequence alignment and phylogenetic analysis of SPCs 

SPCs sequences were compiled from GenBank and aligned using the 

ClustalW program. An unrooted maximum likelihood phylogenetic tree was 
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created using the Seqboot, Proml, and Consense programs in the Phylip software 

package. Sequence analysis was conducted using the Jones-Taylor-Thorton 

probability model with global rearrangements and randomized input order. The E. 

coli glycerol dehydrogenase protein sequence was used as an out-group. Support 

for each node was evaluated with 100 bootstrap replicates of a heuristic search with 

two random stepwise addition sequences for each replicate. Active site residues of 

SPCs protein sequences were predicted using comparative alignment with the 

previously crystallized DHQS from A. nidulans (CAA28836). 
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Chapter 3 

 

Identification of the Cetoniacytone Biosynthetic Gene Cluster 
 

3.1. Introduction 

Cetoniacytone A is a structurally unusual C7N-aminocyclitol produced by 

Actinomyces sp. strain Lu9419, which was isolated from the intestines of the rose 

chafer beetle. Different from other C7N-aminocyclitols, such as validamycin and 

acarbose which have an amino group at the C-1 position, cetoniacytone A contains 

an amino group at the C-2 position. Biological activity assays of cetoniacytone A 

showed no antimicrobial activity against Gram-positive or Gram-negative bacteria, 

but it showed a moderate growth inhibitory activity against HEP G2 (GI50 = 3.2 µM) 

and MCF 7 (GI50 = 4.4 µM) human tumor cell lines.98 The mechanism of action of 

cetoniacytone A as a cell growth inhibitor is still unclear. However, many studies 

have been conducted on related compounds, the epoxyquinomicins,88-90 which 

share the same core cyclitol moiety as cetoniacytone A. Analogs of 

epoxyquinomicin have been found to inhibit the activity of the nuclear factor- КB 

(NF-КB).120, 123 As a novel NF-КB inhibitor, dehydroxymethylepoxyquinomicin 

has been reported to inhibit the growth of several cancer cells including bladder 

cancer, renal cancer and breast cancer cells.121, 124-126 

 

Preliminary feeding experiments with [U-13C]glucose by the Zeeck 
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laboratory established the biosynthetic origin of cetoniacytone A, which proceeds 

via the pentose phosphate pathway. Addition of sodium [1-13C]acetate to cultures 

of the producer led to the labeling of the carbonyl atom of the acetyl group of 

cetoniacytone A. This corresponds with the proposed pathway, in which the 

introduction of the acetyl side chain takes place during the late stages of 

biosynthesis.98 In collaboration with the Zeeck group, we then carried out feeding 

experiments with 2-epi-5-epi-valiolone and valienone. The result revealed that only 

2-epi-5-epi-valiolone, but not valienone, was incorporated into cetoniacytone A, 

suggesting that a significantly distinct pathway is involved in cetoniacytone 

biosynthesis, compared to those of acarbose and validamycin. In order to gain 

further information regarding the biosynthesis of cetoniacytone, genetic and 

biochemical approaches have been pursued. This chapter will focus on the 

identification and functional analysis of the biosynthetic gene cluster of  

cetoniacytone A. 

 

3.2. Results and discussion 

3.2.1. Validation of the cetoniacytone producing strain 

The cetoniacytone producer, Actinomyces sp. strain Lu9419, was cultured in 

oatmeal medium supplemented with sodium acetate (1g/L). Without sodium acetate 

in the medium, strain Lu9419 did not show any color change during 96 h of 

fermentation and produced very low yields of cetoniacytone A. However, when 

sodium acetate was added into the medium, after 96 hours fermentation, the culture 
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broth became dark brown and the yields of cetoniacytone A increased to 5 mg/L. 

This data suggested that adding sodium acetate may have two effects on the 

fermentation. One is that sodium acetate is a limiting precursor utilized directly in 

cetoniacytone A biosynthesis. Secondly, sodium acetate may indirectly effect 

cetoniacytone production by altering the transcriptional regulation of secondary 

metabolite genes. Consistent with previous studies,98 adding glucose (lg/L) at 48 

hours also increased the yields of cetoniacytone A. It was previously suggested that 

feeding glucose at 48 h after fermentation initiation correlates with the onset of 

cetoniacytone biosynthesis.98 Early addition of glucose had no influence on the 

yield of cetoniacytone A since the strain would use it as energy source. Previous 

studies by the Zeeck laboratory revealed that cetoniacytone A was only found in 

the culture broth, rather than in the cell pellet. Thus, the culture broth was harvested 

by centrifugation (5000 rpm, 10 min) to separate the mycelia and culture filtrate. 

The filtrate was passed through Amberlite XAD-2 and eluted with methanol. The 

organic solvent was evaporated and the residue was further separated by successive 

silica gel and Sephadex LH-20 column chromatography. Detection of 

cetoniacytone A was carried out on silica gel TLC-plates and visualized with UV-

light at 254 nm and color reaction with anisaldehyde-H2SO4 or cerium sulfate. On 

TLC plates, cetoniacytone A showed an Rf = 0.11 (CHCl3/MeOH = 9:1). 

Cetoniacytone A was detected by TLC and MS with APCI positive or negative ion 

modes and showed m/z of 214 (M+H+) (Figure 3-1) or 212 (M-H-), respectively. 1H 

NMR (300MHz, DMSO-d6) showed signals at δ2.05 (s, 3H), 3.72 (d, 1H), 3.75 
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(dd, 1H), 3.87 (dd, 1H), 4.49 (s, 1H), 4.73 (br t, 1H), 6.00 (br s, 1H), 6.65 (s, 1H), 

9.87 (s, 1H) (Figure 3-1). This data is consistent with the results published by 

Zeeck and coworkers.98 

 

 

Figure 3-1. Mass and 1H NMR spectra of cetoniacytone A. (A) APCI positive ion 
mass spectrum of cetoniacytone A. (B) 1H NMR spectrum of cetoniacytone A.  
 

A 

B 

214 (M+H+) 
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3.2.2. Construction and screening of the cosmid library for the cetoniacytone A 

biosynthetic gene cluster. 

A genomic library of Actinomyces sp. strain Lu 9419 was constructed in the 

E. coli–Streptomyces shuttle vector pOJ446132 using the DNA fragments derived 

from partial digestion with Sau3A. In vitro packaging yielded approximately 6000 

apramycin-resistance clones. As cetoniacytone, acarbose, and validamycin share 

the same initial cyclization reaction by a common enzyme which has similar 

activity, the genes encoding the 2-epi-5-epi-valiolone synthases from the acarbose 

and validamycin pathways were used as heterologous probes to screen the 

Actinomyces sp. Lu 9419 genomic library. Screening with valA as probe did not 

yield any positive colonies. However, screening with the acbC probe revealed nine 

positive cosmids. Cosmid DNA was isolated from the nine positive clones. 

Restriction enzyme digestion and Southern blot analysis revealed that three out of 

the nine positive clones contained a 3 Kb positive BamHI fragment that hybridized 

strongly with the acbC heterologous probe (Figure 3-2). The other six clones did 

not have any fragments that hybridized with acbC, suggesting that they were false 

positives in the earlier screening. The common 3 Kb BamHI fragment shared by 

the three clones (named as pCet25, pCet26 and pCet27) was subcloned, sequenced 

and analyzed using the BLAST database. It was found that the 3 Kb BamHI DNA 

fragment contains a full-length reading frame of a 2-epi-5-epi-valiolone synthase 

gene. Since this gene was the first gene to be identified in the cetoniacytone gene 

cluster, we named it cetA. 
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cetD  

Figure 3-2. Screening of Actinomyces sp. genomic library. (A) DNA 
electrophoresis of the nine positive clones digested with BamHI. (B) Southern blot 
analysis using DIG-labelled acbC as a probe. (C) Digestion pattern of the three 
positive clones. The 3 Kb positive bands are shown in orange. 
 

3.2.3. Sequence analysis of the cetoniacytone A biosynthetic gene cluster 

Following the identification of the cetA gene, the nucleotide sequence of the 

26 Kb DNA region was determined using chromosomal walking. The ORFs were 

identified using ORF finder analysis (NCBI) and analyzed with software in the 

BLAST server. The computer-aided analysis of the 26 Kb sequence revealed the 

presence of 17 complete ORFs. According to the structure of cetoniacytone A and 

the BLAST results, 20.5 Kb of the sequenced DNA encoding 13 ORFs are 

predicted to be involved in the biosynthesis of cetoniacytone A. Four ORFs located 

on the outer region of the 20.5 Kb DNA seem to be unrelated to the biosynthesis of 

cetoniacytone A.133-136 The product of each ORF and its deduced function are 

shown in Figure 3-3.  
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20.50 Kb

cetI cetJ cetK cetA cetB cetC cetD cetE cetFcetMcetHcetG cetLorf3orf4 orf2orf1  

gene homology species  Size 
(bp) 

% 
identi 

% 
sim 

cetA 2-epi-5-epi-valiolone 
synthase  

Streptomyces hygroscopicus 1146 54%   71% 

cetB putative glyoxalase  Frankia alni ACN14a 552 76%  83% 
cetC hypothetical protein Frankia alni ACN14a 495 54%  71% 
cetD putative arylamine N-

acetyltransferase  
Streptomyces 
murayamaensis 

867 40%  53% 

cetE drug resistance transporter Burkholderia  
thailandensis E264 

1860 42%  56% 

cetF FAD/FMN-containing 
dehydrogenases 

Brevibacterium linens BL2 1650 47%  67% 

cetG glucose-methanol-choline 
oxidoreductase 

Pseudomonas fluorescens 1359 35%  52% 

cetH adenosylmethionine-8-
amino-7-oxononanoate 
aminotransferase 

Magnetospirillum  
magneticum AMB-1 

1299 33%  50% 

cetI hypothetical protein  Streptomyces achromogenes 1278 35%  51% 
cetJ hypothetical protein Actinoplanes sp. A40644 570 59%  72% 
cetK conserved hypothetical 

protein 
Frankia alni ACN14a 720 61% 74%

cetL putative Pyranose oxidase 
precursor (Glucose 2-
oxidase) 

Frankia alni ACN14a 1248 66%  76% 

cetM L-alanine:N-amidino-3-
keto-scyllo-inosamine 
aminotransferase 

Streptomyces griseus 1224 54%  66% 

orf1 ASPIC/UnbV 
 

Herpetosiphon aurantiacus 
ATCC 23779 

1914 40% 54%

orf2 UnbU Micromonospora chersina 1062 46% 61%
orf3 NikS Streptomyces tendae 1179 41% 56%
orf4 NocH (membrane 

transport protein) 
Nocardia uniformis subsp. 
tsuyamanensis 

1221 31% 46%

 
Figure 3-3. Genetic organization and deduced function of the cetoniacytone 
biosynthetic gene cluster. The ORFs proposed involving in cetoniacytone A 
biosynthesis are named as cetA-cetM. 
 
