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Abstract: After years of inadequate use and the emergence of multidrug re¢M2R)
strains, theefficiency of —elassical antibioticshas decreasesignificantly. New drugsto
fight MDR strainsareurgentlyneededBacteria hold much promises @ source of unusual
bioactive metaboliteddowever, the potential aharinebacteria except forActinomycetes
andCyanobacterighas beetargely underexploredn the past two decades, the structures
of several antimicrolal compounds have been elucidated in maRneteobacteriaOf
thesecompoundspolyketides (PKs)synthessed by condensation of malomgoenzyme A
and/or acetycoenzyme A, and nenbosomal peptides (NRPs), obtained through the
linkage of (unusualpmino aci@, haverecently generated particular intereSRPs are
good examples of naturally modified peptidekere, wereview and compilethe dataon
the antimicrobiapeptides isolated from marif¥oteobacterigespecially NRPs.

Keywords: Proteobacteriamarine; peptide; antimicrobial; antibiotic; antifungdRPS

1. Introduction

Since the beginning of antibiotisse bacterial resistance hdgena main public healthissue
Despite the need for new actigcempoundsonly a few newantibacterial structure classes have been
approved for human use in the past 40 ydaos example,he lipopeptideantibiotic daptomycinwas
approved in 2003and it waghe first natural produdbased antibiotic from a new structure class to be
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launchedonto the market ithis time periodNatural sources provide the matersecompoundgor
drug developmenfl]. Among marine organisms, bacterioplanigoshould benow regarded as a
valuablereserveof original moleculesHowever, the discovery of bioas¢ compounds from marine
bacterioplankton often depends on the abilityctitture the microorganism§], becausecultivation
would probablybe necessary to obtamregular supply of bacterioplanktoerived compoundat a
commercial scal3]. Even though great improvements have b@ade new culture radia still need
to be developetb ensuresustainableulturesof the microorganism®f interest4].

The enhancement of genomic toblsprovided further insight intanarine biodiversityf5—7]. The
most abundant bacteria tend to beProteobacteriarepresentativie whereas thossuccessfully
cultured are generallymembers of they-Proteobacteriaclass [2]. The phylum Proteobacteria
corsists of Grarmmegative bacteriaith diverse lifestyleghatinhabit various environmentthe name

of the phylumwas first proposed b8tackebrandéz al. [8] f o r
a n dthe twéllenovwn b- a3d &, &-iamde-ProtedlEmacteri@lasseqTable 1).

rel ati vesl

Vibrio, Pseudoalteromonas and Pseudomonas are some well-known proteobacterial

t he

group of

genera

frequently observed in marine environmerRecently,new speciefiave been discovered and led to
the creatiorof the Candidatus dProteobacterialass|[9].

Table 1. Current classification dProteobacteria

Phylum Proteobacteria

Class U-Proteobacteria

Orders Caulobacterales
Kiloniellales
Kopriimonadales
Kordiimonadales

Magnetococcales

Parvularculales

Unclassified taxa

Class o-Proteobacteria

Orders Acidithiobacillales

Aeromonadales
Alteromonadales

Cardiobacteriales

Chromatiales

Enterobacteriales

Legionellales
Methylococcales

Oceanospirillales

Class UProteobacteria

Orders Campylobacterales

Nautiliales

Class
Rhizobiales Orders
Rhodobacterales
Rhodospirillales
Rickettsiales
Sneathiellales

Sphingomonadales

Class
Orbales Orders
Pasteurellales
Pseudomonadales
Salinisphaerales
Thiotrichales
Vibrionales
Xanthomonadales

Unclassified taxa

Class
Order

b-Proteobacteria
Burkholderiales
Ferritrophicales
Gallionellales
Hydrogenophilales
Methylophilales

U-Proteobacteria
Bdellovibrionales
Desulfarculales
Desulfobacterales
Desulfovibrionales
Desulfurellales

Neisseriales
Nitrosomonadales
Procabacteriales
Rhodocyclales
Unclassified taxa

Desulfuromonadale
Myxococcales
Syntrophobacterale
Unclassified taxa

c-Proteobacteria (candidatus)

Mariprofundales

—pur

Unclassified taxa

Even thoughProteobacterids the most abundarghylum in marine environments (abundance
between 5% and 80%), only a few bioactive compounds have been described from those
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microorganisms[10]. In contrast many natural products have been isolated from the phylum
Actinobacteriawhich accourd for only 5% to 10% of total bacterioplanktof>—7,11] Several kinds

of natural products from marine microorganisms are reported in the literarey of them are
peptides, polyketides or hybsthereof[12].

Antimicrobial peptides produced by bacteria can be classifaiccording to how they are
synthesisedVia the ribosomal (bacteriocin) or the ndbosomal pathway. To date, no marine
bacteriocins have been characterised from maPireeeobacteriaNonribosomal peptide synthetase
(NRPS) angolyketidesynthase (PKSarethe hallmarlk of secondary metabolites. These biosynthetic
pathways havebeen extensivelystudied regarding their ability to generate a wide variety of
compoundgresentingantimicrobial siderophore, antitunup, surfactant, immunomodulaty, or toxic
propertieg13]. Since they werefirst describedn the 1970s[14,15] NRPS systems have been widely
studied In addition, recenadvances in genongdaveled to precisadentification of NRPS genes.
The biological activity ofnonribosomal pptides NRP9 is probably enhanced by the presence of
nonproteinogenic amino acids, as demonstrated for some peptiesUnlike ribosomal peptide
synthesis, NRP8&nzymesare able to select andcorporatemore thanl00 amino acids. Furthermore,
these amino acids can even be modified by NRPS itself, hence increasing the diversity of the generatet
moleculesAs a consequence, NRPs are an important source of novel bioactive molecules.

