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ABSTRACT Myxobacteria utilize the catechol natural products myxochelin A and B
in order to maintain their iron homeostasis. Recently, the production of these sidero-
phores, along with a new myxochelin derivative named pseudochelin A, was re-
ported for the marine bacterium Pseudoalteromonas piscicida S2040. The latter deriv-
ative features a characteristic imidazoline moiety, which was proposed to originate
from an intramolecular condensation reaction of the B-aminoethyl amide group in
myxochelin B. To identify the enzyme catalyzing this conversion, we compared the
myxochelin regulons of two myxobacterial strains that produce solely myxochelin A
and B with those of P. piscicida S2040. This approach revealed a gene exclusive to
the myxochelin regulon in P. piscicida S2040, coding for an enzyme of the amidohy-
drolase superfamily. To prove that this enzyme is indeed responsible for the postu-
lated conversion, the reaction was reconstituted in vitro using a hexahistidine-
tagged recombinant protein made in Escherichia coli, with myxochelin B as the
substrate. To test the production of pseudochelin A under in vivo conditions, the
amidohydrolase gene was cloned into the myxobacterial plasmid pzJY156 and
placed under the control of a copper-inducible promoter. The resulting vector was
introduced into the myxobacterium Myxococcus xanthus DSM 16526, a native pro-
ducer of myxochelin A and B. Following induction with copper, the myxobacterial
expression strain was found to synthesize small quantities of pseudochelin A. Re-
placement of the copper-inducible promoter with the constitutive pilA promoter led
to increased production levels in M. xanthus, which facilitated the isolation and sub-
sequent structural verification of the heterologously produced compound.

IMPORTANCE In this study, an enzyme for imidazoline formation in pseudochelin
biosynthesis was identified. Evidence for the involvement of this enzyme in the pos-
tulated reaction was obtained after in vitro reconstitution. Furthermore, the function
of this enzyme was demonstrated in vivo by transferring the corresponding gene
into the bacterium Myxococcus xanthus, which thereby became a producer of
pseudochelin A. In addition to clarifying the molecular basis of imidazoline forma-
tion in siderophore biosynthesis, we describe the heterologous expression of a gene
in a myxobacterium without chromosomal integration. Due to its metabolic profi-
ciency, M. xanthus represents an interesting alternative to established host systems
for the reconstitution and manipulation of biosynthetic pathways. Since the plasmid
used in this study is easily adaptable for the expression of other enzymes as well,
we expand the conventional expression strategy for myxobacteria, which is based
on the integration of biosynthetic genes into the host genome.

KEYWORDS Myxococcus xanthus, pseudochelin, myxochelin, expression plasmid,
imidazoline synthase, biosynthesis, myxobacteria

ron is indispensable for microbial viability. It acts as a component of several enzymes
and enzymatic complexes and hence is essentially involved in various biological
processes, such as respiration, amino acid synthesis, oxygen transport, and DNA
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FIG 1 Late steps in the biosynthesis of myxochelin A (compound 1) and myxochelin B (compound 2), as
well as pseudochelin A (compound 3). The NRPS MxcG consists of an N-terminal condensation (C)
domain, followed by an adenylation (A), a thiolation (T), and a C-terminal reductase (Red) domain.

biosynthesis. Although iron is abundant in nature, the metal exists predominantly in an
insoluble and biologically inaccessible ferric (Fe3*) form under aerobic conditions and
at physiological pH. To facilitate the uptake of ferric iron, many bacteria resort to
low-molecular-weight iron-chelating compounds, so-called siderophores. These mole-
cules are secreted from the cells in order to solubilize and to capture ferric iron.
Subsequently, the ferric iron-siderophore complex is actively transported back into the
bacterial cytoplasm and the coordinated ion is released by either reductive or hydro-
lytic mechanisms (1-3).

Myxobacteria are Gram-negative soil inhabitants. They possess an unusually com-
plex life cycle, which involves differentiation from individual cells into multicellular
fruiting bodies under starvation conditions, accompanied by sophisticated social be-
havior (4-6). In recent years, myxobacteria have gained increasing attention due to
their enormous potential as producers of secondary metabolites with antifungal,
antibacterial, and cytotoxic activities (7-9). To maintain their iron homeostasis, many
myxobacteria produce catechol siderophores, such as the myxochelins (10-13) or the
structurally related hyalachelins (14). Although the myxochelins are generally regarded
as myxobacterial siderophores, they were occasionally also described for other bacteria.
Examples include the actinomycete Nonomuraea pusilla (15) and the Chloroflexi bac-
terium Herpetosiphon aurantiacus (16).