 



50 
 

 

The deduced product of cetA showed significant similarity to 2-epi-5-epi-

valiolone synthase, (54% identity, 71% similarity to ValA, and 56% identity, 72% 

similarity to AcbC).96 The degree of identity of CetA with AcbC is higher than that 

of CetA with ValA. It may partially explain why the acbC probe hybridized with 

the cetoniacytone cetA gene, whereas the valA probe did not work during the course 

of library screening.  

 

CetB bears similarity with a putative glyoxalase from Frankia alni ACN14a 

(76% identity, 83% similarity).137 It also showed high similarity with ValD which 

is defined as a conserved hypothetical protein in the validamycin pathway. 

Glyoxalase I is a Zn2+-metalloenzyme that catalyzes the glutathione-dependent 

inactivation of toxic methylglyoxal by catalyzing the conversion of cytotoxic 

methylglyoxal to S-D-lactoylglutathione via a 1,2-hydrogen transfer. The results of 

recent X-ray crystallographic analysis of glyoxalase I in complex with a transition 

state analogue and site-directed mutagenesis studies strongly support a base-

mediated, proton-transfer mechanism in which the bound diastereomeric substrates 

undergo catalytic interconversion to product via a Zn2+-coordinated, cis-enediolate 

intermediate. In cetoniacytone biosynthesis, this enzyme may be involved in the 

epimerization of 2-epi-5-epi-valiolone to 5-epi-valiolone.  

 

CetD belongs to the family of arylamine N-acetyltransferases with the 

highest identity to a putative arylamine N-acetyltransferase from Streptomyces 
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murayamaensis (40% identity, 53% similarity).138, 139 The arylamine N-

acetyltransferase (NAT) enzymes have been found in a broad range of both 

eukaryotic and prokaryotic organisms. The NAT enzymes catalyze the transfer of 

an acetyl group from acetyl-CoA onto the terminal nitrogen of a range of arylamine, 

hydrazine and arylhydrazine compounds, and are proposed to mediate the transfer 

of an acetyl group to the C-2 position of cetoniacytone (Figure 3-4). 

 

CetE appears to belong to a drug resistance transporter family, bearing 42% 

identity and 56% similarity to a drug resistance transporter of Burkholderia 

thailandensis E264.140 In Burkholderia thailandensis E264, the putative drug 

resistance transporter belongs to the major facilitator superfamily (MFS) which is 

one of the two largest families of membrane transporters known. MFS drug 

transporters are antiporters, which have a unique antiporter motif, also called motif 

[G(X8)G(X3)GP(X2)GG], necessary for the drug/H+ antiport activity. They 

translocate substrates against their electrochemical gradient by coupling the 

movement of an ion, e.g., H+, along its gradient and function as a drug resistance 

transporter. Base on the high resolution structures of transporters, all members of 

the MFS share a similar structure, regardless of their low sequence identity.141 

 

The deduced product of cetF showed significant similarity (47% identity, 

67% similarity) to the known protein FAD/FMN-containing dehydrogenase of 

Brevibacterium linens BL2.142 Based on CDD (Conserved Domain Database) and 
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COG (Clusters of Orthologous Groups) assignments and functional annotation, the 

gene product contains an FAD binding domain. This family of proteins consists of 

various enzymes that use FAD as a co-factor; most of the enzymes are similar to 

oxygen oxidoreductases such as vanillyl-alcohol oxidase (VAO). VAO catalyzes 

the oxidation of a wide variety of substrates, ranging from aromatic amines to 4-

alkylphenols. Other members of this family include D-lactate dehydrogenase, 

which catalyses the conversion of D-lactate to pyruvate using FAD as a co-factor 

and radical oxidase, which oxidizes the reduced form of the mitomycins and is 

involved in mitomycin resistance. 

 

CetG bears similarity to the glucose-methanol-choline (GMC) 

oxidoreductase from Pseudomonas fluorescens (35% identity, 52% similarity).143 

This family of proteins binds FAD as a cofactor. Similar to CetF, CetG was 

proposed to be involved in the redox reaction. However, it is still unclear about the 

timing of this step in cetoniacytone biosynthesis. 

 

CetH is similar to adenosylmethionine-8-amino-7-oxononanoate 

aminotransferase from Magnetospirillum magneticum AMB-1 (33% identity, 50% 

similarity).144 It is proposed to mediate the transamination step at the C-3 position. 

 

CetL shares high sequence homology with a putative pyranose 2-oxidase 

from Frankia alni ACN14a (66% identity, 76% similarity).145-148 Pyranose 2-
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oxidase oxidizes D-glucose and other aldopyranoses regioselectively at C-2 to the 

corresponding 2-keto sugars. In cetoniacytone biosynthesis, this enzyme may 

catalyze the oxidation of the C-2 hydroxyl group of 5-epi-valiolone to a keto group. 

 

CetM also shares homology with aminotransferases, bearing high similarity 

with the L-alanine:N-amidino-3-keto-scyllo-inosamine aminotransferase from 

Streptomyces griseus (54% identity, 66% similarity).149 It belongs to the 

DegT/DnrJ/EryC1/StrS aminotransferase family. The members of this family are 

proposed to utilize pyridoxal 5′-phosphate as a cofactor, and contain 

aminotransferase enzymes with a variety of molecular functions. The family 

includes StsA, StsC and StsS from the streptomycin biosynthetic gene cluster. The 

aminotransferase activity was demonstrated for purified StsC protein as the L-

glutamine:scyllo-inosose aminotransferase, which catalyses the first amino transfer 

in the biosynthesis of the streptidine unit of streptomycin. Since both CetH and 

CetM encode an aminotransferase, we propose these two genes may be redundant 

genes and only one is active during the cetoniacytone biosynthesis. 

 

The deduced products of cetC, cetI, cetJ, and cetK are hypothetical proteins 

with unknown function.87, 150-152 These enzymes are structurally related to the cupin 

superfamily of proteins, which is one of the most functionally diverse protein 

superfamily. However, those involved in the biosynthesis of secondary metabolites 

are most related to hydroxylation, epoxidation, decarboxyation, dehydration, and 
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halogenation reactions. Therefore, we predict that cetC, cetI, cetJ, and cetK are 

involved in cetoniacytone A biosynthesis as shown in Figure 3-4.  
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Figure 3-4. Proposed biosynthetic pathway to cetoniacytone A. 

 

In acarbose and validamycin biosyntheses, the activity of a kinase is 

necessary to phosphorylate intermediates for the activation of the cyclitol ring. It is 

believed that most intermediates in the acarbose and validamycin biosynthetic 

pathways are phosphorylated.105, 95, 153 The phosphorylation of 2-epi-5-epi-

valiolone and valienone in the acarbose and validamycin pathways, respectively, is 

catalyzed by the newly identified cyclitol-kinases, AcbM (in acarbose biosynthesis) 

and ValC (in validamycin biosynthesis). However, to our surprise, no kinase gene 

was found in the cetoniacytone biosynthetic gene cluster suggesting that there is no 

phosphorylation step necessary in cetoniacytone biosynthesis. In contrast to the 

validamycin pathway, results of feeding studies indicate that valienone is not 
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involved in cetoniacytone biosynthesis. This suggests that the downstream 

modifications of 5-epi-valiolone in cetoniacytone biosynthesis are different from 

those in the validamycin pathway (Figure 3-4). While a number of possibilities may 

apply for 5-epi-valiolone, the most likely scenario would be the oxidation of the C-

2 hydroxyl group by the action of CetL (similar to pyranose 2-oxidase) followed by 

a transamination catalyzed by CetM to give 2-amino-5-epi-valiolone. Reduction of 

C-1 ketone of 5-epi-valiolone to an alcohol is unlikely because it would eliminate 

the driving force for the subsequent dehydration reaction. A C-2/C-3 dehydration is 

also unlikely at this point, as this would cause the introduction of the amino group 

to become less possible. Finally, oxidation of C-4 hydroxyl group by CetL or other 

oxidoreductase (CetF and CetG) is possible, but subsequent oxidation at C-2 is 

energetically unfavorable. Previous studies have shown that strain LU9419 can 

produce both cetoniacytone A and cetoniacytone B; cetoniacytone B is the 

deacetylated form of cetoniacytone A. When sodium acetate was added in the 

production medium, more cetoniacytone A was isolated. So, it was proposed that 

acetylation should be the last step in the pathway. However, whether epoxidation 

occurs prior to C-2/C-3 double bond formation or vice versa cannot be confirmed 

only based on the genetic information. Further studies are needed to reveal this 

unique biosynthetic pathway.  

 

3.2.4. Comparison of the cetoniacytone cluster with an unknown gene cluster in 

Frankia alni ACN14a genome 
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During the genetic analysis of the individual genes in the cetoniacytone A 

biosynthetic gene cluster, seven genes were found to have high identity to genes in 

the Frankia alni ACN14a genome. Interestingly, the seven homologous genes of 

Frankia alni ACN14a are also clustered together in the genome, indicating that 

Frankia alni ACN14a may have the capacity to produce compounds similar to 

cetoniacytone A (Figure 3-5). In addition to these seven homologs, a halogenase 

was also found in this unknown cluster which suggests that the compound may 

contain one or more halogen atoms. The identity of this gene cluster and the 

corresponding secondary metabolites may be a subject of further investigation.  

