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this rapid evolutionof resistancés antibiotic combinationtherapy.Therationalefor this
approachsthatthe evolutionof resistancegains® antibioticswith differentmodesof action
wouldrequirethe simultaneougmergencef multiple specificmutationsatall targetswhich
isexceedinglyare[2]. Unfortunately,antibiotic combinationtbasetherapiedaceseveratlif-
ficulties,including differencesn the pharmacodynamicef the componentantibiotics[3]. An
alternativepossibilityis the the designof antimicrobialcompoundshat equipotentlyinhibit
multiple bacteriatargetd4,5]. Therearemultiple potentialwaysto designsuchcompounds.
Hybrid drugsconsistof 2 covalentifinked antibiotic pharmacophorewith differentmolecu-
lar targetd6]. Otherantibioticstarget2 or more nonoverlappingegionsof asinglebacterial
protein[2] andfurthermore,equipotentlyinhibit 2 or more bacterialproteins.Althoughit isa
major focusof the pharmaceuticaindustry[4,5,7],designingmultitargetingantibiotics
remainschallenginglndeed,only ahandful of suchantibiotic candidateslisplayabalanced
inhibition atmultiple microbialtargetg8+11].

In the currentstudy,wehaveaimedto rationally developanewchemicaklassof antibacte-
rial compoundsagainsimultiple, well-establishecholeculartargetghat simultaneouslyulfill
thefollowing criteria: First,the newcompoundsshoulddisplaybalancednultitargetingactiv-
ity againsimultiple, essentiabacteriatargets Secondiheyshouldestabliskstrongintermolec-
ularinteractionsat multiple, functionallyessentiahmino acid positionswithin the binding
sitesof their targetproteins[7]. Suchinteractionsarehypothesizedo renderspontaneous
resistancacquisitionimprobablebecausenutationsat thesesiteswould compromisethe
functionalitiesof thetargetproteins.

BacteriaDNA gyraseandtopoisomerasé/ protein complexe®fferanexceptionabppor-
tunity to achievehis goal,becausef the homologyof their correspondingsubunitsandthe
substantiabverlapin their 3-dimensionaprotein structureq4,12,13]BothDNA gyraseand
topoisomeraséV areheterotetramersyith 2 subunits GyrA-GyrBand ParC-ParErespec-
tively. Theyareinvolvedin breakingandrejoining double-strandedNA, andthus,they
determinechangesn DNA topology,but the 2 complexehiavecomplementaryoles.DNA
gyrasas essentialor the negativesupercoilingof DNA atthe expensef ATP hydrolysis,
whereagopoisomeraséV isresponsibldor unlinking or decatenatinddNA following DNA
replication[13]. These2 complexegreclinically validatedantibacteriatargetsA substantial
fraction of antibioticscurrentlyusedin clinical settingsareinhibitors of bacteriaDNA gyrase
or topoisomerasé/ enzymegl2+15].Unfortunately,clinically significantresistancagainst
fluoroquinolonesand otherfrequentlyemployedDNA gyrasenhibitors hasalreadyarisenin
pathogenidacteriapartly dueto the step-by-ste@ccumulatiorof resistance-conferring
mutationsat the genesencodingtheir targetproteins[16,17].Thisis not unexpectedfor 2 rea-
sonsFirst, fluoroquinolonesdo not targetthe gyraseandtopoisomeraseomplexegquipo-
tently[10,11,16,1715econdlow levelof resistancagainstheseantibioticscanreadilyemerge
by mutationsin efflux pumpsandtranscription-translatior{18]. Evenworse fluoroquinolone
resistancenutationsalsopromotethe acquisitionof resistancén otherantibiotic candidates
currentlyunderclinical developmen{8,19+20].

In the currentwork, wehaverationally designedanovelserief antibacteriacompounds,
endeavoringo achieveabalancedand simultaneousnhibitory effecton subunitB of DNA
gyraseandsubunitE of topoisomeraséV. Therehavebeenprior studiesn this direction, but
their clinicalrelevancés questionablefor atleastl of thefollowing 4 reasonsTheygenerally
failedto achieveequipotentinhibition of both targetproteins[19+20],antibacteriabcitvity
wasrelativelylow, or in vivo infection/toxicity assaysveremissingor inconclusivg21+24].
Moreover theygenerallydo not providedetailedresistancanalysisor theresultingleadcom-
poundhasremainedproneto resistancés].
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Staphylococcus aureus, VREyancomyim-
resistanEnterococcus

To targetanunmetmedicalneed wefocusedon developingantibiotic leadsagainsigram-
positivepathogensvith aprimary focuson methicillin-resistanf MRSA)andvancomycin-
intermediate(VISA) Staphylococcus aureus isolateg1,25£28]Multidrug-resistants. aureus
infectionsposeanimmenseeconomicburden,correspondingo atotal of $4.84billion in
annualhospitalizationcostg29,30].Concerngegardingthe appropriatenessf linezolid,dela-
floxacin,and otherrecentlymarketedflastresort®antistaphylococcalntibioticshavealso
emergednot leasthecauseesistancdiasalreadybeendetectechgainstheseantibioticsin
clinicalisolateg8, 31+34]Forthesereasonsgevelopinganovelclasof moleculeswith adis-
tinct mode-of-actionis of utmostimportance[35,36].

In thiswork, wedesignedalancednultitargetingantibioticswith limited resistancg@oten-
tial. We demonstratehe biochemicabndantibacteriakharacteristicgaswell asthein vivo
efficacyof 2 representativeompoundstermedULD1 andULD2.

Rational design of dual-targeting antibiotics with multiple interacting
residues

We haverecentlydiscoverednovelclasof DNA gyrasenhibitors with apyrrolamidoben-
zothiazolescaffoldjnspiredby the marine naturalproductoroidin [37£38].Most compounds
from the publishedseriegrimarily acton the bacterialDNA gyrasecomplexonly and possess
weakantibacteriakctivity. To transformthesemoleculesnto broadlyeffectiveantibiotics,we
haveexecutednodificationsat severakiteson the pyrrolamidobenzothiazole-6-carkglic
acidscaffold Thanksto the availabilityof the co-crystaktructurewith subunitB of DNA gyr-
aseaswell asto the smallsizeof the moleculeandits straightforwardchemicakynthesiswe
havebasedur effortson ULDO, arecentlyreportedweakinhibitor of S. aureus DNA gyrase
[37]. Themoleculamodificationswereaimedat designingnovelinhibitors that displayequi-
potentdual-targetingactivity towardssubunitB of DNA gyrasgGyrB)and subunitE of topo-
isomeraséV (ParE),by asimultaneougstablishmenof stronginteractionswith multiple,
functionallyessentiahmino acidsof both targetproteins.

To this aim, wehavefocusedn 3 keyamino acidresiduesithin the ATP-binding sitesof
GyrBandthe correspondingnomologousaminoacidresiduef ParE(Asp81/Asp74Arg84/
Arg77andPro87/Pro80)Bioinformaticanalysebaverevealedverylimited variationat
theseaminoacidpositionsacrosover1,000phylogeneticallyliversebacterialgenomes,
including representativepecie®elongingto ActinobacteriaFirmicutes Bacteroidetes?ro-
teobacteriaChlamydiaebacterialphyla. Theseamino acidresiduesvere99%ito 100%con-
servedn the studiedgenomegFig 1A). Moreover,usingsite-directednutagenesis previous
studyshowedhatthese3 aminoacidsareessentiafor the enzymatidunction of GyrBin
Escherichia coli [39]. Accordingly,we havedevelopedovelcompoundghatform (1) ahydro-
genbondwith the Asp81/Asp74ide-chaincarboxylateyroup, (2) acation-rinteractionwith
the Arg84/Arg77side-chainguanidiniumgroup,and(3) additionalhydrophobicinteractions
with Pro87/Pro8Mmf S. aureus GyrB/ParErespectivelyFig 1Band1C,S1and S2Tables).
Moreover,wehaveenhancedhe compoundsbinding affinity by simultaneouslestablishing
asaltbridgewith Arg144/Arg136@ndadditionalhydrophobicinteractionswithin thelipo-
philic floor of the binding siteson both targetproteins(Fig 1Band 1C).

Chemicalmodificationsof ULDO haveyielded2 antibiotic leads|ULD1 andULD2. Analy-
sisof the solvedcrystalstructureof ULD1 and ULD2 in complexwith S. aureus GyrB (Fig 1D,
PDBentry:6TCK),aswellasmoleculardynamics(MD) simulationshaveshownthatthe anti-
biotic leadgnteractwith multiple aminoacidresiduesvithin the ATP-binding sitesof GyrB
andParE jncluding the onesmentionedhere(Fig 1D, S1Aand S1BFig).In the nextsections,
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Fig 1. Rational design of antibacterial compounds, ULD1 and ULD2. We rationallydesignedntibacteriacompound,ULD1 andULD2, that
establishintermolecularinteractionswith Asp81/Asp74 Arg84/Arg77 andPro87/Pro8mf S. aureus GyrB/ParErespectivelyA. Amino acidpositions
thatareindicatedby an asteriskarephylogereticallymore conservedhanothersin the ATP-binding sitesof DNA gyrasesubunitB (GyrB,upper
panel)andtopoisomeasdV subunitE (ParE Jowerpanel)(Welch#test,P < 0.0017and P < 0.00001respectivly). Thesequencégodepictsthe
diversityof thealignedsequenceSherelativesizef the lettersindicatetheir frequeng in the sequenced hetotal heightof the lettersdepictsthe
information contentof the position,in bits. B. Rationaldesignof ULD1 andULD2 asDNA GyrBandParEdual-inhibitors. Thegreen blue,andpurple
circlesindicatethe terminal carboxylicacidmoiety,the pyrrole moiety,andthe benzyloxysubstituentat position4 of the benzothiazadring,
respectivelywhichweremodifiedto obtainULD1 andULD2. C. Theinteractionpatternof ULD1 (in yellow,top) andULD2 (in cyan,bottom) within
the ATP-binding siteof S. aureus GyrBand ParE.GyrBand ParEaminoacidsareindicatedin blackandorange(with sticks) respectivelyPDBcodes:
GyrB(3TTZ), ParE(4URN).D. Thelocationof spontaneous)L D1 resistanceonferringmutationswithin the ULD1 binding pocketof GyrB (left
panel)and ParE(right panel) respectivly. Resistanceenferring mutationswereidentifiedbasedn targetedsingle-mdeculereal-timesequencin@f
thedrugtargetsollowing a standardrequeng-of-resistaceassayandtheidentified mutationsweresubsegantly plottedon thetertiary structureof
thetargetproteins Atom-typecoloring bluefor N, redfor O, grayfor C. GyrB,subunitB of DNA gyraseParE subunitE of topoisonerasdV.

https://doi.0g/10.1371§urnal.pbio.300819.g001
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Table 1. In vitro inhibition of DNA gyrase and topoisomerase IV by ULD1 and ULD2.

