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Abstract

Cationic antimicrobial peptides (CAMPSs) 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-NH,), 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 resistancés aseriousandgrowingphenomenonaswellasaprimary public health
concern[1, 2]. Unfortunately,antibioticsareno longerthe magicbulletsthattheyoncewere.
Newresistancenechanism&iaveemergedmakinggeneration®f antibioticsvirtually ineffec-
tive,resultingin prolongediliness greaterrisk of deathandhighercostsThus,development
of newantibioticsand othernovelstrategiesirecritically neededBiofilm-associatetdacteria
posses0+1,000old greateresistancéo antibiotic treatmentcomparedo freely-floating,
planktoniccells,makingestablishediofilm infectionsespeciallgifficult to eradicatd3, 4].
Thebiofilm modeof growthis astrategyusedby microorganismgo surviveunfavorable
environmentalconditions.An estimated0%of all bacteriainfectionsinvolveabiofilm com-
ponent[5]. Forinstancethe severantibiotic resistancef and

in lungsof CysticFibrosis(CF) patientshasbeenassociatedith the
formation of drug resistanbiofilms [6, 7]. Bacterigbenefitfrom the accumulatiorof thick and
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stickymucusto colonizethelung tissueandairwaysin amulti-resistantbiofilm, whichresults
in respiratoryfailure and mortality [7]. To date,no antimicrobialthat targetsbacterialbiofilm
(s) hasbeenclinicallyapprovedThus,thereis agreatinterestin the developmenbf antimi-
crobialsthatinhibit bacterialgrowth,andalsopreventbiofilm formation and/or promote
establishediofilm dissolution.

Cationicantimicrobialpeptide CAMPs)areaclasof antibioticswith promisingpotential
againsimulti-resistantbacteriaVariousCAMPswith abroadspectrumactivity wereisolated
from invertebratesinsectsmicroorganismsplants fish,amphibiansmammalsandhumans
[8]. Attractedto the anionicphospholipidhead,CAMPsestabliststrongnonspecifichydro-
phobicandelectrostatiénteractionswith the bacterialcytoplasmianembrang9]. Although
their therapeutigpotentialseemdo berestricted asit is the casdor manyothertypesof anti-
microbials,by the difficulty to find aproperbalancebetweercritical parametersuchas
hydrophobicity,charge)ength,amphiphilicity and structure, CAMPshavethe advantagé¢o be
smallandeasilytunable Still, their useremainsrestrictedby their intrinsic characteristics,
notablytheir toxicity to mammaliancells limited tissuedistribution and proteolyticdegrada-
tion in the blood[10]. Among successfugxamplesthe syntheticprotegrinanaloglB-367is
part of anaerosoformulation usedafterchemotherapyl11]. Althoughtheir mechanisnof
actionis not completelyestablishedt is recognizedhat CAMPscaninterferewith different
stage®f bacteriabiofilm formation. Initially, CAMPspreventcelladhesiorto the surface
electrostatibondswith the membrand12]. Theyarealsocapablef preventingbiofilm matu-
ration by actingon the molecularsignalsnvolvedin quorumsensind13]. A library of small
syntheticCAMPsableto inhibit biofilm formation and promotebiofilm degradatiorcanbe
foundin the BaAMPsdatabasébiofilm activeantimicrobialpeptidedatabase]j14].

Thediscoveryof naturallyoccurringdimeric peptideswith markedantimicrobialactivity
encouragedcientistdo exploredimerization,including disulfidebridging andlactamization,
asameandgo conferto CAMPsmanypropertiesthat mayenhanceheir therapeutigotential
ascomparedo their monomerg15, 16]. Forinstancethe Defrl dimeric defensinpeptide,
containinganaturalcysteingesidue hasanactivity against. PAO1(6 g/mL)
approximately9-fold greaterthanits 34-residuenonomercounterpart(50 g/mL) [17]. Also,
comparedo its monomericform, VG16KRKPdimer displaysa 10-folddecreasef its MIC
against. andmorethana4-fold decreaseagainst. and . [18].
Theimprovedantibacteriabctivitywascorrelatedwith anincreasen hydrophobicityand
cationicity of its surfaceareawhich enhance4 PSbinding and neutralization[16]. Interest-
ingly, veryfewstudiesreportedthe effectof CAMP dimerizationthroughcysteinedisulfide
bridgeformation, especialljor N-terminuscysteine-containig peptideq18].

