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ABSTRACT 30

Type III polyketide synthases (PKS) were regarded as typical for plant secondary 31

metabolism before they were found in microorganisms recently. Due to microbial 32

genome sequencing efforts, more and more type III PKS are found, most of which of 33

unknown function. In this manuscript, we report a comprehensive analysis of the 34

phylogeny of bacterial type III PKS and report the expression of a type III PKS from the 35

myxobacterium Sorangium cellulosum in pseudomonads. There is no precedent of a 36

secondary metabolite that might be biosynthetically correlated to a type III PKS from any 37

myxobacterium. Additionally, an inactivation mutant of the S. cellulosum gene shows no 38

physiological difference compared to the wild type strain which is why these type III 39

PKS are assumed to be “silent” under the laboratory conditions administered. One type 40

III PKS (SoceCHS1) was expressed in different Pseudomonas sp. after the heterologous 41

expression in Escherichia coli failed. Cultures of recombinant Pseudomonas sp. 42

harbouring SoceCHS1 turned red upon incubation and the diffusible pigment formed was 43

identified as 2,5,7-trihydroxy-1,4-naphthoquinone, the autooxidation product of 1,3,6,8-44

tetrahydroxynaphthalene. The successful heterologous production of a secondary 45

metabolite using a  gene not expressed under administered laboratory conditions provides 46

evidence for the usefulness of our approach to activate such secondary metabolite genes 47

for the production of novel metabolites.48

49

Keywords50

myxobacteria, type III PKS, silent gene, pseudomonads, flaviolin, heterologous 51

expression, genome sequencing, phylogeny52
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INTRODUCTION53

Nearly 100 000 “small molecules” from natural sources have been characterized until the 54

end of the last century. These secondary metabolites are defined by their molecular 55

weight not exceeding 2500 Da. They are mainly produced by plants and microorganisms, 56

each group being responsible for the production of almost 50% of the compounds 57

(Demain 1999). Natural products are of immense interest because they often exhibit 58

biological activities, such as antibiotics, cytostatics, insecticidals or antifungals. On the 59

other hand, the interest in natural products as a source for new lead structures in drug 60

discovery has decreased in the past decades (Grabley and Thiericke 1999; Bode and 61

Müller 2005) and as a consequence the discovery rate of novel structural classes declined 62

(Peric-Concha and Long 2003). In parallel, the severe clinical problem of multiresistant 63

pathogens is on the rise and numerous infectious deseases are in danger of becoming 64

uncurable. It has been concluded that to control the resistant pathogens novel antibiotics 65

are urgently needed in the future (Dougherty et al. 2002). In the lead structure 66

identification process, the probability to isolate already known compounds can be 67

lowered by choosing new resources for the screening. One possibility to do so is to take 68

advantage of ongoing and finished microbial genome sequencing projects of secondary 69

metabolite producers, which show that there are numerous “silent” biosynthetic gene 70

clusters, clearly indicating an untapped genetic potential to produce novel secondary 71

metabolites (Bode and Müller 2005). With the number of sequenced genomes rising, 72

these silent clusters could be a valuable route to new natural products. In addition, new 73

methods have been established to access the genomes from difficult to culture or non-74

culturable microorganisms via metagenomic DNA libraries (Peric-Concha and Long 75

2003) that can be used as sources for new biosynthetic gene clusters. Although the 76

expression of these metagenomic libraries in E. coli led to the discovery of novel 77

substances (MacNeil et al. 2001; Gillespie et al. 2002), this heterologous expression host 78

shows some disadvantages in comparison to others (Wenzel and Müller 2005). E. g., 79

there are several factors which favor the heterologous expression in Streptomyces sp. 80

(Peric-Concha and Long 2003) and recently it was shown that Pseudomonas sp., 81

especially Pseudomonas putida KT2440, is a suitable heterologous host for secondary 82
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metabolite production. Using the complex polyketide/nonribosomal peptide 83

myxobacterial myxochromide S biosynthetic pathway, production yields superior to the 84

orginal producer could be achieved in this strain (Wenzel et al. 2005). It was also shown 85

that there is no need in pseudomonads to introduce a broad range phosphopantetheinyl 86

transferase to secure the essential posttranslational modification required for active 87

carrier protein domains involved in polyketide and nonribosomal peptide biosynthesis 88

(Gross et al. 2005).89

Recently a polyketide biosynthetic pathway for the production of small aromatic 90

molecules was discovered in bacteria. The polyketide synthase (PKS) involved was 91

classified as type III PKS. These enzymes belong to the chalcone synthase (CHS) and 92

stilbene synthase (STS) superfamily of PKS, which were only found to this date in plants 93

(Bangera and Thomashow 1999; Funa et al. 1999; Moore and Hopke 2001). Today, this 94

enzyme class includes at least 15 functionally divergent β-ketosynthases of plant and 95

bacterial origin (Austin et al. 2004). Type III PKS are relatively modest in size (40-96

47 kDa) and function as homodimer (Moore and Hopke 2001). CHS is ubiquitous in 97

higher plants and is involved in the first step in flavonoid biosynthesis by catalyzing the 98

decarboxylative addition of three malonyl-CoA extender units to a p-coumaroyl-CoA 99

starter moiety, which is derived from L-phenylalanine (Winkel-Shirley 2001). At the 100

same catalytic sites intermolecular cyclization and aromatization of the linear 101

phenylpropanoid-tetraketide leads to the formation of chalcone (Austin and Noel 2003). 102

RppA, the first described bacterial type III PKS found in Streptomyces griseus catalyzes 103

the formation of 1,3,6,8-tetrahydroxynaphthalene (THN) from five molecules of malonyl-104