This review gives an overview of antiotic peptides produced by NRPSn the most
abundantmarine bacteria phylum, ProteobacteriaHere, we describe thetructure, antimicrobial
activity, structureactivity relationships (when available) and finally biosynthesis mechanisms
(when elucidated of marine NRPsWhen the biosynthesis has only been elucidated in another
bacterium(e.g, in a nonmarine bacterium)it is given in the text and the information is mentioned.
The comparison of NRRantimicrobial activity remainsdifficult due to the great diversity and
nonstandardisegbrotocols that are used the literatureMicrobial strains, target cell concentrations
(10" to 1 CFUmL™), physiological sta& incubation time or temperaturg culturemedia liquid or
diffusion assay, etc. all vary among studiesMarine atimicrobial peptideswill be described
accordingthe systematicclassificationof their bacterials o u r c¢,efls y-, (e-®roteobacteria)as
indicatedin Table2.

2. Overview of NonribosomalPeptide Synthetases (NRPS)

NRPS are multimodular enzymes. Each module is dividew tomains. Three domains are
requiredfor synthesis of the peptide backboriége adenylation (A) domain, the peptidyl carrier
protein (PCP) and the condensation (C) dom@ind. NRPSs have alreadyeen presented and
discussed in other revieys3,17-20].
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Table 2. Antimicrobial peptides isolated from mariReoteobacteria

ClasgOrder Producers Compounds Activity Biosynthesis
U-Proteobacteria
Oceanibulbus indolifex Cyclic dipeptides Antibacterial Unknown
Rhodobacterales o Antibacterial
Phaeobacter sp. Indigoidine . NRPS
(Gramnegative)

2-Proteobacteria

Andrimid .
. . . Hybrid NRPSPKS
Moiramide Antibacterial
] (<100 kDa)
Vibrio sp. (pseudopeptides)
Kahalalides )
) ) Antifungal Unknown
(depsipeptides)
Holomycin ) ) NRPS described in
o Photobacterium halotolerans . Bacteriostatic
Vibrionales (pyrrothine) Streptomyces clavuligerus
Unnarmicins Antibacterial
. . . Unknown
(depsipeptides) (Gramnegative)
Ngercheumicins Antibacterial
Photobacterium sp. ) . . Unknown
(depsipeptides) (Gramnegative)
Solonamides Antibacterial
. . . Unknown
(depsipeptides) (Gramnegative)
Thiomarinols . .
) Antibacterial NRPS(pTLM1)
(pyrrothine)
Alteromonadales Pseudoalteromonas sp. ) - -
Cyclopeptides Antibacterial Unknown
Lipopeptides Antibacterial NRPS
Massetolides ) ] NRPS described in
Pseudomonadales Pseudomonas sp o ) Antimycobacterial
(cyclic lipopeptides) Pseudomonas fluorescens
U-Proteobacteria
Myxovalargins
(polyketide/polypeptide  Antibacterial Unknown
hybrid)
Althiomycin ) ]
Myxococcus fulvus ) ) . . Hybrid NRPSPKS described
(polyketide/polypeptide  Antibacterial )
Myxococcales . in Mycococcus xanthus
hybrid)
. . NRPS described in
Myxothiazols Antifungal
Stigmatella aurantiaca
Miuraenamides .
Paraliomyxa miuraensis Antifungal Unknown

(depsipeptides)

Many NRPs areynthesisedccording to the colinearitsule (Figure ). The number and order of
modules in the genomeepresent the number amatder of amino acidresiduesin the final
product[21]. Although NRPS enzyme$ave nothing in common withminoacyitRNA-synthetase
from a structural point of viewA domainshavesimilar functions they controlaminoacid substrate
activation and their simultaneous activation as aminoacyl adenyistasthe expense of ATP. This
domain is composed of about 58fMino acidresidus, among whichabout 10 residues aresed to
predict substrate specificitf17]. The PCP domajnalso known aghe thiolation domain (T)is
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composed ofa segment 0f80-100 aminoacids long and represents th&RPS transport unit The
activated substrate is transferred to the thiol group of thgh@sphopantetheine on the PCP and
covalently baind through a thioester linkag#9,22] Once the aminoacyl substrate has undergone all
necessary modificatianthe Cdomain(about 450 amino acigsidue long) catalyseshe formation of

a C-N bond between thetwo aminoacyl substrates tiod to modulesadjacent to the PCP
domain[19,23] The first Adomain and PCP initiatNRP biosynthesjsthenthe C, A and PCP
domains are repeatexsveral times, depending ¢ime number obmino acids that compose tfiral
NRP product. During synthesis all intermediates remain covalently bound to the enzyme
complex[18]. A thioesteras€TE) terminaldomainis frequentlyinvolved intherelease of theeptice
product. This enzymeof 250 amino acids in lengtis only found in the termination module of the
NRPS.The peptide caalsobereleasedhrough theaction of a reductase (R) domain that convéms t
thioester into an alcohdior example.

Figure 1. Diagram of NRP biosynthesisAa: amino acid;A: adenylation domain;
C: condensation domain; PCP: peptidyl carrier protand TE: thioesterase domain.