Herein,wereportthe N-terminal functionalizationof asmallsyntheticcationicpeptide
with acysteineijts dimerizationthroughadisulfidebond,andapreliminary antimicrobial

activity assessmemtf the newlyprepareddimer againstwo strainseachof . and
For this study,the synthetic9-mer cationicpeptidepep1037(KRFRIRVRV-
NH2) wasselected19], dueto its antimicrobialpotentialagainst. and .

andits considerablantibiofilm activity. We reportthat suchastrategyieadso thedis-
coveryof asmallCAMP with greatlyenhancedantimicrobialactivity andretainedantibiofilm
potential.

Materials and methods
Peptide synthesis/modification

Pepl037andcys-pepl03iveresynthesizednanuallyusingastandardsolid phasepeptide
synthesispproachwith Fmocchemistry(Fig 1). Couplingsof the protectedamino acidswere
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Fig 1. Structure of cys-pep1037 and its dimeric form.
https://doi.0g/10.1371Hurnal.pon®173783.g001

mediatedby benzotriazol-1-yl-ay-tris-(dimethylamino)phosphoium hexafluorophosphate
(BOP;3 equiv)andN,N'-diisopropylethylamire (DIPEA; 6 equiv)in N,N-dimethylformamide
(DMF) atroom temperaturdor 0.5+1h. Couplingefficiencywasmonitoredwith the qualita-
tive ninhydrin testanda 3-equivalenexcessf the protectedamino acidsbasedn the original
substitutionof the FmocRink-amideresin(0.62mmol/g). Fmocremovalwasachievedvith
20%piperidinein DMF atroom temperaturegor 10minutes.Peptidesverecleavedrom the
resinsupportwith simultaneousidechaindeprotectionby treatmentwith TFA containing
1,2-ethanedithio(2.5%) water(5%),triisopropylsilang1%),thioanisole(5%)and phenol
(5%)for 4 h atroom temperatureAfter cleavageheresinwasremovedby filtration, thefil-
tratewasconcentratedand peptidesvereprecipitatedusingcold diethyl ether.Crudepeptides
werethensolubilizedin waterandlyophilizedprior to their purification usingpreparative
RP-HPLC Cys-pepl03dimer wasisolatedby reversegphaseHPLC from alyophilizedsam-
pleof crudecys-pep1037Mal-cys-pepl037vaspreparedandisolatedusingthe following
procedurecys-pepl03ivasdissolvedo afinal concentrationof 1mg/mLin freshPBS(phos-
phatebuffersalinepH = 7), andanexcessf tris-carboxyethylphodpine (TCEP)reagen{10
equiv)wasadded(to preventthe formation of disulfidebonds).The mixture wasstirred at
room temperaturdor 20min, an excessf maleimide(2 equiv)wasaddedandwasallowedto
reactfor 4 h. Peptidemal-cys-pepl037vasisolatedfrom the mixture by RP-HPLC.

All crudelyophilizedpeptidesverepurified usingapreparativereversed-phasdPLC
(RP-HPLC)protocolusingalineargradientfrom eluentA to B with 25%B per2 min incre-
ments(EluentA = H,0, 0.1%TFA, EluentB = CH3:CN/40%A, 0.1%TFA) andaC18(column
Phenomenexjupitet , 15 m, 10x 300mm, 4 mL/min, absorbanceneasuredt220nm).
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Homogeneityof purified fractionswasassesseday RP-HPLCand MALDI-TOF massspec-
trometryin linearmodeusing -cyanohydroxycinnanic acid(matrix). Fractionscontaining
thedesiredproductwerepooledandlyophilized.Overall, RP-HPLCanalysiof eachanalog
revealedhatthepurity of all peptidesvas 97% .For eachpeptide the main peakobserved
by massspectrometry(S1Fig) wasin agreementvith the theoreticaimassvaluegpep1037:

(M+H] ) 1229.3¢ys-pep1037:  ([M+H] *) 1331.8mal-cys-pepl037: ([M+H] ™)
1429.7¢ys-pepl03dimer: ([M+H] ¥) 2662.5).

