


this rapidevolutionof resistanceisantibioticcombinationtherapy.Therationalefor this
approachis that theevolutionof resistanceagainst2 antibioticswith differentmodesof action
wouldrequirethesimultaneousemergenceof multiple specificmutationsatall targets,which
isexceedinglyrare[2]. Unfortunately,antibioticcombination±basedtherapiesfaceseveraldif-
ficulties,includingdifferencesin thepharmacodynamicsof thecomponentantibiotics[3]. An
alternativepossibilityis thethedesignof antimicrobialcompoundsthatequipotentlyinhibit
multiple bacterialtargets[4,5].Therearemultiple potentialwaysto designsuchcompounds.
Hybrid drugsconsistsof 2 covalentlylinked antibioticpharmacophoreswith differentmolecu-
lar targets[6]. Otherantibioticstarget2 or morenonoverlappingregionsof asinglebacterial
protein [2] andfurthermore,equipotentlyinhibit 2 or morebacterialproteins.Althoughit isa
major focusof thepharmaceuticalindustry[4,5,7],designingmultitargetingantibiotics
remainschallenging.Indeed,only ahandfulof suchantibioticcandidatesdisplayabalanced
inhibition atmultiple microbial targets[8±11].

In thecurrentstudy,wehaveaimedto rationallydevelopanewchemicalclassof antibacte-
rial compoundsagainstmultiple,well-establishedmoleculartargetsthatsimultaneouslyfulfill
thefollowingcriteria:First,thenewcompoundsshoulddisplaybalancedmultitargetingactiv-
ity againstmultiple,essentialbacterialtargets.Second,theyshouldestablishstrongintermolec-
ular interactionsatmultiple, functionallyessentialaminoacidpositionswithin thebinding
sitesof their targetproteins[7]. Suchinteractionsarehypothesizedto renderspontaneous
resistanceacquisitionimprobablebecausemutationsat thesesiteswouldcompromisethe
functionalitiesof thetargetproteins.

BacterialDNA gyraseandtopoisomeraseIV proteincomplexesofferanexceptionaloppor-
tunity to achievethisgoal,becauseof thehomologyof their correspondingsubunitsandthe
substantialoverlapin their 3-dimensionalproteinstructures[4,12,13].BothDNA gyraseand
topoisomeraseIV areheterotetramers,with 2 subunits,GyrA-GyrBandParC-ParE,respec-
tively.Theyareinvolvedin breakingandrejoiningdouble-strandedDNA, andthus,they
determinechangesin DNA topology,but the2 complexeshavecomplementaryroles.DNA
gyraseisessentialfor thenegativesupercoilingof DNA at theexpenseof ATPhydrolysis,
whereastopoisomeraseIV is responsiblefor unlinking or decatenatingDNA followingDNA
replication[13]. These2 complexesareclinicallyvalidatedantibacterialtargets:A substantial
fractionof antibioticscurrentlyusedin clinicalsettingsareinhibitors of bacterialDNA gyrase
or topoisomeraseIV enzymes[12±15].Unfortunately,clinicallysignificantresistanceagainst
fluoroquinolonesandotherfrequentlyemployedDNA gyraseinhibitors hasalreadyarisenin
pathogenicbacteria,partlydueto thestep-by-stepaccumulationof resistance-conferring
mutationsat thegenesencodingtheir targetproteins[16,17].This isnot unexpected,for 2 rea-
sons.First,fluoroquinolonesdo not targetthegyraseandtopoisomerasecomplexesequipo-
tently [10,11,16,17].Second,low levelof resistanceagainsttheseantibioticscanreadilyemerge
bymutationsin effluxpumpsandtranscription-translation[18]. Evenworse,fluoroquinolone
resistancemutationsalsopromotetheacquisitionof resistancein otherantibioticcandidates
currentlyunderclinicaldevelopment[8,19±20].

In thecurrentwork,wehaverationallydesignedanovelseriesof antibacterialcompounds,
endeavoringto achieveabalancedandsimultaneousinhibitory effecton subunitBof DNA
gyraseandsubunitEof topoisomeraseIV. Therehavebeenprior studiesin thisdirection,but
their clinicalrelevanceisquestionable,for at least1of thefollowing4 reasons.Theygenerally
failedto achieveequipotentinhibition of both targetproteins[19±20],antibacterialacitvity
wasrelativelylow,or in vivo infection/toxicityassaysweremissingor inconclusive[21±24].
Moreover,theygenerallydo not providedetailedresistanceanalysis,or theresultingleadcom-
poundhasremainedproneto resistance[8].
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To targetanunmetmedicalneed,wefocusedon developingantibiotic leadsagainstgram-
positivepathogenswith aprimary focuson methicillin-resistant(MRSA)andvancomycin-
intermediate(VISA) Staphylococcus aureus isolates[1,25±28].Multidrug-resistantS. aureus
infectionsposeanimmenseeconomicburden,correspondingto atotalof $4.84billion in
annualhospitalizationcosts[29,30].Concernsregardingtheappropriatenessof linezolid,dela-
floxacin,andotherrecentlymarketedªlastresortºantistaphylococcalantibioticshavealso
emerged,not leastbecauseresistancehasalreadybeendetectedagainsttheseantibioticsin
clinical isolates[8, 31±34].For thesereasons,developinganovelclassof moleculeswith adis-
tinct mode-of-actionisof utmostimportance[35,36].

In thiswork,wedesignedbalancedmultitargetingantibioticswith limited resistancepoten-
tial. Wedemonstratethebiochemicalandantibacterialcharacteristics,aswellasthein vivo
efficacyof 2 representativecompounds,termedULD1 andULD2.

Rational design of dual-targeting antibiotics with multiple interacting

residues

Wehaverecentlydiscoveredanovelclassof DNA gyraseinhibitors with apyrrolamidoben-
zothiazolescaffold,inspiredby themarinenaturalproductoroidin [37±38].Mostcompounds
from thepublishedseriesprimarily acton thebacterialDNA gyrasecomplexonly andpossess
weakantibacterialactivity.To transformthesemoleculesinto broadlyeffectiveantibiotics,we
haveexecutedmodificationsatseveralsiteson thepyrrolamidobenzothiazole-6-carboxylic
acidscaffold.Thanksto theavailabilityof theco-crystalstructurewith subunitBof DNA gyr-
ase,aswellasto thesmallsizeof themoleculeandits straightforwardchemicalsynthesis,we
havebasedour effortson ULD0,arecentlyreportedweakinhibitor of S. aureusDNA gyrase
[37]. Themolecularmodificationswereaimedatdesigningnovelinhibitors thatdisplayequi-
potentdual-targetingactivitytowardssubunitBof DNA gyrase(GyrB)andsubunitEof topo-
isomeraseIV (ParE),byasimultaneousestablishmentof stronginteractionswith multiple,
functionallyessentialaminoacidsof both targetproteins.

To thisaim,wehavefocusedon 3 keyaminoacidresidueswithin theATP-bindingsitesof
GyrBandthecorrespondinghomologousaminoacidresiduesof ParE(Asp81/Asp74,Arg84/
Arg77andPro87/Pro80).Bioinformaticanalyseshaverevealedaverylimited variationat
theseaminoacidpositionsacrossover1,000phylogeneticallydiversebacterialgenomes,
including representativespeciesbelongingto Actinobacteria,Firmicutes,Bacteroidetes,Pro-
teobacteria,Chlamydiaebacterialphyla.Theseaminoacidresidueswere99%to 100%con-
servedin thestudiedgenomes(Fig1A).Moreover,usingsite-directedmutagenesis,aprevious
studyshowedthat these3 aminoacidsareessentialfor theenzymaticfunction of GyrBin
Escherichia coli [39]. Accordingly,wehavedevelopednovelcompoundsthat form (1) ahydro-
genbondwith theAsp81/Asp74side-chaincarboxylategroup,(2) acation-π interactionwith
theArg84/Arg77side-chainguanidiniumgroup,and(3) additionalhydrophobicinteractions
with Pro87/Pro80of S. aureusGyrB/ParE,respectively(Fig1Band1C,S1andS2Tables).
Moreover,wehaveenhancedthecompounds'binding affinity bysimultaneouslyestablishing
asaltbridgewith Arg144/Arg136andadditionalhydrophobicinteractionswithin thelipo-
philic floor of thebinding siteson both targetproteins(Fig1Band1C).

Chemicalmodificationsof ULD0 haveyielded2 antibiotic leads,ULD1 andULD2.Analy-
sisof thesolvedcrystalstructureof ULD1 andULD2 in complexwith S. aureusGyrB(Fig1D,
PDBentry:6TCK),aswellasmoleculardynamics(MD) simulationshaveshownthat theanti-
biotic leadsinteractwith multiple aminoacidresidueswithin theATP-bindingsitesof GyrB
andParE,including theonesmentionedhere(Fig1D,S1AandS1BFig).In thenextsections,
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Fig 1. Rational design of antibacterial compounds, ULD1 and ULD2. Werationallydesignedantibacterialcompounds,ULD1 andULD2,that
establishintermolecularinteractionswith Asp81/Asp74,Arg84/Arg77,andPro87/Pro80of S. aureusGyrB/ParE,respectively.A. Amino acidpositions
thatareindicatedbyanasteriskarephylogeneticallymoreconservedthanothersin theATP-bindingsitesof DNA gyrasesubunitB (GyrB,upper
panel)andtopoisomeraseIV subunitE(ParE,lowerpanel)(Welcht-test,P< 0.0017andP< 0.00001,respectively). Thesequencelogodepictsthe
diversityof thealignedsequences:Therelativesizesof thelettersindicatetheir frequency in thesequences.Thetotalheightof thelettersdepictsthe
information contentof theposition,in bits.B. Rationaldesignof ULD1 andULD2 asDNA GyrBandParEdual-inhibitors.Thegreen,blue,andpurple
circlesindicatetheterminalcarboxylicacidmoiety,thepyrrolemoiety,andthebenzyloxysubstituentatposition4of thebenzothiazolering,
respectively,whichweremodifiedto obtainULD1 andULD2.C. Theinteractionpatternof ULD1 (in yellow,top) andULD2 (in cyan,bottom) within
theATP-binding siteof S. aureusGyrBandParE.GyrBandParEaminoacidsareindicatedin blackandorange(with sticks),respectively.PDBcodes:
GyrB(3TTZ),ParE(4URN).D. Thelocationof spontaneousULD1 resistance-conferringmutationswithin theULD1 bindingpocketof GyrB(left
panel)andParE(right panel),respectively. Resistance-conferringmutationswereidentifiedbasedon targetedsingle-moleculereal-timesequencingof
thedrugtargetsfollowingastandardfrequency-of-resistanceassay,andtheidentifiedmutationsweresubsequentlyplottedon thetertiarystructureof
thetargetproteins. Atom-typecoloring: bluefor N, redfor O, grayfor C.GyrB,subunitBof DNA gyrase;ParE,subunitEof topoisomeraseIV.

https://doi.org/10.1371/journal.pbio.3000819.g001
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wedemonstratethat these2 leadcompoundsarepotentdual-targetingenzymeinhibitors and
displayabroad-spectrumactivityagainstmultiple gram-positivehumanpathogens.