Elongation modules Termination module Free peptide
% c | A {PCP—» c | A PCP{TEF‘

v
-

l J
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L 4 A
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Furthermore the NRPSsystem uses additional domainsinvolved in NRP tailoring e.g, the
epimergation (E), heterocyckation (Cy), oxidation (Ox), methylation (M) and formylation (F)
domains[24]. All thesetailoring domainscontributeto NRP structuraldiversity. The potentialof
NRPs in drug developmenis highly promising therefore diverse strategieshave been developetb
screen for them

The linear NRPS model is the best knownt two othermodelshave also beedescribed. In the
iterativemode| the same domains or modules are used thane once for the synthesis of one NRP.
In the nonlinear model, domairganisatiormay differ from the classicaine (C-A-PCP) described
above The hybridNRPSPKS system belorsgo thislatter model.All three models anthe diversity
of assembyt lineshave beenvell describedn the literaturg25]. Iterativeand nonlinear strategies can
complicate predictions based on the primary structure of the enzyntleemadylimit NRP prediction.
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2.1. Genome-Based Strategy

With the progress iIrDNA sequencing technolgg genomic sequences have been determined
for a large number of specieAccording to the Genome Online Databd&©LD), 6330 complete
bacterial genonseare now available and.4,986are aboutto be publishedBioinformatics tools have
undergone rapid improvemethtathasled to-genome minintj approacks Most studies have focused
on NRPS, PKS, ohybrid NRPSPKS pathwaysbecausedhe large size and repeating moiifistheir
genomic nuclear sequencemke thenrelatively simple to identify andanalyse[26]. Although the
Basic Local Alignment Search To(BLAST) is widely used for genome minimgndNRPS discovery,
specific NRPSPKS bioinformatics tols have been developed for more details on the software
availablefor NRPSPKS analy®s, see[27]. Since this software review was publishédo freely
availableonline applicatios, NapDos and antiSMASHhave beerntroduced[28,29] Most of the
genomebased reports dealingith thediscovery of NRPS gesédiaveusedtargeted gene inactivation
as a proof of NRPBiosynthesidbecause¢he metabolites are constitutively produ¢add-32].

2.2. Proteomics Strategy

Given that genoms arenot always available anthat NRPS assembly lines have bediacovered
without following colinearity rules[21], alternative methodshave been developed. One of these
methodss named PrISM (Proteomic Investigation of Secondary Metabd[i38), and uses strategy
based on thé&argesize of NRPS enzymes (oftemore thar2000 amino acidesidueg. The workflow
consiss offirst performingSDSPAGE electrophoresis ahe soluble proteoméo excise theputative
NRPS (protein of about 22%Da). After trypsin digestionthe peptides are analysedand then
degenerate primsrare designedGene cluster sequencing amdentification leads to possible
hypothetical structures for the targeted molecules and héwmaevelopnent ofa relevant purification
protocol One aspect of this integrated approach is detgcpeptice fragments containing
phosphopantetheinyl, the cofactovolvedin all PCP domains?hosphopantetheinylasshown to be
linked to the Ser residueia a phosphodiester linkaghat is labile in tandem mass spectrometry
(MS/MYS) [34]. This PrISM strategy habeen used oma collection of 22 environmental isolate
for which no genomic information was availablend led to the identification of six related
lipoheptapeptidef33].

3. Antimicrobial NRPsfrom Marine Proteobacteria

Numerous published studies have beendevoted to the characterisation of marine bacterial
molecules However far fewer studies have focused antimicrobial peptides frorRroteobacterialn
this review, we will mainly describe molecules fréheo-, - ayn dProteobacteriaglassesThere are
not yet any repors of molecules fr o m, -feen dProfeobacterialo complete this list of molecules,
antimicrobial peptides isolated from marine animaisl for which a pgateobacterial origin is assumed,
will also be presentedrinally, we will not describe all known genera Bfoteobacteriabecause
within a given clasghe available datan antimicrobial peptidemvolve only a few taxa
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3.1. a-Proteobacteria
3.1.1.Cyclic Dipeptides

A peptice compound with antibiotic activithasbeenisolated fromOceanibulbus indolifex [35].
This species produsehree cyclic dipeptides:yclo-(PhePro), cyclo-(Tyr-Pro and cyclo-(LeuPro).
Using solid phase pepte synthesis(SPPS),it has beenshown that the two first dipeptides vea
strongantibiotic activity withmicromolar minimum inhibitory concentratioM(C) values[36]. No
biosynthesis pathwaysave beemlescribed for these cyclodipeptidaghis species

3.1.2. Indigoidine

A blue pigmenhas beershown to be associated with the #pibf Phaeobacter sp. Y41 to inhibit
Vibrio fischeri [37]. This pigment, referred to as indigoidine, is produced by condensation of two
glutamine residuesia a NRPSbased biosynthetic pathway. Indigoidine biosynthesis garegiB,
coding for a 6phosphogluconate dehydrogenaségiC, for a glutamate racemase angiD
for indigoidine synthaseThis genealso known asndC, has been identified in a phylogenetically
diverse group of micmrganisms I ncl-udiamg-Prateobacteria as well as several
Streptomyces specieg38].

3.2. y-Proteobacteria
3.2.1. Andrimid andMoiramide

Andrimid and its analoguenoiramide are probably the most studied pseudopepédtibiotics
(Figure 3. Andrimid was first described ifibrio in 1994 and shown to be produced by labrio
bacteriumfound in a marine spongéfyatella sp.)[39]. These antibiotics seem to be widespread in the
y-Proteobacteriaas several Vibrio species[3941], the marine Pseudomonas fluorescens [42],
Pantoea agglomerans [43] and asymbiotic planthopperEnterobacter [44] have been shown to
produce them.

Figure 2. Structures of andrimid, moiramide B and their analogue 7.

B-S-Phe©
L-val o}
o} 0 \'/ W
/ NH
o)
o}

SN N A/KNW B-S-Phe @ " )
H H val o,
| /
N—NH,

. e F 90 \’/
Andrimide /@/\/L EA/H\ w
N N
H H I
o, ©
NC

B-S-Phe@
L-Val ° Analogue 7
o 7 o Y N/ &
W /E\/\\N £ NH

oA

o

N
H
(0]

Moiramide B



Mar. Drugs 2013 11

3639

Andrimid consists of four componentél) An unsatuated fattyacid chain (2) A -Phemoiety,
(3 AL-Vald e r i *ketodmid@ moiety andd] A pyrrolidinedione. Andrimid and noiramidediffer
only in the length of theifatty acid chais. A broad antibacterial spectrum has been described for
andrimid with activity towards Grapositive and-negative bacterig42]. The broad antibacterial
activity is likely linked to the molecular target of these compounds, the widely conserved

acetytCoA carboxylas€ACC) [45].

