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ABSTRACT: Important classes of antibiotics acting on bacterial cell wall biosynthesis, sygtaatams

and glycopeptides, are used extensively in therapy and are now faced with a challenge because of the
progressive spread of resistant pathogens. A discovery program was devised to target novel peptidoglycan
biosynthesis inhibitors capable of overcoming these resistance mechanisms. The microbial products were
first screened according to their differential activity aga®&phylococcus aurewsd its L-form. Then,
activities insensitive to the addition of &lactamase cocktail ap-alanyl-o-alanine affinity resin were
selected. Thirty-five lantibiotics were identified from a library of broth extracts produced by 40,000
uncommon actinomycetes. Five of them showed structural characteristics that did not match with any
known microbial metabolite. In this study, we report on the production, structure determination, and
biological activity of one of these novel lantibiotics, namely, planosporicin, which is produced by the
uncommon actinomycetelanomonosporap. Planosporicin is a 2194 Da polypeptide originating from

24 proteinogenic amino acids. It contains lanthionine and methyllanthionine amino acids generating five
intramolecular thioether bridges. Planosporicin selectively blocks peptidoglycan biosynthesis and causes
accumulation of UDP-linked peptidoglycan precursors in growing bacterial cells. On the basis of its mode
of action and globular structure, planosporicin can be assigned to the mersacidin (20 amino acids,
1825 Da) and the actagardine (19 amino acids, 1890 Da) subgroup of type B lantibiotics. Considering its
spectrum of activity against Gram-positive pathogens of medical importance, including multi-resistant
clinical isolates, and its efficaciyh vivo, planosporicin represents a potentially new antibiotic to treat
emerging pathogens.

Multi-resistant Gram-positive pathogens are increasingly impaired by inhibiting a variety of steps, ranging from the
emerging, making it difficult to treat infections effectively biogenesis of dedicated monomers to specialized assembly,
with antibiotics. A survey of this problem indicates that in membrane translocation and extracellular cross-linking, and
the United States ca. 25% Streptococcus pneumoniaee strengthening of the exoskeletal peptidoglycan {P@).
resistant to penicillin, ca. 35% &taphylococcus aurease Several components and individual steps in the cell wall
resistant to all availablg-lactam antibiotics, and ca. 12% pathway represent still unexploited antibiotic targets, which
of Enterococcus faecaliare resistant to vancomyciri)( offers an opportunity to discover novel inhibitors that are
Recently, highly vancomycin-resista®itaphylococcus aureus likely capable of bypassing the resistance mechanisms
(VRSA) isolates have appeared in clinical specime2)s ( currently prevalent.

This is a matter of concern because the glycopeptides 3-| actam and glycopeptide antibiotics, such as thienamy-

vancomycin and teicoplanin (the latter registered in Europe) cin (4) and vancomycin§), are PG synthesis inhibitors
have been extensively used as drugs of last resort against

multi-resistant staphylococci. Novel antibiotics with unex-

i ; ; ; 1 Abbreviations: p-Ala-p-Ala, p-alanylp-alanine; Dha, dehydroala-
ploited mechanisms of action are thus desirable as they ar€ i e Dhb, dehydrobutyrine: DMSO, dimethyl sulfoxide: DOF-COSY,

likely capablg of oyercoming existing re_SiStance mechanisms. goble-quantum filtered correlation spectroscopyiEBntibiotic dose
A generalized discovery approach involves target-basedat 50% ofin vivo efficacy; ESI-MS, electrospray ionization mass
screening using an assay based on bacterial vital targets. Ongpectrometry; HMBC, heteronuclear multiple bond correlation; HMQC,

: : : : f ;. heteronuclear multi-quantum correlation; HPLC, high performance
such validated target is bacterial cell wall biosynthesis. This liquid chromatography: LC-MS, liquid chromatography coupled to mass

pathway is restricted to prokaryotes and thus predictive of spectrometry; I, inhibitor concentration at 50% of inhibition; Lan,
low intrinsic toxicity to mammals. It also features remarkable lanthionine; Melan, 3-methyllanthionine; MIC, minimal inhibitory

structural and functional complexity and may thus be concentration; MS, mass spectrometry; MS/MS, tandem mass spec-
trometry; NMR, nuclear magnetic resonance; NOESY, nuclear Over-

hauser enhancement spectroscopy; PDA, photo diode array detector;
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§ University of Insubria. D-Glu-L-Lys-D-Ala-p-Ala; UMP, uridine monophosphate.
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produced by actinomycetes. This class of microorganisms Infusion/S (EBH/S) 23) supplemented with 5% horse serum
was screened at Lepetit, the parent group of Vicuron was used as medium. For the wild-type inoculum10of
Pharmaceuticals, and led to the discovery of the glycopep-extracts previously dissolved in DMSO/ 1:9 (v/v) were
tides teicoplanin ) and A40926 7), the precursor of added to 1x 10° CFU mL™*in 90 uL of culture broth. For
dalbavancin §), and the lipodepsipeptide ramoplani@),( L-form cells, aliquots of liquid cultures grown overnight in
which have been developed for medical use. We devised aEBHI/S to Agonm= 0.2 were used as inoculum. Incubation
strategy for identifying cell wall inhibitors different from  time was 24 h at 33C in air, and then growth inhibition
p-lactams and glycopeptides by screening the Vicuron library was measured as O.D. at 620 nm. To validate the assay,
of 120,000 broth extracts obtained by fermenting 40,000 standard antibiotic solutions (Table 1) were added, and MICs
actinomycetes isolated in the environment. Most of the were determined by broth microdilution assay as recom-
screened actinomycetes belonged to uncommon genera, thanended by the National Committee for Clinical Laboratory
is, they were difficult to isolate and/or cultivate and thus StandardsZ4).

potentially yet unexploited for industrial researdi®); Using fB-Lactamase Secondary Assaintimicrobial activity
this approach, five novel lantibiotics were identified. versusS. aureu09 ATCC 6538P (L100) was measured in