Bacterial strains and growth conditions. . ATCC 27853 blood cultureiso-
late,AmericanTypeCulture Collection,ManassagJSA), . ATCC 1544 2animal
room waterbottleisolate), . K56-2(CF patientisolate)and . J2315

(multidrug-resistantCF patientisolate)wereused Bacteriaveresubculturedon TSA(tryptic
soyagarBD Difco DehydratedCulture Media,FisherScientific)platesfrom frozenstocks.
Inoculawaspreparedn TSB(typtic soybroth, BD Difco DehydratedCulture Media,fisher
scientific)in overnightculturesat 37EGwith shakingat 200rpm.

Minimum Inhibitory Concentration (MIC) determination. Thebroth microdilution
method(with minor modificationsfor cationicpeptides)wasperformedaccordingto the
guidelinesof " ! ! "

$ % " developedytheClinical LaboratoryStan-
dardsinstitute'scommittee[20]. Peptidesveredissolvedn waterandstoredin glassvials.
Different peptideconcentrationsverepreparedn 100 L of cationicadjusted25mg/L
CaCband12.5mg/L MgCl,) MHB (Mueller Hinton broth, BD Difco DehydratedCulture
Media,FisherScientific)Jandaddedto sterile96-wellpolypropylenamicrotiter platesEach
wellwasinoculatedto afinal concentrationof 5 10* CFU (50 L of MHB inoculasuspen-
sionpreparedrom coloniesgrownon MHA) [21]. Platesvereincubatedat 37EQunder
staticconditionsfor 18h and24h for . and . , respectivelyand
absorbanc&vasreadat600nm usinga Cytation3-cellimagingplatereaderThe MIC was
definedasthelowestconcentrationof peptideat which no growthwasobservedAll experi-
mentsweredoneatleastin triplicate.

Biofilm inhibition assay. Theability of pep1037 cys-pepl03dimer andmal-cys-
pepl037to preventbiofilm formation wasevaluatedy amethodpreviouslydescribed22,
23] with thefollowing modifications. . and . cells(1 10°CFU)
weregrownin 96-wellpolypropylenamicrotiter plategBD falcon# 353912)n 200 L final
volumeof TSBat37Edor 24h in the presencg2.5 g/mL) or not of the peptidesOpticalden-
sity (OD) of the culturesat 600nm wasdeterminedafterinoculation.Asameasureof the
planktonicbacterialgrowth, OD wasagainmeasuredfter24h of incubation,prior to biofilm
staining.Theplanktonicsuspensionvasgentlyaspiratedisingpipettes Wellswerethen
washedy 200 L PBSandshakedout by turning the plateover.Biofilm cellswerefixed by
200 L of 99%methanolperwellfor 15min. Then,methanolwasaspiratecand plateswereair
dried overnight.Biofilm productionwasmeasuredisingthe crystalviolet (CV, 1%)staintech-
nique[23]. Briefly,exces€V wasrinsedthreetimeswith waterand plateswvereair-dried over-
night. Stainwassolubilizedin 250 L of 30%glacialaceticacidand quantifiedusingaplate
readerat570nm. All experimentsveredonein sixreplicates.

Biofilm disintegration assay. Thepre-formedbiofilm assayvasperformedaspreviously
described24]. . ATCC27853%r ATCC 154421 10° CFU)wereincubated
understaticconditionsin 200 L of TSBfor 24h at 37ECTSBmediawasthenaspiratecand
the establishediofilm wastreatedwith variousconcentration®f pep1037cys-pepl037
dimer andmal-cys-pepl033&olutionspreparedn freshTSB.The microtiter platewasincu-
batedfor 24 h, at 37ECBiofilm productionwasmeasuredisingthe crystalviolet staintech-
nigue asdescribedabove All experimentsveredonein sixreplicates.
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Results and discussion

To assestheimpactof pep1037dimerizationon bacterialgrowth andbiofilm formation/deg-
radation,acysteingesiduewasintroducedatits N-terminus,cys-pep1037Asreportedfor
othercysteinecontainingpeptideq25+28],dimerizationoccursspontaneouslguring the
lyophilization/purificationstepfollowing the synthesi®f cys-pep1037Both peptidescys-
pepl037andcys-pepl03dimer, wereisolatedusingRP-HPLC(Fig 1).

Inhibition of bacterial growth

Theability of cys-pep103dimer to inhibit thegrowthof . wasevaluatedy
determiningits minimum inhibitory concentration(MIC) againstwo differentstrainsof .

