
B American Society for Mass Spectrometry, 2015
DOI: 10.1007/s13361-015-1130-1

J. Am. Soc. Mass Spectrom. (2015) 26:1548Y1558

RESEARCH ARTICLE

Characterization of Novel Fusaricidins Produced
by Paenibacillus polymyxa-M1 Using MALDI-TOF Mass
Spectrometry

Joachim Vater,1,4 Ben Niu,2,3,5 Kristin Dietel,4 Rainer Borriss2,4

1Institut für Chemie, Technische Universität Berlin, Mueller-Breslau-Straße 10, 10623, Berlin, Germany
2Institut für Biologie/Bakteriengenetik, Humboldt Universität Berlin, Berlin, Germany
3MOAKey Laboratory of Plant Pathology, Department of Plant Pathology, College of Agronomy and Biotechnology, Department
of Plant Pathology, College of Agronomy and Biotechnology, China Agricultural University, Beijing, China
4Present Address: ABiTEP GmbH, Glienicker Weg 185, 12489, Berlin, Germany
5Present Address: Department of Microbiology and Immunobiology, Harvard Medical School, Boston, MA 02115, USA

Abstract. Paenibacillus polymyxa-M1 is a potent producer of bioactive compounds,
such as lipopeptides, polyketides, and lantibiotics of biotechnological and medical
interest. Genome sequencing revealed nine gene clusters for nonribosomal biosyn-
thesis of such agents. Here we report on the investigation of the fusaricidins, a
complex of cyclic lipopeptides containing 15-guanidino-3-hydroxypentadecanoic ac-
id (GHPD) as fatty acid component by matrix-assisted laser-desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS). More than 20 variants of these
compoundswere detected and characterized in detail. Mass spectrometric sequence
analysis was performed by MALDI-LIFT-TOF/TOF fragment analysis. The obtained
product ion spectra show a specific processing in the fatty acid part. GHPD is cleaved

between the α- and ß-position yielding two fragments a and b, one bearing the end-standing guanidine group and
another one comprising the residual two C-atoms of GHPD with the attached peptide moiety. The complete
sequence of all fusaricidins was derived from sets of bn- and yn-ions. The fusaricidin complex can be divided into
four lipopeptide families, three of them showing variations of the amino acid in position 3, Val or Ile for the first and
Tyr or Phe for families 2 and 3, respectively. A collection of novel fusaricidins was detected differing from those of
families 1–3 by an additional residue of 71 Da (family 4). LIFT-TOF/TOF fragment spectra of these species imply
that in their peptide moiety, an Ala-residue is attached by an ester bond to the free hydroxyl group of Thr4. More
than 10 novel fusaricidins were characterized mass spectrometrically.
Keywords: Paenibacillus polymyxa-M1, Fusaricidins, MALDI-TOF MS, MALDI-LIFT-TOF/TOF MS,
Mass spectrometric structure analysis
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Introduction

The genus Paenibacillus is a rich source of bioactive com-
pounds [1]. The most frequent products are lipopeptides

[2–16], peptide/polyketide hybrids [17, 18], as well as
lantibiotics [19, 20]. Such products qualify Paenibacillus

strains for applications in agriculture, medicine, and biotech-
nology. In recent times the genomes of numerous
Paenibacillus strains have been sequenced, revealing the
wealth of attractive secondary metabolites produced by these
organisms [21–29]. In this work, also gene clusters for the
biosynthesis of polyketide products were annotated, which
have not yet been identified [21, 22, 25, 27, 28]. This report
is part of exploring the biosynthetic capacity of Paenibacillus
polymyxa-M1, a strain found among 202 bacterial isolates from
surface sterilized wheat plants collected from Beijing and He-
nan Province, China.M1 is an efficient plant growth promoting
rhizobacterium (PGPR) interacting in the soil with plant roots,
thus stimulating plant growth and productivity as a biofertilizer
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and protecting plants by biocontrol against phytopathogenic
microorganisms using its powerful antimicrobial potential [30].

