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Abstract

One hundred human-derived coagulase negative staphylococci (CoNS) were screened for

antimicrobial activity using agar-based deferred antagonism assays with a range of indicator

bacteria. Based on the findings of the screen and subsequent well assays with cell free

supernatants and whole cell extracts, one strain, designated CIT060, was selected for fur-

ther investigation. It was identified as Staphylococcus capitis and herein we describe the

purification and characterisation of the novel bacteriocin that the strain produces. This bac-

teriocin which we have named capidermicin was extracted from the cell-free supernatant of

S. capitis CIT060 and purified to homogeneity using reversed-phase high performance liq-

uid chromatography (RP-HPLC). Matrix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF) mass spectrometric (MS) analysis revealed that the capidermicin peptide has

a mass of 5,464 Da. Minimal inhibitory concentration (MIC) experiments showed that capi-

dermicin was active in the micro-molar range against all the Gram-positive bacteria that

were tested. Antimicrobial activity was retained over a range of pHs (2±11) and tempera-

tures (10±121ÊCx 15 mins). The draft genome sequence of S. capitis CIT060 was deter-

mined and the genes predicted to be involved in the biosynthesis of capidermicin were

identified. These genes included the predicted capidermicin precursor gene, and genes that

are predicted to encode a membrane transporter, an immunity protein and a transcriptional

regulator. Homology searches suggest that capidermicin is a novel member of the family of

class II leaderless bacteriocins.

Introduction
Theriseandspreadof multidrug-resistantbacterialpathogens,coupledwith adiminishing
repertoireof effectiveantibioticshasnecessitatedthesearchfor newalternativeantimicrobial
agents.Overthepastdecade,ribosomallysynthesizednaturalpeptidesproducedbyadiverse
groupof bacterialspecieshavereceivedattention[1]. Comparedto non-ribosomallysynthe-
sizedantimicrobials,theribosomallyproducedpeptidesareattractivefor pharmaceutical
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applicationsastheycouldpotentiallybebioengineeredto improvecharacteristicssuchas
potency,stability,solubilityetc.[2]. Onegroupof compounds,namelythebacteriocins,have
attractedgreatinterestdueto their highpotency(oftenactivein thenanomolarrange)and
heatstability[3].

It hasbeensuggestedthatmostbacteriaproduceat leastonebacteriocin[4]. While the
exactecologicalfunction of bacteriocinsisunknown,theymayplayarole in competitionby
directlykilling competingbacteria,function ascolonizingpeptidesor function assignalling
moleculesto communicatewith otherbacteriaor thehost[5]. Bacteriocin-producingbacteria
havebeenisolatedfrom awidevarietyof sourcesincluding food[6], soil [7] andtheintestines
of fishandanimals[8, 9]. In addition,severalmembersof thehumanmicrobiotahavebeen
shownto producebacteriocins.Forexamplewehavepreviouslyemployedboth functional
and�� ������ approachesin our laboratoryto identify novelbacteriocinsfrom thehumangut
microbiome[10±15].Skin-derivedbacteriahavealsobeenshownto produce,or shownpoten-
tial to produce,bacteriocins[16±21].

For thecurrentstudy,wehavefocusedon examiningtheantimicrobialability of coagulase
negativestaphylococci(CoNS)thatwereisolatedfrom humanskinor humanbloodwith theaim
of identifyingnovelbacteriocin-producers.CoNSareconsideredpartof thenormalcommensal
bacteriaof theskinandarethoughtto actashostguardiansbytargetingpathogens[22].Wepos-
tulatethatbacteriocinproductionplaysanimportant rolein this functionandin supportof this
hypothesisNakatsujiandcolleagues[23] haveshownthatantimicrobial-producingCoNSare
deficientin subjectswith atopicdermatitisandreintroductionof thesestrainsdecreasedcoloniza-
tion with ��	
��������� 	���. While numerouslantibioticshavebeenidentifiedfrom CoNS,
includingepiderminfrom ��	
��������� �
���������, galliderminfrom ��	
��������� �	����	��
�� andhominicin from ��	
��������� ������� [24],analysisof theentiregenomesequencesof
publiclyavailableCoNSgenomessuggeststhat therearepotentiallymanynovelCoNS-derived
bacteriocinsthathavenot yetbeenfunctionallycharacterized(M. Begley;unpublisheddata).

Theaimof thisstudywasto screenonehundredhuman-derivedCoNSfor antimicrobial
activityusingagar-baseddeferredantagonismassayswith arangeof indicatorbacteria.One
CoNSstrain(CIT060)wasselectedfor further investigationandit wasidentifiedas��	
�����
����� �	
���� andhereinwedescribethepurification andcharacterisationof thenovelbacteri-
ocin that thestrainproduces.

Materials and methods

Bacterialstrainsandgrowth conditions
Thebacterialindicatorstrainsusedin thisstudyarelistedin Table1.Strainsweregrownin
eitherBrainHeartInfusion (BHI) broth at37ÊCor in M17broth supplementedwith 0.5%glu-
cose(GM17)at30ÊCasindicatedin theTable1.All mediawaspurchasedfrom Oxoidand
preparedaccordingto themanufacturer'srecommendations.

