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Although many secondary metabolites exhibiting important pharmaceutical and agrochemical activities
have been isolated from myxobacteria, most of these microorganisms remain difficult to handle genetically. To
utilize their metabolic potential, heterologous expression methodologies are currently being developed. Here,
the Red/ET recombination technology was used to perform all required gene cluster engineering steps in
Escherichia coli prior to the transfer into the chromosome of the heterologous host. We describe the integration
of the complete 57-kbp myxothiazol biosynthetic gene cluster reconstituted from two cosmids from a cosmid
library of the myxobacterium Stigmatella aurantiaca DW4-3/1 into the chromosome of the thus far best-
characterized myxobacterium, Myxococcus xanthus, in one step. The successful integration and expression of
the myxothiazol biosynthetic genes in M. xanthus results in the production of myxothiazol in yields comparable
to the natural producer strain.

Myxobacteria belong to the �-group of the proteobacteria
and represent a rich source of secondary metabolites with
important applications in the pharmaceutical and agrochemi-
cal industries (11). These microorganisms and their ability to
synthesize natural products have been intensively investigated
in recent years (3, 32). To date, approximately 100 different
natural products have been characterized, and novel secondary
metabolites continue to be discovered (19, 29, 31, 34). Epothi-
lones, soraphen, myxochromid, chivosazol, tubulysin, and dis-
orazol are some examples of myxobacterial natural products
exhibiting antibacterial, antifungal, or cytotoxic activities (5, 9,
16, 17, 33, 46). The biosynthetic genes responsible for the
formation of a number of myxobacterial secondary metabolites
have been cloned, and the molecular mechanisms of the un-
derlying biosyntheses are currently under study (3). Some myxo-
bacterial strains are able to produce the compound myxothia-
zol, which is active against numerous fungi and some gram-
positive bacteria (10). This natural product acts on the
cytochrome bc1 complex and is widely in use as an effective
inhibitor of the respiratory chain (2, 10, 40). Myxothiazol A
(Fig. 1d) was isolated from different strains of the genera
Angiococcus, Stigmatella, and Myxococcus and rarely from the
genera Cystobacter and Corallococcus. In addition to myxothia-
zol A, a similar compound—myxothiazol Z—was found in a
few strains of M. fulvus (38; K. Gerth, unpublished data). Due

to the biotechnological importance and the highly unusual
biosynthesis of myxothiazol, the biochemical principles under-
lying the formation of the compound are subject to intensive
investigations (28, 36, 43). Myxothiazols contain the �-me-
thoxyacrylate pharmacophore and differ in their terminal func-
tional groups bound to the C1 atom (Fig. 1d). Remarkable
properties of the myxothiazol molecule include a bis-thiazole
moiety, an unusual starter unit isovaleryl-coenzyme A (CoA)
derived from either leucine or hydroxymethylglutaryl-CoA (22,
23), and a terminal amide structure (in myxothiazol A).

Although sequence information is increasing rapidly, genetic
manipulation systems required for the analysis of each natural
product producing myxobacterium are poorly established. The
genes involved in the formation of myxothiazol have been
identified, and the nucleotide sequence of the whole biosyn-
thetic gene cluster has been determined from Stigmatella au-
rantiaca DW4/3-1 (36). It has been shown that the biosynthesis
of myxothiazol is catalyzed by a combined megasynthetase
consisting of polyketide synthases (PKS) and nonribosomal
peptide synthetases (NRPS), encoded by genes mtaB to mtaG
(Fig. 1b). While mtaB, mtaE, and mtaF are PKS encoding
genes, mtaC and mtaG encode NRPS, and the gene mtaD
encodes a hybrid protein containing both PKS and NRPS mod-
ules. The coding region responsible for the biosynthesis of
myxothiazol A spans about 60 kbp on the S. aurantiaca chro-
mosome (36). The biosynthesis occurs in a multistep process
(Fig. 1c) that includes the condensation of activated isovaler-
ate, malonate, methylmalonate, and cysteine units (22, 41) In
addition, the biosynthetic activity of PKS and NRPS is depen-
dent on the 4�-phosphopantetheinyl (P-pant) transferase
MtaA, which is also required for the formation of other sec-
ondary metabolites in S. aurantiaca DW4/3-1 (8, 35).

The role of the biosynthetic genes involved in myxothiazol
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formation was investigated by construction of various mutants
of the producer strain S. aurantiaca DW4-3/1 (43). Although
extensive efforts were applied to establish a markerless mu-
tagenesis system for this strain enabling the construction of
chromosomal point mutations or in frame deletions/insertions,
almost all mutants with alterations in mtaB, mtaE, mtaF, and
mtaH did not produce altered compounds with expected struc-
tures (43). This finding may be explained by the fact that this
time-consuming mutagenesis system only allowed the con-
struction of a very limited number of mutants. However, a
recent report stresses that numerous combinations of splice
sites have to be made in order to find active ones (7).