Improved and balanced enzyme inhibition in vitro

Inhibitory activitiesof ULD1 andULD2 on S. aureus DNA gyraseandtopoisomeraseIV have
beentestedin anin vitro gel-basedsupercoilingassay[40] (Table1).Novobiocinandcipro-
floxacin,2 inhibitors of bacterialtypeII topoisomerases,wereusedascontrols.Ciprofloxacin
displayedaweakinhibitory effecton these2 enzymes,whereasnovobiocinefficientlyblocked
DNA gyraseonly. In sharpcontrast,ULD1 andULD2 potentlyinhibited bothDNA gyrase
andtopoisomeraseIV. ULD2 inhibited bothenzymesto agreaterextentthanULD1,with IC50

valuesbeing4-fold (DNA gyrase)and5-fold (topoisomeraseIV) lowerthanthosefor ULD1.
Basedon thesein vitro enzymedata,weconcludethatULD1 andULD2 arepotentdual-inhib-
itors of DNA gyraseandtopoisomeraseIV of S. aureus, activein thelow nanomolarrange
(Table1).

Bioactivity of ULD1 and ULD2 against pathogenic bacteria

Next,wehavedeterminedtheminimum inhibitory concentrations(MICs) of ULD1 and
ULD2 againstapanelof gram-negativeandgram-positiveclinicalpathogens(Table2 andS3
Table).ULD1 andULD2 werefound to displaypotentantibacterialactivityagainstESKAPE
pathogens(S. aureus,Enterococcus sp.,Pseudomonas aeruginosa,Klebsiella pneumoniae,Acine-
tobacter baumannii), Streptococcus sp.,andClostridium difficile. TheMIC valuesagainstall
studiedmultidrug-resistantStaphylococcus,Enterococcus, andStreptococcus isolateswere
below2 μg/mL.Notably,ULD1 andULD2 exertedactivityagainstall MRSA,VRSA,andvan-
comycin-resistantEnterococcus (VRE)isolates,whichfrequentlycausedifficult-to-treat skin
andsoft-tissueinfections(SSTIs)[41]. Wehypothesizethat further chemicalmodificationsof
ULD1/ULD2 couldincreasethepotencyof thiscompoundclassto inhibit gram-negativepath-
ogensaswell.

Wehavefocusedon determiningtheantibacterialactivityof ULD1 andULD2 againsta
geographicallyandgeneticallydiversesetof S. aureus clinical isolates,including56MRSAand
28vancomycin-intermediateandvancomycin-resistantstrains,inclusiveof recentclinical iso-
lates.A largefractionof theseisolatesweresimultaneouslyresistantto multiple otheravailable
antibioticstoo (S1Data).In sharpcontrastto otherapprovedantibioticsagainststaphylococcal
infections,bothULD1 andULD2 werefound to exertapotentactivityagainstall testediso-
lates(MIC � 1 μg/mL,Fig2A).Thecompoundswerealsotestedin atime-dependentcellkill-
ing assayagainstS. aureus ATCC700699(VISA).Thecellkilling (bactericidal)activityof
ULD1 andULD2 wasdemonstratedto exceedthatof fusidicacid(S2Fig).Importantly,
regrowthwasobservablein S. aureus populationswithin 48hoursunderfusidicacidstress,

Table 1. In vitro inhibition of DNA gyrase and topoisomerase IV by ULD1 and ULD2.

IC50

ULD0� ULD1 ULD2 Novobiocin Ciprofloxacin

DNA gyrase >100μM 3.3± 0.4nM 0.78± 0.1nM 1.7± 0.1nM 14,000± 2,000nM

TopoisomeraseIV 10± 2 μM 9.3± 2.2nM 2.0± 0.3nM 2,000± 200nM 1,500± 300nM

Resultsarebasedon standardS. aureus DNA gyraseandtopoisomeraseIV supercoilinggel-based assays(Materialsandmethods).Novobiocinandciprofloxacin were

appliedascomparatorantibiotics.Measurementswereperformedin quadruplicates(meanandstandarddeviationof themeanareshown).
� ULD0 wastestedusingthehigh-throughputDNA gyrasesupercoilingandtopoisomeraseIV relaxationassays[37].

IC50, halfmaximalinhibitory concentration.

https://doi.org/10.1371/journal.pbio.3000819.t001
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possiblyexplainedby thefactthatS. aureus rapidlydevelopsresistanceto fusidicaciddueto
its monotargetingmechanism-of-action[4, 42].

Increased bioactivity at acidic pH of the skin

S. aureus isacommoncauseof severeanddifficult-to-treat skin infections[41,43].Antibiotics
targetingpathogensspecificto skin infectionsmusthaveanefficientbactericidaleffectwhen
appliedtopically.Comparedwith systemicantibacterialtherapywhenthepharmaceutical
agentissupposedto exertits activityatphysiologicalbloodpH (i.e.,7.35±7.45),topicalantimi-
crobialtherapyshouldtypicallybeactiveat lower(acidic)pH valuescharacteristicof theskin
surface(i.e.,4.0±5.5)[44,45].Thus,for topicalantistaphylococcalagents,maintainingbioactiv-
ity underacidicpH conditionsisanimportant feature[46,47].To assesstheeffectsof pH on
our ULD agents'bioactivity,wehaverepeatedour previousMIC measurementsatalowerpH.
A shift from pH 7.3to 5.5hasresultedin adecreaseof MIC valuesashighas160-fold(ULD1)
and40-fold(ULD2) in S. aureus ATCC700699(S4Table).Under thesameconditions,the
potencyof vancomycinhasbeenfound to beunaffected.Wespeculatethat this increasedbio-
activityof ULD1 andULD2 underacidicpH conditionsmayreflectanincreasedintracellular
accumulationof thesecompoundswithin bacterialcellsatacidicpH, similarly to delafloxacin
[48]. Asincreasedbioactivityat lower-than-neutralpH isbeneficialfor thetreatmentof staph-
ylococcalinfections[47,48],our newlydevelopedULD agentscouldofferespeciallypowerful

Table 2. Antimicrobial activities of ULD1 and ULD2 against selected pathogenic bacteria.

Species and strain Acquired resistance ULD1 ULD2

MIC (μg/mL)

S. aureus ATCC700699(Mu50,
NRS1)

MRSA(SCCmectypeII), VISA,Clindamycin-R,Daptomycin-NS,Erythromycin-R,Gentamycin-R,
Imipenem-R, Levofloxacin-R, Oxacillin-R

0.0625 �0.03125

S. aureus ECL2963646 MRSA,VRSA,Clindamycin-R, Erythromycin-R, Gentamycin-R,Levofloxacin-R 0.125 �0.03125

Staphylococcus epidermidis
ATCC51625

MRSE, Oxacillin-R 0.0625 �0.03125

Enterococcus faecalis ATCC
51575

VRE(VanB+),Clindamycin-R,Erythromycin-R, Gentamycin-R, Linezolid-IR, Mupirocin-R,Streptomycin-
R

0.0625 �0.03125

Enterococcus faecium BAA-2320 VRE(VanA+),Ampicillin-R,Ciprofloxacin-R,Clindamycin-R, Erythromycin-R, Levofloxacin-R,
Imipenem-R, Teicoplanin-R

0.25 �0.03125

Neisseria gonorrhoeae CCUG
57598

Cefoxitin-R,Ciprofloxacin-R,Linezolid-R,Tetracycline-R,Penicillin-R �0.03125 �0.03125

Haemophilus influenzae ATCC
49247

Ampicillin-R,Vancomycin-R,Tetracycline-R �0.03125 0.125

Clostridium difficile BAA-1875 toxigenic,ribotype078,Ertapenem-IR, Imipenem-R �0.03125 �0.03125

Listeria monocytogenes ATCC
19111

0.125 0.125

Acinetobacter baumannii ATCC
19606

2 0.5

Klebsiella pneumoniae ATCC
10031

1 4

Pseudomonas aeruginosa ATCC
27853

8 2

MIC measurementswereperformed in 3 replicatesaccording to CLSIguidelines.

-R,resistant;-IR, intermediateresistant;-NS,nonsensitive;CLSI,ClinicalandLaboratoryStandardsInstitute; MIC, minimum inhibitory concentration;MRSA,

methicillin-resistantS. aureus; MRSE,methicillin-resistantS. epidermidis; VISA,vancomycin-intermediateS. aureus; VRE,vancomycin-resistantEnterococcus; VRSA,

vancomycin-resistantS. aureus.

https://doi.org/10.1371/journal.pbio.3000819.t002

PLOS BIOLOGY Rational design of balanced dual-targeting antibiotics with limited resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000819 October 5, 2020 6 / 31

https://doi.org/10.1371/journal.pbio.3000819.t002
https://doi.org/10.1371/journal.pbio.3000819


Fig 2. Antibacterial activities and spontaneous frequency-of-resistance of ULD1 and ULD2. A. Antibacterialactivitiesof ULD1 andULD2 againsta
panelof 95S. aureus clinical isolates.Strainsincluded55MRSAand28vancomycin-intermediateor -resistant isolateswith diversegeographic origins
(seeS1DataTable1 for thestrains'description).All strains(100%)wereinhibited at1 μg/mL concentration of ULD1 andULD2.MICs were
determinedviabroth microdilution accordingto CLSIguidelines.Theunderlying datafor this figurecanbefound in S2Data.B. Spontaneous
frequency-of-resistanceof ULD1,ULD2,andnovobiocin in S. aureusMRSAATCC43300(left panel)S. aureus VISAATCC700699(right panel).Data
arebasedon 10independent biologicalreplicates.Error barsindicatethe95%confidenceinterval.Asterisk(� ) markscaseswherethefrequency-of-
resistancewasbelow1×10−12. Theunderlying datafor this figurecanbefound in S2Data.CLSI,ClinicalandLaboratory StandardsInstitute;MIC,
minimum inhibitory concentration; MRSA,methicillin-resistantS. aureus; VISA,vancomycin-intermediateS. aureus.

https://doi.org/10.1371/journal.pbio.3000819.g002
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alternativesfor theeradicationof S. aureus in acidicenvironments,including thehumanskin
surfaceandmacrophages.

Limited resistance against ULD1 and ULD2

Antibioticswith asinglemoleculartargetareusuallyproneto resistanceacquisitioninduced
byspontaneousmutations.Multitargetingantibioticsareconsideredto belessvulnerableto
resistance,asthesimultaneousacquisitionof multiple,specificmutationsisexceedinglyrare
[4, 49,50].To explorethepotentialresistancemechanisms,wehavedeterminedthespontane-
ousfrequency-of-resistanceagainstULD1,ULD2,andnovobiocinin S. aureus. Novobiocin
hasservedasareferencecompound.Novobiocin'smain targetis theDNA gyrasesubunitB,
but second-stepresistancemutationsoccasionallyoccurin topoisomeraseIV [51]. Thisantibi-
otic iseffectiveagainstcertaingram-positiveinfections,including thosecausedbyS. aureus
[12,52].