Assemblyof abankof coagulasenegativeStaphylococci(CoNS)
The100CoNSstrainswereoriginally isolatedfrom humanskinswabs(obtainedbyswabbing
theretro auricularcreasei.e.behindtheear,thealarcreasei.e.thesideof thenoseor thewrist),
or from humanbloodsamplesatCork UniversityHospital(CUH). Aliquotsfrom archived
stocksthatarestoredat -80ÊCatCork Instituteof Technology(CIT) wereplatedonto Mannitol
SaltAgar(MSA)andincubatedat37ÊCfor 16±18hours.Singlecolonieswereselectedfrom the
MSAplatesandre-streakedonto BHI agarfor purity determination.Strainswereidentified
usingMatrix-AssistedLaserDesorption/IonizationTime-Of-Flight(MALDI-TOF) atCUH.
Briefly,singlefreshcolonies(from BHI agarplatesincubatedat37ÊCfor 16±18hours)were
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directlyappliedto theMALDI-TOF stainlesssteeltargetplate.After application,eachbacterial
colonywascoveredwith 0.8�L of matrix solution(10mg/mL ��-cyano-4-hydroxycinnamic
acid[HCAA] in 50%acetonitrile-2.5%trifluoroaceticacid)(BrukerDaltonik,GmbH,Ger-
many).Thedatacollectedwasclassifiedin accordanceto BrukerTaxonomydatabaseof CUH.

The100strainswerere-stockedin two separatemaster96wellplates(50in eachplate).
Overnightculturesof the100strainswerepreparedbyselectingasinglepurecolonyfrom BHI
agarandaddingit to 10mlof BHI broth andincubatingat37ÊCfor 16±20hours.After incuba-
tion, 100�l of eachfreshovernightculturewasaddedto aspecificwell in the96wellplate,and
100�l of sterile80%glycerolwasaddedto eachwell.Themasterstock96wellplateswere
storedat -80ÊC.Prior to use,theplateswerethawedat room temperature.

Screeningof abankof CoNSfor antimicrobial activity
Agar-baseddeferredantagonismassayswerecarriedout with aselectionof indicatorbacteria
(listedin Table1).The100CoNSstrainswerereplicatedonto BHI agarfrom the96wellstock

Table1. Bacterialstrainsusedin this study.

Bacterialstrains Culture medium and temperature Source

100CoNSisolates BHI at37ÊC CIT CultureCollection

��	
��������� �
��������� TU3298
Positivecontrol (epiderminproducer), usedduring antimicrobial screening

BHI at37ÊC Teagasc,CultureCollection

��	
��������� �	
���� CIT060 BHI at37ÊC CIT CultureCollection

Indicator Strains

�	����� ����� DPC6089 BHI at37ÊC UCCcultureCollection

����������� �	��	���� MR103 BHI at37ÊC UCCcultureCollection

����	����� �	���
���� DSM7263 BHI at55ÊC UCCcultureCollection

����	����� ���	��������
���� ATCC 12930 BHI at55ÊC UCCcultureCollection

�	�������� �������� IP5 GM17at30ÊC UCCcultureCollection

�	�������� �	���� HP GM17at30ÊC UCCcultureCollection

�	�������� �	���� MG1363 GM17at30ÊC UCCcultureCollection

�	�������� �	���� NZ9800 GM17at30ÊC UCCcultureCollection

���������� ���� DSM1790 BHI at37ÊC UCCcultureCollection

��	
��������� 	��� 5971 BHI at37ÊC UCCcultureCollection

��	
��������� 	��� DPC5243 BHI at37ÊC UCCcultureCollection

��	
��������� 	��� DPC5297 BHI at37ÊC UCCcultureCollection

��	
��������� 	��� NCDO 1499 BHI at37ÊC UCCcultureCollection

��	
��������� 	��� Newman BHI at37ÊC UCCcultureCollection

��	
��������� 	��� RF122 BHI at37ÊC UCCcultureCollection

��	
��������� �
��������� (UCC strain) BHI at37ÊC UCCcultureCollection

��	
��������� �	����	��� 4616 BHI at37ÊC UCCcultureCollection

��	
��������� ���������� DSM20373 BHI at37ÊC UCCcultureCollection

��	
��������� �������� BHI at37ÊC UCCcultureCollection

��	
��������� 
������������� DSM21284 BHI at37ÊC UCCcultureCollection

����
������� 	�	�	���	� ATCC13813 BHI at37ÊC UCCcultureCollection

����
������� ����	�	���	� ATCC43078 BHI at37ÊC UCCcultureCollection

����
������� 
������	� (UCC strain) BHI at37ÊC UCCcultureCollection

����
������� 
������� NCDO 2381 BHI at37ÊC UCCcultureCollection

BHI = Brainheartinfusion;GM17= M17broth + 0.5%glucose;CIT = Cork Instituteof Technology;UCC= University CollegeCork.

https://doi.org/10.1371/journal.pone.0223541.t001
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platesusinga96-pinreplicator(Boekel).Plateswereincubatedat37ÊCfor 16±18hoursafter
whichthesurfaceof theagarplatewassubjectedto UV treatmentfor 30minutes(High perfor-
manceUV transmitter,Upland,Ca,USA).30�L of freshovernightculturesof indicatorstrains
wereaddedto 20mlof relevantsloppy/softagar(BHI/GM17 broth supplementedwith 0.75%
w/v agar)andpouredoverthereplicatedplates.Plateswereincubatedat37ÊCfor 12±16hours
afterwhichtheywereexaminedfor zonesof inhibition.

