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Under starvation conditions myxobacteria form multicellular fruit-
ing bodies in which vegetative cells differentiate into heat- and
desiccation-resistant myxospores. Myxobacteria in general are a
rich source of secondary metabolites that often exhibit biological
activities rarely found in nature. Although the involvement of a
yellow compound in sporulation and fruiting body formation of
Myxococcus xanthus was described almost 30 years ago, the
chemical principle of the pigment remained elusive. This work
presents the isolation and structure elucidation of a unique class of
pigments that were named DKxanthenes (DKX). The correspond-
ing biosynthetic gene cluster was identified, and DKX-negative
mutants were constructed to investigate the physiological role of
DKX during development. In these mutants, fruiting body forma-
tion was delayed. Moreover, severely reduced amounts of viable
spores were observed after 120 h of starvation, whereas no viable
spores were formed at all after 72 h. The addition of purified DKX
to the mutants resulted in the formation of viable spores after 72 h.
Even though an antioxidative activity could be assigned to DKX,
the true biochemical mechanism underlying the complementation
remains to be elucidated.

fruiting body formation � natural product � biosynthetic gene cluster

Myxobacteria are soil-inhabiting Gram-negative bacteria that
can undergo a complex developmental program in response

to nutrient limitation (1, 2). Under starvation conditions myxobac-
teria form fruiting bodies, which can have a tree-like appearance in
some species and which can be seen with the naked eye (3). In these
fruiting bodies vegetative cells undergo differentiation into heat-
and desiccation-resistant myxospores that ensure the survival of the
colony. The formation of fruiting bodies and mature spores require
precise coordination and communication processes that are so far
best characterized in the myxobacterial model organism Myxococ-
cus xanthus (4).

Furthermore, myxobacteria are a rich source of several sec-
ondary metabolites with often unusual structural features and
new or rare modes of action (5, 6). More than 100 basic
structures with overall �500 derivatives have been isolated from
different myxobacteria including several Myxococcus species.
Despite the bright yellow color of most M. xanthus strains, the
model strain M. xanthus DK1622 was not thought to be a
producer of secondary metabolites at all until its genome was
sequenced and annotated recently (www.tigr.org). Approxi-
mately 8% of the genome are dedicated to secondary metabo-
lism and at least 18 biosynthesis gene clusters for the production
of polyketides, nonribosomally made peptides or hybrids thereof
have been detected in the genome (7). For unknown reasons,
most of these gene clusters are located between 3.2 and 5.8 Mbp
of the circular genome in such close proximity that it is hard to
define their borders. This unexpected genetic diversity makes M.
xanthus DK1622 a very potent secondary metabolite producer
comparable to sequenced streptomycetes (8, 9) that has stimu-
lated further research to isolate the corresponding compounds.
So far myxochromides, myxovirescins, myxochelins, and myxal-
amides have been isolated from DK1622. All of these com-

pounds have been previously isolated from other myxobacteria
or represent new derivatives of these compounds (refs. 10 and 11
and unpublished results).

Here, we report the isolation of the DKxanthenes (DKX), a
family of new secondary metabolites from M. xanthus DK1622
that represent the major yellow pigment of strain DK1622 and
several other Myxococcus species analyzed. Because earlier
studies (12, 13) indicated an involvement of the pigment in
morphological differentiation, we compared mutants defective
in its biosynthesis with the wild-type strain and show that they are
required for mature spore formation during fruiting body
formation.

