


metabolicpathwaysthatmayaffecttheperformanceof thedrug [3]. Therangeandcomplexity
of cellularchemicalreactions(themetabolicnetwork)increasethechallengeof understanding
themodeof actionof antibioticsasmultiple changesin themetabolicnetworkoccurduring
antibiotic-inducedabioticperturbation[3]. It isbelievedthatmetabolomicsisapowerful
approachthatcanbeusedto measurephenotypicresponsefollowingantibioticchallenge[4].
Analysisof metabolomeshasincreaseddramaticallyin recentyearsdueto theintroduction of
ultra-highresolutionmassspectrometers[5] whichallowaccurateidentificationof smallmol-
eculesin complexextracts[6,7]. Indeed,thisapproachhasalreadybeenusedfor analyzingvar-
iouspathogenphenotypes[4].

Thebiosynthesisof essentialmetabolites,suchaspurines,thymine,glycineandmethionine,
generallyusesfolatesascofactorsthateitheraddor subtractone-carbonunits.Severalthera-
peuticsincludinganticanceragents,like pemetrexed,andantibiotics,suchastrimethoprim,
targetfolatemetabolism[8,9].Folatescanbefound in threedifferentoxidation/reduction
states(viz.,dihydrofolate(DHF), folateor pteroylglutamateandtetrahydrofolate(THF)) and
aresynthesizedfrom guanosine5'-triphosphate(GTP),p-aminobenzoicacid(pABA) andglu-
tamates.Thedihydrofolatereductase(DHFR)enzymereducesDHF to THF usingNADPH as
theelectrondonor.Downstreamto thisvariousfolatessuchas5-methyl-THF,5-formyl-THF,
5-formimino-THF, 10-formyl-THF,5,10-methenyl-THFand5,10-methylene-THFcanbe
formedbysubstitutingtetrahydrofolatespecieswith one-carbonunits to produceactive
donorsinvolvedin variousbiosyntheticreactions[3].

Urinary tract infections(UTIs) areverycommon;it is estimatedthat during thefemale
lifespan50%arelikely to acquireaUTI [10,11].A studyof midstreamurine samplesspan-
ning 252centresin 17countriesrevealedthat Escherichia coli accountedfor 77%of all iso-
lates,80%of generalinfectionsand40%of nosocomialinfections[12,13].Theweakbase
antifolatedrug trimethoprim resultedfrom thework of Hitchingsandhisgroupacross
the1940-60sat BurroughsWellcome,USA.Hitchingsandcolleaguesstudiedthecellular
actionsof biologicallyimportant heterocyclicpurinesandpyrimidineson thebasisthat
interferencein associatedprocessesmight leadto thediscoveryof therapeuticeffects[14].
TheHitchingsgroupsuccessfullydevelopedseveraltherapeuticactiveagentsandHitch-
ingsandElion werepart awardedtheNobelPrizefor PhysiologyandMedicinein 1988
for thediscoveryof important principlesin drug treatment[15]. Trimethoprim is still
usedtherapeuticallytodayandis particularlyeffectivein treatingboth communityand
nosocomialUTIs [16]. Trimethoprim is mainly usedto treatuncomplicatedUTIs and
actsby inhibiting bacterialDHFR,reducingactivetetrahydrofolateswhichareneededfor
synthesisof variousessentialmetabolitesandtheseareimportant precursorsfor nucleic
acidbiosynthesis[17].

In thisstudy,E. coli K-12waschallengedwith differentconcentrationsof trimethoprim at
differentpH levels(pH 5 and7) andanalyzedbyFouriertransforminfrared(FT-IR) spectros-
copyandgaschromatography-massspectrometry(GC-MS)to produceglobalsnapshotsof the
bacterialphenotypicanduntargetedmetabolicprofiles,respectively.Webelievethismetabolo-
mics-basedapproachprovidesagreaterlevelof insightandunderstandingof trimethoprim's
mode(s)of action.Thereasonfor includingvaryingpH in this investigationisbecausetri-
methoprimis largelyexcretedunchangedin humanurine andin ahealthypersonthenormal
pH rangeof urine isbetween4.6and7.5[14,18].Thebacterialintracellulartrimethoprim lev-
elswereestimatedusingliquid chromatography-massspectrometry(LC-MS)asthisantibiotic
is ionizedwithin thispH rangeandthismayaffectits ability to betransportedacrossthecell
membrane[19].

pH plays a role in the mode of action of trimethoprim on Escherichia coli

PLOS ONE | https://doi.org/10.1371/journal.pone.0200272 July 13, 2018 2 / 20

Competinginterests: Theauthorshavedeclared
thatnocompetinginterestsexist.

https://doi.org/10.1371/journal.pone.0200272


Results
For theexperimentsconductedin thisstudywechoseto useE. coli K-12strainMG1655asthe
full genomesequenceof thismicroorganismisavailablewhichhasallowedconstructionof the
metabolicpathwaysin thisbacterium.Thelatterisusefulasthisallowsoneto useKEGGfor
metabolitepathwayanalysis(vide infra). A potentiallimitation of our studyis thatwehavenot
usedwild-typepathogenicE. coli strains.Asreportedin [20] E. coli K-12isalaboratorystrain
thathasbecomeadaptedto life outsideof thehostandsuchadaptationmaymeanthat this
strainhaslostits ability to survivein ahumanenvironment.

