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metabolicpathwayghat mayaffectthe performanceof the drug [3]. Therangeand complexity
of cellularchemicakeactiongthe metabolicnetwork) increasehe challengeof understanding
themodeof actionof antibioticsasmultiple changesn the metabolicnetwork occurduring
antibiotic-inducedabioticperturbation[3]. It is believedhat metabolomicgs a powerful
approachthat canbeusedto measurghenotypicresponsdollowing antibiotic challengd4].
Analysisof metabolomes$asincreasediramaticallyin recentyearsdueto theintroduction of
ultra-highresolutionmassspectrometerfs] which allowaccuratadentification of smallmol-
eculesn complexextractg6,7]. Indeed this approachhasalreadybeenusedfor analyzingvar-
iouspathogerphenotype$4].

Thebiosynthesi®f essentiainetabolitessuchaspurines, thymine,glycineandmethionine,
generallyusedolatesascofactorghateitheraddor subtractone-carborunits. Severathera-
peuticsincluding anticancemmgentslike pemetrexedandantibiotics,suchastrimethoprim,
targetfolatemetabolism8,9]. Folateanbefound in threedifferentoxidation/reduction
stateqviz., dihydrofolate(DHF), folateor pteroylglutamatendtetrahydrofolatg THF)) and
aresynthesizedrom guanosiné'-triphosphatg GTP),p-aminobenzoiacid (pABA) andglu-
tamatesThedihydrofolatereductas€ DHFR) enzymereducedDHF to THF usingNADPH as
the electrondonor. Downstreamnto this variousfolatessuchas5-methyl-THF,5-formyl-THF,
5-formimino-THF, 10-formyl-THF,5,10-methenyl-THRANd5,10-methylene-THIEanbe
formedby substitutingtetrahydrofolatespeciesvith one-carborunits to produceactive
donorsinvolvedin varioushiosyntheticreactiong3].

Urinary tractinfections(UTIs) areverycommon;it is estimatedhatduring thefemale
lifespan50%earelikely to acquireaUTI [10,11].A studyof midstreamurine samplespan-
ning 252centresn 17 countriesrevealedhat Escherichia coli accountedor 77%of all iso-
lates 80%of generainfectionsand40%of nosocomiainfections[12,13].Theweakbase
antifolatedrug trimethoprim resultedfrom thework of Hitchingsandhisgroupacross
the 1940-60sat BurroughsWellcome USA.Hitchingsandcolleaguestudiedthe cellular
actionsof biologicallyimportant heterocycligourinesand pyrimidineson the basishat
interferencan associategrocessemight leadto the discoveryof therapeuticeffectd14].
TheHitchingsgroupsuccessfullgevelopedeveratherapeuticactiveagentsandHitch-
ingsandElion werepart awardedhe NobelPrizefor PhysiologyandMedicinein 1988
for thediscoveryof important principlesin drugtreatment[15]. Trimethoprim is still
usedtherapeuticallyodayandis particularlyeffectivein treatingboth communityand
nosocomialJTIs [16]. Trimethoprim is mainly usedto treatuncomplicatedJTIs and
actsby inhibiting bacteriaDHFR,reducingactivetetrahydrofolatesvhich areneededor
synthesiof variousessentiametabolitesandtheseareimportant precursorgor nucleic
acidbiosynthesi$17].

In this study,E. coli K-12waschallengedvith differentconcentrationof trimethoprim at
differentpH levelgpH 5 and7) andanalyzedy Fouriertransforminfrared (FT-IR) spectros-
copyandgaschromatography-masspectrometryGC-MS)to produceglobalsnapshotsf the
bacterialphenotypicanduntargetednetabolicprofiles,respectivelyWe believethis metabolo-
mics-base@pproaclprovidesagreatetdevelof insightand understandingof trimethoprim's
mode(s)of action.Thereasorfor including varyingpH in thisinvestigations becauseri-
methoprimis largelyexcretedinchangedn humanurine andin ahealthypersonthe normal
pH rangeof urine is betweernt.6and7.5[14,18].The bacteriaintracellulartrimethoprim lev-
elswereestimatedisingliquid chromatography-masspectrometryLC-MS)asthis antibiotic
isionizedwithin this pH rangeandthis mayaffectits ability to betransportedacrosshe cell
membrang19].
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Results

Forthe experimentconductedn this studywechoseo useE. coli K-12 strainMG1655asthe
full genomesequencef this microorganismis availablevhich hasallowedconstructionof the
metabolicpathwaysn this bacterium.Thelatteris usefulasthis allowsoneto useKEGGfor
metabolitepathwayanalysigvide infra). A potentiallimitation of our studyis thatwehavenot
usedwild-type pathogenicE. coli strains. Asreportedin [20] E. coli K-12is alaboratorystrain
thathasbecomeadaptedo life outsideof the hostand suchadaptatiormaymeanthat this
strainhaslostits ability to survivein ahumanenvironment.

Determination of optimum growth conditions

E. coli K-12 wasexposedo differentconcentrationof trimethoprim at differentpH levels,
andpreliminary experimentsstablishedhat the optimum mediumto usewasLB (Fig 1A),
whichwasthereforeusedthroughoutthis work. E. coli wasculturedin differentpH environ-
ments:3,5, 7 or 9.No growthoccurredin extremeacidicconditions(Fig 1B),perhapsecause
whenpH <4, this environmenttypicallyhasabactericidakffecton E. coli [21£23].Thereason
weconsiderthe effectof pH on bacterialgrowth,and subsequentlinvestigatehe effectof tri-
methoprimchallengen E. coli atcarryingpH, wasto havethe bacteriaand antibioticin an
environmentthat mimicsthe pH of naturalurine environmentwhich affectsdrugionization;
pKaof trimethoprim 7.4 [24] andtheionizationof the NH, groupsis discussedater.

