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Psychrotolerant Paenibacillus tundrae Isolates from Barley Grains
Produce New Cereulide-Like Depsipeptides (Paenilide and
Homopaenilide) That Are Highly Toxic to Mammalian Cells

Stiina Rasimus,® Raimo Mikkola,® Maria A. Andersson,? Vera V. Teplova,>® Natalia Venediktova,? Christine Ek-Kommonen,© and
Mirja Salkinoja-Salonen?®

University of Helsinki, Department of Food and Environmental Sciences (Microbiology), Helsinki, Finland?; Institute of Theoretical and Experimental Biophysics, RAS,
Pushchino, Moscow Region, Russia®; and Finnish Food Safety Authority (EVIRA), Department of Virology, Helsinki, Finland®

Paenilide is a novel, heat-stable peptide toxin from Paenibacillus tundrae, which colonizes barley. P. tundrae produced 20 to 50
ng of the toxin mg ™" of cells (wet weight) throughout a range of growth temperatures from +5°C to +28°C. Paenilide consisted
of two substances of 1,152 Da and 1,166 Da, with masses and tandem mass spectra identical to those of cereulide and a cereulide
homolog, respectively, produced by Bacillus cereus NS-58. The two components of paenilide were separated from those of cere-
ulide by high-performance liquid chromatography (HPLC), showing a structural difference suggesting the replacement of O-Leu
(cereulide) by O-Ile (paenilide). The exposure of porcine spermatozoa and kidney tubular epithelial (PK-15) cells to subnanomo-
lar concentrations of paenilide resulted in inhibited motility, the depolarization of mitochondria, excessive glucose consump-
tion, and metabolic acidosis. Paenilide was similar to cereulide in eight different toxicity endpoints with porcine and murine
cells. In isolated rat liver mitochondria, nanomolar concentrations of paenilide collapsed respiratory control, zeroed the mito-
chondrial membrane potential, and induced swelling. The toxic effect of paenilide depended on its high lipophilicity and activity
as a high-affinity potassium ion carrier. Similar to cereulide, paenilide formed lipocations, i.e., lipophilic cationic compounds,
with K" ions already at 4 mM [K*], rendering lipid membranes electroconductive. Paenilide-producing P. tundrae was negative
in a PCR assay with primers specific for the cesB gene, indicating that paenilide was not a product of plasmid pCER270, encoding
the biosynthesis of cereulide in B. cereus. Paenilide represents the first potassium ionophoric compound described for Paeniba-

cillus. The findings in this paper indicate that paenilide from P. tundrae is a potential food-poisoning agent.

he genus Paenibacillus is generally considered a benign colo-

nizer of plant rhizospheres and of no health concern. Paeniba-
cillus spp. have been used and studied as plant growth-promoting
agents in agriculture (39, 41, 42, 63). Paenibacilli utilize starch and
other plant-related carbohydrates and also proteins such as gelatin
(40) and milk (10). They grow at chilled temperatures of <10°C
(21, 30), which explains why they appear frequently in harvested
vegetables and grains (19), chilled foods (8, 21, 23, 31), natural
wood, as well as humus (18, 34). Secondary metabolites of paeni-
bacilli have been investigated for antimicrobial properties with the
aim to improve the microbiological safety of foods with extended
shelflives (22, 26, 47, 64, 66, 67). On the other hand, Paenibacillus
larvae is known to cause infectious disease in bees (3, 9), and
Paenibacillus species in cultures of chilled human blood with po-
tential pathogenicity toward humans have been reported (50, 56).
The toxicity of Paenibacillus peptide metabolites toward mamma-
lian cells appears to have been investigated little or not at all. We
describe in this paper the mammalian cell toxicity of novel, cere-
ulide-like, heat-stable toxic metabolites, named paenilide and ho-
mopaenilide, produced by barley grain isolates of Paenibacillus
tundrae over a wide range of temperatures, including +5°C.

MATERIALS AND METHODS

Bacterial strains. Strains E8a (HAMBI 3232) and E8b were isolated from
grains of barley received from the Finnish Food Safety Authority
(EVIRA). The barley sample was of interest because it was toxic in a rapid
boar sperm bioassay (1), but no toxin had been found to explain this
toxicity. Mycotoxins were present in only small amounts (beauvericin and
moniliformin at trace amounts and enniatins A, A1, B, and B1 at amounts
of 2 to 480 pg kg ' [36]). Randomly chosen grains from the toxic sample
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were picked with sterilized tweezers and placed onto tryptic soy agar
(TSA) plates. After 30 days of incubation in the dark at 20°C = 2°C, the
bacterial growth around the grains was evaluated for toxicity by a rapid
boar sperm bioassay. The isolates were purified and subcultured onto TSA
plates (20°C = 2°C) unless otherwise stated.

Bacillus cereus F4810/72 (HAMBI 2454/SMR-178/CWG52702) (24),
B. cereus ATCC 145797, Bacillus amyloliquefaciens 19b (HAMBI 2660) (4),
and B. cereus NS-58 (HAMBI 2450) (5) were from our own collection.
Paenibacillus tundrae DSM 212917 was from the DSMZ.

Identification of isolates. Gram staining, catalase, oxidase, and hy-
drolysis of starch (TSA with 10 g of soluble starch liter ~') were tested with
established methods (32, 44). Growth at +5°C to +45°C (5 to 30 days),
tolerance to NaCl (10, 30, or 50 g of NaCl liter ! for 3 to 12 days at 28°C),
and penicillin susceptibility (discs with 5 pg of penicillin) were tested.
Motility was observed by microscopy. The hemolytic zone on sheep blood
agar (7) was read after 5 days. Growths on Brilliance Bacillus cereus agar
and R2A agar were read after 5 to 8 days. For whole-cell fatty acid analysis,
biomass grown for 3 days at 28°C on tryptic soy broth agar (tryptic soy
broth amended with 15 gliter ' agar) was processed into fatty acid methyl
esters and analyzed by using the MIDI Sherlock microbial identification
system with the TSBA 50 library, version 4.5 (MIDI, Inc., Newark, DE),
according to the manufacturer’s instructions.
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For 16S rRNA gene sequencing, whole-cell DNA extracted from bio-
mass was PCR amplified and sequenced by using universal primers pA
and pF’ as described previously by Edwards et al. (15). The sequence was
assigned to the genus as described previously by Rasimus et al. (54).