Using chemical synthesis,Pohlmanner al. showed that a pyrrolidinedione head is involved in
antimicrobial activity and that the fatty acid chain is especially involved in cell penetf{dtpn
In 2006, the same research team focused on the two internal parts of moiramidd) €S5)-Bhe and

theL-V a |

loss of antibacterial activity. A more lipophiisub st i t uti on
improves antibacterial activity, suggesting that this moiety is involvatiencell penetration of the
molecule, as well as the fatty acid chafm isopropyl chain modification of the-Val-derived
-ketcamideenhancesntibacterial activity against Grapositive bacteria. Finallya new derivative
namedanalogue?, has been synthesiséd obtain a more active derivative and better solubility in

water for therapeutic us€igure 3.

on

d e-ketoamed47]3The substitution of Phe by a namomatic amino acid leads to the

t 4SePhep h e n

The putative hybrid NRPSPKS systeminvolved in andrimid synthesisis a goodexamplefor
studying the hybrid mechanism of synthesis because the enzjgneelatively small(less than
100 kDa [48]). The gene cluster comprises forgcognisablesections that play distinct rotes
(1) Formationof a polyunsaturated fatty acid by an iterative type Il P@&pFormationand insertion
of -Ph& (3) Constructionof a succinimide precursor frorwal, Gly, and C2 units fromtwo
equivalents of malonyCoA; and @) Resistancand enzyme iiming (Figure 3 [43,49]

Figure 3. The NRPSPKS synthesis of andrimid3]. KS: ketosynthaseDH: dehydratase;
CLF: chainlengthfactor; KR: ketoreductase; Thiolation domain; TGtransglutaminase;
A: adenylation domainC: condensation domain; TEhioesterase
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An original approactior construcding derivatives was used vanser al. [48]. They created a new
library of mutants with thiotemplates altered by targeted mutations oviahsubstrate binding site.
Hundreds of mutants,e., hundreds of strains with enzymatic variations #melunusualmolecules
putativelygenerated thereof, were screemsthgmass spectrometry according to their structlires
orthogonal approachighlights the potential of combinatorial biosynthesis an alternative to the
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chemical synthesis of complex natuampounds with the similar efficiency andeven improved
biological activity.

3.2.2. Kahalalides

Other weltcharactesed unusual antibiotic peptides are the kahalalides, a family of depsipeptides
with variable size and peptide series, ranging from C31 (tripeptide) to C77 (tridecapeptide) and
carrying differentfatty acid chaing50]. These compounds, first isolated from ttebivorous marine
molluscElysia and its algal food sourd®yopsis pennata, have also been described in soHikrio sp.
strains isolated from the same mollysd]. Although the origin of kahalalides remains uncertain,

Hill er al. suggest thaElysia rufescens acquires kahalalidproducing microbes from the surface of
Bryopsis and then retains these microbes as symhionkss family of depsipeptides has been
reviewed[50]; therefore, we presehiereonly the main characteristics of these peptidehakdides

and especially kahalalide Figure 4 are known for their antifungal and antitumour activities. Phase II
clinical trials are underway in regard to the latter

Figure 4. Structure okahalalide F.
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These compounds are active against several $uit) asCandida albicans, Cryptococcus neoformans,
Mycobacterium intracellulare and Aspergillus fumigates [52]. Their chemical synthesibas made it
possible to characteristructureactivity relationships antlasresulted ina derivative with increased
biological activity.The genes that govern kahalalide synthesis have not yet been characterised, perhap:
due to the unknowrmrigin of kahalaliderelated depsipeptides. NRPS genes raost likely to be
involved inkahalalidebiosyrthesis, as suggested by the structure of these mole€idesd 4. Other
Vibrio genomes are currently under investigation, especidlbyio shilonii (Gi01413GOLD), a
species closelyrelated to the kahalalide-producing strain Therefore kahalalide biosynthesis
pathwaysmaybe brought to light in thaearfuture.
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3.2.3.Holomycin

Recently described,dtomycin is produced by théhotobacterium halotolerans S2753[41]. 1t is
the final product of a Cy£Cys dipeptide precursdhat displays abroad spectrum of antibacterial
activity [31]. This pyrrothine compound is an excellent example of matural amino acidesidues
can bemodified toform —exotid molecules(Figure 5. Prior tothis study this pyrrothine antibiotic
compoundhad only been isolated fronGrampositive bacteria and especially from thetinomycete
Streptomyces clavuligerus [53]. Holomycin exertsa bacteriostatic effean both Gramnegative and
-positive bacteria specig¢S4]. It causs rapid inhibition of RNA chain elongatiofp4,55] The gene
cluster responsiblfor its synthesis irS. clavuligerus is a onemodule NRPS systenfrigure 5 [31].