ThepH of the cytoplasm(pH;) of E. coli isregulatecbetweerv.2and7.8[25]. If changes
occurin theenvironmentalpH (pH,), the bacteriumtriesto preservenucleicacidand protein
stability,aswellasenzymaticactivity, by maintainingthis range[25]. E. coli usesseveramech-
anismsto maintain pH homeostasiand oneof the mostcommonappearso becation-depen-
dantproton flux [26]. From Fig 1B,whenpH = 7,whichresultsin ApH (pH; FpH,) of
approximatelyzero,the highestgrowth occurs.Therefore pH 7 isthe optimum of thethree
pH levels.

AlthoughE. coli canpreservehe activity of its nucleicacids proteinsandenzymesn apH
rangefrom 4.5to 9[25], acomparisorbetweerpH 5 andpH 9 showedhatatpH 5 the growth
curvewashigher(Fig 1B)indicatingthat E. coli K-12 canadaptto mildly acidicconditionsbet-
terthanbasicconditionsmaybebecausenderalkalineconditionsof pH 9, homeostasis
makeshigh energydemandon the cellandprotonsarelost[27]. In addition,whenE. coli is
culturedin amediumthat containsaminoacids.e.g.LB, it hasagreatempossibilityof surviving
in acidicconditions[28].

A microscopicviewof E. coli atdifferentpH (S1Fig) revealsubtlevariationsin cellsize At
pH 5and7,thecellsaretypicalof E. coli, whilstat pH 9, cellsareslightlyshorterandare
affectedby this mildly alkalineenvironment;theseareestimatedoy EM (S1Fig)to beca.
2.0um in lengthcomparedo ca. 2.5um.

The MIC of trimethoprim in E. coli K-12

In orderto measuresubtleantibiotic effectson E. coli, it isimportantto uselevelshatare
belowthe MIC of trimethoprim, elseall thatwill bemeasureds celldeathandhencebiomass
leveldifferencesatherthan metabolicshifts. Therefore E. coli waschallengedvith different
concentrationf trimethoprim. From S2Fig,it canbeseerthatthe MIC of trimethoprim in
E. coli K-12 underoptimum conditions(LB mediumatpH 7) is approximately0.2mg L™,
thereforethis andlowerconcentrationg0.03and 0.003mg L) werechoserto challengeE.
coli K-12in orderto determinethe effectof the antibiotic at arangeof concentrationsrom
the MIC to levelghat havelittle or no effecton growth.
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Fig 1. Growth curves of E. coli K-12. (a) Growth curvesof E. coli K-12in threedifferentmedia.Media:the blueplot
indicated.B;red,NB andgreen,¥. (b) Growth curvesof E. coli K-12 at four differentpH valuesn the sameLB
medium.TheblueplotindicatespH 3;red pH5; greenpH 7 andpurplepH 9. Sixreplicae growth curveswere
conducedandatypicalgrowth curvefor eachcondition is shownithe otherfive growth curvesshowedsimilar
dynamics.

https://abi.org/10.1371durnal.por.0200272.¢0L

Challenge of E. coli K-12 under different pH and antibiotic conditions

Trimethoprimis aheterocycliaveakbasewith pKa7.4[24] (S3AFig).It actson dihydrofolate
reductasehusinhibiting nucleicacidsynthesisTheeffectof differentpH levelson thedrug
moleculesanbecharacterize@dccordingto the Henderson-Hasselbdlequationfor weak
basesvhich canberewrittenin asimpleway(Eq 1) to calculatehe percentagef ionization
[29]:

10p<@ oH

% ionization - W 100 . 1T
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S3FigashowsthatatpH 9 therewasno growthwhenbacteriavereexposedo 0.2mg L™
of theantibiotic. lonization calculationsndicatethat at this pH, trimethoprim remained
largelynon-ionized(only 2.5%ionized),which facilitatedits penetrationthroughthe cell
membraneof the microbial cell[30], thusinhibiting growth. At pH 7, whichis the optimum
pH for growth of the bacterium it wasfound that 71.5%of the drug wasionized;the non-ion-
izedremainderwasableto penetrateand hadameasurableffect(S3CFig).

By contrastatpH 5, 99.6%of trimethoprim wasionized,which reducedits ability to pene-
tratethe cellmembraneAlthoughat0.2mg L™ therewasa slighteffecton bacterialgrowth
(S3DFig),indicatingthattrimethoprim passednto the cell,atlowerdoselevelsgherewasno
cleareffecton growth. This maybedueto the ability of trimethoprim (molecularweight
290.3)o pasghroughporins,whicharetransmembrangroteinsin the outermembranethat
hydrophilic moleculegmolecularweightup to 600in the caseof E. coli) canpenetrateby pas-
sivediffusion[31].

In orderto establistwhetherntrimethoprim penetrateshe bacterialcellwall, targeted
LC-MSwasconductedo quantifythe drug within E. coli. Thiswork focusedon pH 5 for the
argumentanadeaboveandthis wascomparedwith pH 7 asa control,and of courseboth of
thesepH levelsarerelevantastheyarewithin the normal pH rangeof humanurine.

