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Abstract: Staphylococcus aureus a serious human pathogen that employs a number of
virulence factors as part of its pathogesedihe purpose of thpresent study was to
explore marine bacteria as a source ahpounds that modulate virulence gene expression
in S. aureus During the global marine Galatheae3pedition, a stia collection was
established comprising badia that express antimicrobial activity agaigirio anguillarum
and/orStaphylococcus aureugVithin this collection we searched colony material, culture
supernatants, and cell extraéts virulence modulating actity showing that 68 out of
83 marine bacteria ffliated with theVibrionaceaeand Pseudoalteromonasp) influenced
expression ofS. aureushla encoding .-hemolysin toxin and/ospaencoding Protein A.
The isolate that upon initial seening showed the highestgilee of interference (crude
ethyl acetate extract) wasvVdbrio nigripulchrituda Extraction, purification and structural
elucidation revealed a novel siderophodesignated nigribactin, which inducepa
transcription. The effct of nigribactin orspaexpression is likelyo be independent from
its siderophore activity, as another potent ighore, enterobactin, failed to influence
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S. aureusvirulence gene expression. Thisudy shows that marine microorganisms
produce compounds with poteal use in therapeic strategies tardgmg virulence rather
than viability of human pathogens.

Keywords: nigribactin; siderophoréyibrio; Staphylococcus aureuspa agr

1. Introduction

The marine environment has proven to beeservoir of microorganisms producing compounds
with interesting biomedical properties [1]. Examplof such compounds incle thiopeptides from a
sponge-associateBacillus cereusstrain with antibacterial activity against multiple drug resistant
strains of staphylococcand enterococci [2]; andrimid, a brbapectrum antibiotic produced by
Vibrio coralliilyticus [3], and the antibiotic holomycin thamterferes with RNA synthesis purified
from Photobacterium halotolerang3]. While new antibacteriatompounds may prove efficient in
treating infectious dieases, human pathogens have a profouiity ab acquire restance resulting in
serious health care problems. These include methicillin-resiStaphylococcus aureudViRSA),
vancomycin-resistarfEnterococcuss well as extended-spectrum cephalosporin-resiEtstterichia
coli andKlebsiella pneumonia4,5]. To address the therapeutidlifees associated with antibiotic
resistance, other strategies, including anti-vircéetherapies, are being considered. Antivirulence
agents inhibit the production or activity of diseasmusing factors of thmfecting organism, and
thereby disarm the pathogen of its virulence tf@}sAs quorum-sensing (&) signalling systems are
central regulators of virulence e expression in many pathogens whigng absent in humans, they
represent highly promising targets for the develepimof anti-virulence therapeutics, possibly in
combination with tradibinal antibiotics [7—9]. Several quorum segsinhibitors (QS$) targeting QS
systems in Gram-negative pathogens have beetifiddnincluding ajoene from garlic that reduces
the infective ability oPseudomonas aeruginosaa pulmonary infecties mouse model [10].

In Gram-positive bacteria, QS is commonly diséed by auto-inducing cyclic peptides. One
example is thagr quorum sensing system $8taphylococcus aurey$l]. S. aureusauses a variety of
infections ranging from mild skimfections to life-threateningdeteremia and endocarditis, with many
strains being resistant to a numimdrantibiotics [12]. Pathogenesis 8f aureuss attributed to a
multitude of virulence factors, of which a major part is controllecdpy[11]. Theagr QS system is
composed by an external signal, an autointuccyclic peptide that upon binding to the
membrane-bound sensor histidine kinase (AgrGiyvates the response regulator AgrA and induces
virulence gene expression via a regoat RNA, RNAII [13,14]. Activation of agr results in
expression of extracellular virulenciactors including the key toxin,.-hemolysin, while cell
surface-associated virulence factasch as Protein A, are repress$@4]. Previously we identified a
putative QSI compound produced by the marine bacterRhmtobacterium halotoleranghat
dramatically reducelsla and RNAIII expression while increasisgaproduction [15]. To address how
abundant such compounds are ie tharine environment we havereened a collection of marine
bacteria for compounds that modul&eaureussirulence gene expression.
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2. Resultsand Discussion
2.1. Moduétion of S. arreusVirulence Gendexpressiorby Marine Bacteria