Usingastandardprotocolfor spontaneousfrequency-of-resistanceanalysis[49,53],we
haveexposed1010to 1012bacterialcellsderivedfrom stationary-phaseculturesof S. aureus
ATCC700699(VISA) andS. aureus ATCC43300(MRSA)to increasingconcentrationsof
ULD1,ULD2,andnovobiocin,respectively.Wehaveassessedthefrequency-of-resistanceand
themutantpreventionconcentration(MPC) for all 3 compounds.MPCis thedrugconcentra-
tion thresholdabovewhichtheselectiveproliferationof resistantmutantsdoesnot occur(i.e.,
theconcentrationrequiredto avoidtheemergenceof all first-stepresistantmutants)[49]. In
agreementwith prior laboratorystudiesandclinicalobservations,thefrequency-of-resistance
againstnovobiocinwasrelativelyhigh (Fig2B),andanup-to 120-foldincrementin theMIC
of novobiocinin theisolatedS. aureusmutantshavebeendetected(S3Fig) [51,54].Bysharp
contrast,no resistantvariantsof S. aureus havebeendetectedwhenthebacterialcellswere
exposedto ULD1 atconcentrations8-fold thewild-typeMIC (Fig2B).Moreover,resistant
mutantsisolateduponexposureto ULD1 at lowercompoundconcentrationsprovidedonly
minor changesin ULD1 susceptibility(S3Fig).

To investigatethemolecularbasisof mild ULD1 resistance,wehavecollected400indepen-
dentlyisolated,ULD1 resistantclonesfrom thefrequency-of-resistanceassayplatesandhave
sequencedtheir gyrB andparE genomicregionsusingPacificBiosciencessingle-moleculereal-
time (SMRT)ampliconsequencing.Sequenceanalyseshaverevealedthatall ULD1-resistant
isolateshadmissensemutationsthatmappedto gyrB. Fourdifferentpositionsin theULD1-
binding pocketof GyrB(R144,G85,I175,T173)havemutatedrepeatedly(S5Table).All the
mutatedaminoacidresiduesin S. aureus arelocatedin thebinding pocketof GyrBandform
secondaryinteractionswith ULD1 (S2TableandS1BFig).

AsULD2 hasahighaffinity towardsbothof its targetproteinsandexertsanexcellentdual-
targetenzymeinhibition (Table1),wehypothesizedthat thefrequency-of-resistanceagainst
ULD2 couldbeexceptionallylow.Notably,no ULD2 resistantmutantshaveemergedwhen
4×1012S. aureus ATCC700699(VISA) cellswereexposedto ULD2 ataconcentrationof only
4 timesthewild-typeMIC (Fig2B).Weestimatethat theMPCisaslow as0.16μg/mL for
ULD1 and0.08μg/mL for ULD2 in S. aureus ATCC700699(VISA).

Resistance induced by mutations at both target proteins

Thefrequency-of-resistanceassayshaveindicatedthatspontaneousresistanceevolutionto
ULD1 andULD2 is rareandis responsiblefor only amodestdecreasein compoundsuscepti-
bility of S. aureus. However,aprior studysuggeststhatcombinationof multiple,specificmuta-
tionsatall drug targets,in thelongrun, caneventuallyrenderevenmultitargetingantibiotics
ineffective[8]. To testthispossibility,wehaverepeatedthefrequency-of-resistanceassayswith
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2ULD1-resistantS. aureus VISA laboratoryisolates,bothof whichcarriedasinglemutationat
GyrB,theprimary targetof ULD1/ULD2.ThesemutationsÐGyrBR144IandI175TÐwere
relativelyfrequentin theisolatedsingle-stepresistantmutants,andtheyconferredadecreased
susceptibilityto ULD1 (S6TableandS3Fig).Populationsof thesesingle-mutantstrainshave
beenexposedto increasingconcentrationsof ULD1 andULD2,separately.Spontaneousresis-
tant mutantshaveappearedatafrequencyof 10−8±10−11(S4AandS4BFig).All isolatedsec-
ond-stepresistantmutantshavedisplayedarelativelylow resistancelevel,i.e.,theycouldbe
inhibited by1 μg/mL of ULD2 (S6Table).Sequenceanalyseshaverevealedthatall detected
second-stepmutationsarelocalizedatParE,theothertargetof ULD1/ULD2,atpositionsthat
arehomologousto thebinding sitesin GyrB(S6Table).In sum,theobservedmutations,
togetherwith resultsof in vitro enzymeinhibition assays,providestrongevidencein support
of adual-targetingmechanism-of-actionfor ULD1 andULD2.

Evolution of resistance under long-term antibiotic exposure

Wehaveinvestigatedwhetherlong-termexposureto ULD1 andULD2 couldselectfor ahigh
levelof resistance.To thisaim,wehaveinitiated adaptivelaboratoryevolutionexperiments
underULD1,ULD2,andnovobiocinstressesagainstVISA.Wehaveemployedapreviously
establishedprotocolthataimsto maximizethelevelof drugresistancein theevolvingbacterial
populations[8,55].To accuratelyassesspotentialresistancemechanisms,10parallelevolving
populationshavebeenexposedto graduallyincreasingconcentrationsof eachcompound.Fol-
lowing laboratoryevolution,asingleclonefrom eachpopulationhasbeenisolatedandsub-
jectedto drugsusceptibilitytests.In agreementwith prior clinicalobservationsandlaboratory
studies[12,54],ahigh levelof novobiocin-resistancehasemergedrapidly(Fig3A). In novobio-
cin-adaptedstrains,anup-to-320-foldincreasein novobiocinMIC (i.e.,16μg/mL) hasbeen
detected,comparedwith thewild-typestrain.In contrast,only arelativelymodest,25-fold
increasein theMICs of ULD1 andULD2 havebeendetectedin lineagesadaptedto ULD1 or
ULD2,respectively(1 μg/mL for ULD1 and0.5μg/mL for ULD2). In orderto elucidatethe
molecularmechanismsunderlyingULD2 resistance,5ULD2-adaptedstrainshavebeensub-
jectedto whole-genomesequencing.Wehavefocusedon denovomutationsthathaveaccu-
mulatedin severallineagesindependentlyduring thecourseof laboratoryevolution(S7
Table).Suchmutationshavebeenfound in thetargetproteins(GyrB,ParE),aswellasin areg-
ulatorof purinebiosynthesis(purR), andanotherenzymeinvolvedin theuridine diphosphate
(UDP) biosynthesispathway(PyrH).Theexactrolesof thesemutationsin shapingULD1/
ULD2 susceptibilitiesremainto bediscovered.

Antibiotic resistancemutationsfrequentlyimpactbacterialviability,andtheassociatedfit-
nesscostsdeterminethespreadandlong-termmaintenanceof resistantpopulationsin clinical
settings[55±57].To explorethepotentialcostsof resistance,wehaveinvestigatedthegrowth
phenotypeof laboratoryevolved,ULD1/ULD2 resistance-conferring S. aureus VISA isolates.
Fitnesswasestimatedbymeasuringtheopticaldensityat600nm (OD600) of thepopulation
during 48hoursof growthin anantibiotic-freemedium.ULD1/ULD2 resistantclonesdis-
playedastatisticallysignificantdeteriorationof growthpatterncomparedwith thewild-type
strain(Fig3BandS5AFig)andformedtiny, slow-growingcolonieson agarplates(Fig3Cand
S5BFig).Thesedataindicatethat long-termexposureto ULD1 andULD2 yieldsmutantswith
limited resistanceandhighassociatedfitnesscostsin anantibiotic-freeenvironment.

Extensiveantibioticusagecanselectfor mutationsthatprovidecross-resistanceto antimi-
crobialcompoundsthatarestill underdevelopment[8, 58].Asnovobiocinwaswidely
employedandisproneto resistanceevolution[12,42],it is rationalto hypothesizethatnovo-
biocin-resistantclinical isolatesmight interferewith theantibacterialeffectsof ULD1 and
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Fig 3. Adaptive laboratory evolution of S. aureus (VISA) ATCC 700699 to ULD1, ULD2, and novobiocin stresses. A. Thefiguredisplaysincrement
in MIC levelrelativeto wild typeasafunction of cellgenerationnumber.DatashowthemeanMIC fold-changebasedon 10,independently evolving
populations.Grayarearepresentsa95%confidenceinterval.Theunderlyingdatafor this figurecanbefound in S2Data.B. andC. Relativefitness(B)
andgrowthphenotype(C) of ULD1-evolvedandwild-typeS. aureus VISAATCC700699.Fitnesswasapproximated from thegrowthcurvesof isogenic
microbialpopulations(seeMaterialsandmethods)anddepictedasrelativefitnesscomparedwith thatof thewild type.Measurementswereperformed
in 6 replicates.Theunderlyingdatafor this figurecanbefound in S2Data.Growthphenotypeswereobservedin BHI agarplatesanddocumented after
24hoursof incubationat37ÊC.D. Susceptibility of novobiocin-resistantS. aureus VISAATCC700699mutantsto ULD1 andULD2.MICs were
determinedin MHBII mediumat37ÊCbybroth microdilution assayaccordingto CLSIguidelines.Oneof theindependently evolvednovobiocin-
adaptedstrainsdisplayedexceedingly slowgrowth,andtherefore,it wasomittedfrom theanalysis.Theunderlyingdatafor this figurecanbefound in
S2Data.BHI, Brain-Heart-Infusionbroth;CLSI,ClinicalandLaboratory StandardsInstitute;MIC, minimum inhibitory concentration; MHBII,
MuellerHinton II Broth;MRSA,methicillin-resistantS. aureus; VISA,vancomycin-intermediateS. aureus.

https://doi.org/10.1371/journal.pbio.3000819.g003
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ULD2.To investigatepotentialcross-resistance,theMIC of ULD1 andULD2 havebeen
testedagainst9 independentlyevolvednovobiocin-resistantisolates.Thesestrainshavebeen
found to displayno cross-resistanceto ULD2,andonly amodest,up to 6-folddecreasein
ULD1 susceptibilityhasbeendetectedcomparedwith thecorrespondingwild-typestrain
(Fig3D).

Toxicology studies of ULD1 and ULD2

To assessthepotentialtoxicitiesof ULD1 andULD2, toxicologystudieshavebeencarriedout.
First,wehavemeasuredtheviability of HepG2humanliver andMCF-7humanepithelialcell
linesin thepresenceof ULD1 andULD2,respectively,usingastandardlactatedehydrogenase
(LDH) assay.NeitherULD1 nor ULD2 wascytotoxicatconcentrationsup to thetestedmaxi-
mum,100μM (IC50>100μM, S8Table).Next,to assessthepotentialgenotoxicityof ULD1
andULD2,wehavetestedtheir potentialchromosomalaberration-causingeffecton CHO-K1
hamsterovarycells,usingastandardin vitro micronucleusassay[59]. No genetictoxicity of
anyof the2 compoundshavebeendetected(S9Table).Potentialcardiacsafetyandcross-reac-
tivity to thehumanether-a-go-go-relatedgene(hERG)potassiumion channelarealsofre-
quentissuesfor drugstargetingDNA gyraseandtopoisomeraseIV [9,12].Asrequiredby
EuropeanMedicineAgency(EMA) andtheUSFoodandDrug Administration (FDA) [60,
61],wehavetestedbothULD1 andULD2 for their inhibitory effectson thehumanhERGion
channels,ataconcentrationof 150μM, usingelectrophysiologicalassays.No statisticallysig-
nificant inhibitory effectof eithercompoundhasbeendetected(S10Table).Wehavealsoeval-
uatedthehemolyticactivityof ULD1 andULD2 on humanredbloodcells,andagain,no
biocompatibilityconcernshavebeenraised(S11Table).