Lantibiotics are ribosomally synthesized and post-trans- & liquid microplate assay as described above after adding
lationally modified peptides produced by Gram-positive the following cocktail of$3-lactamases: Penicillase Type |
bacteria {1). They contain thioether intramolecular cross- from Bacillus cereugSigma P0389), 0.001 U/mL; Penicillase
linked amino acids termed lanthionines (Lans) or methyl- Type Il from Bacillus cereugSigma P6018), 0.002 U/mL;
lanthionines (Melans) in addition to the unsaturated amino Penicillase type Il fromEnterobacter cloacae(Sigma
acids 2,3-didehydroalanine (Dha) arif)-@,3-didehydrobu- P4399), 0.0025 U/mL; and Penicillase type IV frdntero-
tyrine (Dhb) (L2—14). On the basis of their structural and bacter cloacagSigma P4524), 0.5 U/mL.
functional features, lantibiotics are currently divided into two ~ D-Ala-D-Ala Secondary AssayAntimicrobial activity
groups. The flexible amphiphilic type A lantibiotics act VersusS. aureu209 ATCC 6538P (L100) was measured in
primarily by forming pores in the bacterial membrane, a @ liquid microplate assay as described above after adding
mechanism that was shown to involve interaction with lipid 2 mg/mL of e-amino-caproy-alanyl-o-alanine, a glyco-

Il as the docking moleculelf). Their prototype is nisin,  Peptide affinity resin prepared as described elsewhere
which has been used in the dairy industry for over 40 years (25).

(12). The type B lantibiotics are more rigid and globular ~ Antibiotic Effect on the Cytoplasmic PG Precursor Pool.
molecules, which inhibit enzyme functions through interac- B. megateriunmATCC 13632 was cultivated in 100 mL
tion with the respective substrates: mersacidi6) (and Difco Mueller Hinton Broth (MHB) at 37°C to an Assonm
actagardine (also termed gardimycir)7( 18) inhibit cell = 0.7. The culture was then divided into equal portions
wall biosynthesis by forming a complex with lipid IL), supplemented with antibiotic concentrations that were 100-
whereas cinnamycin-like peptides inhibit phospholipases by fold greater than the MICs againBt megateriumVanco-
binding phosphatydilethanolamin&Q). The present paper ~Mmycin, teicoplanin, planosporicin, and chloramphenicol were
deals with the discovery and the initial profiling of Plano- added at concentrations of 20, 20, 100, and AQ0mL,
sporicin, whose structure is substantially different from other respectively. The cytoplasmic PG precursor pool was ana-
known lantibiotics. According to its structural and functional lyzed according to re26. Briefly, after a 60 min incubation
features, planosporicin has been assigned to the actagarding?eriod at 37°C, the cells were harvested, suspended in water

mersacidin subgroup of type B lantibiotics. (0.1 g fresh weight per mL), and boiled for 20 min. After
cooling first at room temperature and then in ice, the
EXPERIMENTAL PROCEDURES suspension was centrifuged at 39,§0@r 30 min. The

supernatant was lyophilized and dissolved in 0.1 volumes
Bacterial Strains. Bacillus megateriuAnTCC 13632 and of water adjusted to pH 3 with formic acid. The samp]es
Staphylococcus aureu2809 ATCC 6538P (L100) were were analyzed by reversed-phase HPLC and ESI-MS as
purchased from American Type Culture Collection (ATCC). described below.
Streptococcus pyogen€s203 ¢1) and other clinical isolates Inhibition of Macromolecular Synthesi§. aureus209
were maintained in the Lepetit Culture Collection (L) c/o ATCC 6538P (L100) was cultivated in Iso-Sensitest Broth
Vicuron Pharmaceuticals, Gerenzano, It&llanomonospora (1SS, Oxoid Ltd.) overnight at 37C. The culture was then
sp., the producer of planosporicin (initially patented as diluted 1:1 (v/v) in Davis Mingioli Broth/ISS. At Anm=
Antibiotic |D97518), was prEViOUS|y isolated in our labora- 0.4, macromolecular Syntheses (DNA, RNA, protein, and cell
tory from a soil sample using a method by which actino- wall PG) were monitored by incorporating the appropriate
mycetes were enriched with motile spores. It was depositedadioactive precursors: for DNA synthesi#[-thy (5 xCi/
as Planomonosporasp. DSM14920 in DSMZ (Deutsche  mL) with 0.1 g/L unlabeled adenosine; for RNA synthesis,
Sammlung von Mikroorganismen und Zellkulturen GmbH, [5,6-*H]-Ura (24Ci/mL); for protein synthesis,-[3H]-leucine
Braunschweig, Germanyp?®). (10 uCi/mL); and for cell wall PG, N-acetylp-[1-3H]
HTS Primary ScreeningOne hundred-twenty thousand glucosamine (1xCi/mL) with 3.5 mg/L unlabeledN-
microbial extracts from 40,000 actinomycetes were screenedacetylglucosamine. Of the resulting solutions, 1Q0were
in liquid microplate assays for their antimicrobial activity dispensed in 96-well microplates containing 4Q of
to S. aureus209 ATCC 6538P (L100) and to its L form increasing concentrations of planosporicin, teicoplanin, ac-
cells (L3751), prepared as previously describ&d),(and tagardine, or nisin. After 20 min of incubation at 3T,
maintained at-80 °C in Nutrient Broth (Difco) to which 0.1 mL of ice-cold 20% (w/v) TCA was added to precipitate
20% v/v glycerol was added. Enterococcal Brain Heart macromolecules. After 30 min at°€, the TCA precipitate
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Table 1: Effect of Known Antibiotics o1$. aures ATCC 6538P and on Its L-form Cells