1Cs
ULDO ULD1 ULD2 Novobiocin Ciprofloxacin
DNA gyrase >100uM 3.3+ 0.4nM 0.78+0.1nM 1.7+ 0.1nM 14,000t 2,000nM
TopoisomeaselV 10+ 2uM 9.3+ 2.2nM 2.0+ 0.3nM 2,000+ 200nM 1,500+ 300nM

Resultarebasedn standardsS. aureus DNA gyraseandtopoisomeaselV supercoilinggel-based assayéVaterialsand methods)Novobiocinand ciprofloxecin were
appliedascomparatorantibiotics.Measurenentswereperformedin quadruplicaés(meanandstandarddeviationof the meanareshown).

ULDO wastestedusingthe high-throughputDNA gyrasesupercoilng andtopoisomeaselV relaxationassayf37].
I1Cs0, half maximalinhibitory concentation.

https://da.org/10.1371durnal.pbic3000819.t00

wedemonstratehat these2 leadcompoundsarepotentdual-targetingenzymenhibitors and
displayabroad-spectrumactivity againsimultiple gram-positivehumanpathogens.

Improved and balanced enzyme inhibition in vitro

Inhibitory activitiesof ULD1 andULD2 on S. aureus DNA gyraseandtopoisomerasé/ have
beentestedn anin vitro gel-basedupercoilingassay40] (Tablel). Novobiocinandcipro-
floxacin,2 inhibitors of bacteriatypell topoisomerasesyereusedascontrols.Ciprofloxacin
displayedaweakinhibitory effecton these2 enzymeswhereasovobiocinefficientlyblocked
DNA gyraseonly. In sharpcontrast,ULD1 andULD2 potentlyinhibited both DNA gyrase
andtopoisomerasé/. ULD2 inhibited both enzymedo agreaterextentthan ULD1, with IC5q
valueseing4-fold (DNA gyrasepnd5-fold (topoisomeraséV) lowerthanthosefor ULD1.
Basedn thesein vitro enzymedata,we concludethat ULD1 and ULD2 arepotentdual-inhib-
itors of DNA gyraseandtopoisomeraséV of S. aureus, activein thelow nanomolarrange
(Tablel).

Bioactivity of ULD1 and ULD2 against pathogenic bacteria

Next,wehavedeterminedthe minimum inhibitory concentrationgMICs) of ULD1 and
ULD2 againstapanelof gram-negativeandgram-positiveclinical pathogengTable2 and S3
Table).ULD1 andULD2 werefound to displaypotentantibacteriakctivity againsESKAPE
pathogengs. aureus, Enterococcus Sp.,Pseudomonas aeruginosa, Klebsiella pneumoniae, Acine-
tobacter baumannii), Streptococcus sp.,and Clostridium difficile. The MIC valuesagainsgll
studiedmultidrug-resistantStaphylococcus, Enterococcus, and Streptococcus isolatesvere
below2 ug/mL. Notably,ULD1 andULD2 exertedactivity againstll MRSA,VRSA andvan-
comycin-resistanEnterococcus (VRE)isolatesywhich frequentlycausdlifficult-to-treat skin
andsoft-tissuenfections(SSTIs]41]. We hypothesizéhat further chemicaimodificationsof
ULD1/ULD2 couldincreaseghe potencyof this compoundclasdo inhibit gram-negativgath-
ogensaswell.

We havefocusedbn determiningthe antibacteriahkctivity of ULD1 andULD2 against
geographicalhandgeneticallydiversesetof S. aureus clinicalisolatesincluding 56 MRSAand
28vancomycin-internediateandvancomycin-resistargtrains,inclusiveof recentclinical iso-
lates A largefraction of thesdsolatesveresimultaneouslyesistanto multiple otheravailable
antibioticstoo (S1Data).In sharpcontrastto otherapprovedantibioticsagainststaphylococcal
infections,both ULD1 and ULD2 werefound to exerta potentactivity againstll testedso-
lates(MIC  1ug/mL, Fig2A). Thecompoundswverealsotestedn atime-dependentellkill-
ing assaygainst. aureus ATCC 700699 VISA). Thecellkilling (bactericidalactivity of
ULD1 andULD2 wasdemonstratedo exceedhat of fusidicacid (S2Fig).Importantly,
regrowthwasobservablén S. aureus populationswithin 48hoursunderfusidicacidstress,
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Table 2. Antimicrobial activities of ULD1 and ULD2 against selected pathogenic bacteria.

Species and strain

S. aureus ATCC 700699Mu50,
NRS1)

S. aureus ECL2963646

Staphylococcus epidermidis
ATCC51625

Enterococcus faecalis ATCC
51575

Enterococcus faecium BAA-2320

Neisseria gonorrhoeae CCUG
57598

Haemophilus influenzae ATCC
49247

Clostridium difficile BAA-18B

Listeria monocytogenes ATCC
19111

Acinetobacter baumannii ATCC
19606

Klebsiella pneumoniae ATCC
10031

Pseudomonas aeruginosa ATCC
27853

Acquired resistance ULD1 ULD2
MIC (ug/mL)
MRSA(SCCmectypell), VISA, ClindamycinR, Daptomycin-NS,Erythromycin-R,Gentamym-R, 0.0625 | 0.03125
Imipenem-R Levofloxam-R, Oxacillin-R
MRSA,VRSA Clindamyadn-R, Erythromydn-R, GentamycinR, Levofloxacin-R 0.125 | 0.03125
MRSE Oxacillin-R 0.0625 | 0.03125

VRE (VanB+),Clindamycin-R,Erythromyadn-R, Gentamyi-R, Linezold-IR, Mupirocin-R, Streptomyin- |  0.0625 | 0.03125

R
VRE(VanA+), Ampicillin-R, Ciprofloxacin-R Clindamyén-R, Erythromydn-R, LevofloxaciAR, 0.25 0.03125
Imipenem-R Teicoplanh-R
Cefoxitin-R,Ciprofloxacin-R Linezolid-R, TetracyclineR, Penicillin-R 0.03125 | 0.03125
Ampicillin-R, VancomycinR, TetracyclineR 0.03125| 0.125
toxigenic,ribotype078,Ertapenen-IR, Imipenem-R 0.03125 | 0.03125
0.125 0.125
2 0.5
1 4
8 2

MIC measuremets wereperformeal in 3replicatesaccordirg to CLSIguidelines.
-R, resistant:IR, intermediateresistant:NS,nonsensitiveCLSI,Clinical and LaboratoryStandardsnstitute; MIC, minimum inhibitory concentrationMRSA,
methicillin-resistants. aureus; MRSE methicillin-resistants. epidermidis; VISA, vancomycin-inermediateS. aureus; VRE,vancomycinresistantEnterococcus; VRSA,

vancomycinresistantS. aureus.

https://da.org/10.1371durnal.pbic3000819.t02

possiblyexplainedoy thefactthat S. aureus rapidly developsesistancéo fusidicaciddueto
its monotargetingmechanism-of-actiof4, 42].

Increased bioactivity at acidic pH of the skin

S. aureus isacommoncausef severanddifficult-to-treat skin infections[41,43].Antibiotics
targetingpathogenspecificto skininfectionsmusthavean efficientbactericidakffectwhen
appliedtopically.Comparedwith systemi@ntibacteriatherapywhenthe pharmaceutical
agentis supposedo exertits activity at physiologicablood pH (i.e.,7.35+7.45)opicalantimi-
crobialtherapyshouldtypicallybeactiveatlower (acidic)pH valuescharacteristiof the skin
surfaceg(i.e.,4.0+5.5]44,45].Thus,for topicalantistaphylococcagentsmaintainingbioactiv-
ity underacidicpH conditionsis animportant feature[46,47].To assesthe effectof pH on
our ULD agentshioactivity,we haverepeatedur previousMIC measurementatalowerpH.
A shiftfrom pH 7.3to 5.5hasresultedin adecreasef MIC valuesashigh as160-fold(ULD1)
and40-fold(ULD2) in S. aureus ATCC 700699 S4Table).Underthe sameconditions,the
potencyof vancomycinhasbeenfound to be unaffectedWe speculatéhat thisincreasedio-
activity of ULD1 andULD2 underacidicpH conditionsmayreflectanincreasedntracellular
accumulatiornof thesecompoundswithin bacterialcellsat acidicpH, similarly to delafloxacin
[48]. Asincreasedioactivityatlower-than-neutrapH is beneficiafor the treatmentof staph-
ylococcalnfections[47,48],our newlydevelopedJLD agentxould offer especiallypowerful
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determinedviabroth microdilution accordingto CLSIguidelinesTheunderlying datafor this figure canbefoundin S2Data.B. Spontaneas
frequency-ofresistancef ULD1, ULD2, andnovobioch in S. aureus MRSAATCC 4330((left panel)S. aureus VISA ATCC 700699right panel).Data
arebasedn 10independembiologicalreplicatesError barsindicatethe 95%confiderceinterval.Asterisk( ) markscasesvherethe frequeng-of-
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alternativedor the eradicationof S. aureus in acidicenvironmentsjncluding the humanskin
surfaceandmacrophages.

Limited resistance against ULD1 and ULD2

Antibiotics with asinglemoleculartargetareusuallyproneto resistancecquisitioninduced
by spontaneousnutations.Multitargetingantibioticsareconsideredo belessvulnerableto
resistanceasthe simultaneouscquisitionof multiple, specificmutationsis exceedinglyare
[4,49,50]. To explorethe potentialresistancenechanismsye havedeterminedthe spontane-
ousfrequency-of-resistancgainstULD1, ULD2, andnovobiocinin S. aureus. Novobiocin
hasservedasareferencecompound.Novobiocin'smain targetis the DNA gyrasesubunitB,
but second-stepesistancenutationsoccasionallpccurin topoisomerasé/ [51]. Thisantibi-
oticis effectiveagainstertaingram-positivenfections,including thosecausedy S. aureus
[12,52].

Usingastandardprotocolfor spontaneoufrequency-of-resistareanalysig49, 53], we
haveexposed 0'°to 10"?bacteriakellsderivedfrom stationary-phaseulturesof S. aureus
ATCC 700699 VISA) andS. aureus ATCC 43300MRSA)to increasingconcentrationof
ULD1,ULD2,andnovobiocin,respectivelyWe haveassessdtie frequency-of-resistarteand
the mutant preventionconcentration(MPC) for all 3 compoundsMPC is thedrug concentra-
tion thresholdabovewhichthe selectiveproliferation of resistanimutantsdoesnot occur(i.e.,
the concentrationrequiredto avoidthe emergencef all first-stepresistanimutants)[49]. In
agreementvith prior laboratorystudiesandclinical observationsthe frequency-of-resistaze
againsinovobiocinwasrelativelyhigh (Fig 2B),andan up-to 120-foldincrementin the MIC
of novobiocinin theisolateds. aureus mutantshavebeendetected S3Fig) [51,54].By sharp
contrast,no resistantvariantsof S. aureus havebeendetectedvhenthe bacterialcellswere
exposedo ULD1 atconcentrations8-fold the wild-type MIC (Fig 2B).Moreover resistant
mutantsisolatedupon exposurgo ULD1 atlowercompoundconcentrationgprovidedonly
minor changedn ULD1 susceptibilit S3Fig).