Investigationof the antimicrobial activity of cell-freesupernatantsand
crudewholecell extracts
Short-listedCoNSweregrownovernightin BHI broth at37ÊCundervigorouscontinued
shaking(130rpm), anda1%inoculumof thecultureswereaddedto 50ml clarifiedBHI broth
(preparedbypassingBHI broth throughXAD-16Nbeads(Sigma-Aldrich)prior to autoclav-
ing) andincubatedwith vigorouscontinuedshakingat37ÊC.Followingincubation,50ml of
bacterialcellswerecentrifugedat7,000rpm for 20minutes,supernatantremovedand
retained,i.e.,cell-freesupernatant(CFS).Thecellpelletswereresuspendedin 7 ml 70%iso-
propanol(IPA) 0.1%trifluoroaceticacid(TFA) andstirredvigorouslyfor 3 hours.Celldebris
wasremovedthroughcentrifugationandthesupernatantswereretainedandreferredto as
wholecellextracts(WCE).CFSandWCEwereexaminedfor antimicrobialactivityin anagar
welldiffusionassayusing�. �	���� HP astheindicatorstrain.50mlof moltenagarwasseeded
with 100�L of �. �	���� HP thatwasgrownovernightat30ÊC,andoncesolidified,4.6mmholes
wereboredwith asterileglasspipette.50�L of CFSandWCEwereaddedto separatewells.
Plateswereincubatedat30ÊCfor 16±18hoursafterwhichtheywereexaminedfor zonesof
inhibition.

Purification of capidermicin from �. ������� CIT060
Capidermicinwaspurified from �. �	
���� CIT060usingamethoddescribedbyField�� 	�. [25]
with modifications.Threelitresof clarifiedBHI (cBHI) broth wasinoculated(1%)with �. �	
��
��� CIT060andincubatedfor 18±20hoursat37ÊCundervigorouscontinuedshaking(130
rpm). Theculturewascentrifugedat7,000rpm for 15minutes.Thecellpelletwasremoved,
andthesupernatantwasretainedandpassedthrough60gof AmberliteXAD16Nbeads(Sigma
Aldrich). Thebeadswerewashedwith 30%ethanol,andthepeptidewaselutedin 500ml70%
isopropanol(IPA) containing0.1%trifluoroaceticacid(TFA).TheIPA wasevaporatedusinga
rotaryevaporator(Buchi)andthesamplepH adjustedto 4beforeapplyingto a60ml StrataC-
18Ecolumn(Phenomenex)thatwaspreviouslypre-equilibratedwith 60ml methanol(Fisher
Scientific,UK) and60ml H2O.100ml of 30%ethanolwasusedto washthecolumnandthe
peptidewaselutedin 60ml of 70%IPA, 0.1%TFA.10ml aliquotswereconcentratedto 2 ml
throughtheremovalof IPA byrotaryevaporation.2.0ml aliquotswereappliedto aPhenom-
enex(Phenomenex,Cheshire,UK) C12reversephase(RP)-HPLCcolumn(Jupiter4uproteo
90�, 250� 10.0mm, 4 �m) previouslyequilibratedwith 25%acetonitrilecontaining0.1%
TFA.Thecolumnwassubsequentlydevelopedin agradientof 25%acetonitrilecontaining
0.1%TFA to 50%acetonitrilecontaining0.1%TFA from 10to 45minutesataflow rateof 2ml
min-1. Therelevantactivefractionswerecollectedandpooled,subjectedto rotary-evaporation
to removetheacetonitrileandfreeze-dried.Thepurity of thepeptidewasanalysedbyMAL-
DI-TOF MassSpectrometry[26].

Minimum inhibitory concentration(MIC) assays
MIC determinationswerecarriedout in triplicatein 96wellmicrotitre platespre-treatedwith
bovineserumalbumin(BSA)asdescribedby [27]. 200�L of 1Xphosphatebufferedsaline
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(PBS)containing1%(w/v) bovineserumalbumin(PBS/BSA)wasaddedto eachwelland
incubatedfor 30minutesat37ÊC.Thewellswerewashedwith 200�L PBSandallowedto dry.
Targetstrainsweregrownovernightin theappropriatemediumandtemperatureconditions,
sub-culturedinto freshbroth andallowedto growto anOD600of approximately0.5,and
dilutedto afinal concentrationof 105 CFU/ml in avolumeof 200�L broth.Lyophilisedcapi-
dermicinwasresuspendedin cationadjustedBHI broth to adesiredconcentration,anda2Ð
fold dilution of thepeptidewasmadein the96wellplate.Thetargetstrainwasthenaddedand
afterincubationat30ÊCor 37ÊCfor 16hourstheMIC wasreadasthelowestpeptideconcen-
tration causinginhibition of visiblegrowth.

Stability assayswith capidermicin
Thesusceptibilityof purified capidermicinpeptideto temperature,pH andproteaseenzymes
wasinvestigatedthroughwelldiffusionassays.To determinetemperaturestabilitythepurified
peptidewassubjectedto 10,30,40,50,80,90,121ÊCfor 15minutes.Bioactivitywasthen
determinedbycarryingout anagarwelldiffusionassaywith �. �	���� HP asthebacterialindi-
cator.To evaluatethesusceptibilityof thepeptideto varyingpH values,thepurified peptide
solutionwasadjustedto pH 2±11using1M HCl or 1M NaOH,respectively.After abrief vor-
tex,thepeptidewasincubatedat room temperaturefor 15minutes,andthebioactivitywas
againdeterminedwith thewelldiffusionassaywith �. �	���� HP.Thesusceptibilityof thepep-
tide to proteolyticcleavagewasanalysedusingtrypsin,��-chymotrypsin,pepsinandproteinase
K (Sigma-Aldrich).Proteaseenzymesweredissolvedin 100mM Tris-HCl± 10mM CaCl2, to a
final concentrationof 100�g/ml. Preparationsof capidermicinwereincubatedwith thevari-
ousenzymesat37ÊCfor 4 hoursandthebioactivityof capidermicinwasreassessedusingthe
welldiffusionassaydescribedabove.