The fingerprinting of whole-cell DNA by ribopattern analysis was
done as described previously by Apetroaie-Constantin et al. (5), with
EcoRI restriction using an automated ribotyper (RiboPrinter microbial
characterization system; DuPont Qualicon, Wilmington, DE) and Ribo-
Explorer software, version 2.1.4216.0. The Bacillus cereus-targeted PCR
assay using whole-cell DNA and primers S-S-Bc¢-200-a-S-18 and S-S-Bc-
470-a-A-18 was conducted as described previously by Hansen et al. (25).
PCR using primers EM1F and EMIR, targeting a 635-bp fragment specific
for the cesB gene, encoding a cereulide synthetase of B. cereus, was con-
ducted as described previously by Ehling-Schulz et al. (17). B. cereus
F4810/72, B. cereus ATCC 145797, and B. amyloliquefaciens 19b were used
as controls. A Fermentas GeneRuler 100-kb DNA ladder (Thermo Fisher
Scientific, Waltham, MA) was used as a molecular size marker.

Isolation and processing of bacterial samples for toxicity assess-
ment and toxin purification. A rapid boar sperm bioassay (1) was used
for toxicity screening of bacterial growth from the barley grains with an
exposure time of 0.5 h. Crude cell extracts for the screening were prepared
by simply boiling the biomass in methanol as described previously (1).
Semipurified extracts for high-performance liquid chromatography
(HPLC) fractionation were prepared as follows. A plate-grown biomass
(10 to 30 days) of the bacterial isolates harvested into methanol-rinsed
glass bottles was subjected to three freeze-thaw cycles, methanol was
added (100 mg biomass ml~"), and the bottles were heated in boiling
water (10 min), shaken overnight (20°C = 2°C at 200 rpm), and centri-
fuged (3,800 rpm for 15 min). The clear supernatant was transferred into
a preweighed ampoule, evaporated to dryness, weighed, redissolved in
methanol to 10 to 30 mg (dry weight) ml ™", analyzed for toxicity, and/or
used for the preparation of purified toxins by HPLC, as described below.

To investigate the cold tolerance of toxin production, biomass grown
at +15°C was used to inoculate plates, which were then incubated at
+10°C for 26 days. The biomass grown at +10°C was used as the inocu-
lum for subculturing at +5°C * 2°C for 28 days. Extracts for toxicity
testing were then prepared as described above.

Reversed-phase high-performance liquid chromatography (RP-
HPLC) and HPLC-mass spectrometry (MS) analyses. The fractionation
of the methanol extracts was carried out with 1100 series liquid chroma-
tography (LC) (Agilent Technology, Wilmington, DE) equipment. The
column used was an Atlantis C,4 T3 4.6- by 150-mm, 3-pum column (Wa-
ters, Milford, MA), isocratically eluted by using 6% 0.1% formic acid
(solvent A) and 94% methanol (solvent B) for 12 min, followed by a
gradient to 100% solvent B in 1 min and then maintaining 100% solvent B
to 35 min at a flow rate of 1 ml min~'. The UV absorption at 205 nm
(A,ys) was used for detection.

HPLC-electrospray ionization ion trap mass spectrometry (ESI-IT-
MS) analysis of the HPLC fractions was performed by using an MSD-
Trap-XCT_plus ion trap mass spectrometer equipped with an Agilent ESI
source and an Agilent 1100 series LC instrument (Agilent Technologies,
Wilmington, DE). HPLC-ESI-IT-MS was performed in the positive mode
with a mass range of 50 to 2,000 m/z. The HPLC and run conditions are
described above. Valinomycin was used as a reference compound for
quantification.

Cell toxicity assays. The boar sperm motility inhibition assay, includ-
ing all the controls for aging and vehicle-exposed cells and for the repeat-
ability of the assay, was executed as described previously (2). The change
in the mitochondrial potential (AW,,) and the change in the plasma mem-
brane potential (AW,) in boar spermatozoa were recorded by use of the
fluorogenic dye JC-1 (5,5',6,6'-tetrachloro-1,1",3,3’-tetraethylbenzimi-
dazolylcarbocyanine iodide) as described previously by Hoornstra et al.
(27). For the estimation of the 100% effective concentration (EC,,), 10
microscopic fields at X 10 and X40 magnifications were inspected. The
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EC, for triclosan (the reference toxicant) was 10 pg ml~' (standard
deviation [SD], =2 png).

Assays with monolayers of somatic cells. Cell cultivations and expo-
sures were done in a tissue culture cabinet at 37°C with 5% CO, in air and
a relative humidity (RH) of 100%. Eight-well glass chamber slides (bot-
tom surface, 90 mm?) were seeded with 500 i of trypsinated monolayers
of porcine kidney tubular epithelial (PK-15) cells diluted with RPMI to
1 X 10° cells ml~ ', Uniform monolayers consisting of ca. 6 X 10 cells per
9 X 107 wm? (150 to 250 wm? per cell) formed in 48 h. The twofold serially
diluted test substances or the vehicle only was dispensed into the wells.
The glucose content of the wells was measured by using a glucose meter
(Precision Xceed; Abbott Diabetes Care Ltd., Berkshire, United King-
dom). In wells that received nothing or the vehicle only, the glucose con-
centration decreased from an initial concentration (0 h) of 12 mM to 6
mM (24 h), whereas the pH remained stable (ApH of <0.2). A glucose
concentration after 24 h of =3 mM indicated excessive glucose consump-
tion. Prior to the measurement of the pH, the chamber slides were trans-
ferred into ambient air for 1 h to allow CO, to evaporate. A pH drop of
=0.5 units in the toxin-exposed well compared to the vehicle only was
considered proof of acidosis. Acidification was also visible as a change of
the indicator color in RPMI medium from pink to yellow. Mitochondrial
depolarization was read by a microscope after 26 h of exposure to the
toxicants from the monolayers double stained with the membrane-poten-
tial-responsive fluorogenic dye JC-1 and with propidium iodide to assess
the relaxing of the plasma membrane permeability barrier, similarly to
what was reported previously for sperm cells (27).

