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The structures of the ribosomally synthesized peptide antibiotics from Bacillus amyloliquefaciens FZB42, plantazolicin A and B, have been
elucidated by high resolving ESI-MSMS, 2D 'H—"3C-correlated NMR spectroscopy as well as 'H—"°N-HMQC/'"H—"*N-HMBC NMR experiments.
'5N-labeling prior to the experiments facilitated the structure determination, unveiling a hitherto unusual number of thiazoles and oxazoles formed
from a linear 14mer precursor peptide. This finding further extends the number of known secondary metabolites from B. amyloliquefaciens and
represents a new type of secondary metabolites from the genus Bacillus.

The bacterium Bacillus amyloliquefaciens FZB42, which
is highly related to the Gram-positive model organism
Bacillus subtilis, promotes plant growth.! Following com-
plete sequencing and annotation of its genome,” it was
found that a considerable part of the genomic DNA of
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B. amyloliquefaciens was dedicated to the biosynthesis of
various secondary metabolites. These genes comprise the
biosynthesis of nonribosomally synthesized lipocyclodep-
sipeptides, fengycin,® surfactin,* and bacillomycin® as well
as the siderophore bacillibactin.® Likewise, based on the
genomic data, genes coding for three different polyketide
synthase gene clusters could be assigned to the biosynthetic
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proclucts7 bacillaene,® difficidine,’ and macrolactin'®
which display marked antibacterial or antifungal activity,
respectively. The biosynthesis of the above-mentioned
nonribosomally synthesized peptides is essentially depen-
dent on the expression of a 4'-phosphopantheinyltransfer-
ase (Sfp).!" Inactivation of the Sfp from B. amylolique-
faciens by mutagenesis led to the discovery of a compound,
named plantazolicin, which was biosynthetically assigned
to be of ribosomal origin.'? The corresponding biosynth-
esis gene cluster (pzn cluster) consists of 12 genes, coding
for the prepropeptide PznA, and the trimeric PznBCD pro-
tein complex (cyclodehydratase (C), dehydrogenase (B)
and docking/scaffolding protein (D)) encoding posttran-
slational modifications. This set is complemented by the
methyltransferase PznL and PznE, putatively the corre-
sponding protease, which displays homologies to a Zn-
dependent protease. While the amino acid sequence of the
prepropeptide was known, extensive posttranslational mod-
ifications hampered initial attempts for structure elucidation.

In this contribution we describe the fermentation and
isolation of plantazolicin A (1a and 1b), and together
with its desmethyl analogue plantazolicin B (2), we
present the structure elucidation by ESI-MS/MS and
2D NMR experiments. The strain was grown on plates
containing a glucose minimal medium (see Supporting
Information)."* Compound 1a was obtained as a white
solid. The molecular ions of m/z 1336.48 [M + H]" and
m/z 668.74 [M + 2H]*" in the ESI-MS spectrum of
1a revealed the molecular mass of 1335.47 g/mol. The
exact molecular mass of 1a (m/z 1336.47612 [M + H]")
derived from the high-resolution Orbitrap-ESI-MS
spectrum (m/z caled 1336.47804 [M + H]*, Am —1.027
ppm) gave a molecular formula of Cg3Hg9O;13N17S5. In
accordance with the information of the prepropeptide
PznA, extensive posttranslational modification of the
precursor peptide H,N-RCTCTTIISSSSTF-OH, i.e. de-
hydratation (—180 Da = 10 x H,0), dehydrogenation
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(=18 Da = 9 x H»), and methylations (+28 Da = 2 x
CH>) had to be assumed.

1D and 2D NMR data of 1a (including '"H NMR,
'H-'H-COSY, 'H-'H-TOCSY, 'H-"C-HSQC, 'H-
BC-HMBC, see Supporting Information, Figures S3—S7)
turned out to be inconclusive, because of the reduced number
of protons and the highly repetitive occurrence of structurally
similar heterocyclic systems. Therefore, in order to aquire
additional NMR-spectral information we decided to per-
form '"N-labeling of the plantazolicin peptide by feeding
'SN-labeled ammonium sulfate under the above-mentioned
media conditions.'* The isolation yielded '*N-labeled plan-
tazolicin (1b) displaying the expected mass shift of 17 amu
(1353.42566 [M + H] ", Am —0.891 ppm; Cg3HgoO13'°N5S,)
compared to unlabeled peptide 1a. Subsequently, "H—""N-
HMQC and 'H—'"N-HMBC NMR spectra of 1b were
recorded (see Supporting Information, Figures S8—S13),
and combined with 2D 'H—'"C NMR data, they revealed
the presence of the following substructures: an a-N,a-N-
dimethylargininyl residue (N,N-diMeArg), two thiazole
rings (Thz), three 5-methyloxazole rings (MeOxz), two iso-
leucines (Ile), four oxazole rings (Oxz), one 5-methyloxazo-
lidine ring (MeOxl), and one phenylalanine (Phe).