Determination of optimum growth conditions

E. coli K-12wasexposedto differentconcentrationsof trimethoprim atdifferentpH levels,
andpreliminaryexperimentsestablishedthat theoptimum mediumto usewasLB(Fig1A),
whichwasthereforeusedthroughoutthiswork. E. coli wasculturedin differentpH environ-
ments:3,5,7or 9.No growthoccurredin extremeacidicconditions(Fig1B),perhapsbecause
whenpH<4, thisenvironmenttypicallyhasabactericidaleffecton E. coli [21±23].Thereason
weconsidertheeffectof pH on bacterialgrowth,andsubsequentlyinvestigatetheeffectof tri-
methoprimchallengeon E. coli atcarryingpH, wasto havethebacteriaandantibiotic in an
environmentthatmimicsthepH of naturalurine environmentwhichaffectsdrug ionization;
pKaof trimethoprim �7.4 [24] andtheionizationof theNH2 groupsisdiscussedlater.

ThepH of thecytoplasm(pHi) of E. coli is regulatedbetween7.2and7.8[25]. If changes
occurin theenvironmentalpH (pHo), thebacteriumtriesto preservenucleicacidandprotein
stability,aswellasenzymaticactivity,bymaintainingthis range[25]. E. coli usesseveralmech-
anismsto maintainpH homeostasisandoneof themostcommonappearsto becation-depen-
dantproton flux [26]. FromFig1B,whenpH = 7,whichresultsin ΔpH (pHi �FpHo) of
approximatelyzero,thehighestgrowthoccurs.Therefore,pH 7 is theoptimum of thethree
pH levels.

AlthoughE. coli canpreservetheactivityof its nucleicacids,proteinsandenzymesin apH
rangefrom 4.5to 9 [25], acomparisonbetweenpH 5andpH 9showedthatatpH 5 thegrowth
curvewashigher(Fig1B)indicatingthatE. coli K-12canadaptto mildly acidicconditionsbet-
ter thanbasicconditionsmaybebecauseunderalkalineconditionsof pH 9,homeostasis
makeshighenergydemandson thecellandprotonsarelost[27]. In addition,whenE. coli is
culturedin amediumthatcontainsaminoacids,e.g.LB,it hasagreaterpossibilityof surviving
in acidicconditions[28].

A microscopicviewof E. coli atdifferentpH (S1Fig)revealssubtlevariationsin cellsize.At
pH 5 and7,thecellsaretypicalof E. coli, whilstatpH 9,cellsareslightlyshorterandare
affectedby thismildly alkalineenvironment;theseareestimatedbyEM (S1Fig) to beca.
2.0μm in lengthcomparedto ca. 2.5μm.

The MIC of trimethoprim in E. coli K-12

In orderto measuresubtleantibioticeffectson E. coli, it is important to uselevelsthatare
belowtheMIC of trimethoprim, elseall thatwill bemeasurediscelldeathandhencebiomass
leveldifferencesratherthanmetabolicshifts.Therefore,E. coli waschallengedwith different
concentrationsof trimethoprim. FromS2Fig,it canbeseenthat theMIC of trimethoprim in
E. coli K-12underoptimum conditions(LBmediumatpH 7) isapproximately0.2mgL-1,
thereforethisandlowerconcentrations(0.03and0.003mgL-1) werechosento challengeE.
coli K-12in orderto determinetheeffectof theantibioticatarangeof concentrationsfrom
theMIC to levelsthathavelittle or no effecton growth.
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Challenge of E. coli K-12 under different pH and antibiotic conditions

Trimethoprim isaheterocyclicweakbasewith pKa7.4[24] (S3AFig).It actson dihydrofolate
reductasethusinhibiting nucleicacidsynthesis.Theeffectof differentpH levelson thedrug
moleculescanbecharacterizedaccordingto theHenderson-Hasselbalch equationfor weak
baseswhichcanberewrittenin asimpleway(Eq1) to calculatethepercentageof ionization
[29]:

% ionization ˆ
10pKa� pH

1 ‡ 10pKa� pH � 100 …1†

Fig 1. Growth curves of E. coli K-12. (a)Growthcurvesof E. coli K-12in threedifferentmedia.Media:theblueplot
indicatesLB;red,NB andgreen,C. (b) Growthcurvesof E.coli K-12at four differentpH valuesin thesameLB
medium.Theblueplot indicatespH 3;redpH5;greenpH 7andpurplepH 9.Sixreplicategrowthcurveswere
conductedandatypicalgrowthcurvefor eachcondition isshown;theotherfivegrowthcurvesshowedsimilar
dynamics.

https://doi.org/10.1371/journal.pone.0200272.g001
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S3FigashowsthatatpH 9 therewasno growthwhenbacteriawereexposedto 0.2mgL-1

of theantibiotic.Ionizationcalculationsindicatethatat thispH, trimethoprim remained
largelynon-ionized(only 2.5%ionized),whichfacilitatedits penetrationthroughthecell
membraneof themicrobialcell[30], thusinhibiting growth.At pH 7,whichis theoptimum
pH for growthof thebacterium,it wasfound that71.5%of thedrugwasionized;thenon-ion-
izedremainderwasableto penetrateandhadameasurableeffect(S3CFig).