S. aureus S. aureus
wild type L-form
MIC MIC L-form/

inhibitor antibiotic class target («g/mL) MIC wild type
ACTAGARDINE lantibiotic cell wall 32 >256 >8
TEICOPLANIN glycopeptide cell wall 0.5 >128 >256
VANCOMYCIN glycopeptide cell wall 0.25 >512 >1024
RAMOPLANIN lipodepsipeptide cell wall 0.13 32 246
ENDURACIDIN lipoglycopeptide cell wall 0.13 >128 >084
PENICILLIN G penicillin cell wall 0.13 >128 >984
OXACILLIN penicillin cell wall 0.13 >128 >984
AMPICILLIN penicillin cell wall 1 >128 >128
METHICILLIN penicillin cell wall 0.5 >128 >256
CEFUROXIME cephalosporin cell wall 0.5 >128 >256
CEFOXITIN cephalosporin cell wall 4 >128 >32
CEFAZOLIN cephalosporin cell wall 0.25 >128 >512
IMIPENEM carbapenem cell wall 0.13 >128 >984
FOSFOMYCIN pep derivative cell wall 1 >500 >500
D-CYCLOSERINE aminoacid derivative cell wall 16 >500 >31.25
BACITRACIN peptide cell wah 32 128 4
NISIN lantibiotic membrarnfe 0.5 16 32
ERYTHROMYCIN macrolide protein synthesis 0.13 0.06 0.461
STREPTOMYCIN aminoglycoside protein synthesis 32 8 0.25
KANAMYCIN aminoglycoside protein synthesis 8 4 0.5
GENTAMICIN aminoglycoside protein synthesis 2 1 0.5
NEOMICIN aminoglycoside protein synthesis 4 2 0.5
CHLORAMPHENICOL chorismate-derivative protein synthesis 2 1 0.5
NALIDIXIC ACID quinolone DNA replication 32 32 1
CIPROFLOXACIN quinolone DNA replication 0.5 0.25 0.5
NOVOBIOCIN coumarin glycoside DNA replication 0.06 0.06 1
RIFAMPIN ansamycin RNA polymerase 0.004 0.001 0.25
GE2270 thiopeptide protein synthesis 0.06 0.03 0.5

a Serial dilutions of each antibiotic were added to the liquid microtiter assay as described in Experimental Procedures. MICs were determined
by the microbroth dilution method24). ® Membrane compartmen8); ¢ Mediated by binding to lipid 1l 15).

was collected on glass fiber filters (Filtermat A, Wallac) Fermentation Planomonosporap. DSM14920 was cul-
using a 96-well cell harvester (Wallac), and radioactivity was tivated at 28°C and shaking at 200 rpm in 500 mL
determined in g-plate scintillation counter (Wallac). Erlenmeyer flasks containing 100 mL of seed medium AF/

MIC Determinations. Irvitro antimicrobial activity was ~ MS (in g/L: dextrose 20, yeast extract 2, soybean meal 8,

determined by a broth microdilution assay as recommendedNaC! 1, and CaC®4, pH adjusted to 7.3) or in Chemap-

by the National Committee for Clinical Laboratory Standards Braun 20 L fermenters containing 15 L of the same medium
(24). The growth media utilized to determine the MIC at 28°C and stirring at 600 rpm and 0.5 vvm aeration. For

were: cation adjusted Difco Mueller Hinton Broth (MHB) fermentation, 300-L Bioengineering fermenters were used,

for staphylococci, enterococci, bacilWoraxella catarrhalis WhiCh contained 200 L of the production medium M8 (in 9
and Escherichia coti Todd Hewitt Broth (THB) for strep- /L: starch 20, glucose 10, yeast extract 2, hydrolyzed casein

- S .o 4, meat extract 2, and CaG®3, pH adjusted to 7.0)
tococci; Lactobacili MRS broth (MRS) for lactobacilli; . . o .
Wilkins Chalgren broth fonCIostrid(ium rzmd RPMI-1640 inoculated with 7% of pre-culture, at 280 °C, stirred at

. : . . i 180 rpm, and aerated at 0.5 vvm. The production of
me_d'“”.‘ (RPMI) forCandida albicansTypically, a 2 fold . planosporicin was monitored by HPLC as described below.
serial dilution of the test compound was performed in a sterile

i 0,
96-well microplate inoculated with 2@CFU/mL of the test Growth was measured as packed mycelium volume (PMV5%)

strain in the appropriate medium. The microplate was then by centrifuging 10 mL of culture in graduated vials.,

; - . Isolation and Purification of PlanosporicirBroth was
mcupated for 1&24. h at 35°C. _The MIC was determ_med harvested after 260 h of fermentation, brought to pH 3 with
by visual examination of the microplates with the aid of a

e . . ... concentrated sulfuric acid, and then filtered. The filtrate was
magnifying mirror as the_lowest qoncgntratlon of antibiotic stirred with 2.6% (v/v) HP 20 polystyrene resin (Mitsubishi
that showed no visible sign of microbial growth. Chemical Co.). The resin was then recovered, washed batch-

Experimental Septicemikemale outbred ICR(CD-1) mice  wise with methanol/water 1:1 (v/v), and eluted with methanol/
(Harlan Italia) weighing 1416 g were infected intraperi-  n-butanol/water 9:1:1 (v/v/v). The fractions containing the
toneally (ip) with 6.5x 107 cells of S. pyogene€ 203 @1) antibiotic were pooled and concentrated under vacuum.
in 0.5 mL of saline supplemented with 1% peptone. Plano- Crude antibiotic was precipitated upon addition of acetone.
sporicin was administered intravenously (iv) or subcutane- The precipitate was purified on a Lichrosorb RP8 (Merck,
ously (sc) within 16-15 min after infection. Teicoplaninwas  Darmstad) 25< 250 mm column (Zm particle size), which
used as the reference drug and was administered sc. The 50%vas eluted at a 30 mL/min flow rate with the following
effective dose (ER) was calculated by the Spearman  sequence of linear gradients of gEN in 20 mM ammonium
Karber methodZ7) from the percentage of animals surviving formate buffer at pH 4.5: from 10% to 25% in 10 min, from
to the seventh day at each dose. 25% to 40% in 32 min, and from 30% to 90% in 5 min.
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Detection was at 230 nm. Planosporicin typically eluted after a 30 min linear gradient to 80% phase B, followed by

26 min under these conditions.
HPLC Analysis.The fermentation and purification pro-

10 min with 95% phase B. Phase A comprised 140 mM
ammonium acetate, pH 5 buffer, and phase ®K HCN

cesses were monitored by HPLC on a Shimadzu instrument60:40 (v/v). The effluent from the column was split between

equipped with an Ultrasphere 25 4.6 mm column
(Beckman Instruments Inc.), am particle size, and eluted
at a 1 mL/min flow rate with a linear gradient from 10% to
90% phase B (20 mM ammonium formate pH 4.5 buffer:
CH3CN 5:95 v/v), in phase A (20 mM ammonium formate
pH 4.5 buffer: CHCN 95:5 v/v) for 28 min. Detection was

the PDA and MS detectors. The MS parameters were the
same as those described above, and the spectra were acquired
in the 106-700 mass unit range.