The biosynthesis of myxochelins has been thoroughly explored both on the genetic
level (17) and on the biochemical level (11, 18-20). Briefly, a nonribosomal peptide
synthetase (NRPS) termed MxcG links two 2,3-dihydroxybenzoate (DHBA) units with the
amino groups of L-lysine. The resulting thioester intermediate is reduced to an aldehyde
by the reductase domain of MxcG and thereby is released from the enzyme complex
(Fig. 1). A subsequent reduction reaction forms myxochelin A (compound 1), whereas
the transamination of the aldehyde, catalyzed by an aminotransferase (MxcL), leads to
myxochelin B (compound 2). Recently, a novel myxochelin derivative termed pseudo-
chelin A (compound 3) was isolated from the marine bacterium Pseudoalteromonas
piscicida S2040 (21). Pseudochelin A features a characteristic 4,5-dihydroimidazole
moiety, putatively emerging from an intramolecular cyclization reaction of myxochelin
B (Fig. 1). In this study, the genetic basis of this biosynthetic reaction was determined
by comparative genomics and heterologous reconstitution. Among others, Myxococcus
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FIG 2 Organization of the myxochelin regulons in P. piscicida S2040, S. aurantiaca Sg a15, and M. xanthus DK 1622. Genes involved
in DHBA and myxochelin biosynthesis are highlighted in black and gray, respectively. The hatched mxcF is required during both
processes. Transport genes are depicted in blue. Regulatory and accessory genes are marked in white. The candidate gene for
pseudochelin formation is highlighted in green.

xanthus strains that are able to produce pseudochelin A were engineered. For this,
myxobacterial expression vectors were created.

RESULTS

Organization of the myxochelin regulon in P. piscicida S2040. The myxobacteria
Stigmatella aurantiaca Sg a15 and M. xanthus DK 1622 are known producers of
myxochelin A and B (12, 17). Furthermore, the myxochelin regulon of S. aurantiaca Sg
al15 has already been comprehensively analyzed (17); it comprises 12 genes, of which
3 (mxcE, mxcF, and mxcG) were shown previously to be sufficient for the assembly of
myxochelin A from DHBA and L-lysine, while the aminotransferase gene mxcL is further
needed for myxochelin B biosynthesis (11, 18). MxcF represents a bifunctional enzyme.
It features an aryl carrier protein domain for tethering the activated DHBA building
block during myxochelin assembly. Beyond that, its isochorismatase domain is involved
in the conversion of chorismate into DHBA in conjunction with two other enzymes,
MxcC and MxcD (17). The corresponding set of six core biosynthesis genes (mxcC to
mxcG and mxcl) is also present in the myxochelin regulon of M. xanthus DK 1622, which
consists of nine genes in total. Using the nucleotide sequences of the conserved
biosynthesis genes as probes, a putative myxochelin locus was located in the genome
of the pseudochelin producer P. piscicida S2040 by homology-driven alignment (Fig. 2).
The corresponding regulon covers a contiguous DNA sequence of about 17 kb and
includes 11 genes (GenBank accession numbers TW75_RS20420 to TW75_RS20470),
which were renamed in this study according to the nomenclature used in previous
publications (17-19). Seven of these genes have homologs in the myxochelin regulons
of S. aurantiaca Sg al5 and M. xanthus DK 1622 (Table 1). In addition to the six
myxochelin biosynthesis genes, P. piscicida S2040 contains a homolog of mxcB, coding
for a NADPH-dependent ferric siderophore reductase. The latter removes the metal
from an iron-bound myxochelin following its cellular uptake. Four genes (mxcM, mxcN,

TABLE 1 Distribution and putative function of myxochelin biosynthesis genes

S. aurantiaca Sg a15 vs M. xanthus DK 1622 vs

P. piscicida S2040° P. piscicida S2040¢
Gene Putative function % Id % Qc % Id % Qc
mxcE 2,3-DHBA-AMP ligase 51 98 50 98
mxcF Isochorismatase/aryl carrier protein 44 97 44 97
mxcG Nonribosomal peptide synthetase 37 98 38 99
mxcB Ferric siderophore reductase 37 920 36 86
mxcC 2,3-Dihydro-2,3-DHBA dehydrogenase 50 96 50 95
mxcL Aldehyde aminotransferase 58 93 62 93
mxcM Cytosine deaminase — — — —
mxcN Major facilitator superfamily transporter — — — —
mxcO AraC-type regulator — — — —
mxcP TonB-dependent receptor — — — —
mxcD Isochorismate synthase 36 93 36 92

aSimilarities at the amino acid level for the corresponding enzymes in P. piscicida S2040, S. aurantiaca Sg a15, and M. xanthus DK 1622 are indicated. Id, identical
amino acids; Qc, query cover; —, no homolog detected.
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FIG 3 (A) SDS-PAGE of purified 6 XHis-MxcM. The calculated molecular mass of the recombinant protein
is 58.786 kDa. Lane M, protein ladder. (B) Results of the in vitro testing of 6XHis-MxcM. Total ion
chromatograms of myxochelin A (compound 1) with 6 XHis-MxcM (profile a), myxochelin A (compound
1) without 6XHis-MxcM (profile b), myxochelin B (compound 2) with 6XHis-MxcM (profile c), and
myxochelin B (compound 2) without 6 XHis-MxcM (profile d) are shown. The additional peak in profile
¢ corresponds to pseudochelin A (compound 3).