Figure 5. Biosynthesis of holomycin[31]. 3485: acytFCoA dehydrogenase;
3486: thioesterase domain; 3489 phosphopantothenoylcysteinedecarboxylase;
3487: glucosenathanolcholine oxydoreductase; 3492: thiorededisulphide reductase;
3483: acetyltransferaseCy: cyclisation domain; A: adenylation domain; T: thiolation

domain or peptidytarrier protein (PCP)
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Surprisingly until 2010,the production ofholomycin hadnly beendemonstrateth Grampositive
bacteria [41]. Horizontal gene transfer is the most likely explanation for its occurrence in
Gramnegative heterotrophic bacteriA high numberof mobile genetic elemesnhave beenreported
in this family[56,57]

3.2.4.Unnarmicins

Unnarmicins are depsipeptides isolated from the fermentation broth of a Rasiéacterium sp.
MBIC06485. Unnarmicinscontaintwo Leu, two Phe and one 3-hydroxyoctanoyl moiety oone
3-hydroxyhexangl group in tnnarmicins A and QrespectivelyFigure §. These compound exertan
antibacterial activity only towardspecies ofthe Pseudovibrio genus one of the most common
o-Proteobacterigeneran the marine environme$8].
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Although the Pseudovibrio genushas not been shown to be pathogemiocnarmicins carbe
included in culture mediaglong with otherselectivemarine antibioticssuch askorormicin [59], to
represdastgrowing bacteria anthus facilitatethe isolation and purification of slegrowing bacteria
from marine environments.

Figure 6. Structures of nnarmicins, ngercheumicis andsolonamides
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3.2.5.Ngercheumicis

Other original depsipeptides froRkotobacterium strains thatireactive against the ngpathogenic
Pseudovibrio denitrificans were patented in 2007:The ngercheumicis [60]. To date, ive
depsipeptides namedgercheumicis A-E have beenpurified and charactexed (Figure 6)
Ngercheumicis A and B have a depsipeptide macrocyobatainingone Pheandtwo Leu residues
with different fatty acid tais. Ngercheumicis B-D havea macrocycle composed tireelLeu, two
Thr andone Serwith no fatty acidtail (Figure §. Althoughthese compoundsonly target bacteridor
which no pathogenesisas been describetb date asnotedfor unnarmicins, ngercheumicirtsan be
added taculture medato promoteslowly-growing marine bacteria.

3.2.6.Solonamides

Another marinePhotobacterium produce cyclodepsipeptidesalled solonamidesThe description
in this genuof various depsipeptidesiggestshat this type of compounadaybe a comran featuren



Mar. Drugs 2013 11 3643

Photobacterium. In terms ofstructure analogy, solonamides are dipselated to unnarmicins and
ngercheumicinsKigure §, with a macrocycle containingneL-Phe,oneL-Ala, oneL-Leu andone
D-Leu residue with a hydroxyoctanoyl or a hydroxyhexanoyl moiatysolonamides B and A
respectivel({61]. In the same study, remtibacterial activithas ben observedor solonamides A and
B howeverthe activityhasonly beenassessedgainstVibrio anguillarum andS. aureus. Nevertheless,
solonamideB has beemeported taeducethe expression of botva andrralll of methicillin-resistant
Staphylococcus aureus (MRSA), two genes involved in strain virulenceontrolled by an
agr-dependentquorum sensing sSystem The structural similarity of the okonamides and the
auteinducing peptides involved i8. aureus quorum sensingsuggest that solonamides may be
competitive inhibitors of theigr system[61]. The reduced activity of solonamide A compareith
solonamide B indicates that the overall hydrophobicity of the depsipepiidas the fatty acid chain
may have an important impaan the inhibition of expression of the&irulence gene irS. aureus.
As the importance ofjuorum sensingn the development o¥irulencein pathogenic bacterias
becomeclear, compounds that disruguorum sensingilone [62] or in combination with classal
antibiotics[63] have beerproposedas a newanttinfective therapyHowever,this strategy remains
disputed64], therefore requirindurtherinvestigation

To our knowledge no datare available on biosynthetic pathways of cyclodepsipeptides
(unnarmicins, ngercheumicins and solonamides). NonethetbBssstructural feature of these
cyclodepsipeptidesuggesthat theyaresynthessedon NRPS machinery.

3.27. Thiomarinobk

A well-characterisedhybrid NRPSPKS systemis responsiblefor the biosynthesis of thiomarinol
compoundsin Pseudoalteromonas sp. SANK 73390 Thesecompound, related to the holomycin
antibiotics discussedabove, are hybrids of two antibiotics A pseudomonic acid derivative
(marindic acid) and pyrrothine linked via an esterbond [65]. Thiomarinok have potent activity
against both Gramegative andpositive bacteriaespeciallyagainst MRSALiquid-liquid extraction
of the cell-free supernatanhas shownthat Pseudoalteromonas sp. SANK 73390 produseseven
thiomarinol analogues(Figure 3 [65-67]. Total DNA sequencing of the producer strains and
mutagenesibaverevealed thathe thiomarinol biosynthesis systesrcarried by a plasmid designated
aspTML1 [68]. pTML1 also carris 21 openreading frame$ORFs) thatencoa PKS genesnvolved
in the synthesis of marinolic ac[@8]. Mutagenesis in PKS or NRRfsshown that marinolic acid
and pyrrothine can be produteseparately. Whendefective mutants in either pathway are
co-fermentedthiomarinol productions restoredindicating thatanexternal producgmarinolic acid or
pyrrothine) canbeused bybacteria tgproducethiomarinol. This and othestudies on new thiomarinol
secondary metabolites highligtite possibility of creaing new hybrig by mutasynthesifs8,69] and
hence, tareate new drugsith enhanced activity

3.28. Cyclo-Peptides

A Pseudoalteromonas sSp. associated with the sponglisarca ectofibrosa has been isolated
for its ability to inhibit S. aureus, Micrococcus luteus, Bacillus subtilis, Escherichia coli and
V. anguillarum [70]. The resulting fermentation broth contains foutyclo-peptides:
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cyclo-(PheProLeu-Pro), cyclo-(LewPro),, cyclo-(PhelLeu), and cyclo-(Lewlle),. Similar cyclic
peptides aralso produced by a strain Bfeudomonas [70]. Although the fermentation broth extracted
with methanol inhibits several target bacteria, no inhibitory activity is recovered avblerpeptides

are used alone; however, employing a solid phase synthesis methog;/th@hePro-Leu-Pro) has
been shown to exert a significant inhibitory activity against Gnagative bacteria, notably against
Pseudomonas aeruginosa and Klebsellia oxytoca [71]. The biosynthetic pathways involved in this
biosynthesisof cyclo-peptides have not been investigated. The structural analogy with other
tetrapeptides suggests that NRPS modules are at the origin of this peptide-@sdmyces [72].