Assays with proliferating cells for growth inhibition and cytotoxic-
ity. Forty-eight-hour-old monolayers of PK-15 and murine neuroblas-
toma (MNA) cells were trypsinated and diluted in RPMI medium to 2 X
10° cells ml ™", The twofold serially diluted test substance (dissolved in
methanol) or the vehicle only was dispensed into wells of a 96-well flat-
bottomed microplate (Nunc, Roskilde, Denmark) holding 100 wl RPMI
medium per well. One hundred microliters of the cell suspension in RPMI
was dispensed into each well. After 48 h of exposure, the well contents
were inspected by microscopy for cell growth or cytolysis. The EC,,, for
cytolysis was estimated after inspecting 10 microscopic fields at X100 and
X400 magnifications. Triclosan was used as the reference toxicant, with
an EC,y, of 10 pg ml~ ! (SD, =2 pg).

Exposure of isolated rat liver mitochondria. Rat liver mitochondria
(RLM) were isolated from male Wistar rats, as described previously (59),
by use of a standard method (37). The mitochondria were washed twice in
mannitol buffer (220 mM mannitol, 70 mM sucrose, and 10 mM HEPES-
Tris [pH 7.4]), resuspended in the same buffer to 60 to 80 mg protein
ml ™!, and kept on ice for analysis.

Mitochondrial functions were determined as described previously
(59). Mitochondrial swelling was recorded as a decrease in the ODj,,
(UV-1700 Pharmaspec UV-visible [UV-Vis] spectrophotometer; Shi-
madzu Corp., Japan). Oxygen uptake was measured with a Clark elec-
trode, and the mitochondrial membrane potential (AW,,) was measured
with the aid of tetraphenylphosphonium (TPP™) (38) using a TPP*-
selective electrode (Niko, Moscow, Russia). Mitochondrial functions
were measured with a 1-ml closed chamber at 25°C with magnetic stirring
in standard glutamate (5 mM)-malate (5 mM) medium containing 120
mM KCl, 2 mM KH,PO,, and 10 mM HEPES (pH adjusted to 7.3 with a
few grains of Trizma base) or in an NaCl medium similar to that described
above but with NaCl replacing KCl and NaH,PO, replacing KH,PO .. The
kinetics of the influx of K* into the mitochondria was measured online as
changes in the concentration of [K™] in the external medium with a K-
selective electrode (Nika, Moscow, Russia), as described in detail previ-
ously (59, 60).

Measurement of ionophoricity using the black lipid membrane
method. Conductance in a bilayer black lipid membrane (BLM) was mea-
sured with a BLM formed in the circular window (0.975 mm?) of a 2-ml
Teflon cell, placed into an outer chamber. The Teflon cell and the cham-
ber contained 20 mM Tris-HCl (pH 7.4) and 100 mM KCl or 100 mM
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NaCl, with an applied voltage of 100 mV. Both the cell and the outer
chamber were provided with an electrode, and the conductivity between
the two electrodes was measured. For the formation of the BLM, 1.2 mg of
total rat liver mitochondrial lipids and 130 g of cardiolipin were mixed,
dried, and dissolved in 80 pl n-decane. A Max 406 operational electrom-
eter amplifier connected to an IBM-compatible computer was used for
measuring the membrane current by use of a voltage clamp method de-
scribed previously (60).

Reagents, media, and test cells. Valinomycin (=98% HPLC grade,
from Streptomyces griseus; CAS 2001-95-8) was purchased from Sigma-
Aldrich (St. Louis, MO). Triclosan (2,4,4'-trichloro-2’-hydroxydiphenyl
ether) (CAS 3380-34-5) was obtained from Merck (Darmstadt, Ger-
many). The fluorogenic membrane-potential-responsive dye JC-1 (mg
ml™ " in dimethyl sulfoxide [DMSO]) and the DNA dye propidium iodide
were obtained from Molecular Probes (Invitrogen, Carlsbad, CA). Tryptic
soy agar (TSA) and tryptic soy broth were obtained from Scharlab (Bar-
celona, Spain), Chromogenic Brilliance Bacillus cereus agar was obtained
from Oxoid (Basingstoke, Hampshire, United Kingdom), and R2A agar
was obtained from Lab M (Lancashire, United Kingdom). Penicillin discs
were obtained from Rosco Diagnostica (Taastrup, Denmark). Blood agar
with 5% (vol/vol) sheep blood was obtained from EVIRA (Helsinki, Fin-
land). RPMI 1640 with L-glutamine, heat-inactivated fetal bovine serum
albumin, and penicillin-streptomycin (10,000 units penicillin and 10,000
pg ml ™! streptomycin) were obtained from Gibco (Invitrogen, Carlsbad,
CA). Trypsin (10X) with Versene for cell detachment was obtained from
Lonza (Verviers, Belgium), glucose strips were obtained from Lifescan
(Johnson & Johnson, Espoo, Finland), and pH strips (pH 6.5 to 10.0) were
obtained from Merck (Darmstadt, Germany). Cereulide (not commer-
cially available) was purified from B. cereus NS-58 as described previously
(46, 59). Other chemicals were of analytical quality and were obtained
from local suppliers.

Extended commercial boar semen from an artificial insemination sta-
tion (Faba Sika Ltd., Tuomikyld, Finland) was used as delivered, at 27 X
10° sperm cells ml ™', The epithelial cell line PK-15 from porcine kidney
proximal tubules (14) and MNA cells were obtained from EVIRA (Hel-
sinki, Finland). Labtek cultivation chamber slides (catalog number
154534) and a tissue culture cabinet (autosterilizable Heracell 150i) were
obtained from Thermo Fisher Scientific (Vantaa, Finland).

Nucleotide sequence accession number. The 165 rRNA gene se-
quence (955 nucleotides [nt]) of P. tundrae E8a was deposited in GenBank
under accession number JF683621.