The complete genome of Paenibacillus-M1 was se-
quenced and nine giant gene clusters involved in
nonribosomal synthesis of lipopeptides and polyketides
were detected [21], which have to be explored now by
genome mining in combination with efficient, advanced
methodology for structure elucidation, such as mass
spectrometry and NMR-spectroscopy. The prominent
products of this strain are two lipopeptide families, the
polymyxins and the fusaricidins, which both are of in-
dustrial and medical interest. Recently, we investigated
its polymyxin products in detail [4]. They efficiently
inhibit Gram-negative bacteria. M1 synthesizes two var-
iants of polymyxin P which were revealed as efficient
agents against phytopathogenic Erwinia strains in
biocontrol [4, 31].

This research is focussed on the structural characteriza-
tion of the fusaricidins, which appear as a complex of more
than 20 variants. Fusaricidins are a class of cyclic
lipohexapeptides with potent antifungal activities [5–11].
They contain 15-guanidino-3-hydroxypentadecanoic acid
(GHPD) integrated in a ring of six amino acids. Cyclization
of the peptide chain is accomplished by forming a lactone
bond between the carboxyl group of D-Ala6 and the OH-
group of Thr1. The biosynthesis of fusaricidin is catalyzed
by a multifunctional enzyme FusA comprising six modules,
which are equipped with the domains for activation, modi-
fication, and condensation of the amino acid substrates [32,
33]. Fusaricidins and the related LI-F-antibiotics were dis-
covered and investigated by Kurusu et al. [5], Kajimura et al.
[6, 7], and Kuroda et al. [8, 9]. Their structure has been
elucidated mainly by two-dimensional-NMR methodology.
They were detected by fast atom bombardment mass spec-
trometry (FAB MS). Sequence data of some well-known
fusaricidin species were derived from CID-tandem mass
spectrometry by Kuroda et al. [9] and Debois et al. [11],
but the entire fusaricidin family shows a much higher com-
plexity. Therefore, in this paper we initiated an extensive
mass spectrometric study of these compounds by MALDI-
TOF MS presenting numerous novel fusaricidin species. A
breakthrough in the structural characterization of these
lipohexapeptides was achieved by MALDI-LIFT-TOF/
TOF MS affording a thorough, sensitive fragment analysis
also of numerous minor fusaricidins.

Materials and Methods
Chemicals

The matrix α-cyano-hydroxycinnamic acid was obtained from
Bruker (Bremen, Germany). Acetonitrile (HPLC grade) was
fromMerck (Darmstadt, Germany). Trifluoroacetic acid (TFA)
was purchased from Sigma Aldrich (Steinheim, Germany).

Growth of Organism

Paenibacillus polymyxa strain M-1 isolated from surface ster-
ilized wheat roots in China was kept frozen at –70 oC with 15%
glycerol as laboratory stock and cultivated in glucose-starch-
CaCO3 (GSC) liquid broth at 30 oC for 24 h, as described
previously [4, 34]. In addition, strain M1 was grown on GSC-
agar at 30 oC for at least 24 h.

MALDI-TOF Mass Spectrometric Analysis

Aliquots of culture supernatants of strainM-1 were directly used
for the investigation of fusaricidins by MALDI-TOF mass spec-
trometry after dilution 1:10 (v/v) with 50% aqueous acetonitrile/
0.1 trifluoroacetic acid. In addition, surface extracts of M-1 were
prepared by extraction of cells picked from GSC-agar plates
with 50% aqueous acetonitrile/0.1 trifluoroacetic acid.

MALDI-TOF mass spectra of the lipopeptide products of
Paenibacillus polymyxa M-1 were recorded using a Bruker
Autoflex Speed TOF/TOF mass spectrometer with
smartbeam-laser technology using a 1 kilohertz Nd-YAG laser
(excitation wavelength: 355 nm) for desorption and ionization.
Samples of 2 μL culture supernatant or surface extract were
mixed with the same volume of matrix solution (a saturated
solution of α-cyano-4-hydroxycinnamic acid in 50% aqueous
acetonitrile containing 0.1% (v/v) trifluoroacetic acid), spotted
on the target, air dried, and measured. Spectra were obtained by
positive ion detection and reflector mode. Monoisotopic
masses were detected.

Sequence analysis of the fusaricidins was performed by
MALDI-LIFT-TOF/TOF mass spectrometry in CID mode
[35]. The following instrumental parameters were used:

(a) for recording of mass spectra in the range of 0.7–3.5 kDa:
acceleration voltages: ion source 1: 18.97 kV; ion source 2:
16.72 kV. Reflector voltages: reflector 1: 21.05 kV; reflec-
tor 2: 9.54 kV. Matrix ions were suppressed up to 500 kDa.