Sequencingof �. ������� CIT060genome
DNA extractedfrom �. �	
���� CIT060wasquantifiedusingaQubit highsensitivityassay
(Invitrogen),anddilutedto 0.2ng/�l. GenomiclibrarieswerethenpreparedusingtheNextera
XT Librarypreparationkit (Illumina) essentiallyasdescribedin themanufacturer'sprotocol
with thefollowingexceptions.Firstly,thetagmentationtime wasextendedto 7min.Following
additionof indices,productswerecleanedusingAMPureXPmagneticbead-basedpurifica-
tion, asdescribedin themanufacturer'sprotocolandthensecondly,in placeof thebeadbased
normalisation,theproductswererun on anAgilentBioanalyserto determineaveragefrag-
mentsize(Agilent) andquantifiedagainbyQubit. Cleanedgenomicfragmentswerethen
pooledequimolarly.Thesamplepool (4nM) wasdenaturedwith 0.2NNaOH,thendilutedto
6pM andcombinedwith 10%(v/v) denatured6pM PhiX,preparedfollowing Illumina guide-
lines.Samplesweresequencedon theMiSeqsequencingplatformin theTeagascsequencing
facility,Moorepark,Fermoy,usinga2x 300cycleV3 kit, followingstandardIllumina sequenc-
ing protocols.

�	 ��
��� analysesof the predictedcapidermicin geneclusterandencoded
proteins
Followingsequencing,thereadswereassembledusingSpadesv.3.5.0[28]. Openingreading
frames(ORFs)werepredictedusingProdigalV.1.20[29] andassignedaputativefunction
basedon BLASTpanalysisatNCBI (http://www.ncbi.nlm.nih.gov/)andPfammatches
(EMBL-EBI)[30]. Any genomicregionswhichwereidentifiedaspotentiallycontaininganti-
microbial-encodinggeneswerevisualisedusingSnapgeneViewer(GSLBiotech;availableat
www.snapgene.com).Theseregionsweremanuallyannotated,andBLASTsearcheswere
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performedwith ORFs.Phyre2(http://www.sbg.bio.ic.ac.uk/~phyre2)[31]) wasusedto gener-
ateaputativethree-dimensionalstructureof thecapidermicinpeptideusingtwo homologous
peptidesastemplatesÐaureocinA53(accessionnumberAAN71834.1)andlacticinQ (acces-
sionnumberBAM66973.1).Thesequencealignmentof peptidesof interestwasperformed
usingCLUSTALOMEGA(https://www.ebi.ac.uk/Tools/msa/clustalo/).

Results

Screeningabankof CoNSstrainsfor antibacterial activity
A bankof 100CoNSstrainswasassembled.All strainswerephenotypicallycharacterised
usingMSAagarplatesandidentifiedbyMALDI-TOF analysis.Thebankconsistedof various
staphylococcalspeciesincluding83�. �
���������, 7 �. �	
����, 3 �. �	���������, 3 �. �������, 2
�. �	�����, 1 �. �	
��
������ and1 �. ����	��. The100strainswereexaminedusingagar-
baseddeferredantagonismassaysfor their ability to inhibit aselectionof indicatorstrains(24
in total), includingenterococci,lactococci,����������, streptococciandother��	
���������
strains.Zonesof inhibition wereobservedfor 94strains;representativeimagesareshownin
Fig1.Sixof the�. �
��������� strainsdid not demonstrateantimicrobialactivityunderthe
conditionstested.15of the94strainsdisplayedabroadspectrumof activity,inhibiting 10or
moreindicatorstrains.Onestrain,namelyS.�	
���� CIT060,wascapableof inhibiting 14of
the24bacterialindicators(�. ����� DPC6089,�. �	��	���� MR103,�. �	���
����� DSM7263,
�. �	���� subsp�������� IP5,�. �	���� HP, �. ���� DSM1790,�. 	��� NCDO1499,
DPC5297,Newman,andRF122,�. ���������, �. 
������������� ������ !, �. ����������
DSM20373and�. ����	�	���	� ATCC43078).

Purification of capidermicin from �. ������� CIT060
Initial experimentswith cell-freesupernatantandcrudewholecellextractspreparedfrom �.
�	
���� CIT060suggestedthat theantimicrobialproducedby thestrainisprimarily in thesuper-
natant(datanot shown).Consequently,effortsfocusedon purifying anantimicrobialpeptide
from culturesupernatantsasdescribedin theMethodssection.MALDI-TOF MSanalysis
revealedthat thepurified peptide,thatwenamedcapidermicin,hadamassof 5,464Da(Fig2).