Generationof astandardcurvefor trimethoprim (Fig 2) establishedhatatalevelof 0.2mg
L the detectablsignalwith LC-MSwaspoor. Therefore0.8mg L™ of trimethoprim was
usedto ensurethatthe drug couldbedetectedy LC-MS.Theeffecton growth of E. coli is
shownin Fig 3A andthis showshatthe drug hadthe strongeseffectwhenaddedat the begin-
ning of the culture (lagphaseptpH 7 (light bluecurve)thanatpH 5 (red curve).Thesecurves
agreewith the datapresentedn S3Cand S3DFig (i.e.in termsof thedrug effectat 0.2mg L™)
andtheliteraturewhich showshattrimethoprim hasa profound effectduring bacterialag
phasg32]. By contrastwhenthe drug wasaddedafter5 h (during the exponentiaphase)
therewasno effectat pH 7 (orangecurve)andonly aslighteffecton the growth curveat pH 5
(greencurve)comparedwith control. This meanghat theintegrity of bacteriais not compro-
misedandbiomasgieldis high enoughto allowaccurateestimationsof drug uptake or other-
wise from thesebacteria.

Asdetailedin Supportinginformation (S1Text),LC-MSwasusedto estimatetherelative
guantificationof trimethoprim insidethe cell (Fig 3B).As expectedthe highestevelof the
drugwasrecoveredrom cellsatpH 7 whentrimethoprim wasaddedat the beginningof the
lagphasdt = 0 h), while the seconchighestwaswhenthe bacteriumwaschallengedtt =0h
with thedrug at pH 5. Thisrelativedifferenceis dueto theionization of trimethoprim where
the NH,, groupsareionizedto NH3" andthusthe nearlyfully ionizeddrugis presumedo not
beableto enterthe cellviaporins.

It wasinterestingto observehat whenthe bacteriumwaschallengedit mid-exponential
phasgt =5h) atbothpH 5and 7, regardlessf theionizedstateof the drug, theintracellular
levelsof the antibiotic (Fig 3B)wereattheir lowestandthis is presumablyvhy thesecultures
exhibitedlittle reductionin growthrate(Fig 3A).

Metabolic fingerprinting of E. coli K-12 with FT-IR

E. coli K-12 cellswereculturedin LB mediumatpH 5,7 and9, andthreeconcentrationof tri-
methoprim (0.0030.03and0.2mg L), giving 12 differentconditionsincluding threecon-
trols. All cultureswererepeatedix times(six biologicalreplicate)and eachof thesewere
analysen triplicate (technicalreplicates)FT-IR spectravererecordedfrom thedried cellbio-
massgn transmissiormodeatall threepH levelsFrom S4Figat pH 9 somespectregavethe
responsef emptywells(flat baselinesyesultingfrom the completenhibition of E. coli
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Fig 2. Calibration curve for LC-MS. The curvewasbuilt from 20differentgradientconcentratims of trimethoprim;
seeSupportingS1Textfor information on the concentraibns of trimethoprim usedto constrict the standardcurve.

https://dbi.org/10.1371durnal.por.0200272.902

growthat this pH; thesecorrespondedo exposurdo MIC levels(0.2mgL™) of trimethoprim.
Dueto theverylow (or in somecaseno) signalall FT-IR datafrom culturesatpH 9were
excludedrom theremainingexperimentsPrior to multivariateanalysisappropriatescaling
andnormalizationwasconductedfor all 8 conditionsat pH 5 and 7; the effectsof thesemathe-
maticaloperationsareshownin S5Fig. Subsequentlyrincipal componentsanalysigPCA)
andsupervisegrincipal componentsanalysis-discriminantunction analysigPC-DFA)were
appliedto thesespectra.

Fig 4A showshe PCAscoresplot of PClversus PC2;thevarianceexplainecby PClis
78.9%mndby PC212.8%Ilt canbeseerthatthe largestdifferencen thesesampless the domi-
nantphenotypicshiftin E. coli dueto exposureo 0.2mg L™ of trimethoprim atpH 7 which
areclearlyseparatedrom all othersamplesn PC1.Next, PC-DFAwasappliedandthiswas
baseduponthefirst 20PCs(accountingfor atotal explainedvariancgTEV) of 99.99%pand
thea priori knowledgeof the differentconditions(8 classe# total), andwasvalidatedas
detailedabove(the 95%confidencerangesareprovidedin parenthesefor the 8 groupsin Fig
4B).1t is clearfrom this PC-DFAscoreplot that cellsexposedo 0.2mg L™ atpH 5 couldnow
alsobeclearlydifferentiated Moreover,PC-DF1which accountdor the mostgroupvariance
allowsseparatiorfrom all the cellsexposedo pH 7,whicharelocatedon theright handside
for this plot, while pH 5 arefound on the left handside.In addition, PC-DF2generally
explainghe exposureof cellsin both pH environmentgo increasingevelsof trimethoprim.