CoA, which can undergo spontaneous oxidation to flaviolin (Ueda et al. 1995). THN is 105

normally transformed into a 1,8-dihydroxynaphthalene (DHN) monomer, which 106

polymerizes to DHN-melanin. The same pigment is found in fungi, but here THN is 107

synthesized by an ACP-utilizing, multi-domain iterative type I PKS (Tsai et al. 1998). In 108

contrast to the relative small RppA protein (approx. 350 – 370 amino acids in size) the 109

fungal enzymes are large (approx. 4150 amino acids).110

It was shown that RppA is involved in the biosynthesis of melanin in S. griseus, because 111

the substrate mycelium of an inactivation mutant contained no melanin-like pigments 112

(Funa et al. 1999). In the meantime more homologues of RppA have been identified from 113
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various actinomycetes, indicating the involvement of this enzyme in one of the general 114

melanin biosynthetic pathways in this genus (Funa et al. 1999). At the same time it was 115

reported that a type III PKS (PhlD) from Pseudomonas fluorescens Q2-87 synthesizes 116

2,4-diacetylphloroglucinol, one of the components responsible for the biocontrol activity 117

of this strain (Bangera and Thomashow 1999). PhlD uses acetoacetyl-CoA as starter unit, 118

adds one malonyl-CoA moiety and performs ring closure and aromatization to form 119

monoacetylphloroglucinol. Although the number of bacterial type III PKS is increasing 120

with the number of sequenced bacterial genomes (Saxena et al. 2003), the physiological 121

function of these enzymes is unknown in most cases. This may even hold true if a 122

reaction product can be obtained in vitro, but not isolated in vivo (Sankaranarayanan et al. 123

2004).124

In ongoing genome sequencing projects of the Gram-negative myxobacteria Myxococcus 125

xanthus DK1622 and Sorangium cellulosum So ce56 genes encoding putative type III 126

PKS were identified (one type III PKS in M. xanthus and two in S. cellulosum). There are 127

no plausible products corresponding to these enzymes known from both microorganisms, 128

although they were intensely screened for secondary metabolite production, especially S. 129

cellulosum So ce56 [(Gerth et al. 2003) and unpublished results]. This leads to the 130

conclusion that these genes are “silent” under the cultivation conditions so far exhibited 131

in the laboratory. Here, we present the heterologous expression and identification of the 132

biosynthetic product of a rppA-like type III PKS from S. cellulosum in Pseudomonas sp.. 133

This demonstrates the activation of a “silent” gene due to heterologous expression. In 134

addition, a comprehensive phylogenetic analysis of bacterial type III PKS is provided.135

136

Page 5 of 31 Archives of Microbiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

6

MATERIALS AND METHODS136

The bacterial strains and plasmids used in this study are listed in Table 1. E. coli and 137

pseudomonads were routinely grown in Luria-Bertani (LB) (Miller 1972) medium at 138

37ºC and 30ºC, respectively. S. cellulosum So ce56 was grown at 30°C in liquid M-139

medium and plated on P-agar plates as described previously (Pradella et al. 2002). To 140

analyze secondary metabolite production, strain So ce56 was grown in liquid P-Medium 141

(Pradella et al. 2002). The following antibiotic concentrations were used: carbenicillin, 142

50 µg ml-1; kanamycin, 50 µg ml-1; hygromycin, 100 µg ml-1.143

Recombinant DNA techniques144

Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs and 145

used according to the manufacturer’s instructions. Taq-polymerase was obtained from 146

Gibco BRL and cloned Pfu-polymerase was purchased from Stratagene. Both enzymes 147

were employed in accordance with the supplied instruction manual. Plasmid DNA was 148

purified from pseudomonads using standard methods (Sambrook et al. 1989), whereas for 149

E. coli a simplified variant was used. Cell suspension-, cell lysis- and sodium acetate 150

buffer were added in equal amounts (250 µl), after adding lysis- and acetate buffer, 151

respectively, suspensions were immediately mixed and centrifuged, no 152

phenol/chloroform extraction was performed. Plasmid DNA purification for critical down 153

stream processes was performed using the NucleoSpin Plasmid Kit (Macherey-Nagel, 154

Düren, Germany). DNA from S. cellulosum So ce56 was isolated using the Puregene® 155

Genomic DNA Purification Kit (Gentra, Minneapolis, USA) according to manufacturer`s 156

protocol.157

Construction of expression plasmid. The DNA fragment encoding the first type III PKS 158

soceCHS1 from S. cellulosum So ce56 was amplified using primer FG15 (5’-159

GTAGGCGGCCGCATGGCCACACTGTGCAGGCCG-3’) and FG16 (5’-160

CCCGGAATTCACCGCCCGCCGGAGGACG-3’). The introduced restriction sites are 161

depicted as italics. The PCR mixture (25 µl) contained 1xPCR-buffer, 2.5 mM MgCl2, 162

2.5 % DMSO, 100 µM dNTPs, 600 nM of each primer, 100 ng of genomic DNA and 1 163

unit Taq-polymerase. PCR cycling included 30 cylces at 95ºC (30 s), 61ºC (30 s) and 164
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72ºC (90 s), followed by 10 min at 72ºC to ensure an A-overhang. The amplicon was 165

cloned using the TOPO TA cloning kit (Invitrogen, Karlsruhe, Germany) according to the 166

manufacturer`s instructions to generate plasmid pTOPO/CHS(FG15/16). The fidelity of 167

the amplicon was verified by nucleotide sequencing. This construct was used as template 168

in a PCR reaction with primers FG19a (5’-169

GGGACATATGGCCACACTGTGCAGGCCG-3’) and FG20a (5’-170

CGCCTCGAGCCGCCCGCCGGAGGACGAAC-3’) to introduce restriction sites for 171

cloning into pCYB1. The PCR mixture (25 µl) contained 1xPfu-buffer, 100 µM dNTPs, 172