Results
Isolation and Structure Elucidation of DKX from M. xanthus DK1050.
In the course of identifying the secondary metabolites of M.
xanthus DK1622 we initiated the isolation of the yellow pig-
ments. However, because of the well known phase variation
between yellow and beige (tan) variants we started our analysis
with strain DK1050, which is a stable yellow derivative of strain
FB that itself is the parent strain of DK1622 (14). DK1050 was
grown in rich medium with the adsorber resin Amberlite
XAD-16 (1%) and pure DKxanthene-534 and DKxanthene-560
(Fig. 1) were isolated from the cells after extraction with
ethylacetate-methanol followed by extensive column chroma-
tography. The molecular formula of the main product DKxan-
thene-534 was determined from high-resolution electrospray
ionization MS analysis as C29H35N4O6, (m/z 535.25557). 13C
NMR analysis confirmed the number of carbons with 14 carbon
atoms between 108 and 138 ppm indicating the presence of
several double bonds. Four signals showed characteristic chem-
ical shifts (�C 163–176 ppm) of ester or amide carbons and three
additional carbons could be assigned to methyl groups (12–20
ppm). Three strong signals in 1H NMR confirmed the presence
of these methyl-groups, two of them appeared as singlets (�H 1.84
and 1.90) and one as a doublet (�H 1.32, J � 6.0 Hz). Through
1H-1H-COSY experiments, determination of coupling constants,
and heteronuclear multiple bond correlations (HMBC) (Fig. 2
and Table 1), the methyl group at �H 1.32 could be assigned to
a 5-methyl-oxazoline ring that most likely is biosynthetically
derived from threonine. The coupling constants (3J � 7.5 Hz) as
well as missing NOESY correlations between H-10 and H-11
strongly indicate a trans configuration of both protons as ob-
served for other L-threonine-derived oxazoline ring-systems
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(15). Furthermore, a cis configuration of these protons would
result in a much larger coupling constant of �10 Hz (16).

The pyrrole ring moiety was readily identified by its charac-
teristic shifts in 1H and 13C NMR and the characteristic signal for
the NH-group at �H � 11.41 (br s) in the proton NMR with
strong 1H-1H-COSY correlations to all ring protons.

The hydroxyasparagine moiety could be elucidated by a
combination of 1H-1H-COSY and HMBC correlations (Fig. 2).
However, its stereochemistry could not be deduced from the
NMR data.

1H-1H-COSY and HMBC data of the two remaining methyl
groups (�H 1.84 and 1.90) showed correlations to protons of a
polyene moiety. Structure elucidation of this polyene chain was
hampered because of signal overlap between 5.45 and 7.10 ppm
resulting in no clear assignment of coupling partners and cou-
pling constants for H-14 to H-19 in [D6]DMSO. By using
CD3OD and mixtures of CD3OD and [D6]benzene as solvent the
configuration of all double bonds except H-16 and H-17 could be
assigned as trans. Calculation of the theoretical chemical shifts
of protons H-16 and H-17 in cis- or trans-configuration [see
supporting information (SI) Fig. 6] strongly indicates an all-
trans-configuration for DKxanthene-534 (Fig. 1). Further evi-
dence for this configuration is the observed UV spectrum with
an absorption maximum of �max � 379 nm. This is in very good
agreement with the theoretical maximum of �max � 380 nm,
calculated by the increment system using 200 nm as basic value
for an amide and 30 nm added for each conjugated trans-double
bond (17).

NOESY experiments revealed further insights into the stereo-

chemistry of DKxanthene-534 (Fig. 2). The trans-configuration
between H-12 and CH3-30 (�H 1.84) was assigned through strong
correlations of H-30 to H-11, H-15, and H-29, whereas no corre-
lations could be observed to H-10, H-12, and H-14. Accordingly, the
configuration between H-22 and CH3-31 (�H 1.90) could be as-
signed as trans through correlations of H-31 to H-21 and H-25.

In DKxanthene-560 (C31H37N4O6, high-resolution electro-
spray ionization MS m/z 561.27142), almost identical chemical
shifts and correlations were observed for the pyrrole and aspar-
agine part of the molecule in the different NMR experiments
(Table 1). However, two additional signals in the 1H NMR (�H
6.46 and 6.41) with strong 1H-1H-COSY correlations to further
polyene protons indicated the presence of an additional double
bond. Through heteronuclear sequential quantum correlations
the additional 1H NMR signals were assigned to signals at 134.2
and 130.8 ppm in 13C NMR; HMBC correlations confirmed their
localization within the polyene chain. Again, the observed
absorption maximum of �max � 408 nm matches well with the
calculated maximum of �max � 410 nm in an all-trans-
configuration of the polyene (17).

The structures of additional DKXs were identified through
detailed feeding experiments followed by the analysis of the
MS/MS-fragmentation to confirm substitution pattern and frag-
ment identity (Fig. 3 and Table 2). [13C4,15N1]threonine was used
as a marker because its incorporation resulted in a �5-shift of
the molecular ion and several MS/MS fragments of all DKXs
containing the complete oxazoline moiety, whereas a �3 shift
was observed in specific fragments in the derivatives after the
elimination of ethanol (O9-C10-C29) from the oxazoline ring.
Incorporation of [D6]propionic acid led to �3, �6 or, �9 shifts
in the molecular ion, according to the different methylation
patterns with up to three methyl groups derived from methyl-
malonyl-CoA incorporation as found in several other myxobac-
terial metabolites (18, 19).