mxcO, and mxcP) are exclusively present in the regulon of P. piscicida S2040. The mxcN
and mxcP open reading frames are predicted to be involved in siderophore transport
and uptake, whereas mxcO encodes a regulator of the AraC family. Therefore, a role in
the formation of pseudochelin is conceivable only for mxcM, the product of which was
annotated as cytosine deaminase (22).

Bioinformatic analysis of MxcM. A sequence analysis revealed that MxcM belongs
to the amidohydrolase superfamily, whose members usually catalyze metal-dependent
hydrolysis reactions (23, 24). One representative of this enzyme family, the imidazolo-
nepropionase Hutl, is known to cleave an imidazoline ring during histidine degradation
(25). The reverse reaction, an intramolecular condensation, is reminiscent of the as-
sumed formation of pseudochelin A. While sequence alignments of MxcM with differ-
ent Hutl homologs did not indicate significant similarities (see Table S1 in the supple-
mental material), a manual inspection showed that the active site residues of Hutl (26,
27) are conserved in MxcM (Fig. STA). However, the E252 residue of Hutl, which seems
necessary to initiate the hydrolysis reaction (26, 28), is replaced by a proline residue in
MxcM. The closest homolog of MxcM with an assigned function is the amidohydrolase
CbxE from Streptomyces sp. strain NTK937 (Fig. S1B and Table S2). This enzyme was
found to be crucially involved in the biosynthesis of the benzoxazole antibiotic ca-
boxamycin, and it was proposed to catalyze a two-step intramolecular cyclization and
dehydration reaction, leading to the formation of an oxazoline ring (29). It is evident
that the mechanism of this biosynthetic conversion is analogous to the formation of the
imidazoline ring in pseudochelin A.

In vitro characterization of MxcM. To verify the role of MxcM in pseudochelin A
biosynthesis, the candidate gene was synthesized, cloned into pET28a, and overex-
pressed in Escherichia coli BL21(DE3) for the production of a 6 XHis-tagged protein. This
recombinant enzyme was purified to homogeneity by immobilized metal affinity
chromatography and was subsequently assayed with fermentation-derived myxochelin
B (Fig. 3). High-performance liquid chromatography (HPLC) analysis showed the emer-
gence of a new peak in the enzyme reaction, for which the high-resolution mass
spectrometry (MS) and tandem mass spectrometry (MS/MS) data were consistent with
pseudochelin A (21). When myxochelin B was incubated without 6XHis-MxcM, no
further peak was detected. Furthermore, the testing of synthetic myxochelin A (30) with
6xHis-MxcM did not provide any evidence for an enzymatic conversion (Fig. 3).
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FIG 4 (A) Schematic map of the expression plasmid pJK3. Binding sites and the orientation of primers
p352 and p353 are displayed as black arrows. (B) PCR-based confirmation of pJK3. A gradient PCR using
biomass from the M. xanthus expression strain as the template was performed in order to amplify pJK3
with primers p352 and p353. The expected amplicon is marked with an arrow. Lane M, DNA ladder.

Construction of a vector for inducible expression of mxcM in M. xanthus. To
demonstrate the functionality of MxcM under in vivo conditions, the corresponding
gene was expressed in M. xanthus DSM 16526. This myxobacterial strain had been
confirmed previously to synthesize myxochelin B and showed no signs of pseudochelin
A production. For the gene transfer, a replicative expression plasmid was created. The
respective vector was derived from pZJY156, which had been demonstrated to repli-
cate stably in M. xanthus as well as in E. coli (31, 32). A codon-optimized version of the
target gene mxcM from P. piscicida S2040 was cloned into the vector and placed under
the control of the copper-inducible promoter P, .. The expression of this promoter is
known to correlate linearly with the copper concentration in the culture medium (33,
34). The final expression vector, pJK3 (Fig. 4A), was introduced into M. xanthus DSM
16526 via electroporation (35, 36). Transformants were selected by their acquired
kanamycin resistance and, after several rounds of subcultivation, were analyzed by
colony PCR to validate the presence of free, nonintegrated plasmid. The annealing sites
of the primers used were located adjacent to each other inside the kanamycin resis-
tance gene, thus leading to amplification of the entire pJK3 plasmid. Separation of the
PCR products by horizontal electrophoresis revealed the expected product size of 8.9
kb (Fig. 4B). If any vector linearization had occurred (e.g., by integration of pJK3 into the
host genome), then no PCR products would have been obtained. Ultimate evidence for
the existence of autonomous plasmid DNA was obtained by sequencing (see Table S3
in the supplemental material).