500 nM of each primer, 10 ng of plasmid template and 1.25 units Pfu-polymerase. PCR 173

cycling included 30 cycles at 95ºC (30 s), 61ºC (30 s) and 72ºC (2 min). The amplicon 174

was restricted with NdeI and XhoI and ligated into accordingly prepared pCYB1 to 175

generate plasmid pFG141, creating a C-terminal intein fusion protein. Again the fidelity 176

was verified by nucleotide sequencing. The DNA-fragment that contains the fusion 177

protein was excised with EcoRV and SwaI and cloned into EcoRV-digested and 178

phosphatase treated pJB861 (Blatny et al. 1997) generating pFG154-1 and pFG154-2, 179

respectively, representing both possible integration orientations.180

The broad host plasmid harbouring the type III PKS intein fusion was transferred into P. 181

putida, P. syringae and P. stutzeri by triparental mating as described previously (Hill et 182

al. 1994). The successful transfer into each strain was confirmed by plasmid isolation and 183

restriction digests.184

Construction of inactivation plasmid. Plasmid pOPB20 was constructed after cloning 185

of part of the rppA-like gene, obtained by PCR amplification into a pSUP102 derivative 186

as described previously (Pradella et al. 2002). The restriction sites BamHI and HindIII 187

required for the further cloning steps were introduced into the oligonucleotide primers 188

(marked in italics). A PCR product of 777 bp for the inactivation of soceCHS1 obtained 189

with the primer pair OP26 (5’ – TGTCCGCGAACAGGGATCCTAG – 3’) and OP27 190

(5’ – CTCACCAAGCTTTCGAGATCC -3’) was cloned first into the pCR2.1TOPO 191

vector, digested with XmaI, filled-in with Klenow fragment of DNA polymerase I and 192

religated. Next the fragment was cut out using enzymes BamHI and HindIII and cloned 193

into pSUPHyg digested with appropriate restriction enzymes to form the plasmid 194

pOPB20. 195
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Conjugation into Sorangium cellulosum So ce56196

The plasmid pOPB20 was introduced into the methylation-deficient E. coli strain 197

ET12567 containing pUB307 and used for mobilization into S. cellulosum So ce56 as 198

described previously (Pradella et al. 2002; Kopp et al. 2004). Insert-specific homologous 199

recombination leads to the inactivation of the target gene. Hygromycin resistant colonies 200

were observed after 10–12 days of growth. Exconjugants were verified using PCR and 201

Southern hybridization (data not shown).202

Fermentation conditions203

Fermentation in E. coli: Initially, purification of the fusion protein was attempted from 204

E. coli. 200 ml LB containing carbenicillin were inoculated 1:100 with an overnight 205

culture of the respective E. coli DH10B clone, incubated at 37ºC on a rotary shaker to an 206

optical density at 600 nm (OD600) of 0.6. Isopropyl-β-D-thiogalactopyranoside (IPTG) 207

was added to a final concentration of 0.4 mM and the cells were incubated additional 20 h 208

at 16ºC before harvesting the cells by centrifugation. The cell pellet was resuspended in 5 209

ml column buffer (20 mM Tris/HCl, 500 mM NaCl, 1 mM EDTA and 0.1% Triton X-210

100; pH 8.0) and lysed by ultrasonication. The suspension was dispensed into 211

microcentrifuge tubes and spun for 10 min at 4ºC and 14,000 rpm. The supernatant and 212

pellet were analyzed after SDS-PAGE with Western-Blot.213

Fermentation in Pseudomonas sp.: 500 ml LB containing kanamycin were inoculated 214

with 5 ml overnight culture of P. putida/pFG154-1. After incubation at 30°C on a rotary 215

shaker until the OD600 reached 0.6 the temperature was lowered to 16°C and incubated 216

was continued for 48 h in total. The cells were harvested by centrifugation, resuspended 217

in 12.5 ml column buffer and lysed by ultrasonication or French press. The cell debris 218

was removed by centrifugation (Sorvall R-25, SS34 rotor, 13,000 rpm, 20 min at 4°C). 219

An aliquot of the cell free extract was stored for analysis with SDS-PAGE and Western-220

Blot. As alternative media for fermentations terrific broth (TB) (12 g/l tryptone, 24g/l 221

yeast extract, 4 ml/l glycerol, 2.31 g/l KH2PO4 and 12.54 g/l K2HPO4) and maize-222

molasses medium (MMM) (25 g/l molasses, 2.1 g/l corn flour, 10 g/l malt extract, 30 g/l 223

sucrose, 10 g/l yeast extract and 2 g/l K2HPO4) were used. These fermentations were 224

carried out at 16°C and 22°C after OD600 reached 0.6.225
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The culture volume for flaviolin production was 200 ml LB supplemented with 226

kanamycin. The incubation was carried out at 30°C for approximately 60 h on a rotary 227

shaker.228

Flaviolin isolation229

The cells were separated from the culture broth after fermentation by centrifugation. The 230

supernatant was acidified with a fifth of the culture volume of 6 M hydrochloric acid, and 231

then extracted twice with one volume ethylacetate. Ethyl acetate was removed in vacuo232

and the residue was dissolved in 1 ml methanol. The extracts were analyzed by HPLC 233

(Dionex p680 solvent delivery system, PDA 100 Photodiode Array Detector and 234

Macherey & Nagel Nucleodur C18 RP-column 125x2 mm with 3µm particle size; Buffer 235