As partof the glob& marine Glathea 3 gpedition, acollectionof bacterialstrains bednging to he
generaVibrio, Ruegeia, and Pseudoalteomonas was establiskd basedon antibactrial activity
againstVibrio anguillarum and/a Staphylooccus aures [16]. Udng a repaer fusion asay [17]we
screened citure extrats, superatants, andcolony maerial of 83 strains fron this colkction for the
ability to inhibit expression of S. aureushla (.-hemolysin) as wel as interfeence withthe S. aureis
agr quorumsensing sstem repored as decrasedhla ard increasedpaexpresion (Figue 1, Table ).

Figure 1. Screaing of crude EtOAcextracts ofVibrio nigripulchritudo isolatesS2600
(top arow) andS2604 (botbm arrow)obtained fom the Solonon Sea [6] in theS.aureus
hla::lacZ andspa::lacZ S. arreusrepoter fusion asays.

Colony material fom almos$ all testel Vibrionaceae strans reducedhla expmession, whie
ethylacetatg EtOAC) extracts of17 strains ad only asingle cultue supernaint showel this activty
(Table 1).Nine extract and colay materialof 8 strairg showed bth repres®n of hla and inducton
of spatrangription.

Table 1. Screeing of maine bacteial materid extractsand cultue supernants for
interference withS. aureusvirulencegene expresion. Thenumber ofisolates diglaying
downregulationof hla andcombineddown-reguétion of hla with up-regulation ofspa are
listedin the table

Number hla interference hla/spainterference

Genusfamil of strains  Colon Colon
y y Extract Supernatant y

Extract Supernatant

tested material material
Pseudoakromonas 41 37 15 0 19 0 0
Vibrionaceae 37 30 15 1 8 9 0
Rueggria 5 0 0 0 0 0 0

Colonymaterial of37 out of 41Pseudoakromonassrains redgedhla expression, ad this activty
was retaind in 15 ofthe EtOAcextracts.Whenagr interferencewas monitred as thecombinaton
of hla repression andspa indution, noneof the EDAc extracs proved positive whereas colay
material fom 19 strams did. The active spcies coveed P. phewlica, P. rubra, P. ruthenica and
P. luteoviohcea Conparison wit previouswork on aitibiotic acivity of the strains teted here [6]
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showed tha growth nhibition is often indgpendent fom modubtion of virulence gee expressin
(see supplmentary dad). None @ the five tested Ruegeia strains &ected viulence genexpression

The preent studyadds to ecent wok of marire bacteriaas sourcesof QS nhibitors and
modulatorsof virulence gene gpression.A marine Bacillus species wasfound to nterfere wth
QS-controlec virulence factor poduction ad biofilm formation h Pseudoronas aerginosa PAO1
and violacén pigmentproductionin Chromdoacteriumviolaceum([18]. Ability to interfee with QSin
P. aerugin@a was als seen in rarine micrarganismssolated arond the Geat BarrierReef. Of B4
testad extracts, 64 (2%6) were ative in a gneral, LxR-derivedQS screenand of tlese 36 (560)
were also etive in a pecific P. aeruginosaQsS screeng]. Thus,marine baatria seemdad be comnon
producers bcompourls targetingvirulencegene expreson in both Gram-pogive and Gam-negatie
bacteria posibly through modulaiton of QS gstems.

2.2. Interfeence of Vidlence Ger Expressin byVibrio nigripulchritudo

One stain, Vibrio nigripulchritudo S2604, displged particlarly prominent redation of hla
expressionwhile incressing the &pressionof spa (Figure 1). Theactivity was expresse both unar
shaken andstagnant gpwth corditions. Urder stagnat conditions the actity was ehanced wken
substituting glucose with melibicse (data at shown).In additionto V. nigripulchritudo S2604,we
examined he five ramaining iolates of V. nigripulchritudo grown in the presenceof melibiose
without aestion to deéermine if the ability to modulateS. aureusvirulence gea expressia was unige
to strain 2604 or ageneral property d V. nigripulchritudo (Figure 3. To addess whetér
V. nigripulchritudo strains directy influenceagr quorum sensing lte extractsvere screeed for effet
on expressin of the rgulatory RNAIII molecule, one dthe key effector moleules of tle agr quorum
sensing sysm [19]. Here, we oberved that &tracts of smeV. nigripulchritudo strains rduced RNAIII
expressionwhereas fo other extacts the RIAIIlI expression wasonly marghally affeced (Figure2),
indicating hat the diffeentV. nigripulchritudo strainsproduce a vagty of QSmodulatingcompounds.