The characteristic spin system of the arginyl residue
N,N-diMeArg' could be easily identified. Interestingly, the
a-amino group (On 30.7) was methylated twice (0 2.26,
6H). '"H-"3C-HMBC correlations from these geminal
methyl groups of N,N-diMeArg' to C-2 (0c 172.6) of
Thz* as well as '"H—""N-HMBC correlations from these
methyl groups to N-3 (dy 312.1) of Thz* established the
N-terminal end of 1a and 1b. In the course of the sub-
sequent structure elucidation, correlations of the 'H—
SN-HMBC experiment turned out to be crucial for the
establishment of the sequence of heterocycles and their
placement in the peptide. Hence, an HMBC correlation
from H-5 of Thz” at 8y 8.41 to N-3 of MeOxz’ at dn 250.0
connected Thz? with MeOxz®. Furthermore, the "H—'"N-
HMBC correlation from the methyl group 5-CHj (644 2.83)
of MeOxz® to N-3 of Thz* at oy 303.7 confirmed the
connectivity between MeOxz® and Thz*. The methyl group
5-CH; of MeOxz’ (04 2.75) showed an HMBC correlation
with N-3 of MeOxz’ (dy 249.5) and N-3 of MeOxz° (dn
246.9). The methyl group 5-CH; (Oy 2.64) of MeOxz°
showed a correlation to N-3 of the same ring. Connectiv-
ities linking Thz* with MeOxz> could not be established.
However, the above data, together with the biosynthetic
logic deduced from the precursor peptide, could establish
the mainly heteroaromatic sequence N,N-diMeArg'-Thz>-
MeOxz*-Thz*-MeOxz>-MeOxz°.

The amino acid sequence of the precursor peptide of
plantazolicin A (H,N-RCTCTTIISSSSTF-OH) features
two Ile residues located C-terminally of MeOxz® and
N-terminally of Oxz’ in plantazolicin A. HMBC correla-
tions from the a-proton of Ile’ at 8y 4.48 to the amide
nitrogen of Ile” (9x 113.9) and to the amide nitrogen of Ile®
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(On 118.6) as well as correlations from the o-proton
(0 4.93) of 1le® to the amide nitrogen of Ile® and N-3
Oxz’ (On 248.5) prove the sequence MeOxz’-Ile’-Ile®-
Oxz’. Even though no NMR connectivities have been
found to link MeOxz® with Ile’, this assignment was fur-
ther corroborated by ESI-Orbitrap-MSMS spectra of 1a
and 1b (Figure 2). These show a characteristic fragment
peak at WZ/Z 67925769, C31H39 O4N10S2+, Am —2.175 ppm
("°N-labeled 1a, at m/z 689.22854, C;3;H390,4""NyS,",
Am —1.417 ppm) assigned to the N-terminal part of the
structure:  N,N-diMeArg'-Thz*-MeOxz’-Thz*-MeOxz’-
MeOxz®-Ile’.

N,N-diMeArg’

"H-'"H COSY e
'"H-3cHMBC —
"H-SNHMBEC ——

Figure 1. Structures of plantazolicin A (1a) and '*N-labeled
plantazolicin A (1b) and 2D NMR correlations.