 

cet gene fra gene Putitive function identity similarity
cetK fra43 hypothetical protein 61% 74% 
cetL fra41 putative Pyranose oxidase precursor 66% 76% 
cetM fra40 aminotransferase 69% 80% 
cetA fra39 2-epi-5-epi-valiolone synthase 71% 84% 
cetB fra38 putative glyoxalase 76% 83% 
cetC fra37 hypothetical protein 54% 71% 
cetF fra36 putative secreted FAD-linked oxidase 52% 70% 
 fra34 putative halogenase   

 
Figure 3-5. Comparison of the unknown cluster in Frankia alni ACN14a genome 
with the cetoniacytone biosynthetic gene cluster. The seven homologous genes are 
shown in the same color. 
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3.2.5. Inactivation attempts of the cet genes 

To examine whether the identified 20.5 Kb gene cluster is involved in the 

biosynthesis of cetoniacytone A, several strategies, e.g., gene disruption, 

heterologous expression of the whole gene cluster, characterization of the 

individual genes in the cluster, have been attempted. In most cases, gene disruption 

is the method of choice because it would give more direct and convincing results. 

Therefore, we set out to create mutants of the cetoniacytone producer, in which one 

or more genes within the cet cluster have been disrupted. However, the attempts 

were hampered by the lack of an appropriate selection marker for the knockout 

experiments, as strain Lu9419 is literally resistant to all antibiotics commonly used 

in molecular genetics work, including apramycin, gentamicin, hygromycin, 

kanamycin, spectinomycin, streptomycin, thiostrepton, tetracycline, neomycin, 

puromycin, paromomycin, and chloramphenicol. Without selection markers, the 

double crossover constructs could not be made and subsequently, the gene 

inactivation approach was abandoned. 

 

3.2.6. Heterologous expression of cetoniacytone A biosynthetic gene cluster 

Since the inactivation of the gene cluster could not be pursued, the second 

strategy, expression of the whole gene cluster, were carried out in a heterologous 

host, Streptomyces lividans. Sequence analysis of the previously identified cosmid 

clones pCet25, pCet26 and pCet27, revealed that all three clones contain a 

truncated gene cluster. In order to find cosmid clones that harbor the complete gene 
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cluster, the genomic library from the cetoniacytone producer was rescreened using 

the cetA probe. An additional 8 positive cosmids were identified. End sequencing 

of these 8 positive clones showed only one clone contained the entire cluster, and 

was named pCet2. Since the library was constructed with the shuttle vector pOJ446 

which can be replicated directly in E. coli and Streptomyces, the cetoniacytone A 

biosynthetic gene cluster may be expressed directly in Streptomyces by cosmid 

transformation. A number of successful heterologous expression of natural product 

biosynthetic genes using this vector have been reported.154-156 However, there were 

also reports on the instability nature of this cosmid. This proved to be also the case 

in our system. When pCet2 was transferred into S. lividans, and the plasmid 

reisolated from the transformants, it showed a different digestion pattern from of 

the original construct (Figure 3-6), which may be due to structural instability of the 

pOJ446 cosmid vector. Vector pOJ446 was made through a modification of  the 

pSCP103 cosmid that unfortunately removed a DNA fragment that may be 

responsible for the structural stability of pSCP103 (Figure 3-6).132  

pSCP103

pOJ446

aac(3), cos, SCP2*

Transfer Replication Stablity
A B1        2      3

 

Figure 3-6. Instability of pOJ446. (A) Rearrangement of pOJ446 harboring a large 
DNA fragment. Lane 1 = 1 Kb molecular marker, lane 2 = BamHI digested pattern 
of original pCet2, lane 3 = BamHI digested pattern of pCet2 after one time 
transformation. (B) Structure of pOJ446. pOJ446 was made from pSCP103 and 
loss the stability part of pSCP103.  
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In order to overcome this problem, the gene cluster was cut out from the 

pCet2 by SpeI and AflII and ligated into pWUX12b at XbaI and AflII restriction 

site (Figure 3-7). pWUX12b is a derivative of the integration vector pSET152 that 

contains an additional multiple cloning site from pACYC-duet and the bla gene 

from pBluescript SK-. Ligation of the cet cluster into pWUX12b gave pWUX-Cet2. 

To confirm that the entire cet gene cluster has been transferred into pWUX12b, a 

PCR reaction (Figure 3-7) was carried out using three different sets of primers 

listed in Chapter 2 (Table 2-2). LF-LR is the primer set for the amplification of left 

end of the gene cluster, RF-RR and CF-CR are primer set for the amplification of 

right end and central part of the gene cluster, respectively. The results showed that 

all three fragments were amplified as expected, indicating that the whole gene 

cluster has been successfully transferred into pWUX12b. 

L C R

1 2 3 4 5 6

A

B

AflII

SpeI

pCet2ori SCP2

aac(3)IV

XbaI

pWUX12b

aac(3)IV

Int ?C13

AflII

AflII SpeI/XbaI

pWUX-Cet2

L C R

aac(3)IV

Int ?C13

 

Figure 3-7. Construction strategy for pWUX-Cet2. (A) Transfering gene cluster 
from pCet2 to pWUX-Cet2. (B) PCR confirmation of the gene cluster in pWUX-
Cet2. Lane 1,3,5 are PCR product using pCet2 as template and lane 2,4,6, are PCR 
product using pWUX-Cet2 as template. Lane 1 and lane 2 are the 875 bp left 
fragment of the gene cluster, lane 3 and lane 4 are the 867 bp center fragment of the 
gene cluster, and lane 5 and lane 6 are the 805 bp right fragment of the gene cluster.  
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The pWUX-Cet2 plasmid was then transferred into three different S. 

lividans strains (T7, TK-24, and 1326). To confirm that the whole gene cluster has 

been transferred into the genome of S.lividans, another series of PCR reactions 

were carried out using the same sets of primers as those described in Figure 3-7. 

The genomic DNAs of the transformants were used as templates. The PCR 

products indicated that pWUX-Cet2 has been successfully transferred and 

integrated into the genome of the all three S. lividans strains. (Figure 3-8).  

                          
L                R               C

1   2   3   4 1   2   3   4 1   2   3   4

                         

Figure 3-8. PCR confirmation of the cet gene cluster transferred into S. lividans. By 
using (1) original cetoniacytone A producer, (2) S.lividans T7 mutant, (3) S.lividans 
1326 mutant, and (4) S.lividans TK24, as templates, PCR products were checked 
by DNA electrophoresis. L represent the left fragment of the gene cluster, C 
represent the central fragment of the gene cluster, R represent the right fragment of 
the gene cluster. 
 

The three different S.  lividans mutant strains harboring pWUX-Cet2 were 

grown in 500 ml Erlenmeyer flasks containing 100 ml oatmeal medium and the 

production of cetoniacytone A or related compounds was examined by LC-MS. 

However, no production of cetoniacytone A could be detected in culture broths of 

the mutant strains. While there is no clear explanation for the lack of cetoniacytone 

A production in these strains, it is widely accepted that different hosts may have 

different regulatory system or lack the necessary supporting system that in turn 
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may reduce or inhibit the expression of foreign genes and the production of new 

secondary metablites. Because gene inactivation and heterologous expression 

approaches did not provide sufficient information to directly confirm the identity of 

the cetoniacytone biosynthesis gene cluster, we then decided to pursue this 

objective via biochemical approaches. Detail descriptions on these investigations 

are given in Chapter 4 and 5. 
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Chapter 4 

 

Recombinant Expression and Characterization of 2-epi-5-epi-Valiolone 
Synthase (CetA) and Its Functional Relationship Within the Sugar Phosphate 

Cyclase Superfamily 
 

4.1. Introduction 

  As described in Chapter 1, the biosynthesis of a diverse array of clinically-

relevant natural products involves pathways that parallel the initial steps in 

shikimate biosynthesis (the primary route to aromatic amino acids).18 Similar to the 

shikimate pathway, each parallel pathway requires the cyclization of a specific 

sugar phosphate substrate. In the case of shikimate biosynthesis, 3-deoxy-D-

arabinoheptulosonate 7-phosphate (DAHP) is converted to 3-dehydroquinic acid 

(DHQ), whereas in the biosynthesis of 3-amino-5-hydroxybenzoic acid (AHBA), 

the core unit of many ansamycin antibiotics, is mediated through the conversion of 

aminoDAHP to aminoDHQ (Figure 4-1).74 Furthermore, the aminoglycoside 

antibiotics require the conversion of glucose 6-phosphate to 2-deoxy-scyllo-

inosose,49, 50 and the biosynthesis of the C7-cyclitols is mediated through 

conversion of sedoheptulose 7-phosphate to 2-epi-5-epi-valiolone (Figure 4-1).99  

In each case the cyclization reaction is catalyzed by a distinct sugar phosphate 

cyclase (SPC) that shares high homology with DHQ synthase.29  
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Figure 4-1. Biosynthetic pathways from different sugar phosphate intermediates. 
DOIS = 2-deoxy-scyllo-inosose synthase, EVS = 2-epi-5-epi-valiolone synthase, 
DHQS = dehydroquinate synthase, aDHQS = aminodehydroquinate synthase. 
 

To investigate if CetA is indeed a 2-epi-5-epi-valiolone synthase that is 

involved in the biosynthesis of cetoniacytone A, biochemical characterization of 

the enzyme was carried out. In addition, because little is known about the various 

subclasses of the sugar phosphate cyclase superfamily, detailed comparative 

analysis of these enzymes has also been performed. The results have led to the 

identification of several related genes that are involved in the biosynthesis of other 

aminocyclitol-containing compounds, including a putative novel set of SPCs, 

which are more widely distributed in fungi and cyanobacteria. 
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4.2. Results and discussion 

 

4.2.1. In silico analysis of cetA and other sugar phosphate cyclases.  

Protein sequence comparisons revealed that CetA is highly similar with 

ValA and AcbC. The deduced CetA protein has 56% and 54% identity with the 

AcbC and ValA, respectively. It also has high similarity to DHQS,157 which is 

known to be responsible for the cyclization of DAHP to DHQ (Figure 4-2). The 

alignment also showed a number of highly conserved residues between DHQS and 

2-epi-5-epi-valiolone synthase, some of which are predicted to be involved in the 

catalysis. This is particularly true for the cofactors NAD+ and divalent ion binding 

regions, in which Asp146, Glu194, His271, and His287 in the DHQS are also 

found in CetA (Asp145, Glu192, His263, His279). However, other catalytic 

residues of the DHQS, such as Lys250, Asn268, His275, and Lys356, have been 

substituted with different amino acid residues in CetA (Table 4-1). It is clear that 

these two groups have different conserved activity site sequences. This has also 

been confirmed by the enzyme analysis that AcbC does not cyclize DAHP99 and 

AroB (DHQS) does not cyclize sedoheptulose 7-phosphate.18  
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Figure 4-2. Sequence alignment of CetA, ValA, AcbC, and AroB. 
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Table 4-1. Sequence alignment of the sugar phosphate cyclase active-site residues. 
Colored boxes represent signature active-site residues specific for a subfamily of 
SPCs. Red boxes indicate outliers from conserved sequences. The indicated active-
site residues are based on the crystal structure of the DHQ synthase from 
Aspergillus nidulans. Nos1-Nos3 are putative DHQsynthases from Nostoc 
punctiforme. Anb1 and Anb2 are putative DHQsynthases from Anabaena variabilis. 
 