Copper-induced expression of the mxcM gene in M. xanthus DSM 16526. Prior
to the expression experiment, we evaluated the effect of the inducing agent (CuSO,) on
myxochelin production in the M. xanthus DSM 16526 wild-type strain. Since the liquid
chromatography (LC)-MS profiles of supplemented and nonsupplemented cultures
showed no differences, an impact of CuSO, on myxochelin production could be ruled
out. Furthermore, it was verified that myxochelin production was not affected in an M.
xanthus DSM 16526 strain carrying the empty expression vector (data not shown).
Comparison of the extracts of wild-type and expression strains, after induction with 115
uM CuSO,, by LC-MS measurements combined with MS/MS analyses indicated the
presence of pseudochelin A exclusively in the extract of the expression strain (Fig. 5).
MS/MS spectra of the putative pseudochelin A peak and an authentic myxochelin A
standard both showed a A136 fragment (myxochelin A, m/z 405 — m/z 269; pseudo-
chelin A, m/z 386 — m/z 250), which can be attributed to the loss of a 2,3-
dihydroxybenzaldehyde moiety. The elimination of a 2,3-dihydroxybenzamide moiety
was also observed (pseudochelin A, m/z 386 — m/z 233). These observations are in
accordance with previous reports (21, 37). A distinctive A18 fragment of myxochelin A
arises from the dehydration of its primary alcohol function in the lysinol residue. The
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FIG 5 MS/MS fragmentation patterns of myxochelin A (compound 1) and pseudochelin A (compound 3).
Parent ions are indicated with diamonds.

same structural motif is not present in pseudochelin A, which supports the MS-based
assignment.

Constitutive expression of the mxcM gene in M. xanthus DSM 16526. To obtain
unequivocal evidence that the mxcM gene is involved in the biosynthesis of pseudo-
chelin A, we set out to confirm the identity of the heterologously produced compound
by nuclear magnetic resonance (NMR) spectroscopy. However, only trace amounts of
pseudochelin A could be recovered from the copper-inducible expression strain (data
not shown). To evaluate whether the low production level could be overcome, P4
was replaced with the constitutive promoter P,,;,, (38), resulting in the generation of the
expression vector pJK5 (Fig. S2). Transformation of M. xanthus DSM 16526 with this
plasmid led to a strain exhibiting increased pseudochelin A titers. A total of 95 mg of
pseudochelin A could be isolated from a 6-liter culture. NMR spectroscopic analyses of
this material verified the identity of pseudochelin A (Fig. S3 to S7).

DISCUSSION

Pseudochelin A is a catechol siderophore that is structurally closely related to the
myxochelins (10, 13) and hyalachelins (14). In this study, we identified a gene cluster for
pseudochelin A biosynthesis in P. piscicida S2040 and we demonstrated that a single
enzyme, MxcM, is needed to provide a myxochelin-producing bacterium the potential
for pseudochelin biosynthesis.

From a biological perspective, the chemical diversity of myxochelin-type sidero-
phores is intriguing. To date, however, it is unclear whether the minor structural
differences between these compounds have important consequences, e.g., in terms
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of iron affinity or siderophore uptake. Biosynthetic genes for the production of
myxochelin-type molecules are found in several bacterial lineages, according to an
analysis of genomic data. The occurrence of siderophore pathways in taxonomically
distinct bacteria is not without precedence, as exemplified by the yersiniabactin locus
(39). This wide distribution is usually attributed to lateral gene transfer and a strong
evolutionary driving force to maintain the newly acquired biosynthesis genes (39). As
expected, myxobacteria predominate among the myxochelin producers (see Fig. S8 in
the supplemental material). The myxobacterial producer strains were isolated from
different locations around the globe, which suggests that myxochelin biosynthesis
arose quite early in this bacterial group. In contrast, very few actinomycetes were
identified as myxochelin producers. Since myxobacteria and actinomycetes are both
soil-inhabiting microorganisms, it is possible that some actinomycetes acquired the
myxochelin biosynthesis genes by horizontal gene transfer. This would explain the
restricted occurrence of the myxochelin regulon in this taxon.