RESULTS

Characterization of toxigenic, spore-forming bacteria coloniz-
ing barley grains. Samples from barley grains were inspected for
microbial contamination because these samples were found to be
toxic in a rapid boar sperm bioassay but contained only low con-
centrations of mycotoxins or none at all (36). The grains were
cultured on TSA plates, and heat-treated (100°C) crude methanol
extracts prepared from the obtained colonies were tested for tox-
icity by the rapid boar sperm bioassay (1). The purified toxic iso-
lates consisted of aerobic Gram-positive rods with polarly located
endospores.

Analysis of 16S rRNA gene sequences of two independent iso-
lates (E8a and E8b) with the RDP Classifier tool showed that these
isolates belonged to the genus Paenibacillus with 100% confi-
dence. The partial 16S rRNA gene sequence (955 bp) of isolate E8a
had the highest level of similarity to type strains of Paenibacillus
xylanexedens and P. amylolyticus (similarity score of 1.000 with the
RDP SeqMatch tool), and BLAST analysis showed similarity to
type strains of P. amylolyticus and P. tundrae (>99.3% similarity).
DNA fingerprints of the ribosomal operon area of isolates E8a and
E8Db were identical, with no matches to any fingerprints available
in the DuPont ribopattern library or the ribopattern database of
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our research facility. Whole-cell fatty acids of isolate E8a con-
tained 12-methyltetradecanoic acid as the main component
(61.0%) and smaller amounts of 14-methylpentadecanoic acid
(7.8%), tetradecanoic acid (2.5%), 14-methylhexadecanoic acid
(4.5%), and cis-5-hexadecenoic acid (2.5%). In the original spe-
cies description, these four fatty acids distinguish P. tundrae from
P. amylolyticus and P. xylanexedens when grown at +28°C (49).
Isolate E8a grew on TSA plates at +5°C = 2°C, +10°C, +15°C,
+20°C = 2°C, +28°C, and +37°C but not at +45°C, and it grew
on oligotrophic R2A agar at +20°C = 2°C. Isolate E8a grew poorly
on Bacillus cereus-specific (20) Chromogenic Brilliance Bacillus
cereus agar and formed no blue-green colonies. PCR with primers
specific for Bacillus cereus group bacteria (S-S-Bc200-aS-18 and
S-S-Bc-470-a-18) and for the cereulide synthetase gene cesB
(EM1F/EM1R) yielded no amplicons from the DNA of isolate E8a
(data not shown). This indicates that isolate E8a did not contain
the 288-bp fragment specific for members of the B. cereus group
(25) or the 635-bp fragment specific for the cereulide synthetase
operon (17). Isolate E8a hydrolyzed starch; grew in the presence of
1%, 3%, and 5% (wt/vol) NaCl; and was nonhemolytic, catalase
positive, oxidase negative, and susceptible to penicillin (inhibition
zone, 31 mm in diameter).

In summary, the biochemical properties and the DNA-based
data from the toxin-producing barley grain isolates E8a and E8b
indicate their species identity as Paenibacillus tundrae.

Identification of the toxic substances. Figure 1A shows the
result of the HPLC fractionation of the toxic substances contained
in the methanol extracts of P. fundrae E8a. Toxic peak 1 (eluting at
13.7 min) (Fig. 1A) contained the protonated [M + H]* mass ion
at m/z 1,153.8 and the cationized mass ions [M + NH,] ™ at m/z
1,171.0, [M + Na] " at m/z 1,175.8, and [M + K] " at m/z 1,191.6
(Fig. 1B). Thus, the molecular mass of the toxic substance was
1,152 Da, i.e., identical to that of the known toxin cereulide, iso-
lated from B. cereus NS-58 (Fig. 1E) (46, 52). Toxic peak 2, eluting
at 15.8 min, contained the protonated [M + H] " mass ion at m/z
1,167.8 and the cationized mass ions [M + NH,] " at m/z 1,185.0,
[M + Na]* at m/z1,189.8, and [M + K] at m/z 1,205.6, match-
ing a molecular mass of 1,166 Da (Fig. 1C), i.e., exactly the same
molecular mass as that of the cereulide homolog from B. cereus
NS-58 (Fig. 1F) (52, 65). In spite of molecular masses being iden-
tical to those of cereulide and its homolog, the retention times of
the metabolites produced by P. tundrae E8a upon HPLC analysis
under identical conditions were longer. This finding indicates a
higher hydrophobicity of the P. tundrae substances (Fig. 1A) than
those of cereulide and the cereulide homolog from B. cereus (Fig.
1D). The retention time differences of 4.0 min and 4.4 min, re-
spectively, were confirmed by mixing the P. tundrae E8a sub-
stances with cereulide and the cereulide homolog from B. cereus
NS-58 before HPLC analysis (not shown). Structural analysis of
the P. tundrae E8a substances was continued by tandem mass
spectrometry (MS/MS), and cereulide and the cereulide homolog
from B. cereus NS-58 were included as references.

The tandem mass spectrum of the ion [M + NH,]" at m/z
1,171.7 of toxic peak 1, named paenilide (eluting at 13.7 min), is
shown in Fig. 2A, and that of the corresponding mass ion, [M +
NH,] " at m/z 1,171.5 of cereulide (eluting at 9.7 min), is shown in
Fig. 2B. Figure 2B also shows that the fragmentation patterns of b’
and b? series mass ions retrieved from the precursor ion of cere-
ulide correspond to the known sequence of amino and hydroxy
acids of cereulide, O-Val-Val-O-Leu—Ala—O-Val-Val-O-Leu—
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FIG 1 HPLC-MS chromatograms of the toxic methanol extracts of P. tundrae E8a and B. cereus NS-58 (cereulide producing [5]) under the same HPLC
conditions. (A) Total ion chromatogram (TIC) of the extract of P. tundrae E8a. Two peaks were found, peaks 1 and 2, that were toxic in the rapid sperm assay,
with retention times of 13.7 min (peak 1) and 15.8 min (peak 2). (B) Mass spectrum of peak 1, named paenilide. (C) Mass spectrum of peak 2, named the paenilide
homolog (homopaenilide). (D) Total ion chromatogram of the extract of B. cereus NS-58 containing cereulide (9.7 min) and the cereulide homolog (11.4 min).
(E) Mass spectrum of cereulide. (F) Mass spectrum of the cereulide homolog.
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FIG 2 MS/MS analyses of toxic peaks 1 (13.7 min) and 2 (15.8 min) of the semipurified methanol extracts of P. tundrae E8a (shown in Fig. 1A to C) and of
similarly prepared extracts from B. cereus NS-58 (shown in Fig. 1D and E). (A) Fragment ions obtained from the precursor ion at m/z 1,171.7 of toxic peak 1
(paenilide; shown in Fig. 1A). (B) Fragmentation patterns of the b' and b” series mass ions from the precursor ion at m/z 1,171.5 and corresponding amino and
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TABLE 1 Mammalian cell toxicity of paenilides and cereulides, measured with porcine spermatozoa and kidney (PK-15) and murine

neuroblastoma cells”

