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Abstract

Cationic antimicrobial peptides (CAMPs) occur naturally in numerous organisms and are

considered as a class of antibiotics with promising potential against multi-resistant bacteria.

Herein, we report a strategy that can lead to the discovery of novel small CAMPs with greatly

enhanced antimicrobial activity and retained antibiofilm potential. We geared our efforts

towards i) the N-terminal cysteine functionalization of a previously reported small synthetic

cationic peptide (peptide 1037, KRFRIRVRV-NH2), ii) its dimerization through a disulfide

bond, and iii) a preliminary antimicrobial activity assessment of the newly prepared dimer

against Pseudomonas aeruginosa and Burkholderia cenocepacia, pathogens responsible

for the formation of biofilms in lungs of individuals with cystic fibrosis. This dimer is of high

interest as it does not only show greatly enhanced bacterial growth inhibition properties

compared to its pep1037 precursor (up to 60 times), but importantly, also displays antibio-

film potential at sub-MICs. Our results suggest that the reported dimer holds promise for its

use in future adjunctive therapy, in combination with clinically-relevant antibiotics.

Introduction
Antibiotic resistanceisaseriousandgrowingphenomenon,aswellasaprimary publichealth
concern[1, 2]. Unfortunately,antibioticsareno longerthemagicbulletsthat theyoncewere.
Newresistancemechanismshaveemerged,makinggenerationsof antibioticsvirtually ineffec-
tive,resultingin prolongedillness,greaterrisk of deathandhighercosts.Thus,development
of newantibioticsandothernovelstrategiesarecriticallyneeded.Biofilm-associatedbacteria
possess10±1,000fold greaterresistanceto antibiotic treatmentcomparedto freely-floating,
planktoniccells,makingestablishedbiofilm infectionsespeciallydifficult to eradicate[3, 4].
Thebiofilm modeof growthisastrategyusedbymicroorganismsto surviveunfavorable
environmentalconditions.An estimated80%of all bacterialinfectionsinvolveabiofilm com-
ponent[5]. For instance,thesevereantibiotic resistanceof ���������	� 	�
������	 and�
�
������
�	 �������	��	 in lungsof CysticFibrosis(CF)patientshasbeenassociatedwith the
formationof drugresistantbiofilms[6, 7]. Bacteriabenefitfrom theaccumulationof thick and
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stickymucusto colonizethelung tissueandairwaysin amulti-resistantbiofilm, whichresults
in respiratoryfailureandmortality [7]. To date,no antimicrobialthat targetsbacterialbiofilm
(s)hasbeenclinicallyapproved.Thus,thereisagreatinterestin thedevelopmentof antimi-
crobialsthat inhibit bacterialgrowth,andalsopreventbiofilm formationand/orpromote
establishedbiofilm dissolution.

Cationicantimicrobialpeptides(CAMPs)areaclassof antibioticswith promisingpotential
againstmulti-resistantbacteria.VariousCAMPswith abroadspectrumactivitywereisolated
from invertebrates,insects,microorganisms,plants,fish,amphibians,mammalsandhumans
[8]. Attractedto theanionicphospholipidhead,CAMPsestablishstrongnonspecific,hydro-
phobicandelectrostaticinteractionswith thebacterialcytoplasmicmembrane[9]. Although
their therapeuticpotentialseemsto berestricted,asit is thecasefor manyothertypesof anti-
microbials,by thedifficulty to find aproperbalancebetweencritical parameterssuchas
hydrophobicity,charge,length,amphiphilicityandstructure,CAMPshavetheadvantageto be
smallandeasilytunable.Still, their useremainsrestrictedby their intrinsic characteristics,
notablytheir toxicity to mammaliancells,limited tissuedistribution andproteolyticdegrada-
tion in theblood[10]. Amongsuccessfulexamples,thesyntheticprotegrinanalogIB-367is
partof anaerosolformulationusedafterchemotherapy[11]. Althoughtheir mechanismof
actionisnot completelyestablished,it is recognizedthatCAMPscaninterferewith different
stagesof bacterialbiofilm formation.Initially, CAMPspreventcelladhesionto thesurface��	
electrostaticbondswith themembrane[12]. Theyarealsocapableof preventingbiofilm matu-
ration byactingon themolecularsignalsinvolvedin quorumsensing[13]. A library of small
syntheticCAMPsableto inhibit biofilm formationandpromotebiofilm degradationcanbe
found in theBaAMPsdatabase(biofilm activeantimicrobialpeptidesdatabase)[14].