The proposed substitution pattern could be confirmed by
specific fragmentation of the different derivatives. The presence
of the C-27 hydroxy group could be identified by comparison of
the different fragments with or without the (hydroxy)asparagine
moiety. Furthermore, an additional methyl group (R2) in
DKxanthene-548 and -574 was obvious from a shift of the
N1-C8-C11-C16 fragment from 209 to 223 atomic mass units,
whereas its position at C-15 was deduced from the biosynthetic
logic of polyketide synthesis. In polyketide assembly lines, either
malonyl-CoA (R2 � H) or methylmalonyl-CoA (R2 � CH3) units
are used as building blocks of the growing polyketide chain (20).

In addition to the 11 oxazoline DKXs ranging from 492 to 586
atomic mass units, further compounds with a loss of two mass
units were detected in the LC-MS analysis as minor components
(data not shown). These compounds might be oxazole DKXs,
which can be derived from spontaneous or enzymatic oxidation
of the parent oxazoline compounds.

Identification of the DKxanthene Biosynthesis Gene Cluster. The
DKxanthene biosynthesis gene cluster was identified in DK1050
by transposon mutagenesis using the transposon pMycoMar as
described (21). Colonies with a beige (tan) color instead of the
usual yellow color were isolated and the transposon insertion site
was identified by vector recovery from genomic DNA and
sequenced as described (21). Ten tan colonies have been ob-
served from overall 3500 transposon mutants. Four of them were
identified as being part of a complex hybrid PKS/NRPS biosyn-
thetic gene cluster �47 kb in size. The involvement of this gene
cluster in the DKX biosynthesis was confirmed by targeted gene
inactivation via plasmid insertion according to published pro-
cedures (22). This gave rise to mutants M. xanthus PM1284 and
M. xanthus PM1297 (both DKX�) carrying plasmid integrations
in two separate genes of the DKX biosynthetic gene cluster
[dkxA (MXAN�4305) encoding a NRPS adenylation domain and

Fig. 1. Structures of DKxanthene-534 and -560.

Fig. 2. Selected 1H-1H-COSY (bold lines), HMBC (arrows), and NOESY (broken
arrows) correlations of DKxanthene-534.
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dkxO (MXAN�4290) encoding a thioesterase, respectively]. Fur-
ther analysis of genes possibly involved in DKxanthene biosyn-
thesis is currently under investigation. Additionally, all mutants
were compared with the wild type by HPLC-MS analysis for loss
of DKX production.

Phenotypic Analysis. Fruiting body formation of DKX-negative
mutants was compared with the parent strain DK1050. Whereas
the wild type showed aggregates at 12 h after starvation, PM1297
and all other DKX� mutants were 6–12 h delayed (Fig. 4).
However, after 3 d no difference between wild type and mutants
was detectable. Fruiting body formation as well as the produc-
tion of refractile myxospores was observed in both cases. Un-
expectedly, when both strains were tested for viable spores after
3 d of development, no colonies could be observed for the
mutants. It took up to day 7 until mature spores could be
recovered from the mutant strains although at a reduced rate
(18% of the wild-type level) indicating either a defect in spore
maturation or germination. Only a slight increase in viable
spores to 21% and 24% of the wild-type level could be observed
for the mutant after 10 and 14 d of development, respectively.

Complementation of developmental sporulation within 72 h
could be obtained by either codevelopment with the wild type or
by supplementation of the mutant with purified DKxanthene-
534 (Fig. 5).

Interestingly, no difference in the total number of spores could
be observed as determined by spore counting during develop-
ment (data not shown). Furthermore, the mutants were able to
form glycerol-induced spores to the same extent as the wild type.
In glycerol-induced sporulation cellular differentiation proceeds
without the formation of fruiting bodies and spores are observed
after 2 h of induction. It could be shown for several develop-
mental mutants that the glycerol-sporulation pathway is inde-
pendent of defects in aggregation and developmental sporula-
tion (23, 24).

Moreover, no significant difference between wild type and
mutant was observed in swarming on hard and soft agar indic-
ative for social and adventurous motility. Similarly, polysaccha-
ride production as tested in the trypan blue assay (25, 26)
indicative for defects in extracellular matrix formation as well as
trehalose accumulation (27) in the spores thought to be involved
in heat and desiccation resistance showed no difference between
wild type and mutant (data not shown).