A: water, Buffer B: acetonitrile, solvent gradient from 5 % B at 0 min to 20 % B in 5 min, 236

from 20 % B to 30 % B in 10 min and to 100 % B in 15 min employing a flow rate of 237

0.5 ml min-1) and HPLC-MS (Bruker Daltonics HCT plus with Macherey & Nagel 238

Nucleodur C18 RP-column 125x2 mm with 3 µm particle size). Flaviolin was identified 239

by UV- and mass spectroscopy based on reference substance as well as NMR techniques.240

Labeling with 14C-acetate:241

2 ml LB supplemented with kanamycin were inoculated to an OD600 of 0.1 with a 242

saturated culture of P. putida/pFG154-1 and incubated at 30°C on a rotary shaker. 243

Feeding of 10 µCi 14C-acetate in total started 12 h after inoculation over a 7 h period. The 244

last addition of the labeled acetate was followed by additional incubation at 30°C for one 245

hour. The cells were separated from the culture broth by centrifugation. The cells and the 246

supernatant were acidified and extracted with ethyl acetate; the solvent was reduced to 10 247

µl by nitrogen flow. Both extracts and the aqueous phase of the supernatant after 248

extraction were analyzed with thin layer chromatography on silica plates (Merck). All 249

samples were developed with chloroform/methanol 1:9 as mobile phase. Radioactivity 250

was detected with a phosphoimager (Fujifilm FLA-3000).251

Affinity chromatography252

The RppA-homolog was heterologously expressed as a C-terminal intein fusion protein 253

(CN-Impact, New England Biolabs) and purified according to the instructions of the 254
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manufacturer with the following variations. The flow through the column was achieved 255

by gravity. All steps were carried out at 4°C. The eluate was concentrated with Centriplus 256

YM-10 and Centricons YM-10 (Millipore). The proteins were identified by Western Blot 257

as described elsewhere(Gross et al. 2005).258

Analysis of secondary metabolites formed by S. cellulosum So ce56259

Culture extracts of S. cellulosum So ce56 wild-type as well as mutants were prepared 260

after growth of 100 ml of bacterial culture in P-medium  with addition of adsorber resin 261

XAD16 in 250 ml Erlenmeyer flask for 2 weeks. The XAD resin was harvested and 262

eluted with methanol. The supernatant was extracted with ethyl acetate and after 263

evaporation eluted with methanol. Extracts were analyzed using HPLC as described 264

previously (Pradella et al. 2002). Moreover, different synthetic media were used for So 265

ce56 cultivation (Gerth and Müller 2005), as well as different culture volumes (up to 2 l) 266

and incubation times before the secondary metabolite production was analysed.267

268

Phylogenetic analysis 269

PKS III amino acid sequences of bacteria, fungi, and plants were acquired from public 270

databases via NCBI. BlastP searches (http://www.ncbi.nlm.nih.gov/BLAST) were 271

conducted using the RppA sequence of Streptomyces griseus (Ueda et al. 1995) and the 272

CHS2 sequence of Medicago sativa as query sequences. In addition, BlastP searches 273

were performed at the NCBI microbial genome platform 274

(http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). Amino acid sequences were 275

aligned using ClustalX (Thompson et al. 1997) and adjusted manually using the 276

MacClade software version 4.03 (Maddison and Maddison 2000). Phylogenetic relations 277

were inferred by Bayesian estimation, maximum parsimony (MP) and the neighbor-278

joining (NJ) method. For Bayesian estimation the MrBayes program version 3 279

(Huelsenbeck and Ronquist 2001) was used employing the JTT amino acid replacement 280

model (Jones et al. 1992) and a gamma distribution approximated by four categories to 281

represent among site rate heterogeneity. The Markov chain Monte Carlo analysis 282

(MCMC) ran 1.5 million generations with four independent chains. The consensus tree 283

and posterior clade probabilities were calculated from the trees of the convergence state 284
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of the MCMC. MP analysis was performed using the heuristic search option of 285

PAUP*4.0b10 (Swofford 2002) with gaps being treated as missing data and branch 286

swapping by tree-bisection-reconnection (TBR). Constant and uninformative characters 287

were excluded from the analysis. The NJ method was conducted using the modules 288

Seqboot, Protdist, Neighbor, and Consens of the PHYLIP software version 3.62 289

(Felsenstein 2002). Bootstrap analysis was done with 1000 pseudo-replicate sequences.290

291

Nucleotide sequence accesion numbers292

The nucleotide sequences of soceCHS1 and soceCHS2 have been deposited in GenBank 293

under the accession numbers DQ156078 and DQ156079, respectively. The nucleotide 294

sequence of mxCHS is annotated as MXAN6639 at TIGR-CMR (comprehensive 295

microbial resources).296
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Results297

The genomes of Sorangium cellulosum So ce56 and Myxococcus xanthus DK1622 298

harbour type III PKS genes299

300

S. cellulosum So ce56 and M. xanthus DK1622 are the two myxobacterial strains whose 301

genome is currently being sequenced. During our screening of the preliminary sequences 302

of the ongoing S. cellulosum genome project (http://www.genetik.uni-303

bielefeld.de/GenoMik/cluster6.html) several interesting and unusual genes were detected.304

The available partial sequence data was also searched for the presence of type III PKS 305

genes. Two corresponding ORFs were identified in S. cellulosum So ce56 and one in M. 306

xanthus DK1622. The first ORF in S. cellulosum So ce56, named soceCHS1, is 1092 307

nucleotides long and the deduced polypeptide (363 aa) has a molecular weight of 308