Asthereweremultiple interactions pH versus antibiotic level MB-PCAwasusedto remove
thesepotentiallyinteractingfactors Fig 5 showsthe resultsof MB-PCA andtwo blockscores
werederivedfor the two pH sub-groupsThedistribution of samplegxposedo differentcon-
centrationsof trimethoprim at eachpH arenow clearlyrevealedn the 15 PCandboth pH 7
and5 plotsarecongruent.The sameprocessvasrepeatedor the antibiotic doseeffect(S6
Fig);thefour block-scoresverederivedfor drug dosebasedsub-groupsfocusinguponthis
effectattwo pH levelsThedistribution of samplest pH 5 and7 revealedclearseparatiorat
0.2mgL™, andpartial separatiorat 0.03and0.003mg L ™. Additionally, someseparatiorcan
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Fig 3. Growth characteristics of E. coli. (a) Growth curvesof E. coli K-12atpH 5 (dashedine) andpH 7 (solidline). For
pH 5, thedashedlueline representsontrol samplesgashededindicatessampleshallengdwith 0.8mg L™ of
trimethoprim addedat the beginningof thelagphasgt = 0 h) anddashedyreendenotessampleshallengdwith 0.8mg
L of trimethoprim andaddedat mid-exponatial phase(t = 5 h). For pH 7, the solid purpleline representsontrol
samplessolid light blueindicatessampleshallengedvith 0.8mg L™ of trimethoprim addedatthe beginningof thelag
phasgt = 0 h) andsolid orangedenotessample challengedvith 0.8mg L™ of trimethoprim andaddedat the
exponetial phasgt =5 h). (b) ColumnchartrepresentingelativeE. coli intracellula levelsof trimethoprim after
challengng with 0.8mg L* of thedrugatpH 5 (red columng andpH 7 (bluecolumns)atdifferentgrowthstages

(time = 0and5 h) asdetectedy LC-MSanalyss aftercellsweregrownfor atotal of 18h. Sixreplicategrowth curves
wereconductedandatypicalgrowth curvefor eachcondition is shown;ithe otherfive growth curvesshowedsimilar
dynamics.

https://dbi.org/10.137/journal.pon®200272.g003

beseenn control sampleswhichis consistentwith growth curves(S3Fig), highlightingthe
varyingphenotypicresponséo the differentpH environments.
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Fig 4. PCA and DFA on FT-IR spectra reveal pH and trimethoprim effects. (a) PCAscoreglot of PClys. PC2after
CO, removalaround2350cm™* and EMSCscaling Thetotal explainedvariance TEV) of PC1lis 78.9%andfor PC2is
12.8%(b) PC-DFAscoreplotsof pH 5 and 7 samples20PCswereextractedrom PCAandusedasinputsto DFA.
These20PCsexplain99%of TEV;thelegendn the plot showsthe 95%confiderceinterval (Cl) for the correct
classificatin of the eightconditions C, control.

https://bi.org/10.1371durnal.por.0200272.g4

Theloadingsplotsfrom all threechemometricanalysesverecomplex(datanot shown)
anddid not clearlyrevealanyobviousfeaturesindeed the chemicakesolutionof IR spectros-
copyis atthefunctionalgrouplevelratherthan atthelevelof specificmetabolitesandthusin
orderto studythe subtleeffectf trimethoprim on theintracellularmetabolomeof E. coli at
pH 5,aswellasmore extremeeffectsat pH 7,amore sensitiveandadvancednalyticatech-
nigue suchaschromatographyinked to massspectrometrys required.lt wasexpectedhat
byincluding pH aswellassub-MIC antibiotic levelsywemight beableto observeawider
responsef E. coli to thedrugin conditionssimilarto the pH rangeof urine, thushelpingto
elucidatehe mechanisnof actionof thedrug in vivo.

Metabolic profiling of E. coli K-12 using GC-MS

The samebacterialsamplesnalyzedy FT-IR spectroscopwereprocessefor GC-MS.For
GC-MSall sixbiologicalreplicatesvereanalysedvith asingletechnicalreplicate Following
MSiI reporting standardgor metaboliteidentification[33], 43metabolitesvereidentified at
Levell (RI (+/ F20RI units) andMS matchedto our in-housereferencestandard(80%simi-
larity)), 20wereidentified at Level2 (putativeMS matchto externalibrary (80%similarity))
and4 at Level3 (metaboliteclassndicated),while 92wereunknown (leveld) (seeS1Tablefor
detailsof thesemetabolitesandtheir relativeabundance)GC-MSdataweresubjectedo a
multivariateanalysisafterdatapre-processingnitially, PCAwasapplied(datanot shown)but
unlike FT-IR spectroscopyjo separationwasobservedn the PCAscoreglot andtherefore
PC-DFAwasemployedFig 6).

In this plot, clusteringwasapparentwhich wasrelatedto both pH effectandantibiotic dose
effectyverysimilarto the classseparatiorobservedn the PC-DFAfrom the FT-IR data.Expo-
sureto trimethoprim atpH 7 hadmore markedeffecton intracellularmetabolomecompared
to equivalentellsat pH 5 andantibiotic-relatedrajectoriescanbeseerfor both pH environ-
mentsmovingfrom 0 (control) through0.003and0.03to MIC levelsat0.2mgL™. Thenext
stagawasto relatethe change®@bservedrom GC-MSto the mechanism®f microbial
responséo pH andtrimethoprim.

Discussion

Differentphenotypicresponseto pH andtrimethoprim exposureareexpectedo beobserved.
A summaryof overalleffectsatboth pH levelsandchangedn intracellularmetaboliteswith
respecto trimethoprim doseis shownin Fig 7. For full detailsof therelativemetabolitdevels,
thereaderisreferredto S1Table.S7Fig providesan overlayof metabolitechangegor all 8
conditionson the Kyoto Encyclopediaf Genesand GenomegKEGG) pathway(Metabolic
pathwaysEscherichia coli K-12 MG1655)for the centralmetabolismof E. coli K-12MG1655.