Bycontrast,atpH 5,99.6%of trimethoprim wasionized,whichreducedits ability to pene-
tratethecellmembrane.Althoughat0.2mgL-1 therewasaslighteffecton bacterialgrowth
(S3DFig),indicatingthat trimethoprim passedinto thecell,at lowerdoselevelstherewasno
cleareffecton growth.Thismaybedueto theability of trimethoprim (molecularweight
290.3)to passthroughporins,whicharetransmembraneproteinsin theoutermembranethat
hydrophilicmolecules(molecularweightup to 600in thecaseof E. coli) canpenetratebypas-
sivediffusion[31].

In orderto establishwhethertrimethoprim penetratesthebacterialcellwall,targeted
LC-MSwasconductedto quantifythedrugwithin E. coli. Thiswork focusedon pH 5 for the
argumentsmadeaboveandthiswascomparedwith pH 7 asacontrol,andof coursebothof
thesepH levelsarerelevantastheyarewithin thenormalpH rangeof humanurine.

Generationof astandardcurvefor trimethoprim (Fig2) establishedthatatalevelof 0.2mg
L-1 thedetectablesignalwith LC-MSwaspoor.Therefore,0.8mgL-1 of trimethoprim was
usedto ensurethat thedrugcouldbedetectedbyLC-MS.Theeffecton growthof E. coli is
shownin Fig3A andthisshowsthat thedrughadthestrongesteffectwhenaddedat thebegin-
ning of theculture(lagphase)atpH 7(light bluecurve)thanatpH 5 (redcurve).Thesecurves
agreewith thedatapresentedin S3CandS3DFig(i.e.in termsof thedrugeffectat0.2mgL-1)
andtheliteraturewhichshowsthat trimethoprim hasaprofoundeffectduring bacteriallag
phase[32]. Bycontrast,whenthedrugwasaddedafter5h (during theexponentialphase)
therewasno effectatpH 7 (orangecurve)andonly aslighteffecton thegrowthcurveatpH 5
(greencurve)comparedwith control.Thismeansthat theintegrity of bacteriaisnot compro-
misedandbiomassyieldishighenoughto allowaccurateestimationsof druguptake,or other-
wise,from thesebacteria.

Asdetailedin SupportingInformation (S1Text),LC-MSwasusedto estimatetherelative
quantificationof trimethoprim insidethecell(Fig3B).Asexpected,thehighestlevelof the
drugwasrecoveredfrom cellsatpH 7whentrimethoprim wasaddedat thebeginningof the
lagphase(t = 0 h), whilethesecondhighestwaswhenthebacteriumwaschallengedat t = 0 h
with thedrugatpH 5.Thisrelativedifferenceisdueto theionizationof trimethoprim where
theNH2 groupsareionizedto NH3

+ andthusthenearlyfully ionizeddrug ispresumedto not
beableto enterthecellviaporins.

It wasinterestingto observethatwhenthebacteriumwaschallengedatmid-exponential
phase(t = 5 h) atbothpH 5and7,regardlessof theionizedstateof thedrug,theintracellular
levelsof theantibiotic (Fig3B)wereat their lowest,andthis ispresumablywhythesecultures
exhibitedlittle reductionin growthrate(Fig3A).

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

E. coli K-12cellswereculturedin LBmediumatpH 5,7 and9,andthreeconcentrationsof tri-
methoprim(0.003,0.03and0.2mgL-1), giving12differentconditionsincluding threecon-
trols.All cultureswererepeatedsixtimes(sixbiologicalreplicate)andeachof thesewere
analysein triplicate(technicalreplicates).FT-IRspectrawererecordedfrom thedriedcellbio-
massin transmissionmodeatall threepH levels.FromS4FigatpH 9somespectragavethe
responseof emptywells(flat baselines),resultingfrom thecompleteinhibition of E. coli
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growthat thispH; thesecorrespondedto exposureto MIC levels(0.2mgL-1) of trimethoprim.
Dueto theverylow (or in somecaseno) signal,all FT-IRdatafrom culturesatpH 9 were
excludedfrom theremainingexperiments.Prior to multivariateanalysis,appropriatescaling
andnormalizationwasconductedfor all 8 conditionsatpH 5 and7;theeffectsof thesemathe-
maticaloperationsareshownin S5Fig.Subsequently,principalcomponentsanalysis(PCA)
andsupervisedprincipalcomponentsanalysis-discriminantfunction analysis(PC-DFA)were
appliedto thesespectra.

Fig4A showsthePCAscoresplot of PC1versus PC2;thevarianceexplainedbyPC1is
78.9%andbyPC212.8%.It canbeseenthat thelargestdifferencein thesesamplesis thedomi-
nantphenotypicshift in E. coli dueto exposureto 0.2mgL-1 of trimethoprim atpH 7which
areclearlyseparatedfrom all othersamplesin PC1.Next,PC-DFAwasappliedandthiswas
baseduponthefirst 20PCs(accountingfor atotalexplainedvariance(TEV) of 99.99%)and
thea priori knowledgeof thedifferentconditions(8 classesin total),andwasvalidatedas
detailedabove(the95%confidencerangesareprovidedin parenthesesfor the8 groupsin Fig
4B).It is clearfrom thisPC-DFAscoreplot thatcellsexposedto 0.2mgL-1 atpH 5couldnow
alsobeclearlydifferentiated.Moreover,PC-DF1whichaccountsfor themostgroupvariance
allowsseparationfrom all thecellsexposedto pH 7,whicharelocatedon theright handside
for thisplot,whilepH 5 arefoundon theleft handside.In addition,PC-DF2generally
explainstheexposureof cellsin bothpH environmentsto increasinglevelsof trimethoprim.