One of the strategies for the engineering of natural product
biosynthesis, especially if the manipulation on the chromosome
in the producer strain is difficult or impossible, is the heterol-
ogous expression of the corresponding gene cluster. Such stud-
ies, in combination with biochemical and genetic analyses of

biosynthetic gene clusters from myxobacteria, will make the
manipulation of the biosyntheses more feasible, as has already
been shown for some other bacterial genera, e.g., the well-
investigated erythromycin gene cluster, as well as the pikromy-
cin or aureothin biosynthetic genes (1, 14, 30). Different strat-
egies have been used for heterologous expression (for a review,
see reference 44), which in most cases aimed at the definition
of conditions to improve the yield of the natural product.
Myxobacterial gene clusters responsible for the synthesis of
epothilone, soraphen, and myxochromid have been success-
fully expressed in heterologous hosts with different impact on
the product yields compared to the natural producer (18, 39,
45, 49).

In the present study we used a combination of Red/ET
recombineering and classical cloning procedures for the recon-
stitution (“stitching”) of the whole myxothiazol biosynthetic
gene cluster from two cosmids. Further modifications such as

FIG. 1. Gene arrangement and domain organization of the mta gene cluster from S. aurantiaca DW4/3-1 and a hypothetical biosynthesis of
myxothiazol. (a) The cosmids used for the gene cluster reconstitution (E201cos and E138cos) are shown as lines. (b) Genes involved in biosynthesis
are shown as arrows. Black shading indicates regions encoding PKS modules; gray shading indicates regions encoding NRPS modules. Bars 1 and
2 show repeats in the nucleotide sequence. (c) MtaB-MtaG are corresponding proteins with the domain organization. ACP, acylcarrier protein
domain; KS, �-ketoacyl-ACP synthase; AT, acyltransferase; KR, �-ketoacyl-ACP reductase; DH, dehydratase; O-MT, methyltransferase; S, spacer
region; TE, thioesterase; HC, heterocyclization; C, condensation; PCP, peptidyl carrier protein; A, adenylation; Ox, oxidation; MOX, monoox-
ygenase. (d) Structure of myxothiazol.
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promoter exchange and conjugation cassette integration, were
done by Red/ET recombination as well (see Fig. 1 to 3). The
genetically manipulated gene cluster was then introduced into
the chromosome of the related myxobacterial strain M. xanthus
DZF1 to achieve production levels similar to those of the
natural producer.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Escherichia coli strains harboring
plasmids or cosmids used in the present study were grown either at 37°C or at
30°C (for Red/ET protein expression) in LB (26) medium supplemented with the
required antibiotics (kanamycin [Km], 50 �g/ml; zeocin [Zeo], 25 �g/ml; chlor-
amphenicol [Cm], 25 �g/ml). The cells of M. xanthus DZF1 (27) were grown at
30°C in CTT medium (15), which was supplemented with Km (50 �g/ml) for the
myxothiazol-producing strain.

Cloning by Red/ET recombination. The Red/ET recombination technique was
described previously (47). In the present study this method was used for the
“stitching” of the biosynthetic gene cluster onto one vector. Electrocompetent E.
coli cells containing a Red/ET protein expression plasmid (ET�) and the parent
molecule to be modified were electroporated with 0.3 �g of a linear DNA
fragment (modification cassette), which was obtained either by PCR or by re-
striction. The selection of transformants was carried out depending on the

selection marker located on the cassette. DNA isolated from clones that arose
after electroporation was tested by restriction analysis.

PCRs were performed with HotStarTaq polymerase (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s protocol, and an optimal annealing tem-
perature was chosen for each primer pair. The PCR product was used directly
without purification for further applications.

First, the myxothiazol gene cluster was stitched onto one construct. The mta
genes from cosmid E138 were cloned into the minimal linear cloning vector
p15A-Cm obtained by PCR using pACYC184 as a template as described previ-
ously (48). The oligonucleotides used for subcloning the mta genes from cosmid
E138 (Fig. 1 and 2b) were 5�-TCTATCCAACTGAGCTACGGGGCCAGACA
GGGGGCGGTTTATCGCAGGTCTAGAGCATTAATCATATGTTACGCC
CCGCCCTGCCACTC-3� and 5�-TCCAGAAGCTGGCCTCCGTGCTGCGCC
AGGAGGGCCTCGCTGCGGCCCGCACGCCACTAGTATTAATTGGCTT
AAGTTAATAAGATGATCTTCTTGAG-3�.