To investigatehe molecularbasisof mild ULD1 resistancewe havecollected400indepen-
dentlyisolated ULD1 resistantlonesrom the frequency-of-resistanassaylatesandhave
sequencetheir gyrB andparE genomicregionsusingPacificBiosciencesingle-moleculeeal-
time (SMRT)ampliconsequencingSequencanalysebaverevealedhatall ULD1-resistant
isolatehad missensenutationsthat mappedo gyrB. Four differentpositionsin the ULD1-
binding pocketof GyrB (R144,G85,1175,T173)havemutatedrepeatedlyfS5Table).All the
mutatedaminoacidresiduesn S. aureus arelocatedin the binding pocketof GyrBandform
secondarynteractionswith ULD1 (S2Tableand S1BFig).

AsULD?2 hasa high affinity towardsboth of its targetproteinsandexertsan excellendual-
targetenzymanhibition (Tablel),wehypothesizedhatthe frequency-of-resistareagainst
ULD2 couldbeexceptionalljyow. Notably,no ULD2 resistanimutantshaveemergedvhen
4x10 8. aureus ATCC 700699 VISA) cellswereexposedo ULD2 ataconcentrationof only
4 timesthewild-type MIC (Fig 2B).We estimatehatthe MPC s aslow as0.16ug/mL for
ULD1 and0.08ug/mL for ULD2in S. aureus ATCC 700699 VISA).

Resistance induced by mutations at both target proteins

Thefrequency-of-resistancssaybaveindicatedthat spontaneousesistancevolutionto
ULD1andULD2 israreandisresponsibldor only amodestdecreasé compoundsuscepti-
bility of S. aureus. However aprior studysuggestthat combinationof multiple, specifiomuta-
tionsatall drugtargetsjn thelongrun, caneventuallyrenderevenmultitargetingantibiotics
ineffective[8]. To testthis possibility,wehaverepeatedhe frequency-of-resistaseassaywith
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2ULD1-resistantS. aureus VISA laboratoryisolatesboth of which carriedasinglemutation at
GyrB,theprimary targetof ULD1/ULD2. ThesanutationsDGyrBR144land1175Tbwere
relativelyfrequentin theisolatedsingle-stepesistanimutants,andtheyconferredadecreased
susceptibilityto ULD1 (S6Tableand S3Fig). Populationof thesesingle-mutantstrainshave
beenexposedo increasingconcentrationof ULD1 andULD2, separatelySpontaneousesis-
tant mutantshaveappearedtafrequencyof 10 %+10* (S4Aand S4BFig). Al isolatedsec-
ond-stepresistanimutantshavedisplayedarelativelylow resistancéevel,i.e.,theycouldbe
inhibited by 1 ug/mL of ULD2 (S6Table).Sequencanalysebaverevealedhatall detected
second-steutationsarelocalizedat ParE the othertargetof ULD1/ULD2, at positionsthat
arehomologoudo the binding sitesin GyrB (S6Table).In sum,the observednutations,
togetherwith resultsof in vitro enzymenhibition assayqrovidestrongevidencen support
of adual-targetingnechanism-of-actioior ULD1 and ULD?2.

Evolution of resistance under long-term antibiotic exposure

We haveinvestigatedvhetherlong-termexposurg¢o ULD1 andULD2 couldselecfor ahigh
levelof resistanceT o this aim, wehaveinitiated adaptivdaboratoryevolutionexperiments
underULD1, ULD2,andnovobiocinstresseagainstVISA. We haveemployeda previously
establishegrotocolthataimsto maximizethelevelof drug resistancén the evolvingbacterial
populationg8,55]. To accuratelyassespotentialresistancenechanisms]Oparallelevolving
populationshavebeenexposedo graduallyincreasingconcentrationof eachcompound.Fol-
lowing laboratoryevolution,asingleclonefrom eachpopulationhasbeenisolatedand sub-
jectedto drug susceptibilitytestsln agreementvith prior clinicalobservationgindlaboratory
studieq12,54],ahighlevelof novobiocin-resistanchasemergedapidly (Fig 3A). In novobio-
cin-adaptedstrains,anup-to-320-foldincreasen novobiocinMIC (i.e.,16ug/mL) hasbeen
detectedcomparedwith the wild-typestrain.In contrast,only arelativelymodest25-fold
increasen the MICs of ULD1 andULD2 havebeendetectedn lineagesdaptedo ULD1 or
ULD2, respectivelyl pg/mL for ULD1 and0.5ug/mL for ULD2). In orderto elucidatethe
moleculamechanismsinderlyingULD?2 resistance; ULD2-adaptedstrainshavebeensub-
jectedto whole-genomeequencingWe havefocusedn de novo mutationsthat haveaccu-
mulatedin severalineagesndependentlyduring the courseof laboratoryevolution(S7
Table).Suchmutationshavebeenfound in thetargetproteins(GyrB,ParE) aswell asin areg-
ulator of purine biosynthesigpurR), andanotherenzymenvolvedin theuridine diphosphate
(UDP) biosynthesipathway(PyrH). The exactrolesof thesemutationsin shapinguLD1/
ULD2 susceptibilitiesemainto bediscovered.

Antibiotic resistancenutationsfrequentlyimpactbacterialviability, andthe associatefit-
nesscostsdeterminethe spreadandlong-termmaintenancef resistanpopulationsin clinical
settingg55+57].To explorethe potentialcostsof resistancewe haveinvestigatedhe growth
phenotypeof laboratoryevolved ULD1/ULD?2 resistance-confeimg S. aureus VISAisolates.
Fitnesawvasestimatecby measuringhe opticaldensityat 600nm (ODgg of the population
during 48hoursof growthin anantibiotic-freemedium.ULD1/ULD?2 resistantlonesdis-
playeda statisticallysignificantdeteriorationof growth patterncomparedwith the wild-type
strain(Fig 3Band S5AFig) andformedtiny, slow-growingcolonieson agarplateg(Fig 3Cand
S5BFig). Thesadataindicatethatlong-termexposuré¢o ULD1 and ULD2 yieldsmutantswith
limited resistancendhigh associatefitnesscostsin anantibiotic-freeenvironment.

Extensivaantibiotic usagecanselecfor mutationsthat providecross-resistande antimi-
crobialcompoundghat arestill underdevelopmen{8, 58]. As novobiocinwaswidely
employedandis proneto resistancevolution[12,42],it isrationalto hypothesize¢hat novo-
biocin-resistantlinicalisolatesnight interferewith the antibacteriakffectsof ULD1 and
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Fig 3. Adaptive laboratory evolution of S. aureus (VISA) ATCC 700699 to ULD1, ULD2, and novobiocin stresses. A. Thefiguredisplaysncrement
in MIC levelrelativeto wild typeasafunction of cellgeneratiomumber.Datashowthe meanMIC fold-changebasecn 10,independetly evolving
populations Grayarearepresents 95%confiderceinterval. Theunderlyingdatafor this figure canbefoundin S2Data.B. and C. Relativefitness(B)
andgrowth phenotypgC) of ULD1-evdvedandwild-typesS. aureus VISA ATCC 700699Fitnessvasapproximate from the growth curvesof isogenic
microbial populationg(seeMaterialsand methods)anddepictedasrelativefitnesscomparedwith that of the wild type.Measurenentswereperformed
in 6 replicatesTheunderlyingdatafor this figure canbefoundin S2Data.Growth phenotypesvereobservedn BHI agarplatesanddocumentel after
24hoursof incubationat 37 ECD. Susceptibilig of novobiodn-resistants. aureus VISA ATCC 700699nutantsto ULD1 andULD2. MICs were
determinedn MHBII mediumat 37 ECby broth microdilution assayccordingio CLSIguidelinesOneof theindependetly evolvedhovobioci-
adaptedstrainsdisplayedexceedinly slowgrowth,andthereforejt wasomitted from the analysisThe underlying datafor this figure canbefound in
S2Data.BHI, Brain-Heart-Infusionbroth; CLSI,Clinicaland Laboratoy Standardsnstitute; MIC, minimum inhibitory concentratio; MHBII,
MuellerHinton Il Broth; MRSA methicillin-resistansS. aureus; VISA,vancomycinintermedates. aureus.

https://doi.0g/10.1371§urnal.pbio.300819.9003
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ULD2. To investigatepotentialcross-resistancéie MIC of ULD1 andULD2 havebeen
testedagains® independentlyevolvedhovobiocin-resistanisolatesThesestrainshavebeen
foundto displayno cross-resistand® ULD2, andonly amodestup to 6-fold decreasen
ULD1 susceptibilityhasbeendetectedcomparedwith the correspondingwild-type strain
(Fig3D).

Toxicology studies of ULD1 and ULD2

To assesthe potentialtoxicitiesof ULD1 and ULD2, toxicologystudieshavebeencarriedout.
First,wehavemeasuredhe viability of HepG2humanliver and MCF-7 humanepithelialcell
linesin the presencef ULD1 andULD2, respectivelylsinga standardactatedehydrogenase
(LDH) assayNeitherULD1 nor ULD2 wascytotoxicat concentrationsup to the testedmaxi-
mum, 100uM (ICso>100uM, S8Table).Next,to assesthe potentialgenotoxicityof ULD1
andULD2, wehavetestedtheir potentialchromosomahbberration-causingffecton CHO-K1
hamsterovarycells,usingastandardn vitro micronucleusassays9]. No genetictoxicity of
anyof the 2 compoundshavebeendetected S9Table).Potentialcardiacsafetyand cross-reac-
tivity to the humanether-a-go-go-relad gene(hERG)potassiunion channelarealsofre-
gquentissuedor drugstargetingDNA gyraseandtopoisomeraséV [9,12].Asrequiredby
EuropearMedicineAgency(EMA) andthe USFoodand Drug Administration (FDA) [60,
61],wehavetestedboth ULD1 and ULD2 for their inhibitory effectson the humanhERGion
channelsataconcentrationof 150uM, usingelectrophysiologicassayaNo statisticallysig-
nificant inhibitory effectof eithercompoundhasbeendetected S10Table).We havealsoeval-
uatedthe hemolyticactivity of ULD1 and ULD2 on humanredblood cells,andagain,no
biocompatibilityconcernshavebeenraised(S11Table).