Figure 2. Effectof EtOAc extracts ofVibrio nigripulchritudoisolates (1 S2604, 252600,
3: SB01, 4. 2603, 5: 3072, 6: S2156) gown stagnat with 04% melibiose on
expression of hla, spaandrnalll S. aureusrepater fusiors. Clearingzones arond the
wells representsestricted gowth and atimicrobial activity of the teste¢ompound.

2.3. Nigribectin, a Nowd Sideroplore fromVibrio nigripulchritudo 2604, EnhancesSpaTranscription

Derepliation and factionationby exploraive solid-phase extrawon (E-SHE) [20] of EtOAc extract
obtained fran V. nigripulchritudo S2604 indcated the psence of aovel, unclarged, apar compounl.



Mar. Drugs2012 10 2588

Fractionation of a lage scale 3604 extrat followed by NMR revealed liat a nove compourd,
designateahigribactin,is respondile for thespa enhaning activity (Figure 3).Surprisindy nigribactn
did not malulate expession ofhla and RNAIII, indicating thatseveral conpounds m the origiral
extract influence virulece gene xpression igure 3).

Figure 3. Screeing of purfied nigribactin for itseffect onS. aureus hé, spaandRNAIII
expression. 1: 2mg-mL'™* nigribactin dssolved inDMSO; 2:DMSO; 3: serile wate.

At high concentrabns nigritactin inhibits growthof S. aureis as obsesed by lak of growth
closest to he well (Figure 3) witha minimalinhibitory concentratn duringgrowth in liquid medium
of >10 g-mL 1 (datanot shown).However,in the plateassay (Figre 3) thespa-inducing activity was
observed drther fromthe wellwhere onlysub-lethalconcentratns of nigrbactin arepresent. fie
ability of nigribactin b enhancespa transcrption was onfirmed ky Northernblot analygis showinga
substantial mcrease irgpa transcrption in theexponentl growth phase (Figue 4).

Figure 4. Trangription of spais induced in tle presenceof nigribadin at low optical
densiy but not n transition to statiormry phase Equal amants of RNA from S.aureus
NCTC8325-4 sapled 30min (1, 2) aad 90 min(3, 4) afteraddition d DMSO (1, 3) or
5 pgmL " nigribactin (2, 4)both addedat ODso0 = 0.4 reactd with aspaspecific pobe.

Nigribadin (CzoH3N4Og, cak monoisdopic mas 592.21® Da) sheved to k& a catechl
hydroxyphenyloxalone with a norspermidne backlone, givirg it high structural similarity to
siderophores from Vibrio such asvibriobacin and flwibactin [2]. Siderofhores are dw molecubr
weight iran chelatorstypically producedin respons to low-iron stress[22]. The structure of
nigribactin was estabthed by conparison ¢ 1D and ® NMR data recordd in DMSO-ds (*°C daa
given in Setion 3.3)to dag for fluvibactin from Vibrio fluvialis [21]. Analysis of tre NMR dada
revealed tht the nigrbactin strature differs from that of fluvibactin only by contaning one les
methyl graup in the 5Smemberedxazoline rng and ondess hydrayl group Figure 5).
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Figure 5. Structires of thebacterial silerophoresigribactin(this stug), fluvibadin [21]
and eterobactin23].