39,568.5 Da. The protein exhibits a significant homology to RppA (identities: 244/349 309

(69%), similarities: 294/349 (83%), no gaps). The second ORF, named soceCHS2, is 310

1116 nucleotides long, the deduced protein (371 aa) has a molecular weight of 311

39,149.3 Da, 38% identical amino acids (143/371) and 52% similar amino acids 312

(195/371) with 25 gaps over 371 residues (6%) in comparison to the putative chalcone 313

synthase 2 of Deinococcus radiodurans R1. The type III PKS gene from M. xanthus314

DK1622, mxCHS, is 1083 nucleotides long, the corresponding protein (360 aa) has a 315

molecular weight of 38,984.8 Da, with 40.5% identity (177/437) and 48.5% similarity 316

(212/437) with 87 gaps over 437 amino acids (19.5%) to a putative chalcone synthase 317

from Magnetospirillum magnetotacticum. All three type III PKS from myxobacteria 318

contain the conserved type III PKS catalytical triad, consisting of cysteine, histidine and 319

asparagines (Austin and Noel 2003). For SoceCHS1 these correspond to Cys138, His270 320

and Asn303, for SoceCHS2 Cys167, His296 and Asn329 and for MxCHS Cys148, 321

His284 and Asn317, respectively. SoceCHS1 has also in common with other THNS in 322

the database an extension of the C-terminus, varying in length up to 25 amino acid 323

residues in comparison to all other type III PKS characterized to date (Izumikawa et al. 324

2003).325

326
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Figure 1327

328

Phylogenetic analysis of bacterial type III PKS329

In order to assess the evolutionary relations between the myxobacterial type III PKS 330

proteins and other members of the chalcone synthase family a comprehensive 331

phylogenetic analysis was performed including all bacterial and fungal sequences 332

available in the public databases and a selection of sequences from plants. Figure 1 shows 333

the phylogenetic tree inferred by Bayesian estimation. Using FabH sequences of 334

archaebacteria, eubacteria and plant plastids as the outgroup, type III PKS sequences are 335

distributed to three bacterial, one fungal and one plant clade. The first bacterial clade 336

comprises two subclades, one that is built from RppA-like sequences of streptomycetes 337

and a second one that mainly contains type III PKS from bacilli and mycobacteria. The 338

bacterial clade II consists exclusively of actinobacterial sequences that include DpgA 339

proteins involved in vancomycin antibiotic biosynthesis (Pfeifer et al. 2001). The third 340

clade of bacterial type III PKS is the most heterogeneous group. Amongst others, it 341

comprises sequences from actinobacteria, sphingobacteria, cyanobacteria as well as γ -342

and δ-proteobacteria. None of these proteins has been characterized biochemically up to 343

now. The eukaryotic PKS III are located at the top of the tree forming two well-defined 344

neighbor branches. The first branch contains all fungal sequences, whereas the second 345

one is built up from the plant type III PKS, which form a very homogeneous group, 346

compared to the other clades. This group includes representative sequences of different 347

chalcone synthase-like proteins. The NJ and MP methods of tree reconstruction gave the 348

same tree topology, except that in the parsimony tree the positions of bacterial groups I 349

and II were interchanged (data not shown). The phylogenetic tree of type III PKS proteins 350

is in agreement with earlier studies that reported a clear segregation of sequences from 351

bacteria and plants (Moore and Hopke 2001) and a separate group of fungal sequences 352

(Seshime et al. 2005), respectively. SoceCHS1 is located in the RppA branch of the first 353

bacterial clade being closely related to RppA of Streptomyces antibioticus. MxCHS falls 354

into the other branch of this clade together with sequences from Magnetospirillum 355
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magnetotacticum and diverse actinobacteria, whereas SoceCHS2 is a member of the 356

bacterial clade III.357

358

Effect of the inactivation of the SoceCHS1 gene in S. cellulosum So ce56359

In order to investigate the physiological role of the gene product of SoceCHS1 in S. 360

cellulosum So ce56, the gene was inactivated by insertion of the plasmids pOPB20 into 361

the coding region of the S. cellulosum chromosome and the verified mutants were 362

compared to the wild-type. No change in secondary metabolite pattern and fatty acid 363

composition of cell wall lipids produced under the laboratory conditions described in 364

materials and methods was observed (data not shown).365

366

Cloning of the S. cellulosum So ce56 CHS1 type III PKS.367

The ORF identified in the genome of S. cellulosum So ce56 was used to deduct the 368

corresponding oligonucleotide primers, which introduced artificial restriction sites in the 369

PCR reaction. The putative type III PKS was cloned into pCYB1 (NEB) as described 370

above to generate a C-terminal intein-chitin binding domain (CBD) fusion. After the 371

expression of the gene in E. coli failed, the DNA fragment representing the fused protein 372

together with a functional promotor was subcloned into the broad host range vector 373

pJB861 to achieve expression in Pseudomonas sp. as described earlier (Gross et al. 374