In vivo efficacy of ULD1 and ULD2

Basedon thepotentantibacterialactivitiesof ULD1 andULD2 andthelackof toxicity,we
havefinally testedtheir in vivoefficacyin micemodelsof S. aureus infections.First,amurine
modelof humanstaphylococcalSSTIhasbeenutilized[62,63].Thispreclinicalmodelisexten-
sivelyusedto characterizethepharmacokineticandpharmacodynamicpropertiesof antista-
phylococcalagents,aswellasto predicttheir humanclinicalefficacy[53,62±64].Topical
ULD1 andULD2 treatments(in theform of ointments)weretestedagainstS. aureus USA300
MRSA(BAA1556)andVISA andVRSAclinical isolates.USA300MRSAclinical isolatesare
responsiblefor mostcommunityepidemicsin theUSAandarespreadingworldwide[25].
Also,these3 strainstogetherareresistantto at least9 distinctclassesof antibiotics,including
mupirocin,alast-resortantibioticagainstSSTIscausedbymultidrug-resistantS. aureus (S1
Data).Topicalapplicationof ULD1 andULD2 hasexertedapotentantibacterialactivity(Fig
4A and4B),comparableto thatof mupirocin.Subsequentpharmacokinetic(PK) analyses
indicateefficientskinpenetrationfor bothdrugs,reachingaconcentrationof up to 300-times
theMIC of ULD1 andULD2 in wild-typeS. aureus VISA (S12Table).

Finally,wehavetestedULD1 in aneutropenicmodelof murine thigh infection.Intrave-
nous(IV) administrationof thedrugresultedin potentantibacterialactivityagainstS. aureus
VISA infection(Fig4C).Notably,theantibacterialactivityof ULD1 wascomparableto thatof
linezolid,awidelyusedclinicalagentagainstsystemicMRSAinfections[42], but resistance
againstthisdrug isemergingrapidly [20]. Takentogether,thesein vivoefficacydataindicate
that themolecularscaffoldunderlyingULDscouldserveasabasisfor successfulfuture thera-
peuticeffortsagainstboth topicalandsystemicS. aureus infections.
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Fig 4. In vivo efficacy of ULD1 and ULD2 in 2 mouse infection models of Staphylococcus aureus. A. andB. In vivoefficacyof
ULD1 andULD2 in amousemodelof skin infection. Figureshowsthenumberof CFUsaftertwice-dailytopicalantibiotic treatment
(startingat1hour postinfection). ThreedifferentS. aureus strainswereusedasinoculumin 5 immunocompetentmicepereach
group.FigA andBdisplaysresultswith ULD1,ULD2 (A) andpositivecontrolantibioticsfusidicacidandmupirocin (B),
respectively. SkintissueCFUsweredeterminedat25hourspostinfection. CFUsfrom eachmouseareplottedasdots;theblackline
representstheaverageCFUin eachexperimental group.C. Efficacyof ULD1 in aneutropenicmouseinfection of S. aureus. The
figureshowsthenumberof CFUsin responseto antibiotic treatment,usinglinezolidaspositivecontrol.A standardneutropenic
thigh infectionmodelwasemployedwith S. aureus VISAATCC700699(for details,seeMaterialsandmethods).CFUsfrom thigh
tissuehomogenatesweredetermined at26hourspostinfection. TheCFUsfrom eachindividual areplottedasdots,blackline
representstheaverageCFUin eachexperimental group.Theunderlying datafor thesefigurescanbefound in S2Data.CFU,colony-
forming unit; VISA,vancomycin-resistantS. aureus.

https://doi.org/10.1371/journal.pbio.3000819.g004
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Discussion

Antibiotic resistancefrequentlyresultsfrom mutationswithin thetargetproteinataminoacid
positionsthat form direct interactionswith thepharmaceuticalagent[50,65,66].To mitigate
thespontaneousdevelopmentof target-mediatedresistance,wehaverationallydeveloped
novelantibacterialcompoundsthatsimultaneouslyfulfill 2 criteria.First,theydisplayabal-
anceddual-targetingactivityagainst2,essentialbacterialtargets,andsecond,theysimulta-
neouslyestablishinteractionswith multiple,evolutionaryhighlyconservedaminoacidsof
thesetargetproteins.Thisnewclassof dual-targetingantibacterialcompoundsinhibit bacte-
rial DNA gyraseandtopoisomeraseIV proteincomplexesandarestructurallydistinct from
novobiocin,gepotidacin,andfluoroquinoloneantibiotics.Two leadmoleculesof thisseries,
ULD1 andULD2,arepotentinhibitors of theATPaseactivitiesof GyrBandParE.Impor-
tantly,wehaveachievedasuperiorandbalancedenzymeinhibition of both targetproteins
comparedwith novobiocin,aninhibitor of GyrBthathasreachedclinicalpracticebut was
laterwithdrawn[67].

ULD1 andULD2 exertbroad-spectrumantibacterialactivitiesagainstawiderangeof path-
ogens,includingmultidrug-resistantclinical isolates.Theefficacyof ULD1 andULD2 was
testedagainstabroadpanelof S. aureus clinicalstrains,including recentlyisolatedMRSAand
VISA variants.Approveddrugswith clinicalrelevanceagainststaphylococcalinfectionsfail to
inhibit asignificantfractionof theseisolates,whereasbothULD1 andULD2 arefound to be
potentlyactiveagainstall of them(MIC � 1 μg/mL,seeFig2).ULD1 andULD2 arenonhemo-
lytic, nongenotoxic,exertno cytotoxicityon multiple humancelllines,andhaveno inhibitory
activityon hERGion-channels.Furthermore,our dataindicatethat thecompoundscouldbe
especiallyusefulfor theeradicationof S. aureus in acidicenvironments,suchasthehuman
skin.Usingmurinemodelsof multidrug-resistantstaphylococcalskinandthigh infections,
ULD1 wasshownto displaypotentefficacybothviatopicalandsystemicadministration.
Thesepromisingin vivoefficacyresults,combinedwith alackof toxicity andgoodskinpene-
tration, indicatethat theULD seriescouldbeconsideredfor thetreatmentof skinandskin-
structureinfections(SSSIs)suchasacutebacterialSSSIs(ABSSSIs)andimpetigocausedby
multidrug resistantS. aureus [41,45].

ULD1 andULD2 bypassexistingandclinicallywidespreadresistancemechanisms,includ-
ing thosethathinder theefficacyof otherDNA gyraseandtopoisomeraseIV inhibitors.Addi-
tionally,denovoresistancemutationsagainstthesecompoundsarerareandhavealimited
impacton resistancelevel.TheMPC(i.e.,theconcentrationrequiredto preventtheemergence
of single-stepmutants)isexceptionallylow for bothcompounds.Remarkably,all isolateddou-
blemutantsandlaboratoryevolvedstrainsfrom long-termdrugexposurehavedisplayedlow
resistancelevelonly, i.e.,theycouldbeinhibited by1 μg/mL of ULD2.Thus,evencombina-
tionsof specificresistancemutationsprovideonly moderatechangesin compoundsusceptibil-
ity. This is in sharpcontrastto theresultsof apreviousstudyon gepotidacin.Gepotidacin,an
antibioticcandidate,selectivelyinhibits bothbacterialDNA gyraseandtopoisomeraseIV [68],
but acombinationof 2 specificmutationsin thesetargetproteinsprovideashighasa
2,000-foldincrementin resistancelevel(256μg/mL) [8]. Multitargetantibioticsin theory
shouldremainsensitiveto otherresistancemechanismsmediatedbyeffluxpumpsor byenzy-
maticinactivation.However,in our case,thelaboratoryevolutionexperimentsfurther confirm
that resistancebygenomicmutationsisexceedinglyrareagainstULD1/ULD2. Importantly,
thesefindingsdo not excludethepossibilitythat resistancemayeventuallyemergethrough
horizontalgenetransferfrom otherspecies[56,57].This issueshouldbeinvestigatedby func-
tional metagenomicassaysin thefuture [69].
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Takentogether,our dataindicateULD1 andULD2 couldserveasabasisfor future thera-
peuticeffortsagainstarangeof gram-positivepathogens.Furthermore,thesecompounds
inhibit gram-negativepathogensin vitro, albeitathigherconcentations.Appropriatestruc-
tural modificationscouldincreasethepotencyof thisstructural-classagainstgram-negative
pathogensaswell.Asthesemoleculesaresmall(<500Da),theadditionof newmoietiesis fea-
siblein futureoptimizationefforts.Importantly,asULD1 ismanufacturedfrom commercially
availablereagentsin only 2 synthesissteps,upscalingto industrial-sizedproductionshouldbe
relativelystraightforward.

Materials and methods

Chemical design and synthesis of ULD1/ULD2

To improvethebinding affinity of ULD0 to both targetenzymes,weintroduced2 modifica-
tions,leadingto ULD1.4,5-dibromopyrrolewasreplacedby the3,4-dichloro-5-methylpyrrole.
In theterminalpartof ULD0, thecarboxylicacidgroupwasfound to beflexible,pointing
towardthesolventwithout anydirectcontactwith specificaminoacidresiduesof thetarget
proteins.Therefore,ULD1 wasdesignedasarigidified analogof ULD0 in whichthealiphatic
carboxylicacidgroupof ULD0 wasreplacedbyanaromaticcarboxylicacid.Thesemodifica-
tionsalsogavealessacidiccharacterof ULD1,apropertythat isbeneficialfor bacterialcell
wallpenetration.Next,weintroducedabenzyloxygroupatposition4of thebenzothiazole
core,leadingto ULD2.Thepurposeof thismodificationwasto strengthencation-πinteraction
with conservedArg84/Arg77by theintroduction of thiselectron-donatinggroupandto
achieveadditionalhydrophobicinteractionswith conservedPro87/Pro80andotherresidues
in thelipophilic floor of thebinding site.Full detailsof thesynthesis,purification,andcharac-
terization,including 1H NMR spectrumof all reportedcompounds,areprovidedin S3Data.
All reagentswereobtainedfrom commercialsourcesunlessnotedotherwise.