Most myxobacteria that were analyzed possess the mxcL gene, but they lack an
imidazoline synthase gene. Therefore, they are assumed to synthesize myxochelin B.
Few bacteria (including 4 myxobacterial strains) were predicted to produce myxochelin
A exclusively. The capacity for pseudochelin formation, specified by the presence of the
amidohydrolase-encoding gene mxcM, seems to be restricted to members of the
Gammaproteobacteria, particularly to members of the orders Alteromonadales, Oceano-
spirillales, and Vibrionales (Fig. S8). Considering the marine origin of the corresponding
species (21, 40-43), the production of pseudochelin, compared to the myxochelins,
might have an ecological advantage in aqueous environments. It is noteworthy in this
context that the genomes of marine myxobacteria (44) are devoid of myxochelin
biosynthesis genes.

Interestingly, homologs of MxcM are encoded not only in myxochelin-type path-
ways. The amidohydrolase CbxE from Streptomyces sp. strain NTK937 is involved in the
biosynthesis of the antibiotic caboxamycin (29). While CbxE catalyzes the formation of
an oxazoline ring, MxcM is responsible for imidazoline ring formation, putatively
following an analogous reaction mechanism. Another homolog of MxcM was found
in Streptomyces megasporus strain NRRL B-16372 (NCBI Protein accession number
WP_031508998). The corresponding open reading frame is embedded in a gene cluster
bearing remarkable similarity to the loci for antibiotic A33853 (45, 46) and nataxazole
(47, 48) biosynthesis, which are found in the genomes of Streptomyces sp. strain NRRL
12068 and Streptomyces sp. strain Tu 6176, respectively.

In this study, the function of MxcM was probed in vitro as well as in vivo by
heterologous expression in M. xanthus. This myxobacterium not only is a model
organism for the analysis of bacterial motility, development, and predation (6, 49, 50)
but also represents an attractive host for the reconstitution of biosynthetic pathways
and genes. Of particular note in this context is its inherent proficiency in natural
product assembly, including the allocation of a variety of biosynthetic building blocks
(51). Although these properties are common to many fruiting myxobacteria, M. xanthus
is further distinguished by its comparatively short generation time (52, 53) and its
susceptibility to genetic manipulations (35, 36). Therefore, it is no surprise that M.
xanthus has already served as host for the production of several secondary metabolites,
including the myxobacterial compounds epothilone (53), myxothiazol (54), myxochro-
mid (55), myxopyronin (56), corallopyronin (56), and vioprolide (57) and the actinobac-
terial polyketide oxytetracycline from Streptomyces rimosus (58). Hitherto, chromosomal
integration of target genes was considered the method of choice for the engineering
of M. xanthus expression strains. To this end, selected genes or entire biosynthetic gene
clusters were incorporated into the chromosome, either by targeted homologous
recombination or by random transpositional integration (53-58). The discovery of the
first myxobacterial plasmid, pMF1, and the subsequent availability of a stable shuttle
vector (31) set the stage for a plasmid-based expression system applicable in M.
xanthus. Until now, however, pZJY156-derived vectors were utilized only during com-
plementation studies, in order to restore certain gene functions in null mutants (31, 59).
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In contrast to chromosomal integration, multicopy plasmids in general favor higher
expression rates, due to manifold availability of the gene sequence. Therefore, it was
expected that the pJK3-based expression of mxcM in M. xanthus would provide
sufficient protein for the conversion of myxochelin B to pseudochelin A, especially since
the wild-type strain had been identified as an efficient producer of myxochelin B.
Nevertheless, only traces of pseudochelin A were detected in the corresponding strain.
To test whether the copper-inducible expression affected the production of pseudo-
chelin A, a promoter exchange was carried out. The resulting pJK5 strain, in which
mxcM was constitutively expressed under the control of the P, promoter, produced
appreciable quantities of pseudochelin A. A possible explanation for the low produc-
tivity of the pJK3 strain might be that the expression of mxcM started too late. In that
case, most of the biosynthesized myxochelin B would already have been secreted and
the enzymatic conversion would have suffered from a lack of substrate in the myxo-
bacterial cells. Although the tight copper dependency and functionality of the P_,.4
promoter had been demonstrated previously in M. xanthus, it had also been noted that
the promoter reached its greatest activity 24 to 48 h after copper addition (34). The
delayed response of the P_,,, promoter and consequently the delayed formation of
active enzyme inside the host, combined with the active efflux of the siderophore,
would also provide an explanation for the observed accumulation of myxochelin B in
the culture broth of the pJK3 strain.

In summary, the previously proposed enzymatic conversion of myxochelin B into
pseudochelin A could be verified, and the amidohydrolase involved, MxcM, was iden-
tified. Furthermore, heterologous production of pseudochelin A in the nonnative host
M. xanthus was achieved using a plasmid-based expression system. The capacity for
myxochelin biosynthesis was shown to be much more widespread than reported
previously, and pseudochelin A biosynthesis could be traced back uniquely to members
of Gammaproteobacteria.