Theantimicrobialactivityof purified capidermicin,asdeterminedbyagarwelldiffusion
assayswith �. �	���� HP,remainedunaffectedfollowingheattreatmentat10,30,40,50,80,90
or 121ÊCfor 15minutes.Thepeptidewasalsoableto maintainfull bioactivityfollowingexpo-
sureto pH 2±8.A 70%decreasein zoneof inhibition observedatpH 9±11.Exposingcapider-
micin to ��-chymotrypsinandpepsinhadno effecton thebioactivityof thepeptide.However,
treatmentwith trypsinor proteinaseK resultedin a50%reductionin activity.

Thespecificactivityof capidermicinwasassessedusingstandardMIC broth-basedassay
andresultsarepresentedin Table2.It wasobservedthatcapidermicinwasactiveagainstthe
selectedtargetbacteriain thenano-andmicromolarrange.

�	 ��
��� analysesof the predictedcapidermicin geneclusterandencoded
proteins
Thedraft genomeof �. �	
���� CIT060wasanalysedusingavarietyof �� ������ toolsfor the
presenceof potentialantimicrobialpeptideencodinggenes.Threeareasof interestwereiden-
tified whichincludedalantibiotic genecluster,aphenolsolublemodulin (PSM)genecluster
andanaureocin-likegenecluster.

Thefirst areaof interestcontainsagenethat ispredictedto encodea44aminoacidpeptide
that ishomologousto thelantibiotic galliderminof S�	
��������� �	����	�� (accession
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numberU61158.1).The44aminoacidpeptideispredictedto encodeapeptidewith amassof
5kDa.However,acorrespondingmasscouldnot bedetectedfrom our bioactiveHPLCfrac-
tionsor purified capidermicinpreparations.Thesecondareaof interestcontainsfour genes
thatarepredictedto encodePSM��peptides.Phenol-solublemodulins(PSMs)arearecently
discoveredgroupof amphipathicpeptidesthathavemultiple rolesin staphylococcalpathogen-
esis.Theyhavebeenshownto exhibitantimicrobialactivity[32]. All four predictedpeptides
containtheconserveddomainof staph_haemosuperfamilies(pfam05480),their aminoacid
sequencesareidenticalto thePSM��peptidespreviouslyreportedin theliterature[16], [21]
andtheyarepredictedto havemassesof 4.57kDa,4.54kDa,4.62kDaand4.79kDa.Again,
correspondingmassescouldnot bedetectedfrom our bioactiveHPLCfractionsor purified
capidermicinpreparations.Thegeneticorganizationof thefinal areaof interestisshownin
Fig3A andthepredictedfunctionsof theputativegeneproductsareshownin Table3."��!
waspredictedto encodeapeptidethat ishomologousto anumberof previouslycharacterised
bacteriocinsincluding lacticinZ producedby �	�������� �	���� QU14(46%identity;accession
numberBAF75975),aureocinA53producedby#������	������ $������ (41%identity;
accessionnumberWP010976360)andanaureocin-likebacteriocinproducedby �	��������
������ (57%identity;accessionnumberSEM89646).More distanthomologuesinclude
BacSp222(32%identity;accessionnumberA0A0P0C3P7)andLactolisterinBU (44%identity;
accessionnumberSDR48784).A ClustalOmegaalignmentwascarriedout to comparethe

Fig 1. Representative imagesof the resultsobtainedduring the screenof 100CoNSstrainsfor antimicrobial activity. CoNSwerereplicatedfrom masterstock96
wellplatesontoBHI agarusinga96-pinreplicator.Plateswereincubatedat37ÊCovernightafterwhichtheywereoverlaidwith sloppyagarcontainingrelevant
indicatorbacteria.For theplatesshowntheindicatorsusedwere(A) �. ���� DSM1790,(B) �. 	��� NCDO1499and(C) �. 
������������� DSM21284.Thearrows
indicatethepositionof �. �	
���� CIT060on theplates.

https://doi.org/10.1371/journal.pone.0223541.g001

Bacteriocin production by Staphylococcus capitis

PLOS ONE | https://doi.org/10.1371/journal.pone.0223541 October 16, 2019 7 / 17

https://doi.org/10.1371/journal.pone.0223541.g001
https://doi.org/10.1371/journal.pone.0223541


predictedpeptideencodedby ���! andpreviouslycharacterisedbacteriocins,andtherelated-
nessof thepeptidesisdepictedin Fig4.

Themassof theputative���!-encoded peptidewaspredictedto be5,438Daby �� ������
tools(underGenbankaccessionMN234131).However,asthehomologueaureocinA53con-
tainsanN-formylatedmethionine[33]), andthestartcodonof ���! wasnotedto beTTG (Fig
3B),arevisedtheoreticalmassof 5,466Dawaspredicted.Thismassisvirtually identicalto the
massof thecapidermicinpeptidethatwepurified from �. �	
���� CIT060(Fig2).

Fig 2. (A) Reversed±phasehighperformanceliquid chromatography(RP-HPLC)profile for thepurification of capidermicin usingaPhenomenexC12reverse-phase
column,ataflow rateof 2ml/min. (B) MALDI-T OFMassSpectrometry of lyophilizedcapidermicin revealedamassof 5,464Da.MALDI TOFMSchromatogramabove
indicatesthepresenceof capidermicin (5464.39)andtheK+ adduction (5502.61)andthedoublychargedion (2732.69)(2732x 2= 5464).(C) Antimicrobial activityof
HPLCbioactivefractionswasdetermined usingwelldiffusionassayusing�. �	���� HP astheindicatorstrain.GM17agarwasseededwith �. �	���� HP,wellswerebored,
50�L of theHPLCfractionwasaddedto thewell,andplateswereincubatedat30ÊCfor 16hours.

https://doi.org/10.1371/journal.pone.0223541.g002

Table2. Minimum inhibitory concentration (MIC) valuesof purified capidermicin againsta rangeof Gram posi-
tive indicators. IdenticalMICs valueswereobtainedin threeindependent determinations.