Media and antibiotics

Cation-adjustedMuellerHinton II Broth (MHBII) wasusedfor thegrowthof bacteriaunder
standardlaboratoryconditions,for antimicrobialsusceptibilitytestsandfor theselectionof
resistantvariants.To prepareMHBII broth,22gof MHBII powder(BectonDickinsonand
Co.)wasdissolvedin 1 L of water(3 gbeefextract,17.5gacidhydrolysateof casein,and1.5g
starch).Forpropagationandfor antimicrobialsusceptibilitytestsof fastidiousbacteria,Brain-
Heart-InfusionBroth (BHI) wasused.To prepareBHI broth,37gof BHI powder(CarlRoth
GmbH) wasdissolvedin 1L of water(7.5gpig brain infusion,10gpig heartinfusion,10g
peptone,2 gglucose,5 gNaCl,2.5gNa2HPO4). MHBII or BHI agarwaspreparedby theaddi-
tion of 14gBactoagar(Molar Chemicals)to 1 L of broth.For frequency-of-resistanceassays,
1%agarose-containingMHBII plates(Lonza,SeaKemLEagarose)wereusedto reducedrug-
adsorptionin media.All culturemediumwassterilizedbyautoclavingfor 15minutesat121
ÊC.Unlessotherwisenoted,antibioticsandchemicalswereorderedfrom Sigma-Aldrich(van-
comycin,novobiocin,fusidicacid),MedChemExpress(gepotidacin),FlukaAnalytical(cipro-
floxacin),andMedKooBiosciences(delafloxacin).

Antibiotic susceptibility measurements

MICs weredeterminedusingastandardserialbroth microdilution techniqueaccordingto the
CLSIguidelines[70]. Briefly,bacterialstrainswereinoculatedonto MHBII agarplatesand
weregrownovernightat37ÊC.Next,3 individual coloniesfrom eachstrainwereinoculated
into 1mL MHBII mediumandpropagatedat37ÊC,250rpm overnight.In thecasesof
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Enterococcus andStreptococcus sp.,cellswereplatedto BHI agarplates,andBHI broth was
usedto determineMICs.To performMIC assays,12-stepserialdilutionsusinga2-folddilu-
tion-stepsof thegivenantibiotic (eachdissolvedin 100%DMSO)weregeneratedin 96-well
microtiter plates(Corning Inc). Followingdilutions,eachwellwasseededwith 5×104 bacterial
cells.All measurementswereperformedin 3 parallelreplicatesandto avoidpossibleedge
effectsin microwellplates,siderows(A andH) werefilled with sterilemedium.Following
inoculations,plateswerecoveredwith lidsandwrappedin polyethyleneplasticbagsto mini-
mizeevaporationbut allowfor O2 transfer.Plateswereincubatedat37ÊCundercontinuous
shakingat150rpm for 18hours.After incubation,OD600of eachwellwasmeasuredusinga
BioTekSynergy2microplatereader.MIC wasdefinedastheantibioticconcentrationthat
inhibited thegrowthof thebacterialculture,i.e.,thedrugconcentrationatwhichtheaverage
OD600incrementof the3 technicalreplicateswasbelow1.5-foldbackgroundOD increment.
ForpH-dependentMIC-determination,wereliedon thesamemethodwith themodification
thatpH of MHBII wasadjustedto 5.5using1 M HCl. Expandedpanelantibacterialspectrum
of ULD1,-2,andcomparatorantibioticsweretestedat IHMA EuropeSàrl (Switzerland)and
atEurofinsPharmacologyDiscoveryServices(Taiwan)in broth microdilution assays,accord-
ing to thecorrespondingCLSIguidelines[70].

Determination of inhibitory activities on S. aureus DNA gyrase and

topoisomerase IV

Inhibitory activitiesof ULD1 andULD2 on S. aureusDNA gyraseandS. aureus topoisomerase
IV weredeterminedbygel-basedsupercoilingassays(InspiralisLtd.,Norwich,UK). In all
experiments,theactivityof theenzymeswasdeterminedandstandardizedprior to experimen-
tal analysis.In all cases,1 unit (U) wasdefinedastheamountof enzymethat is requiredto
fully supercoil1 μgof relaxedpBR322plasmidDNA. All compoundswerediluted in 100%
(v/v) DMSO.Finalassayconcentrationof DMSOwas5%(v/v). DNA gyrase(1 U, 6 nM final
concentration)wasincubatedwith 0.5μgof relaxedpBR322DNA in a30μL reactionat37ÊC
for 30minutesunderthefollowingconditions:40mM HEPESKOH (pH 7.6),10mM magne-
siumacetate,10mM DTT, 2 mM ATP,500mM potassiumglutamate,and0.05mg/mL bovine
serumalbumin(BSA).Eachreactionwasstoppedby theadditionof 30μL chloroform/iso-
amylalcohol(24:1)and20μL StopDye(40%sucrose(w/v), 100mM Tris-HCl (pH 7.5),10
mM EDTA,0.5μg/mL bromophenolblue),beforebeingloadedon a1.0%TAE gelandelec-
trophorizedat80V for 2hours.Bandswerethenvisualizedbyethidiumbromidestainingand
scanned(GeneGenius,Syngene,Cambridge,UK). Inhibition levelsweremeasuredbydeter-
mining therelativefluorescenceof thesupercoiledbandusingGeneTools,Syngene,Cam-
bridge(UK). All measurementswereperformedin quadruplicates.

Time-dependent killing

Time-dependentkilling experimentswereperformedaspreviously[53]. S. aureus ATCC
700699VISA cellswereinoculatedto MHBII agarplatesandgrownovernightat37ÊC.Next,
3 independentstationer-phasestarterculturesweregrownat37ÊC,250rpm overnight,in
3 × 1 mL MHBII broth.Next,100-folddilutedcultureswerepreparedfrom eachin 20mL
freshMHBII mediumandgrownat37ÊC,250rpm until earlyexponentialphase(OD600=
0.3±0.4;i.e.,5 × 105 cells/mL).Bacteriawerethenchallengedwith antibioticsat10×MIC con-
centrationsof ULD1,ULD2,andcomparatorantibioticsnovobiocin,fusidicacid,andvanco-
mycin in MHBII broth.Cellsweretreatedwith antibioticsin Erlenmeyerflasksat37ÊC,150
rpm for 48hours.At differenttime intervals(3,6,12,24,and48hours)100μL aliquotswere
removed,and10-foldserialdilutionswerepreparedin MHBII medium.Next,50μL from
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eachdilution wereplatedon MHBII agarplates,andplateswereincubatedovernightat37ÊC
to calculateCFUpermL.

Frequency-of-resistance assay

To determinethespontaneousfrequency-of-resistance,approximately1010cellsfrom sta-
tionary-phaseMHBII broth culturesof S. aureus ATCC700699andS. aureus ATCC 43300
wereplatedto antibiotic-containingplatesaccordingto astandardprotocolto determinefre-
quency-of-resistance[49,53].Prior to plating,bacteriaweregrownovernightin MHBII
mediumat37ÊC,250rpm, collectedbycentrifugation,andwashedoncein equalvolumesof
MHBII broth.Fromthisconcentratedcellsuspension(250μL), approximately1010cells
werethenplatedto eachMHBII agaroseplates.Usingagaroseinsteadof agarreduceddrug-
adsorptionandimprovedtheperformanceof theassay.Petri-dishes(145mm) werefilled
with 40mL MHBII agarosemediumcontainingtheselectivedrugat thedesiredconcentra-
tion (i.e.,2×,4×,8×,12×,and16×MIC of eachgivenantibiotic).All experimentswereper-
formedin at least3 replicates.Platesweregrownat37ÊCfor 72hours.TotalCFUswere
determinedsimultaneouslyin eachexperimentbyplatingappropriatedilutions to antibiotic-
freeMHBII agarplates.Finally,resistancefrequenciesfor eachstrainwerecalculatedby
dividing thenumberof coloniesformedaftera72-hourincubationat37ÊCby theinitial via-
blecellcount.

Adaptive laboratory evolution

Adaptivelaboratoryevolutionexperimentsfollowedanestablishedprotocolfor automated
laboratoryevolutionandaimedto maximizethedrug-resistanceincrementduring afixed
time period.At eachtransferstep,107 bacterialcellsweretransferredto anewcultureand
adaptationwereperformedbypassaging10independentpopulationsof S. aureus ATCC
700699(VISA) strainin thepresenceof increasingULD1,ULD2,andnovobiocinconcentra-
tions.Experimentswereconductedin 96-wellplates,in MHBII medium,byutilizing acheck-
erboardlayoutto minimizeandmonitor cross-contamination.These96-welldeep-wellplates
(0.5mL, polypropylene,V-bottom) werecoveredwith sandwichcovers(EnzyscreenBV) to
ensureanoptimaloxygenexchangerateandlimit evaporationandwereshakenat150rpm, 37
ÊC.TwentyμL of eachevolvingculturewasparallellytransferredinto 4 independentwellscon-
taining350μL freshmediumandanincreasingconcentrationof testeddrugs(i.e.,0.5×,1×,
1.5×,and2.5×theconcentrationof thepreviousconcentrationstep).Followingcelltransfer,
eachculturewasallowedto growfor 48hours.At eachtransfer,cellgrowthwasmonitoredby
measuringtheOD600in aBioTekSynergy2 platereader.Only populationswith (1) detectable
growth(i.e.,OD600> 0.125)and(2) thehighestdrugconcentrationwereselectedfor further
transfer.Accordingly,only 1of the4populationswasretainedfor eachindependentlyevolving
strain.Thisprotocolwasdesignedto avoidpopulationextinctionandto ensurethatpopula-
tionswith thehighestlevelof resistancearepropagatedfurther during adaptiveevolution.
Samplesfrom eachtransferwerefrozenat−80ÊCaftertheadditionof 15%DMSOascryopro-
tectant.Adaptationof populationswasterminatedafter20transfers,i.e.,40days.Following
adaptation,cellsfrom eachfinal populationwerespreadonto MHBII agarplates,andindivid-
ualcolonieswereisolated.Next,onecolonyfrom eachadaptedline weresubjectedto capillary
sequencingof gyrB andparE to assesstheir genotype.Sequencingindependentlyisolatedcolo-
niesfrom thesameplatesdemonstratedthatcolonieswithin thesameadaptedpopulation
wereall isogenic.
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Capillary sequencing

Genotypesof theisolatedclonesfrom frequency-of-resistanceassaysaswellasadaptivelabora-
tory evolutionexperimentwerecheckedbycapillarysequencing.Thedrug-targetregionsof
gyrB andparE geneswereamplifiedbyPCRusingDreamTaqPCR2XMasterMix (Thermo-
FisherScientific):denaturation95ÊC,3minutes;30cycles:95ÊC,30seconds;65ÊC,30
seconds;72ÊC,1minute;andfinal extension72ÊC,3 minutes.Thesequencesof thecorre-
spondingPCRoligosareavailablein FileS1Data,769B2F,SAGB1Rwereusedto amplifygyrB
from VISA strainsand769E2F,SAPE1Rprimerswereusedto amplifyparE. PCRproducts
weretreatedwith ExoSAP-ITPCRProductCleanupReagent(ThermoFisherScientific)for 15
secondsat37ÊCto hydrolyzeexcessprimersandnucleotides.Sampleswerethensubjectedto
capillarysequencingwith thecorrespondingforwardprimer.