MATERIALS AND METHODS

Strains and growth conditions. M. xanthus DSM 16526 wild-type and expression strains were
routinely cultured in modified CTPM medium (1.0% [wt/vol] casitone, 0.12% [wt/vol] Tris, 0.02% [wt/vol]
KH,PO,, 0.06% [wt/vol] MgSO,-7H,0, and 0.00005% [wt/vol] vitamin B,, [pH 7.5]) (60). Cultivation was
conducted at 30°C, and liquid cultures were shaken at 130 rpm. Escherichia coli DH5« and E. coli
BL21(DE3) were grown in standard lysogeny broth (LB) (Carl Roth) at 37°C, with agitation at 200 rpm.
Antibiotics were used, when necessary, at the following concentrations: 100 ug/ml ampicillin, and 50
rg/ml kanamycin.

Analytical methods. HPLC experiments were conducted with a Shimadzu HPLC system (LC-20AD
system with SPD-M20A detector). LC-MS and LC-MS/MS analyses were performed with an Agilent 1260
Infinity HPLC system combined with a Compact quadrupole-time of flight (Q-TOF) mass spectrometer
(Bruker Daltonics). The Q-TOF mass spectrometer was interfaced with an electrospray ionization source.
All analyses were performed in positive ion mode using a capillary potential of 4.5 kV. The desolvation
gas (N,) temperature was 220°C, with a flow rate of 12 liters/min. Compounds were infused into the
electrospray source by the 1260 Infinity HPLC system at a flow rate of 0.4 ml/min. The protonated
molecular ions of test compounds were generated at an end plate offset of 500 V. Nitrogen was used as
the collision gas, at a pressure of 5 mPa. MS/MS experiments were performed in multiple reaction
monitoring (MRM) mode, with a collision gas energy of 23 eV. NMR spectra were recorded on a Bruker
AV 600-MHz Avance Il HD system (CryoProbe), with methanol-d, as the solvent and internal standard.
The solvent signals were referenced to §,, 3.31 ppm and 5. 49.0 ppm.

Production and purification of myxochelin B. For the production of myxochelin B, M. xanthus DSM
16526 was grown for 5 days in modified CTPM medium supplemented with DHBA. The biosynthetic
precursor was added as a filter-sterilized solution (final concentration, 30 mg/liter) prior to the inocula-
tion of M. xanthus. To facilitate the recovery of the siderophore, the myxobacteria were grown in the
presence of 2% (wt/vol) Amberlite XAD7HP resin (Sigma-Aldrich). At the end of cultivation, the adsorber
resin was collected by filtration, washed with water, and extracted exhaustively with methanol. Isolation
of myxochelin B from the methanol extract was accomplished with two consecutive reverse-phase HPLC
steps. The initial separation was carried out on a Nucleodur C,4 gravity column (250 by 10 mm, 3 um;
Macherey-Nagel), using a linear gradient of methanol in water supplemented with 0.1% (vol/vol)
trifluoroacetic acid (10% to 100% methanol within 15 min, followed by 100% methanol for an additional
10 min), at a flow rate of 2.5 ml/min. Final purification of myxochelin B was achieved on a Nucleodur
Sphinx RP column (250 by 10 mm, 5 um; Macherey-Nagel), with identical eluents and flow rate but a
different gradient (25% to 48% methanol over 27 min, 48% to 75% methanol within 8 min, and 75%
methanol for 5 min). The elution of compounds was monitored with a diode array detector.
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TABLE 2 Plasmids used in this study

Applied and Environmental Microbiology

Plasmid Relevant properties? Source or reference
pET28a(+) E. coli expression vector; Km® Novagen
pET28a(+)-mxcM pET28a(+) carrying synthetic mxcM gene; Km* This study

pJET1.2 E. coli cloning vector; Amp* Thermo Fisher Scientific
pJK1 pJET1.2 carrying 825-bp promoter region P, from DSM 16526; Amp* This study

pJK2 Subcloning vector, pZJY156-mxcM; Km® This study

pJK3 M. xanthus expression vector, pZJY156-P,,,-mxcM; Km" This study

pJK4 pJET1.2 carrying 207-bp promoter region P, from DSM 16526; Amp* This study

pJK5 M. xanthus expression vector, pZJY156-P,,;,-mxcM; Kmr This study

pZJY156 M. xanthus-E. coli shuttle vector; Amp", Km* 31, 32

aKm’, kanamycin resistance; Amp’, ampicillin resistance.