EC,,, (ng ml™') at exposure time of:

60 min 1 day 2 days
Target cell and toxicity parameter Paenilides Cereulides Paenilides Cereulides Paenilides Cereulides
Porcine spermatozoa
Loss of motility 1.4 0.4 1.1 0.2 1.0 0.1
Loss of AW, 1.1 0.4 0.4 0.5 0.5 0.2
Hyperpolarization of AW, 1.7 1.6 1.3 0.6 2.1 0.4
Adverse effects on metabolism of:
PK-15 cells
Excessive consumption of glucose ND ND 0.5 0.2 ND ND
Mitochondrial depolarization ND ND 0.7 0.4 ND ND
Metabolic acidification of growth ND ND 0.5 0.2 ND ND
medium (pH decrease from 7.3
to =6.8)°
Cytolysis
PK-15 cells ND ND 16" 1,700 16" 6.6
MNA cells ND ND 250" >1,700 1.0% 1.6

“ Toxicity was assayed by exposing the target cells to purified toxins or heat-treated (100°C) cell-free methanol extracts prepared from a biomass of P. tundrae E8a cells grown on
TSA (10 to 30 days at 20°C = 2°C). The EC,, values are averages based on the results of two to four parallel assays. ND, not determined.
b Assay conducted with an extract containing all methanol-soluble substances from the P. tundrae E8a biomass. The amount of paenilides was determined by HPLC analysis. The

extract contained 0.1 pg paenilides per mg of methanol-soluble dry substances.
¢ When the cells were exposed to vehicle only or nothing, the change was <0.2 pH units.

Ala and O-Leu—-Ala-O-Val-Val-O-Leu—Ala—O-Val-Val. Identi-
cal mass fragments were retrieved from paenilide (Fig. 2A).

Figure 2D shows b' and b® mass ion series obtained from the
precursor ion [M + NH,]™ at m/z 1,185.5 of the cereulide ho-
molog from B. cereus NS-58. This cereulide producer thus pro-
duces a cereulide homolog with the same masses as those known
for B. cereus NC7041 (52). The tandem mass spectrum of toxic
peak 2 (eluting at 15.8 min) using [M + NH,]™ at m/z 1,185.5 as
a precursor ion (Fig. 2C) produced mass ion series and fragmen-
tation patterns similar to those of the corresponding precursor ion
of the cereulide homolog (eluting at 11.4 min). The cereulide ho-
molog consists of two similar tetrapeptides (O-Val-Val-O-Leu—
Ala) and one different tetrapeptide (O-Leu—Val-O-Leu—Ala),
thus having the cyclic structure of cyclo(O-Val-Val-O-Leu—
Ala),-(O-Leu—Val-O-Leu—Ala). The cereulide homolog has a
fragmentation pattern similar to that of cereulide except for the
fragment ions b, bl, bi, and b3, corresponding to the cleavage of
O-Leu (114 Da) instead of O-Val in cereulide (Fig. 2D). This ex-
plains the 14-Da difference in molecular masses between cereulide
(1,152 Da) and its homolog (1,166 Da). A similar difference was
seen between P. tundrae E8a toxic metabolites 1 (1,152 Da) and 2
(1,166 Da). In analogy to cereulide and its homolog, the two toxic
compounds from P. tundrae, with molecular masses of 1,152 Da
and 1,166 Da, were named paenilide and homopaenilide, respec-
tively, and their MS/MS patterns are displayed in Fig. 2A and C.
The barley grain isolate P. tundrae E8b was analyzed similarly and
found to produce the same toxic substances, paenilide and homo-
paenilide, but in smaller amounts.

With the mass fragmentation patterns being identical (Fig. 2),
how does one explain the higher hydrophobicity of paenilide
(change in retention time of +4 min) than that of cereulide? Ce-
reulide contains three 2-hydroxyisocaproic acid residues (O-Leu),
whereas the cereulide homolog contains four (52). The mass spec-
trometry results in Fig. 2A and C show that paenilide may contain
three 2-hydroxy-3-methylpentanoic acid residues (O-Ile) and
that the paenilide homolog (homopaenilide) may contain four,
possibly explaining the longer retention time, when one O-Leu is
replaced by one O-Ile.

Mammalian cell toxicity of paenilide compared to cereulide.
Paenilide and homopaenilide (Fig. 1A), purified from P. tundrae
strain E8a, were tested for mammalian cell toxicity using three
different cell types and a battery of toxicity endpoints. The toxic
endpoint concentrations (EC,,s) are shown in Table 1. The two
toxic peaks (paenilide and homopaenilide) with closely similar
structures (Fig. 2A and C) were combined and used as a mixture,
indicated as “paenilides” in the results described below. The cere-
ulide preparation, purified from B. cereus NS-58, is indicated sim-
ilarly as “cereulides,” as it contained the two similar substances
cereulide and the cereulide homolog.