NMR SpectroscopyNMR spectroscopic analyses were
performed on two planosporicin samples of 5 mg (for 1D
and 2D proton spectra) or 12 mg (for 1D carbon and 2D

at 230 nm. Planosporicin typically eluted after 23.7 min under heterocorrelated spectra) in 0.6 mL®ID,O 9:1 (v/v)

these conditions.
LC-MS and MS/MS AnalysdsC-MS and MS/MS experi-

adjusted to pH 2.32.4 with TFA and supplemented with
drops of acetonitrile to solubilize the antibiotic. The H 1D

ments were performed using a ThermoQuest Finnigan LCQ spectrum (using watergate presaturation sequence), two-
Deca mass detector equipped with an ESI interface and adimensional DQF-COSY, TOCSY, and NOESY experiments
Thermo Finnigan Surveyor MS pump, PDA detector (UV6000, were performed at 293 and 313 K using a Bruker DRX
Thermo Finnigan), and an autosampler, as described else750 MHz spectrometer. In all of the experiments, 2D spectra
where @8). The MS spectra were obtained by electrospray were recorded with a spectral width of 14 ppm, 48 scans,
ionization both in positive and negative mode under the 1024 increments intand 4096 complex data points in t
following conditions. (1) Sample inlet conditions: capillary For the TOCSY experiments we used a 70 ms clean
temperature 256C; sheat gas (}), 80 LCQ arbitrary units; MLEV17 spin lock for isotropic mixing, whereas NOESY
auxiliary gas (N), 20 LCQ arbitrary units; (2) Sample inlet  spectra were acquired with 80, 180, and 300 ms mixing
voltage settings: positive polarity, 4.5 kV; negative polarity, times. Natural abundance heteronucféar{*H} HSQC and
2.8 kV; capillary voltage, 4 V; and tube lens offset, 30 V. HMBC experiments were performed at 313 K. For tfe-
Helium was used as the buffer and collision gas. MS/MS {*H} 1D spectrum, a sweep width of 220 ppm was used;
analyses were performed at collision energy levels ranging 40 K scans were obtained with a relaxation delay of 2 s.
from 25 to 50 kV. All of the spectra were acquired in the The HSQC and HMBC spectra were acquired at 1024 t
150-2000 mass unit range, unless otherwise stated. increments and 2048 complex data points,ini$ing a sweep
Microbial extracts were separated on a Waters Symmetry width of 14 ppm in the proton and 199 ppm in the carbon
shield RP18, 250< 4.6 mm column (Waters Chromathog- dimension. A series of'SN-{*H} HSQC spectra were
raphy), and Sum particle size, elutedtaa 1 mL/min flow recorded on the more concentrated sample of planosporicin
rate, with a linear gradient from 10% to 90% of phase B at different temperatures, ranging from 283 to 313 K in steps
(CH3CN) in phase A (20 mM ammonium formate pH 4.5 of 10 K. All of these experiments were performed on a
buffer; CHCN 5:95 v/v) for 28 min. Detection was at Bruker Advance 600 MHz spectrometer equipped with a 5
230 nm. The effluent from the column was split in a ratio mm cryoprobe system.
of 95:5 between PDA and MS detector. Bioautographies of
the HPLC fractions were performed with test organisms in RESULTS
a liquid microplate assay as described above. Screening of Microbial Product®rimary screening of the
Cytoplasmic PG precursors were separated on a C18120,000 microbial extracts from the Vicuron library was
250 x 4.6 mm column (Phenomenex Luna)uB particle based on the differential activity assay verSusaureusand
size, eluted fa 1 mL/min flow rate wih a 2 min 100% its L-form. L-forms are protoplast-type cells derived from
phase A (2% CHCN/97.9% HO/0.1% HCOOH v/v/v) and  S. aureushat are able to replicate in appropriate osmotic
then a 50 min linear gradient to 100% phase B (95%-CH conditions despite the lack of a functional cell wdll). As
CN/4.915% HO/0.085% HCOOH v/v/v). Column temper-  shown in Table 1, L-forms are equally or more sensitive than
ature was 22C. The effluent from the column was split in  parental cells to antibiotics acting on molecular targets other
a ratio of 1:5 between the PDA and MS detector. than cell wall biosynthesis. They are indeed resistant to PG
In the infusion experiments, planosporicin was diluted to synthesis inhibitors. The MICs for referengdactams and
0.01 mg/mL (5.5 pmoliL) in H,O/CH;CN 50:50 v/v. The glycopeptides, and other known cell wall inhibitors, versus
ThermoQuest Finnigan LCQ Deca mass detector was previ-L-form cells, were at least 8-fold higher than those against
ously tuned and calibrated in electrospray mode using the whole cells. This level of differential activity was found
Ultramark 1621 (Thermo Finnigan), caffeine, anethio- in 3% of the screened microbial extracts. Secondary selection
nylarginyl-phenylalanyl-arginine (Sigma-Aldrich) in infusion  was based on whether antimicrobial activity agaistureus
mode at SuL/min. could be reversed by g-lactamase cocktail or by adding
Hydrolysis and Amino Acid AnalysBlanosporicin (1 mg)  p-Ala-p-Ala affinity resin 25). The majority of the extracts
was completely hydrolyzed by treatment for 24 h in 6 N selected during the primary screening were therefore dis-
HCI at 105°C. The mixture of hydrolyzed amino acids was carded because their activity was du@iactams susceptible
treated with N-hydroxysuccinimide-activated heterocyclic to -lactamases or to-Ala- p-Ala binding glycopeptides.
carbamate Waters AccQ-Fluor Reagent RB)(and was then  Other extracts were also discarded because of the lack of
analyzed by LC-MS. The separation procedure was per- novelty after LC-MS analysis or because they did not yield
formed at 37°C on a C18 AccQ-TagTM Waters column consistent results upon repeated fermentation of the produc-
(3.9 x 150 mm) eluted @a 1 mL/min flow rate with the ing strains. Lantibiotic molecules were highlighted in 35
following multistep gradient: 5 min with 5% phase B, then broth extracts according to their LC-MS profiles coupled with
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Ficure 1: Primary structure of the antibiotic planosporicin.