Figure 7. Structureof thiomarinols produced byseudoalteromonas sp. SANK73390.

Thiomarinols R, R, Ry Ry Ry Ry n
ThiomarinolA H OH H OH OH S 7

P"‘* Bs Thiomarinol B H OH H OH OH SO, 7

HOR_ \e/j\ ThiomarinolC  H OH H OH H S 7

Yv Thiomarinol D CH, OH H OH H § 7
@) ThiomarinolE. H OH H OH OH S O
RW‘“ o Thiomarinol F 1 =0 H OH OH S 7
Ry ’ ThiomarinolG H OH OH H H S 7

3.29. Massetolides

Massetolides are cyclic lipopeptides produced by otfienoteobacterithathaveantimycobacterial
activity. Massetolides AD werefirst purified from a culture of a marinePseudomonas MK90E85
isolated from an unidentified red alga collected in Masset, IBIEf CanadaMassetolides B4 and
viscosin werdfirst isolated fromPseudomonas MK91CCS8 isolated from an unidentified tube worm
that was collected neavoira Island BC, Canadd73]. Massetolides are composed rohe amino
acids with alternating>- or L-configuratiors and a variablelength of fatty acid chairs of variable
length Massetolides areyclisedthrough an ester linkage between the hydroxythef third amino
acid residue and the carboxyl group of the last amino &aydiie §.

Figure 8. Structures of massetolides.
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Massetolide A issynthesisedy various strains oPseudomonas from diverse environments. The
biosynthesis of massetolidbas beerstudied inP. fluorescens andhas beershown to be governed by
three NRPS modules designated MassA, MassB and MBEBHC MassA (2089 amino acids)s
composed ofwo modules whereas the MassB (4307 amino acids) and MassC (3775 amino acids) are
regectively constituted ofour and three modules. MassC also contaitveo TE domains./n silico
analyses on A domain specificity are iocardancewith a linear NRPS synthesis mechanisithe
prediction of amino acids produced by Masd® and Cis consistentwith the peptice part of
massetolide A74]. The two TE domains present at the end of Mass@work in tandem to enhance
the rate of product release frahe NRPS assembly line.

3.2.10.Predicted NRPs

A collection of marine bacteria was created for its ability to inhibit some indicator species such as
B. subtilis, S. aureus, E. coli, Agrobacterium tumefaciens and Saccharomyces cerevisiae [75]. Of
these, one strain dseudoalteromonas named NJ631 inhiks the growth of all target strains and has
been further analysed for its secondary metabolite biosynthetic pje€onstruction of a genomic
library revealed a hybrid NRPBKS gene cluster ikseudoalteromonas sp. NJ361. Bioinformatics
analyses were sed to predict the NRPBKS product. Fouof the five A domains characterised
(A2, A3, A4 and A5) have been successfully predicted for substrate specificity and were used to
determine the composition of the nonribosomal peptide. It consists of one Glm,oone Ser, one
D-Ser and one Aeo {@minc9, 10epoxy-8-oxodecanoic acid)76]. A study on a NRP monomer has
highlighted that certain residues generate specific biological activities of the p@g@tda search in
the Norine database reveals that yjn&RPs containing Glu, GIn op-Ser are known to display
antibiotic activity. For instance, among the 199 NRPs containing GIn, 187 appear to exert
antimicrobial activity. Furthermorep-amino acids are frequently found in antibiotic NRR4].
D-Amino acid-based peptides seem to be particularly resistant to enzymatic degradation, which is of
great interest fotin vivo applications[78]. All these features suggettat this putative NRPhas
antibacterial activity. More structural information would allow tthevelopment of a purification
protocol to confirm and study the antibiotic activity of this NfRIn Pseudoalteromonas.

3.3. 0-Proteobacteria
3.3.1. Myxovalargins

These moleculewere discovered in a culture supernatantaof/yxococcus fulvus strainisolaed
from soil samplesThis bacterium iglsoknown for its halotolerance and ability to develop in marine
seawatef79]. Myxovalarginsarelinear peptides ranging from 1500 to 1700, Pantaining Val, Arg
and several unusual amino aci[88]. Being the most active molecule, mgxalargin A was further
studied. t consists of 14 amino acids pluarithylbutyric acid and agmatimaoieties however its
structure has not been fully elucidaféd].

Myxovalargin Ais active against both Grapuositive and-negative bacteria and stronglpresse
protein synthesis in targbacteria at low concentrationshereasts main effect at high concentrations
is due tomembrangermeabilsation[81].
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To the best obur knowledge, no structuactivity relationshipstudy has been undertaken for the
myxovalargin family and their biosynthesis has not been investigated

3.3.2. Althiomycin

Althiomycin (Figure 9 is another peptiddound in M. fulvus together with the antibiotic
myxopyronins [82]. However, his molecule was originally described in the actinobacteria
Streptomyces althioticus [83].

Figure 9. Antibiotic peptides fromMyxococcus fulvus.
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Althiomycin is a pentapeptide ctainingtwo Gly, two Cys andoneSeranddisplayswide spectrum
antibiotic activity againstGrampositive and-negativebacteriaby inhibiting protein synthesig84]. Its
biosynthesis remains unknown M. fulvus, but the production of althiomycinhas been
shown to involve a hybrid of NRPS and PKS systems in the clastffed myxobactenim
Myxococcus xanthus [85] andin they-Proteobacteriderratia marcescens [86].