At pH 7,the permeabilityof the drug moleculess higher;metabolitedinked with dihydro-
folatereductase@enerallyshowa strongerespons¢han metaboliteextractedrom samples
incubatedatpH 5 (seefig 7). DHFR playsakeyrole in folatebiosynthesipathway.Therefore,
adirectoutcomeof blockingDHFR is to deprivethe cell of tetrahydrofolat THF) andthus
dihydrofolateaccumulatesThisin turn inhibits folylpoly-y-glutamatesynthetas¢FP-y-GS)
[3]. Thismayindirectly resultin the accumulatiorof glutamatewhich would explainthe
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https://abi.org/10.1371durnal.por.0200272.906
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rapidrisein thelevelof glutamateobservedvhenthe drug hasits strongestctivity (pH 7,0.2
mgL™) (S7Fig).Asdetailedin EcoCycthis non-essentiahminoacidis involvedin numerous
reactiongncluding the biosynthesi®f ornithine and proline. This explainghe similarity in
thelevelsof glutamateprnithine and proline underall conditionswhich areat their highest
levelsunderthe sameconditions;i.e.whenthedrugis veryactive(Fig 7). In ornithine biosyn-
thesisglutamatecondensesvith acetylCoA to produceN-acetyl-glutamateg precursorin
ornithine synthesi¢34]. Glutamates involvedin the biosynthesi®f proline by beingfirst
phosphorylatedo L-glutamate-5-phosphatend subsequenteductionto glutamate-5-semial-
dehydewhichis convertedo pyrroline-5-carboxylateyhichis thenreducedo proline [35].
Prolineactsasan osmoprotectanin bacterig36], andit hasbeenreportedthat glutamatealso
actsasan osmolytein E.coli underspecificgrowth conditions[37].
Trehaloseadisaccharideompoundthat consistof two glucosenoieties wasfirst known
asenergy storageinetabolite andlaterit wasreportedthat trehalosealsoactsasprotectant
during adverseyrowth conditionsin prokaryoticand eukaryoticcells[37]. Here,wefind that
underpH 7 and0.2mg L™ trimethoprim conditions,the drug hasits strongeseffecton the
cellularphenotypgS3Fig) andthis streseffectis reflectedn the elevatedrehalosdevels
observedFig 7 and S7Fig). Under osmoticstressit wasreportedthatanosmoticallyregulated
enzymetrehalosephosphatesynthaseis stimulatedmainly by K* andconsumesglucose
6-phosphateand UDP-glucosdo producetrehalosd38]. This could explainthe concomitant
reductionin thelevelof glucoseandothersugarsn generalFig 7) whentrehalosas elevated
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Fig 7. Metabolic effects of trimethoprim challenge on E. coli K-12 at pH 5 and pH 7. Whenpatrtiallyionizedat pH 7, trimethoprim is seen
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(S7Fig).Alternatively,oneor both of the trehalasenabolicenzymegwhich areperiplasmi-
callyandcytoplasmicallyocated)that split trehalosénto two glucosenoleculesareblocked
or inhibited, andthis would leadto anincreasen thelevelof trehaloseandreducethe pool of
glucoseavailablén the cell,thusobstructingglycolysig39]. For sugarsn generalthe deple-
tion of their levelsafterdrug challengeanaythereforebedueto the stresof the drug, which
increasesatabolismandthe consumptionof sugardo generatearangeof compatiblesolutes
which actasosmoprotectantsA consequencef this reductionin sugarsnayin turn leadto
anincreasen thelevelof alanineanaminoacidthatin higherorganismsactsasaregulatorin
sugametabolismandglycolysig40] (Fig 7 and S7Fig).In addition, this maysimply bethat
carbonhasbeenmobilizedfor (osmo)protectiorratherthanbeingchannelleddirectlyinto
protein synthesigper se.

Thedirecteffectof blockingdihydrofolatereductaseywhichis expectedvhenthedrugis
nearits MIC, isareductionin THF. Consequentlytherewill beadepletionof THF-polygluta-
mate(THF (glu),), akeymetabolitein the biosynthesi®f 10-formyl THF and5,10-methylene
THF, resultingin areductionin thesecompoundgFig 7); unfortunately honeof thesemetab-
olitesweredirectly observedn our experimentaswe conducteduntargetedcC-MSrather
thantargeted_C-MS.Thefirst of thesecompounds 10-formyl THF, is asubstrateof an
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enzymecalledphosphoribosylglycinandie formyltransferaseyhich takespartin inosine
monophosphatdiosynthesi$41]. Reductionin this substrateesultsin areductionin inosine
monophosphateyhich actsasa precursorof purine nucleotidesandthusresultsin adeple-
tion of adenineandguanine[42] whichweobservewith untargetedsC-MS(Fig 7 and S7
Fig).Similarly,5,10-methylene-THks reducedo 5-methyl-THFwhich thenmethylates
homocysteingo producelow levelsof methionine,anessentiahminoacidthatis convertedo
N-formyl-L-methionine,astartingaminoacidin protein biosynthesi$42,43].Methioninelev-
elsarealsoseerto decreas@ our experiment(Fig 7). Methionine actsasaregulatorof the
first enzymaein its de novo biosynthesighomoserineO-succinyltransferasehich produces
O-succinyl-homoserindy transferringthe succinylgroupto homoseringrom succinyl-CoA
[43]. Whenmethionineis atalow level(asfound at high drug concentrationsat pH 7), this
mayadditionallyresultfrom extensiveeonsumptionin the feedbacknhibition, possibly
resultingin anaccumulationof homoserinewhich actsasacompetitiveinhibitor of glutamate
dehydrogenas@nenzymehathasarolein areversiblaeactionto produceand consumeglu-
tamate[44]. In addition, thereis alsoareductionof 5,10-methylen&@HF, whichis catalyzed
by thymidylatesynthaseo methylatedeoxyuridine5'-monophosphatédUMP) and produces
deoxythymidines'-monophosphatéd TMP). It hasbeenreportedthatareductionin dTMP
resultsin areductionof thymine[42,45] the latteris seenin our metabolicprofiles(Fig 7 and
S7Fig).Unlike in higherorganismssuchasCandidatus Phytoplasma mali, the reactionmedi-
atedhereby thymidylatesynthasés currentlythoughtto beirreversibleand cannottherefore
directly explainthereductionof dUMP [46]. Ratherapossibleexplanationis thatin E. coli the
deaminationof deoxycytidines'-triphosphatgdCTP) to deoxyuridine5'-triphosphate
(dUTP) usingdeoxythymidines'-triphosphatgdTTP), whichis reducedby the reductionin
dTMP. Thisreductionresultsin the depletionof dUTP,which causeslepletionin dUMP and
thusin uracil[42] whichweobservgFig 7).