(b) for the generation of LIFT-TOF/TOF fragment spectra:
acceleration voltages: ion source 1: 5.99 kV; ion source
2: 5.30 kV. Reflector voltages: reflector 1: 27.05 kV; re-
flector 2: 11.74 kV. LIFT 1: 18.98 kV; LIFT 2: 4.40 kV.

Results and Discussion
This paper is focussed on an extensive mass spectrometric
characterization of the fusaricidins, a complex of
lipohexapeptides with potent antifungal activities. In this study
numerous novel fusaricidins were identified by MALDI-TOF
mass spectrometry.

The Fus Gene Cluster and the Modular
Organization of FusA Synthetase

Biosynthesis of fusaricidins is encoded by the fus gene cluster,
which is located in the P. polymyxa-M1 genome [21] between
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base positions 80.646 and 111.506 in close vicinity to the origin
of replication. Similar to P. polymyxa PKB1 [32], the cluster
consists of eight genes and covers around 32 kb (Figure 1a).

The predicted products of six genes (fusB-fusG) are pre-
sumably involved in synthesis of the fatty acid moiety of
fusaricidin. The genes for immunity, regulation, and transport
are missing in the cluster. The nonribosomal peptide synthetase
FusA consists of 6 modules, each containing the three core
units for condensation (C), adenylation (A), and thiolation
(peptidyl carrier protein, PCP). Modules 2, 4, and 5 comprise
an additional epimerization (E) domain, located downstream
from the PCP. The E-domain directs conversion of amino acids
in D-configuration. Interestingly, module 6 directing D-Ala
does not contain an E-domain. It has been shown that the A6
domain activates D-Ala directly [32]. The cyclization reaction
between D-Ala6 and L-Thr1 is most likely accomplished by the
thioesterase (TE) domain located at the carboxy terminus of
FusA (Figure 1b). This structure is identical to that found in
other P. polymyxa strains producing fusaricidins [21–28, 32].

Demonstration of the Fusaricidin Complex
by MALDI-TOF- MS

The fusaricidins were studied extensively by MALDI-TOF
MS, which is the method of choice for rapid in situ detection
of these compounds in culture supernatants and surface extracts
of Paenibacilli without the need for further purification prior to
mass spectrometric analysis. This technique affords simple
preparation and efficient investigation of complex families of
natural compounds, such as the fusaricidins, with high sensi-
tivity and accuracy in a minimum of time.

To find out the optimal growth conditions for the production
of secondary metabolites, strain M1 was grown in various

liquid cultivation media. The best results were obtained (a) in
the Landy medium [36] supplemented with yeast extract in
addition with D, L-alanine, and/or phenylalanine, and (b) in the
glucose-starch-CaCO3 (GSC) medium [34].

Figure 2a shows the MALDI-TOF mass spectrum of a
culture supernatant of Paenibacillus polymyxa M-1 cultivated
in liquid GSCmedium in the range ofm/z 860–1250 exhibiting
the mass peaks of the fusaricidins (m/z 860–1050) and the
polymyxins (m/z 1170–1230), which appeared in similar inten-
sities. In Figure 2b and c, the mass spectrum of the fusaricidins
obtained from a surface extract ofP. polymyxaM-1 cells grown
onGSC-agar is presented in expanded form. It was divided into
two parts fromm/z 860 to 970 (Figure 2b) and from m/z 970 to
1050 (Figure 2c) to make visible the mass peaks of all detected
variants. The obtained mass data are summarized in Table 1.
More than 20 fusaricidin species were observed, which ap-
peared in protonated form and as their alkali adducts. The mass
peaks of the protonated fusaricidins [M+H]+ dominate in the
MALDI-TOF mass spectra shown in Figure 2. In addition, for
all variants, minor mass peaks appeared at 18 mass units higher
than those found for the protonated forms ([M+H+H2O]

+),
which can be attributed to the open chain fusaricidins. The
main components of the fusaricidin complex, which have
already been investigated by other authors, are indicated in
Table 1. They are fusaricidins A–D, which have been charac-
terized in detail by Kajimura et al. [6, 7] and those designated
by the LI-F-nomenclature introduced by Kurusu et al. [5] and
Kuroda et al. [8, 9]. All other fusaricidin variants in Table 1
were detected and characterized by us for the first time. This
wide spectrum of structurally modified agents equips
Paenibacillus with a potent antifungal arsenal enabling this
rhizobacterium to attack competitors in the soil in a specific
directed manner. This has been demonstrated by Debois et al.