Plasmids, nucleic acids, and protein sequences. Plasmids used in this study are listed in Table 2.
The native mxcM gene can be found in GenBank under the locus tag TW75_RS20450 (GenBank protein
accession number WP_045965770). The shuttle vector pZJY156 and the codon-adapted version of the P.
piscicida mxcM gene were synthesized by ATG:biosynthetics. The codon adaptation of mxcM was carried
out manually, referring to the codon usage of M. xanthus deposited in the Kazusa database (61).
Nucleotide sequences of P. piscicida S2040, Stigmatella aurantiaca Sg a15, and Myxococcus xanthus DK
1622 were retrieved from GenBank (accession numbers NZ_JXXW00000000, AF299336, and NC_008095,
respectively). Homologies of nucleotide sequences were evaluated using the Basic Local Alignment
Search Tool (BLAST) (62). Protein sequences of imidazolonepropionases were also obtained from
GenBank. Alignments were performed with the open access software GeneStudio Pro.

General DNA methods. Genomic DNA was extracted from M. xanthus DSM 16526 following a
previously published protocol (63). Plasmids from E. coli DH5« were isolated using a Roti-Prep plasmid
minikit (Carl Roth). DNA fragments from agarose electrophoresis gels were extracted with the QIAquick
gel extraction kit (Qiagen). Restriction digestions were performed using FastDigest restriction enzymes
(Thermo Fisher Scientific). Ligation of DNA fragments was achieved using a T4 DNA ligase (Thermo Fisher
Scientific). If required, plasmid DNA was dephosphorylated, using the FastAP thermosensitive alkaline
phosphatase (Thermo Fisher Scientific), prior to ligation. Subcloning was performed in E. coli DH5« using
standard protocols.

Production and purification of recombinant 6 X His-MxcM. The synthetic mxcM gene was cloned
into the EcoRI restriction site of pET28a(+). The resulting expression plasmid, pET28a(+)-mxcM, was
transferred into chemically competent E. coli BL21(DE3). For the production of 6 XHis-tagged MxcM, the
expression strain was cultivated at 37°C in terrific broth medium (12.0% [wt/vol] tryptone/peptone, 24.0%
[wt/vol] yeast extract, 0.4% [vol/vol] glycerol, 2.3% [wt/vol] KH,PO,, and 12.5% [wt/vol] K,HPO,), to an
optical density at 600 nm (ODg,,) of 0.6. After induction with isopropyl-B-b-1-thiogalactopyranoside
(IPTG) (final concentration, 1T mM), the incubation was continued at 16°C for 20 h. Cells were harvested
by centrifugation (4,000 rpm for 15 min at 4°C) and resuspended in lysis buffer (50 mM NaH,PO, [pH 8.0],
10 mM imidazole, 300 mM NaCl, and 10% glycerol). After cell disruption by ultrasonic treatment, the cell
debris was removed by centrifugation (4,500 rpm for 30 min at 4°C). Purification of 6 XHis-labeled MxcM
from the supernatant was achieved by affinity chromatography using Protino Ni-nitrilotriacetic acid
(NTA)-agarose (Macherey-Nagel) as the stationary phase, in a polypropylene column (Qiagen). The
recombinant protein was eluted using lysis buffer containing 250 mM imidazole. After desalting with a
PD-10 desalting column (GE Healthcare Life Sciences) and concentration with an Amicon centrifugal filter
unit (Ultra-15, with a molecular weight cutoff value of 10 kDa; Merck Millipore), 6 XHis-MxcM was kept
in 0.1 M phosphate buffer (pH 7.0).

In vitro testing of 6XxHis-MxcM. Hexahistidine-tagged MxcM (final concentration, 2 uM) was
incubated at 30°C with myxochelin A or B (0.5 mM) and 50 mM Tris-HCI buffer (pH 7.0), in a total reaction
volume of 0.5 ml. As controls, the substrate and/or the recombinant enzyme was omitted. After 1 h, the
reaction was stopped by the addition of 15% (vol/vol) acetonitrile. Product formation was analyzed by
LC-MS measurements.