2005). 375

Expression of SoceCHS1 in E. coli and in Pseudomonas sp.376

As first case study, the protein SoceCHS1 should be purified and tested in enzyme assays 377

to shed light on its possible role in the metabolism of S. cellulosum So ce56. To facilitate 378

purification after expression, the protein was affinity tagged with the intein-CBD. The E. 379

coli cell free extract was analyzed by Western Blot (Gross et al. 2005), but no signal 380

could be observed, not even for the intein-CBD protein, which would indicate in vivo381

cleavage of the protein (data not shown). As this attempt to express SoceCHS1 in E. coli382

failed, we have chosen pseudomonads strains as alternative heterologous hosts for the 383

expression of the protein. After subcloning into a broad host range plasmid, the fusion 384

protein was expressed in P. putida KT2440 (Bagdasarian et al. 1981) and purified as 385

described in Material and Methods. The cell free extract and the purified protein was 386
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analyzed using Western Blot (Figure 2) showing that the expression of the fusion protein 387

was successful, but that the main portion of it is cleaved in vivo, as indicated by the 388

presence of a major signal at approx. 55 kDa, representing the intein-chitin-binding 389

domain. The variation of culture media (see Figure 2) and fermentation temperature (data 390

not shown) has little influence on the in vivo cleavage. Despite the fact that there was a 391

certain amount of fused protein left in the cell free extract (Figure 2), we could not purify 392

enough enzyme by means of affinity chromatography to conduct in vitro assays.393

394

Figure 2395

396

On the other hand the in vivo cleavage indicates that the native enzyme is present in the 397

cytosol of the cell. In fact, cultures of P. putida/pFG154 expressing SoceCHS1 turned red 398

when the incubation time was prolonged to approximately 60 h and carried out at 30°C. 399

This indicated the SoceCHS1 dependent production of a red pigment in the heterologous 400

host P. putida/pFG154-1.401

402

Identification of the product synthesized by P. putida/pFG154403

The fermentation broth of cultures from P. putida/pFG154 were extracted as described in 404

Material and Methods. The extraction of  the acidifed culture broth with ethyl acetate was405

superior to the method using XAD for flaviolin (data not shown). The HPLC-406

chromatogram showed an additional peak compared to a negative control (Figure 3). The 407

UV-spectrum of this peak is consistent with authentic flaviolin. The nature of the 408

produced compound could be verified by HPLC-MS/MS using authentic flaviolin as a 409

reference compound. The production of flaviolin by P. putida/pFG154 could also be 410

confirmed by feeding 14C-acetate to the cultures. The radioactive spot co-migrated with 411

flaviolin (data not shown). In addition, flaviolin was isolated from 1 l culture broth as 412

described above and further purified using silica gel chromatography resulting in ~6 mg 413

of pure compound which was characterized by mass spectrometry and 1H-NMR (LC/MS: 414

ESI (+) m/z 207 [M+H]+; MS/MS (precursor ion at m/z 207) m/z 179; 1H-NMR (500 415

MHz, d6-DMSO) δ [ppm]: 5,51 (1H, br s, H-3), 6,42 (1H, d, J= 2,14 Hz, H-7), 6,8 (1H, d, 416

J= 2,14 Hz, H-9)). 417
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418

Figure 3419

420

The plasmid harboring the gene for the soceCHS1-intein fusion was also successfully 421

introduced by conjugation into P. syringae pv. tomato DC3000 (Cuppels 1986) and P. 422

stutzeri DSM10701 (Carlson et al. 1983). The production of flaviolin could be verified by 423

HPLC analysis for recombinant strains of P. stutzeri/pFG154 (data not shown). The yield 424

was not as good as for P. putida/pFG154 using the same fermentation conditions. The 425

production in P. syringae/pFG154 could only be verified by HPLC-MS-analysis, because 426

the yield was very low even after prolonged fermentation times (data not shown). 427

428
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DISCUSSION429

It is still controversely discussed in the literature if PKS III enzymes that are ubiquitous 430

in higher plants and only rarely present in modern eubacteria have originally evolved in 431

plants or if ancestors of these enzymes already existed in ancient eubacteria and were 432

mostly lost during prokaryotic evolution. PKS enzymes generally share high structural 433

and mechanistic similarities with fatty acid biosynthesis enzymes (Austin and Noel 2003; 434

Jenke-Kodama et al. 2005). Type III PKS enzymes are most similar to the FabH type of 435

β-ketoacyl synthase involved in fatty acid biosynthesis in eubacteria and plants. The 436

analysis of the phylogenetic distribution of FabH and type III PKS sequences from 437

different types of organisms suggests that first bacterial type III PKS evolved from the 438

FabH proteins in eubacteria and that these proteins are the ancestors of the diversity of 439

type III PKS enzymes that is common in higher plants. The phylogenetic tree could well 440

reflect a continuous evolution of type III PKS.  Alternatively, bacterial and fungal type III 441

PKS must be explained as a result of a series of horizontal gene transfer events (HGTs) 442

from plants. With the increasing number of type III PKS that are becoming known due to 443

bacterial genome sequencing the latter hypothesis seems unlikely. First, type III PKS 444

enzymes in bacteria are more similar to the FabH ancestors of both bacteria and plants, 445

whereas plant FabH and type III PKS sequences are very distant from each other in the 446

phylogenetic trees (see figure 1). Second, bacterial type III PKS sequences show a much 447

higher diversity than plant type III PKS and only one subgroup of bacterial sequences 448

clusters in the neighborhood of the plant sequences. Interestingly, this bacterial subgroup 449

also contains so far uncharacterized sequences encoded in cyanobacterial genomes. Thus, 450

there is the possibility that plant type III PKS sequences originate from the cyanobacterial 451

endosymbiont that was the ancestor of modern chloroplasts. A third fact that contradicts 452

the theory of a horizontal gene transfer from plants is that type III PKS sequences are 453

found in single strains of all major subgroups of bacteria and that only a minority of these 454

strains are plant associated. However, the assessment of the evolutionary history of type 455