Table 1. 13C NMR and 1H NMR spectral data of DKxanthene-534 and -560 in [D6]DMSO at 500
MHz (1H) and 125.7 MHz (13C)

DKxanthene-534 DKxanthene-560

Number 13C 1H J, Hz 13C 1H J, Hz

1 11.41 br s 11.37 br s
2 122.4 6.93 ddd 1.5/3.0/3.0 122.1 6.93 m
3 109.8 6.10 ddd 1.5/3.0/3.0 109.6 6.10 ddd 1.5/3.0/3.5
4 113.0 6.41 m 112.7 6.41 m
5 128.8 128.6
6 130.0 7.10 d 16.0 129.8 7.10 d 16.0
7 108.4 6.30 d 16.0 108.2 6.30 d 16.0
8 163.0 162.8

10 81.0 4.27 dq 6.0/7.5 80.8 4.27 m
11 70.9 4.52 dd 7.5/9.0 70.6 4.52 dd 7.5/9.0
12 133.7 5.45 d 9.0 133.4 5.45 d 9.0
13 135.8 135.6
14 137.8 6.38 d 15.03 137.5 6.38 d 15.0
15 133.2 6.46 dd 15.0/11.04 128.7* 6.37 m
16 131.1* 6.42–6.45 130.8* 6.46 m
17 134.8* 6.42–6.45 133.0* 6.42 m
17a† 133.1* 6.47 m
17b† 134.2* 6.41 m
18 135.4* 6.42–6.45 134.6* 6.43 m
19 128.9 6.37 dd 15.0/11.05 135.2* 6.46 m
20 137.6 6.47 dd 11.0/15.04 137.4 6.47 dd 11.0/15.0
21 128.6 6.60 dd 9.5/15.04 128.4 6.60 dd 9.5/15.0
22 132.6 6.88 d 9.5 132.5 6.90 d 9.5
23 133.1 132.9
24 166.6 166.6
25 7.16 d 8.0 7.10 m
26 54.8 4.18 dd 4.0/8.0 54.7 4.27 m
27 71.2 4.05 d 4.0 70.66 4.18 m
28 175.9 174.2
28-NH2 7.04 s/7.13 s 7.10 s/7.20 s
29 19.9 1.32 d 6.0 19.7 1.32 d 6.0
30 12.9 1.84 s 12.7 1.84 s
31 13.0 1.90 s 12.9 1.91 s
32 172.3 172.2

s, singlet; d, doublet; m, multiplet; dd, doublet of doublet; ddd, doublet of doublet of doublet; q, quartet; br,
broad.
*Assignments are interchangeable; coupling constants were determined in CD3OD3, [D6]benzene/CD3OD 1:14,
and [D6]benzene/CD3OD 9:15.

†17a and 17b represent the additional double bond of DKxanthene-560.
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Antioxidant Activity of DKxanthene 534. The antioxidative activity
(EC50) of DKxanthene-534 in organic solvents was determined
by using the DPPH (2,2-diphenyl-1-picrylhydrazyl) test (28, 29)
as 500 �M. This value is almost 3-fold lower than that of ascorbic
acid, which served as a control (175 �M). A similar test in
aqueous solution using the N,N-dimethyl-p-phenylenediamine
(DMPD) method (30–32) revealed that inhibition of the DMPD-
radical formation by DKxanthene-534 increased constantly up to
1 mM of DKxanthene-534 and reached a plateau at 40%
inhibition in comparison to a noninhibited sample.

Discussion
The DKxanthenes received their name in honor of Dale Kaiser
and because of their yellow color. They are the first new family
of secondary metabolites isolated from M. xanthus DK1622 after
the recent description of myxochromides and myxovirescins (10,
11), two well known classes of myxobacterial secondary metab-
olites, which had been described from other myxobacterial
species (17, 33).