HO
Hop HO
N=
N/
/( l ,NH\/\/N\/\/NH
OH O O OH
Nigribactin a1 OH Fluvibactin
HN
o)
HO  OHg o OJiO 0
NHJ;(O NH
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Enterobactin

The strutural similrity of nigribactin toknown sideophores ppmpted udo addressf nigribacin
is a sideropore. We onfirmed pominent ilon-chelatirg activity o nigribactn by examining dilutions
of purified nigribactin using thecolometric CAS assg [24] (Figure 6A). However, tle siderophoe
activity of nigribactinappears noto be respnsible forthe effect @ spaexpression as ather anotler
catechol sierophore,enterobacti [25] (Figure 5), no 2,2-dipyidyl, an ion chelatiy compounl,
inducedspatranscripton (Figure6B).

Figure 6. (A) Confirmation of siderofnore activty of nigribactin by adition at 2 5, 10,
15, D, and 50uM to vials carrying Chrome amrol S (CAS); B) Test of enteobactin
(dissdved in DMSO) and2,2 «dipyridyl (dissohed in 99% EtOH) aganst theS. aureus
83254 spa::lacZ reporter fision [26] ncorporatednto an agr plate.
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3. Experimental Section
3.1. Bacterial Strains

Of 512 marine bacterial strains isolated durthg global Galathea 3 exgigon [16], 83 strains
were selected for the present study. The screessayapplied in this study is described by [17] using
S. aureusstrains carrying different gene reporter fusions, inclu@ngureus8325-4hla::lacZ [26],

S. aureus3325-4spa:lacZ [26] andS. aureus8325-4rnalll :slacZ [27,28].S. aureusstrain 8325-4 [29]
was used for Northern blot analyses.

3.2. Bacterial Growth Conditions, Culture Extraction and Virulence Gene Expression Assay

Marine bacteria were grown in 30 nsiea salt solution (SSS; Sigma S9883; 40 y-with 0.4%
glucose and 0.3% casamino acids for three days &€ 2&th (200 rpm) and without (O rpm) aeration.
Culture supernatants were prepared by sterile filtration. Cultures were extracted with an equal volume
of EtOAc, transferring the organiphase to a new vial, and @emating under nitrogen gas until
dryness. Fractionation by explorative solid-phadeaeton (E-SPE) was performed according to [20].
Dry extracts and fractions were redissolved @® 3iL 80% EtOH for biologidatesting as described
in [17]. For screening of cohy material, marine bacteriwere grown on Marine Agar 2216
(Difco 212185) for 24 h at 25 °C, and a lump ofotyy material was placedn top of agar plates
containingS. aureug17] but without wells in the plates, émncubated for 48 h at 30 °C. By using a
combination of reporter strains laak for both up- and -down regulatiowe were able to detect and
exclude strains being natural producers-glalactosidase.

3.3. Northern Blot Analysis

S. aureus8325-4 was grown in TSB at 37 °C240 rpm. Nigribactin was added at b= 0.4 and
samples for RNA extraction were taken after 30 88dmin. Northern blot alysis using a probe
targetingspawas performed as described previouy8§]. Probes were made using the primgpa
forward (5sGGG GGT GTA GGT ATT GCA TCT G-8andspareverse (3GGG GCT CCT GAA
GGA TCG TC-3).

3.4. Purification and Structurglucidation of Nigribactin

Strain S2604 was grown in 2 L sealt solution (Sigma S9883; 40 dl-)_with 0.4% melibiose and
0.3% casamino acids for three days (0 rpm) at 28Cday 3, the culture was extracted with 750 mL
EtOAc for 24 h. The organic extract was dry loadetb 10 g Sepra ZT C18 (Phenomenex, Torrance, CA)
and dried before packing into a 60 g SNAP colyBiotage, Uppsala, Swedewith 50 g pure resin in
the base. Using an Isolera flash purification sys{Bmtage) the extract was subjected to a crude
fractionation using an acetonitrile (MeCNX®Bi gradient (flow rate 40 mL-mfh) starting with 10%
MeCN (2 column volumes (CV), isocratic), incresto 100% MeCN (10 CV) before washing with
100% MeCN (2 CV). Fractions were automaticaibllected using UV detection (210 and 320 nm).
The fractions inducingpa activity (120 mg) were pooled, evapted, and redissolved in 1.2 mL
EtOAc/methanol (MeOH; 1:3 v/v) fodiol separation (Isolute dioBiotage) on the Isolera system.
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A total of nine fractions (fractiosize 12 mL) were collected frometldiol column (10 g SNAP column)
ranging from heptane, dichloromethane (DCHM)OAc to pure MeOH, running under gravity. The
fractions (28 mg total) witlspa activity (25% DCM in heptane t€00% MeOH) were pooled and
purified on a Luna Il g column (250 x 10 mm, 5m) (Phenomenex) using a 45%—70% MeC)OH
gradient (buffered with 20 mM fmic acid, flow rate 4 mL-miff) over 20 min on a Gilson 322 liquid
chromatograph with a 215 liquid handler/injec{®ioLab, Risskov, Denmark). All fractions were
analysed by LC-UV-MS according to standard pdges [20] before pooling. This yielded 1.6 mg
of nigribactin.