Figure 1. Module organization of fusaricidin synthetase FusA. FusA comprises 7909 amino acids and is composed of six amino
acid activating modules. The organization of domains is indicated. A, adenylation domain; C, condensation domain; PCP, peptidyl
carrier protein (thiolation domain); E, epimerization domain; TE, thioesterase domain. The assignment of the amino acid components
activated and processed within the modules was taken from the literature [5–11]
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[11] byMALDI-FTICRMS imaging for the inactivation of the
plant pathogen Fusarium oxysporum by Paenibacillus
polymyxa strain Pp56. Here, mainly fusaricidin B and amixture
of LI-F05b/06b/08b were involved in the defense mechanism
of Pp56.

Structural Characterization of Fusaricidins
from LIFT-MALDI-TOF/TOF Spectra

Structural characterization of fusaricidins listed in Table 1 was
performed by MALDI-TOF/TOF-LIFT mass spectrometry, a
modern technique introduced in proteomics for efficient mass
spectrometric peptide mapping of proteins [35]. In our studies,
the CID-mode was applied. Advantages of this technique com-
pared with PSD-MALDI-TOF fragment analysis are (a) a
higher accuracy and resolution of the mass peaks, which is
high enough that monoisotopic masses can be assigned to
product ions; (b) much better signal-to-noise ratios of product
ion peaks; (c) a higher number of fragment peaks; and d) a
rapid collection of fragmentation data. While PSD-MALDI-
TOF MS requires the fragment ion spectrum to be recorded in
10–20 steps, each step measured at a lower reflector voltage
than the last one, with the LIFT-technique the fragment spec-
trum is obtained rapidly in only one scan. The acquisition of the
PSD-data needs at least 5–10 min per spectrum. In contrast, the
LIFT- fragment spectrum can be recorded in 10–20 s.

Fusaricidins are distinguished by characteristic features that
are related to the guanidine group attached N-terminally to its
GHPD fatty acid constituent, which qualify them for efficient
CID- and PSD-based mass spectrometric structure analysis.
Fusaricidins are protonated preferentially at the guanidine
group. Therefore, precursor ions for mass spectrometric se-
quencing are predominantly available in protonated form in
contrast to many other cyclic lipopeptides, such as the
surfactins, fengycins, and iturins [37, 38] with a neutral fatty
acid side chain, whichmainly appear as the alkali adducts when
investigated by MALDI-TOF MS. The intensities of the pro-
tonated precursor ions of fusaricidins are 10- to 100-fold
higher than their corresponding alkali counterparts. Generally,
protonated forms are better amenable to fragmentation in CID-
and LIFT-TOF/TOF-experiments than the alkali adducts
showing a wealth of product ions that can be utilized for
structure analysis. This is illustrated by the LIFT-TOF/TOF
spectrum of the fusaricidin A precursor ion [M+H]+=883.89
presented in Supplementary Figure S1. Supplementary Figure
S1a shows the complete product ion spectrum. Here, the
dominant precursor ions of high intensity were cut off for a
better presentation of the fragment peaks. In Supplementary
Figure S1b and S1c, this spectrum was expanded and divided
up into two parts from m/z 40 to 240 (b) and from m/z 280 to
840 (c) for higher resolution and better labelling of the product
ion mass peaks.

The LIFT-TOF/TOF spectra of all investigated fusaricidins
show the following general characteristic features as illustrated
in the fragmentation scheme for fusaricidin A, for example
(Scheme 1).

Figure 2. MALDI-TOF mass spectra of a culture filtrate of
Paenibacillus polymyxa M-1 cultivated in the GSC medium (a)
and of a surface extract from cells of this organism grown on
GSC-agar (b) and (c). The mass spectrum of the culture filtrate
in the range of m/z 860–1250 (a) exhibits the fusaricidins (m/z
860–1050) and the polymyxins (m/z 1170–1230). The mass
spectrum of the fusaricidins was divided into two parts, (m/z
860–970 (b) and m/z 970–1050 (c) for a better presentation of
the mass peaks
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Remarkably, collision-induced dissociation of the linearized
fusaricidins formed by cleavage of the lactone bond between
the OH-group of Thr1 and the carboxyl group of the C-terminal
alanine6 shows an intensive processing of the GHPD side
chain. The mass peak exhibiting the highest intensity in the
LIFT-TOF/TOF spectra of all investigated fusaricidins was
always found at m/z 256.2. It can be attributed to fragment