Thediscoveryof naturallyoccurringdimericpeptideswith markedantimicrobialactivity
encouragedscientiststo exploredimerization,includingdisulfidebridgingandlactamization,
asameansto conferto CAMPsmanypropertiesthatmayenhancetheir therapeuticpotential
ascomparedto their monomers[15,16].For instance,theDefr1dimericdefensinpeptide,
containinganaturalcysteineresidue,hasanactivityagainst�. 	�
������	 PAO1(6 �g/mL)
approximately9-foldgreaterthanits 34-residuemonomercounterpart(50�g/mL) [17]. Also,
comparedto its monomericform, VG16KRKPdimer displaysa10-folddecreaseof its MIC
against�. ���� andmorethana4-folddecreaseagainst�. 	�
������	 and�. ��������	� [18].
Theimprovedantibacterialactivitywascorrelatedwith anincreasein hydrophobicityand
cationicityof its surfacearea,whichenhancesLPSbinding andneutralization[16]. Interest-
ingly,veryfewstudiesreportedtheeffectof CAMP dimerizationthroughcysteinedisulfide
bridgeformation,especiallyfor N-terminuscysteine-containingpeptides[18].

Herein,wereport theN-terminal functionalizationof asmallsyntheticcationicpeptide
with acysteine,its dimerizationthroughadisulfidebond,andapreliminaryantimicrobial
activityassessmentof thenewlyprepareddimer againsttwo strainseachof �. 	�
������	 and
. �������	��	. For thisstudy,thesynthetic9-mercationicpeptidepep1037(KRFRIRVRV-
NH2) wasselected[19], dueto its antimicrobialpotentialagainst�. 	�
������	 and. �������
�	��	 andits considerableantibiofilm activity.Wereport thatsuchastrategyleadsto thedis-
coveryof asmallCAMP with greatlyenhancedantimicrobialactivityandretainedantibiofilm
potential.

Materials and methods

Peptide synthesis/modification
Pep1037andcys-pep1037weresynthesizedmanuallyusingastandardsolidphasepeptide
synthesisapproachwith Fmocchemistry(Fig1).Couplingsof theprotectedaminoacidswere
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mediatedbybenzotriazol-1-yl-oxy-tris-(dimethylamino)phosphonium hexafluorophosphate
(BOP;3 equiv)andN,N'-diisopropylethylamine(DIPEA;6equiv)in N,N-dimethylformamide
(DMF) at room temperaturefor 0.5±1h. Couplingefficiencywasmonitoredwith thequalita-
tiveninhydrin testanda3-equivalentexcessof theprotectedaminoacidsbasedon theoriginal
substitutionof theFmocRink-amideresin(0.62mmol/g).Fmocremovalwasachievedwith
20%piperidinein DMF at room temperaturefor 10minutes.Peptideswerecleavedfrom the
resinsupportwith simultaneoussidechaindeprotectionby treatmentwith TFA containing
1,2-ethanedithiol(2.5%),water(5%),triisopropylsilane(1%),thioanisole(5%)andphenol
(5%)for 4h at room temperature.After cleavage,theresinwasremovedby filtration, thefil-
tratewasconcentratedandpeptideswereprecipitatedusingcolddiethylether.Crudepeptides
werethensolubilizedin waterandlyophilizedprior to their purification usingpreparative
RP-HPLC.Cys-pep1037dimer wasisolatedbyreversedphaseHPLCfrom alyophilizedsam-
pleof crudecys-pep1037.Mal-cys-pep1037waspreparedandisolatedusingthefollowing
procedure:cys-pep1037wasdissolvedto afinal concentrationof 1mg/mLin freshPBS(phos-
phatebuffersaline,pH = 7),andanexcessof tris-carboxyethylphosphine(TCEP)reagent(10
equiv)wasadded(to preventtheformationof disulfidebonds).Themixture wasstirredat
room temperaturefor 20min, anexcessof maleimide(2 equiv)wasaddedandwasallowedto
reactfor 4 h. Peptidemal-cys-pep1037wasisolatedfrom themixture byRP-HPLC.