Speciesand Strain

���������� 
����� HP 19�g/ml 3.4�M

������
������ ���� ���� ���� 3.1�g/ml 0.6�M

������
������ ���� SA113 10�g/ml 1.8�M

������
������ �	�������� DSM20373 40�g/ml 7.3�M

������
������ �����	�������� DSM21284 10�g/ml 1.8�M

������
������ �����	�������� DK729 10�g/ml 1.8�M

���������� 
��� DSM1790 100�g/ml 18�M

https://doi.org/10.1371/journal.pone.0223541.t002
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Fig 3. (A) Organisation of thegenomicregionthat ispredictedto encodecapidermicin. Openreadingframes(ORFs)/genesarecolouredaccordingto thepredicted
function.(B) Thenucleotidesequenceof the153bpORF4that ispredictedto encodecapidermicin. ThededucedaminoacidsequenceisshownundertheDNA
sequence.Thestartandstopcodon,TTG andTAA, respectively,areshownin boldandunderlined.

https://doi.org/10.1371/journal.pone.0223541.g003

Table3. �	 ��
��� analysisof the genespredictedto beinvolved in the biosynthesis of capidermicin.

ORF1 60_02323 738 Plasmidreplication initiator proteinof �������	 ������������� 98%
(WP_096929472.1)

Plasmidreplication

ORF2 60_02322 1407 YdbT-likeproteinof �. 	��� 29%
(WP_032072953.1)

Self-immunity

ORF3 60_02321 405 YdbS-likeproteinof �. ���������� 38%
(COG3402)

Self-immunity

ORF4 60_02320 153 AureocinA53±likeprotein 46%
(AF447813)

Structuralgene

ORF5 60_02319 558 Membraneproteinof ��	
��������� sp.TE8 76%
WP_082243241.1)

Unknown

ORF6 60_02318 243 Hypothetical proteinof �. �
��������� 95%
(WP_049397332.1)

Unknown

ORF7 60_02317 624 Transposaseof ��	
��������� 100%
(WP_017176851.1)

Transposon

ORF8 60_02316 516 Hypotheticalprotein 99%
(WP_020368224.1)

Unknown

ORF9 60_02315 996 Putativesulfateexporterfamily transporter 100%
(WP_070441690.1)

Transportof peptide

ORF10 60_02314 822 TranscriptionalRegulator 100%
(WP_070441693.1)

GeneRegulation

https://doi.org/10.1371/journal.pone.0223541.t003
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Capidermicinispredictedto becationicwith aputativenetchargeof 5.34(theoretical
pI = 10.22)andis rich in lysineresidues(14%).A 3D structuralmodelispresentedin Fig5.
Thepeptideispredictedto becomposedof four ��-helices.

Discussion
Theaimof thecurrentstudywasto screen100human-derivedCoNSfor antimicrobialactiv-
ity. Agar-baseddeferredantagonismassaysrevealedthat94of thestrainsreproduciblyinhib-
itedat leastsomeof thetestedindicatorbacteria.Sixstrainsdid not showantimicrobial
activityunderthetestconditionsemployedbut it ispossiblethat thesestrainsmaydemon-
strateactivityunderotherconditions,suchasdifferentgrowthmediumor differentindicator
bacteria.Janekandcolleagues[18] carriedout asimilaragar-basedscreento determinethefre-
quencyof antimicrobialproductionby89humannasal��	
��������� isolates.77of the89
isolates(86.5%)exhibitedantimicrobialactivity.Whentakentogether,thefindingsof both
studiessuggestthatantimicrobialproductionisacommonphenotypeamongCoNSisolates.
In contrast,arecentstudybyO' Sullivan�� 	�. [19], whichdescribesasimilarscreenwith
humanskin-derivedstaphylococcireportsthatonly 101possibleantimicrobial-producers
wereidentifiedfrom over90,000coloniesthatwerescreenedfor antimicrobialactivity.The

Fig 4. Alignment of the capidermicin amino acidsequencewith homologousbacteriocins;epidermicin NI01 from
�. ����������� strain 224(JQ025383),mutacin BHT-B from ������������ ����� BHT (DQ145753),lactolisterin BU
from �. 
����� subsp.
����� bv.diacetylactis BGBU1-4(SDR48784), lacticin Q from �. 
����� QU5 (BAF57910),
lacticin Z from �. 
����� QU14(BAF75975),aureocin-likeproducedby numerousbacteria(SEM89646), and
aureocin A53 from �. ���� A53 (WP_010976360).Highlightedresiduesindicateconserved aminoacidsequences.

https://doi.org/10.1371/journal.pone.0223541.g004

Fig 5. Putativethree-dimensionalstructure of capidermicin. A rainbowcolourschemeisusedto indicatetheN-
terminusin blue,andtheC-terminusin red.ThestructurewasgeneratedusingPhyre2.

https://doi.org/10.1371/journal.pone.0223541.g005
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differencein thefrequencyof isolationof antimicrobialproducersbetweenthatstudy
(0.112%),thestudybyJanek�� 	�. (86.5%)andour study(94%)maybebecauseO' Sullivan
�� 	�. usedonly oneindicatororganismin their screen(�	����	����� ���������� subsp.���	���
��) whileavarietyof indicatorswereusedin theothertwo studies.It ispossiblethatantimi-
crobialsproducedbyCoNSmaynot inhibit �. ��������� or activitymaybetoo low to be
detectedin deferredantagonismassays.