DKxanthenes have an amphiphilic structure consisting of a
hydrophilic (hydroxy)asparagine residue and a hydrophobic
polyene chain that biosynthetically starts with a pyrrole ring (Fig.
1) as deduced by extensive NMR and MS experiments (Fig. 2 and
Table 1). Eleven members of this new class of compounds have
been identified that differ in chain length, number of methyl
branches and hydroxylation pattern (Fig. 3 and Table 2). The
iterative usage (34, 35) of a methylmalonate- and/or malonate-
incorporating module after the assembly of the oxazoline ring
might explain the creation of chemical diversity in DKXs that is
currently investigated in our group. Due to their polyene chain
comprising of five to eight double bonds, DKXs are yellow
pigments with absorption maxima around 400 nm. They can be
found in almost all Myxococcus strains (D. Krug, P.M., and R.M.,

unpublished work) where they often represent the dominant
coloring principle. Despite their structural novelty, the involve-
ment of these pigments in the myxobacterial life cycle has been
described almost 30 years ago. In 1977, Burchard et al. (36) stated
that ‘‘a better understanding of the Y phenotype and its expres-
sion will come with characterization of P379 and its biosynthetic
pathway . . .’’ M. xanthus DK1622 is able to undergo a phase
variation between a yellow (Y) and a tan phenotype and phase
variants were proposed to play specific roles in development.
Mutants locked in the tan phenotype were reported to be unable
to produce mature phase-bright spores but instead form phase-
dark, round forms (12, 13).

In this study, we provide evidence that this defect in sporu-
lation is due to the loss of DKX production. The biosynthesis
gene cluster for DKxanthene formation was identified by trans-
poson mutagenesis followed by screening for tan mutants and its
involvement in DKX biosynthesis was verified by targeted inac-
tivation of the corresponding genes. The biosynthesis gene
cluster consists of genes encoding PKSs and NRPSs (data not
shown) that are currently analyzed in our group. In contrast to
earlier reports about tan phase-locked mutants (12, 13), mutants
unable to produce the yellow pigments were still able to build up
fruiting bodies and refractile spores (Fig. 4). However, no viable
spores can be obtained after 72 h of development, either because
they are not truly mature or are not able to germinate (Fig. 5).
Because sporulation was observed after 7 d of starvation-

Fig. 3. Selected MS/MS fragments exemplified for DKxanthene-534 (num-
bers given in bold) and DKxanthene-560 (numbers shown in italics). For better
readability, only the masses of nonlabeled fragments are shown. The 209
fragment (*) has additionally lost EtOH from the oxazoline moiety. The
numbering is shown for DKxanthene-534 (n � 1; see Table 2). For assignment
of R1–R3, see Table 2.

Fig. 4. Fruiting body formation of M. xanthus DK1050 (wild type, DKX�) and
PM1297 (dkxO::kan; DKX�) on TPM agar.

Fig. 5. Sporulation efficiency of M. xanthus DK1050 (wild type, DKX�) and
PM1284 (dkxA::kan; DKX�) under different conditions after 72 h of develop-
ment. b.d., below detection limit (0.0003% of wild-type level).

Table 2. DKxanthene derivatives identified by NMR analysis and
feeding experiments followed by detailed MS/MS analysis.

n R1 R2 R3

DKxanthene-492 0 CH3 H H
DKxanthene-504 1 H H H
DKxanthene-508 0 CH3 H OH
DKxanthene-518 1 CH3 H H
DKxanthene-520 1 H H OH
DKxanthene-534 1 CH3 H OH
DKxanthene-544 2 CH3 H H
DKxanthene-548 1 CH3 CH3 OH
DKxanthene-560 2 CH3 H OH
DKxanthene-574 2 CH3 CH3 OH
DKxanthene-586 3 CH3 H OH

For the positions of chain length variability (n) and substituents R1–R3, see
Fig. 3.
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induced development to �18% of the wild-type level, a much
slower maturation of these spores seems to be most likely. To
track this effect to the absence of DKX, the mutant strains were
supplemented with DKxanthene-534 resulting in restoration of
sporulation to �25% of the wild-type level. Furthermore, sporu-
lation could be restored by the addition of wild-type cells to
mutant cells in a 1:1 ratio leading to a preferential generation of
spores derived from mutant cells (ratio of tan:yellow in the
spores was 7:3 with overall 1.3% of spores compared with the
wild type) as already described for phase-locked mutants (12,
13). The low level of complementation might result from the
physical properties and/or cellular localization of the DKXs.
With their polar hydroxy asparagine residue and their more
lipophilic polyene side chain they very much resemble fatty acids
or lipids and therefore are located most likely in the membranes.
This is in accordance with the finding that they are not secreted
as several other myxobacterial compounds but have been iso-
lated from the cells almost exclusively. However, the exact
localization of DKXs remains elusive but assuming a role in
sporulation and/or germination a localization to the cytoplasmic
membrane seems possible, which would explain the difficulty
observed during extracellular complementation.