All crudelyophilizedpeptideswerepurified usingapreparativereversed-phaseHPLC
(RP-HPLC)protocolusingalineargradientfrom eluentA to Bwith 25%Bper2 min incre-
ments(EluentA = H2O, 0.1%TFA,EluentB= CH3CN/40%A, 0.1%TFA) andaC18(column
Phenomenex,Jupiter1 , 15�m, 10x 300mm, 4 mL/min, absorbancemeasuredat220nm).

Fig 1. Structure of cys-pep1037 and its dimeric form.

https://doi.org/10.1371/journal.pone.0173783.g001
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Homogeneityof purified fractionswasassessedbyRP-HPLCandMALDI-TOF massspec-
trometry in linearmodeusing��-cyanohydroxycinnamic acid(matrix). Fractionscontaining
thedesiredproductwerepooledandlyophilized.Overall,RP-HPLCanalysisof eachanalog
revealedthat thepurity of all peptideswas� 97%.Foreachpeptide,themainpeakobserved
bymassspectrometry(S1Fig)wasin agreementwith thetheoreticalmassvalues(pep1037:
��� ([M+H] +) 1229.3;cys-pep1037:��� ([M+H] +) 1331.8;mal-cys-pep1037:��� ([M+H] +)
1429.7;cys-pep1037dimer: ��� ([M+H] +) 2662.5).

Bacterialstrainsandgrowth conditions. �. 	�
������	 ATCC27853(bloodcultureiso-
late,AmericanTypeCultureCollection,Manassas,USA),�. 	�
������	 ATCC15442(animal
room waterbottleisolate),. �������	��	 K56-2(CFpatientisolate)and. �������	��	 J2315
(multidrug-resistantCFpatientisolate)wereused.Bacteriaweresubculturedon TSA(tryptic
soyagar,BD Difco� DehydratedCultureMedia,FisherScientific)platesfrom frozenstocks.
Inoculawaspreparedin TSB(typtic soybroth,BD Difco� DehydratedCultureMedia,fisher
scientific)in overnightculturesat37ÊCwith shakingat200rpm.

Minimum Inhibitory Concentration (MIC) determination. Thebroth microdilution
method(with minor modificationsfor cationicpeptides)wasperformedaccordingto the
guidelinesof "������� ��
 �������� �������
���	� ������������� !���� ��
 	���
�	 !�	� "
�#
��
����	�� $ ���
���� ��	��	
��%���� �������" developedby theClinicalLaboratoryStan-
dardsInstitute'scommittee[20]. Peptidesweredissolvedin waterandstoredin glassvials.
Differentpeptideconcentrationswerepreparedin 100�L of cationicadjusted(25mg/L
CaCl2 and12.5mg/L MgCl2) MHB (MuellerHinton broth,BD Difco� DehydratedCulture
Media,FisherScientific)andaddedto sterile96-wellpolypropylenemicrotiter plates.Each
wellwasinoculatedto afinal concentrationof 5 � 104 CFU(50�L of MHB inoculasuspen-
sionpreparedfrom coloniesgrownon MHA) [21]. Plateswereincubatedat37ÊCunder
staticconditionsfor 18h and24h for �. 	�
������	 and. �������	��	, respectively,and
absorbancewasreadat600nm usingaCytation3-cellimagingplatereader.TheMIC was
definedasthelowestconcentrationof peptideatwhichno growthwasobserved.All experi-
mentsweredoneat leastin triplicate.