Protein 130 148 152 162 194 197 250 264 268 271 275 287 356 Proposed Function 

DHQ R  D   K   N   E   K   K   R   N   H   H   H   K   DHQ Synthase 
RifG R  D   K   N   E   R   K   R   N   H   H   H   K   Amino DHQ synthase 

GdmO R  D   K   N   E   R   K   R   N   H   H   H   K   Amino DHQ synthase 
Asm47 R  D   K   N   E   R   K   R   N   H   H   H   K   Amino DHQ synthase 

MitP R  D   K   N   E   R   K   R   N   H   H   H   K   Amino DHQ synthase  
BtrC R  D   K   N   E   K   K   G  E   H   H   H   K   2-deoxy-scyllo-inosose synthase 
KanA R  D   K   N   E   K   K   G  E   H   H   H   K   2-deoxy-scyllo-inosose synthase
Neo7 R  D   K   N   E   K   K   G  E   H   H   H   K   2-deoxy-scyllo-inosose synthase
GntB R  D   K   N   E   K   K   G  E   H   H   H   K   2-deoxy-scyllo-inosose synthase
AcbC A  D   E   E   E   K   P   R   D   H   P   H   P   2-epi-5-epi valiolone synthase 
ValA R  D   K   N   E   K   P   R   D   H   P   H   P   2-epi-5-epi valiolone synthase 
CetA R  D   K   N   E   K   P   R   D   H   P   H   P   2-epi-5-epi valiolone synthase  
Nos 1 R  D   K   N   E   K   K   R   N   H   H   H   K   DHQ synthase? 
Nos 2 R  D   K   N   E   K   P   R   A   H   P   H   P   2-epi-5-epi-valiolone synthase?  
Nos 3 R  D   K   N   E   K   P   R   D   H   H   H   E   Unknown?  
Anb 1 R  D   K   N   E   K   K   R   N   H   H   H   K   DHQ synthase? 
Anb 2 R  D   K   N   E   K   P   R   A   H   P   H   P   2-epi-5-epi-valiolone synthase?  

 

 

4.2.2. Isolation of prlA from the pyralomicin producer 

Sequence alignment of AcbC, ValA, CetA, and AroB, were used to develop 

degenerate primers specific for the SPC family of 2-epi-5-epi-valiolone synthases. 

Those degenerate primers were then used to PCR amplify a partial 2-epi-5-epi-

valiolone synthase gene from the pyralomicin producer, N. spiralis. This partial 

gene fragment was utilized as a probe to screen a genomic DNA library from N. 

spiralis that was generated using the Copy Control Fosmid System (Epicentre). A 

total of 5000 colonies were screened, yielding 6 positive overlapping clones. 

Sequencing of approximately 40 Kb DNA from the overlapping cosmids revealed a 
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cyclitol biosynthetic gene cluster containing 27 open reading frames (orfs) that 

share high sequence identity with the acarbose, validamycin, and to a lesser extent, 

the BE-40644 biosynthetic gene clusters. All the work on the pyralomicin 

biosynthetic gene cluster was mainly done by Dr. Patricia M. Flatt in our laboratory. 

 

Eight of the isolated orfs represent genes that are predicted to be involved in 

cyclitol biosynthesis. In addition, there are a number of genes required for the 

biosynthesis of the aglycon core unit of pyralomicin and several other orfs related 

to gene expression and/or other regulatory elements. The gene prlA encodes a 411 

amino acid protein with high identity to the 2-epi-5-epi-valiolone synthase, 

showing 56% identity/72% similarity to the validamycin ValA protein, 55% 

identity/66% similarity with the acarbose AcbC protein, and 57% identity/69% 

similarity with the BE-40644 Orf9 protein.  

 

4.2.3. Bioinformatic analysis of 2-epi-5-epi-valiolone synthases within the sugar 

phosphate cyclase superfamily  

Since 2-epi-5-epi-valiolone synthases contain regions of unique amino acid 

sequence compared with the DHQ synthases, we reasoned that other families of 

SPCs would also have unique signature sequences that can be used to more 

accurately annotate sequences according to their function and to develop biological 

tools for assessing the metabolic potential of microorganisms. To further analyze 

this possibility, the Phylip Phylogenetic Package was used to generate a maximum 
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likelihood phylogenetic tree of the SPC superfamily (Fig. 4-3). Input sequences 

were selected from GenBank from each family of SPC and included several 

putative DHQ synthase sequences annotated from genome sequencing projects. E. 

coli glycerol dehydrogenase was used as an out-group and bootstrap analysis was 

performed to assess the variability at each node (Fig.4-3). 

BtrC (butirosin - Bacillus circulans)

NemA (neomycin - Streptomyces fradiae)

DHQS (Aspergillus nidulans)
DHQS (Clostridium thermocellum)

DHQS (Symbiobacterium thermophilum)
DHQS (Moorella thermoacetica)

RifG (rifamycin - Amycolatopsis mediterranei S699)
MitP (mitomycin C - Streptomyces lavendulae)

GdmO (geldanamycin - Streptomyces hygroscopicus)
Asm47 (ansamytocin -Act inosynnema pret iosum)

BE orf9 (Actinoplanes sp.)
AcbC (Acarbose - Actinoplanes sp.)

PrlA (pyralomicin - Nonomur ea spiralis)
ValA (validamycin - S. hygroscopicus)

CetA (cetoniacytone - Actinomycetes sp.)

putative DHQS #2 (Nostoc punctiforme 29133)

putative DHQS #2 (Anabaena variabilis)
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Figure 4-3. Phylogenetic analysis of the superfamily of SPCs. The Phylip software 
package was used to generate an unrooted maximum likelihood tree. E. coli 
glycerol dehydrogenase was used as an out group, and support for each node was 
evaluated with 100 bootstrap replicates of a heuristic search with two random 
stepwise addition sequences for each replicate. Species information and GenBank 
accession numbers are indicated for each sample. 
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SPCs from both primary and secondary metabolic pathways show high 

sequence similarity (25-70% identity), and maximum likelihood analysis has 

revealed that protein similarity is highly correlated with the predicted enzyme 

function (Fig. 4-3). Thus, each of the enzymatic functions listed in Figure 4-1 also 

has a corresponding set of gene products that form predictable clades within this 

related superfamily of enzymes (Fig. 4-3). Furthermore, alignment of the primary 

sequences from these pathways has revealed that each subclass of SPC has a unique 

signature of altered binding pocket residues when compared with DHQ synthases 

(Table 4-1).  

 

DHQ synthases represent the most well-studied subclass of SPC enzymes.14, 

158 Pioneering work on the fungal species, Aspergillus nidulans20, 159 and 

Saccharomyces cerevisiae,23 has revealed the presence of a super protein, AROM 

that mediates five enzymatic steps in the shikimate metabolic pathway. The activity 

and structure of the DHQ synthase module from the multifunctional AROM protein 

has been extensively studied. The active site is formed within a cleft between the 

two domains and is lined by 13 amino acid residues listed in Table 4-1. The C-

terminal domain contains most of the residues involved in substrate binding, 

coordination of the Zn2+ cofactor, and catalysis. The mechanism of catalysis was 

proposed to proceed through a multi-step process including alcohol oxidation, 

phosphate β-elimination, carbonyl reduction, ring opening and intramolecular aldol 

condensation.29 
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Since the discovery of the AROM protein, a substantial list of DHQ 

synthases have been isolated from other fungi, bacteria, and higher order plants, 

suggesting that shikimate biosynthesis is a universal metabolic pathway shared by 

all of these organisms.14 Interestingly, all of the bacterial and plant DHQ synthase 

homologs isolated to date, exist as monofunctional enzymes containing only the 

DHQ synthase activity. Thus, the evolution of the AROM super protein appears to 

have come after the branch point of fungi with bacteria and higher order plants. In 

spite of the differences in the overall architecture of DHQ synthases, all of the 

enzymatically-characterized DHQ synthases that have been isolated from bacteria, 

fungi, and plants retain strict conservation of the 13 binding pocket residues (Table 

4-1). Furthermore, site-directed mutagenesis studies converting R130A, K152A, 

R264A, or H275A as single point mutations, each abolished enzyme activity 

without disrupting the protein quaternary structure or the ability of the enzyme to 

bind with the substrate and zinc cofactor, suggesting that each of these residues 

plays a key role in the catalytic mechanism of DHQ synthase.40  

 

The family most related to DHQ synthases are the amino-DHQ synthases 

from the rifamycin (RifG),79 geldanamycin (GdmO),80 ansamitocin (Asm47),81 and 

mitomycin C (MitP)66 biosynthetic pathways (Figure 4-1). Within each of these 

gene clusters, a cassette of ORFs, including the aminoDHQ synthases, is required 

to form the precursor, 3-amino-5-hydroxybenzoic acid (AHBA) (Figure 4-1). 

Interestingly, sequence alignment of the binding pocket residues revealed that DHQ 
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synthases and aminoDHQ synthases retain high sequence conservation, only 

differing at position K197. In all of the reported aminoDHQ synthases, the lysine 

corresponding to position 197 in DHQ synthase has been altered to a conserved 

arginine residue (Table 4-1).  

 

The next well-studied subfamily of SPCs is the more distantly related 2-

deoxy-scyllo-inosose synthases required for the biosynthesis of aminoglycoside 

antibiotics (Figure 4-1). The substrates for DHQ synthase (DAHP) and 2-deoxy-

scyllo-inosose synthase (glucose 6-phosphate) have noticeable structural 

differences, leading to the production of cyclized products with different 

stereochemistry and positioning of hydroxyl functionalities as well as the absence 

of the carboxylic acid moiety in the case of 2-deoxy-scyllo-inosose (Figure 4-1). 