. notablyATCC 27853and ATCC 15442 andresultsverecomparedo the MIC of
nativepepl1037againsthe samestrains.MIC valuesdeterminedfor pep1037Averein agree-
mentwith previouslyreportedMIC valuesf the samepeptideagainstwo Gram-negative
pathogens,. (PAOlandPA14)and . (4813),from 304to > 608 g/
mL, respectively19]. Interestingly cys-pepl103dimer wasfound to displaya30to 60times
lowerMIC thanpepl037against. ATCC 27853andATCC 15442respectively
(Tablel). TheMIC of purecys-pepl03Zouldnot beassessedliethe presencef variable
amountsof the correspondinglimer in the stocksolutionsused but neverthelesshe MIC of
this peptidemixture wasfound to bemuchlowerthanthat of pep1037 but 4+8timeshigher
thanthat of cys-pep103dimer alone.Thisresultstronglysuggestthatthe antimicrobial
activity of this peptidemixture is dueto the presencef the dimer, althoughonecannotrule
out the possibleadditionalcontribution of cys-pep10371t isimportant to notethatthe dimer
to monomerratio might increasevertime during MIC determinationexperimentsascon-
siderableamountsof dimer wereobservedvhensolutionsof cys-pep103740 g/mL) were
incubatedn culturemediumfor 1 h.

To preventcys-pepl037rom undergoingdimerization,its thiol functionality wasreacted
with maleimide(Fig 2). Mal-cys-pep103displayedalowerantimicrobialactivity againstoth
strainsof . comparedo its precursor cys-pepl037but anactivity equivalento
that of pep1037 This againsupportsthe previouslymentionedhypothesighat the antimicro-
bial activity of the cys-pep103monomer/dimermixture might bedueto the presencef cys-
pepl037dimer, without completelyruling out an effectfrom the presencef anadditional
cysteingesidueat the N-terminal position of pep1037Indeed,bringing modificationsat
the N-terminal position of a peptidecanhaveadrasticimpacton its antimicrobialactivity
[29£31].

Table 1. Inhibitor y effect of the peptides on bacterial growth 2.

Bacteria (strain) MIC ( g/mL)
pep1037° cys-pep 1037°¢ cys-pepl 037 dimer mal-cys -pep1037
P. aeruginosa (ATCC 27853) 307 40 10 357
P. aeruginosa (ATCC 15442) 307 40 5 357
B. cenocepacia (J2315) 1614 332 332 1614
B. cenocepacia (K56-2) 1614 332 332 1614

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

https://da.org/10.1371durnal.pon®173783.t001
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Fig 2. Formation of mal-cy s-pep1037 via athiolene reaction between cys-pe p1037 and maleimide .

https://doi.0g/10.1371§urnal.pon®173783.9g002

All peptideswverealsotestedagainstwo strainsof . , bacteriahatalsoplaya
rolein CFlunginfection. Their antibacteriapotentialagainsboth strainswasfound to beat
leasttwo timeshigherthanthe oneof pep1037(332 g/mL comparedo > 614 g/mL), butin
contrastto whatwasnotedfor both . strains,cys-pep103dimer did not showan
enhancemenin antibacteriabctivity comparedo the cys-pepl103monomer/ dimer mixture
(Tablel). Dimerizationof cys-pep1037rom the monomer/ dimer mixture in culturescould
explaintheseresults Thisis further supportedoy the lossof cys-pepl03&nhancedntibacte-
rial effect(Tablel) uponreactionwith maleimide Jikely dueto theinability of mal-cys-
pepl037o dimerize.