In vivo efficacy of ULD1 and ULD2

Basedn the potentantibacteriahctivitiesof ULD1 and ULD2 andthe lackof toxicity, we
havefinally testedtheir in vivo efficacyin micemodelsof S. aureus infections.First,amurine
modelof humanstaphylococcaSTlhasbeenutilized[62,63].This preclinicalmodelis exten-
sivelyusedto characterizéhe pharmacokineti@and pharmacodynamipropertiesof antista-
phylococcahgentsaswell asto predicttheir humanclinical efficacy[53,62+64].Topical
ULD1 andULD2 treatmentgin the form of ointments)weretestedagainst. aureus USA300
MRSA(BAA1556)andVISA andVRSAclinicalisolatesUSA300MRSAclinicalisolatesare
responsibldéor mostcommunity epidemicsn the USAandarespreadingvorldwide[25].
Also,these3 strainstogetherareresistanto atleast distinct classesf antibiotics,including
mupirocin, alast-resortantibiotic againstSSTIcausedy multidrug-resistantS. aureus (S1
Data).Topicalapplicationof ULD1 andULD2 hasexerteda potentantibacteriabctivity (Fig
4A and4B),comparabléo that of mupirocin. SubsequerpharmacokinetidPK) analyses
indicateefficientskin penetrationfor both drugs,reachinga concentrationof up to 300-times
theMIC of ULD1 andULD2in wild-typeS. aureus VISA (S12Table).
Finally,wehavetestedJLD1 in aneutropenicmodelof murine thigh infection. Intrave-
nous(IV) administrationof the drug resultedin potentantibacterialctivity againstS. aureus
VISA infection (Fig 4C).Notably,the antibacteriakctivity of ULD1 wascomparabldo that of
linezolid,awidelyusedclinical agentagainstsystemidMIRSAinfections[42], but resistance
againsthis drugis emergingrapidly [20]. Takentogetherthesein vivo efficacydataindicate
thatthe molecularscaffoldunderlyingULDs could serveasa basidor successfifliture thera-
peuticeffortsagainsboth topicaland systemicS. aureus infections.
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Discussion

Antibiotic resistancdérequentlyresultsfrom mutationswithin thetargetproteinataminoacid
positionsthatform directinteractionswith the pharmaceuticahgent50,65,66]To mitigate
the spontaneouslevelopmenbf target-mediatedesistancewe haverationallydeveloped
novelantibacteriacompoundgshat simultaneouslyulfill 2 criteria. First, theydisplayabal-
anceddual-targetingactivity agains, essentiabacteriatargetsand secondtheysimulta-
neouslyestablishinteractionswith multiple, evolutionaryhighly conservedamino acidsof
thesetargetproteins.This newclassof dual-targetingantibacteriacompoundsnhibit bacte-
rial DNA gyraseandtopoisomerasé#/ protein complexesndarestructurallydistinctfrom
novobiocin,gepotidacinandfluoroquinoloneantibiotics.Two leadmoleculesf this series,
ULD1 andULD2, arepotentinhibitors of the ATPaseactivitiesof GyrBandParE.Impor-
tantly, wehaveachieveda superiorandbalancednzymenhibition of bothtargetproteins
comparedwith novobiocin,aninhibitor of GyrBthat hasreachectlinical practicebut was
laterwithdrawn [67].

ULD1 andULD?2 exertbroad-spectrunantibacteriabctivitiesagainstawide rangeof path-
ogensjncluding multidrug-resistantlinicalisolatesTheefficacyof ULD1 andULD2 was
testedagainstabroadpanelof S. aureus clinical strains,including recentlyisolatedVRSAand
VISA variants Approveddrugswith clinical relevancegainststaphylococcdhfectionsfail to
inhibit asignificantfraction of thesdsolateswhereasoth ULD1 andULD2 arefound to be
potentlyactiveagainsall of them(MIC 1 pg/mL,seerig2). ULD1 andULD2 arenonhemo-
lytic, nongenotoxicexertno cytotoxicityon multiple humancelllines,and haveno inhibitory
activity on hERGion-channelsFurthermore our dataindicatethat the compoundscould be
especiallysefulfor the eradicationof S. aureus in acidicenvironmentssuchasthehuman
skin. Usingmurine modelsof multidrug-resistanstaphylococcadkin andthigh infections,
ULD1 wasshownto displaypotentefficacyboth viatopicaland systemiadministration.
Thesepromisingin vivo efficacyresults combinedwith alackof toxicity andgoodskin pene-
tration, indicatethatthe ULD seriexouldbeconsideredor thetreatmentof skin and skin-
structureinfections(SSSis3uchasacutebacterialSSSI$ABSSSIsdndimpetigocausedy
multidrug resistantS. aureus [41,45].

ULD1 andULD?2 bypas®xistingandclinically widespreadesistancenechanismsnclud-
ing thosethat hinder the efficacyof other DNA gyraseandtopoisomeraséV inhibitors. Addi-
tionally, denovoresistancenutationsagainsthesecompoundsarerareandhavealimited
impacton resistancéevel. TheMPC (i.e.,the concentrationrequiredto preventtheemergence
of single-stepnutants)is exceptionallyow for both compoundsRemarkablyall isolateddou-
ble mutantsandlaboratoryevolvedstrainsfrom long-termdrug exposurénavedisplayedow
resistancéevelonly,i.e.,theycouldbeinhibited by 1 ug/mL of ULD2. Thus,evencombina-
tions of specificresistancenutationsprovideonly moderatechanged compoundsusceptibil-
ity. Thisisin sharpcontrastto the resultsof apreviousstudyon gepotidacinGepotidacinan
antibiotic candidateselectivelynhibits both bacteriaDNA gyraseandtopoisomerasé/ [68],
but acombinationof 2 specificmutationsin thesetargetproteinsprovideashigh asa
2,000-foldncrementin resistancéevel(256pg/mL) [8]. Multitargetantibioticsin theory
shouldremainsensitiveto otherresistancenechanismsnediatedby efflux pumpsor by enzy-
maticinactivation.However,n our casethelaboratoryevolutionexperimentdurther confirm
thatresistancdy genomicmutationsis exceedinglyareagainstJLD1/ULD2. Importantly,
thesefindings do not excludethe possibilitythat resistancenayeventuallyemergehrough
horizontalgenetransferfrom otherspecie$56,57].Thisissueshouldbeinvestigatedy func-
tional metagenomi@ssaym thefuture [69].
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Takentogetherour dataindicateULD1 and ULD2 couldserveasa basidor future thera-
peuticeffortsagainstrangeof gram-positivepathogensk-urthermore thesecompounds
inhibit gram-negativepathogensn vitro, albeitat higherconcentationsAppropriatestruc-
tural modificationscouldincreasehe potencyof this structural-classgainsgram-negative
pathogensswell. Asthesemoleculesaresmall(<500Da), the addition of newmoietiesis fea-
siblein future optimization efforts.Importantly,asULD1 is manufacturedrom commercially
availableeagentsn only 2 synthesistepsupscalingo industrial-sizedoroductionshouldbe
relativelystraightforward.

Materials and methods
Chemical design and synthesis of ULD1/ULD2

To improvethe binding affinity of ULDO to both targetenzymesweintroduced2 modifica-
tions,leadingto ULD1. 4,5-dibromopyrrokwasreplaceddy the 3,4-dichloro-5-methylpyrras.
In theterminal partof ULDO, the carboxylicacidgroupwasfound to beflexible,pointing
towardthe solventwithout anydirect contactwith specificaminoacidresidue®of thetarget
proteins.Therefore ULD1 wasdesignedhsarigidified analogof ULDO in whichthe aliphatic
carboxylicacidgroupof ULDO wasreplacedoy anaromaticcarboxylicacid. Thesemodifica-
tionsalsogavealessacidiccharacteiof ULD1, apropertythatis beneficiafor bacterialcell
wall penetration Next,weintroducedabenzyloxygroupat position4 of the benzothiazole
core,leadingto ULD2. The purposeof this modificationwasto strengthercation-rinteraction
with conservedirg84/Arg77by the introduction of this electron-donatinggroupandto
achieveadditionalhydrophobicinteractionswith conservedPro87/Pro8Gandotherresidues
in thelipophilic floor of the binding site.Full detailsof the synthesispurification, and charac-
terization,including *H NMR spectrumof all reportedcompoundsareprovidedin S3Data.
All reagentsvereobtainedfrom commercialsourcesinlessnotedotherwise.

Media and antibiotics

Cation-adjustedMuellerHinton 1l Broth (MHBII) wasusedfor the growth of bacteriaunder
standardaboratoryconditions,for antimicrobialsusceptibilittestsandfor the selectiorof
resistantvariants.To prepareMHBII broth, 22g of MHBII powder(BectonDickinsonand
Co.)wasdissolvedn 1L of water(3 g beefextract,17.5g acidhydrolysateof caseinand 1.5g
starch).For propagationandfor antimicrobialsusceptibilitytestsof fastidiousbacteriaBrain-
Heart-InfusionBroth (BHI) wasused.To prepareBHI broth, 37 g of BHI powder(Carl Roth
GmbH) wasdissolvedn 1 L of water(7.5g pig brain infusion, 10g pig heartinfusion, 10g
peptone2 gglucose5 g NaCl,2.5g Na,HPO,4). MHBII or BHI agarwaspreparedby the addi-
tion of 14g Bactoagar(Molar Chemicals}o 1 L of broth. For frequency-of-resistateassays,
1%agarose-containinyIHBII platesLonza,SeaKeniLE agarosejvereusedto reducedrug-
adsorptionin media.All culturemediumwassterilizedby autoclavingor 15minutesat121
EC Unlessotherwisenoted,antibioticsand chemicalsvereorderedfrom Sigma-Aldrich(van-
comycin,novobiocin,fusidicacid),MedChemExpresgepotidacin) FlukaAnalytical(cipro-
floxacin),andMedKooBioscienceédelafloxacin).

Antibiotic susceptibility measurements

MICs weredeterminedusingastandardserialbroth microdilution techniqueaccordingto the
CLSIguidelineq70]. Briefly, bacteriaktrainswereinoculatedonto MHBII agamplatesand
weregrown overnightat 37 EC Next, 3 individual coloniesfrom eachstrainwereinoculated
into 1 mL MHBII mediumand propagatecht 37 EC 250rpm overnight.In the case®f
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Enterococcus and Streptococcus sp.,cellswereplatedto BHI agarplatesand BHI broth was
usedto determineMICs. To performMIC assaysl2-stepserialdilutions usinga 2-fold dilu-
tion-stepsof the givenantibiotic (eachdissolvedn 100%DMSO)weregeneratedn 96-well
microtiter plates(Corning Inc). Followingdilutions, eachwellwasseedeavith 5x 10 bacterial
cells All measurementa/ereperformedin 3 parallelreplicatesandto avoidpossibleadge
effectan microwell platessiderows(A andH) werefilled with sterilemedium.Following
inoculations plateswverecoveredwith lids andwrappedin polyethylengplastichagso mini-
mizeevaporatiorbut allowfor O, transfer Platesvereincubatedat 37 ECundercontinuous
shakingat 150rpm for 18hours.After incubation,ODggo0f eachwellwasmeasuredisinga
BioTekSynergy2 microplatereader MIC wasdefinedasthe antibiotic concentrationthat
inhibited the growth of the bacterialculture,i.e.,the drug concentrationat which the average
ODggoincrementof the 3technicalreplicatesvasbelowl.5-foldbackgroundOD increment.
For pH-dependenMIC-determination,wereliedon the samemethodwith the modification
thatpH of MHBII wasadjustedo 5.5usingl M HCI. Expandecpanelantibacteriabpectrum
of ULD1,-2,andcomparatorantibioticsweretestedat IHMA EuropeSarl (Switzerlandand
atEurofinsPharmacologyiscoveryServicegTaiwan)in broth microdilution assaysccord-
ing to the correspondingCLSIguidelineq70].