bioautography and by searching for the characteristic Lan of the Melan unit appeared once, and the Ala part of the
and Melan amino acids in the acid hydrolysates of the crude Lan amino acid gave rise to nine ABMX spin systems. This
extracts. Actagardinel{, 18) was recurrently identified. is consistent with the presence of five rings formed by sulfide
Besides actagardine, five distinct lantibiotics, whose chemical bridges in the antibiotic structure. The majority of the amide
properties did not match with any known microbial metabo- protons were observed and assigned to the corresponding
lite, were isolated. In this article, we describe the structure CHa. Some partial overlapping resonances at 8.04 ppm (later
and the initial biological profiling of the lantibiotic called attributed to Ala7, Alal8, and Gly15) could be explained
planosporicin (previously patented as ID 97518), produced by performing 2D experiments at different temperatures. The
by an uncommon actinomycetd?lanomonosporasp. proton chemical shifts of the individual amino acids of
DSM14920 22). planosporicin together with their @HNH coupling constants
Production and Purification of Planosporicin. Plano- are reported in Table 2. To assign the sequence of unlabeled
monosporasp. DSM14920 grew and produced planosporicin peptides and proteins, a search for short-range NOESY cross-
in the fermentation media commonly used for actinomycetes. peaks must be performed between theoCBHS, or amide
The production commenced after ca. 48 h from the time of proton of {) residue and the amide proton of the adjacent
inoculum and reached a maximum (ca. 280 mg/L) after100 (i + 1) residue in the peptide sequen88)(denoted byaN,
120 h of fermentation (data not shown). Most of the antibiotic SN, and NN, respectively. In planosporicin, a sequence of
(90%) was secreted into the broth. The pure antibiotic was such NOEs could be traced for the majority of the amino
obtained from the filtered broth by multistep chromatography, acid residues, corresponding to the peptide sequence shown
as described in Experimental Procedures, and remained stablen Figure 1. The 2D NOESY spectrum, reported in Support-
during the purification process. The stability of planosporicin ing Information, indicates the sequential assignments of
was checked at different pH values and temperatures. In theconstituents that can be associated, in biosynthetic terms, to
pH range from 2 to 6.5, the antibiotic half-life was more 24 amino acids. Table A in the Supporting Information
than 1 month, decreasing to-2@5 days at pH values from  reports the complete NOE connectivity matrix. Using the
6.5 to 7.5. No degradation was observed when planosporicinunique single occurrence of the Val, Dha, and Trp residues,
was incubated at temperatures ranging from 288 to 313 K. the initial NH, sequence NHlle-Dhb-Ala-Val-Dha-Trp was
Structure Elucidation of PlanosporiciiThe completéH readily established. Using the information from NOESY
NMR spectrum reflected a pattern typical for small peptide spectra acquired at 313 and 293 K in a similar manner,
molecules. By analyzing DQF-COSY and TOCSY experi- together with the HMBC data, it was possible to sequentially
ments as described in re88 and31, we were able to identify  assign the rest of the molecule.
and assign the amino acid spin systems; the resulting The position of the sulfide bridges could be deduced from
planosporicin structure is presented in Figure 1. These *C-'H multiplebond correlations €S—C—H between the
experiments revealed that eight proteinogenic amino acid spintwo amino acids forming the bridge and then confirmed by
systems occur only once: Trp, His, Thr, lle, Val, Ala, Pro, NOE cross-peaks betweghprotons in theL-alanine and
and Glu. The Gly spin system appeared four times. Two the p-alanine fragments of Lan. In the present case, the
aromatic ring systems were assigned by examining the following connectivities were observed: Ala3-Alall, Ala7-
aromatic region of the DQF-COSY spectrum. Some doublets Alal8, Abu8-Ala9, Alal6-Ala21, and Alal9-Ala22. Th&E
and triplets, corresponding to the Trp and His rings, resonances were assigned by using the HSQC and HMBC
respectively, were observed. Connectivities between thespectra; with the HSQC spectrum, all of the carbons could
aromatic ring protons and their backbone protons could only be assigned without overlap. The carbon chemical shifts of
be established through the NOESY experiments becauseall amino acid residues are listed in Table B in the Supporting
there was no mutual coupling. In addition, spin systems of Information.
those amino acids characteristic of lantibiotics were present. MS analyses were performed on the hydrolyzed and intact
Dha and Dhb were found in the characteristic spectral region antibiotic to further confirm the structure assigned by NMR.
5.5-7 ppm @2). Finally, thea-aminobutyric acid (Abu) part ~ The LC-MS analysis of the hydrolysis mixture showed the
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Table 2: Proton Chemical Shifts (ppm) of the Individual Amino Acids Constituting Antibiotic Planosporicin Together withJkir-CHao)
Coupling Constants (Hz) and Amide Temperature CoefficienisppK 1)2

residue NH Chd CHp others J(NH—CHa) ASIT
llel 4.01 1.97 Cht 1.18-1.43

Me 0.86-0.97
Dhb2 9.71 6.5 Me 1.7 6.5
Ala3 8.07 4.25 2.813.2 55
Val4 7.87 4.02 2.13 Me 0.790.83 7.7 5
Dha5 8.9 5.26:5.75 5.1
Trp6 8.41 3.19-3.29 5)7.06,6) 7.13,2) 7.17, 6.6 6.5

7)7.39,4)7.58,9.98
Ala7 8.03 45 2.983.06 45
Abu8 8.61 4.92 3.47 Me 1.2 9.3 9.5
Ala9 8.07 3.91 2.933.55 4.8
Thr10 8.14 4.2 4.11 Me 1.1 7.1 7
Alall 8.37 4.5 2.93.01 7.1 8.1
Glul2 8.15 4.16 1.91.98 CH/ 2.33 49 4.7
Gly13 8.49 3.773.96 5.5 8.5
Gly14 7.8 3.67-3.86 6 2
Gly15 8.04 3.743.92 6.1
Alal6é 8.65 4.29 3.023.08 8.5
Gly17 8.88 3.83.97 4.9 9.5
Alal8 8.04 4.23 2.793.18 21
Alal9 7.97 4.96 3.0 9.3 2
His20 8.66 4.43 3.33.37 2)7.28,4)8.55
Ala21 8.81 4.61 2.63.25 9.3 7.5
Ala22 7.29 3.9 2.83.57 1.5
Pro23 4.28 1.8%2.23 CH 1.7-1.8

CH6 3.19-3.36
Gly24 8.54 3.68-4.13 6

a Planosporicin was dissolved in,&/D,0O at 313 K.