The mta genes from cosmid E201 were subcloned into p15A-Zeo-Km minimal
vector, which was obtained after the cloning of the zeocin resistance gene flanked
with PacI restriction sites in pACYC177 and using this construct as a template
for PCR to generate p15A-Zeo-Km minimal linear vector as described previ-
ously (48). The oligonucleotides used for subcloning the mta genes from cosmid
E201 were 5�-TCGGATGCATGAAGAAGAGGGGCGGTTGATCGCCCGT
CTCTTGGATGCGCACTAGTTAATAAGATGATCTTCTTGAG-3� and 5�-T
GCGCATCTTCAATACCTACGGGCCGAGGATGCGGTTGAAGGATTAG
AAAAACTCATCGAGCATC-3�.

FIG. 2. (a) General workflow for the expression of the complete biosynthetic gene cluster in a heterologous host. (b) Stitching of the
myxothiazol biosynthetic gene cluster. Cm, chloramphenicol resistance selection marker; Km, kanamycin resistance selection marker derived from
Tn903; Zeo, zeocin resistance selection marker; ori, p15A origin of replication; u, start of the biosynthetic cluster with upstream region; o,
overlapping region; ■ , end of the cluster and downstream region; S, SpeI restriction site. (c) Analysis of the correct stitched construct by digestion
with PvuII.
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For the integration into the chromosome of M. xanthus a fragment of the
myxovirescin biosynthetic gene cluster (37) (TA�) was amplified by PCR using
the primers OP19 (CTATCTGCTCAAGCTTCACG) and OP20 (AACAGTG
AGAGGTTCGGGTG). This fragment has been cloned as a 1.7-kb BamHI/
HindIII fragment into a pGEM-7Zf(�) (Promega) derivative containing oriT
from the RP4 mob region and the Tn5 kanamycin resistance gene (S. Beyer,
unpublished data). The resulting plasmid was named pOPB18. A functional
cassette containing trpE-tetR-oriT was removed from p15A-oriT-trpE-tetR (45)
by BamHI digestion and inserted into the BamHI site in pOPB18. The resulting
cassette, trpE-tetR-oriT-TA�-Km in pOPB18, was subcloned into the p15A-Cm
minimum vector using Red/ET recombination to form p15A-Cm-trpE-tetR-
oriT-TA�-Km. The oligonucleotides used for the construction of p15A-Cm-trpE-
tetR-oriT-TA�-Km were 5�--GCCAAGTAATATCACGA GGCCCTTTCGTCT
TCAAGAATTCGCGGCCGCTTAATTAAGAGAATTACAACTTATATCGT-3�
and 5�-CAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGC
GGGACTTAATTAATTACGCCCCGCCCTGCCACTC-3�.

PacI sites were engineered into both ends of the trpE-tetR-oriT-TA�-neo
cassette (indicated in boldface), and the complete fragment was next introduced
into the PacI site present in the stitched myxothiazol gene cluster backbone (Fig.
3). A toluic acid-inducible Pm promoter with its regulator gene xylS839 and a
zeocin selection marker gene were inserted in front of the mtaB gene by Red/ET

recombination (Fig. 3). The oligonucleotides used for the insertion of the Pm-
xylS-zeocin cassette were 5�-CGAGATGCACACGGACCGTGTGCTGACCA
AGGACGGATGCGGCGGGTCAGGGCAT TTAAATCTGGGATC-3� and
5�-AGTTGGCCGGTGCTCCGGCCAACTCCCCCAACACCATGTTCTGTC
GACATGTTC ATGACTCCATTATTATTG-3�.

Electroporation of M. xanthus and colony PCR. The myxothiazol gene cluster
was introduced into the chromosome of the M. xanthus DZF1 by electroporation.
Electrocompetent cells were prepared from 10 ml of culture after three washes
with ice-cold water, and the cell pellet was resuspended in 100 �l of H2O. A total
of 100 �l of the cell suspension was mixed with up to 1 �g of DNA and
electroporated (GenePulser Xcell; Bio-Rad) at 25 �F, 650 V, and 400 � using
0.1-cm electroporation cuvettes. After electroporation, 900 �l of CTT medium
was added, the cells were resuspended in 5 ml of CTT medium, and the Erlen-
meyer flasks were incubated at 30°C on a rotary shaker at 160 rpm overnight.
After centrifugation the cells were resuspended in 0.5 ml of CTT medium, and
100 or 400 �l was added to 4 ml of soft agar (CTT) and plated for selection on
agar plates supplemented with 50 �g of kanamycin/ml. Typically, kanamycin-
resistant colonies appeared after 7 days and were tested for growth in liquid
medium.