Determination of inhibitory activities on S. aureus DNA gyrase and
topoisomerase IV

Inhibitory activitiesof ULD1 andULD2 on S. aureus DNA gyraseandS. aureus topoisomerase
IV weredeterminedby gel-basedupercoilingassayginspiralisLtd., Norwich, UK). In all
experimentsthe activity of the enzymesvasdeterminedand standardizegrior to experimen-
tal analysisin all casesl unit (U) wasdefinedastheamountof enzymethatis requiredto

fully supercoill ug of relaxedpBR322lasmidDNA. All compoundsweredilutedin 100%
(v/v) DMSO.Finalassaygoncentrationof DMSOwasb%(v/v). DNA gyrasg1 U, 6 nM final
concentration)wasincubatedwith 0.5ug of relaxedpBR322DNA in a30yL reactionat 37EC
for 30minutesunderthefollowing conditions:40mM HEPESKOH (pH 7.6),10mM magne-
siumacetatel0OmM DTT, 2mM ATP,500mM potassiunglutamateand0.05mg/mL bovine
serumalbumin (BSA).Eachreactionwasstoppedby the addition of 30uL chloroform/iso-
amylalcohol(24:1)and 20uL StopDye (40%sucrosgw/v), 100mM Tris-HCI (pH 7.5),10
mM EDTA, 0.5pg/mL bromophenolbblue),beforebeingloadedon a1.0%TAE gelandelec-
trophorizedat 80V for 2 hours.Bandswerethenvisualizedy ethidium bromidestainingand
scannedGeneGeniusSyngeneCambridgeUK). Inhibition levelsveremeasuredy deter-
mining therelativefluorescencef the supercoiledandusingGeneToolsSyngeneCam-
bridge(UK). All measurementsereperformedin quadruplicates.

Time-dependent killing

Time-dependenkilling experimentsvereperformedaspreviously[53]. S. aureus ATCC
70069%VISA cellswereinoculatedto MHBII agarplatesandgrownovernightat 37 EC Next,
3independenstationer-phasstarterculturesweregrownat 37 EC 250rpm overnight,in

3x 1 mL MHBII broth. Next,100-folddiluted cultureswerepreparedrom eachin 20mL
freshMHBII mediumandgrownat37EC 250rpm until earlyexponentiaphasgODggo=
0.3+0.4i.e.,5x 1C° cells/mL).Bacteriaverethenchallengedvith antibioticsat 10xMIC con-
centrationsof ULD1, ULD2, and comparatorantibioticsnovobiocin,fusidicacid,andvanco-
mycinin MHBII broth. Cellsweretreatedwith antibioticsin Erlenmeyeiflasksat 37 EC 150
rpm for 48hours.At differenttime intervals(3, 6,12,24,and48hours)100uL aliquotswere
removed and 10-foldserialdilutions werepreparedn MHBII medium.Next,50puL from
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eachdilution wereplatedon MHBII agarplatesand plateswereincubatedovernightat 37EC
to calculateCFU permL.

Frequency-of-resistance assay

To determinethe spontaneousrequency-of-resistancapproximatelyL0'° cellsfrom sta-
tionary-phaseViHBII broth culturesof S. aureus ATCC 700699ndS. aureus ATCC 43300
wereplatedto antibiotic-containingplatesaccordingto astandardprotocolto determinefre-
quency-of-resistandg 9, 53]. Prior to plating,bacteriaweregrown overnightin MHBII
mediumat 37 EC250rpm, collectedby centrifugation,andwashedncein equalvolumesof
MHBII broth. From this concentratectellsuspensiorf250uL), approximatelyL0™ cells
werethen platedto eachMHBII agaroselatesUsingagarosénsteadof agarreduceddrug-
adsorptionandimprovedthe performanceof the assayPetri-disheg145mm) werefilled
with 40mL MHBII agarosenediumcontainingthe selectivalrug atthe desiredconcentra-
tion (i.e.,2x,4x,8x,12x,and 16xMIC of eachgivenantibiotic). All experimentavereper-
formedin atleast3 replicatesPlatesveregrownat 37 ECfor 72hours.Total CFUswere
determinedsimultaneouslyn eachexperimentby platingappropriatedilutions to antibiotic-
freeMHBII agarplatesFinally,resistancérequenciegor eachstrainwerecalculatedy
dividing the numberof coloniesformedaftera 72-hourincubationat 37 ECby theinitial via-
blecellcount.

Adaptive laboratory evolution

Adaptivelaboratoryevolutionexperimentgollowedan establishegbrotocol for automated
laboratoryevolutionandaimedto maximizethe drug-resistancencrementduring afixed
time period.At eachtransferstep,10” bacteriakellsweretransferredto anewcultureand
adaptationwereperformedby passagindOindependenpopulationsof S. aureus ATCC
700699 VISA) strainin the presencef increasindJLD1, ULD2, andnovobiocinconcentra-
tions. Experimentsvereconductedn 96-wellplatesjn MHBII medium,by utilizing acheck-
erboardlayoutto minimize andmonitor cross-contaminationThese96-welldeep-welplates
(0.5mL, polypropyleneyV-bottom) werecoveredwith sandwichcovergEnzyscreeiBV) to
ensurean optimal oxygenexchangeateandlimit evaporatiorandwereshakerat 150rpm, 37
ECTwentyuL of eachevolvingculturewasparallellytransferrednto 4 independenivellscon-
taining 350uL freshmediumandanincreasingconcentrationof testeddrugs(i.e.,0.5x,1x,
1.5x,and2.5xthe concentrationof the previousconcentrationstep).Followingcelltransfer,
eachculturewasallowedto growfor 48hours.At eachtransfer,cellgrowthwasmonitoredby
measuringhe ODgqoin aBioTekSynergy?2 platereader.Only populationswith (1) detectable
growth (i.e.,ODggo> 0.125)and (2) the highestdrug concentrationwereselectedor further
transfer.Accordingly,only 1 of the 4 populationswasretainedfor eachindependentlyevolving
strain. This protocolwasdesignedo avoid populationextinctionandto ensurethat popula-
tionswith the highestlevelof resistancarepropagatedurther during adaptiveevolution.
Samplegrom eachtransferwerefrozenat —80 ECafterthe addition of 15%DMSO ascryopro-
tectant. Adaptationof populationswasterminatedafter20transfersj.e.,40days Following
adaptationgcellsfrom eachfinal populationwerespreadonto MHBII agarplatesandindivid-
ual colonieswereisolated Next,onecolonyfrom eachadaptedine weresubjectedo capillary
sequencin®f gyrB andparE to assestheir genotypeSequencingndependentlyisolatedcolo-
niesfrom the sameplatesdemonstratedhat colonieswithin the sameadaptedpopulation
wereallisogenic.
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Capillary sequencing

Genotype®ftheisolatedclonesfrom frequency-of-resistanassayaswell asadaptivdabora-
tory evolutionexperimentwerecheckedy capillarysequencingT he drug-targetregionsof
gyrB andparE genesvereamplifiedby PCRusingDreamTagPCR2X MasterMix (Thermo-
FisherScientific):denaturation95EC 3 minutes;30cycles95EC 30seconds65EC 30
seconds72EC 1 minute; andfinal extensiori72 EC 3 minutes.The sequencesf the corre-
spondingPCRoligosareavailablen File S1Data,769B2FSAGB1Rvereusedto amplify gyrB
from VISA strainsand 769E2FSAPE1Rprimerswereusedto amplify parE. PCRproducts
weretreatedwith ExoSAP-ITPCRProductCleanupReagen{ThermoFisheiScientific)for 15
secondst 37 ECto hydrolyzeexcesprimersandnucleotidesSamplesverethen subjectedo
capillarysequencingvith the correspondingorward primer.

Fitness measurements

We observedhe growth phenotypeof bacterialvariantsby assessintheir growthat 37 ECin
antibiotic-freeBHI mediumfollowing establishegrotocols[71]. To measurerowth,weinoc-
ulated5x104cellsfrom earlystationary-phaseultures(preparedn MHBII medium)into
100pL of BHI mediumin a96-wellmicrotiter plateand monitoredgrowthfor approximately
48hours.Bacteriafgrowthwasmeasuredisthe ODggo0f culturesatanygiventime point.
ODgoomeasurementw/erecarriedout everys minutesusingBioTekSynergy2 microplate
readerwhile bacterialculturesweregrown at 37 ECunder continuousshaking Eachbacterial
variantandtheir correspondingwild typesweremeasuredn 6 replicatesFinally,growthrates
werecalculatedrom the obtainedgrowth curvesaccordingto apreviouslydescribedgroce-
dure.Fitnessvasapproximateddy calculatingthe areaundercurve(AUC) [72]. AUC has
beenpreviouslyusedasa proxy for fithessbecausé hasthe advantagéo integratemultiple
fithessparameterssuchasthe slopeof exponentiaphasd(i.e.,growthrate)andthefinal
biomass.