ion a formed by collision induced cleavage of the GHPD chain
between the α- and ß-position. The remaining fragment ionb
containing the first two carbon atoms of the fatty acid chain
with the attached peptide part was found for fusaricidins A and
D atm/z 628.6 and 706.4, respectively. Presumably, this cleav-
age is facilitated by the positively charged guanidine group of
GHPD. Such an effect was not observed for related

Table 1. Fusaricidins Detected in Culture Filtrates and Surface Extracts of Paenibacillus polymyxa-M1 by MALDI-TOF Mass Spectrometry

[M+H,Na,K]+ [M+H+H2O]
+ Fusaricidin

m/z m/z

869.8 / 891.6 / 907.7
883.8 / 905.8 / 921.8 901.8 Fusaricidin A [6]
897.8 / 919.8 / 935.8 915.8 Fusaricidin B [7]; LI-F04b [5–9]

LI-F05a [5–9]
LI-F06a [5–9]

911.8 / 933.8 / 949.8 929.8 LI-F05b [5–9]
LI-F06b [5–9]

925.8 / 947.8 / 963.8 943.8 LI-F08b [5–9]
931.8 / 953.8 / 969.9 949.8 LI-F07a [5–9]
945.8/ 967.8/ 983.9 963.8 LI-F07b [5–9]
947.8 / 969.9 / 985.8 965.8 Fusaricidin C [7] LI-F03a [5–9]
954.8 / 976.9 / 992.9 972.8
959.8 / 981.9 / 997.9 977.8
961.8 / 983.9 / 999.8 979.8 Fusaricidin D [7] LI-F03b [5–9]
968.9 / 990.9 /1006.8 986.8
975.8 / 997.9 /1013.8 993.8
982.9 / 1004.9 / 1020.9 1000.8
996.9 / 1018.9 / 1034.9 1014.9
1002.9 / 1024.8 /1040.9 1020.9
1016.9 / 1038.9 /1054.9 1034.9
1018.9 / 1042.8 /1058.8 1036.9
1032.9 / 1054.9 /1070.9 1050.9
1046.9/ 1068.9/ 1084.9 1064.9

Scheme 1. Fragmentation scheme for fusaricidin A

1552 J. Vater et al.: Novel Fusaricidins



lipodepsipeptides, such as the surfactins and fengycins pro-
duced by numerous B. subtilis and B. amyloliquefaciens strains
also equipped with a ß-hydroxy fatty acid component, but
showing a neutral side chain [37, 38].

In addition, elimination of H2O and NH3 from the fatty acid
chain was observed. The fragment patterns of fusaricidins A
(m/z 883.8) and D (m/z 961.8) in Figures 3 and 4 imply that
water is eliminated involving the ß-hydroxyl group forming the
α,ß-unsaturated GHPD. NH3 is split off the guanidine group.
The modified species were found a 17, 18, and 35 mass units

lower than the mass of the precursor ion. Elimination of NH3

was also observed for fragment ion a defined in the fragmen-
tation scheme (m/z 239.3).

Because after the decay of the precursor ions of fusaricidins
the positive charge is preferentially located at the guanidine
group of GHPD N-terminal fragment ions, mainly those of the
bn-type are dominating, as is apparent from Supplementary
Figure S1.

The product ions used for fusaricidin sequence determina-
tion in Figures 3, 4, and 5 were classic bn- and yn-type