Asthereweremultiple interactions,pH versus antibiotic level,MB-PCAwasusedto remove
thesepotentiallyinteractingfactors.Fig5 showstheresultsof MB-PCAandtwo blockscores
werederivedfor thetwo pH sub-groups.Thedistribution of samplesexposedto differentcon-
centrationsof trimethoprim ateachpH arenowclearlyrevealedin the1st PCandbothpH 7
and5 plotsarecongruent.Thesameprocesswasrepeatedfor theantibioticdoseeffect(S6
Fig);thefour block-scoreswerederivedfor drugdosebasedsub-groups,focusinguponthis
effectat two pH levels.Thedistribution of samplesatpH 5 and7 revealedaclearseparationat
0.2mgL-1, andpartialseparationat0.03and0.003mgL-1. Additionally,someseparationcan

Fig 2. Calibration curve for LC-MS. Thecurvewasbuilt from 20differentgradientconcentrationsof trimethoprim;
seeSupportingS1Textfor informationon theconcentrationsof trimethoprim usedto construct thestandardcurve.

https://doi.org/10.1371/journal.pone.0200272.g002
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beseenin control samples,which isconsistentwith growthcurves(S3Fig),highlightingthe
varyingphenotypicresponseto thedifferentpH environments.

Fig 3. Growth characteristics of E. coli. (a)Growthcurvesof E. coli K-12atpH 5 (dashedline) andpH 7(solidline).For
pH 5,thedashedblueline representscontrol samples,dashedredindicatessampleschallengedwith 0.8mgL-1 of
trimethoprim addedat thebeginningof thelagphase(t = 0h) anddashedgreendenotessampleschallengedwith 0.8mg
L-1 of trimethoprim andaddedatmid-exponential phase(t = 5h). ForpH 7,thesolidpurpleline representscontrol
samples,solidlight blueindicatessampleschallengedwith 0.8mgL-1 of trimethoprim addedat thebeginningof thelag
phase(t = 0h) andsolidorangedenotessampleschallengedwith 0.8mgL-1 of trimethoprim andaddedat the
exponential phase(t = 5h). (b) ColumnchartrepresentingrelativeE. coli intracellular levelsof trimethoprim after
challenging with 0.8mgL-1 of thedrugatpH 5 (redcolumns) andpH 7(bluecolumns)atdifferentgrowthstages
(time = 0and5h) asdetectedbyLC-MSanalysisaftercellsweregrownfor atotalof 18h. Sixreplicategrowthcurves
wereconductedandatypicalgrowthcurvefor eachcondition isshown;theotherfivegrowthcurvesshowedsimilar
dynamics.

https://doi.org/10.1371/journal.pone.0200272.g003
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Theloadingsplotsfrom all threechemometricanalyseswerecomplex(datanot shown)
anddid not clearlyrevealanyobviousfeatures.Indeed,thechemicalresolutionof IR spectros-
copyisat thefunctionalgrouplevelratherthanat thelevelof specificmetabolitesandthusin
orderto studythesubtleeffectsof trimethoprim on theintracellularmetabolomeof E. coli at
pH 5,aswellasmoreextremeeffectsatpH 7,amoresensitiveandadvancedanalyticaltech-
niquesuchaschromatographylinked to massspectrometryis required.It wasexpectedthat
by includingpH aswellassub-MICantibiotic levels,wemight beableto observeawider
responseof E. coli to thedrug in conditionssimilar to thepH rangeof urine, thushelpingto
elucidatethemechanismof actionof thedrug in vivo.

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

ThesamebacterialsamplesanalyzedbyFT-IRspectroscopywereprocessedfor GC-MS.For
GC-MSall sixbiologicalreplicateswereanalysedwith asingletechnicalreplicate.Following
MSI reportingstandardsfor metaboliteidentification[33], 43metaboliteswereidentifiedat
Level1 (RI (+/�F20RI units) andMSmatchedto our in-housereferencestandard(80%simi-
larity)), 20wereidentifiedatLevel2 (putativeMSmatchto externallibrary (80%similarity))
and4 atLevel3 (metaboliteclassindicated),while92wereunknown(level4) (seeS1Tablefor
detailsof thesemetabolitesandtheir relativeabundance).GC-MSdataweresubjectedto a
multivariateanalysisafterdatapre-processing.Initially, PCAwasapplied(datanot shown)but
unlikeFT-IRspectroscopy,no separationwasobservedin thePCAscoresplot andtherefore
PC-DFAwasemployed(Fig6).

In thisplot, clusteringwasapparentwhichwasrelatedto bothpH effectandantibioticdose
effect,verysimilar to theclassseparationobservedin thePC-DFAfrom theFT-IRdata.Expo-
sureto trimethoprim atpH 7hadmoremarkedeffecton intracellularmetabolomecompared
to equivalentcellsatpH 5 andantibiotic-relatedtrajectoriescanbeseenfor bothpH environ-
mentsmovingfrom 0 (control) through0.003and0.03to MIC levelsat0.2mgL-1. Thenext
stagewasto relatethechangesobservedfrom GC-MSto themechanismsof microbial
responseto pH andtrimethoprim.