The results in Table 1 show that low concentrations (0.5 to 2 ng
ml™") of paenilides caused a loss of motility and depolarized mi-
tochondria of boar spermatozoa and porcine kidney tubular epi-
thelial (PK-15) cells, accelerated glucose consumption, and in-
duced acidosis. These findings indicate that exposure to paenilides
from P. tundrae E8a caused mitochondrial dysfunction in germ
cells (sperms) as well as somatic cells (PK-15 cells) at below-nano-

hydroxy acid sequences of cereulide (peak at 9.7 min in Fig. 1D). (C) Fragment ions obtained from the precursor ion at 1/z 1,185.5 of toxic peak 2 (paenilide
homolog; shown in Fig. 1A). (D) Fragmentation patterns of the bl and b2 series mass ions from the precursor ion at #/z 1,185.5 and corresponding amino and
hydroxy acid sequences of the cereulide homolog (peak at 11.4 min in Fig. 1D). O-Val is 2-hydroxyisovaleric acid, and O-Leu is 2-hydroxyisocaproic acid.
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molar concentrations, similarly to cereulides from B. cereus. In
addition, within 1 day, a semipurified methanol extract of P. tun-
drae E8a killed and inhibited the proliferation of murine neuro-
blastoma (MNA) and PK-15 cells at EC s of 250 and 16 ngml ™,
respectively, whereas the mitochondria were depolarized by an
EC 9o 0f 0.4 to 1.1 ngml ™"

The results summarized in Table 1 show that paenilides from
P. tundrae E8a equaled cereulides of B. cereus in toxicity toward
mammalian cells, displayed by eight different toxicological pa-
rameters. Cell extracts of B. cereus ATCC 14579 (cereulide non-
producer) and of P. tundrae DSM 21291" (does not produce pae-
nilide) caused no toxic effects (data not shown). The results
indicate that paenilides are the toxic substances emitted by barley
grain isolate P. tundrae E8a and that the toxic activity toward boar
spermatozoa, porcine kidney epithelial cells, and murine neuro-
blastoma cells is similarly potent compared to that of cereulides
from B. cereus.

Mitochondriotoxic properties of paenilides of P. tundrae
studied by use of isolated RLM. Figure 3 compares paenilide- and
cereulide-mediated swelling of RLM, as measured by the decrease
in the OD,,, in standard glutamate-malate buffer (pH 7.3) pre-
pared with KCl or NaCl. The addition of paenilides (5 to 10 ng
ml™") induced the swelling of energized RLM incubated in KCI
medium, similarly to cereulides (7.5 ng ml~") (Fig. 3A). In NaCl
medium, neither the cereulides nor the paenilides induced any
swelling of the mitochondria (Fig. 3B). The swelling in KCI me-
dium showed almost a linear dose response to the exposure dose
of paenilides (Fig. 3C).

Calcium was used as a tool to induce the opening of the mito-
chondrial permeability transition pore (mPTP). As shown in Fig.
3A, the addition of 300 wM calcium in the absence of paenilides
(control trace 0) caused a high-amplitude swelling of the mito-
chondria (visible as a decrease of the ODs,), indicating mPTP
opening. When paenilides (5 or 7.5 ng ml~ ') had been added, the
mitochondria responded to the subsequent addition of 300 WM
calcium by a decreased amplitude of swelling, indicating that not
all added calcium was accumulated by mitochondria due to a re-
duced potential (Fig. 3A). When paenilides (10 ng ml™") or cere-
ulides (7.5 ngml~") had been used to induce a substantial swelling
of the mitochondria, the subsequent addition of 300 wM calcium
induced no further changes in the optical density. This suggests
that the mitochondrial membrane potential (AW,,) was lowered
in K" -containing medium by paenilides and cereulides so that the
added calcium no longer accumulated.

Subsequent experiments with direct measurements of AW,
confirmed the above-described conclusion. Figure 4 shows the
simultaneous recordings of the mitochondrial membrane poten-
tial (AW, ) (measured with a TPP™-selective electrode) and the
respiration of the mitochondria (on glutamate-malate, measured
with an oxygen electrode) from the same cuvette. As shown in Fig.
4, paenilides induced a concentration-dependent decrease of the
AW, in KCI (Fig. 4A, rising traces 2 and 3). The dose-response
effect was seen from traces 1 (0 ngml ™' paenilides), 2 (4.5 ngml ™"
paenilides), and 3 (9 ng ml™" paenilides). After a dose of 9 ng
ml ™!, the restoration of the AW, which should occur after the
termination of the synthesis of ATP from the added ADP, was no
longer observed (Fig. 4A, trace 3). In NaCl-containing medium,
paenilides had no effect in excess of that of the vehicle only on the
AW, or on the oxidative phosphorylation cycle even at a concen-
tration of 9 ng ml~" (Fig. 4C, traces 1 and 3).
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FIG 3 Paenilide-induced swelling of isolated rat liver mitochondria
(RLM). RLM (0.5 mg protein ml™') were incubated for 3 min at 20°C in
glutamate (5 mM)-malate (5 mM) medium with KCI (120 mM) (A and C)
or with NaCl (120 mM) (B). Swelling was measured as the decrease of the
ODs,. (A) Original ODs,, traces of the mitochondrial suspension in me-
dium with KCl, spiked with 0, 5, 7.5, or 10 ng ml ™" of paenilides or with 7.5
ng ml ' of cereulides. The 0 trace is with the vehicle (methanol) only. (B)
Original ODs,, traces in medium with NaCl, spiked with paenilides (7.5 ng
ml ") or with cereulides (7.5 ng ml~'). At the end of each trace, 300 pM
CaCl, was added to induce the opening of the mitochondrial permeability
transition pore (mPTP). (C) Dependence of the maximal AOD;,, on the
dose of paenilides in medium with KCI. Panels A and B represent typical
traces from three identical experiments using different mitochondrial
preparations. Panel C shows mean values and standard errors (SE) from 3
to 5 experiments.
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FIG 4 Comparison of effects of exposure to paenilides and cereulides on the AW, and oxygen consumption of mitochondria in glutamate-malate medium with
KCl or NaCl. Mitochondria (1 mg protein ml ™) were incubated in isotonic glutamate-malate medium with isotonic KCI or NaCl (pH 7.3), as described in the
legend of Fig. 3. A TPP " -selective electrode was used to measure the AW,,. Oxygen consumption was measured by use of a Clark oxygen electrode. (A and B)
Changes in the AW, (A) and oxygen consumption (B) in response to added paenilides, at 4.5 ng ml™" (trace 2) and 9 ng ml™" (trace 3), in medium with KCI.
Trace 1, vehicle only (methanol). (C and D) AW, and oxygen consumption of mitochondria in medium with NaCl. Trace 1, vehicle only (methanol); trace 2,
paenilides at 9 ng ml ™. (E and F) Responses of AW, and mitochondrial oxygen consumption to added cereulides, at 2.5 ng ml ™" (trace 2) or 6.5 ng ml~" (trace
3), in medium with KCL Trace 1, vehicle only (methanol). The panels show traces typical of three identical experiments using different mitochondrial

preparations. FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone.