In generalall nucleotidesveredown-regulatedvith increasingantibiotic concentration,
andthis responsevasgreaterat pH 7 thanatpH 5, andthisis likely dueto the high levelof tri-
methoprimenteringcells(Fig 3). Althoughguanineshowshe sameresponseit hasaunique
responseatpH 5 underhigh antibiotic dosewhereits levelincreasedonsiderablyFig 7 and
S7Fig).We canfind no explanatiorfor thisincreasen guaninelevelunderthis condition. We
alsoobservehat manyaminoacids,ncluding histidine,tyrosine leucine valineand phenylal-
anine(Fig 7,surroundedby adottedrectangle)havethe sameresponse@sguanineunderthis
condition, including differentlevelsandratioscomparedwith otherconditions(S7Fig). This
mayreflectacommonfeatureamongthesemetabolitesvhichresultsin havingalmostthe
sameresponsek-or exampleijt wasfound that guanosiné'-diphosphate8'-diphosphate
(ppGpp)is ahistidineregulatorin Salmonella typhimurium. This mayexplainwhy histidine
andguaninegavesimilarresponsesnderthe eightconditions[47]. Asfor tyrosine,phenylala-
nine andtryptophan,it wasfound thatthesearomaticamino acidswhich arethe downstream
productsof afolateprecursorcalledchorismategavethe sameresponseafter2 h of treatment
[48]. However in this experimentwhensamplesverecollectedafter 18 h of drug exposure,
only phenylalaninendtyrosinehadthe sameresponseén that both accumulatednostatthe
highestdoseof thedrug atpH 5, similarto histidineandguanine By contrast tryptophan
accumulatectthe samehigh doseat pH 7, wherethedrugis highly activeand affectghe
growth of thesebacteriaThis showshattyrosineand phenylalaninethe downstreanprod-
uctsof prephenategavesimilar responses guanine unlike tryptophan(Fig 7), which had
similarlevelgo alanineunderall conditions(S7Fig); this maybedueto acommonfunction
or pathwaybetweerthem[49]. Fig 7 (and S7Fig) alsoshowghat thereis acorrelationbetween
tryptophanandglutamatewhichis oneof the productsof tryptophanbiosynthesi$s0].
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Thebranchedchainaminoacidsvaline,leucineandisoleucineéhavestronglyinterrelated
biosynthetigpathwaysLeucineandvalineoriginatefrom 2-oxoisovaleratayhile isoleucine
originatesfrom threonine(Fig 7) [42,51].This explaingheir similar responseshenchal-
lengedwith trimethoprim atboth pH level§S7Fig).

Turning to the detectionof asparticacid,its leveldecreasewith increasingdrug dose,
regardlessf pH. Phosphorylatiorof this aminoacidis the startingpoint of synthesi®f many
aminoacidsincluding lysine,abasicaminoacidthat showedcontrastinglevelso thoseof its
precursoraspartatet pH 7 [42]. Aspartatealsoactsasa precursorof nicotinamide,which
showedstrongdepletionwhenthe drug washighly active perhapsecausef anextensiveise
of its products,nicotinamideadeninedinucleotide(NAD) andnicotinamideadeninedinucle-
otide phosphatédNADP) which actascoenzyme$42]. Tryptophanwasat high levelsunder
the mostextremecondition (0.2mg L™ trimethoprim, pH 7). Althoughthereis evidencehat
tryptophanactsasaprecursotin nicotinamidesynthesisthe directrelationshipbetweerthese
two metabolitesn E. coli is yetto bereported[42]. Neverthelessjuinolinateis oneof theend
productsof tryptophanmetabolismandis involvedin nicotinamidemetabolismwhich may
betakenasevidenceof acorrelationbetweerthesewo metabolitesn E. coli [52,53].

Alaninelevelswvereobservedo behighwhenthedrugis highly activeandthe bacteriumis
understresfrom exposureo trimethoprim. This maybecorrelatedo extensiveeonsumption
of sugarsresultingin anincreasen the levelof pyruvate an end-productof glycolysisPyru-
vateactsasa substrateof valine-pyruvateaminotransferasgo4] and high levelsof pyruvate
resultin anincreasen alanine,anaminoacidthatactsasaregulatorof sugametabolismn
higherorganismg40]. A potentialconsequencef the overflowof metabolisimfrom the con-
sumptionof monosaccharide§-ig 7) is the excessivproduction of pyruvategeneratediagly-
colysisThecellwould needto dealwith this overproductionof pyruvateandthis wouldin
turn resultin anincreasan thelevelof lacticacidandtricarboxylicacid (TCA) cycleinterme-
diatesWe certainlyobserveadirect correlationof lactateto pyruvate(Fig 7 and S7Fig) and
theonly two metaboliteghat we detectedby GC-MSfrom the TCA cyclewerecitrateand
malate andboth hadtheir highestievelsatpH 7 and0.2mg L™ trimethoprim.