Biofilm inhibition assay. Theability of pep1037,cys-pep1037dimer andmal-cys-
pep1037to preventbiofilm formationwasevaluatedbyamethodpreviouslydescribed[22,
23]with thefollowingmodifications.�. 	�
������	 and. �������	��	 cells(1 � 105 CFU)
weregrownin 96-wellpolypropylenemicrotiter plates(BD falcon# 353912)in 200�L final
volumeof TSBat37ÊCfor 24h in thepresence(2.5�g/mL) or not of thepeptides.Opticalden-
sity(OD) of theculturesat600nm wasdeterminedafterinoculation.Asameasureof the
planktonicbacterialgrowth,OD wasagainmeasuredafter24h of incubation,prior to biofilm
staining.Theplanktonicsuspensionwasgentlyaspiratedusingpipettes.Wellswerethen
washedby200�L PBSandshakedout by turning theplateover.Biofilm cellswerefixedby
200�L of 99%methanolperwell for 15min. Then,methanolwasaspiratedandplateswereair
driedovernight.Biofilm productionwasmeasuredusingthecrystalviolet(CV, 1%)staintech-
nique[23]. Briefly,excessCV wasrinsedthreetimeswith waterandplateswereair-driedover-
night.Stainwassolubilizedin 250�L of 30%glacialaceticacidandquantifiedusingaplate
readerat570nm. All experimentsweredonein sixreplicates.

Biofilm disintegration assay. Thepre-formedbiofilm assaywasperformedaspreviously
described[24]. �. 	�
������	 ATCC27853or ATCC15442(1 � 105 CFU)wereincubated
understaticconditionsin 200�L of TSBfor 24h at37ÊC.TSBmediawasthenaspiratedand
theestablishedbiofilm wastreatedwith variousconcentrationsof pep1037,cys-pep1037
dimer andmal-cys-pep1037solutionspreparedin freshTSB.Themicrotiter platewasincu-
batedfor 24h, at37ÊC.Biofilm productionwasmeasuredusingthecrystalvioletstaintech-
niqueasdescribedabove.All experimentsweredonein sixreplicates.
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Results and discussion
To assesstheimpactof pep1037dimerizationon bacterialgrowthandbiofilm formation/deg-
radation,acysteineresiduewasintroducedat its N-terminus,cys-pep1037.Asreportedfor
othercysteinecontainingpeptides[25±28],dimerizationoccursspontaneouslyduring the
lyophilization/purificationstepfollowing thesynthesisof cys-pep1037.Bothpeptides,cys-
pep1037andcys-pep1037dimer, wereisolatedusingRP-HPLC(Fig1).

Inhibition of bacterial growth
Theability of cys-pep1037dimer to inhibit thegrowthof �. 	�
������	 wasevaluatedby
determiningits minimum inhibitory concentration(MIC) againsttwo differentstrainsof �.
	�
������	, notablyATCC27853andATCC15442,andresultswerecomparedto theMIC of
nativepep1037againstthesamestrains.MIC valuesdeterminedfor pep1037werein agree-
mentwith previouslyreportedMIC valuesof thesamepeptideagainsttwo Gram-negative
pathogens,�. 	�
������	 (PAO1andPA14)and. �������	��	 (4813),from 304to > 608�g/
mL, respectively[19]. Interestingly,cys-pep1037dimer wasfound to displaya30to 60times
lowerMIC thanpep1037against�. 	�
������	 ATCC27853andATCC15442,respectively
(Table1).TheMIC of purecys-pep1037couldnot beassessedduethepresenceof variable
amountsof thecorrespondingdimer in thestocksolutionsused,but nevertheless,theMIC of
thispeptidemixturewasfound to bemuchlowerthanthatof pep1037,but 4±8timeshigher
thanthatof cys-pep1037dimer alone.Thisresultstronglysuggeststhat theantimicrobial
activityof thispeptidemixture isdueto thepresenceof thedimer,althoughonecannotrule
out thepossibleadditionalcontribution of cys-pep1037.It is important to notethat thedimer
to monomerratio might increaseovertime during MIC determinationexperiments,ascon-
siderableamountsof dimer wereobservedwhensolutionsof cys-pep1037(40�g/mL) were
incubatedin culturemediumfor 1h.

To preventcys-pep1037from undergoingdimerization,its thiol functionalitywasreacted
with maleimide(Fig2).Mal-cys-pep1037displayedalowerantimicrobialactivityagainstboth
strainsof �. 	�
������	 comparedto its precursor,cys-pep1037,but anactivityequivalentto
thatof pep1037.Thisagainsupportsthepreviouslymentionedhypothesisthat theantimicro-
bialactivityof thecys-pep1037monomer/dimermixture might bedueto thepresenceof cys-
pep1037dimer, without completelyruling out aneffectfrom thepresenceof anadditional
cysteineresidueat theN-terminal positionof pep1037.Indeed,bringingmodificationsat
theN-terminal positionof apeptidecanhaveadrasticimpacton its antimicrobialactivity
[29±31].