Figure 3. Sequence of fusaricidin A derived from the LIFT-TOF/TOF spectrum of the precursor ion [M + H]+ = 883.89 shown in
Supplementary Figure 1S. Structure analysis was based (a) on three sets of bn-ions of fusaricidin A starting with unmodified fatty
acid residue GHPD; with α,ß-unsaturated GHPD and with GHPD after elimination of both H2O and NH3, and (b) of bn′(–H2O) – ions
obtained for fragment ion b specified in the fragmentation scheme. It was corroborated by the yn-ions. Amino acid components of
fusaricidin A were detected by their immonium ions. Nearest neighbor relationships were determined by detection of dipeptide ions
of amino acids adjacent in the peptide sequence
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fragments. From the LIFT-TOF/TOF spectra of all fusaricidins,
four sets of bn-ions were derived, as demonstrated for two
prominent species, fusaricidins A and D, in Figures 3 and 4.
Set 1 bn was obtained from fusaricidin species with unmodified
GHPD precursor starting with the b1-ion at m/z 298.4. Set 2
bn(–H2O) originates from the α,ß- unsaturated GHPDmolecule
(b1(–H2O): m/z 280.4). A characteristic feature of the fragment
patterns is the loss of NH3 from the guanidine group of the α,ß-
unsaturated GHPD leading to set 3 bn (–H2O;-NH3) starting
with (b1(–H2O;–NH3): m/z 263.4). Remarkably, some bn-ions
of set 3 belong to the dominating fragment ions in the LIFT-
TOF/TOF spectra of all fusaricidins. A set of bn-ions starting
from a species showing the loss of NH3 from the GHPD

component alone was not observed. These results imply that
H2O and NH3 are eliminated from GHPD successively. In
addition, a set of bn-ions designated as bn′-ions (set 4) was
found for fragment ion b of all fusaricidins defined in the
fragmentation scheme. Such data are shown in Figures 3b
and 4b for fusaricidins A and D. Here, a prominent set of bn′-
ions starting with the b1′-ion at m/z 43.0 was detected always
after elimination of H2O from threonine1 of the fusaricidin
sequence forming a dehydro-alanine (precursor ions m/z
610.6 and 688.4 for fusaricidins A and D).

From Figures 3 and 4 it is apparent that in the case of
fusaricidins A and D almost complete bn-data were found for
sets 2–4. In set 1 with an unmodified GHPD, some bn-ions were

Figure 4. Sequence of fusaricidin D derived from the LIFT-TOF/TOF spectrum of the precursor ion [M+H]+=961.72 (not shown).
Structure analysis was based on four sets of bn-ions and the corresponding yn-ions as outlined in the legend of Figure 3
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missing. For these fusaricidins, complete sets of yn-ions were
also obtained for both the entire lipohexapeptide precursor ion
and fragment ion b. Our results achieved by mass spectrometric
sequencing are corroborated by amino acid analysis of
fusaricidins by detection of the immonium ions of their amino
acid components as well as by a study of nearest neighbor
relationships detected by di-, tri-, and tetrapeptide fragment ions,
which presumably are second generation fragments. Such data
are of great value for the first steps in de novo sequence deter-
mination of unknown peptide compounds. From our results, the
sequence of fusaricidins could be determined efficiently. They
are in excellent agreement with previous structure analysis of
fusaricidins performed by other authors [5–11]. However, in our
MALDI-TOF-MS study of the fusaricidins, it was not possible
to discriminate between Leu, Ile, and allo-Ile in positions 2 and 3
of the fusaricidin sequence because the corresponding w-ions
were missing in the product ion spectra. We also could not
distinguish optical isomers by this technique. For this reason,
we did not specify the configuration of the amino acid

components in the fragmentation patters determined mass
spectrometrically in Figures 3, 4, and 5. However, in Figures 1
and 6 their chirality was assigned because here we refer to the
knowledge compiled in the literature [5–11].

Classification of Fusaricidins into Four Families

A general feature of our results summarized in Table 2 is that in
the peptide sequence of any fusaricidin, the Thr in position 1
and the C-terminal Ala6 are strictly conserved. All other amino
acid components are variable. From previous work of other
authors [5–9] it is well known that the valine residues in
positions 2 and 3 can be replaced by Ile or allo-Ile. Position 5
can be occupied either by Asn or Gln. Until now Thr in position 4
was assumed to be invariable, but our data show that it can be
replaced by a serine, which became obvious from mass spectro-
metric sequencing of the fusaricidin found at m/z 869.7. Accord-
ing to the literature data [5–11], the amino acid components in
position 2, 4, 5, and 6 appear as the D-isomers. This is consistent

Figure 5. Sequence of the fusaricidin variant derived from the LIFT-TOF/TOF spectrum of the precursor ion [M+H]+=1032.8 (not
shown). Structure analysis was based on four sets of bn-ions and the corresponding yn-ions as outlined in the legend of Figure 3
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with the module organization of fusaricidin synthetase (FusA)
shown in Figure 1. Modules 2, 4, and 5 contain epimerization
domains catalyzing the conversion of the L- into theD-isomer. An
exception of this rule is module 6, which directly activates D-Ala.