Obtained clones were tested by colony PCR as follows. A single colony was
resuspended in 5 �l of H2O, followed by incubation at 95°C for 10 min. Then, 2
�l of the resulting suspension was used as a PCR template using Taq polymerase
(Gibco-BRL) according to the manufacturer’s protocol. Myxothiazol-specific
primers were designed to detect different parts of the gene cluster to verify the
integration of the whole biosynthetic gene cluster into the chromosome. For
amplification of a mtaB fragment, we used OP59 (5�-GAACGTGGTCGTCTC
GGGAG-3�) and OP60 (5�-CGAATCACCAGCCCGGAGAC-3�); for amplifi-
cation of a mtaE fragment, we used OP126 (5�-TCAAGCCGGATGAGGTCT
AC-3�) and OP127 (5�-CTTGGACACGGTATCGAGGT-3�); and for amplification
of a mtaG fragment, we used OP128 (5�-CTCTTCTTCATGCATCCGAC-3�) and
OP129 (5�-CCGGTACATCTGAACCTGCT-3�).

Analysis of the heterologous myxothiazol production in M. xanthus. M. xanthus
containing the myxothiazol biosynthetic gene cluster was inoculated from an
overnight culture (5%) and incubated in 300-ml flasks containing 50 ml of CTT
medium supplemented with kanamycin (50 �g/ml) and with 2% XAD 16 ad-
sorber resin (Rohm und Haas, Frankfurt, Germany) for 4 days at 30°C (200
rpm).

The cells and the resin were harvested by centrifugation and extracted with
acetone and methanol. Solvents were removed in vacuo, and the residue was
dissolved in 1 ml of methanol. An aliquot of 5 �l was analyzed by high-pressure
liquid chromatography-mass spectrometry (HPLC-MS); an Agilent 1100 series
solvent delivery system coupled to Bruker HCTplus ion trap mass spectrometer
was used. Chromatographic separation was carried out on an RP column Nucleo-
dur C18 (125 by 2 mm, 3-�m particle size; Macherey and Nagel) equipped with
a precolumn C18 (8 � 3 mm, 5 �m). The mobile-phase gradient (solvent A
[water containing 0.1% formic acid] and solvent B [acetonitrile containing 0.1%
formic acid]) was linear from 5% B at 2 min to 95% B within 30 min at a flow
rate of 0.4 ml/min.

Detection was carried out in positive ionization mode. Myxothiazol A was
identified by comparison to the retention time and the MS2 pattern of the
authentic reference standard (m/z [M�H]� 	 488). For kinetic studies, 10-ml
cultures were inoculated (two replicates) and harvested after different incubation
times, and extracts were prepared as described above.

For quantitative analysis, samples were separated on a gradient starting at
80% solvent B and running to 95% solvent B at 5 min, with elution of myxothia-
zol A occurring at 3 min. Quantitation was carried out in manual MS2 mode. Ions
of m/z [M�H]� 	 488 were collected and subjected to fragmentation. The
intensities of the characteristic fragment ions m/z 	 456 and m/z 	 439 were
summed up, and peak integration was carried out utilizing the Bruker Quant-
Analysis v1.6 software package. A calibration curve was established from serial
dilutions of myxothiazol A down to 0.1 �g/ml. Samples under investigation were
diluted as required to fit the dynamic range of the method.

RESULTS

Cloning of the myxothiazol biosynthetic gene cluster. The
genes involved in myxothiazol biosynthesis have been lo-
cated on two cosmids from a gene library of S. aurantiaca
DW4/3-1 (36) (E138 and E201), and the end sequences were
determined (Fig. 1a). Although cosmid E138 contains the
start of the core biosynthetic gene cluster (mtaB gene) with

FIG. 3. Modification of the construct containing the whole gene
cluster for the transfer into the heterologous host. u, Start of the
biosynthetic cluster with upstream region; o, overlapping region; ■ ,
end of the cluster and downstream region; P, PacI restriction site; Cm,
chloramphenicol resistance selection marker; Km, kanamycin resis-
tance selection marker derived from Tn903 and Tn5; Zeo, zeocin
resistance selection marker; tet, tetracycline resistance selection
marker, ori, p15A origin of replication; oriT, origin of transfer; TA�,
fragment of the TA encoding gene from M. xanthus; trpE, homologous
target from P. putida; Pm, P. putida toluate catabolic pathway pro-
moter; xylS, regulator of the promoter.
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the upstream region, the terminal part of the cluster includ-
ing the mtaG gene (encoding a TE domain located at the
C-terminal part of the MtaG protein) and the downstream
region are located on cosmid E201. Both cosmids harbor
overlapping regions enabling the use of Red/ET recombi-
nation to reconnect both parts of the gene cluster as shown
in Fig. 2a and b).