As shown in Fig. 4B, the addition of paenilides to mitochondria
incubated in KCl medium, but not in NaCl medium (Fig. 4D),
caused a small increase of the respiration rate in state 2, a decrease
of the respiration rate in state 3, and an increase of the respiration
rate in state 4. This behavior indicates an uncoupling of oxidative
phosphorylation and a major loss of respiratory control. The ef-
fects of paenilides were almost identical to those of cereulides (Fig.
4A, B, E, and F).

In summary, the results shown in Fig. 3 and 4 indicated that
paenilides induced an influx of K" ions but not of Na™ ions from
the external medium into the mitochondrial matrix, resulting in
mitochondrial swelling, a decrease of the AW, , an uncoupling of
oxidative phosphorylation, and a major loss of respiratory con-
trol, explaining the toxic effects described in Table 1.

Figure 5 shows the influx of K* into the mitochondria in real
time (one reading per second). The external [K*] concentration
was monitored in a suspension of RLM in glutamate-malate buf-
fer with 120 mM NaCl and 200 uM [K™]. The external [K™]
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FIG 5 Influx of potassium ions into energized RLM in response to added
paenilides, cereulides, or valinomycin. Mitochondria (1 mg protein ml™")
were incubated in glutamate-malate medium (pH 7.3) containing 116 mM
NaCl, 4 mM KCl, and 2 mM NaH,PO,. The [K"] concentration was deter-
mined with a K" -selective electrode. Paenilides were added at concentrations
of 6.5and 10 ng ml™~". Cereulides and valinomycin (“valin”) were added to 6.5
ng ml ™', The traces shown are representative of three identical experiments
using different mitochondrial preparations.
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concentration remained constant (200 wM) until paenilides, ce-
reulides, or valinomycin was added. Each of these substances ini-
tiated an influx of K™, visible as a rapid decrease in the concentra-
tion of [K™] in the medium. This observation offers an
explanation for all of the observed effects of paenilides on mito-
chondrial function. Cereulides at a concentration of 6.5 ng ml™"
were slightly more potent than 10 ng ml™" of paenilides or 6.5 ng
ml~! of valinomycin (Fig. 5). This could be explained by paeni-
lides possessing a lower affinity for K* than cereulides. This hy-
pothesis was tested by measuring mitochondrial swelling in iso-
tonic medium with a series of rising K™ concentrations (Fig. 6).

Figure 6 shows the dependence of paenilide- and cereulide-
induced mitochondrial swelling (Fig. 6A and B) on the external
concentrations of [K™]. When the amplitude of swelling is plotted
against the [K™] concentration (Fig. 6C), it can be seen that [K™]
at concentrations as low as 0.5 to 1 mM mediated swelling, and a
plateau was reached at 4 mM KCl. The mitochondrial swelling
induced by paenilides occurred at a lower rate and at a slightly
lower amplitude than that induced by cereulides. This finding is in
agreement with the data obtained for K* influx (Fig. 5). In sum-
mary, the results shown in Fig. 5 and 6 confirm the view that the
toxicity of paenilides (Table 1) is based on carrier activity with a
high affinity for potassium.

The potassium-specific ionophoricity of paenilides was also
shown by experiments with a lipid bilayer (BLM) formed from
RLM lipids supplemented with cardiolipin. As shown in Fig. 7A,
the addition of paenilides induced an increase in BLM conductiv-
ity in KClI buffer but not in NaCl buffer. Paenilides induced elec-
tric conduction in the lipid bilayer at concentrations approxi-
mately 3-fold higher than those of cereulides (Fig. 7B).

Cold tolerance of paenilide production by Paenibacillus tun-
draeE8a. P. tundrae E8a produced 20 to 50 ng of paenilides per mg
of biomass (wet weight). The question was asked whether this
bacterium would produce significant amounts of toxic paenilides
when grown at refrigerated temperatures, such as those prevailing
during food storage and transport. Biomass extracts of P. tundrae
E8a were similarly toxic (equal EC,, values; SD, 40%) irrespective
of the growth temperature (5°C to 28°C). Extracts of P. tundrae
DSM 21291 had no toxic effect (EC,, of >250 g ml~ ). The
HPLC-MS analysis of the methanol extract of P. tundrae E8a cells
grown at +5°C £ 2°C confirmed that paenilide and homopaeni-
lide were present.

DISCUSSION

We showed in this paper that barley grain isolates of P. tundrae
produced novel, potassium ionophoric, heat-stable peptide tox-
ins, paenilides, comprising the molecules paenilide (sensu stricto)
and paenilide homolog (homopaenilide). These two molecules
had MS and MS/MS spectra similar to those of the 36-membered
cyclodepsipeptide cereulide and the cereulide homolog (52) but
were structurally different from cereulide. Paenilide and homo-
paenilide were separable from cereulide and its homolog by longer
retention times (higher hydrophobicity) by HPLC. The toxic ef-
fects and toxic potency of paenilides on porcine sperm cells, por-
cine kidney tubular epithelial (PK-15) cells, and murine neuro-
blastoma (MNA) cells were similar to those provoked by
cereulide, the most potent heat-stable bacterial food-poisoning
toxin described so far. Exposure to subnanomolar concentrations
of paenilides depolarized mitochondria, caused excessive glucose
consumption, and induced metabolic acidosis in porcine cells.
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FIG 6 Dependence of mitochondrial swelling induced by paenilides and ce-
reulides on potassium ion concentrations ranging from 0 to 40 mM in media.
RLM (0.5 mg protein ml ™ ") were incubated in isotonic glutamate-malate me-
dium (pH 7.3) prepared with NaCl plus KCI (120 mM), with various ratios of
[K"] to [Na*]. (A and B) Mitochondrial swelling was induced by the addition
of paenilides (4 ng ml™") (A) or cereulides (5 ng ml~") (B). The panels show
the original traces, typical of three identical experiments using different mito-
chondrial preparations. (C) Concentration dependence of maximal AODs,,
in response to added paenilides or cereulides with different [K*] concentra-
tions in the external medium (shown on the x axis). Mean values and SE from
three experiments are shown.