GHPD, the fatty acid component of fusaricidins, is strictly
conserved. This finding is in contrast to many other
lipopeptides reported in the literature, where the fatty acid part
is a major target of structural variation. Prominent examples are
the surfactins, iturins, and fengycins produced by numerous
B. subtilis and B. amyloliquefaciens strains [37, 38]. From our
mass spectrometric sequence analysis, we classified the
fusaricidins into three main families (series 1–3 in Table 2).
Series 1 comprises the variants containing Val, Ile, or allo-Ile in
positions 2 and 3. Evaluation of the LIFT-TOF/TOF spectra
revealed that each of the fusaricidins found at m/z 897.8 and
911.8 represent mixtures of two isomers with different substi-
tutions at positions 2, 3, and 5. Val3 can also be substituted
either by Tyr (series 2) or Phe (series 3). Interestingly, a yet

unknown family of fusaricidins was detected (series 4) includ-
ing the species found atm/z 954.8, 968.8, 982.8, 996.8, 1002.8,
1016.8, and 1032.8, which are distinguished from the
fusaricidins of series 1–3 by a mass difference of 71 Da.

As a representative example of these groups, we investigat-
ed the fusaricidin with a molecular mass [M+H]+=1032.8,
which is 71 Da higher than that of fusaricidin D (m/z 961.8),
in order to structurally characterize and locate the position of
the unknown residue. The LIFT-TOF/TOF spectrum of this
compound is shown in Figure 5. Complete sets 1–4 of bn-ions
and of the yn-ions were obtained. In comparison with the
fragment pattern for fusaricidin D (Figure 4), we found the
same data for b1–b4 (from GHPD until Tyr3) as well as for y1
and y2 (from Ala6 to Gln5), however, b5 and y3 including
residue Thr4 are by 71 mass units higher than the correspond-
ing product ions of fusaricidin D. These results imply that the
unknown residue of 71 Da is either attached to Thr4 or inte-
grated into the lipopeptide chain between Thr4 and Gln5.

Figure 6. Structure of fusaricidin D and the fusaricidin corresponding to the precursor ion [M+H]+=1032.8. The configuration of the
amino acid components was taken from the literature [5–11]

Table 2. Composition of the fusaricidin complex

Mass of fusaricidins Amino acid in position

m/z 1 2 3 4 5 6

Series 1
869.8 Thr Val Val Ser Asn Ala
883.8 Thr Val Val Thr Asn Ala
897.8 Thr Val Val Thr Gln Ala

Thr Val Ile Thr Asn Ala
911.8 Thr Val Ile Thr Gln Ala

Thr Ile Val Thr Gln Ala
925.8 Thr Ile Ile Thr Gln Ala
Series 2
947.8 Thr Val Tyr Thr Asn Ala
961.8 Thr Val Tyr Thr Gln Ala
975.8 Thr X Tyr Thr Gln Ala
Series 3
931.8 Thr Val Phe Thr Asn Ala
945.8 Thr Val Phe Thr Gln Ala
959.8 Thr X Phe Thr Gln Ala
Series 4 comprise yet unknown fusaricidins detected at m/z 954.8; 968.9; 982.9; 996.9; 1002.9; 1016.9; 10198 and 1032.9 which are related to fusaricidins of series
1-3 by a mass difference of 71 Da.

All fusaricidins contain 15-guanidino-3-hydroxypentadecanoic acid (GHPD) as fatty acid component. X means either D-Ile or D-allo-Ile [5–11]
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Similar results have been obtained for the bn′-ions for fragment
ion b of this fusaricidin in Figure 5b. To clarify the location of
this residue, we performed nearest neighbor relationship stud-
ies (see Figure 5a). The mass data for the di-, tri-, and
tetrapeptide fragment ions are listed in Figure 5a. We detected
the mass peaks for the tripeptide ions Tyr-Thr-71 (m/z 336.32)
and Thr-71-Gln (m/z 301.27) as well as the tetrapeptide ions
Val-Tyr-Thr-71 (m/z 435.22), Tyr-Thr-71-Gln (m/z 464.39),
and Thr-71-Gln-Ala (m/z 372.27), whereas the tripeptide frag-
ment ions 71-Gln-Ala and Gln-Ala-71 (for both m/z 271.14
was calculated) were missing. These data indicate that the
unknown residue of m/z 71 is residing on Thr4 of fusaricidin
D, as shown in Figure 6.