Red/ET cloning is based on homologous recombination and,
consequently, the repeats within the DNA regions may lead to
difficulties and undesired recombinations. To avoid these prob-
lems, standard cloning techniques and Red/ET cloning were
combined in our study. Moreover, the cosmid backbone was
replaced by the p15A origin of replication so that the final
construct containing the complete biosynthetic gene cluster
was propagated at a lower copy number.

First, the cosmid backbones were replaced with cassettes
containing replication ori—p15Aori—and the selection mark-
ers chloramphenicol acetyltransferase (Cm) for cosmid E138
(p15A-Cm) and zeocin plus kanamycin from Tn903 for cosmid
E201 (p15A-Zeo-Km) (Fig. 2b). The zeocin resistance gene in
p15A-Zeo-Km was flanked with PacI sites at both ends. During
these steps SpeI restriction sites were included at strategic
positions, and silent mutations were generated: the nucleo-
tide sequence in mtaG, CGC ACG CCG CTC GTG CGC
ATC (translation: Arg-Thr-Pro-Leu-Val-Arg-Ile), was
changed to CGC ACG CCA CTA GTG CGC ATC (trans-
lation: Arg-Thr-Pro-Leu-Val-Arg-Ile). The changes are
shown in boldface, and the SpeI site is underlined. Both
resulting constructs—p15A-E138 and p15A-E201—were di-
gested with this enzyme and ligated. The resulting construct
containing all genes in the correct orientation (Fig. 2c) and,
accordingly, the whole biosynthetic gene cluster was used
for further modifications (Fig. 3).

In parallel, the functional cassette containing the origin of
transfer (oriT) for conjugational DNA transfer, the tetracy-
cline resistance gene, and a fragment of the trpE gene from the
chromosome of Pseudomonas putida (trpE-tetR-oriT) was re-
moved from p15A-oriT-trpE-tetR (45) by BamHI digestion
and inserted into the BamHI site of pOPB18 to create
pOPB18-oriT-trpE-tetR. The plasmid pOPB18 (see Materials
and Methods) contains the modification cassette required for
the integration of the genes into the heterologous host M.
xanthus via conjugation (oriT, Km from Tn5 as a selection
marker, and the TA� fragment from the myxovirescin gene
cluster). Therefore, the resulting region trpE-tetR-oriT-
TA�-Km in pOPB18-oriT-trpE-tetR allows the integration into
the chromosome of the heterologous hosts P. putida at trpE or
M. xanthus at the TA� region.

This trpE-tetR-oriT-TA�-Km cassette was subcloned into
the p15A-Cm minimum vector by Red/ET recombination to
form p15A-Cm-trpE-tetR-oriT-TA�-Km. In this way PacI sites
were engineered into both ends of the cassette. The trpE-tetR-
oriT-TA�-Km cassette needed for homologous integration into
M. xanthus was then removed from the p15-Cm vector by
restriction using the newly generated PacI sites and inserted
into the PacI site of the stitched myxothiazol gene cluster
backbone (replacing the zeocin resistance gene; Fig. 3). Fi-
nally, a Pm promoter, which is known to be toluic acid induc-
ible in pseudomonads (24, 25), plus its regulator gene xylS839
and a zeocin selection marker gene, was inserted in front of the

mtaB gene (encoding the loading module of the mta gene
cluster; Fig. 3).

Integration into M. xanthus DZF1 for heterologous expres-
sion. The final construct (Pm-mta) containing the complete
myxothiazol biosynthetic gene cluster was transferred into M.
xanthus DZF1 by electroporation. After 7 days the colonies
obtained on agar plates containing the kanamycin resistance
gene were transferred into liquid medium, and the extracts of
the cultures were analyzed by HPLC and HPLC-MS.

The successful integration of the cluster was verified by
colony PCR using internal fragments of the genes mtaB, mtaE,
and mtaG (Fig. 4a), as well as primers binding to the Pm

promoter region. As expected, the amplification products
could be detected only in recombinant clones containing the
integrated myxothiazol biosynthetic genes.