presence of the Lan, Melan, Gly, Thr, Pro, Val, Glu, His, of gaining information about the extent to which hydrogens
and lle amino acids, whereas the residues Dha, Dhb, andare bonded or sequestered from the solvaat 85). A low
Trp were not found, probably because of their instability dependency of the amide chemical shift on temperature in
under the strong acidic conditions applied for hydrolysis. an aqueous environment (temperature coefficiéag\t >

The mass spectrum of the intact peptide showed the —2.5 ppb/K) is usually indicative of the presence of a stable
presence of an intense signahalz of 1097.5 corresponding  hydrogen bond, whereas solvent-accessible amide protons
to the double charged ion [M- 2H]?" (Figure 2). In the are more sensitive to temperature changé/ At < —5 ppb/
full scan spectrum range 36@000 mass units, the signal K). We collected severalN-'H HSQC spectra of the
corresponding to the single charged ion fivH] " 2195 was unlabeled peptide at temperatures ranging from 283 to
also present. A molecular mass of 2194 Da was calculated,313 K at steps of 10 K. These data clearly showed that the
which is in agreement with the mass determined from the amide proton chemical shift of Ala18 amide hardly changed
NMR-derived sequence. The ions corresponding to4M  with increasing temperature, whereas Alal6, Gly17 and Abu8
2H]?" and [M + H]* were then selected for MS/MS were more strongly affected. Table 2 reports the temperature
fragmentation at several collision energy values. Eight major coefficients. According to the aforementioned criteria, stable
peaks were identified in the MS/MS spectra and were found amide protons with low solvent accessibility were identified
to be consistent with residues-23, 2—24, 4-24, 5-24, in Alal8, Alal9, Ala22, and Glyl4. In addition, the
6—24, 3-21, 6-23, and 6-22 (Table 3). As observed for sequential NOEs used to assign the resonances (see
other lantibiotics, little cleavage occurred in the central part Table B in Supporting Information) provided further evidence
of the molecule containing the Lan rings, whereas five for regions of regular secondary structure in planosporicin.
fragments corresponding to the cleavage of the first Lan ring The continuous stretch of medium-range sequential NN
and one fragment due to the cleavage of the last thioetherconnectivities from residues Val4 to Gly17 suggests that this
bridge could be identified. In summary, the NMR and MS region may adopt a compact rather than an extended
results are both consistent with the structure reported in conformation. Further work is needed to determine the
Figure 1. overall molecular conformation using distance constraints

Secondary Structure of PlanosporicBy analyzing amide ~ derived from NOESY experiments.
proton temperature coefficients and solvent accessibility, we Mode of Action of PlanosporicifRlanosporicin was active
gained insight into the secondary structure of the antibiotic. againstS. aureusand inactive to its L-forms that lacked a
Typically, hydrogen bond formation stabilizes the exchange- functional cell wall. The cell-wall synthesis target was
able backbone amide protons and therefore reduces theconfirmed by testing the antibiotic effect to macromolecular
exchange rate with the bulk solvent. Such stability can also syntheses if$. aureusFigure 3A shows that PG biosynthesis
be achieved when solvent accessibility is reduced as a resultvas blocked by planosporicin at concentrations that showed
of steric constraints. Assessing the temperature dependencynly marginal effects on DNA, RNA, and protein syntheses.
of the amide proton chemical shifts represents a simple meand?lanosporicin’s mode of action was similar to the inhibition
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[UDP], respectively, indicating the presence of a compound
with a monoisotopic molecular mass of 1193 and containing
the UDP moiety. This is consistent with the UDP-MurNAc-
L-Ala-p-Glu-mDap-b-Ala-p-Ala structure shown in Figure

Table 3: Peptide Fragments from MS/MS of the Antibiotic
Planosporicin

[M + 2H]/2 (m/z ratio)

peptide fragments

1822 I{nggﬂﬁ Zgz 5C. Further MS/MS studies, not reported in this article,
949 fragment 424 confirmed the fragmentation indicated in Figure 5C. The
918 fragment 524 (SH} fragment ion atm/z 1121 corresponded to the loss of the
861 fragment 624 alanine residue and thoseratz 868 and 788 to the loss of
847 fragment 3-21 (SH) . :

831 fragment 623 UMP and UDP, respectively, whereas the ionnalz 403
784 fragment 6-22 corresponded to [UDP- H] .

aThis fragment contains the SH group.

The accumulation of the cell wall precursor is consistent
with the data reported in a variety of bacteria treated with

patterns observed in the glycopeptide teicoplanin (Figure 3B) cell wall inhibitors acting at st_eps_subsequent to the synthesis
and the type B lantibiotic actagardine (Figure 3C). Indeed, ©f UPD-MurNAc—pentapeptide in the cytoplasm, such as

type A lantibiotic nisin inhibited all four macromolecular

ramoplanin, vancomycin, teicoplanin, mannopeptimyca@s (

syntheses at the same concentration (Figure 3D), consisteng): @nd type B lantibiotics mersacidin and actagardi (
with its primary mode of action, by disrupting membrane 38)

integrity (12—15).

Anti-Microbial Activity. Table 4 presents the spectrum of

We also examined planosporicin’s effect on the cytoplas- Planosporicin’s anti-bacterial activity against a panel of
matic pool of UDP-linked PG precursors B megaterium
Upon treatment with planosporicin (Figure 4A), a marked major Gram-positive pathogens, including methicillin-
increase in an LC-MS peak was revealed that could not beresistantS. aureusMRSA) and vancomycin-resistant en-
detected in untreated cells (Figure 4C). An identical peak terococci (VRE) ¢, 2). Planosporicin activity was generally
showing the same MS/MS fragmentation profile was detected superior to that of actagardine and comparable to that of

whenB. megateriuncells were treated with vancomycin or

important human pathogens. The antibiotic was active against

mersacidin. For purposes of comparison, the MICs for nisin

teicoplanin (Figure 4B). The corresponding mass spectrumwere higher, as expected on the basis of its effect on plasma
was determined in positive and negative ion mode, as shownmembrane permeabilizationlZ—15). Lactobacilli were
in Figure 5A. In Figure 5B, the quasi-molecular ionic area particularly sensitive to planosporicin, including strains

was expanded. The ions at/z 1194.1 and 790.2 were

attributed to [M+ H]* and [M — UDP], those atm/z

1192.2, 595.7, and 403.1 to [M

H]~, [M — 2H]", and

reported to be associated with clinical cases of bacteremia
or endocarditis 9). Planosporicin was more active than
mersacidin and actagardine on the anaerobic clostridia.
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Ficure 3: Inhibition tests of macromolecular synthesesStaphylococcus aureusy planosporicin (A), teicoplanin (B), actagardine (C),
and nisin (D). The effect of the antibiotic on DNAY, RNA (O), protein (»), and PG synthese®j is shown.