Table 1. Inhibitor y effect of the peptides on bacterial growth a.

Bacteria (strain) MIC (��g/mL )

pep1037b cys-pep 1037c cys-pep1 037 dimer mal-cys -pep1037

P. aeruginosa (ATCC 27853) 307 40 10 357

P. aeruginosa (ATCC 15442) 307 40 5 357

B. cenocepacia (J2315) �! 614 332 332 �! 614

B. cenocepacia (K56-2) �! 614 332 332 �! 614

aIdentical results were obtained for all replicates.
bAdditional species and strains were also tested (see S1 Table).
cDifferent stock solutions of cys-pep 1037 (13 mg/mL) used for this experiment contained variable amounts of cys-pep1 037 dimer.

https://doi.org/10.1371/journal.pone.0173783.t001
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All peptideswerealsotestedagainsttwo strainsof . �������	��	, bacteriathatalsoplaya
role in CFlung infection.Their antibacterialpotentialagainstbothstrainswasfound to beat
leasttwo timeshigherthantheoneof pep1037(332�g/mL comparedto > 614�g/mL), but in
contrastto whatwasnotedfor both �. 	�
������	 strains,cys-pep1037dimer did not showan
enhancementin antibacterialactivitycomparedto thecys-pep1037monomer/ dimer mixture
(Table1).Dimerizationof cys-pep1037from themonomer/ dimer mixture in culturescould
explaintheseresults.This is further supportedby thelossof cys-pep1037enhancedantibacte-
rial effect(Table1) uponreactionwith maleimide,likely dueto theinability of mal-cys-
pep1037to dimerize.

Biofilm inhibition and disintegration
To further explorethepotentialof cys-pep1037dimer, weinvestigatedwhethertheantibio-
film ability of its monomericprecursorpep1037couldberetained.Theinhibitory effectof
cys-pep1037dimer on theformationof �. 	�
������	 and. �������	��	 biofilmswasthen
assessedusingthecrystalvioletassay(Figs3 and4).Forcomparisonpurposes,theinhibitory
effectof mal-cys-pep1037wasalsoevaluatedandresultswerecomparedto theonesobtained
for pep1037(whichwerefound to bein agreementwith previousreports)[19]. Fromthese
experiments,weconcludethat �) themodificationof pep1037with amaleimide-protectedcys-
teineat theN-terminalposition(mal-cys-pep1037),and��&thedimerizationof its cysteineN-
terminaladduct(cys-pep1037dimer) do not leadto anoveralllossin its ability to preventbio-
film formation.More specifically,ataconcentrationof 10�g/mL, all peptidesdisplayedacon-
siderableeffecton theformationof thefour biofilmsstudiedafter24h(Fig3).A particularly
pronouncedeffectof thepeptideswasnotedagainstthe. �������	��	 J2315biofilm (Fig3D),
10�g/mL beingat least30timeslowerthantheir respectiveMIC (Table1).ManyCAMPs
werereportedto displayabiofilm formation inhibitory effectataconcentrationmuchlower
thantheir MIC [29,32,33],but veryfewof theseCAMPswerefound to displayasignificant
antimicrobialactivityagainstplanktonicbacteria[34]. Sincetheinhibitory effectobservedfor
cys-pep1037dimer on theformationof both �. 	�
������	 strainscouldsimplybedueto its
highpotentialto inhibit planktonicbacterialgrowth(MIC = 5±10,Table1), thesameexperi-
mentwasalsoperformedfor all peptidesataconcentrationof 2.5�g/mL. No significantinhib-
itory effectwasobservedon theformationof thefour biofilms for anyof thepeptideswhena
sub-MICconcentrationof 2.5�g/mL wasused(Fig4) but interestingly,thecombinationof
cys-pep1037dimer (2.5�g/mL) andpep1037(2.5�g/mL) ledto aconsiderableinhibitory
effectin therangeof 60±80%(Fig4).Thishighlightstheinterestof further studyingthepoten-
tial useof sub-MICconcentrationsof thisdimer in adjunctivetherapy.