Analysis of myxothiazol production. Positive clones were
cultured in liquid medium, and myxothiazol production was
verified by analysis of the extracts in comparison to an

FIG. 4. Insertion into the chromosome. (a) Colony PCR. Lanes: 1
and 2, mutant strain; �, positive control DNA; wt, wild-type M. xan-
thus DZF1 strain. (b) HPLC-diode array detector chromatogram.
Curves: 1, authentic standard reference myxothiazol A; 2, extract of M.
xanthus DZF1; 3, extract of M. xanthus DZF1::Pm-mta. Inset panel:
UV spectrum of myxothiazol at 314 nm.
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authentic reference standard (Fig. 4b). In the HPLC chro-
matogram an additional peak with the same retention time
and the same UV spectra as the myxothiazol A reference
was detected in the recombinant strain compared to the
wild-type M. xanthus DZF1. Analyses of the mass spectra
verified the biosynthesis of a metabolite with a mass spec-
trum identical to myxothiazol A (Fig. 5). As expected, in the
mutant strain harboring the myxothiazol gene cluster, no
production of myxovirescin could be detected because the
mta gene cluster is integrated into the chromosome through
homologous recombination in the TA region of M. xanthus
responsible for myxovirescin biosynthesis (37). Within a
range from 20 to 37°C, the optimal temperature for produc-
tion was 30°C (data not shown). Therefore, this temperature
was used in kinetic production studies. Myxothiazol produc-

tion reached a maximum of 20 mg/liter after 28 to 32 h of
incubation (Fig. 5 and 6).

DISCUSSION

Increasing amounts of sequence information related to the
biosynthesis of natural products are becoming available due to
many microbial genome sequencing projects (4). To exploit
these raw data, genetic and biochemical studies are needed to
understand how the DNA information is transformed into a
specific small molecule. These studies are a prerequisite for
targeted modifications of the natural product or combinatorial
biosynthesis, e.g., by mixing genes from different pathways. In
many cases a suitable heterologous expression system is re-
quired, especially if the natural products are isolated from

FIG. 5. (a) HPLC-MS base peak chromatograms indicating the presence of known secondary metabolites in extracts of wild-type M. xanthus
DZF1. (b) In mutant strain M. xanthus DZF1::Pm-mta, the new peak corresponding to m/z 	 488 (myxothiazol A) is shown, whereas no
myxovirescin is detected. (c) Base peak chromatogram of authentic standard. The mass ranges for the base peak chromatograms were as follows:
lines 1 and 4, m/z 	 100 to 1,000; lines 2 and 5, m/z 	 600 to 650; lines 3 and 6, m/z 	 400 to 500. For line 7, the mass spectrum of myxothiazol
A shows the fragments of m/z 	 439 and m/z 	 456.
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strains that grow slowly or are difficult to manipulate geneti-
cally (e.g., most myxobacterial strains). The biosynthetic genes
for the important inhibitor of the respiratory chain myxothia-
zol A were isolated from S. aurantiaca DW4-3/1, and the nu-
cleotide sequence of the complete gene cluster was determined
(36). Myxothiazol biosynthesis is catalyzed by a PKS/NRPS
megasynthetase with some interesting properties, including the
incorporation of the unusual starter unit isovalerate, an excep-
tional domain organization in module 1 of MtaB (two AT
domains), a superfluous oxidation domain in MtaC, the hybrid
NRPS/PKS protein MtaD, and a lack of heptadiene isomerase
activity that is presumably required for the formation of the
irregularly located double bonds in myxothiazol (36, 43) (Fig.
1c). Although the genetic information about the mta genes is
available from S. aurantiaca, biosynthetic modification in this
strain is difficult and time-consuming, as demonstrated by
Weinig et al. (43), who established a system for markerless
mutagenesis. These experiments showed that alternative ge-
netic methods are required to analyze the myxothiazol me-
gasynthetase.

Many attempts have been made to improve secondary
metabolite formation by combinatorial biosynthesis, e.g., by
combining genes from different pathways, as well as by the
expression of only single genes or relatively small parts of
biosynthetic gene clusters. Obviously, expression of the com-
plete biosynthetic gene cluster in suitable heterologous hosts
would be highly advantageous, and the selection of the host
organism is of great importance to achieve significant produc-
tion levels (44). Factors such as GC content or codon usage of
the genes of interest are key determinants for the successful
production of secondary metabolites. The large size of the
biosynthetic gene clusters and the possibility that the heterol-
ogous host may not synthesize required precursors for the
biosynthetic machinery are additional difficulties associated
with the heterologous expression of secondary metabolites.
Since the PKS and NRPS proteins must be posttranslationally

modified for their activity (20), the heterologous strain must
possess a P-pant transferase required for the modification of
acyl carrier protein (ACP) and peptidyl carrier protein do-
mains. The heterologous host strain should also provide a pool
of activated short-chain carboxylic acids and/or amino acids
required for secondary metabolite production and has to be
resistant to the produced compound in case of its toxicity for
the organism. Ideally, the native promoters should be active in
the new strain, and the possibility to regulate the expression
through the use of inducible promoters would be very advan-
tageous. Taking all of these factors together, the utilization of
a phylogenetically related improved strain as heterologous
hosts to enable large-scale production with a high yield would
be a good alternative for the biosynthesis of natural products
and for combinatorial biosynthesis.