SMRT sequencing-based analysis of target-mediated resistance

Pooleds. aureus clonesjsolatedfrom first-stepfrequency-of-resistancssaysyeresubjected
long-readampliconsequencingFirst, bacterialcolonieswerepickedup from 2 independent
FoRlibraries.Cloneswereinoculatedin 100uL MHBII mediumin 96-wellmicrotiter plates
andweregrown overnightat 37 EC Stationer-phaseulturesweremixed equally andgenomic
DNA wasisolatedusingGeneElutBacterialGenomicDNA Kit (Sigma-Aldrich) Drug-target
regionswith flanking DNA regionswereamplifiedby PCRusingQ5 High-Fidelity 2X Master
Mix (NewEnglandBioLabs)denaturation98 EC 3 minutes;20cycles98 EC 15seconds62
EC 25seconds72EC.1 minute 20secondsfinal extension72 EC 3 minutes,by usingthe bar-
codedamplificationprimersasdescribedn S1Data.FollowingPCRsampliconswerepurified
usingDNA Clean& ConcentratorKit (Zymo Researchglutedin water,andtheir DNA con-
centrationwascheckedoy usinga Qubit 4 fluorimeter. Finally,samplesveresubjecte SMRT
sequencingn aPacificBioscienceSequeinstrumentusingSequePolymeras&3.0,SMRT
cellsv3,and Sequencinghemistryv3.0(NorwegianSequencingentre,UiO, Oslo,Norway).
After sequencingraw circular-consensuSMRTsequencingeadsweredemultiplexedaccord-
ing to their correspondingbarcodegseeS1Data)by usingDemultiplexBarcodepipelineon
SMRTLIink v5.1.0.26415MRTToo0ls4v5.1.0.26366A minimum barcodescoreof 26was
usedto identify high-qualitybarcodesFollowingdemultiplexing sequencingeadswere
mappedto their correspondingeferencesequenceg.e.,gyrB andparE) by usingbowtie2
2.3.437 (http://bowtie-bio.sairceforge.net/bowtieZp 2very-sensitivetnode,andthe nucleo-
tide compositionwasextractedor eachnucleotidepositionwithin thetargetregions Finally,
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genotype-frequenciext eachnucleotidepositionwasquantifiedby measuringhe distribution
andratio of nucleotidesubstitutionsfor eachreferencenucleotideposition.

Whole-genome sequencing of laboratory evolved lines

Followingadaptivdaboratoryevolutionof S. aureus Mu50 ATCC 70069underULD2 stress,
6x6randomecolonies(from spreadingeachb independentlyevolvedineson MHBII agar
plateswereisolatedand subsequentlgubjectedo whole-genomeaequencingn lllumina
HiSeg4000sequenceilgDNA wasisolatedfrom eachevolvedine andthe correspondingwild-
typestrainby usingGeneElutdSigma-Aldrich)gDNA isolationkit accordingto the manufac-
turer'sinstructions.To perform DNA sequencingsequencingibrarieswereconstructedrom
thegDNAsby fragmentingsample¢o ameanfragmentlengthof 300bp. Next,sequencing
librarieswerepreparedby usingaTruSegDNA PCR-Fred.ibrary PrepKit (lllumina). Finally,
sequencingjibrariesweresequencedn asinglesequencinganeof lllumina HiSeq4000using
aHiSeq3000/4006BBXKit (300cyclesFC-410-1003Jlumina) to generate x 150bp paired-
endreads.To determinethe variantsandto annotatethe mutations,wemappedsequencing
readsto their correspondingeferencaggenome(i.e.,S. aureus subspaureusMu50 DNA, com-
pletegenome2,878,52%p circular DNA BA000017.4yith the memsubcommanadf bwa
0.7.12-r1039Burrows-WheeleAligner) [73]. The SNPsand INDELswerecalledwith VarS-
canv2.3.974] with thefollowing settingsmin-reads2= 4, min-coverage= 30,min-var-
freq=0.1,min-freq-for-hom = 0.6,min-avg-quak 20,strand-filter= 0. Only variantswith
prevalencéigherthan 60%wereconsideredasgenuinemutations.Followingvariantcalling,
mutationswerealsomanuallyinspectedvithin the alignedreads Finally,the annotationof
eachmutation with genomicfeaturesvasperformedwith the intersectsubcommanaf bed-
toolsv2.25.J75].

Multiple sequence alignments of GyrB and ParE

First,wedownloadedhe proteomeof 1,108phylogeneticallgiverse human-associateblacte-
rial strainswith sequencedenomes&nduniqueNCBI taxonomicidentifier [76]. Thelist
entailsrepresentativepecied®elongingto ActinobacteriaFirmicutes Bacteroidetes?roteo-
bacteriaChlamydiaebacterialphyla.GyrBandParEproteinswereidentifiedin eachprote-
omeby BLASTsearchimplementedn DIAMOND (versionv0.9.25.126)/7]. Subsequent
multiple sequencalignmentswverecarriedout with MAFFT (versionv7.271)78]. Basen
the co-crystaktructuresof GyrBand ParE(Protein DataBankidentifiers:4uroand4urn,
respectivelyyvith novobiocin,aminoresiduesn the ATP-binding siteswereidentified using
the PyMOL MolecularGraphicsSystemyersion2.3.2 Schisilinger,LLC. To visualizethe
phylogeneticonservatiorof eachaminoacidresidue sequencéogoswerecomputedwith
ggseqlogoR packagg79].

In silico binding mode analysis

First,the crystalstructuresof the ATPasedlomain-containingfragmentsof the GyrBand ParE
subunitsof DNA gyraseandtopoisomerasé/ of S. aureus weredownloadedrom the PDB
Databas€PDBID: 3ttzand4urn,respectively)ln thedesignphaseJLD1 andULD2 were
dockedin the ATP-bindingsiteof S. aureus GyrBandParEusingGlide XP (extraprecision)
protocolasimplementedn Schifilinger SoftwareNext,in the caseof gyraseB, the highly flex-
ibleloopregion(betweerresiduesl05+127S. aureus GyrBnumbering)wasreplacechasedn
the X-ray structureof the N-terminal 43-kDafragmentof the E. coli DNA gyrasesubunitB
[80] (PDBID: 4wub).Asfor topoisomerasé/, the samdoop regionwasreconstructedased
on the protein sequenceownloadedrom UniProt (ID: POC1S7ysingthe chimeramodel
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option of Schidinger Software'siomologymodelbuilding panel.We usedthe samepipeline
to determinethe binding modeof ULD1 andULD2. The ULDsweredockedinto the model
structuresusingInducedFit Docking (IFD) protocolof Schiidinger Softwarewithout side-
chainoptimization.Next,the best5 binding posesvereselectedsinitial posedor 10subse-
guent10nslong MD simulationsto identify the stablebinding posef ULDs. The methodis
implementedn the Schiidinger Softwareusingthe ligandroot-mean-squareeviation
(RMSD)ascollectivevariableIn our investigationsthe defaultsettingsof the softwarewere
used[81]. Furthermore wealsoinvestigatedhe locationof highly boundwatermolecules
within the binding pocket,becausef its previouslyhypothesizedole on pyrrolamidoben-
zothiazoles'sinding [41], by usingthetrj_occupancy.pylgorithmof Schidinger[81].

Protein purification

ThegeneencodingsS. aureus GyrB (Uniprot: POAOK8)wassynthesizeéndclonedinto a
pET24a(+)ectorwith an N-terminal 6xHistagfollowedby atobaccoetchvirus (TEV) prote-
asecleavagsite. Therecombinantplasmidwastransformedinto E. coli BL21(DE3)R®on-
taining pPRARE 2plasmid.A 2-L culturewasgrownin LB mediumat 37 ECuntil an ODggo0f
about0.6andthenmovedto 18 EC The culturewasinducedwith IPTG at0.5mM andgrown
overnight.The cellswerelysedby sonicationand purified by immobilized metalaffinity chro-
matography(IMAC). Fractionsof interestwerepooledand cleavedvernightwith TEV prote-
asdfollowedby anotherIMAC to removethe 6xHistaganduncleavegrotein material. The
cleavedsyrBwasfurther polishedon aHigh Load26/60SuperdeX00PG (GE Healthcare)
SECcolumnusing20mM Tris, 0.1M NaCl,5%glycerol2mM DTT (pH 8.0)asmobile
phaseFractionswereanalyzedn areducingSDS-PAGHel.Thefinal samplehadan esti-
matedpurity of >95%andayield of 92mg perliter of culture.

Co-crystallization of ULD2 with S. aureus GyrB

S. aureus DNA GyrB24at10mg/mLin 20mM Tris (pH 8.0),0.1M NaCl,5%glycerol,2 mM
DTT wasco-crystallizedvith ULD2. S. aureus DNA GyrB24wasdilutedto 1 mg/mL,and1
mM ULD-2 wasaddedto the protein. The protein wasthenconcentratedo 10mg/mL prior

to crystallizationThe crystalof S. aureus GyrB24in complexwith ULD2 formedsuccessfully
underthefollowing conditions:0.1M imidazole/MESpH 6.5),0.06M divalentcations(0.03
M magnesiunchloride,0.03M calciumchloride),37.5%(25%v/v MPD, 25%v/v PEG1000,
25%w/v PEG3350).Co-crystalaith compoundULD2 weretransferredo acryo solution
containingadditional25%MPD andthentransferredo liquid nitrogenfor cryo-cooling.

X-ray data collection and structure refinement

A datasetfor compoundULD-2, boundto S. aureus GyrB,wascollectedat 100K at station
P11,DESY Hamburg,Germany(i = 1.03A) equippedwith aPilatuséM detector Thedata
wereprocessedsingthe softwareXDS[82] and Aimless[83] to 1.6 A in spacegroupC2.The
structurewassolvedby molecularreplacemenin Phaser previouslypublishedstructure
(PDBID: 5CPH),with the compoundremovedassearchmodel. The structurewasrefinedto
convergencesingRefmacq84], and modelbuilding wascarriedout in Coot[85]. Restraints
andcoordinatefilesfor the ligandweregeneratedby the Jligandprogram[86]. TLSrefinement
wasimplementedn thefinal stage®f therefinementandthe structurewasrefinedto anR
andRfreeof 17.8%and 19.9%yrespectively87]. Statisticdor the datasetareshownin S13
Table.
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Haemolysis analysis

Humanredblood cells(with ahemoglobinconcentrationof 150+16@®/L) werecollectedrom
healthyvolunteerdsn EDTA blood-samplingubes.Next,600ul of this EDTA-treatedblood
waswashedn TBSbuffer(10mM TRIS,150mM NaCl[pH 7.2])and centrifugedat 1,500y
for 1 minute until the supernatanbecamecolorlessThealiquotof thefinal pellet(200uL)
wasdilutedto 5 mL with TBSbuffer.ULD1 andULD2 weredissolvedn DMSOanddiluted

in TBSbuffer,resultinga200ug/mL stocksolutioncontaining10%DMSO.Next,100uL of
redblood cellsuspensionvaspipettedinto sterileEppendorftubestogethemwith 100uL of
2-fold serialdilution of the compoundgfinal concentratiorrangedbetweerl00ug/mL+
0.1ug/mL in afinal volumeof 200yL). The platewasincubatedfor onehour at 37 ECfollowed
by centrifugationat 1,500g for 1 minute to sedimentall red blood cells Next, all supernatants
weresubjectedo LDH and Haemolysis-Icterus-Lipamia(HIL) indexdeterminationon a
RocheModular P800analyzelaccordingto the manufacturer'snstructions.After completion
of this stepthe restof the supernatantsveretransferredo sterile96-wellplatesfor the mea-
suremenif their opticaldensityat 560-nmwavelengthl{(in aMultiskan FC microplatereader,
ThermoScientific).Melittin (Bachem)taconcentrationof 50ug/mL, and TBSand 10%
DMSO/TBSwereservedaspositive(100%hemolysisand negativgno hemolysisontrols,
respectivelyFinally,the hemolyticeffectof eachcompoundat eachconcentrationwascalcu-
latedasfollows:

...Compound OD TBS OD, TBS OD

560nm

560nm Tt 100/...Méltin ODy,,, 560nm | -

Mammalian cytotoxicity and genotoxicity measurements

Cytotoxicity of compoundson HepG2and MCF-7 mammaliancelllineswasdeterminedby
usingastandardLDH assayBriefly, HepG2and MCF-7 cellswereculturedin Eagle'sVIEM
medium(from Gibco)supplementedvith 2 mM L-glutamine(Sigma),100U/mL penicillin
(Sigma)and 100pug/mL streptomycin(Sigma) and 10%FBS(Gibco) at 37 ECand under5%
CO.,. Next,LDH assaywereperformedaccordingto manufacturetinstructions(Thermo
FisherScientific MassachusetttlSA).By usinga CyQUANT LDH Cytotoxicity AssayKit.
Firstly, the cellswereseededn 96-wellmicrotiter platesat 10° cells/mL(100uL/well) and
allowedto attachovernight.Cellswerethentreatedwith selectedompoundsor with sterile
ultrapurewater(for the determinationof spontaneous DH activity) andincubatedfor 24
hoursat37 ECandunder5%CO.. Lysisbuffer (10uL, ThermoFisherScientific)wasthen
addedto themaximalLDH activity control wellsandincubatedadditional45minutes.The
cellculturesupernatan{50uL) wasthentransferredto anew96-wellplateand mixedwith
50uL of thereactionmixture. After 30 minuteson room temperaturereactionswerestopped
with 50uL of the Stopsolution.Absorbanc€490nm and 680nm) wasmeasuredvith the
automaticmicroplatereaderSynergyd Hybrid MicroplateReade(BioTek,VT, USA).All
experimentsvereperformedin triplicatesandrepeated times.Statisticakignificance

(P < 0.05)wascalculatedvith 2-tailedWelch'st-testbetweertreatedgroupsand DMSO.The
percentagef cytotoxicitywasdeterminedaccordingto the following equation:

%Cytotoxicity ” <Compound treated LDH activity =~ Spontaneous LDH activity> 100

Maximum LDH activity  Spontaneous LDH activity

Genetictoxicity analysiof compoundswvasperformedin anin vitro micronucleugest,
accordingto the protocoldescribedn Diazandcolleague§2007)[59], at EurofinsPanlabs
(St.CharlesMO, US).Micronucleateccellsand micronucleiwereenumeratedy the useof
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high-contentfluorescentellimaging.Theassayvasperformedon CHO-K1 cellsPrior to
imaging,cellsweretreatedwith ULD1 or ULD2 for 4 hoursat 37 EC Experimentsvereper-
formedin 2 biologicalreplicatesAll celllinesweretestedasbeingnegativefor Mycoplasma
contamination.

Human hERG Potassium ion-channel inhibition assay

Inhibition of thehumanhERGcardiack+ ion channelwasdeterminedby EurofinsPanlabs
(St.CharlesMO, USA) by usingQPatchautomatedvhole-cellpatch-clampelectrophysiology,
asdescribedreviously{88]. ULD1 and ULD2 weretestedat 150uM concentration During
measurementgfterwhole-cellpatchconfigurationwasachievedthe cellswereheldat —-80
mV. Next,a500-milliseconcpulseto —~40mV wasdeliveredto measurehe leakingcurrent,
whichwasthen subtractedrom thetail current'sreadout.Thenthe cellwasdepolarizedo
+40mV for 500millisecondsandthento —-80mV overa 100-millisecondampto elicit the
hERGtail current. Thisworkflow wasrepeatedncein every8 second$o monitor the current
amplitude.The parametersneasuredaiuring eachtestwerethe maximumtail currentevoked
on steppingto 40mV andrampingbackto —-80mV from thetestpulse All datawerefiltered
for sealguality, sealdrop, and currentamplitude.The peakcurrentamplitudewascalculated
beforeandaftercompoundaddition, andthe amountof inhibition wasassesseualy dividing
thetestcompound'scurrentamplitudeby the control'scurrentamplitude.During our tests,
the control wasthe meanhERGcurrentamplitudecollectedl5secondstthe endof each
measuremengndthe testcompoundwasthe meanhERGcurrentamplitudecollectedn the
presencef testcompoundatthe givenconcentration.

S. aureus dermal infection model

Thetestingstrains,S. aureus USA300(MRSA)BAA1556 S. aureus (VRSA)ECL2963646Gnd
S. aureus Mu50 (VISA) ATCC 700699vereobtainedfrom frozenstocksandthawedatroom
temperatureNext,analiquotof 0.2mL from eachstockwastransferredto 20mL BHI broth
andincubatedat 37 ECwith shaking(120rpm) for 8 hours.Cellsin 20mL culturewerepel-
letedby centrifugation,3,5004or 15minutes,andthenresuspendeth 10mL cold PBSthen
cellsweredilutedin PBSto obtaintheinoculumsizesof 1x1F or 1x 1 CFU/mL, basedn
thetestingstrain'svirulence.ln all caseghe actualcolonycountsweredeterminedby plating
dilutionsin atleast3 replicateonto MHBII agarplatesfollowedby 24hours'incubationand
colonycounting.

For dermalinfections,groupsof 5 femalelCR miceweighing24 + 4 g, providedby Bio-
LascoTlaiwan(underaCharlesRiverLaboratoriesTechnologyLicensee)wereused Animals
wereacclimatedor 3 daysprior to useandwereconfirmedto bein goodhealth.Prior to infec-
tion, animalswereanesthetizewvith etomidate-lipuroemulsion(20mg/10 mL) at20mg/kg
by IV injection,andthenthe fur on the backwasremovedby anelectricshaverandthe epi-
dermallayerwasdisruptedwith anabrasivepaperaccordingto the protocoldevelopedy
Kugelbergandcolleaguefs3]. Mice wereinoculatedtopicallyon the wound areawith testing
strainsuspensiorf pL/mouse Thetargetinoculation densitiesvere1x1® or 1x 1¢° CFU/
mL, basedn the correspondingstrain'svirulence Followinginfection,animalswerehoused
separatelyPrior to treatment,ULD1 and -2 weredissolvedn 100%DMSO andthenfurther
dilutedin eithercorn oil (90%corn oil + 10%DMSOin thefinal ointment) or 0.5%water-
basedtarboxymethytellulos CMC) solution. Testarticleswereadministeredopically
(20uL/mouse)twicedaily. Oneno-treatmentgroupwaseuthanizedat 1 hour afterinfection
for initial bacterialcounts,andthe othertreatmentgroupsweredosedwice daily with thetest
compoundsandsacrificeceitherat 25hoursor at 73hourspostinfection Animalswere

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000819  October 5, 2020 21/31


https://doi.org/10.1371/journal.pbio.3000819

PLOS BIOLOGY

Rational design of balanced dual-targeting antibiotics with limited resistance

euthanizedvith CO, asphyxiatiorandtheinfectedskin, a2 cm? areawasexcisedThe skin
sample®f thewoundinfection (around2 cm? areas)verethenhomogenizedn 1 mL PBS
(pH 7.4)with apolytron homogenizerA 0.1mL aliquotof eachhomogenatavasusedfor
serial10-folddilutions andplatedonto MHBII agarplatesfor bacterialenumeration Statistical
significancgP <0.05)wasassessadgith 1-wayANOVA followedby Dunnett'smethod.A sig-
nificant (P <0.05)decreasé the bacterialcountsof the treatedanimalscomparedwith the
vehiclecontrol groupwasconsideredsignificantantimicrobialactivity.

Thigh infection model

Neutropenicmousethigh infection experimentsvereperformedon femaleCD-1 mice
(CharlesRiverLaboratorieslJSA).To induceneutropeniamicereceived doseof cyclo-
phosphamiden days-4 and-1 with 150mg/kg,and 100mg/kgdeliveredntraperitoneally
(IP), respectivelyTheinoculum of the testingstrain, S. aureus Mu50 (VISA) ATCC 700699,
waspreparedrom overnightagarplatecultures.To preparebacteriainoculums,aportion of
theplatewasresuspendeth sterilesalineandadjustedo anOD of 0.12at 625nm. Next, the
resultedbacterialsuspensionvasfurther diluted to reachaninfectinginoculum of 6.0x18
CFU pereachmouse Mice wereinoculatedwith 100uL of the preparedbacterialsuspension
viaintramuscularinjection into theright rearthigh. Platecountsof theinoculumwerealso
performedin eachcasdo confirm inoculum concentrationandthe actualinoculum sizewas
6.9x16 CFU/mousePrior to infection, ULD1 wasformulatedby dissolvingthe compoundin
5%DMSO,5%cremophorEL,and50mM potassiunmphosphateTestagentwasthendosed
vialV administrationat 2,8, 14,and 20hourspostinfection Beginningat 2 hours,postinfec-
tion miceweredosedwith eithertestarticleor positivecontrol antibiotic. Mice receivingtest
agentsveredosedntravenouslyat 10mL/kg. Linezolidwasdeliveredasasubcutaneoudose.
Fouranimalsweredosedper group.Onegroup of 4 micewereeuthanizedatinitiation of ther-
apy(T = 2hours)and CFUsdetermined All remainingmicewereeuthanizedat 26 hours
postinfection At termination, thighswereasepticallyexcisedweighedandhomogenizedo a
uniform consistencyn 2 mL of sterilesaline Thehomogenatavasseriallydiluted andplated
on bacterialgrowth media.The CFUswereenumeratedfterovernightincubation.

Pharmacokinetics measurements

Pharmacokineticeneasurementf ULD1 andULD2 in skintissuewasconductedparallelly
with themicedermalinfection study.In all casesskintissuesamplesverecollectedattheter-
mination andhomogenizedollowing the samemethodashomogenatgreparationfor bacte-
rial enumeration Beforemeasuremenprotein precipitationwasperformedby treatingthe
samplesvith acetonitrile Analyticswerethe performedby liquid chromatographyoupled
massspectrometryfLC/MS/MS)on an AB SCIEXQTRAPmMassspectrometem electrospray,
positiveionsionizationmode,andwith Multiple ReactionMonitoring scanmode.Samples
wereanalyzedn aPhenomenexuna5uPhenyl-Hexyb0x 2.0mm HPLC columnin a
mobilephaseof A: acetonitrile/formicacid= 100/0.2(v/v), and mobile phaseof B: water/ for-
mic acid= 100/0.2(v/v). Thecolumn'stemperaturevassetto 30 EC theinjection volumes
werelOul, andmeasurementime was5 minutesin all casesOxybutynin(0.01ng/pL in ace-
tonitrile) wasusedasaninternal standardfor the measurement-inally,the concentrationof
thedrugin tissuesamplesvascalculatedrom the peakarearatio.