Thus, it is not surprising that the clade of 2-deoxy-scyllo-inosose synthases is more 

evolutionarily divergent from the other related subclasses. However, sequence 

alignment of the predicted active site residues reveals that 2-deoxy-scyllo-inosose 

synthases retain high conservation with DHQ synthases (Table 4-1). Differences 

within the active site include the conversion of R264 and N268 to a glycine residue 

and an acidic glutamate, respectively (Table 4-1). These alterations are highly 

conserved within all of the available sequences for 2-deoxy-scyllo-inosose 

synthases creating a novel sequence signature for this subfamily. Further analysis 

of the recent crystal structure reported for BtrC should lend valuable insight into 
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the resulting structural differences in the active site pocket of 2-deoxy-scyllo-

inosose synthases.60  

 

The newest family of SPCs includes the 2-epi-5-epi-valiolone synthases 

required for the biosynthesis of C7-cyclitols. Comparisons of the active site 

residues from the available 2-epi-5-epi-valiolone synthases, including the newly 

isolated CetA and PrlA (GenBank accession numbers EF120454 and EF120453, 

respectively) sequences from the cetoniacytone and pyralomicin producers, reveal 

striking dissimilarities with DHQ synthases (Table 4-1). One third of the active site 

residues are consistently altered in 2-epi-5-epi-valiolone synthases including H275, 

which is thought to play a critical role in enzyme catalysis. Amino acid residues 

corresponding to DHQ synthase K250, H275, and K356, are all highly conserved 

proline residues, and the basic N268 is a conserved aspartate residue in 2-epi-5-epi-

valiolone synthases (Table 4-1). Furthermore, the AcbC active site residues differ 

at three additional positions, suggesting that there is some flexibility in active site 

residues within this subfamily (Table 4-1). Clearly, substantial differences in active 

site residues combined with the low substrate tolerance of recombinant 2-epi-5-epi-

valiolone synthases, provides compelling evidence to suggest that the active site 

cleft is significantly altered in this subfamily of SPCs. 
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4.2.4. Identification of a putative novel set of SPCs 

Interestingly, results from the phylogenetic analysis have also revealed a 

novel class of homologous enzymes that were previously annotated as hypothetical 

DHQ synthases or unknown proteins from genome sequencing projects.160, 161 It is 

clear from the phylogenetic analysis that these samples form a separate clade that is 

distinct from the other families of SPCs (Fig. 4-3). Since all the other clades 

identified in the phylogenetic analysis have unique substrates and products, we 

hypothesize that this new clade constitutes a novel class of SPCs that has 

previously been misidentified as DHQ synthase. This new clade is represented 

primarily by fungal and cyanobacterial counterparts. Current studies are underway 

in our laboratory to investigate the role for this new clade of SPCs in the production 

of a novel class of cyclitol-containing compounds. 

 

4.2.5. The involvement of 2-epi-5-epi-valiolone synthase in BE-40644 biosynthesis 

Phylogenetic analysis of the CetA sequence also revealed a putative 2-epi-

5-epi-valiolone synthase from the BE-40644 biosynthetic gene cluster.87 BE-40644, 

a product of terpenoid biosynthesis is a unique compound in that it is modified by 

the incorporation of a cyclitol-derived ring structure into the final product. Based 

on the analysis of the BE-40644 structure, the biosynthetic origin of the cyclitol 

ring structure is not obvious. However, BLAST analysis of the BE-40644 

biosynthetic genes has enabled the prediction of a putative mechanism for cyclitol 

biosynthesis. BE-orf9 encodes a putative 2-epi-5-epi-valiolone synthase that shares 
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considerable homology with AcbC (57% identity/70% similarity), CetA (54% 

identity/65% similarity) and ValA (56% identity/68% similarity) from the acarbose, 

cetoniacytone, and validamycin pathways, respectively. With such high sequence 

similarity, we predict that BE-Orf9 will function in a similar manner with AcbC 

and ValA and cyclize sedoheptulose 7-phosphate to the 2-epi-5-epi-valiolone 

intermediate to initiate cyclitol biosynthesis.  

 

4.2.6. Isolation of salQ from the salbostatin producer 

The biosynthetic gene cluster of salbostatin in Streptomyces albus ATCC 

21838 has been identified by our collaborator in Myongji University from Korea. 

The complete nucleotide sequence of the cluster revealed 32 orfs including the 

acbC homolog, salQ. The SalQ protein shows 52% identity with ValA and 72% 

identity with AcbC, respectively. The SalQ protein also shows 36% identity to the 

AroB protein from Emericella nidulans. 

 

4.2.7. Biochemical characterization of CetA, PrlA, BE-Orf9, and SalQ 

 To establish the involvement of 2-epi-5-epi-valiolone as an intermediate in 

cetoniacytone, BE-40644, salbostatin, and pyralomicin production, the activity of 

recombinant CetA, BE-Orf9, SalQ, and PrlA was assessed. A 1.09 Kb DNA 

fragment containing the cetA gene was amplified from pCet26 by PCR. The cetA 

gene was subcloned as a 6X-His-fusion protein in the pRSETB vector (Invitrogen) 

and recombinantly expressed in the E. coli strain BL21(DE3)pLysS (Stratagene) 
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under control of the T7 promoter. Expression of cetA was induced by IPTG and 

yielded large quantities of 46-kDa soluble polyhistidine-tagged protein (Figure 4-4). 

When the crude extracts from induced cells were incubated with sedoheptulose 7-

phosphate, a rapid conversion of the substrate to the product was observed (Figure 

4-4). In contrast, boiled extracts containing CetA and extracts without CetA were 

unable to form the cyclized product (Figure 4-4). The product demonstrated the 

same Rf value as authentic 2-epi-5-epi-valiolone on thin-layer chromatography 

(Figure 4-4). Affinity purification of the recombinant protein with Ni-NTA agarose 

gave a protein that was >85% pure (Figure 4-4). The purified CetA was also 

incubated with sedoheptulose 7-phosphate and the product was extracted with 

methanol and converted to its trimethylsilylated derivative, then analyzed by GC-

MS. Comparison of the GC-MS profile with a deuterium labeled synthetic standard, 

tetra-TMS-2-epi-5-epi-[6,6-2H]valiolone, revealed an elution profile and mass 

fragmentation pattern consistent with 2-epi-5-epi-valiolone (Figure 4-5). The only 

variation in the MS fragmentation pattern between the standard and the CetA 

generated reaction product was due to the standard fragments containing the 

deuterated label, i.e., fragment 276 in the reaction product was observed as 

fragment 278 in the standard. Similarly, the overall mass differed by 2 atomic mass 

units (the reaction product in the CetA sample had an observed molecular ion of 

480 whereas the standard had 482) was also due to the deuterated standard. 
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Figure 4-4. CetA overexpression and TLC analysis of CetA reactions. (A) CetA 
overexpression with E. coli expression system.  Lane 1 = protein marker, lane 2 = 
CetA without IPTG induction, lane 3 = total proteins of CetA after 0.2 mM IPTG 
induction, lane 4 = soluble fraction of CetA after 0.2 mM IPTG induction. (B) 
Purification of CetA, lane 1 = protein marker, lane 2 = soluble fraction of CetA, 
lane 3 = nickel-agarose-purified CetA, lane 4 = additional Sephacryl S300 purified 
CetA. (C) TLC analysis of CetA enzyme activity, lane 1 = sedoheptulose 7-
phosphate with boiled CetA, lane 2 = sedoheptulose 7-phosphate with cell free 
extract of E. coli harboring empty vector, lane 3 = sedoheptulose 7-phosphate with 
CetA, lane 4 = 2-epi-5-epi-valiolone standard. (D) CetA enzyme reaction mixtures 
contained 5 mM of the following substrate, lane 1 = aminoDAHP, lane 2 = DAHP, 
lane 3 = glucose 6-phosphate, lane 4 = fructose 6-phosphate, lane 5 = mannose 6-
phosphate, lane 6 = ribose 5-phosphate, lane 7 = sedoheptulose 7-phosphate, and 
lane 8 = 2-epi-5-epi-valiolone standard. 
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Figure 4-5. GC-MS profiles of silylated product of CetA reaction. Left panel are 
GC traces of deuterated silylated 2-epi-5-epi-valiolone standard (top) and silylated 
CetA reaction product (bottom). Right panel are the MS fragmentation patterns of 
the major peak eluting at 8.65-8.75 minutes. 
 

To determine the substrate specificity of CetA, purified CetA was incubated 

with a number of different potential substrates, including DAHP, aminoDAHP, 

glucose 6-phosphate, fructose 6-phosphate, mannose 6-phosphate and ribose 5-

phosphate. Analysis of reaction products using TLC revealed that purified CetA 

demonstrates restricted substrate specificity and only converts sedoheptulose 7-

phosphate to its corresponding cyclized product (Figure 4-4). 

 

 For PrlA, a 1.23 Kb DNA fragment containing the prlA gene was amplified 

by PCR, cloned into the expression vector pRSET-B and transferred into E. coli 

BL21Gold(DE3)pLysS. Expression of prlA resulted in the production of a large 
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quantity of a 47 kDa soluble polyhistidine-tagged protein (Fig. 4-6). Enzyme 

analysis showed that the same as CetA, PrlA can convert sedoheptulose 7-

phosphate to 2-epi-5-epi-valiolone (Fig. 4-6). The molecular mass and 

fragmentation pattern of the silylated derivative of the enzyme product [m/z 480 

(M+), 335, 276, 245, 217, 186, 147] was consistent with that of the authentic 

sample 2-epi-5-epi-[6-2H2]valiolone, which was synthesized in its dideuterated 

form [m/z 482 (M+), 335, 278, 245, 217, 188, 147]. The two atomic mass unit 

higher molecular weight for fragments 482, 278, and 188 in the standard reflected 

the presence of two deuterium atoms in those fragments (Fig. 4-6). As with CetA, 

incubations of any alternate sugar phosphate substrate with purified PrlA did not 

show any appreciable levels of activity, suggesting that PrlA has restricted 

substrate specificity (Fig. 4-6). 

 

Similarly, BE-orf9 was subcloned into the plasmid pRSET-B and expressed 

in E. coli BL21Gold(DE3)pLysS cells (Fig. 4-7). Cell-free extracts housing the BE-

orf9 construct demonstrated 2-epi-5-epi-valiolone synthase activity (Fig 4-7). 

Further analysis of the purified recombinant protein revealed that BE-Orf9 is also 

highly selective and can only convert sedoheptulose 7-phosphate to the cyclized 

product (Fig. 4-7). 