III PKS must still be regarded as preliminary, as the majority of bacterial type III PKS is 456

still uncharacterized and in particular those sequences that fall in the subgroup that is 457

most similar to the plant sequences. The myxobacterial sequences investigated in this 458

study cluster in two of the three different bacterial subgroups of type III PKS. The 459
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SoceCHS1 sequence falls into the subbranch of actinobacterial RppA like sequences that 460

also includes the PhlD sequence from the γ-Proteobacterium P. fluorescens. This position 461

in the phylogenetic tree presumably indicates an HGT event from actinobacteria for both 462

proteobacterial sequences. HGT events are also discussed for type I PKS in 463

proteobacteria (Jenke-Kodama et al., 2005). It is difficult to evaluate whether the other 464

two type III PKS sequences from myxobacteria are also results of HGT events or the 465

result of a speciation process as they fall into subbranches of the phylogenetic tree that 466

contain sequences representing all major subclasses of bacteria. 467

In this study, we show that the biosynthetic potential behind these type III PKS of 468

unknown function (“silent” biosynthetic genes) can be used by heterologous expression 469

for the production of novel secondary metabolites. 470

The genome sequencing projects of the myxobacteria M. xanthus DK1622 and S. 471

cellulosum So ce56 revealed the presence of one type III PKS in M. xanthus and two in S. 472

cellulosum. The in silico analysis of the three sequences showed no peculiarity with 473

respect to the molecular mass of the deduced protein, peptide length or important 474

conserved amino acid residues compared to other type III PKS in the database. The 475

extensive screening of S. cellulosum under different culture conditions (Gerth et al. 2003; 476

Gerth and Müller 2005) did not identify flaviolin or related compounds with a 477

naphthoquinone ring as a product of the metabolism. In fact, no product correlated to a 478

type III PKS is known to date from any myxobacterium. In addition, the knock-out of 479

soceCHS1 in S. cellulosum had no effect on the morphology, pigmentation and secondary 480

metabolite spectrum of the mutant compared to the wild type. These findings lead to the 481

assumption that the RppA-homologue SoceCHS1 is a gene not expressed under 482

laboratory conditions. This is probably also the fact for MxCHS and SoceCHS2. We 483

performed knock-out mutageneses for both genes in the respective strains. Both mutants 484

were undistinguishable from their respective wild type strain (O. Perlova, G. Gerth and R. 485

Müller, unplished). Attempts to express both genes heterologously are currently under 486

way. The latter two enzymes cluster in the phylogenetic tree (see figure 1) with 487

PKS10/PKS11 and PKS18 from Mycobacterium tuberculosis, respectively. It was shown 488

in vitro, that PKS11 and PKS18 can utilize long-chain aliphatic acyl coenzyme-A 489

substrates as starter units and extend these with two or three acetate units derived from 490
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malonyl-CoA to generate α-pyrones (Saxena et al. 2003). Neither in M. tuberculosis491

(Sankaranarayanan et al. 2004) nor in M. xanthus and S. cellulosum such long chain α-492

pyrones could be detected. For M. tuberculosis it is known that the organism harbors a 493

striking amount of long-chain and very long-chain fatty acids (Russell et al. 2002), which 494

are part of cell wall lipids. It seems possible that PKS11 and PKS18 are involved in the 495

biosynthesis of these fatty acids. In analogy, SoceCHS2 and MxCHS could also play a 496

role in the biosynthesis of such long chain fatty acids, but corresponding knock-out 497

mutants show no differences to the respective wild types in the fatty acids composition of 498

cell wall lipids (data not shown; compare (Bode et al. 2005; Dickschat et al. 2005)). 499

Further studies to elucidate possible roles of soceCHS2 and mxCHS in the metabolism of 500

S. cellulosum So ce56 and M. xanthus are under way in our laboratory. 501

The attempts to express SoceCHS1 as C-terminal fusion protein in E. coli failed. One 502

reason for this could be the high GC-content of myxobacterial DNA (67.5 % for this 503

ORF) so that E. coli is not equipped suitably with the required tRNAs. For example, the 504

codons TTT and TTC for Phe are used nearly to the same extend (57.42 % and 42.58 %, 505

respectively). In comparison, M. xanthus tends heavily towards the usage of TTC with 506

94.7 % and only 5.3 % for TTT. Another example is the codon GAC for Asp, which has a 507

triplett  frequency of 32.22 % in E. coli and 83.9 % in M. xanthus (data from TIGR-508

CMR). Since it was recently shown that Pseudomonas sp. are suitable hosts for the 509

expression of myxobacterial  genes (Gross et al. 2005; Wenzel et al. 2005), the fusion 510

gene was subcloned into a broad host range vector and conjugated into P. putida, P. 511

syringae and P. stutzeri. The expression of SoceCHS1 could be achieved in P. putida 512

(Fig. 2), P. syringae and P. stutzeri. However, in vivo cleavage appears as a major 513

problem using the intein-chitin binding domain (CBD) fusion as C-terminal tag. This 514

phenomenon has been described earlier (Gross et al. 2005). It is evident from the strong515

signal corresponding to the molecular weight of the intein-CBD that the expression was 516

successful, but the majority of the fused protein is already cleaved in the cell, which 517

makes successful purification employing this system impractical.518

519

Figure 4520

521
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In case of SoceCHS1 the failure of the fusion system proved lucky, because the produced 522

and fusion freed enzyme was active in vivo carrying out the reaction sequence depicted in 523

figure 4. The red pigment was produced in good yield (~6 mg/l) without optimizing 524

production conditions by the recombinant P. putida strain. The chemical nature of the 525

molecule was verified by NMR and HPLC-MS as 2,5,7-trihydroxy-1,4-naphthoquinone 526

or flaviolin, the product of spontaneous oxidation of 1,3,6,8-tetrahydroxynaphthalene 527

(THN). This finding was further strengthened with the feeding of 14C-labeled acetate 528

which was incorporated into flaviolin after activation within the cell to malonyl-CoA. 529