Biofilm inhibition and disintegration

To further explorethe potentialof cys-pepl103dimer, weinvestigatedvhetherthe antibio-
film ability of its monomericprecursompep1037couldberetained.Theinhibitory effectof
cys-pepl03dimer ontheformationof . and . biofilms wasthen
assessaasingthe crystalvioletassayFigs3 and4). For comparisorpurposestheinhibitory
effectof mal-cys-pep103®vasalsoevaluatecindresultswerecomparedo the onesobtained
for pep1037(whichwerefound to bein agreementvith previousreports)[19]. Fromthese
experimentsye concludethat ) the modification of pep1037Awith amaleimide-protectedys-
teineatthe N-terminal position (mal-cys-pep1037)and &thedimerizationof its cysteineN-
terminaladduct(cys-pep103dimer) do not leadto anoveralllossin its ability to preventbio-
film formation. More specificallyataconcentrationof 10 g/mL, all peptidedisplayedacon-
siderableeffecton the formation of the four biofilms studiedafter24h(Fig 3). A particularly
pronouncedeffectof the peptidesvasnotedagainsthe . J231%iofilm (Fig 3D),
10 g/mL beingatleast30timeslowerthantheir respectivaMIC (Tablel). Many CAMPs
werereportedto displayabiofilm formationinhibitory effectataconcentratiormuchlower
thantheir MIC [29, 32,33], but veryfewof theseCAMPswerefound to displaya significant
antimicrobialactivity againsplanktonicbacterig34]. Sincetheinhibitory effectobservedor
cys-pepl03dimer on theformation of both . strainscouldsimplybedueto its
high potentialto inhibit planktonicbacterialgrowth (MIC = 5+10,Tablel), the sameexperi-
mentwasalsoperformedfor all peptidesataconcentrationof 2.5 g/mL. No significantinhib-
itory effectwasobservedn the formation of the four biofilms for anyof the peptidesvhena
sub-MIC concentrationof 2.5 g/mL wasused(Fig 4) but interestingly the combinationof
cys-pepl03dimer (2.5 g/mL) andpepl037(2.5 g/mL) ledto aconsiderablénhibitory
effectin therangeof 60+80%Fig 4). This highlightsthe interestof further studyingthe poten-
tial useof sub-MIC concentrationf this dimer in adjunctivetherapy.
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Thebiofilm disintegrationpotentialof pep1037 cys-pepl03dimer and mal-cys-pepl037
wasalsoassessesh a . (ATCC 27853preformedbiofilm. All threepeptidesvere
foundto haveaconsiderablg@otentialto disturbthe establishediofilm studied(Fig 5). A con-
centrationof 10 g/mL of pep1037or mal-cys-pep1037s sufficientto reduceby 56+60%he
establishednonospeciebiofilm, andthereis no significantdifferencebetweerthe effectof
both thesepeptideson biofilm degradationSomeCAMPswerepreviouslyreportedto induce
thedispersionof viablecellsof maturebiofilms [35]. Interestingly for all concentrationsstud-
ied,the establishediofilm isreducedo alesseextentby cys-pepl03dimer thanwhen
treatedwith pep1037or mal-cys-pepl03{Fig5). Theeffectof cys-pepl03dimer on mature
biofilm might not only beaffectedy its interactionwith organismsn the . bio-
film but might alsobestronglyrelatedto its ability to diffuseinto the biofilm, assuggestetbr
previouslyreportedpeptideq36]. Theability of cationicantibioticsto diffuseinto biofilmsis
negativelyinfluencedby anincreasen molecularweight[37], and electrostatiénteractionsof
cationicpeptideswith negativel\chargediofilm matrix candelayCAMPspenetration[38].
Thesefactorsmight explainwhy cys-pepl103dimer islessactivethanits monomericprecur-
sorpepl037on the pre-formedbiofilm testedNeverthelesshe potentialof the dimeric
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significance was determined using one-way ANOVA (, P 0.01 versus the control, denoted CT).
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form of cys-pep1037o degradean established biofilm is retainedat sub-MIC
concentrations.

Conclusion

Wereportherethe N-terminal functionalizationof asmallsyntheticcationicpeptidewith a
cysteineleadingto the spontaneou$ormation of adimer with a30to 60-foldenhancemenin
antimicrobialactivity comparedo its precursor.Thiswork demonstrateshat this strategycan
potentiallyleadto the discoveryof relativelysmall CAMPswith agreatlyenhancedantimicro-
bial activitythroughasimpleapproachlmportantly, this canbeachievedwvhile retainingcon-
siderableactivity againsimaturebiofilms at sub-MICs. . and . are
important pathogensesponsibldor variousopportunisticinfections,including the morbidity
andmortality in CFpatients theformation of biofilmsin lungs.Theseresultssuggesthat
cys-pepl03dimer holdspromisefor its usein adjunctivetherapyandfuture researchmay
demonstratgpotentialfor its usein combinationwith clinically-relevant@antibiotics[39]. This
studyalsoopensthe door to theimprovementof smallCAMPs  cysteindisulfidedimeriza-
tion atthe N-terminus,which hassofar beenunexplored.
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