Ethics statement

Animal experimentdor this studywereperformedby EurofinsPanlabsraiwanLtd. The Insti-
tutional Animal Careand UseCommittee(IACUC) reviewedhe plannedexperiments
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submittedunderProtocolNumberIM003-0113201&nd providedofficial approval. The com-
panyalsoobtainedan Animal WelfareAssurancdidentificationnumberA5890-01Yrom the
Departmentof Health& Human Services.

Supporting information

S1 Table. Molecular modeling of drug-target interactions. S. aureus GyrBand ParEamino
acidresiduesnteractingwith ULD1 and ULD2 asrevealedy InducedFit Dockingand subse-
guentmoleculardynamicssimulations(SeeViaterialsand methods) GyrB,subunitB of DNA
gyraseParE subunitE of topoisomeraséV.

(XLSX)

S2 Table. Interaction pattern of ULD1 with DNA GyrB and ParE, and the position of
ULDL1 resistance-conferring mutations. Tableshowshe position of first-stepULD1 resis-
tance-conferringnutationswithin the drug'sbinding pocketin GyrBandParEataminoacid
positionsthatareinteractingwith ULD1 (basedn InducedFit Dockingandsubsequent
moleculardynamicssimulation).Mutationshavenot beendetectedatinteractingaminoacids
Asp81Arg84,andPro87(in bold),in accordancevith aprior studythathasrevealedhat
theseresiduesaredifficult to mutateastheyhaveessentiatole in enzymatidunction [39].
GyrB,subunitB of DNA gyraseParE subunitE of topoisomerasév.

(XLSX)

$3 Table. MICs of ULD1 and ULD2 against ESKAPE pathogens and selected human patho-
genic bacterial isolates. MIC measurementaereperformedin 3 replicatesaccordingto CLSI
guidelines:R, resistant:NS,nonsensitiveCLSI,Clinical and LaboratoryStandardsnstitute;
GISA,glycopeptide-intermeidteS. aureus; MIC, minimum inhibitory concentrationMSSA/
VSSAmethicillin-sensitivedancomycin-sensitivs. aureus; MRSA/VRSAmethicillin-resis-
tant/vancomycin-resistars. aureus; MRSE methicillin-resistants. epidermidis; VISA, vanco-
mycin-intermediateS. aureus; VRE,vancomycin-resistanEnterococcus.

(XLSX)

$4 Table. pH-dependence of antibiotic bioactivity against S. aureus. MIC measurements
weredeterminedby broth microdilution in 3replicatesaccordingto CLSIguidelinesStar( )
denotegesistancaccordingto FDA guidelineq89]. CLSI,ClinicalandLaboratoryStandards
Institute; MIC, minimum inhibitory concentration.

(XLSX)

S5 Table. Estimated frequency of missense mutations at the 4 most common, single-step
mutational positions in GyrB against ULD1 in Staphylococcus aureus VISA ATCC 700699.
Resultarefrom 2 independenfrequency-of-resistanassayfllowedby the PacificBiosci-
encesSingle-Molecul®keal-Timesequencin®f gyrB andparE (seeMaterialsand methods).
GyrB,subunitB of DNA gyrasePARE subunitE of topoisomerasé/; VISA, vancomycin-
intermediates. aureus.

(XLSX)

S6 Table. Resistance level of second-step spontaneous ULD1- and ULD2-resistant mutants
in S. aureus ATCC 700699. MICs weredeterminedin MHBII mediumat 37 ECby broth
microdilution assayccordingto CLSIguidelinesCLSI,Clinical and LaboratoryStandards
Institute; MHBII, MuellerHinton 1l Broth; MIC, minimum inhibitory concentration.
(XLSX)
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S7 Table. Whole-genome sequencing-based mutational analysis of S. aureus VISA ATCC
700699 lines evolved under ULD?2 stress. Thetableindicatesmutationsin evolvedinescom-
paredwith the parentalgenomeof S. aureus ATCC 700699GeneBankD: BA000017.4).
ATCC, AmericanTypeCulture Collection.

(XLSX)

S8 Table. Cytotoxicity profiles of ULD1 and ULD2 in 2 different mammalian cell lines.
Cellviabilitiesweremeasuredfter 1-dayincubationof ULD1 andULD2 in eachcellline by
quantifyingLDH levelgseeMaterialsand methods).The highesttestingconcentrationwas
100uM. All testswereperformedbeside®toposideasacytotoxicpositivecontrol. Etoposide
IC50=20.1+ 1.60uM (HepG2cells);ICso= 34.9+ 12.5uM (MCF-7 cells) + indicatesSD
baseddn 3independenteplicatesLDH, lactatedehydrogenase.

(XLSX)

S9 Table. Genetic toxicity of pyrrolamidobenzothiazol compounds based on micronucleus
test. Compoundswereassayedfter4 hours'treatmentwith ULD1 or ULD2 on CHO-K1
cells,usingastandardprotocol[59]. A negativeest(-) resultindicatesP > 0.05by ¢-testand
percentagef micronucleatedtellslessthan 2-fold higherthanthe backgroundevel.

(XLSX)

$10 Table. Electrophysiological assays on human hERG potassium ion-channels. SDrepre-
sentsstandarddeviationbasedn n = 8. A referencehERG-inhibitor,E-4031(Sigma-Aldrich)
wasincludedasa positivecontrol andhadameasuredCsyof 0.033uM. Only resultsshowing
aninhibition higherthan50%areconsideredo represensignificanteffectof thetestedcom-
pounds.hERG humanether-a-go-go-rel&dgenepotassiunion channel.

(XLSX)

S11 Table. Biocompatibility of ULD1 and ULD2, based on their hemolytic activity on
human red blood cells. For details seeMaterialsand methods.
(XLSX)

$12 Table. Concentrations of ULD1 and ULD2 in mouse skin tissue after the topical treat-
ment of S. aureus ATCC 700699 infections. Theconcentration®©f ULD1 andULD2 were
determinedafter3 daysof twice-a-daytopicaladministrationin mice (n = 3, 20puL ointment/
mouse containing2%ULD1 or ULD2, respectively).

(XLSX)

$13 Table. Data collection and refinement statistics for compound ULD2 in complex with
S. aureus GyrB (PDB entry 6TCK). PDB,ProteinDataBank.
(XLSX)

S1 Fig. Interactions between ULD1 and ULD2 in the ATP-binding site of S. aureus GyrB
and ParE. A. Diagramof interactionsof ULD1 (left) andULD2 (right) in the ATP-binding
siteof S.aureusGyrBandParE Hydrogenbondsarepresentedisblackdashedines,cation-n
interactionsasgreendashedinesandacircle,and hydrophobicinteractionsby agreencurve.
Moleculardynamicssimulationsrevealedhat ULD1 and ULD2 form ahydrogenbond with
Asp81/Asp74GyrB/ParE)cation-ninteractionwith Arg84/Arg77(GyrB/ParE) andweak
hydrophobicinteractionwith Pro87/Pro8QGyrB/ParE) respectivelyi-or the detailedinterac-
tion mapof ULD1 andULD2 with S. aureus GyrBandParE seeS1Tableand S1Fig.
Figurewasgeneratedby PoseViewWelB. Co-crystalstructureof S. aureus DNA gyrasesub-
unit B (in graycartoon,depositedo PDBasentry 6 TCK) in complexwith ULD2 (in cyan
sticks).For clarity, only amino acidsthat areinteractingwith ULD2 arenumberedand
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presentedssticks.Watermolecules presentedisared sphereandhydrogenbondsare
shownasdashedlacklines.Pyrrolamidemoiety of ULD2 formsahydrogenbond between
thepyrroleNH groupand Asp81sidechainandahydrogenbondbetweerthe amidecarbonyl
oxygenandawatermoleculethatis coordinatedby Asp81land Thr173.Thepyrrolechlorine
atomsandamethylgroupareengagedn severahydrophobicinteractionswith 1le51,Val79,
lle102,le103,Thr173andlle175.Two additionalhydrogenbondsareformedbetweerthe
carboxylateof ULD2 and Argl44sidechain.The benzothiazolecaffold'st-benzyloxygroup
pointsto thelipophilic floor of the GyrB ATP-binding site,whereit formshydrophobiccon-
tactswith Pro87and Ala98.GyrB,subunitB of DNA gyraseParE subunitE of topoisomerase
V.

(TIF)

$2 Fig. Time-dependent killing of S. aureus ATCC 700699 (VISA) by ULD1, ULD2, novo-
biocin, vancomycin, and fusidic acid. Bacteriatulturesweregrownto anearlyexponential
phaseandweresubsequentlgiluted to 5x1 cells/mLand challengedvith antibioticsat 10x
thewild-type MIC. Thenumberof survivingcellswereplottedasthe function of time. Thefig-
ure showsgheaveragef 3independenexperimentsError barsrepresenstandarddeviation.
Theunderlyingdatafor thisfigure canbefoundin S2Data.MIC, minimum inhibitory con-
centration;VISA, vancomycin-intermediaté. aureus.

(TIF)

S3 Fig. Resistance level of the single-step, spontaneous ULD1- and ULD2- resistant
mutants of S. aureus VISA ATCC 700699. MICs weredeterminedin MHBII mediumat
37ECby broth microdilution assayccordingto CLSIguidelinesTheunderlyingdatafor this
figurecanbefoundin S2Data.CLSI,Clinical and LaboratoryStandardgnstitute; MHBII,
MuellerHinton Il Broth; MIC, minimum inhibitory concentration)/ISA, vancomycin-inter-
mediateS. aureus.

(TIF)

S4 Fig. Acquisition of second-step ULD1 and ULD2 resistance-conferring mutations in A)
S. aureus VISA ATCC 700699 GyrB R144I and B) S. aureus VISA ATCC 700699 GyrB
1175T. Dataarebasedn 3independenbiologicalreplicatesError barsindicatestandard
error. Doubleasteriskg ) mark samplesvith afrequency-of-resistanasf >1x10°. The
underlyingdatafor thesefigurescanbefoundin S2Data.VISA, vancomycin-intemediates.
aureus.

(TIF)

S5 Fig. Fitness (A) and growth phenotype (B) of ULD2-evolved and wild-type S. aureus
VISA ATCC 700699. Fitnesswvasapproximatedrom the growth curvesof isogeniamicrobial
populations(seeMaterialsand methods) Measurementsvereperformedin 6 replicatesThe
underlyingdatafor this figure canbefoundin S2Data.Growth phenotypesvereobservedn
BHI agarplatesand documentedafter 24 hoursof incubationat 37 EC BHI, Brain-Heart-Infu-
sionBroth; VISA, vancomycin-intermediat8. aureus.

(TIF)

S1 Data. Oligonucleotide list and detailed results of MIC measurements. MIC, minimum
inhibitory concentration.
(XLSX)

$2 Data. Raw data for the figures and supporting figures featured in the manuscript.
(XLSX)
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S3 Data. Details of the synthetic chemistry.
(PDF)
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