In conclusionaswellasmeasuringhe direct effectson nucleotidemetabolisnthat tri-
methoprimis known to causevealsoobservepH dependengntibiotic effectson aminoacid
profilesand mostsignificantlyincreasedrehalosdevelsan osmoprotectanthatis produced
whenbacteriaareunder stressTheseresultsprovideawider viewof the actionof trimetho-
prim, and metabolomicdasalsoindicatedseverahlternativearea®f metabolismto beinves-
tigatedfurther by time-coursemetabolicprofiling, targetedmetabolitequantification,and
fluxomic-basednvestigation.

Materials and methods

Generamaintenanceandgrowth of E. coli K-12MG1655is providedin Supportinginforma-
tion (S1Text). Thisalsoincludespreliminaryinvestigation®f growth optimization, different
mediaanddifferentpH levels Detailsof the minimum inhibitory concentrationgMICs) cal-
culationfor trimethoprim atpH 5,7 and9 arealsoincluded.

Antibiotic perturbation of E. coli

18mL of LB mediumatdifferentpH: 5,7 and 9, adjustedusingNaOH or HCI, wasinoculated
with 1 mL of bacteria(Supportinglnformation) and 1 mL of 0.2,0.03and0.003mg L™ of tri-
methoprimin 100mL conicalflasks Control samplesvereidenticalexcepthe 1 mL of tri-
methoprimwassubstitutedwith 1 mL of distilled water(dilution solvent).Eachconditionwas
replicatedsix timesandeachincubatedfor 18h at 37ECGand 200rpm.
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Theovernightculture of eachreplicatewassplit for FT-IR and GC-MSto makesurethat
resultswereobtainedfrom the samebiologicalcultures.For FT-IR,450uL from eachculture
wascollectedandthe biomassvaswashedhreetimeswith physiologicakalineandre-sus-
pendedn 400puL of saline For GC-MS,15mL wasprocessedsdescribedn Supporting
Information.

In orderto estimatehe amountof trimethoprim insidethe E. coli cells cellularextracts
werepreparedanalyzedind quantifiedagainsta20 point calibrationcurveconstructedusing
atrimethoprim referencestandardvia LC-MS.For UHPLC-MS,a ThermoAccelaUHPLC
system(Thermo-Fishel_td.) coupledto a ThermoLTQ-Orbitrap XL MS systemwvas
employed Thermo-Fisher) Themethodsusedaredescribedy Kim et al. [55]. Full detailsof
methodsareprovidedin S8Figfor FT-IRandGC-MSand S9Figfor LC-MS.In addition, the
calibrationcurvefor LC-MSis shownin Fig 2.

FT-IR spectroscopy

Clean96-wellzinc selenidgZnSe)plategBrukerLtd.) wereusedassamplecarrier.20 uL of
the abovebacterialpreparationsverespottedonto theseplatesand ovendried at 40ECor 45
min (asdetailedby AlRabiahet al. [56]). High-throughputscreenindHTS) FT-IR spectro-
scopicanalysisvascarriedout on Bruker Equinox55infrared spectromete(BrukerLtd.)
equippedwith aHTX™ moduleaccordingto the methodof Winder et al. [57]. All spectravere
obtainedin the 4000+60@m™ range 64 scansvereacquiredat4 cm™ resolution.These
experimentatonditionsweremaintainedduring all measurements.

After analysisthe FT-IR datawereconvertedo ASCII formattabdelimitedfilesprior to
dataanalysisn MATLAB 20104 The MathworksInc.) andR version2.13.1(R Foundation
for StatisticalComputing).Prior to multivariateanalysigvide infra), CO, signalsvere
removedasdetailedby AlRabiahet al. [56] and FT-IR datawerebaselinecorrectedusingan
extendednultiplicative signalcorrection(EMSC)algorithm[58]. All dataweresubsequently
autoscalegbrior to analysig59].

GC-MS

For GC-MS,samplesnoculatedat pH 9 wereexcludedrom the analysisiueto theextreme
effectof the drug at this pH that preventghe collectionof adequatdiomasgor analysisFor
theremainingconditions,15mL from eachflaskwascollectedandappliedfor further experi-
ments(S8Fig).

GC-TOF/MSwasconductedusingaLECOPegasull TOF/MSoperatedn GC-MSmode
(LecoCorp.),with aGerstelMPS-2autosamplefGerstellandan Agilent 6890NGC x GC
with asplit/splitlessnjector and Agilent LPD split-modeinlet liner (Agilent Technologies).
Full detailsof the GC-MSprotocolusedareprovidedin the Supportinginformation andthese
follow the acceptedetabolomicsStandarddnitiative (MSI) guidelineg33] andfollow our
publishedprotocols,andincludedpooledsampledo actasquality controls(QC) [60,61].The
only differencen this studyis that for metaboliteextraction,80%methanolwasusedrather
than 100%methanolto enhanceaecoveryof polarsmallmolecules.