Paenilides are the first reported metabolites from the genus Paeni-
bacillus that have shown a high level of mitochondrial toxicity in
mammalian cells.

Metabolic acidosis has been reported to be the major patho-
logical trait in fatal and close-to-fatal cases of human food poison-
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FIG 7 BLM studies of paenilide-induced electric conductivity of the lipid
membrane in K*- and Na™-containing buffers. Changes in the electric con-
ductivity of a lipid membrane, consisting of extracted RLM lipids with cardi-
olipin added, in response to added paenilides or cereulides was measured by
using the BLM technique. (A) Time course of BLM electric conductivity in-
duced by paenilides at 10 ng ml~". The external chamber medium contained
20 mM Tris-HCI (pH 7.4) with 100 mM KCl or 100 mM NaCl, and the applied
voltage was 100 mV. (B) Electric conductivity of the BLM in response to added
concentrations of paenilides or cereulides in 100 mM KCl. Mean values and SE
from three experiments are shown.

ing caused by cereulide (ApH reported to be 0.3 to 0.6) (13, 33, 43,
53, 57). This paper appears to be the first report where metabolic
acidosis induced by a bacterial toxin was demonstrated for in
vitro-exposed mammalian cells. Interestingly, the results reported
in this paper show that exposure to paenilides from P. tundrae E8a
provoked mitochondrial dysfunction leading to metabolic acido-
sis equally as effectively as cereulide. With cereulide, this occurred
at exposure concentrations relevant to those in foods associated
with severe human food poisonings (35, 48). The findings in this
paper indicate that paenilides are also potential food-poisoning
agents.

The novel feature of paenilide- and homopaenilide-producing
P. tundrae E8a was that the productivity, 20 to 50 ng paenilides per
mg of biomass (wet weight), was similar throughout a range of
growth temperatures from +5°C to +28°C. Cereulide production
by B. cereus is temperature sensitive: no detectable cereulide is
produced at temperatures of +10°C or lower (11, 24, 61). The
only reported psychrotrophic cereulide producer, Bacillus weihen-
stephanensis (B. cereus sensu lato), grows but does not produce
cereulide at chilled temperatures (61, 62). P. tundrae appears to be
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the first organism producing a cereulide-like, heat-stable peptide
toxin at cold temperatures.

The cyclic peptide cereulide contains three 2-hydroxyisocap-
roic acid residues (O-Leu), and the cereulide homolog contains
four (52). The results in this paper suggest that paenilide contains
three 2-hydroxy-3-methylpentanoic acids (O-Ile) and that homo-
paenilide contains four O-Ile residues. These structural differ-
ences could explain the higher hydrophobicity of paenilide and
homopaenilide than those of cereulide and the cereulide ho-
molog. Recently, a 0.9-min-longer retention time was observed by
RP-HPLC analysis by replacing one O-Leu residue with O-Ile in
the otherwise similar 36-membered cyclodepsipeptides bacillist-
atins 1 and 2, produced by the marine species Bacillus silvestris
(51).

Paenilides are the first reported metabolites from the genus
Paenibacillus that have shown a high level of mammalian cell tox-
icity. Paenibacillus was first described as a novel genus with 11
species, distinct from Bacillus, with Paenibacillus polymyxa (for-
merly Bacillus polymyxa) as the type species (6). The genus has
rapidly grown (there are presently >120 validly described species
[www.dsmz.de]); novel species have been described mostly from
rhizospheres and other plant materials and humus-rich soils (6,
58). Paenibacilli have been shown to produce substances that have
antibacterial and/or antifungal properties (12, 41, 42, 63, 66, 67),
but mammalian cell toxicity has not been described so far.

Paenilide-producing P. tundrae strain E8a was shown in this
paper to be negative in the PCR assay for the cesB gene of the
cereulide operon, encoding cereulide synthetase B (16, 55). This
finding shows that the paenilides are not products of plasmid
pCER270, encoding the biosynthesis of cereulide in B. cereus (16,
28, 55). However, B. cereus isolates that are toxic in the sperm
bioassay and that produce a product with a mass fragmentation
pattern identical to that of cereulide but with a negative outcome
in the assay for the cesB gene have also been reported (29). Since
the mass fragmentation patterns of cereulide and paenilide (and
their homologs) are identical, it is possible that such strains may
have been producers of paenilide.

The results described in this paper show that the toxic action of
paenilides is explained by the high affinity of these lipophilic mol-
ecules for K™ ions. When bound to K™ ions, paenilides will behave
as lipocations, i.e., lipophilic cationic compounds. Lipophilic cat-
ionic substances can be expected to migrate from the extracellular
fluid across the cytoplasmic membrane into the cell, pulled by the
negative charge on the cytoplasmic side. The migration of the
K™ -charged paenilides was directly demonstrated by the K™ -de-
pendent electric conductivity induced by paenilides in a BLM (Fig.
7). Intracellularly, lipocations are known to accumulate inside the
mitochondrion, where the negative charges are highest (45). In
the present study, this was visible as a depolarization of the mito-
chondrial membrane potential along with a hyperpolarization of
the plasma membrane (Table 1). In the mitochondrion, the tox-
icity target of paenilides was shown to be the disruption of the
mitochondrial respiratory control that led to the uncoupling of
oxidative phosphorylation with a concomitant acceleration of
glucose consumption, possibly due to the acceleration of glycoly-
sis in the cytoplasm needed for sustained ATP production. Paeni-
lides already became saturated with K™ at [K™] concentrations of
4 mM, i.e., at blood plasma concentrations of K*. These findings
indicate that paenilides contained in food may accumulate from
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the gut into the blood plasma and subsequently become trans-
ported to cells and tissues, similarly to cereulide (33, 53, 59).
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