Fitness measurements

Weobservedthegrowthphenotypeof bacterialvariantsbyassessingtheir growthat37ÊCin
antibiotic-freeBHI mediumfollowingestablishedprotocols[71]. To measuregrowth,weinoc-
ulated5×104cellsfrom earlystationary-phasecultures(preparedin MHBII medium)into
100μL of BHI mediumin a96-wellmicrotiter plateandmonitoredgrowthfor approximately
48hours.BacterialgrowthwasmeasuredastheOD600of culturesatanygiventime point.
OD600measurementswerecarriedout every5minutesusingBioTekSynergy2 microplate
readerwhilebacterialculturesweregrownat37ÊCundercontinuousshaking.Eachbacterial
variantandtheir correspondingwild typesweremeasuredin 6 replicates.Finally,growthrates
werecalculatedfrom theobtainedgrowthcurvesaccordingto apreviouslydescribedproce-
dure.Fitnesswasapproximatedbycalculatingtheareaundercurve(AUC) [72]. AUC has
beenpreviouslyusedasaproxyfor fitnessbecauseit hastheadvantageto integratemultiple
fitnessparameters,suchastheslopeof exponentialphase(i.e.,growthrate)andthefinal
biomass.

SMRT sequencing-based analysis of target-mediated resistance

PooledS. aureus clones,isolatedfrom first-stepfrequency-of-resistanceassays,weresubjected
long-readampliconsequencing.First,bacterialcolonieswerepickedup from 2 independent
FoRlibraries.Cloneswereinoculatedin 100μL MHBII mediumin 96-wellmicrotiter plates
andweregrownovernightat37ÊC.Stationer-phaseculturesweremixedequally,andgenomic
DNA wasisolatedusingGeneEluteBacterialGenomicDNA Kit (Sigma-Aldrich).Drug-target
regionswith flankingDNA regionswereamplifiedbyPCRusingQ5High-Fidelity2XMaster
Mix (NewEnglandBioLabs):denaturation98ÊC,3 minutes;20cycles:98ÊC,15seconds;62
ÊC,25seconds;72ÊC,1 minute20seconds;final extension72ÊC,3 minutes,byusingthebar-
codedamplificationprimersasdescribedin S1Data.FollowingPCRs,ampliconswerepurified
usingDNA Clean& ConcentratorKit (ZymoResearch),elutedin water,andtheir DNA con-
centrationwascheckedbyusingaQubit 4 fluorimeter.Finally,samplesweresubjectedSMRT
sequencingon aPacificBiosciencesSequelinstrumentusingSequelPolymerasev3.0,SMRT
cellsv3,andSequencingchemistryv3.0(NorwegianSequencingCentre,UiO, Oslo,Norway).
After sequencing,rawcircular-consensusSMRTsequencingreadsweredemultiplexedaccord-
ing to their correspondingbarcodes(seeS1Data)byusingDemultiplexBarcodespipelineon
SMRTLink v5.1.0.26412(SMRTTools4 v5.1.0.26366).A minimum barcodescoreof 26was
usedto identify high-qualitybarcodes.Followingdemultiplexing,sequencingreadswere
mappedto their correspondingreferencesequences(i.e.,gyrB andparE) byusingbowtie2
2.3.437(http://bowtie-bio.sourceforge.net/bowtie2)in ªvery-sensitiveºmode,andthenucleo-
tidecompositionwasextractedfor eachnucleotidepositionwithin thetargetregions.Finally,
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genotype-frequenciesateachnucleotidepositionwasquantifiedbymeasuringthedistribution
andratio of nucleotidesubstitutionsfor eachreferencenucleotideposition.

Whole-genome sequencing of laboratory evolved lines

Followingadaptivelaboratoryevolutionof S. aureus Mu50 ATCC700699underULD2 stress,
6±6randomcolonies(from spreadingeach5 independentlyevolvedlineson MHBII agar
plates)wereisolatedandsubsequentlysubjectedto whole-genomesequencingon Illumina
HiSeq4000sequencer.gDNA wasisolatedfrom eachevolvedline andthecorrespondingwild-
typestrainbyusingGeneElute(Sigma-Aldrich)gDNA isolationkit accordingto themanufac-
turer'sinstructions.To performDNA sequencing,sequencinglibrarieswereconstructedfrom
thegDNAsby fragmentingsamplesto ameanfragmentlengthof 300bp.Next,sequencing
librarieswerepreparedbyusingaTruSeqDNA PCR-FreeLibraryPrepKit (Illumina). Finally,
sequencinglibrariesweresequencedon asinglesequencinglaneof Illumina HiSeq4000using
aHiSeq3000/4000SBSKit (300cycles,FC-410-1003,Illumina) to generate2 × 150bp paired-
endreads.To determinethevariantsandto annotatethemutations,wemappedsequencing
readsto their correspondingreferencegenome(i.e.,S. aureus subsp.aureusMu50DNA, com-
pletegenome2,878,529bpcircularDNA BA000017.4)with thememsubcommandof bwa
0.7.12-r1039(Burrows-WheelerAligner) [73]. TheSNPsandINDELswerecalledwith VarS-
canv2.3.9[74] with thefollowingsettings:min-reads2= 4,min-coverage= 30,min-var-
freq= 0.1,min-freq-for-hom= 0.6,min-avg-qual= 20,strand-filter= 0.Only variantswith
prevalencehigherthan60%wereconsideredasgenuinemutations.Followingvariantcalling,
mutationswerealsomanuallyinspectedwithin thealignedreads.Finally,theannotationof
eachmutationwith genomicfeatureswasperformedwith theintersectsubcommandof bed-
toolsv2.25.0[75].

Multiple sequence alignments of GyrB and ParE

First,wedownloadedtheproteomeof 1,108phylogeneticallydiverse,human-associatedbacte-
rial strainswith sequencedgenomesanduniqueNCBI taxonomicidentifier [76]. Thelist
entailsrepresentativespeciesbelongingto Actinobacteria,Firmicutes,Bacteroidetes,Proteo-
bacteria,Chlamydiaebacterialphyla.GyrBandParEproteinswereidentifiedin eachprote-
omebyBLASTsearchimplementedin DIAMOND (versionv0.9.25.126)[77]. Subsequent
multiple sequencealignmentswerecarriedout with MAFFT (versionv7.271)[78]. Basedon
theco-crystalstructuresof GyrBandParE(ProteinDataBankidentifiers:4uroand4urn,
respectively)with novobiocin,aminoresiduesin theATP-bindingsiteswereidentifiedusing
thePyMOLMolecularGraphicsSystem,Version2.3.2.SchroÈdinger,LLC.To visualizethe
phylogeneticconservationof eachaminoacidresidue,sequencelogoswerecomputedwith
ggseqlogosRpackage[79].

In silico binding mode analysis

First,thecrystalstructuresof theATPasedomain-containingfragmentsof theGyrBandParE
subunitsof DNA gyraseandtopoisomeraseIV of S. aureus weredownloadedfrom thePDB
Database(PDBID: 3ttzand4urn,respectively).In thedesignphase,ULD1 andULD2 were
dockedin theATP-bindingsiteof S. aureusGyrBandParEusingGlideXP(extraprecision)
protocolasimplementedin SchroÈdingerSoftware.Next,in thecaseof gyraseB,thehighly flex-
ible loopregion(betweenresidues105±127,S. aureusGyrBnumbering)wasreplacedbasedon
theX-raystructureof theN-terminal43-kDafragmentof theE. coliDNA gyrasesubunitB
[80] (PDBID: 4wub).Asfor topoisomeraseIV, thesameloopregionwasreconstructedbased
on theproteinsequencedownloadedfrom UniProt (ID: P0C1S7)usingthechimeramodel

PLOS BIOLOGY Rational design of balanced dual-targeting antibiotics with limited resistance

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000819 October 5, 2020 18 / 31

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


option of SchroÈdingerSoftware'shomologymodelbuilding panel.Weusedthesamepipeline
to determinethebinding modeof ULD1 andULD2.TheULDsweredockedinto themodel
structuresusingInducedFit Docking(IFD) protocolof SchroÈdingerSoftwarewithout side-
chainoptimization.Next,thebest5 binding poseswereselectedasinitial posesfor 10subse-
quent10nslongMD simulationsto identify thestablebinding posesof ULDs.Themethodis
implementedin theSchroÈdingerSoftwareusingtheligandroot-mean-squaredeviation
(RMSD)ascollectivevariable.In our investigations,thedefaultsettingsof thesoftwarewere
used[81]. Furthermore,wealsoinvestigatedthelocationof highlyboundwatermolecules
within thebinding pocket,becauseof its previouslyhypothesizedroleon pyrrolamidoben-
zothiazoles'sbinding [41], byusingthetrj_occupancy.pyalgorithmof SchroÈdinger[81].

Protein purification

ThegeneencodingS. aureusGyrB(Uniprot: P0A0K8)wassynthesizedandclonedinto a
pET24a(+)vectorwith anN-terminal 6×Histagfollowedbyatobaccoetchvirus(TEV) prote-
asecleavagesite.Therecombinantplasmidwastransformedinto E. coli BL21(DE3)R3con-
tainingpRARE2plasmid.A 2-L culturewasgrownin LBmediumat37ÊCuntil anOD600of
about0.6andthenmovedto 18ÊC.Theculturewasinducedwith IPTGat0.5mM andgrown
overnight.Thecellswerelysedbysonicationandpurified by immobilizedmetalaffinity chro-
matography(IMAC). Fractionsof interestwerepooledandcleavedovernightwith TEV prote-
asefollowedbyanotherIMAC to removethe6×Histaganduncleavedproteinmaterial.The
cleavedGyrBwasfurther polishedon aHigh Load26/60Superdex200PG(GEHealthcare)
SECcolumnusing20mM Tris,0.1M NaCl,5%glycerol,2mM DTT (pH 8.0)asmobile
phase.Fractionswereanalyzedon areducingSDS-PAGEgel.Thefinal samplehadanesti-
matedpurity of>95%andayieldof 92mgperliter of culture.

Co-crystallization of ULD2 with S. aureus GyrB

S. aureus DNA GyrB24at10mg/mL in 20mM Tris (pH 8.0),0.1M NaCl,5%glycerol,2 mM
DTT wasco-crystallizedwith ULD2.S. aureus DNA GyrB24wasdilutedto 1 mg/mL,and1
mM ULD-2 wasaddedto theprotein.Theproteinwasthenconcentratedto 10mg/mL prior
to crystallization.Thecrystalsof S. aureusGyrB24in complexwith ULD2 formedsuccessfully
underthefollowingconditions:0.1M imidazole/MES(pH 6.5),0.06M divalentcations(0.03
M magnesiumchloride,0.03M calciumchloride),37.5%(25%v/v MPD, 25%v/v PEG1000,
25%w/v PEG3350).Co-crystalswith compoundULD2 weretransferredto acryosolution
containingadditional25%MPD andthentransferredto liquid nitrogenfor cryo-cooling.