 



79 
 

 

1  2   3   4   5   6  7 8

reaction 
product

276 480

A CB

D

1         2 1     2     3     4

 

Figure 4-6. Recombinant expression and characterization of PrlA. (A) 
Heterologously expressed and purified PrlA. lane 1 = soluble fraction of PrlA, lane 
2 = Ni-NTA agarose-purified PrlA. (B) TLC analysis of PrlA enzyme activity. lane 
1 = boiled PrlA with sedoheptulose 7-phosphate, lane 2 = cell free extract of E. coli 
harboring empty vector with sedoheptulose 7-phosphate, lane 3 = PrlA with 
sedoheptulose 7-phosphate, lane 4 = 2-epi-5-epi-valiolone standard. (C) TLC 
analysis of the substrate specificity of PrlA. Enzyme reaction mixtures contained 5 
mM of the following substrates, lane 1 = aminoDAHP, lane 2 = DAHP, lane 3 = 
glucose 6-phosphate, lane 4 = fructose 6-phosphate, lane 5 = mannose 6-phosphate, 
lane 6 = ribose 5-phosphate, lane 7 = sedoheptulose 7-phosphate, and lane 8 = 2-
epi-5-epi-valiolone standard. (D) GC-MS profiles of silylated PrlA reaction product.  
Left panel shows the GC trace and right panel shows the MS fragmentation pattern 
of the major peak eluting at 8.65–8.75 minutes. 
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Figure 4-7. Recombinant expression and characterization of BE-Orf9. (A) 
Heterologously expressed and purified BE-Orf9. lane 1 = soluble fraction of BE-
Orf9, lane 2 = Ni-NTA agarose-purified BE-Orf9. (B) TLC analysis of BE-Orf9 
enzyme activity. lane 1 = boiled BE-Orf9 with sedoheptulose 7-phosphate, lane 2 = 
cell free extract of E. coli harboring empty vector with sedoheptulose 7-phosphate, 
lane 3 = BE-Orf9 with sedoheptulose 7-phosphate, lane 4 = 2-epi-5-epi-valiolone 
standard. (C) TLC analysis of the substrate specificity of BE-Orf9. Enzyme 
reaction mixtures contained 5 mM of the following substrates, lane 1 = 
aminoDAHP, lane 2 = DAHP, lane 3 = glucose 6-phosphate, lane 4 = fructose 6-
phosphate, lane 5 = mannose 6-phosphate, lane 6 = ribose 5-phosphate, lane 7 = 
sedoheptulose 7-phosphate, and lane 8 = 2-epi-5-epi-valiolone standard. (D) GC-
MS profiles of silylated BE-orf9 reaction product.  Left panel shows the GC trace 
and right panel shows the MS fragmentation pattern of the major peak eluting at 
8.65–8.75 minutes. 

 

The salQ gene was amplified by PCR using Supercos 37-20 as template and 

primers SQF and SQR, and the product was subcloned into the expression vector 

pET-30a (Novagen) and expressed in E. coli BL21Gold(DE3)pLysS cells. Enzyme 

characterization was carried out in the same way as for PrlA and BE-Orf9. Similar 
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to the other 2-epi-5-epi-valiolone synthases, SalQ has 2-epi-5-epi-valiolone 

synthase activity and shows restricted substrate selectivity (Figure 4-8). 

A B

D

276 480

reaction 
product

1 2  3   4  5   6 7 8

C

1      2      3     41       2

 

Figure 4-8. Recombinant expression and characterization of SalQ. (A) 
Heterologously expressed and purified SalQ. lane 1 = soluble fraction of SalQ, lane 
2 = Ni-NTA agarose-purified SalQ. (B) TLC analysis of SalQ enzyme activity. lane 
1 = boiled SalQ with sedoheptulose 7-phosphate, lane 2 = cell free extract of E. coli 
harboring empty vector with sedoheptulose 7-phosphate, lane 3 = SalQ with 
sedoheptulose 7-phosphate, lane 4 = 2-epi-5-epi-valiolone standard. (C) TLC 
analysis of the substrate specificity of SalQ. Enzyme reaction mixtures contained 5 
mM of the following substrates, lane 1 = aminoDAHP, lane 2 = DAHP, lane 3 = 
glucose 6-phosphate, lane 4 = fructose 6-phosphate, lane 5 = mannose 6-phosphate, 
lane 6 = ribose 5-phosphate, lane 7 = sedoheptulose 7-phosphate, and lane 8 = 2-
epi-5-epi-valiolone standard. (D) GC-MS profiles of silylated SalQ reaction 
product.  Left panel shows the GC trace and right panel shows the MS 
fragmentation pattern of the major peak eluting at 8.65–8.75 minutes. 

 

Results from these studies demonstrate that the primary sequence of SPCs 

represents a distinct fingerprint that is characteristic of the enzyme’s catalytic 

activity and can be used as a tool for the directed isolation of biosynthetic gene 
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clusters and in evaluating the metabolic potential of previously uncharacterized 

organisms.162  
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Chapter 5 
 

Characterization of the 2-epi-5-epi-Valiolone Epimerase (CetB), a New 
Member of the Vicinal Oxygen Chelate (VOC) Superfamily 

 

5.1. Introduction 

The VOC superfamily includes a set of structurally related proteins that are 

able to catalyze a large range of divalent metal ion-dependent reactions. Although 

the enzymes of this family use a variety of different divalent metal ions in catalysis 

(Co2+, Zn2+, Mn2+, Ni2+, and Fe2+), there is one mechanistic feature common to all 

of the reactions, the chelation of vicinal oxygen ligands on a substrate or 

intermediate to promote a reaction. Members of this family include the Fe2+-

dependent extradiol dioxygenase (DHBD),163-168 the bleomycin resistance protein 

(BRP),169-172 the Co2+-dependent methylmalonyl-CoA epimerase (MMCE),173-177 

the Zn2+-dependent glyoxalase (GLO),178-183 and the Mn2+-dependent fosfomycin 

resistance protein (FOS)184, 185 (Figure 5-1). DHBD exploits non-heme Fe2+ or 

Mn2+ (rarely) to catalyze the opening of aromatic rings which is a critical step in 

the microbial degradation of aromatic compounds. BRP binds and sequesters 

bleomycin and related compounds without degrading or transforming them. 

MMCE catalyzes the conversion of (2R)-methylmalonyl-CoA to (2S)-

methylmalonyl-CoA, the substrate for the methylmalonyl-CoA mutase. GLO is 

also known as lactoylglutathione lyase and utilizes Zn2+ to catalyze the formation 

of an acylthioester during the first of two steps in the glutathione-dependent 
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inactivation of toxic methylglyoxal. The FOS family, FosA catalyzes the addition 

of GSH to fosfomycin, FosB catalyzes the addition of L-CySH to fosfomycin, and 

FosX catalyzes the hydration of fosfomycin. All of these enzymes belong to the 

VOC superfamily of enzymes.  

 

Although BRP, DHBD, MMCE, FOS and GLO possess low sequence 

similarity and notable differences in function, metal preference, and oligomeric 

state, the overall three-dimensional structures of the MMCE, BRP, GLO, FOS 

dimers and the DHBD monomer are remarkably similar. All members in this 

family possess a characteristic common structural scaffold, comprised of βαβββ 

modules, two of βαβββ modules usually forming one metal-binding/active site (two 

modules protein). However, assembly of the domains occurs in several different 

ways, suggesting that the evolution of these proteins probably involved multiple 

gene duplication, gene fusion and domain swapping events. Structural comparisons, 

as well as phylogenetic analyses, support a general mechanism of metalloprotein 

evolution that exploits the symmetry of a βαβββ module to create a metal binding 

site followed by the relaxation of symmetry, as enabled by gene duplication, to 

establish and refine specific functions. A key feature in this scheme is the creation 

of a metal-binding site in a noncovalent βαβββ oligomer (Figure 5-2). The 

hypothesis of ancestral metal binding is challenged by the structure of BRP, which 

lacks a metal binding site by comparisons with GLO and DHBD. Rather than 
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binding a metal, it is likely that BRP binds and sequesters bleomycin in the same 

active-site cavity.  

 

Figure 5-1. Reported crystal structures of various members of the VOC 
superfamily173, 185, 186. (A) Bleomycin resistance protein (BRP dimer). (B) Extradiol 
dioxygenases (DHBD monomer). (C) Glyoxalase (GLO dimer). (D) 
Methylmalonyl-CoA epimerase (MMCE dimer). (E) FosX dimer. (F) βαβββ 
module.   

 

In BRP and GLO, the two βαβββ modules within each monomer are 

involved in a back-to-back contact; in MMCE, the two βαβββ modules have an 

edge-to-edge contact (Figure 5-2). The difference between the arrangement of 

modules in BRP and GLO versus that in MMCE is readily embraced by the 

concepts of three-dimensional domain swapping. In this case, swapped interactions 
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are observed at the level of the βαβββ modules. The structural similarities of the 

modules suggest that the gene for a two-module structure arose from the ancestral 

βαβββ gene by duplication and fusion. These events might have occurred 

independently for any subset of the known proteins. However, phylogenic analyses 

strongly support the notion that all two module units in the VOC superfamily share 

a common two-module ancestor.186  Some of the two βαβββ modules proteins were 

further evolved by gene fusion event to give rise to the four modules monomer 

polypeptide such as some of the GLO187 and most of dioxygenases (Figure 5-2).  

 

Figure 5-2. A potential evolutionary pathway leading to genes that code for the 
known VOC family. Each filled L shape symbolizes the gene for a βαβββ module. 
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Interestingly, within the cetoniacytone biosynthetic gene cluster we 

identified a putative glyoxalase gene (cetB), which may be involved in the 

formation of this unique natural product. Sequence analysis also suggests that CetB 

is similar to ValD, another homolog of glyoxalase in the validamycin pathway. 

However, CetB (183 amino acid) is only half of the size of ValD (451 amino acid), 

and amino acid sequence alignment of the two proteins revealed that ValD contains 

two similar domains, both of which have high identity to CetB. The involvement of 

such enzymes in cetoniacytone and validamycin biosynthesis could be predicted to 

occur early in the pathway. As based on our previous feeding experiments, the two 

pathways only share the first two biosynthetic steps. The first step, which is the 

cyclization of sedoheptulose 7-phosphate to 2-epi-5-epi-valiolone, has been 

demonstrated to be catalyzed by the 2-epi-5-epi-valiolone synthases, e.g., ValA and 

CetA. The second step, which is a conversion of 2-epi-5-epi-valiolone to 5-epi-

valiolone, has thus far not been clearly defined. The fact that CetB and ValD 

proteins belong to the VOC superfamily together with GLO and MMCE, it is likely 

that these proteins would catalyze the epimerization of 2-epi-5-epi-valiolone to 5-

epi-valiolone. Therefore, we decided to investigate the catalytic activity of CetB as 

described below. 