Fig 2. Formation of mal-cy s-pep1037 via a thiolene reaction between cys-pe p1037 and maleimide .

https://doi.org/10.1371/journal.pone.0173783.g002
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Thebiofilm disintegrationpotentialof pep1037,cys-pep1037dimer andmal-cys-pep1037
wasalsoassessedon a�. 	�
������	 (ATCC 27853)preformedbiofilm. All threepeptideswere
found to haveaconsiderablepotentialto disturbtheestablishedbiofilm studied(Fig5).A con-
centrationof 10�g/mL of pep1037or mal-cys-pep1037issufficientto reduceby56±60%the
establishedmonospeciesbiofilm, andthereisno significantdifferencebetweentheeffectof
both thesepeptideson biofilm degradation.SomeCAMPswerepreviouslyreportedto induce
thedispersionof viablecellsof maturebiofilms[35]. Interestingly,for all concentrationsstud-
ied,theestablishedbiofilm is reducedto alesserextentbycys-pep1037dimer thanwhen
treatedwith pep1037or mal-cys-pep1037(Fig5).Theeffectof cys-pep1037dimer on mature
biofilm might not only beaffectedby its interactionwith organismsin the�. 	�
������	 bio-
film but might alsobestronglyrelatedto its ability to diffuseinto thebiofilm, assuggestedfor
previouslyreportedpeptides[36]. Theability of cationicantibioticsto diffuseinto biofilms is
negativelyinfluencedbyanincreasein molecularweight[37], andelectrostaticinteractionsof
cationicpeptideswith negativelychargedbiofilm matrix candelayCAMPspenetration[38].
Thesefactorsmight explainwhycys-pep1037dimer is lessactivethanits monomericprecur-
sorpep1037on thepre-formedbiofilm tested.Nevertheless,thepotentialof thedimeric

Fig 3. Inhibiting effect of 10 ��g/mL of pep1037, cys-pep 1037 dimer and mal-cy s-pep1037 on the formation of P. aerugin osa ATCC
15442 (A), P. aerugin osa ATCC 27853 (B), B. cenocepa cia K56-2 (C) and B. cenocepa cia J2315 (D) biofilms. Error bars indicate the
standard deviation of six replicates, and statistical significance was determined using one-way ANOVA (�, P �� 0.01; ��, P �� 0.001 versus the
control, denoted CT).

https://doi.org/10.1371/journal.pone.0173783.g003
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form of cys-pep1037to degradeanestablished�. 	�
������	 biofilm is retainedatsub-MIC
concentrations.

Conclusion
WereportheretheN-terminal functionalizationof asmallsyntheticcationicpeptidewith a
cysteine,leadingto thespontaneousformationof adimer with a30to 60-foldenhancementin
antimicrobialactivitycomparedto its precursor.Thiswork demonstratesthat thisstrategycan
potentiallyleadto thediscoveryof relativelysmallCAMPswith agreatlyenhancedantimicro-
bialactivitythroughasimpleapproach.Importantly, thiscanbeachievedwhileretainingcon-
siderableactivityagainstmaturebiofilmsatsub-MICs.�. 	�
������	 and. �������	��	 are
important pathogensresponsiblefor variousopportunisticinfections,including themorbidity
andmortality in CFpatients��	 theformationof biofilms in lungs.Theseresultssuggestthat
cys-pep1037dimer holdspromisefor its usein adjunctivetherapyandfuture researchmay
demonstratepotentialfor its usein combinationwith clinically-relevantantibiotics[39]. This
studyalsoopensthedoor to theimprovementof smallCAMPs��	 cysteinedisulfidedimeriza-
tion at theN-terminus,whichhassofar beenunexplored.

Fig 4. Inhibiting effect of 2.5 ��g/mL of pep1037, cys-pe p1037 dimer, mal-cys-p ep1037 and a combinatio n of pep1037 and cys-
pep1037 dimer (denote d mix 2.5) on the formation of P. aerugin osa ATCC 15442 (A), P. aeruginosa ATCC 27853 (B), B.
cenocepa cia K56-2 (C) and B. cenocepa cia J2315 (D) biofilms. Error bars indicate the standard deviation of six replicates, and statistical
significance was determined using one-way ANOVA (�, P �� 0.01 versus the control, denoted CT).

https://doi.org/10.1371/journal.pone.0173783.g004
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