X-ray data collection and structure refinement

A datasetfor compoundULD-2,boundto S. aureusGyrB,wascollectedat100K atstation
P11,DESY,Hamburg,Germany(λ = 1.03Å) equippedwith aPilatus6M detector.Thedata
wereprocessedusingthesoftwareXDS[82] andAimless[83] to 1.6Å in spacegroupC2.The
structurewassolvedbymolecularreplacementin Phaserapreviouslypublishedstructure
(PDBID: 5CPH),with thecompoundremovedassearchmodel.Thestructurewasrefinedto
convergenceusingRefmac5[84], andmodelbuilding wascarriedout in Coot[85]. Restraints
andcoordinatefilesfor theligandweregeneratedby theJligandprogram[86]. TLSrefinement
wasimplementedin thefinal stagesof therefinementandthestructurewasrefinedto anR
andRfreeof 17.8%and19.9%,respectively[87]. Statisticsfor thedatasetareshownin S13
Table.
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Haemolysis analysis

Humanredbloodcells(with ahemoglobinconcentrationof 150±160g/L) werecollectedfrom
healthyvolunteersin EDTA blood-samplingtubes.Next,600μl of thisEDTA-treatedblood
waswashedin TBSbuffer(10mM TRIS,150mM NaCl[pH 7.2])andcentrifugedat1,500g
for 1 minuteuntil thesupernatantbecamecolorless.Thealiquotof thefinal pellet(200μL)
wasdilutedto 5 mL with TBSbuffer.ULD1 andULD2 weredissolvedin DMSOanddiluted
in TBSbuffer,resultinga200μg/mL stocksolutioncontaining10%DMSO.Next,100μL of
redbloodcellsuspensionwaspipettedinto sterileEppendorftubestogetherwith 100μL of
2-foldserialdilution of thecompounds(final concentrationrangedbetween100μg/mL±
0.1μg/mL in afinal volumeof 200μL). Theplatewasincubatedfor onehour at37ÊCfollowed
bycentrifugationat1,500g for 1 minute to sedimentall redbloodcells.Next,all supernatants
weresubjectedto LDH andHaemolysis-Icterus-Lipaemia(HIL) indexdeterminationon a
RocheModularP800analyzeraccordingto themanufacturer'sinstructions.After completion
of thissteptherestof thesupernatantsweretransferredto sterile96-wellplatesfor themea-
surementof their opticaldensityat560-nmwavelength(in aMultiskanFCmicroplatereader,
ThermoScientific).Melittin (Bachem)ataconcentrationof 50μg/mL,andTBSand10%
DMSO/TBSwereservedaspositive(100%hemolysis)andnegative(no hemolysis)controls,
respectively.Finally,thehemolyticeffectof eachcompoundateachconcentrationwascalcu-
latedasfollows:

…Compound OD560nm � TBS OD560nm†� 100=…Melittin OD560nm � TBS OD560nm†:

Mammalian cytotoxicity and genotoxicity measurements

Cytotoxicityof compoundson HepG2andMCF-7mammaliancelllineswasdeterminedby
usingastandardLDH assay.Briefly,HepG2andMCF-7cellswereculturedin Eagle'sMEM
medium(from Gibco)supplementedwith 2 mM L-glutamine(Sigma),100U/mL penicillin
(Sigma),and100μg/mL streptomycin(Sigma),and10%FBS(Gibco)at37ÊCandunder5%
CO2. Next,LDH assayswereperformedaccordingto manufacturerinstructions(Thermo
FisherScientific,Massachusetts,USA).ByusingaCyQUANT LDH CytotoxicityAssayKit.
Firstly,thecellswereseededin 96-wellmicrotiter platesat105 cells/mL(100μL/well) and
allowedto attachovernight.Cellswerethentreatedwith selectedcompoundsor with sterile
ultrapurewater(for thedeterminationof spontaneousLDH activity)andincubatedfor 24
hoursat37ÊCandunder5%CO2. Lysisbuffer(10μL, ThermoFisherScientific)wasthen
addedto themaximalLDH activitycontrol wellsandincubatedadditional45minutes.The
cellculturesupernatant(50μL) wasthentransferredto anew96-wellplateandmixedwith
50μL of thereactionmixture.After 30minuteson room temperature,reactionswerestopped
with 50μL of theStopsolution.Absorbance(490nm and680nm) wasmeasuredwith the
automaticmicroplatereaderSynergy4 Hybrid MicroplateReader(BioTek,VT, USA).All
experimentswereperformedin triplicatesandrepeated3 times.Statisticalsignificance
(P< 0.05)wascalculatedwith 2-tailedWelch'st-testbetweentreatedgroupsandDMSO.The
percentageof cytotoxicitywasdeterminedaccordingto thefollowingequation:

%Cytotoxicity ˆ
Compound treated LDH activity � Spontaneous LDH activity

Maximum LDH activity � Spontaneous LDH activity

� �

� 100

Genetictoxicity analysisof compoundswasperformedin anin vitro micronucleustest,
accordingto theprotocoldescribedin Diazandcolleagues(2007)[59], atEurofinsPanlabs
(St.Charles,MO, US).Micronucleatedcellsandmicronucleiwereenumeratedby theuseof
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high-contentfluorescentcellimaging.Theassaywasperformedon CHO-K1 cells.Prior to
imaging,cellsweretreatedwith ULD1 or ULD2 for 4hoursat37ÊC.Experimentswereper-
formedin 2 biologicalreplicates.All celllinesweretestedasbeingnegativeforMycoplasma
contamination.

Human hERG Potassium ion-channel inhibition assay

Inhibition of thehumanhERGcardiacK+ ion channelwasdeterminedbyEurofinsPanlabs
(St.Charles,MO, USA)byusingQPatchautomatedwhole-cellpatch-clampelectrophysiology,
asdescribedpreviously[88]. ULD1 andULD2 weretestedat150μM concentration.During
measurements,afterwhole-cellpatchconfigurationwasachieved,thecellswereheldat−80
mV. Next,a500-millisecondpulseto −40mV wasdeliveredto measuretheleakingcurrent,
whichwasthensubtractedfrom thetail current'sreadout.Thenthecellwasdepolarizedto
+40mV for 500millisecondsandthento −80mV overa100-millisecondrampto elicit the
hERGtail current.Thisworkflow wasrepeatedoncein every8secondsto monitor thecurrent
amplitude.Theparametersmeasuredduring eachtestwerethemaximumtail currentevoked
on steppingto 40mV andrampingbackto −80mV from thetestpulse.All datawerefiltered
for sealquality,sealdrop,andcurrentamplitude.Thepeakcurrentamplitudewascalculated
beforeandaftercompoundaddition,andtheamountof inhibition wasassessedbydividing
thetestcompound'scurrentamplitudeby thecontrol'scurrentamplitude.During our tests,
thecontrol wasthemeanhERGcurrentamplitudecollected15secondsat theendof each
measurement,andthetestcompoundwasthemeanhERGcurrentamplitudecollectedin the
presenceof testcompoundat thegivenconcentration.

S. aureus dermal infection model

Thetestingstrains,S. aureus USA300(MRSA)BAA1556,S. aureus (VRSA)ECL2963646,and
S. aureusMu50(VISA) ATCC700699wereobtainedfrom frozenstocksandthawedat room
temperature.Next,analiquotof 0.2mL from eachstockwastransferredto 20mL BHI broth
andincubatedat37ÊCwith shaking(120rpm) for 8 hours.Cellsin 20mL culturewerepel-
letedbycentrifugation,3,500gfor 15minutes,andthenresuspendedin 10mL coldPBS,then
cellswerediluted in PBSto obtaintheinoculumsizesof 1×105 or 1× 106 CFU/mL,basedon
thetestingstrain'svirulence.In all cases,theactualcolonycountsweredeterminedbyplating
dilutions in at least3 replicatesonto MHBII agarplatesfollowedby24hours'incubationand
colonycounting.

Fordermalinfections,groupsof 5 femaleICRmiceweighing24± 4 g,providedbyBio-
LascoTaiwan(underaCharlesRiverLaboratoriesTechnologyLicensee),wereused.Animals
wereacclimatedfor 3daysprior to useandwereconfirmedto bein goodhealth.Prior to infec-
tion, animalswereanesthetizedwith etomidate-lipuroemulsion(20mg/10mL) at20mg/kg
by IV injection,andthenthefur on thebackwasremovedbyanelectricshaver,andtheepi-
dermallayerwasdisruptedwith anabrasivepaperaccordingto theprotocoldevelopedby
Kugelbergandcolleagues[63]. Micewereinoculatedtopicallyon thewoundareawith testing
strainsuspension,5 μL/mouse.Thetargetinoculationdensitieswere1×105 or 1× 106 CFU/
mL, basedon thecorrespondingstrain'svirulence.Followinginfection,animalswerehoused
separately.Prior to treatment,ULD1 and−2weredissolvedin 100%DMSOandthenfurther
diluted in eithercornoil (90%cornoil + 10%DMSOin thefinal ointment)or 0.5%water-
basedcarboxymethylcellulose(CMC) solution.Testarticleswereadministeredtopically
(20μL/mouse)twicedaily.Oneno-treatmentgroupwaseuthanizedat1 hour afterinfection
for initial bacterialcounts,andtheothertreatmentgroupsweredosedtwicedailywith thetest
compoundsandsacrificedeitherat25hoursor at73hourspostinfection.Animalswere
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euthanizedwith CO2 asphyxiationandtheinfectedskin,a2cm2 area,wasexcised.Theskin
samplesof thewoundinfection(around2 cm2 areas)werethenhomogenizedin 1 mL PBS
(pH 7.4)with apolytron homogenizer.A 0.1mL aliquotof eachhomogenatewasusedfor
serial10-folddilutionsandplatedonto MHBII agarplatesfor bacterialenumeration.Statistical
significance(P<0.05)wasassessedwith 1-wayANOVA followedbyDunnett'smethod.A sig-
nificant (P<0.05)decreasein thebacterialcountsof thetreatedanimalscomparedwith the
vehiclecontrol groupwasconsideredsignificantantimicrobialactivity.

Thigh infection model

Neutropenicmousethigh infectionexperimentswereperformedon femaleCD-1mice
(CharlesRiverLaboratories,USA).To induceneutropenia,micereceived2 dosesof cyclo-
phosphamideon days-4 and-1 with 150mg/kg,and100mg/kgdeliveredintraperitoneally
(IP), respectively.Theinoculumof thetestingstrain,S. aureusMu50(VISA) ATCC700699,
waspreparedfrom overnightagarplatecultures.To preparebacterialinoculums,aportion of
theplatewasresuspendedin sterilesalineandadjustedto anOD of 0.12at625nm. Next,the
resultedbacterialsuspensionwasfurther dilutedto reachaninfectinginoculumof 6.0×105

CFUpereachmouse.Micewereinoculatedwith 100μL of thepreparedbacterialsuspension
viaintramuscularinjection into theright rearthigh.Platecountsof theinoculumwerealso
performedin eachcaseto confirm inoculumconcentrationandtheactualinoculumsizewas
6.9×105 CFU/mouse.Prior to infection,ULD1 wasformulatedbydissolvingthecompoundin
5%DMSO,5%cremophorEL,and50mM potassiumphosphate.Testagentwasthendosed
viaIV administrationat2,8,14,and20hourspostinfection.Beginningat2hours,postinfec-
tion miceweredosedwith eithertestarticleor positivecontrol antibiotic.Micereceivingtest
agentsweredosedintravenouslyat10mL/kg.Linezolidwasdeliveredasasubcutaneousdose.
Fouranimalsweredosedpergroup.Onegroupof 4micewereeuthanizedat initiation of ther-
apy(T = 2 hours)andCFUsdetermined.All remainingmicewereeuthanizedat26hours
postinfection.At termination,thighswereasepticallyexcised,weighed,andhomogenizedto a
uniform consistencyin 2mL of sterilesaline.Thehomogenatewasseriallydilutedandplated
on bacterialgrowthmedia.TheCFUswereenumeratedafterovernightincubation.