Structural similarity of the DKxanthenes to polyenes such as
the group of carotenoids might indicate their involvement in
environmental resistance toward oxidative damage by scaveng-
ing free radicals. A similar function has been described for the
product of a NRPS biosynthesis gene cluster in Aspergillus
fumigatus (37). Disruption of the NRPS encoding gene pes1
resulted in a color change of the conidia from greyish-green to
yellow-green and in reduced hydrophobicity and viability of
conidia. Furthermore, the �pes1 conidia were less virulent when
injected into insects.

The antioxidative activity of DKX could be shown in two
standard test systems. DKXs might also be involved in scaveng-
ing oxygen directly in the membrane to protect the cells against
fatty acid oxidation or in rigidifying the membranes to maintain
the required membrane fluidity (38). However, further experi-
ments are necessary to clarify the function of DKXs during the
developmental life cycle of M. xanthus, which will lead to a better
understanding of this highly coordinated process and bacterial
sporulation in general.

Materials and Methods
Isolation of the Compounds. M. xanthus DK1050 (39), a stable
yellow derivative of M. xanthus FB (40) was cultivated at
30°C in a 300-liter fermenter in MD6 medium (6 g/liter
casein-pepton (Marcor)/0.5 g/liter CaCl2�2H2O/2 g/liter
MgSO4�7H2O, pH 7.2) with 1% of Amberlite XAD-16 ad-
sorber resin (Fluka). During fermentation the pH was adjusted
between 7.0 and 7.4 with 5 M KOH and 50% acetic acid,
respectively. Ten grams of behenyl alcohol was added before
sterilization and a 1:1 mixture of dodecanol-methanol was
pumped into the culture at constant f low-rate (14 ml/d). Cells
and XAD were harvested separately after 5 d of cultivation.
Analytical extraction of the cells with ethylacetate/methanol
(1:4) followed by HPLC-MS analysis revealed that the DKx-
anthenes reside in the cells rather than being secreted because
only traces could be detected in the XAD extract. DKX
isolation from cells was performed in the dark whenever
possible because early experiments indicated the isomerization
or even degradation in the presence of light.

Two hundred grams of the cells was extracted repeatedly
with overall 5 liters of ethylacetate/methanol (1:4) until the
eluent was colorless. After evaporation of the solvent, the
extract was first fractionated by a silica-gel f lash chromatog-
raphy using a stepwise gradient from hexane (fraction 1) to
chloroform to methanol to methanol:water 1:1 (fraction 11).
DKXs eluted with pure methanol and were further enriched by

gel permeation chromatography (Sephadex LH-20 in metha-
nol). Finally, pure compounds were obtained by sequential
RP-HPLC (ZORBAX Eclipse XDB-C8; Agilent Technolo-
gies; solvent MeOH/H2O 7:3).

Structure Elucidation. The structures of the main components
DKxanthene-534 (10 mg) and DKxanthene-560 (1.2 mg) were
elucidated by using 1D (1H, 13C, distortionless enhancement by
polarization transfer) and 2D NMR analysis (1H-1H-COSY,
heteronuclear sequential quantum correlation, HMBC,
NOESY) on Bruker DRX 500 or Bruker Avance 500 spectrom-
eters using different solvents and solvent mixtures ([D6]DMSO,
CD3OD, and CD3OD/[D6]benzene). Calculation of theoretical
NMR-spectra was performed with ACD/Labs 7.00 software.

High-resolution electrospray ionization MS analysis was per-
formed on a Bruker microTOF after HPLC separation (Agilent
1100 Series) using an acetonitrile:water gradient (5–95% aceto-
nitrile with 0.1% formic acid) and calibration with sodium
formiate cluster (m/z 300–900) before and after the analysis.

Additional DKxanthenes could be detected by HPLC-MS
(for HPLC, Agilent 1100 Series; for MS, Bruker HCT Plus ion
trap), and their structures were determined by a combination
of feeding experiments with [13C4,15N]threonine and
[D6]propionic acid followed by extensive MS/MS-analysis. A
total of 30 mg of [13C4,15N]threonine was fed in three portions
after 12, 24, and 36 h of fermentation to DK1050 in 100 ml of
CTT medium (41), and cells were harvested after 72 h of
fermentation and extracted with methanol. The extract was
concentrated to 200 �l of methanol and analyzed by HPLC-
MS. Similarly, 37 mg of [D6]propionic acid was fed to a 50-ml
CTT culture of DK1050 in three portions and analyzed as
described above.