3.3.3. Myxothiazols

Other antimicrobial polyketidepolypeptide hybrid metabolitediscoveredfrom M. fulvus are
myxothiazols[87]. The structure of myxothiazol A ishownin Figure 9 Myxothiazolsare obtained
through the condensation ohe 3-methylbutyrate three acetatesiwo propionates antivo Cys plus
one undetermined terminamino acidresidue[88]. They exhibit antifungal adivity [89,90] dueto
interferences with cytochrome b andnhibition of respiration. The synthesis of myxothiazols in
M. fulvus has not been investigated. HowevRerlovaer al. describe the mechanisimvolving NRPS
in another myxobacterid&tigmatella aurantiaca [91].

To our knowledggethe production of myxovalargins, althiomycin or myxothiazols hasyetbeen
demonstrateth marinespeciesFurther experimeni@re requiredo determine if these metabolites can
also be retrieved from mariné. fulvus. The search for bioactive compounds in marine myxohacter
canstill be fruitful, as describetelow.

3.34. Miuraenamides

These are two antimicrobial compoundsthat have recently been identified from
Paraliomyxa miuraensis, a new halophilic myxobacterium living @oastalkoils[92], positioned close
to the marine gener@nhygromyxa and Plesiocystis in a 16S rDNA phylogenetic treéiuraenamides
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A and B are cyclic depsipeptiddsmtnotablypossessnehalogenatedv-methytTyr, onedehydrePhe
andoneAla (Figure 10.

Figure 10.Antifungal peptides fronParaliomyxa miuraensis.

HO Br HO |

Miuraenamide A Miuraenamide B

Miuraenamide A exerts significant antifungal activity agamristtophthora capsici, Rhizopus oryzae
and Candida rugosa. The cyclicorgansation in the molecules, as well as their lipophilicity andithe
phenolmoaiety, are involved in their activity93]. The mechanism of synthesis of the miuraenamides
has notyetbeen elucidated.

Beyond the recent discovery of marine myxobacteria and ploééntial as a source of antibiotics,
t he met abol ome -Pmteobaxterihasrbeeriitie rinvastigated However, most of the
currently acceptedharinegenera of this class have been descridrdyg in the last decade. The recent
descriptions pdicularly emphase the suphate and sulphur-reducing ability of anaerobic
marine/halophilic strains. To our knowledgay putative production of antimicrobial molecules has
yet to beassessedn summary, even for myxobacteria, the chemical diversith@d-Proteobacteria
class remains largely underexplored.

3.4. Molecules of Suspected Bacterial Origin

Since thelate 20th century, the analysis of the metabolome of marine invertebrates has yielded
numerous bioactive moleculellarine eukaryotes frequentlyarbourbacteria.Since the 190s, the
true origin of secondary metabolites from marine invertebratessbeen called in to questidm
the nextsections only the antimicrobial peptides for which a proteobacterial originugpected
or established will be reportedOne of he besdocumented caseinvolves the antifungal
peptidetheopalauamide.

3.41. Theopalauamide

This moleculds a cyclic glycopeptide that dispgumerous biological activities. Theopalauamide
was originally reported from the lithistid spongkeonella swinhoei, but ithas since beeattributed to
a filamentous bacterial symbiof&4]. Schmidter al. [95] discovered that theopalauamideroduced
b y -RrotedbacteriaCandidatus Entotheonalla palauensiwhich appearto be closelyrelated to the
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order Myxococcales To date, attempts tccultivate this strain have remained unsuccessful.
Theopalauamide ia rare example o&n active moleculasolated from an animal and for which a
bacterial origin has been fully established.

3.42. Jaspamide anBelatedPeptides

When they discoveed miuraenamides from a new marine myxobacteri@jika et al. [93] also
noticed the similarity betweethese molealesand other cyclic depsipeptides from marine organisms
such as the geodiamolid¢36], seragamide§d7] and doliculide[98], which haveall beenisolated
from invertebrates The structures of these compounds iustrated in Figure 11 together with
those of the relatedjaspamide (or jasplakinolide)solated from the spongédaspis sp. [99],
neosiphoniamolide A from the spongeosiphonia superstes [100] and chondramides isolated from
the soitdwelling myxobacteriaChondromyces crocatus [101]. Consideing their similarity and their
invertebrate sourcemany jaspamideelated peptides initially attributed toarine invertebratesiay
actuallybe produced bynknownmarine myxobacterifl02].

Cyclic depsipeptides identified in marine invertebratesndesd appear similar to other molecules
from marine or terrestrial myxobacterididure 1). As an example, the structure of both
chondramide and jaspamiad®nsist ofthreeamino acid, i.e., one Ala, one N-methylTrp andone
(et h oXw [103]3The only difference lies in the length andyansation of the polyketide
chain Figure 1).

Figure 11.Jaspamideelated gclic depsipeptides.
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Many biological activities have been reported for these jaspamidied peptides. Their potential
as antifungal or antibacterial agents has especially been highlighted since their discovery. One
promising area of investigatianvolvestheir antitumarr activity, which is very welldocumented for
jaspamideamicrofilament inhibitor[104] (and references therein). Chondramide A indube same
effect as jaspamide on acfoolymerisation [105. Similar cytotoxic or antproliferative effectshave
also been demonstratedor miuraenamide A[106], doliculide [107], geodiamolide H[108 and
seragamide A97].

A biosynthetic pathway has been described for chondramides@fomiromyces crocatus [103]
(Figure 132. It consists of megasynthase systems, including B&i® and NRPStypes (PKSNRPS).
Synthesis begins with the polyketide thefoundin the cycle core of the chondramide; then Ala, Trp
and f iTgrark incprpoBated.