Construction of the myxobacterial expression vectors pJK3 and pJK5. The promoter regions
Pewon @and P, were amplified from M. xanthus DSM 16526 genomic DNA using the Phusion Flash
high-fidelity PCR master mix (Thermo Fisher Scientific). The primers p357 (5'-GCATGGATCCGAAGCCTC
TTCACGAATGGATGG-3') and p358 (5'-GAGCTCTAGATGTCGGCCATGAACGGCACTTCACG-3'), carrying
BamHI and Xbal restriction sites, respectively, were used to amplify the region 825 bp upstream of the
cuoA gene (locus tag MXAN_3420). The PCR was conducted with the following conditions: 98°C for 10
s; 30 cycles of 98°C for 1 s, 64°C for 5 s, and 72°C for 12 s; and 72°C for 1 min. The amplicon was ligated
into pJET1.2 to yield pJK1. Subsequently, the synthetic gene mxcM, in its codon-adapted form, was
ligated into the EcoRl site of pZJY156 in order to create pJK2. The P_,,, sequence was excised from pJK1
using BamHI and Xbal. The vector pJK2 was also digested with BamHI and Xbal and the backbone
fragment was ligated with the promoter sequence to generate the expression vector pJK3. To amplify the
region 207 bp upstream of the pilA gene (locus tag MXAN_5783), we used the primers p493 (5'-GGAT
CCGGGAGCGCTTCGGATGCGTAG-3') and p494 (5'-GGTACCGGGGGTCCTCAGAGAAGG-3’), which intro-
duced BamHI and Kpnl restriction sites into the PCR product. The PCR was conducted as described
before. The resulting amplicon was subcloned into pJET1.2 to yield pJK4; after digestion, the corre-
sponding DNA fragment was ligated into the BamHI-Kpnl site of pJK2 to generate the expression vector
pJKS.
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Generation of the M. xanthus expression strains. Transformation of M. xanthus DSM 16526 was
achieved by electroporation, according to previously published protocols (35, 36). To verify the successful
uptake of the plasmids pJK3 and pJK5, the M. xanthus transformants were grown for 4 to 5 days at 30°C
on solid CTPM medium supplemented with kanamycin. Biomass was collected and used as the template
for colony PCR. For this purpose, cells were suspended in MilliQ water and incubated for 3 min at 99°C.
The PCR was performed using DreamTagq DNA polymerase (Thermo Fisher Scientific). The optimum
primer annealing was examined using a temperature gradient from 55°C to 69°C. The PCR was conducted
under the following conditions: 95°C for 3 min; 30 cycles of 95°C for 45 s, 55°C/61°C/69°C for 30 s, and
72°C for 8 min; and final extension at 72°C for 10 min. Primers p352 (5'-GCTGACCGCTTCCTCGTGCTTTA
CG-3') and p353 (5'-CCGCCAAGCTCTTCAGCAATATCACGGG-3’) were used in order to amplify the entire
pJK3 (size, 8.9 kb) or pJK5 (size, 8.3 kb) plasmid. The corresponding PCR products were purified and used
as the templates for subsequent PCRs in order to amplify the kanamycin resistance gene aphll with
primers p268 (5'-GGATTGCACGCAGGTTCTCCGG-3') and p269 (5'-CGATAGAAGGCGATGCGCTGCG-3')
and the pMF1-based origin of replication with primers p342 (5'-CTGGTGCCTGTCGTCATGGAGAC-3’) and
p343 (5'-CACGCACACCGACGAGTCATAG-3'). The pBR332-based origin of replication was amplified to-
gether with the ampicillin resistance gene bla using the primers p344 (5'-GCTCAAGTCAGAGGTGGCGA
AACC-3’) and p345 (5'-GCGAGACGAAAGGGCCTCGTGATACGCC-3"). The PCR products were purified and
used as the templates for sequencing reactions (Microsynth Seqlab).

Heterologous production and isolation of pseudochelin A from recombinant M. xanthus. In
order to maintain the pJK3 and pJK5 vectors, cultures of the M. xanthus expression strains were grown
in the presence of kanamycin. Expression of the target gene in pJK3 was induced by the addition of
copper(ll) sulfate (115 wM). After 4 days of incubation, the culture broths were extracted with ethyl
acetate, and pseudochelin A production was verified by high-resolution MS and MS/MS analyses.
Myxochelin A served as a control during these experiments. For the isolation of pseudochelin A, the M.
xanthus strain harboring pJK5 was incubated for 4 days in modified CTPM medium supplemented with
2,3-DHBA. To assist recovery of the metabolite, cultivation was carried out in the presence of 2% (wt/vol)
Amberlite XAD7HP resin (Sigma-Aldrich). At the end of fermentation, the adsorber resin was collected by
filtration, washed with water, and exhaustively eluted with methanol. Isolation of pseudochelin A from
the methanol extract was accomplished by two consecutive reverse-phase HPLC steps. The first sepa-
ration was achieved on a Nucleodur 100-5 C,; ec VarioPrep column (125 by 21 mm, 5 um; Macherey-
Nagel), using a linear gradient of methanol in water supplemented with 0.1% (vol/vol) trifluoroacetic acid
(15% to 60% methanol within 20 min, 60% to 100% over 5 min, and 100% methanol for an additional
7 min), at a flow rate of 8 ml/min. Final purification of pseudochelin A was achieved on the same column
with identical eluents and flow rate but under isocratic conditions, using a mobile phase consisting of
32% methanol. The elution of compounds was monitored with a diode array detector.

Accession number(s). The nucleotide sequence of the synthetic mxcM gene was deposited in
GenBank under accession number MH248775.
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