Discussion
Differentphenotypicresponsesto pH andtrimethoprim exposureareexpectedto beobserved.
A summaryof overalleffectsatbothpH levelsandchangesin intracellularmetaboliteswith
respectto trimethoprim doseisshownin Fig7.For full detailsof therelativemetabolitelevels,
thereaderis referredto S1Table.S7Figprovidesanoverlayof metabolitechangesfor all 8
conditionson theKyotoEncyclopediaof GenesandGenomes(KEGG)pathway(Metabolic
pathways-Escherichia coli K-12MG1655)for thecentralmetabolismof E. coli K-12MG1655.

At pH 7,thepermeabilityof thedrugmoleculesishigher;metaboliteslinked with dihydro-
folatereductasegenerallyshowastrongerresponsethanmetabolitesextractedfrom samples
incubatedatpH 5 (seeFig7).DHFRplaysakeyrole in folatebiosynthesispathway.Therefore,
adirectoutcomeof blockingDHFRis to deprivethecellof tetrahydrofolate(THF) andthus
dihydrofolateaccumulates.This in turn inhibits folylpoly-γ-glutamatesynthetase(FP-γ-GS)
[3]. Thismayindirectly resultin theaccumulationof glutamate,whichwouldexplainthe

Fig 4. PCA and DFA on FT-IR spectra reveal pH and trimethoprim effects. (a)PCAscoresplot of PC1vs. PC2after
CO2 removalaround2350cm-1 andEMSCscaling.Thetotalexplainedvariance(TEV) of PC1is78.9%andfor PC2is
12.8%.(b) PC-DFAscoreplotsof pH 5and7samples.20PCswereextractedfrom PCAandusedasinputsto DFA.
These20PCsexplain99%of TEV;thelegendin theplot showsthe95%confidenceinterval(CI) for thecorrect
classification of theeightconditions. C,control.

https://doi.org/10.1371/journal.pone.0200272.g004
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Fig 5. Multi-block PCA score plots from FT-IR spectra. Theplot showstherelationshipbetweentheeffectof
differentconcentrationsof trimethoprim (0,0.003,0.03,0.2mgL-1) andthatof differentpH levels.Blockscoresplots
showingthedistribution of sampleswith differentconcentrationsat (a)pH 5and(b) pH 7.

https://doi.org/10.1371/journal.pone.0200272.g005
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rapid risein thelevelof glutamateobservedwhenthedrughasits strongestactivity(pH 7,0.2
mgL-1) (S7Fig).Asdetailedin EcoCyc,thisnon-essentialaminoacidis involvedin numerous
reactionsincluding thebiosynthesisof ornithine andproline.Thisexplainsthesimilarity in
thelevelsof glutamate,ornithine andprolineunderall conditionswhichareat their highest
levelsunderthesameconditions;i.e.whenthedrug isveryactive(Fig7). In ornithine biosyn-
thesis,glutamatecondenseswith acetylCoA to produceN-acetyl-glutamate,aprecursorin
ornithine synthesis[34]. Glutamateis involvedin thebiosynthesisof prolinebybeingfirst
phosphorylatedto L-glutamate-5-phosphateandsubsequentreductionto glutamate-5-semial-
dehyde,which isconvertedto pyrroline-5-carboxylate,whichis thenreducedto proline [35].
Prolineactsasanosmoprotectantin bacteria[36], andit hasbeenreportedthatglutamatealso
actsasanosmolytein E.coli underspecificgrowthconditions[37].

Trehalose,adisaccharidecompoundthatconsistsof two glucosemoieties,wasfirst known
asenergỳ storage'metabolite,andlaterit wasreportedthat trehalosealsoactsasprotectant
during adversegrowthconditionsin prokaryoticandeukaryoticcells[37]. Here,wefind that
underpH 7 and0.2mgL-1 trimethoprim conditions,thedrughasits strongesteffecton the
cellularphenotype(S3Fig)andthisstresseffectis reflectedin theelevatedtrehaloselevels
observed(Fig7andS7Fig).Underosmoticstress,it wasreportedthatanosmoticallyregulated
enzyme,trehalosephosphatesynthase,isstimulatedmainlybyK+ andconsumesglucose
6-phosphateandUDP-glucoseto producetrehalose[38]. Thiscouldexplaintheconcomitant
reductionin thelevelof glucoseandothersugarsin general(Fig7) whentrehaloseiselevated

Fig 6. PC-DFA score plots of GC-MS profiles. 25PCswereextractedfrom PCAandusedasinputsto DFA,
explaining99%of theTEV.Thelegendin thefigureshowsthe95%CI for thecorrectclassification of the8conditions.
Significantly alteredmetaboliteswereminedthroughacombination of PC-DFAloadingsandunivariatesignificance
testing(Studentt-test).C,control.

https://doi.org/10.1371/journal.pone.0200272.g006

pH plays a role in the mode of action of trimethoprim on Escherichia coli

PLOS ONE | https://doi.org/10.1371/journal.pone.0200272 July 13, 2018 11 / 20

https://doi.org/10.1371/journal.pone.0200272.g006
https://doi.org/10.1371/journal.pone.0200272