Identification of the DKxanthene Biosynthesis Gene Cluster. Identi-
fication of the DKxanthene biosynthesis gene cluster in DK1050
was accomplished by transposon mutagenesis using the trans-
poson pMycoMar (21) and by targeted gene disruption exper-
iments using standard procedures (22). Briefly, internal frag-
ments of genes dkxA (encoding a NRPS adenylation domain)
and dkxO (encoding a thioesterase) were amplified by PCR using
primers pcrart1284–1 (5�-GCGTCCGAGCTCCACAAC-3�)
and pcrart1284–2 (5�-GCCAATGGGCACCGGCTC-3�) for
dkxA and primers pcrart1297–1 (5�-CAGGCGTCGC-
CTCGTCTC-3�) and pcrart1297–2 (5�-GACGGCCTGGAC-
CACCTG-3�) for dkxO. The PCR constructs were cloned into
plasmid pCR2.1-TOPO (Invitrogen), and the resulting plasmids
were purified from E. coli TOP10 (Invitrogen) and introduced
into M. xanthus DK1050 by electroporation as described (22),
leading to kanamycin-resistant DKxanthene negative mutants
PM1284 (dkxA::kan; DKX�) and PM1297 (dkxO::kan; DKX�),
respectively.

Phenotypic Analyses. For phenotypic comparison between wild
type and mutants, M. xanthus strains were grown in CTT medium
(41), and trehalose (42) and fibril content (25) was determined
as described previously.

Fruiting body formation in submerged culture and on agar
plates (43) of M. xanthus DK1050 and mutant strains PM1284
and PM1297 were conducted as described. Mature sporulation
was examined by incubating 2 � 108 cells per ml in MC7-buffer
in 24-well microtiter plates (43). After 3, 5, 7, 10, or 14 d
of development, respectively, the suspensions were sonicated
and incubated at 50°C for 2 h, and dilutions of the suspensions
were plated on CTT-agar plates with and without kanamycin.
Formation of colonies was observed within the following 2
weeks. Complementation of sporulation deficient mutants was
tested under the conditions described above applying two
different approaches. (i) 1 � 108 mutants cells were developed
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in presence of 1 � 108 wild-type (DK1050) cells. In this case,
cells were plated on CTT-agar with or without kanamycin to
differentiate between wild-type and mutant colonies, because
only mutants were resistant against kanamycin. (ii) 2 � 108

mutant cells were developed in the presence of 25 �g/ml
of DKxanthene-534, which was added at the beginning of
developmental cultivation.

Glycerol induced sporulation (44) was examined by adding
glycerol to a final concentration of 0.5 M to vegetative CTT-
cultures of wild-type and the mutant strains. Spore formation
was controlled microscopically, and spores were plated on
CTT-agar after 12 h when complete sporulation was observed.

Antioxidant Activity of DKxanthene-534. Antioxidative capacity of
DKxanthene-534 in methanol was determined by using 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (28, 29). Briefly, 2 ml of
DPPH (25 mg/l in methanol) was mixed with sample solutions of
defined concentrations as well as ascorbic acid as a standard.
After 30 min the absorbance at 515 nm was measured, the
percentage of remaining DPPH was calculated and the EC50

value (concentration of inhibitor at 50% decrease of DPPH) was
determined as described (28).

Antioxidant activity in aqueous solution was determined by
using N,N-dimethyl-p-phenylenediamine (DMPD). DKxan-
thene-534 was used in final concentrations ranging from 0.01
mM to 0.2 mM and mixed with a solution of the stable DMPD�

cation (30–32). After mixing and incubation at room tempera-
ture for 10 min, the absorbance at 505 nm was determined.
Ascorbic acid was used as a control.

The antioxidant activity of increasing concentrations of
DKxanthene-534 was calculated as percentage of the uninhibited
radical cation solution (100% value) as described (31).
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33. Trowitzsch W, Wray V, Gerth K, Höfle G (1982) Chem Commun, 1340–1341.
34. Gaisser S, Trefzer A, Stockert S, Kirschning A, Bechthold A (1997) J Bacteriol

179:6271–6278.
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