If the biosynthetic product is encoded by a single gene (e.g.,
the products of type III PKS) or by a relatively short coding
sequences (
10 kb), then the introduction into the heterolo-
gous host is a relatively simple process. With this approach it is
possible to find the products of the genes that are thought to be
silent (at least under the laboratory conditions) or express
genes from environmental DNA. One such example is the
detection of flaviolin as the product of a type III PKS of
unknown function in Sorangium cellulosum. The corresponding
chalcone synthase-like gene was expressed in P. putida, giving
rise to flaviolin production, whereas this compound has never
been detected in any myxobacterium (12). Another example is
the heterologous production of violacein using a 6.7-kbp frag-
ment from an environmental DNA library (6).

However, the introduction of large biosynthetic gene clus-
ters into heterologous hosts is still a challenging task which is
limited not only by the biochemistry and genetics of the host
organism but also by the size of the DNA that is introduced.
Only a few examples for the successful expression of complete
biosynthetic machineries for a natural product from myxobac-
teria in either phylogenetically related or distant strains are

FIG. 6. Production kinetics of myxothiazol A in M. xanthus DZF1::Pm-mta at 30°C.
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known. These examples are the production of epothilone in M.
xanthus (initial yield, 0.2 mg/liter) and in Streptomyces coeli-
color (yield, 0.05 to 0.1 mg/liter) (18, 39), soraphen in Strepto-
myces lividans (yield, 
0.3 mg/liter) (49), and myxochromide in
P. putida (yield, 40 mg/liter) (45). In most cases, time-consum-
ing cloning procedures were used, and the biosynthetic gene
clusters were transferred in several fragments. Whereas in
streptomycetes expression from a range of vectors containing
large DNA fragments (bacterial artificial chromosomes
[BACs] and cosmids) is possible, the expression in M. xanthus
is dependent on the integration of the DNA into the chromo-
some due to the lack of plasmids available for myxobacteria.
Only one biosynthetic gene cluster, encoding the genes for
epothilone biosynthesis has been successfully expressed in M.
xanthus. The integration of the respective gene cluster has
been performed stepwise through the integration of different
cosmids into the chromosome (18).

A different strategy was developed to engineer the myxo-
chromide biosynthetic gene cluster for the heterologous ex-
pression in P. putida (45). Red/ET recombineering (47) was
applied for the cloning and modification of the whole, approx-
imately 43 kbp, biosynthetic gene cluster. Recombinogenic en-
gineering in E. coli involves the expression of the protein pair
RecE/RecT or Red�/Red� (47) and is mostly suitable for the
engineering of large DNA molecules such as BACs and cos-
mids. Hence, it is ideal for the engineering of PKS and NRPS
pathways. However, the system relies on homologous recom-
bination, and therefore repeats within the DNA region (which
are often found in PKS and NRPS genes) to be cloned can
cause difficulties. Recently, this strategy was also applied for
the engineering of the geldanamycin biosynthetic genes in a
complementation plasmid and allowed for fast gene disrup-
tion, replacement, and generation of a new product (42).

In the present study we applied this method for the reas-
sembly (“stitching”) of the whole myxothiazol gene cluster, as
well as further modifications required for integration into the
chromosome of the targeted heterologous hosts—either M.
xanthus or P. putida. One of the most important improvements
caused by this strategy is the fact that the whole secondary
metabolite cluster can be cloned on one construct, modified in
E. coli, and then transferred in one step into the heterologous
host strain. Biosynthetic clusters are frequently isolated from
cosmids or BAC DNA libraries. However, due to their sizes,
many large complete biosynthetic gene clusters are not often
found on a single clone. In this work, two cosmids carrying the
mta genes were identified (Fig. 1a) in the cosmid library and
were used for the stitching of the whole gene cluster. As shown
in Fig. 1b, the gene cluster contains identical repeats 1.2 kb in
size. To avoid the possibility of Red/ET-induced recombina-
tion in these regions, a combination of Red/ET recombineer-
ing and standard DNA engineering techniques was applied.
Restriction sites absent from the cosmids were introduced dur-
ing Red/ET cloning steps and then used to connect both parts
of the complete gene cluster by ligation (Fig. 2b). To transfer
the cluster into the heterologous host, further modifications of
the stitched construct p15Aori-138�201 (Fig. 3) were re-
quired. The homologous region from the chromosome of M.
xanthus (TA fragment), together with kanamycin resistance as
a selection marker for the integration, as well as oriT for
conjugation, the trpE region for integration into the chromo-