Pharmacokinetics measurements

Pharmacokineticsmeasurementof ULD1 andULD2 in skin tissuewasconductedparallelly
with themicedermalinfectionstudy.In all cases,skin tissuesampleswerecollectedat theter-
mination andhomogenizedfollowing thesamemethodashomogenatepreparationfor bacte-
rial enumeration.Beforemeasurement,proteinprecipitationwasperformedby treatingthe
sampleswith acetonitrile.Analyticsweretheperformedby liquid chromatographycoupled
massspectrometry(LC/MS/MS)on anAB SCIEXQTRAPmassspectrometerin electrospray,
positiveionsionizationmode,andwith Multiple ReactionMonitoring scanmode.Samples
wereanalyzedon aPhenomenexLuna5uPhenyl-Hexyl50× 2.0mm HPLCcolumnin a
mobilephaseof A: acetonitrile/formicacid= 100/0.2(v/v), andmobilephaseof B:water/ for-
mic acid= 100/0.2(v/v). Thecolumn'stemperaturewassetto 30ÊC,theinjectionvolumes
were10μL, andmeasurementtime was5 minutesin all cases.Oxybutynin(0.01ng/μL in ace-
tonitrile) wasusedasaninternalstandardfor themeasurement.Finally,theconcentrationof
thedrug in tissuesampleswascalculatedfrom thepeakarearatio.

Ethics statement

Animal experimentsfor thisstudywereperformedbyEurofinsPanlabsTaiwanLtd. TheInsti-
tutional Animal CareandUseCommittee(IACUC) reviewedtheplannedexperiments
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submittedunderProtocolNumberIM003-01132016andprovidedofficialapproval.Thecom-
panyalsoobtainedanAnimal WelfareAssurance(identificationnumberA5890-01)from the
Departmentof Health& HumanServices.

Supporting information

S1 Table. Molecular modeling of drug–target interactions. S. aureusGyrBandParEamino
acidresiduesinteractingwith ULD1 andULD2 asrevealedby InducedFit Dockingandsubse-
quentmoleculardynamicssimulations(SeeMaterialsandmethods).GyrB,subunitBof DNA
gyrase;ParE,subunitEof topoisomeraseIV.
(XLSX)

S2 Table. Interaction pattern of ULD1 with DNA GyrB and ParE, and the position of

ULD1 resistance-conferring mutations. Tableshowsthepositionof first-stepULD1 resis-
tance-conferringmutationswithin thedrug'sbinding pocketin GyrBandParEataminoacid
positionsthatareinteractingwith ULD1 (basedon InducedFit Dockingandsubsequent
moleculardynamicssimulation).Mutationshavenot beendetectedat interactingaminoacids
Asp81,Arg84,andPro87(in bold), in accordancewith aprior studythathasrevealedthat
theseresiduesaredifficult to mutateastheyhaveessentialrole in enzymaticfunction [39].
GyrB,subunitBof DNA gyrase;ParE,subunitEof topoisomeraseIV.
(XLSX)

S3 Table. MICs of ULD1 and ULD2 against ESKAPE pathogens and selected human patho-

genic bacterial isolates. MIC measurementswereperformedin 3 replicatesaccordingto CLSI
guidelines.-R,resistant;-NS,nonsensitive;CLSI,ClinicalandLaboratoryStandardsInstitute;
GISA,glycopeptide-intermediateS. aureus; MIC, minimum inhibitory concentration;MSSA/
VSSA,methicillin-sensitive/vancomycin-sensitiveS. aureus; MRSA/VRSA,methicillin-resis-
tant/vancomycin-resistantS. aureus; MRSE,methicillin-resistantS. epidermidis; VISA,vanco-
mycin-intermediateS. aureus; VRE,vancomycin-resistantEnterococcus.
(XLSX)

S4 Table. pH-dependence of antibiotic bioactivity against S. aureus. MIC measurements
weredeterminedbybroth microdilution in 3 replicatesaccordingto CLSIguidelines.Star(� )
denotesresistanceaccordingto FDA guidelines[89]. 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.

Resultsarefrom 2 independentfrequency-of-resistanceassaysfollowedby thePacificBiosci-
encesSingle-MoleculeReal-Timesequencingof gyrB andparE (seeMaterialsandmethods).
GyrB,subunitBof DNA gyrase;PARE,subunitEof topoisomeraseIV; 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 mediumat37ÊCbybroth
microdilution assayaccordingto CLSIguidelines.CLSI,ClinicalandLaboratoryStandards
Institute;MHBII, MuellerHinton II 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 ULD2 stress. Thetableindicatesmutationsin evolvedlinescom-
paredwith theparentalgenomeof S. aureus ATCC700699(GeneBankID: BA000017.4).
ATCC,AmericanTypeCultureCollection.
(XLSX)

S8 Table. Cytotoxicity profiles of ULD1 and ULD2 in 2 different mammalian cell lines.

Cellviabilitiesweremeasuredafter1-dayincubationof ULD1 andULD2 in eachcellline by
quantifyingLDH levels(seeMaterialsandmethods).Thehighesttestingconcentrationwas
100μM. All testswereperformedbesidesetoposideasacytotoxicpositivecontrol.Etoposide
IC50= 20.1± 1.60μM (HepG2cells);IC50= 34.9± 12.5μM (MCF-7cells).± indicatesSD
basedon 3 independentreplicates.LDH, lactatedehydrogenase.
(XLSX)

S9 Table. Genetic toxicity of pyrrolamidobenzothiazol compounds based on micronucleus

test. Compoundswereassayedafter4hours'treatmentwith ULD1 or ULD2 on CHO-K1
cells,usingastandardprotocol[59]. A negativetest(-) resultindicatesP> 0.05by t-testand
percentageof micronucleatedcellslessthan2-foldhigherthanthebackgroundlevel.
(XLSX)

S10 Table. Electrophysiological assays on human hERG potassium ion-channels. SDrepre-
sentsstandarddeviationbasedon n = 8.A referencehERG-inhibitor,E-4031(Sigma-Aldrich)
wasincludedasapositivecontrol andhadameasuredIC50of 0.033μM. Only resultsshowing
aninhibition higherthan50%areconsideredto representsignificanteffectsof thetestedcom-
pounds.hERG,humanether-a-go-go-relatedgenepotassiumion channel.
(XLSX)

S11 Table. Biocompatibility of ULD1 and ULD2, based on their hemolytic activity on

human red blood cells. Fordetails,seeMaterialsandmethods.
(XLSX)

S12 Table. Concentrations of ULD1 and ULD2 in mouse skin tissue after the topical treat-

ment of S. aureus ATCC 700699 infections. Theconcentrationsof ULD1 andULD2 were
determinedafter3 daysof twice-a-daytopicaladministrationin mice(n = 3,20μL ointment/
mouse,containing2%ULD1 or ULD2,respectively).
(XLSX)

S13 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 theATP-binding
siteof S.aureusGyrBandParE.Hydrogenbondsarepresentedasblackdashedlines,cation-π
interactionsasgreendashedlinesandacircle,andhydrophobicinteractionsbyagreencurve.
MoleculardynamicssimulationsrevealedthatULD1 andULD2 form ahydrogenbondwith
Asp81/Asp74(GyrB/ParE),cation-π interactionwith Arg84/Arg77(GyrB/ParE),andweak
hydrophobicinteractionwith Pro87/Pro80(GyrB/ParE),respectively.For thedetailedinterac-
tion mapof ULD1 andULD2 with S. aureusGyrBandParE,seeS1TableandS1Fig.
FigurewasgeneratedbyPoseViewWeb.B. Co-crystalstructureof S. aureus DNA gyrasesub-
unit B (in graycartoon,depositedto PDBasentry6TCK) in complexwith ULD2 (in cyan
sticks).Forclarity,only aminoacidsthatareinteractingwith ULD2 arenumberedand
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presentedassticks.Watermoleculeispresentedasaredsphere,andhydrogenbondsare
shownasdashedblacklines.Pyrrolamidemoietyof ULD2 formsahydrogenbondbetween
thepyrroleNH groupandAsp81sidechainandahydrogenbondbetweentheamidecarbonyl
oxygenandawatermoleculethat iscoordinatedbyAsp81andThr173.Thepyrrolechlorine
atomsandamethylgroupareengagedin severalhydrophobicinteractionswith Ile51,Val79,
Ile102,Ile103,Thr173andIle175.Two additionalhydrogenbondsareformedbetweenthe
carboxylateof ULD2 andArg144sidechain.Thebenzothiazolescaffold's4-benzyloxygroup
pointsto thelipophilic floor of theGyrBATP-bindingsite,whereit formshydrophobiccon-
tactswith Pro87andAla98.GyrB,subunitBof DNA gyrase;ParE,subunitEof topoisomerase
IV.
(TIF)

S2 Fig. Time-dependent killing of S. aureus ATCC 700699 (VISA) by ULD1, ULD2, novo-

biocin, vancomycin, and fusidic acid. Bacterialculturesweregrownto anearlyexponential
phaseandweresubsequentlydilutedto 5×105 cells/mLandchallengedwith antibioticsat10×
thewild-typeMIC. Thenumberof survivingcellswereplottedasthefunction of time.Thefig-
ureshowstheaverageof 3 independentexperiments.Error barsrepresentstandarddeviation.
Theunderlyingdatafor this figurecanbefound in S2Data.MIC, minimum inhibitory con-
centration;VISA,vancomycin-intermediateS. 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
37ÊCbybroth microdilution assayaccordingto CLSIguidelines.Theunderlyingdatafor this
figurecanbefound in S2Data.CLSI,ClinicalandLaboratoryStandardsInstitute;MHBII,
MuellerHinton II Broth;MIC, minimum inhibitory concentration;VISA,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

I175T. Dataarebasedon 3 independentbiologicalreplicates.Error barsindicatestandard
error.Doubleasterisks(� � ) marksampleswith afrequency-of-resistanceof>1×10−6. The
underlyingdatafor thesefigurescanbefound in S2Data.VISA,vancomycin-intermediateS.
aureus.
(TIF)

S5 Fig. Fitness (A) and growth phenotype (B) of ULD2-evolved and wild-type S. aureus
VISA ATCC 700699. Fitnesswasapproximatedfrom thegrowthcurvesof isogenicmicrobial
populations(seeMaterialsandmethods).Measurementswereperformedin 6 replicates.The
underlyingdatafor this figurecanbefound in S2Data.Growthphenotypeswereobservedin
BHI agarplatesanddocumentedafter24hoursof incubationat37ÊC.BHI, Brain-Heart-Infu-
sionBroth;VISA,vancomycin-intermediateS. aureus.
(TIF)

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

S2 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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