The mass of 71 Da matches with an Ala-residue. There-
fore, we hypothesize that in the biosynthesis of all
fusaricidins, Ala can be attached to Thr4 in a side reaction.
From the biosynthetic view, this conclusion seems to be
reasonable for the following reasons: (1) in the assembly line
of FusA there is no additional module between modules 4
and 5 that would accomplish the integration of Ala between
Thr4 and Gln5 in the fusaricidin sequence, and (2) the C-
terminal module of fusaricidin synthetase (see Figure 1) is
distinguished by an affinity for Thr because in the termination
process of fusaricidin biosynthesis ring closure occurs by
lactonization of Ala6 with the hydroxyl-group of Thr1. Sim-
ilarly, it may also show a significant affinity for Thr in
position 4. In this way, Ala would be attached to this con-
stituent by formation of an ester bond. Furthermore, this
conclusion is corroborated by the fact that in the LIFT-
TOF/TOF spectrum of the fusaricidin found at m/z 1032.8,
the same sequence of product ions can be derived as ob-
served for fusaricidin D in Figure 4. This would happen
when by CID the ester bond between Thr4 and the attached
Ala is cleaved.

The Ala-specific module 6 may be used iteratively. In
nonribosomal peptide biosynthesis peptide synthetases
(NRPSs) of type B use modules and/or domains more than
once [39]. Manifold variations of such iterative mechanisms
have been reported. Frequently, modules are used repetitively
when the final product is composed of repeated smaller units,
as, for example, in the case of gramicidin S, which consists of
two identical pentapeptides with the consequence that all
modules along the assembly line were used twice in the
biosynthetic process [40]. Other prominent examples are
enniatin [41] and related depsipeptides, which are cyclic
trimers of dipeptidols as well as the siderophore enterobactin
[42] produced by Escherichia coli, which is a cyclic trimer of
dihydroxybenzoylserine units. On the other hand, iterative
phenomena have also been observed for specific domains.
Nice examples are the repeated use of an unique adenylation
domain involved in the biosynthesis of the antibiotic
congocidine in Streptomyces ambofaciens [43] and the itera-
tive bimodular PCP-thioesterase (TE) domain of gramicidin S
synthetase B, which catalyzes the ligation of the pentapeptide
intermediates prior to product release by cyclization [44]. In
our work, fusaricidin synthetase exhibits an interesting

iterative potential of the C-terminal alanine-specific module,
which is able to perform both cyclization and modification of
fusaricidins.

To verify this hypothesis further, efforts are needed to
isolate fusaricidin species of family 4 in pure form by separa-
tion techniques of high resolution for their structural character-
ization applying advanced MS- and NMR-methodology.

Conclusions
In this paper, we investigated the diversity, structure, and
biosynthesis of the fusaricidins, prominent antifungal products
of Paenibacillus polymyxa strain M1. The fusaricidin complex
comprises more than 20 structural variants, which differ in their
amino acid composition and sequence. They were efficiently
detected by MALDI-TOF MS in culture filtrates and surface
extracts of this organism. The structure of all variants was
characterized extensively by MALDI-LIFT-TOF/TOF frag-
ment ion analysis, a novel, powerful method extending the
potential of MALDI-TOF MS, particularly for proteomics
and structural characterization of natural compounds. From
our mass spectrometric data, the fusaricidins could be divided
into three families showing specific substitutions mainly in
position 3 of the lipopeptide chain. Of particular relevance is
the discovery of a fourth family of novel fusaricidins, which are
distinguished from those of families 1–3 by an increase in the
molecular mass of 71 Da. From our data we infer that the 71
Da-residue can be attributed to an alanine that is attached to the
hydroxyl group of Thr4 via an ester bond. This location is
compatible with the module organization of fusaricidin synthe-
tase and indicates an iterative usage of the terminal, alanine-
specific module of FusA catalyzing both the cyclization and
modification of fusaricidins. The great variety in the physico-
chemical and antimicrobial properties of fusaricidins may con-
tribute to a high flexibility of strain M1 in the defense of
competitors in the rhizosphere.
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