A further sequence was established as follows: 'H—
ISN-HMBC correlations were assigned from H-5 of Oxz’
at Oy 8.96 to N-3 of Oxz'” at O 246.8, as well as from
H-50xz'% at 01 9.08 to N-3 of Oxz!® and N-3 of Oxz!!
(On 247.2). Furthermore, HMBC correlations from H-5
of Oxz'" at 01 9.11 to N-3 of Oxz'! (6 247.2) and N-3 of
0xz'? (On 250.1) revealed a stretch of four oxazoles from
0Oxz’ to Oxz'”. Additionally, HMBC correlations from
H-5 of Oxz'? at 0y 8.81 to N-3 of MeOxI'* at oy 222.1
established the connectivity of this series of aromatic
heterocycles to oxazolidine MeOxl'®. Finally, HMBC
correlations from H-4 (0y 4.23) of MeOx1"? to the amide
nitrogen of Phe'* at on 122.0 revealed the connectiv-
ity between MeOxl'? and the C-terminal Phe'®. Accord-
ingly, a characteristic fragment peak at m/z 630.23022,
C31H3,05N; ", Am —0.742 ppm ('°N-labeled, at m)/z
637.20820, C3;H3,04"°N;", Am —2.718 ppm) from the
Orbitrap-MS-MS spectra of 1a and 1b (Figure 2) were
assigned to the C-terminal part of the structure (Ile®-Oxz’-
0xz'%-0xz'"'-0xz'*-MeOx1'*-Phe'*) (Figure 1). The full
structure of plantazolicin A is depicted in Figure 1.

HPLC-ESI-Orbitrap-MS of the methyltransferase
knockout mutant RS33'? revealed the mass signal of the
desmethyl derivative plantazolicin B (2), at m/z 1308.43863
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[M + HJ' (m/z caled 1308.44674 [M + HJ', Am —5.780
ppm, Cg1Hg5013N5S,) corresponding to a loss of two
methyl groups (Figure 2). The assignment of MS/MS
spectra in comparison with those of 1a and 1b indepen-
dently confirmed the placement of the methyl groups at the
N-terminus (see Supporting Information, Figures S1, S2).
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Figure 2. Orbitrap-ESI-MS-MS spectra of (a) '"N-labeled
plantazolicin A (1b) with Am = +17 amu compared to (b)
plantazolicin A (1a) and (c) the desmethyl plantazolicin B (2).
Dashed lines symbolize Am = 28 amu between 1a and 2.

Plantazolicin A (1a and 1b) which shows antibacterial
activity against closely related Gram-positive bacteria'?
and its desmethyl analogue plantazolicin B (2) represent an
unusual type of thioazole/oxazole-containing peptide anti-
biotics. From a structural perspective, many other ribo-
somally synthesized thiazole/oxazole-containing peptides,
e.g. microcin B17 synthesized by E. coli,'® thiopeptides
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Figure 3. Biosynthetic model of plantazolicin biosynthesis.
The prepropeptide PznA is processed by the putative protein
complex PznC/B/D; after subsequent proteolysis by PznE,
the methytransferase PznL performs N,N-dimethylation of
the N-terminus. Proteins for export, for immunity, and with
regulatory function have not been considered. Oxz = oxazole,
Thz = thiazole, MeOxz = 5-methyloxazole, MeOxl =
5-methyloxazolidine.

of the micrococcin-type,'® and the patellamides from
cyanobacteria exist.'” A unique structural feature of plan-
tazolicin A is the adjacency of two pentaheterocyclic
moieties that mainly confer a planar structure to the
peptide and are reminiscent of telomerase inhibitor
telomestatin.'®

The herein determined structure of plantazolicin A also
has implications for the biosynthetic assembly by post-
translationally acting proteins of the pzn gene cluster. The
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leader peptide of prepropeptide PznA likely serves as a
recognition motif by the posttranslational biosynthesis
machinery, represented by the PznC/B/D complex'? as-
signed to perform cyclodehydration and dehydrogenation
reactions. Remarkably, the heterocycle MeOxl1'?, nearest
to the C-terminus, is not oxidized and remains in the
oxazolidine form. We hypothesize that the N,N-dimethy-
lation by methyltransferase PznL must occur subsequently
to proteolytic processing by the protease PznE (Figure 3).
Future experiments will have to be performed in order to
assign enzyme functions on a biosynthetic level. In sum-
mary, the structure of plantazolicin represents a milestone
in the assignment and structure elucidation of unknown
metabolites from B. amyloliquefaciens FZB42. Simulta-
neously, plantazolicin extends the collection of metabolites
known from bacteria of the genus Bacillus."”
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and NMR spectroscopy. This material is available free of
charge via the Internet at http://pubs.acs.org.
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