(S7Fig).Alternatively,oneor bothof thetrehalaseanabolicenzymes(whichareperiplasmi-
callyandcytoplasmicallylocated)thatsplit trehaloseinto two glucosemoleculesareblocked
or inhibited,andthiswould leadto anincreasein thelevelof trehaloseandreducethepoolof
glucoseavailablein thecell,thusobstructingglycolysis[39]. Forsugarsin general,thedeple-
tion of their levelsafterdrugchallengemaythereforebedueto thestressof thedrug,which
increasescatabolismandtheconsumptionof sugarsto generatearangeof compatiblesolutes
whichactasosmoprotectants.A consequenceof this reductionin sugarsmayin turn leadto
anincreasein thelevelof alanine,anaminoacidthat in higherorganismsactsasaregulatorin
sugarmetabolismandglycolysis[40] (Fig7 andS7Fig).In addition,thismaysimplybethat
carbonhasbeenmobilizedfor (osmo)protectionratherthanbeingchannelleddirectlyinto
proteinsynthesisper se.

Thedirecteffectof blockingdihydrofolatereductase,whichisexpectedwhenthedrug is
nearits MIC, isareductionin THF. Consequently,therewill beadepletionof THF-polygluta-
mate(THF (glu)n), akeymetabolitein thebiosynthesisof 10-formylTHF and5,10-methylene
THF, resultingin areductionin thesecompounds(Fig7);unfortunately,noneof thesemetab-
olitesweredirectlyobservedin our experimentasweconducteduntargetedGC-MSrather
thantargetedLC-MS.Thefirst of thesecompounds,10-formylTHF, isasubstrateof an

Fig 7. Metabolic effects of trimethoprim challenge on E. coli K-12 at pH 5 and pH 7. WhenpartiallyionizedatpH 7,trimethoprim isseen
to impacton metabolismdirectlyassociatedwith thedihydrofolatepathway,aswellasoff-targeteffectsuponnucleotide,sugarandamino
acidmetabolism,glycolysis,theTCA cycle,andup-regulation of osmoprotectants.Whentrimethoprim is in apoorly ionizedstate(pH 5), it
appearsto haveaprofoundeffectupontheup-regulation of aminoacidmetabolism.

https://doi.org/10.1371/journal.pone.0200272.g007
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enzymecalledphosphoribosylglycinamideformyltransferase,whichtakespart in inosine
monophosphatebiosynthesis[41]. Reductionin thissubstrateresultsin areductionin inosine
monophosphate,whichactsasaprecursorof purinenucleotides,andthusresultsin adeple-
tion of adenineandguanine[42] whichweobservewith untargetedGC-MS(Fig7andS7
Fig).Similarly,5,10-methylene-THFis reducedto 5-methyl-THFwhichthenmethylates
homocysteineto producelow levelsof methionine,anessentialaminoacidthat isconvertedto
N-formyl-L-methionine,astartingaminoacidin proteinbiosynthesis[42,43].Methioninelev-
elsarealsoseento decreasein our experiment(Fig7).Methionineactsasaregulatorof the
first enzymein its de novo biosynthesis(homoserineO-succinyltransferase),whichproduces
O-succinyl-homoserineby transferringthesuccinylgroupto homoserinefrom succinyl-CoA
[43]. Whenmethionineisatalow level(asfoundathighdrugconcentrationsatpH 7), this
mayadditionallyresultfrom extensiveconsumptionin thefeedbackinhibition, possibly
resultingin anaccumulationof homoserine,whichactsasacompetitiveinhibitor of glutamate
dehydrogenase,anenzymethathasarole in areversiblereactionto produceandconsumeglu-
tamate[44]. In addition,thereisalsoareductionof 5,10-methyleneTHF, which iscatalyzed
by thymidylatesynthaseto methylatedeoxyuridine5'-monophosphate(dUMP) andproduces
deoxythymidine5'-monophosphate(dTMP). It hasbeenreportedthatareductionin dTMP
resultsin areductionof thymine[42,45],thelatterisseenin our metabolicprofiles(Fig7 and
S7Fig).Unlike in higherorganismssuchasCandidatus Phytoplasma mali, thereactionmedi-
atedhereby thymidylatesynthaseiscurrentlythoughtto beirreversibleandcannottherefore
directlyexplainthereductionof dUMP [46]. Rather,apossibleexplanationis that in E. coli the
deaminationof deoxycytidine5'-triphosphate(dCTP)to deoxyuridine5'-triphosphate
(dUTP)usingdeoxythymidine5'-triphosphate(dTTP),which is reducedby thereductionin
dTMP.Thisreductionresultsin thedepletionof dUTP,whichcausesdepletionin dUMP and
thusin uracil [42] whichweobserve(Fig7).