NMR spectra were recorded on a Varian Utitgva 500 MHz spectrometer equipped with a 5 mm
probe using standard pulse sequencds. data was confirmed on a Bruker Avance 800 MHz
spectrometer at the Danish Instrument CenteNfldR Spectroscopy of Biological Macromolecules.
The NMR data used for the structural assignmemigribactin (Figure 7) were acquired in DMS#p-
(Table 2).

Figure 7. Structure of nigribactin with nunelbed atoms as assigned in Table 2.

ICROS QN of

Table 2.NMR spectroscopic data (DMS@) of nigribactin.
Atom Ic (ppm)  /y (ppm) (multiplicity , J (Hz)) HMBC

la 43.2 3.38 (1H, m) 42, 3,12
1b 43.2 3.36 (1H, m) 42, 3,12
2 26.8 1.77 (2H, m) -

3 36.3 3.26 (2H, m) 1,2,5
4 - 8.74 5

5 169.4 - -

6 114.8 - -

7 149.4 - -

8 145.9 - -

9 118.6 6.88 (1H, d, 7.6) 7,8, 11
10 117.7 6.65 (1H, t, 7.6) 6,8
11 116.9 7.22 (1H, d, 8.0) 5,7,9
la 44.6 3.68 (1H, m) P12
1k 44.6 3.56 (1H, m) P12
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Table 2.Cont.
2 28.2 1.95 (2H, p, 7.2) d3e.
3. 36.3 3.38 (2H, m) 3295
4 - 8.83 Be
5e 169.6 - -
6 114.8 - -
7o 149.4 - -
8e 145.9 - -
9. 118.6 6.88 (1H, d, 7.6) Bs1le
10- 117.7 6.65 (1H, t, 7.6) €8
11 116.9 7.26 (1H, d, 8.0) o799
12 168.3 - -
13 64.2 5.36 (dd, 9.5, 6.7) 12,15
1l4a 69.2 4.77 (1H,t, 7.5) 12, 13,15
14b 69.2 4.54 (1H, t, 8.9) 12,15
15 165.3 - -
16 109.6 - -
17 158.6 - -
18 116.4 6.97 (1H, d, 8.3) 16, 17, 20
19 133.9 7.44 (1H,t,7.9) 17,21
20 118.9 6.93 (1H, t, 7.6) 16, 18
21 127.9 7.62 (1H, dd, 7.8, 1.1) 17,19
22 (-OH) - 11.7 16, 17,18
—OH - 12.7 -
—OH - 12.6 -
—OH - 9.12 -
—OH - 9.09 -

4. Conclusions

This study shows that a substial number of marine bacterig80%), collected from various
marine habitats worldwide, are able to influer&eaureusvirulence gene expression. Frovibrio
nigripulchritudo we isolated a new siderophore, nigrilictvhich enhances the expressionsph

encoding Protein A. While the crude edt of this bacterium also showklh-repressing activity, we
failed to isolate a single compound both represklagand inducingspaexpression. However, since a
large number of strains displayed this comboratof activities such compounds are likely to be
abundant. From a biological perspective, it is infing that bacteria fronmarine habitats produce
compounds that influence virulenogene expression of a pathoge&ormally associated with
warm-blooded animals. Thus, our study shows thatine bacteria are a source of compounds that
affect virulence gee expression i. aureusand ultimately, such compounds may aid in the treatment
of infectious diseases.
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