 

5.2. Results and discussion 

 

5.2.1. Characterization of CetB activity using recombinantly expressed protein 
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To confirm the activity of CetB as a 2-epi-5-epi-valiolone epimerase, the 

cetB gene was subcloned and overexpressed in E. coli BL21(DE3)pLysS. 

Expression of cetB yielded large quantities of a 24-kDa soluble polyhistidine-

tagged protein (Figure 5-3). As the potential substrate for CetB, 2-epi-5-epi-

valiolone, was not readily available, characterization of CetB was carried out using 

a coupled enzyme assay using sedoheptulose 7-phosphate as substrate and the 2-

epi-5-epi-valiolone synthase (CetA) as the first enzyme. The product 2-epi-5-epi-

valiolone is expected to be converted to 5-epi-valiolone by CetB. When 

sedoheptulose 7-phosphate was incubated with CetA and then with the cell extracts 

containing CetB, the product gave the same Rf value as 5-epi-valiolone on silica 

gel TLC plates (Figure 5-3). GC-MS analysis of the silylated product of CetB 

reaction showed a retention time and mass fragmentation pattern consistent with 

that of the synthetic standard, tetra-TMS-5-epi-valiolone, suggesting that CetB is a 

2-epi-5-epi-valiolone epimerase (Figure 5-3 C and D). In contrast, extracts from the 

empty vector pRSETB incubated with sedoheptulose 7-phosphate plus CetA gave 

only the 2-epi-5-epi-valiolone product (Figure 5-3 B). Interestingly, the boiled 

CetB can also give the epimerization product, which suggests that CetB is a heat-

stable protein. This heat-stable property has been reported within the VOC family, 

such as MMCE, BRP, and GLO.173 
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Figure 5-3. CetB production and enzymatic characterization. (A) SDS-PAGE of 
CetB expression. lane 1 = total proteins of CetB induced by 0.2 mM IPTG, lane 2 = 
soluble fraction of CetB induced by 0.2 mM IPTG, lane 3 = purified CetB by Ni-
NTA agarose. (B) TLC analysis of CetB reaction. lane 1 = 5-epi-valiolone standard, 
lane 2 = 2-epi-5-epi-valiolone standard, lane 3 = boiled CetB with CetA reaction 
product, lane 4 = cell free extract of E. coli harboring empty vector with CetA 
reaction product, lane 5 = CetB with CetA reaction product, lane 6 = CetA reaction 
product. (C) GC-MS profile of silylated 5-epi-valiolone standard. (D) GC-MS 
profile of silylated product of CetB reaction. Left panel show the GC trace and 
right panel show the MS fragmentation pattern of the major peak eluting at 8.75–
8.85 minutes. 

 

To evaluated the substrate specificity of CetB, a number of unnatural 

substrates, that have chemical structures similar to 2-epi-5-epi-valiolone, e.g., 1L-

epi-2-inosose, D-(+)-gluconic acid delta-lactone, mannose, shikimic acid, 
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dehydroshikimic acid, and aminodehydroshikimic acid were tested. Analysis of the 

reaction products by TLC revealed that CetB demonstrates restricted substrate 

specificity and only epimerizes 2-epi-5-epi-valiolone to 5-epi-valiolone (Figure 5-

4). 

1             2                    3            4                5            6

a   b   c    a   b  c  a   b   c   a   b  c  a   b  c    a   b   c   

Figure 5-4. TLC analysis of reaction products of CetB with different substrates. 
CetB was incubated with six different substrates. 1 = 1L-epi-2-inosose; 2 = D-(+)-
Gluconic acid delta-lactone; 3 = mannose; 4 = shikimic acid; 5 = dehydroshikimic 
acid; and 6 = aminodehydroshikimic acid. For each reaction, three spots (a = 
substrate with purified CetB, b = substrate with cell free extract of E. coli harboring 
empty vector, c = substrate only) were spotted on the TLC plate.  
 

5.2.2. CetB metal binding analysis 

Despite different metal preference, structural comparisons of MMCE, 

DHBD, and GLO showed that they have almost identical metal binding sites. 

MMCE is activated by divalent metal ions, with the most effective being Co2+ and 

Mn2+, through four conserved metal binding sites (H12, Q65, H91, E141). Human 

GLO is a Zn2+ dependent metalloprotein and contains four conserved metal binding 

sites (Q33, E99, H126, E172). DHBD has four conserved metal binding sites 

(H146, A198, H210, E260) with the preference being Fe2+. FosA is a Mn2+ 
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dependent enzyme containing four conserved metal binding sites (H7, T9, H67, 

E113). Sequence comparison of human GLO with CetB and ValD showed that both 

CetB and ValD contain metal binding sites (Figure 5-5). Since the size of ValD is 

twice as large as CetB and GLO, ValD was divided into two fragments in the 

alignment. The N-terminal portion is called ValDN and the C-terminal portion is 

called ValDC. To determine the metal preference of CetB, we attempted to develop 

an assay system involving the two enzymes as described above. First, 

sedoheptulose 7-phosphate was incubated with CetA, in the presence of Co2+, for 2 

hours to provide 2-epi-5-epi-valiolone, and then EDTA or 1,10-phenanthroline was 

added to the reaction mixture to remove Co2+ and other background divalent ions. 

Subsequently, CetB was added into the reaction and the mixture was incubated for 

another 3 hours without any divalent metal ions. This experiment was intended to 

be a negative control and no CetB activity was expected. Metal ion preference of 

CetB would be then analyzed by the addition of individual divalent metal ions into 

the reaction mixture. Surprisingly, TLC analysis of the reaction products suggests 

that even without addition of metal ion, CetB retains strong epimerase activity 

(Figure 5-6). Given that CetB contains a metal binding site similar to other 

members of the VOC superfamily, we proposed that CetB may bind to its metal 

cofactor very tightly that EDTA and 1,10-phenanthroline may not be able to 

remove the cofactor from the enzyme. In order to overcome this problem, the four 

putative metal binding sites of CetB were individually altered as single mutations 

(H14G, E76G, H98G, E151G) and double mutations (H14G/E76G, H14G/H98G, 
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H14G/E151G, E76G/H98G, E76G/E151G, H98G/E151G) and their epimerase 

activity was characterized (Figure 5-7). The results showed that, in the absence of 

1,10-phenanthroline, the activity of the single mutant variants were relatively 

similar to that of the wild type (Figure 5-8). However, when 1,10-phenanthroline 

was added into the reaction mixtures, the activity of the single mutant variants 

diminished (Figure 5-9). On the other hand, all of the double mutant variants had 

no detectable activity even without 1,10-phenanthroline (Figure 5-8). The results 

suggest that a single mutation at the metal-binding site of cetB only modestly 

distorts the metal-binding affinity of the protein, whereas a double mutation of cetB 

completely disrupted the metal-binding ability of the enzyme.  

H-14

H-98E-76

E-151

 

Figure 5-5. Sequence alignment of CetB, ValDN, ValDC, and human glyoxalase. 
The conserved metal binding sites are indicated in the frames. 
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Figure 5-6. TLC analysis of reaction products of CetB enzyme with different metal 
ions. 1 = 5-epi-valiolone standard, 2 = CetA reaction product, 3 = CetB with 
chelated CetA reaction product,  4-10 = CetB with chelated CetA reaction produc 
plus different metal ion: CoCl2 (4),  CuSO4 (5),  ZnCl2 (6),  MgCl2 (7), MnCl2 (8),  
FeSO4 (9), NiCl2 (10), 11 = 2-epi-5-epi-valiolone standard. 
 

 

A B1      2      3      4      5     6 1       2      3      4      5     6

 

Figure 5-7. SDS-PAGE analysis of CetB mutants. (A) CetA and CetB single  
mutants. lane 1 = CetA, lane 2 = CetB wild type, lane 3 = H14G, lane 4 = H98G, 
lane 5 = E76G, lane 6 = E151G. (B) CetB double mutants. lane 1 = H14G/H98G, 
lane 2 = E76G/E151G, lane 3 = H14G/E76G, lane 4 = H14G/E151G, lane 5 = 
H98G/ E76G, lane 6 = H98G/E151G.  
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Figure 5-8. TLC analysis of reaction products of CetB mutants.  S1 = 5-epi-
valiolone standard, S2 = 2-epi-5-epi-valiolone standard, C1 = CetA reaction only, 
C2 = CetA reaction plus CetB, C3 = CetA reaction plus chelated CetB mutant 
H14G/H98G. 1-10 = CetA reaction plus CetB mutants: 1 = H14G, 2 = H98G, 3 = 
E76G, 4 = E151G, 5 = H14G/H98G, 6 = E76G/E151G, 7 = H14G/E76G, 8 = 
H14G/E151G, 9 = H98G/E76G, 10 = H98G/E151G.  
 

                

S1   S2    C1    C2   C3   1     2     3     4        5       6      7      8     9       10

 

Figure 5-9. TLC analysis of reaction products of CetB mutants with 1,10-
phenanthroline.  S1 = 2-epi-5-epi-valiolone standard, S2 = 5-epi-valiolone standard, 
C1 = CetA reaction only, C2 = CetA reaction plus CetB without 1,10-
phenanthroline, C3 = CetA reaction plus CetB with 1,10-phenanthroline. 1-10 = 
CetA reaction plus CetB mutants with 1,10-phenanthroline. 1 = H14G, 2 = H98G, 3 
= E76G, 4 = E151G, 5 = H14G/H98G, 6 = E76G/E151G, 7 = H14G/E76G, 8 = 
H14G/E151G, 9 = H98G/E76G, 10 = H98G/E151G.  
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In addition to the diversity among the function and substrates/ligands of 

these proteins, MMCE, GLO, FOS, and DHBD all have metal binding site with 

different metal preference; one Fe2+ is bound to a DHBD monomer, two Zn2+ are 

bound to a GLO dimer, two Mn2+ are bound to a FOS dimer, and two Co2+ are 

bound to a MMCE dimer. The question is which metal ion is preferred for CetB? 