E. coli or other enterobacteria were not inhibited by criteria. Five of them were structurally different from any
lantibiotics. HoweverMoraxella catarrhaliswas sensitive  of the 50 previously described lantibiotics.
to them. Consistent with the mode of action of cell wall Nisin, the prototype of type A lantibiotics, is a 3353 Da
inhibitors, no activity for planosporicin was observed against cationic, elongated, and flexible peptide, 34 amino acids long,
S. .aureusL-form (L3.75l) .and the eukaryote:and|da” containing 5 intramolecular ring structures (a single Lan and
a!b_|cans B_ecause Of_ Its action on _membrane permeability, 4 Melan residues), that is produced bgctococcus lactis
nlslér;ﬁ\évscs I?ndilew?mqalfltl\?lo%?lﬁrﬁ?b%r:is(:t ng(r)]gn; %?:Ijn was subsplactis (11, 12, 14). Initially, its remarkable bactericidal
tested inymurine septicemia caused gypyo<§ene§203 action was believed to predominantly involve the formation
P of short-lived pores in cell membranes, causing efflux of
Ml . L h f . Y o .
(MIC 0.5 ug/mL) and protected mice with an EDo metabolites and dissipation of vital ion gradients. More

3.75 mg/kg (ERo /MIC = 7.5). This level of protection was ; o .
observed both after intravenous (iv) and subcutaneous (Sc)rgcently, It .hlas been de.mopsftrated that nisin Interacts in a
administrations. Teicoplanin administered sc was used as a"9"Y specific manner with lipid Il the essential membrane-

comparative drug. It was more poteint zitro (MIC < bound precursor for cell wall formation, which acts as a
0.015u1g/mL) and protected mice with an Egof 0.18 mg/ docking molecule and energetically facilitates the formation

kg (EDso /MIC >12). No acute toxicity was observed for Of pores (5, 40).
up to 100 mg/kg of planosporicin after iv or sc administra-  The type B lantibiotic mersacidin is a 1825 Da, globular,

tion. hydrophobic peptide, 20 residues long, produced by a bacillus
strain containing 4 thioether rings formed by 3 Melan and 1
DISCUSSION C-terminalS-aminovinylo-methylcysteine16). Mersacidin

We devised a screening process to select PG synthesidinds to lipid I, but unlike nisin, it does not form pores
inhibitors (i) produced by uncommon actinomycetes; (i) (35). The complex with lipid Il differs greatly from the
essentially not cross-resistant wighHactams and glycopep-  glycopeptide-lipid Il complex and does not involve the
tides; and (iii) effective against infections caused by Gram- C-terminalp-alanylb-alanine moiety of the pentapeptide side
positive pathogens. Through this process, we found a groupchain of the lipid intermediate, but equally blocks access of
of lantibiotics whose characteristics fulfilled these selection the transglycosylase to its substrai®,(38).
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pool in planosporicin- (A) or vancomycin-treated (B), or untreated

(C) cells of B. megaterium.Bacterial cultures were grown,

Castiglione et al.

consist of only two amino acid residues. This structure
indicates that the molecule is rigid and compact because of
these two large bridges (a nine-member ring Ala3- Alall
and a twelve-member ring Ala7- Alal8) and the presence
of three smaller internal loops between residues Abu8-Ala9,
Alal6-Ala21, and Alal9-Ala22. In this rigid structure, a
certain degree of conformational flexibility was observed in
the ring formed by the 12 residues Ala7-Alal8, where three
sequential glycines are located that show averalfiith—
CHa) coupling constants of about 6 Hz. These data are
consistent with the globular structure typical of type B
lantibiotics.

Considering its mode of action, planosporicin is a novel
member of the mersacidin-actagardine subgroup of type B
lantibiotics. In whole cell experiments i@. aureusplano-
sporicin primarily inhibited PG synthesis, similarly to other
cell wall inhibitors, such as actagardine and teicoplanin, but
differently from nisin, which immediately blocked all of the
principal macromolecular syntheses as a result of the rapid
cell membrane depolarization. Planosporicin also caused
accumulation of the UDP-pentapeptide precursor of PG in
growing bacterial cells. Such an accumulation indicates that
the multistep assembly of PG located at the membrane is
inhibited; this has been observed in a series of antibiotics
acting on this phase, including mersacidin and actagardine
(19, 38). Similar to mersacidin and actagardine, planosporicin
did not bind top-ala-p-ala peptides and showed activity

harvested, and extracted as reported in Experimental Proceduresagainst vancomycin-resistant enterococci. Despite these
Detection was by ESI-MS. A major peak was detectable in functional similarities, planosporicin does not contain any

vancomycin- and planosporicin-treated cells at a retention time of
13.4 min (indicated by the arrow). The other peaks present on the
HPLC plot showed MS profiles not related to soluble PG precursors.

Known lantibiotics of actinomycete origin all belong to

conserved motif resembling mersacidin and actagardine.
Indeed, the initial NH sequence of three amino acids (NH
lle-Dhb-Ala) is identical to that of nisin. This sequence was
found to be crucial for nisin binding to the lipid II

the type B group and include actagardine, produced by pyrophosphate region44), as demonstrated by specific

Actinoplanesspp. (L7), and cinnamycin-like peptides, pro-
duced byStreptomycespp. (L4). Actagardine is a tetracyclic

mutations drastically reducing antimicrobial activitiel,(
43). It would be interesting to investigate whether it has the

1890 Da globular peptide, 19 residues in length, which shows same function in planosporicin.

a significant similarity to mersacidin. Although the overall
bridging pattern is quite different, one of the four rings is

Thein vitro spectrum of activity of planosporicin covered
Gram-positive pathogens, including MRSA and vancomycin

almost entirely conserved in both peptides, and this is likely enterococci, which are of increasing medical importance
involved in their mode of action as PG synthesis inhibitors because of the spread of resistance mechanisms. Planospori-
(12—14). Lantibiotics of the cinnamycin subgroup have been cin antimicrobial activity against Gram-positive pathogens
reisolated several times under different names (cinnamycin,was better than that of actagardine and comparable to that
duramycin, duramycin B and C, and ancovenin), and their of mersacidin. Lower MICs of nisin may be explained by
ring structures and amino acid compositions are very similar. its dual mechanism of action, combining the sequestering

Most of their bactericidal and hemolytic activity can be

of lipid Il and pore formation 15, 40). However, nisin is

explained by the specific binding to phosphatidylethanola- generally used as a food preservative but not in systemic

mine 20).