Interestingly,functionalscreensof humanintestine-derivedbacteriareport isolationof
antimicrobialproducersatalow frequency.Lakshminarayanan�� 	�. [11] screenedover
70,000faecalbacteriafor their ability to inhibit theindicators�	����	����� ���	����
LMG6901and�������	 �����	 DPC3572andonly identified55antimicrobialproducers(a
frequencyof 0.08%).The�� ������-based investigationsof Zhengandcolleagues[34] revealed
that thehumangutmicrobiomehadthelowestfrequencyof putativebacteriocingenesof all
thehumanbodysitesinvestigated.It ispossiblethatproductionof antimicrobialsbyCoNS
will increasetheir fitnessin orderto competeandsurviveon humanskin.Thelimited avail-
ability of nutrientsandwaterin thisenvironmentcomparedto thegastrointestinaltractmay
meanthat theskin isamorecompetitiveenvironmenthenceexplainingthehigherfrequency
of antimicrobialproducersin screenswith skin-derivedbacteriacomparedto gut-derivedbac-
teria.Ashumansandtheir microbeshaveco-evolvedit is likely thatproductionof antimicro-
bialsbyCoNSplaysabeneficialrole for thehost,perhapsbycontributing to theroleof the
skinasthebody'sfirst line of defencebyprotectingagainstpathogenicbacteria.It isalsopossi-
blethat theantimicrobialsmayactassignallingmoleculesandinteractwith thehuman
immunesystem[5].

The94CoNSthatdemonstratedantimicrobialactivityin theinitial screenwereshortlisted
to 15basedon their inhibition spectraandtheactivityof cell-freesupernatantsandwholecell
extractsin wellassays.�. �	
���� CIT060wasselectedfor further investigationasit demon-
stratedabroadinhibition spectrumandtheresultsof wellassayssuggestedthat theantimicro-
bial couldpotentiallybepurified usingmethodsthatwecurrentlyusefor bacteriocinsin our
lab[25]. Wealsonotedthat thereareveryfewreportsof functionallycharacterized�. �	
����
antimicrobialsin theliterature.While antimicrobialproductionby �. �	
���� strainshasbeen
shownbyagar-basedstudies[18,19]andantimicrobialgeneshavebeenidentifiedin �. �	
����
genomesby �� ������ basedmethods[16,35],to our knowledgetheonly two functionalcharac-
terizationstudiesin theliteraturearethoseof Sugai�� 	�. [36], whoreportedthepurification of
theglycylglycineendopeptidaseALE-1from �. �	
���� EPK1that issimilar to thebacteriocin
lysostaphin,andKumar �� 	�. [21] whochemicallysynthesizedandcharacterizedphenolsolu-
blemodulins.

A 5,464Dapeptide,thatwenamedcapidermicin,waspurified from �. �	
���� CIT060cell
freesupernatants.Theantimicrobialactivityof thepeptidewasconfirmed,andit wasshown
to retainits activityoverarangeof pH andtemperatures.Analysisof the�. �	
���� CIT060
genomerevealedthepresenceof 6potentialantimicrobialencodinggenes(2 bacteriocins,4
PSMs)but basedon masswededucedthat theantimicrobialpeptidethatwepurified wasthe
productof theaureocin-likegenecluster.A geneencodingapotential44aminoacidlantibio-
tic similar to galliderminwasalsoidentifiedin thegenomeof �. �	
���� CIT060.Carson�� 	�.
[35] reportedthepresenceof lanthipeptidegeneclustersin thegenomesof the12�. �	
���� iso-
latesanalysed(�. �	
���� 1319,3379,3769,4275,6079,807,1187,1642,2477,2643,4830and
5871).Threeof thesestrainswerealsoshownto containasactipeptidegenecluster(�. �	
����
1319,2487and3379)[35]). Kumar �� 	�. [21] identifiedfour distinctgeneclusterswith the
ability to encodeantimicrobialpeptides(epidermicin,galliderminandphenol-solublemodu-
lins) in �. �	
���� TE8.While thelantibiotic did not seemto beproducedby �. �	
���� CIT060
undertheexperimentalconditionsused,theproductionof morethanonebacteriocinbya
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bacteriumisnot uncommon.Lactococcicommonlyproducemorethanonebacteriocinand
�	�������� �	���� subsp.�	���� bv.diacetylactisBGBU1-4strainproducesat leasttwo bacterio-
cins[37,38].Similarly,��	
��������� 	��� 4185,abovinemastitisisolate,wasshownto
producefiveantimicrobialpeptides(namedpeptidesA±E)[39].