FollowingGC-MS thesedatawereprocessedisingthe deconvolutionmethodreportedby
Begleyt al. [61]. In addition, prior to statisticalnalysisQC samplesvereusedasin thework
of Wedgeet al. [62] to providedataquality assurancey evaluatingandeliminatingmasdea-
turesthat showedhigh deviationwithin QC samples.
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Metabolomics data analysis

For FT-IR and GC-MS,multivariatedataanalysisncludedunsupervisegbrincipal compo-
nentsanalysigPCA) andsupervisegrincipal components-discrimiant function analysis
(PC-DFA).PC-DFAdependsn the prior knowledgeof experimentaktructure(i.e.the exper-
imentalclassstructure)andanumberof retainedPCsto discriminatebetweergroups(differ-
entclasses)lhe PC-DFAmodelswerevalidatedvia 1000bootstrapcross-validation§3] and
validationresultsarereported(aspercentagef correctclassificationjnsidethelegendof the
respectivé’C-DFAscoreglot figures.

Additionally, for FT-IR spectroscopyamulti-block (MB)-PCA modelknown asconsensus
PCA(CPCA)[64] wassubsequentlgonstructedo aid in spectrainterpretation.Thefirst
CPCAmodelrelatedthe antibiotic dosingconcentrationtrend for eachpH condition asan
individual block,andasecondnodelwasconstructedo illustratethe distribution of samples
atdifferentpH levelsbetweercontrol samplesandthreedifferentdrug concentrationsasindi-
vidualblocks.

All multivariatedataanalysesvereperformedin R,andall scriptsareavailablédrom the
authorson request.

Supporting information

S1 Text. Supporting methods and results. Furtherdescriptionof methodsandresults.
(PDF)

S1 Table. List of metabolites detected by GC-MS. Metabolitesafterextractionfrom control
andstressed. coli K-12with trimethoprim attwo differentpH levelg5 and7) areshown.
(XLSX)

S1 Fig. Optical microscopic image of E. coli grown under different conditions. Magnifica-
tion: x100.E. coli K-12inoculatedin LB mediumatdifferentpH levels{a)pH 5;(b) pH 7;(c)
pH 9.

(PNG)

S2 Fig. Growth curves of E. coli K-12 (at pH 7 in LB) exposed to different concentrations
of trimethoprim. Blueindicatescontrol sampleg0 mgL-1);red8 mgL-1;green2 mgL-1;
purple0.3mgL-1;turquoise0.2mgL-1;orange0.03mgL-1andlight blue0.003mgL-1.
(PNG)

$3 Fig. Growth curves of E. coli K-12 exposed to different concentrations of trimethoprim.
(a) Chemicalstructureof trimethoprim (blue circlesshowthe mainionization pointson the
structurein acidicmedia).Blueindicatesgrowth curvesof control sample$0 mg L™); red
0.003mg L% green0.03mg L *andpurple0.2mg L at(b) pH 9, (c) pH 7 and(d) atpH 5.
(PNG)

$4 Fig. FT-IR spectra obtained from E. coli K-12. (a) After exposurdo four concentrations
of trimethoprim (0.2,0.03,0.003and0 mg L) atthreedifferentpH valuegpH 5,7 and9).
Thereweresixbiologicalreplicatesor eachcondition; eachreplicatewasanalysedhreetimes,
totalling 18 spectrdor eachcondition (total numberof spectra= 216).(b) After exposurdo
differentconcentrationsf trimethoprim (0,0.0030.03,0.2mg L ™) atpH 9 (total numberof
spectra= 72).(c) After exposureo differentconcentrationof trimethoprim (0,0.0030.03,
0.2mgL™) atpH 7 (total numberof spectra= 72).(d) After exposureo differentconcentra-
tions of trimethoprim (0,0.0030.03,0.2mgL™) atpH 5 (total numberof spectra 72).
(PNG)
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S5 Fig. FT-IR spectra before and after CO, removal and EMSC scaling. (a) FT-IR spectra
obtainedfrom E. coli K-12 afterexposureo four concentrationf trimethoprim (0.2,0.03,
0.003and0mgL™) attwo differentpH valueq5 and7). (b) FT-IR spectrgpostCO, removed
at 2350cm™ and EMSCscaling.

(PNG)

S6 Fig. FT-IR multi-block PCA scores plot. Theplot showshe distribution of samplesvith
differentpH levelsat differentdrug concentrations(a) 0mg L%, (b) 0.003mg L™, (c) 0.03mg
Ltand(d) 0.2mgL™

(PNG)

$7 Fig. KEGG metabolic pathway of E. coli K-12 MG1655. Themaphighlightssignificant
metabolitesvith their relativelevelssubjectedo differentconcentration®f trimethoprim at
differentpH levels.

(PNG)

S8 Fig. General scheme of sample preparation for FT-IR and GC-MS. Samplereparation
includes:(1) analysidy Bioscreerio determinethe MIC of trimethoprim and producethe
growth curvesof E. coli K-12 atpH 5 and 7 with andwithout drug challenge(2) FT-IR analysis
of samplesfterwashingwith normal saline (3) GC-MSanalysiof samplesfterquenching
andextractionusing60%and 80%cold (-48EC)methanolrespectively.

(PNG)

S9 Fig. General scheme of sample preparation for LC-MS. Samplepreparationincludes:(1)
analysidy Bioscreero producethe growth curvesof E. coli K-12atpH 5 and7 afterchallenge
with 0.8mg L-1 of trimethoprim addedat two time points:(l) atthe beginningof thelagphase
(time =0h) and(ll) atthe mid-exponentiaphasgtime =5 h). (2) LC-MSanalysiof sample
extractsfor relativequantificationof the intracellulardrug levelsafterquenchingand extrac-
tion using60%and80%cold (-48EC)methanolrespectively.

(PNG)
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