In general,all nucleotidesweredown-regulatedwith increasingantibioticconcentration,
andthis responsewasgreateratpH 7 thanatpH 5,andthis is likely dueto thehigh levelof tri-
methoprimenteringcells(Fig3).Althoughguanineshowsthesameresponse,it hasaunique
responseatpH 5underhighantibioticdose,whereits levelincreasedconsiderably(Fig7 and
S7Fig).Wecanfind no explanationfor this increasein guaninelevelunderthiscondition.We
alsoobservethatmanyaminoacids,includinghistidine,tyrosine,leucine,valineandphenylal-
anine(Fig7,surroundedbyadottedrectangle),havethesameresponseasguanineunderthis
condition, includingdifferentlevelsandratioscomparedwith otherconditions(S7Fig).This
mayreflectacommonfeatureamongthesemetaboliteswhichresultsin havingalmostthe
sameresponse.Forexample,it wasfound thatguanosine5'-diphosphate3'-diphosphate
(ppGpp)isahistidineregulatorin Salmonella typhimurium. Thismayexplainwhyhistidine
andguaninegavesimilar responsesundertheeightconditions[47]. Asfor tyrosine,phenylala-
nineandtryptophan,it wasfound that thesearomaticaminoacids,whicharethedownstream
productsof afolateprecursorcalledchorismate,gavethesameresponseafter2 h of treatment
[48]. However,in thisexperiment,whensampleswerecollectedafter18h of drugexposure,
only phenylalanineandtyrosinehadthesameresponsein thatbothaccumulatedmostat the
highestdoseof thedrugatpH 5,similar to histidineandguanine.Bycontrast,tryptophan
accumulatedat thesamehighdoseatpH 7,wherethedrug ishighlyactiveandaffectsthe
growthof thesebacteria.Thisshowsthat tyrosineandphenylalanine,thedownstreamprod-
uctsof prephenate,gavesimilar responsesto guanine,unlike tryptophan(Fig7),whichhad
similar levelsto alanineunderall conditions(S7Fig);thismaybedueto acommonfunction
or pathwaybetweenthem[49]. Fig7 (andS7Fig)alsoshowsthat thereisacorrelationbetween
tryptophanandglutamate,whichisoneof theproductsof tryptophanbiosynthesis[50].
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Thebranchedchainaminoacidsvaline,leucineandisoleucinehavestronglyinterrelated
biosyntheticpathways.Leucineandvalineoriginatefrom 2-oxoisovalerate,while isoleucine
originatesfrom threonine(Fig7) [42,51].Thisexplainstheir similar responseswhenchal-
lengedwith trimethoprim atbothpH levels(S7Fig).

Turning to thedetectionof asparticacid,its leveldecreasedwith increasingdrugdose,
regardlessof pH. Phosphorylationof thisaminoacidis thestartingpoint of synthesisof many
aminoacidsincluding lysine,abasicaminoacidthatshowedcontrastinglevelsto thoseof its
precursoraspartateatpH 7 [42]. Aspartatealsoactsasaprecursorof nicotinamide,which
showedstrongdepletionwhenthedrugwashighlyactive,perhapsbecauseof anextensiveuse
of its products,nicotinamideadeninedinucleotide(NAD) andnicotinamideadeninedinucle-
otidephosphate(NADP) whichactascoenzymes[42]. Tryptophanwasathigh levelsunder
themostextremecondition (0.2mgL-1 trimethoprim, pH 7).Althoughthereisevidencethat
tryptophanactsasaprecursorin nicotinamidesynthesis,thedirect relationshipbetweenthese
two metabolitesin E. coli is yetto bereported[42]. Nevertheless,quinolinateisoneof theend
productsof tryptophanmetabolismandis involvedin nicotinamidemetabolism,whichmay
betakenasevidenceof acorrelationbetweenthesetwo metabolitesin E. coli [52,53].

Alaninelevelswereobservedto behighwhenthedrug ishighlyactiveandthebacteriumis
understressfrom exposureto trimethoprim. Thismaybecorrelatedto extensiveconsumption
of sugars,resultingin anincreasein thelevelof pyruvate,anend-productof glycolysis.Pyru-
vateactsasasubstrateof valine-pyruvateaminotransferase[54] andhigh levelsof pyruvate
resultin anincreasein alanine,anaminoacidthatactsasaregulatorof sugarmetabolismin
higherorganisms[40]. A potentialconsequenceof theoverflowof metabolismfrom thecon-
sumptionof monosaccharides(Fig7) is theexcessiveproductionof pyruvategeneratedviagly-
colysis.Thecellwouldneedto dealwith thisoverproductionof pyruvateandthiswould in
turn resultin anincreasein thelevelof lacticacidandtricarboxylicacid(TCA) cycleinterme-
diates.Wecertainlyobserveadirectcorrelationof lactateto pyruvate(Fig7 andS7Fig)and
theonly two metabolitesthatwedetectedbyGC-MSfrom theTCA cyclewerecitrateand
malate,andbothhadtheir highestlevelsatpH 7 and0.2mgL-1 trimethoprim.

In conclusion,aswellasmeasuringthedirecteffectson nucleotidemetabolismthat tri-
methoprimisknown to causewealsoobservepH dependentantibioticeffectson aminoacid
profilesandmostsignificantlyincreasedtrehaloselevels,anosmoprotectantthat isproduced
whenbacteriaareunderstress.Theseresultsprovideawiderviewof theactionof trimetho-
prim, andmetabolomicshasalsoindicatedseveralalternativeareasof metabolismto beinves-
tigatedfurther by time-coursemetabolicprofiling, targetedmetabolitequantification,and
fluxomic-basedinvestigation.

Materials and methods
Generalmaintenanceandgrowthof E. coli K-12MG1655isprovidedin SupportingInforma-
tion (S1Text).Thisalsoincludespreliminaryinvestigationsof growthoptimization,different
mediaanddifferentpH levels.Detailsof theminimum inhibitory concentrations(MICs) cal-
culationfor trimethoprim atpH 5,7and9 arealsoincluded.