The heterologous expression of SoceCHS1 was also successful in P. syringae and P. 530

stutzeri, although the yield was not as good as in P. putida. Interestingly, one of the first 531

examples of the heterologous expression of a so called “silent” gene also involved a 532

RppA-homologue from the actinomycete Streptomyces coelicolor A3(2) (Izumikawa et533

al. 2003). In the genome of this bacterium three putative type III PKS were identified 534

(Bentley et al. 2002) and one of these encodes a RppA-like protein, which was 535

heterologously expressed in active form in E. coli although the codon usage of the gene is 536

similar to SoceCHS1. Since a knock-out of this type III PKS in an act-, red-, whiE- triple-537

mutant (which is only slightly pigmented in comparison to the wild type strain) showed 538

no phenotypic difference, it was concluded that this gene is silent (Izumikawa et al. 2003)539

and not involved in the biosynthesis of a diffusible pigment. This is in contradiction to 540

the conclusion drawn from the inactivation of RppA in Sacharopolyspora erythraea541

(Cortes et al. 2002); these authors state that the widely spread RppA genes in 542

streptomycetes are implicated in the biosynthesis of diffusible pigments. The organization 543

of the operon in which RppA is located in S. erythraea, S. avermitilis, S. griseus and S. 544

coelicolor is very similar. RppA is always found adjacent to a cytochrome P450-dependent 545

monooxidase, which is believed to carry out a tailoring enzymatic step giving rise to the 546

final product. The sequences of these P450 enzymes exhibit weak, but significant 547

homologies to oxidases in the biosynthesis gene clusters of chloroeremomycin and 548

balhimycin (Cortes et al. 2002) which are believed to establish biphenyl and biphenyl 549

ether cross-links in the respective molecules (Pelzer et al. 1999; Bischoff et al. 2001). In 550

the neighborhood of soceCHS1 a P450 monooxidase could not be detected. 551
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The production of flaviolin using a “silent” gene from S. cellulosum described in this 552

manuscript shows again that pseudomonads offer good qualities as heterologous hosts for 553

the expression of myxobacterial genes and the production of the respective compounds in 554

good yields (Wenzel and Müller 2005). The similar GC-content compared to several 555

important secondary metabolite producers (e.g. streptomycetes, myxobacteria) increases 556

the chances that the expression is successful. A further advantage of Pseudomonas sp. as 557

heterologous host, especially for biosynthetic gene clusters of polyketides, nonribosomal 558

pepetides and hybrids thereof, is that pseudomonads themselves are producers of 559

secondary metabolites and therefore harbour some of the required biosynthetic 560

machinery, as opposed to E. coli. Nevertheless, further engineering of pseudomonads 561

hosts to accomplish more sophisticated biosyntheses is needed and under way in our 562

laboratory. 563

564
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Legends to the figures:572

573

Figure 1574

575

Phylogenetic tree of type III PKS protein sequences from bacteria, fungi, and plants as576

inferred by Bayesian estimation. Numbers above branches indicate posterior clade 577

probability values. The tips of the tree give the species names, protein names, if 578

annotated, and the accession numbers. Plant sequences are assigned to the different type 579

III PKS families. CHS: chalcone synthase; STS: stilbene synthase; BPS: benzophenone 580

synthase; BAS: benzalacetone synthase; ACS: acridone synthase; RS: resveratrol 581

synthase. Bacterial and plant FabH proteins were chosen as outgroup. 582

583

Figure 2584

585

Western Blot of SoceCHS1 expressed in P. putida in different media at 16°C. 1-3: cell 586

free extracts; 4-6: insoluble fractions; 1+4: LB; 2+5: TB; 3+5: MM medium, repectively; 587

A: SoceCHS1 intein fusion; B: intein chitin binding domain588

589

Figure 3590

591

HPLC-chromatogram of culture extracts from P. putida wild type and P. putida/pFG154-592

1 expressing SoceCHS1; the peak at approx. 8 min. corresponds to flaviolin.593

Inlet: Overlay of the UV-spectrum of the main peak in the HPLC chromatogram with 594

authentic flaviolin595

596

Figure 4597

Reaction scheme of 1,3,6,8-tetrahydroxynaphthalene synthase (THNS)598

599
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Table 1: Strains and Plasmids used in this study 
 Relevant characteristics Reference 
Strains  
E. coli DH10B  Stratagene 
E. coli TOP10 Invitrogen 
Pseudomonas putida KT2440 wildype (Bagdasarian et al. 1981) 
Pseudomonas syringae pv. tomato DC3000 wildtype (Cuppels 1986) 
Pseudomonas stutzeri DSM10701 wildtype (Carlson et al. 1983) 
Sorangium cellulosum So ce56 wildtype,  GBF strain collection 
Sorangium cellulosum B20-7 and B20-8 Sorangium cellulosum So ce56 rppA- this study 
 
Plasmids  
pCR2.1 TOPO TA cloning vector for PCR fragments, ampR, kanR Invitrogen 
pCYB1 ampR, pMB1ori, VMA Intein, CBD New England Biolabs 
pJB861 kanR, RK2ori, oriT, Pm-promoter (Blatny et al. 1997) 
pSUPHyg pSUP102 derivative (Pradella et al. 2002) 
pTOPO/CHS(FG15/16) rppA cloned in pCR2.1 TOPO this study 
pFG141 rppA cloned as NdeI-XhoI fragment in pCYB1 this study 
pFG154-1 and -2 rppA subcloned as EcoRV-SwaI fragment in pJB861 this study 
pOPB20 inactivation fragment for SoceCHS1 cloned into pSUPhyg this study 
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