Figure 12. NRPS-PKS biosynthesi®of the chondramidefd 03]. ACP: acyl carrier protein;

KS: ket osynt hase; AT-hyadarceogxy tdamypdkeoadglsa ¢ ; DK
reductase; ER: enoyl reductase; C: condensation domain; A: adenylation domain;

MT: methyltransferase domain; PCP: pdypk carrier protein; E:epimersation domain;

TE: thioesterase domain; PEP: phosphoenolpyruvate domain.

Polyketide synthase Non ribosomal peptide synthetase
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3.4 3. Microsclerodermins anBedeins

In 1994, Bewleyer al. extracted and identified two new antifungal molecuteisrosclerodermin A
and B from a lithistid spongeMicroscleroderma sp. [109. Because the antifungal activity was
observed onlyin spongeassociated bacteria, the authors suggested that the sponge did not produce
these molecules itself.
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Microsclerodermins are cyclic peptides containinly & the only usual residu&-methytGly,
4-amino-3-hydroxybutyric acid, Trg2-carboxylic acid, dhydroxy-4-amidoe5-vinylpyrrolidone and
3-hydroxy-Asp. They strongly inhibit the growth 6f albicans.

The recent structural elucidatida10] of pedein A and B, other antifungal peptides from the
myxobacteriaChondromyces pediculatus, brought new facts to light. These cyclic peptides are notably
composed of (®hloro)Trp, Gly, and several unusual amino acids. Pedeimhibits many yeasts and
fungi, especiallyC. albicans andRhizopus arrhizus.

A comparison of the structures of microscelordermin and peddguré 13 suggests that
Microscleroderma may not produce microsclerodermamd it is now thoughthat suchpeptidesare
produced by an umown strain of marine proteobactefid 0].

The mechanism of synthesis of pedeins and microsclerodermins, pos&bINRPSs, is
still undetermined.

Figure 13.Cyclic peptides microsclerodermin D and pedein A.

Cl

Microsclerodermin D Pedein A
Microscleroderma sp. Chondromyces pediculatus
(Sponge) (Myxobacterium)

3.44. Saframycin andRelatedPeptides

Saframycins and similar compounds from marineertebrate present a similar cas&aframycin
A was first discoveredfrom Streptomyces lavendulae and displag antitumarr and antibiotic
activity [111]. Soon after, the antimicrobial renieramycin(Rigure 14) from the spong&eniera sp.
was reporteédndtheirresemblance with saframycingés noted112].

The related saframycin Mx1 wdsst isolated from the myxobacteri®. xanthus and displag
wide-spectrumantimicrobial activity,attributed to itsefficient inhibition of DNA, RNA and protein
synthesisn vivo [113]. It incorporags twoTyr, oneAla andoneGly via anNRPSpathway[114].

Ecteinascidin 743 was isolat¢tily from a tunicate and displayntitumaur propertie§116,117.
This biological activity is at the origin of its uasan anticancer drug
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Figure 14.Saframycinrelated peptides
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Even though the search for marine myxobacteria is stdhatarly stage, the numerous examples
showing the impressive similarity tveeen on the one handsponge and ascidian antimicrobial
peptides andon the other handerrestrial or even marine myxobactépaptidedead usto think that
the discovery of new strains of marine myxobactetsiabe a major area of investigation in the future.
Such asourceof new bioactive moleculesiould not be neglected. Several myxobactdréve been
considered o b e —u ntheudiffitultyrinaheit caltivation appears to be due:tg) Their slow
growth, preferentially in lownutrient media[118]; and (i) The absence ofstandarcésed media.
Overcoming these issues will certainlgad to the discovery ofnew products and a better
understanding of the marine invertebrate microbiota.

4. Conclusiors

Antimicrobial peptides from marine Proteobacteria generally obtained via nonribosomal
pathways They display potent antibacterial and/or antifungal activits.a result, theymay
constituteusefultools to face the challenge BIDR strains. Marine RPs from Proteobacteria exhibit
a high level of structural diversity due: 1@ The presence of neproteinogenic amino acid residues
(i) The existence of multiple tailoring enzymeand (iii) The possible association with PKS systems.
Marine antibiott NRPs arethus an important supply of molecules with great potentialfor
biotechnological applications.

To screen for new NRPthe genomédased approadk particularly pertinent, becausigis strategy
allows the identification of silent genes and genes from uncultured bacleridate, he main
characterised NRPS enzymes come from terrestrial organisms and particularly from Actinobacteria
such asStreptomyces speciesNonethelesghe geomic approach based on NRPS homology cabeot
a universalmethodto discoverand analyse marine Proteobacteria NRPBhe exclusive use of
genomic strategieprecludes discovering anyondatabankindexed structuresThis highlights the
needfor a combimtion of genomic and microbiological strategies, such as complete genome analyses
combined with natural NRPspurification andcharactegation However, this coupled approach
requiresculturablebacteria.
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Despite the predominance #&froteobacterian bacterioplankton, only a few NRPs have been
isolated from this phylum when compared to the less abui@artobacteri@and ActinobacteriaThe
absence of standard cultivation protocbiss limited investigations into their biochemistrilew

cultivation methods have recently proven effective and can give access to the previously

—u n c ul t This eeidwdéas lprobably only just touched upon the tip of the icebeegtructural
diversity of antimicrobial NRPg¢several unusual amino acids combined vdiherse alkyl chains)
describedhereis both an advantage and a disadvantfageise in abiotechnolog context Given the
novel chemical structures, chemical synthesis must be defvoedssto this biotechnologicadource
requires improving culture meadds forProteobacteriaWith future advances in cultivation methods,
we can reasonably expeat increase ithe number of molecules isolated from marireteobacteria
and the elucidation ofnew NRPS biosynthesis pathwaythus leading to new and efficient
genomebased strategies.
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