This article presents the novel antibiotic planosporicin,

which is produced by the actinomycd&anomonosporap.

chemotherapy because of its poor solubility at physiological
pH, limiting its distribution in the body to the oral
gastrointestinal tractl{, 13). Planosporicin was stable and

It is worthy of note that only four species belonging to the soluble at physiological pH. Indeed, in a mouse experimental
Planomonoporagenus have been described to date, and notinfection model induced byS. pyogenesplanosporicin

even one has been reported to produce any lantibictits (

showed good efficacy after a single administration.sD

42). The structure of planosporicin is substantially different values were identical after intravenous and subcutaneous
from that of any other lantibiotic described. It is a 2194 Da administration. This may indicate that distribution and
polypeptide originating from 24 proteinogenic amino acids bioavailability are comparable via the two administration
and containing 5 thioether intramolecular bridges (a single routes. Goodn vivo activity was also previously observed
Melan and 4 Lan residues) that are predictive of conforma- for mersacidin 16, 19, 38) and for actagardine4f), with
tional constraints. Indeed, NMR studies showed that the efficacy results that exceeded expectations on the basis of
structure comprises a globular domain created by the the potency observeid vitro (12, 13).

formation of a thioether bond between residues Ala3-Alall

and Ala7-Alal8, whereas the NHand COOH-terminal ends

Another argument, in addition to the novelty of the binding

target, supporting the chemotherapeutic exploitation of
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Ficure 5: (A) Full-scan mass spectrum in negative and positive mode of the peak eluted at 13.4 min. Molecular iertd]{Mat m/z
1194.2 and at [M- H]~ atm/z 1192.1 correspond to the UDP-MurNAeAla-p-Glu-mDap-b-Ala-p-Ala, double charged [M- H]?~ atmvz
595.7. The ion atw/z 403.1 corresponds to UDP formed directly in the MS source. (B) Zoom scan of the quasi-molecular ions in positive
and negative ion mode. (C) Chemical structure of the UDP-MurNAda-p-Glu-mDap-b-Ala-b-Ala and structural assignments for the

main fragment ions.

Table 4: Anti-microbial Activity of Planosporicin in Comparison to that of Actagardine, Mersacidin, and®Nisin

MIC (ug/mL)

strain planosporicin actagardine mersacidin nisin
L100 Staphylococcus aureusT CC6538P 2 32 n.d. 0.5
L3751 Staphylococcus aurelsFORM 1024 >128 n.d. 16
L819 Staphylococcus aurei&mith ATCC19636 16 32 4 2
L1400 Staphylococcus aureMRSA 16 16 8 2
L1526 Staphylococcus aureMRSA 16 16 8 2
L1551 Staphylococcus aureMRSA 8 16 64 8
L1577 Staphylococcus epidermidis 32 128 16 2
L1729 Staph. hemeolyticuset-r >128 >128 8 4
L49 Streptococcus pyogenes 0.5 2 n.d. n.d.
L44 Streptococcus pneumoniae 4 32 4 0.25
L559 Enterococcus faecalis 16 32 32 4
L560 Enterococcus faecaligan A 64 128 64 4
L1830Enterococcus faecaligan B 32 64 64 2
L568 Enterococcus faecium 64 64 64 2
L569 Enterococcus faeciuvan A 128 128 64 2
L1833Enterococcus faeciuvan B 16 64 64 2
L19 Lactobacillus plantarunATCC08014 64 n.d. n.d. n.d.
L133 Lactobacillus rhamnosuaTCC07469 0.5 n.d. n.d. n.d.
L148 Lactobacillus delbrueckihTCC04797 16 >128 >128 >128
L229 Lactobacillus fermenturATCC09338 0.5 n.d. n.d. n.d.
L102 Bacillus subtilisSATCC6633 8 32 n.d. n.d.
L2622 Bacillus megateriunhTCC13632 2 n.d. n.d. n.d.
L3607 Clostridium perfringen\TCC13124 <0.25 4 8 <0.13
L76 Moraxella catarrhalisATCC8176 1 32 n.d. 1
L47 Escherichia coli >128 >128 n.d. >128
L145 Candida albicans >128 >128 n.d. >128

aMICs were determined by broth microdilution assay)(according to the procedure described in Experimental Procedures (n.d., not detected).

lantibiotics is the lack of any substantial development of successive enzymes are required for the biosynthesis of lipid
bacterial resistance following the extensive use of nisin in Il from UDP-GIcNAc (3). Nevertheless, resistance can
food. Lipid Il is a complex target that cannot be easily altered develop when bacteria are subjected to the selection pressure
by pathogens to acquire resistance. For instance, eightfollowing repeated exposure to an antibiotic, as has been
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demonstrated in vancomycin resistance when bacteria change16
the p-Ala-p-Ala unit of lipid Il to p-Ala-p-lactate (, 2, 5).

In conclusion, taking into account the structural peculiari-
ties, the mode of action, the spectrum of activity, and the 17
efficacy invivo, planosporicin appears to be a potential new
agent for the treatment of emerging resistant pathogens. Its ;g
discovery and characterization provides additional insight into
the molecular determinants of the biological activity of lipid
lI-targeting antibiotics.

SUPPORTING INFORMATION AVAILABLE

20.

2D NOESY spectrum (amide expanded region) of plano-
sporicin in a mixture of HO/D,O (in ratio 9:1 v/v);
Table A, NOE connectivity matrix for planosporicin in®/
D,0 at 313 K; and Table B*C Chemical shift (ppm) for
antibiotic planosporicin in BD/D,O at 313 K. This material
is available free of charge via the Internet at http:/
pubs.acs.org.
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