%������� analysessuggestthatcapidermicinisanovelmemberof theclassII leaderlessbacte-
riocin family.It showsmostsimilarity to membersof theaureocin53-likesub-groupof thefam-
ily whichincludesaureocinA53producedby �. 	��� A53[33], lacticinZ producedby �. �	����
QU14[40], lacticinQ producedby �. �	���� QU5[41] andepidermicinNI01 producedby �. �
��
�������� strain224[42]. All of thebacteriocinswithin thegroupare34±53aminoacidpeptides,
arehighlycationicandarecharacterisedby their lackof anN-terminal leadersequenceduring
biosynthesismeaningthat theydo not undergoanypost-translationalmodificationsand
becomeactiveshortlyaftertranslation[43]. While thegenesencodingtheimmunity andsecre-
tion machineryhavebeenexperimentallydeterminedfor lacticinQ andZ [44], [45], aureocin
A53[46] andaureocinA70[47]; [48], comparedto othertheclassesof bacteriocinsthereis little
knownaboutthebiosynthesisof leaderlessbacteriocinsandtheyhavebeenreferredto asthe
mostenigmaticandpoorlyunderstoodgroupof bacteriocins[43]. Similarto lacticinQ (48%)
andaureocinA53[49], capidermicinispredictedto be��-helicalglobularmolecule.

MIC assaysrevealedthatcapidermicinwasactiveagainstGram-positivebacteriaat low
concentrations(�M/nM). Similarfindingshavebeenreportedfor epidermicinNI01 [42] and
lacticinQ [41]. While capidermicinis insensitiveto ��-chymotrypsinandpepsin,a70%reduc-
tion in activitywasobservedwhenit wastreatedwith proteinaseK or trypsin.A similar
decreasein activityhaspreviouslybeenobservedfor epidermicinNI01,whichdisplayeda75%
and50%reductionin activityfor proteinaseK andtrypsin,respectively[42]. Resistanceto pro-
teaseshasbeenreportedfor otherstaphylococcalbacteriocins,includingaureocinA53and
BacCH91[33]; [50]. Capidermicinshowedhighstabilityunderacidic,alkalineandneutral
conditions,whichhasalsobeenreportedfor aureocinA53[33], lacticinZ [40] andlacticinQ
[41]). It haspreviouslybeennotedthat thehighstabilityof leaderlessbacteriocinstogether
with thesimplicityof their biosynthesismaymakethemmoreattractivefrom acommercial
viewpoint comparedto otherbacteriocins[43].

A 3D structuralmodelispresentedin Fig5.Thepeptideispredictedto becomposedof
four ��-helices,andexhibitsarecurringthreedimensionalstructuralmotif foundamongmany
linearleaderlessbacteriocins(lacticinQ,aureocinA53)andsimilar to that found in alarger
superfamilyof proteinsknownassaposin-likepeptides[51]. All thehelicesof capidermicin
areamphipathicwherebyhydrophobicresiduesareorientedinward thatpackto giveahydro-
phobiccoreandthehydrophilic residuesareexposedon thesurfacein thesamemanneras
LnqQ(datanot shown).Similarly,bothpeptideshavehighlycationicsurfaces.Capidermicin
has7 lysineresidueswhicharewelldistributedthroughoutits primary structure.Indeed,all
lysineresiduesaresituatedon thesurfaceandarein factfound in theexactsamelocationsto
LnqQ(in capidermicinK3,K10,K14,K23,K44andK50).Notably,althoughLnqQandthe
closelyrelatedaureocinA53arecomposedof four distinct ��-helicalstructuresthatarestruc-
turally identicalto eachother,bothhavevaryingantimicrobialactivityspectrumsagainst
Gram-positivebacteria,[49]. StudieshaveshownthatLnqQpermeatestargetmembranesby
forming toroidalpores(4.6±6.6nm in diameter),whichfacilitatetheleakageof cellularcon-
tents[52]. However,amorerecentstudydemonstratedthatLnqQwasableto inducecell
deathevenwithout theformationof pores[53]. AucA wasalsoproposedto permeabilizecell
membranescausingtheleakageof essentialmolecules,dissipationof membranepotential,and
cessationof macromolecularsynthesisbut without theformationof discretepores[54]. Given
thestructuralsimilarity of capidermicinto LnqQandA53,it is likely thatcapidermicincan
alsopermeabilizecellmembranesresultingin celldeath.
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In conclusion,wereport thatour screeningexperimentrevealedalargefrequencyof anti-
microbialproductionbyhumanCoNSisolatesandwedescribethesubsequentidentification
andcharacterizationof anovelbacteriocinfrom �. �	
����. Futurework in our laboratorywill
includethechemicalsynthesisof thecapidermicinpeptidefor additional�� &���� experiments
to confirm activityandantimicrobialspectrum,similar to studiesconductedon otherlead-
erlessbacteriocinsincludinggarvicinKSandepidermicinNI01 [55,56].In thecaseof epider-
micin NI01,chemicalsynthesispermittedthegenerationof sufficientpeptidefor further
analysesincluding �� &�&�studies[57,58].Moreover,accessibilityto capidermicinbychemical
synthesiswouldprovideameansfor peptideengineeringinvestigationsto becarriedout i.e.
molecularengineeringto enhancethepotency,improvepharmacologicalproperties,increase
peptidestabilityandpotentiallymodify thespectrumof activity.It mayalsoprovidemore
detailregardingtheimportanceof theformylatedmethionineat theN-terminusfor theanti-
microbialactivityof capidermicin.Futureexperimentswill alsoincludemutationalanalysisof
all of thegenesthatarepredictedto beinvolvedin capidermicinproduction.A comprehensive
genedisruptionof thecapidermicinbiosyntheticclusterwill becarriedout,similar to thatof
Iwataniandcolleagues[56] wherebyeachgeneof thelacticinQ operon(lnqQBCDEF)was
individually deletedandtheimpacton productionandimmunity evaluated.
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