Because CetB has very tight metal-binding property, it is difficult to remove the 

metal ion from the enzyme and test its metal preference by adding external metal 

ions into the reaction mixture. However, the H98G mutant was found to have the 

same activity as the wild-type enzyme and yet the metal ion can be chelated by 

1,10-phenanthroline. Therefore, the mutant H98G was selected for further analysis 

of its metal ion preference. After removing the residual metal ion in the CetA 

reaction with 1,10-phenanthroline, the H98G mutant protein, also pretreated with 

1,10-phenanthroline, was added. Subsequently, a solution of metal ion, e.g., Co2+, 

Zn2+, Mg2+, Mn2+, Fe2+, Ni2+, Cu2+ was individually added into the mixtures. TLC 

analysis showed that only Ni2+ can rescue the activity of H98G (Figure 5-10). 

While the replacement of the H98 residue with glycine may have caused a shift in 

metal ion preference of the enzyme, the fact that none of the other metal ions could 

in part rescue the activity of the enzyme suggests that Ni2+ is the most likely 

required metal ion for this subfamily of proteins.  
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Figure 5-10. TLC analysis of CetB mutant proteins with different metal ions. 1 = 5-
epi-valiolone standard, 2 = 2-epi-5-epi-valiolone standard, 3 = CetA reaction 
product, 4 = CetB with chelated CetA reaction product,  5 = CetB mutant H98G 
with CetA reaction product, 6 = CetB mutant H98G with chelated CetA reaction 
product, 7-13 = CetB H98G with chelated CetA reaction plus different metal ion, 
CoCl2 (7), ZnCl2 (8), MgCl2 (9), MnCl2 (10), FeSO4 (11), NiCl2 (12), CuSO4 (13). 
 

5.2.3. CetB modeling and dimerization analysis 

All members of VOC superfamily contain either two or four βαβββ modules. 

The modeling of CetB using Phyre program188, 189 showed that CetB also contains 

the common structural βαβββ scaffold (Figure 5-11 C). Crystal structure analysis of 

MMCE and GLO revealed that both enzymes form a dimer with the “back-to-back” 

packing in GLO and the “edge-to-edge” packing in MMCE. Also, it was reported 

that the four module yeast GLO is a monomeric enzyme with two active sites. Thus, 

we proposed that CetB would adopt a similar conformation as a homodimer. In 

order to confirm this hypothesis, the size of native CetB was determined by native-

PAGE and high performance gel filtration chromatography. The native-PAGE 

indicated that CetB has a dimer structure (Figure 5-11 B). Based on the retention 

times of molecular mass standards within the size exclusion column, CetB eluted as 

a 48 KDa protein (Figure 5-11 D). This result confirmed that CetB forms a 
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homodimeric structure.  

 

1       2      3              4       5
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Figure 5-11. CetB modeling and dimerization analysis. (A) SDS-PAGE of CetB. (B) 
Native-PAGE of CetB. Lane I = soluble fraction of CetB, lane II = Ni-NTA 
agarose purified CetB. (C) Modeling of CetB using Phyre program. (D) High 
performance gel filtration chromatography of CetB. 1 = Alcohol dehydrogenase 
(150 KDa), 2 = BSA (66 KDa), 3 = Ovalbumin (45 KDa), 4 = Chymotrypsinogen 
A (25 KDa), 5 = Ribonuclease A (13.7 KDa), 6. CetB (48 KDa) (dimer). 
 

The comparison of three-dimensional structure of MMCE, GLO, BRP, and 

several DHBD reveals that they are not apparently related to each other at the level 

of the amino acid sequence. However, comparisons against the current structural 

database, using DALI, showed that although these proteins have diverse functions, 
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they have a common fold in which βαβββ modules are combined in several 

different ways (Figure 5-2). Many, but not all, are enzymes in which the fold 

provides a platform for binding an essential metal ion.173 Structural comparisons, as 

well as phylogenetic analyses, strongly indicate that the modern family (VOC 

family) of proteins represented by these enzymes arose through a rich evolutionary 

history that includes multiple gene duplication and fusion events. A significant 

early event is proposed to be the establishment of metal binding in an oligomeric 

ancestor prior to the first gene fusion.186 With the characterization of CetB, here we 

first report that the 2-epi-5-epi-valiolone epimerase with Ni2+ binding site should be 

listed as the sixth class of the VOC family in addition to BRP, DHBD, GLO, FOS, 

and MMCE.  
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Chapter 6 
 

Conclusion 

 

The work presented in this thesis dissertation deals with the identification, 

sequencing, and functional analysis of the biosynthetic gene cluster of the 

antitumor agent cetoniacytone A. The results provide important insight into the 

mode of formation of this unique aminocyclitol natural product, and will contribute 

to future studies that aim to create new aminocyclitol analogs. In addition, a 

comparative analysis of CetA, a cyclase that catalyzes the first reaction step in 

cetoniacytone biosynthesis, with other related sugar phosphate cyclases (SPCs) 

revealed that this large family of cyclases can be divided into distinct subclasses 

that have unique and predictable activities that correspond to their primary amino 

acid sequences. This data has been used to further identify a new unknown SPC 

subfamily, which is widely distributed in fungi and cyanobacteria. The work also 

revealed that CetB is a new member of the VOC family with a 2-epi-5-epi-

valiolone epimerase activity. 

 

6.1. Identification of the cetoniacytone biosynthetic gene cluster 

This part of the dissertation identified the cetoniacytone A biosynthetic 

gene cluster and proposed the biosynthetic pathway to cetoniacytone A. Analysis of 

a 26 Kb genome DNA of Actinomyces sp. strain Lu 9419 chromosome revealed 13 
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potential structural genes, which were predicted to be involved in the biosynthesis 

of cetoniacytone A, and four unrelated genes. They include genes demonstrated to 

encode 2-epi-5-epi-valiolone synthase (CetA), 2-epi-5-epi-valiolone epimerase 

(CetB), and predicted to encode arylamine N-acetyltransferase (CetD), drug 

resistance transporter (CetE), FAD/FMN-containing dehydrogenases (CetF), 

aminotransferase (CetH), pyranose oxidase (CetL), and aminotransferase (CetM). 

Deduced products of cetC, cetI, cetJ, and cetK are hypothetical cupin proteins with 

unknown function. However, these proteins may be involved in the epoxidation and 

dehydration steps required for the biosynthesis of cetoniacytone A as proposed in 

Figure 3-4.  

 

Based on the gene cluster and the structure of cetoniacytone A, the 

biosynthetic pathway to cetoniacytone A was proposed as follows. The first step is 

a cyclization reaction by CetA in which sedoheptulose 7-phosphate is converted to 

2-epi-5-epi-valiolone. CetB is then required to epimerize 2-epi-5-epi valiolone to 5-

epi-valiolone. Further downstream the pathway may involve oxidation, amination, 

dehydration, and epoxidation steps. Finally, the transfer of the acetyl functionality 

would yield cetoniacytone A. 

 

During the BLAST analysis of the cetoniacytone A biosynthetic gene 

cluster, a number of homologous genes from an unknown biosynthetic gene cluster 

in Frankia alni ACN14a genome were revealed. Detailed sequence analyses of the 
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genes around this putative gene cluster suggest that this cluster may be responsible 

for the biosynthesis of a compound related to cetoniacytone.  

 

The significance of this part of work is two-fold: 1) These results revealed 

the biosynthetic gene cluster and proposed the biosynthetic pathway of 

cetoniacytone A, a novel potential antitumor agent. 2) During a comparison of the 

gene cluster of cetoniacytone A with the genome data base, a putative biosynthetic 

gene cluster for a compound related to cetoniacytone A has been predicted in 

Frankia alni ACN14a genome. 

 

6.2. Enzymatic analysis of 2-epi-5-epi-valione synthase and a comparative analysis 

of SPCs 

The second part of the dissertation takes a comparative approach to analyze 

the SPCs superfamily. SPCs from both primary and secondary metabolic pathways 

show high sequence similarity. Results from these studies demonstrate that the 

primary sequence of SPCs represents a distinct fingerprint that is characteristic of 

the enzyme’s biological activity and can be used as a tool for directed isolation of 

biosynthetic gene clusters and in evaluating the metabolic potential of previously 

uncharacterized organisms. 

 

CetA is highly similar to known 2-epi-5-epi-valiolone synthase, AcbC and 

ValA. This study confirmed that the function of CetA as a 2-epi-5-epi-valiolone 
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synthase and shows high substrate specificity to sedoheptulose 7-phosphate. 

Signature sequences from the 2-epi-5-epi-valiolone synthase class of SPCs were 

used to isolate an SPCs homolog, prlA, and finally isolate the pyralomicin 

biosynthetic gene cluster from the pyralomicin producer, Nonomuraea spiralis. The 

same strategy was also used by the Hong group in Korea to isolate the salQ gene 

from the salbostatin biosynthetic gene cluster. The gene product was also identified 

as a 2-epi-5-epi-valiolone synthase in this study. 

 

Further phylogenetic analysis of SPC sequences previously annotated as 

DHQ synthases from genome sequencing projects has identified a new and unique 

clade of SPCs that may regulate the biosynthesis of a novel set of secondary 

metabolites. In addition, a putative 2-epi-5-epi-valiolone synthase gene from the 

BE-40644 biosynthetic gene cluster was identified and the biochemical activity of 

the gene product, BE-Orf9, was confirmed. Thus, the detailed comparisons of 

primary sequence of SPCs provide a valuable genetic resource that can be used to 

quickly identify and clone biosynthetic gene clusters from known cyclitol-

producing organisms. 

 

6.3. Enzymatic analysis of CetB  

Enzymatic characterization of CetB confirmed that CetB catalyzes the 

second metabolic step in cetoniacytone biosynthesis mediating the epimerization of 

2-epi-5-epi-valiolone to 5-epi-valiolone. Sequence analysis showed that CetB is a 
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new member of the VOC superfamily with high similarity to GLO. The data from 

high performance gel filtration chromatography support that, during evolution, 

CetB occurs as a two modules protein homodimer. Site directed mutagenesis and 

metal binding analysis showed that CetB is a Ni2+-dependent protein with four 

metal binding sites. With the enzyme characterization of CetB, here we first report 

that the 2-epi-5-epi-valiolone epimerase should be listed as the sixth class of the 

VOC family in addition to BRP, DHBD, GLO, FOS, and MMCE.  
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