some of P. putida, plus a tetracycline resistance marker were
introduced into the stitched construct. We intended to insert
an inducible promoter so that gene transcription and metabo-
lite production in the heterologous host could be controlled.
For this purpose we introduced the Pm promoter (which is
inducible in pseudomonads) upstream of the mtaB gene (Fig.
3). However, we found that this promoter is constitutively
active but not inducible in M. xanthus (data not shown). Cur-
rently, no reliable inducible promoters are available for myxo-
bacteria. Nevertheless, the same final construct was suitable for
introduction into the two heterologous hosts we are exploring,
and the whole construct, approximately 60 kbp in size, has
been integrated into their chromosomes. To achieve this task,
electroporation was used in M. xanthus, and conjugation was
applied to P. putida.

While myxothiazol production in P. putida required addi-
tional metabolic engineering of the host strain (to be described
elsewhere [13]), no additional modification of M. xanthus
DZF1 was required. This strain has already been shown as a
suitable host for epothilone production, although the yield of
produced epothilone was initially much lower than in the nat-
ural producer S. cellulosum (18). Nevertheless, it was possible
to improve the production to 23 mg/liter by optimizing the
fermentation conditions (21).

The successful integration of the mta gene cluster in M.
xanthus DZF1 was verified genetically and confirmed by the
detection of the expected product myxothiazol A from the
culture broth. The production reaches its maximum after 28 to
32 h. The yield of approximately 20 mg/liter in the heterolo-
gous host M. xanthus is similar to that found in M. fulvus f16
(10, 38). This strain has been optimized for the production of
the compound by classical strain improvement, reaching yields
of 60 mg/liter (K. Gerth, unpublished data). In addition, the
yield in the heterologous strain is significantly higher than in S.
aurantiaca DW4-3/1 (approximately 10 mg/liter; R. Müller,
unpublished data) from which the biosynthetic genes have
been isolated. One could argue that some silent or nonfunc-
tional myxothiazol gene cluster was affected by the engineering
or complemented by the genes inserted. However, according to
our analysis of all of the secondary metabolic pathways in the
genome of M. xanthus DK1622, there is no evidence for such
a gene locus with significant similarity to the genes from S.
aurantiaca DW4/3-1 (4; Müller, unpublished).

These results show that, in addition to the advantages which
M. xanthus offers as a heterologous host for phylogenetically
related myxobacteria (similarly high GC content, preferential
codon usage, presence of a broad-spectrum P-pant transferase
required for the activity of a series of PKS/NRPS megasyn-
thetases), this strain provides suitable amounts of all necessary
starter and extender units required for the biosynthesis of
myxothiazol (e.g., isovaleryl-CoA, acetyl-CoA, and methyl-
malonyl-CoA). The use of Red/ET recombination allowed the
rapid modification of the stitched gene cluster for the integra-
tion into two heterologous hosts: M. xanthus (described here)
and P. putida (13). The approach used here allowed the design
of a DNA construct harboring all of the required elements for
the heterologous production of a natural product in a single
construct. Genetic manipulation of the megasynthetase can
now be achieved rapidly in E. coli, followed by gene cluster
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transfer into the heterologous host for the analysis of the
genetic manipulation on the biosynthesis.

Heterologous expression of natural product pathways from
microorganisms that are difficult to handle, slow growing, or
uncultivated is a promising strategy for the utilization of their
(secondary) metabolic potential. The engineering of the com-
plete biosynthetic gene cluster by Red/ET recombination al-
lows the cluster to be reconstituted (“stitched”) and manipu-
lated in E. coli, followed by integration into the heterologous
host strain in one step. Our work on the expression of myxo-
thiazol in M. xanthus is an important step in the development
of heterologous systems for myxobacteria that present good
possibilities for natural product formation. This is the second
success in using M. xanthus as a heterologous host, and no
additional metabolic engineering steps were required (in con-
trast to E. coli, streptomycetes or pseudomonads). Further
development of M. xanthus for heterologous expression will
facilitate the exploration of biosynthetic gene clusters of
known and unknown function.
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