Antibiotic perturbation of E. coli
18mL of LBmediumatdifferentpH: 5,7 and9,adjustedusingNaOHor HCl, wasinoculated
with 1 mL of bacteria(SupportingInformation) and1 mL of 0.2,0.03and0.003mgL-1 of tri-
methoprimin 100mL conicalflasks.Control sampleswereidenticalexceptthe1mL of tri-
methoprimwassubstitutedwith 1 mL of distilledwater(dilution solvent).Eachcondition was
replicatedsixtimesandeachincubatedfor 18h at37ÊCand200rpm.
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Theovernightcultureof eachreplicatewassplit for FT-IRandGC-MSto makesurethat
resultswereobtainedfrom thesamebiologicalcultures.ForFT-IR,450μL from eachculture
wascollectedandthebiomasswaswashedthreetimeswith physiologicalsalineandre-sus-
pendedin 400μL of saline.ForGC-MS,15mL wasprocessedasdescribedin Supporting
Information.

In orderto estimatetheamountof trimethoprim insidetheE. coli cells,cellularextracts
wereprepared,analyzedandquantifiedagainsta20point calibrationcurveconstructedusing
atrimethoprim referencestandardviaLC-MS.ForUHPLC-MS,aThermoAccelaUHPLC
system(Thermo-FisherLtd.) coupledto aThermoLTQ-OrbitrapXL MSsystemwas
employed(Thermo-Fisher).ThemethodsusedaredescribedbyKim et al. [55]. Full detailsof
methodsareprovidedin S8Figfor FT-IRandGC-MSandS9Figfor LC-MS.In addition,the
calibrationcurvefor LC-MSisshownin Fig2.

FT-IR spectroscopy

Clean96-wellzincselenide(ZnSe)plates(BrukerLtd.) wereusedassamplecarrier.20μL of
theabovebacterialpreparationswerespottedonto theseplatesandovendriedat40ÊCfor 45
min (asdetailedbyAlRabiahet al. [56]). High-throughputscreening(HTS)FT-IRspectro-
scopicanalysiswascarriedout on BrukerEquinox55infraredspectrometer(BrukerLtd.)
equippedwith aHTX™ moduleaccordingto themethodof Winder et al. [57]. All spectrawere
obtainedin the4000±600cm-1 range,64scanswereacquiredat4cm-1 resolution.These
experimentalconditionsweremaintainedduring all measurements.

After analysis,theFT-IRdatawereconvertedto ASCII format tabdelimitedfilesprior to
dataanalysisin MATLAB 2010a(TheMathworksInc.) andRversion2.13.1(RFoundation
for StatisticalComputing).Prior to multivariateanalysis(vide infra), CO2 signalswere
removedasdetailedbyAlRabiahet al. [56] andFT-IRdatawerebaselinecorrectedusingan
extendedmultiplicativesignalcorrection(EMSC)algorithm[58]. All dataweresubsequently
autoscaledprior to analysis[59].

GC-MS

ForGC-MS,samplesinoculatedatpH 9 wereexcludedfrom theanalysisdueto theextreme
effectof thedrugat thispH thatpreventsthecollectionof adequatebiomassfor analysis.For
theremainingconditions,15mL from eachflaskwascollectedandappliedfor further experi-
ments(S8Fig).

GC-TOF/MSwasconductedusingaLECOPegasusIII TOF/MSoperatedin GC-MSmode
(LecoCorp.),with aGerstelMPS-2autosampler(Gerstel)andanAgilent6890NGC× GC
with asplit/splitlessinjectorandAgilentLPDsplit-modeinlet liner (AgilentTechnologies).
Full detailsof theGC-MSprotocolusedareprovidedin theSupportingInformation andthese
follow theacceptedMetabolomicsStandardsInitiative (MSI) guidelines[33] andfollow our
publishedprotocols,andincludedpooledsamplesto actasqualitycontrols(QC) [60,61].The
only differencein thisstudyis that for metaboliteextraction,80%methanolwasusedrather
than100%methanolto enhancerecoveryof polarsmallmolecules.

FollowingGC-MS,thesedatawereprocessedusingthedeconvolutionmethodreportedby
Begleyet al. [61]. In addition,prior to statisticalanalysis,QCsampleswereusedasin thework
of Wedgeet al. [62] to providedataqualityassurancebyevaluatingandeliminatingmassfea-
turesthatshowedhighdeviationwithin QCsamples.
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Metabolomics data analysis

ForFT-IRandGC-MS,multivariatedataanalysisincludedunsupervisedprincipalcompo-
nentsanalysis(PCA)andsupervisedprincipalcomponents-discriminant function analysis
(PC-DFA).PC-DFAdependson theprior knowledgeof experimentalstructure(i.e.theexper-
imentalclassstructure)andanumberof retainedPCsto discriminatebetweengroups(differ-
entclasses).ThePC-DFAmodelswerevalidatedvia1000bootstrapcross-validations[63] and
validationresultsarereported(aspercentageof correctclassification)insidethelegendsof the
respectivePC-DFAscoresplot figures.

Additionally, for FT-IRspectroscopy,amulti-block (MB)-PCAmodelknownasconsensus
PCA(CPCA)[64] wassubsequentlyconstructedto aid in spectralinterpretation.Thefirst
CPCAmodelrelatedtheantibioticdosingconcentrationtrend for eachpH condition asan
individual block,andasecondmodelwasconstructedto illustratethedistribution of samples
atdifferentpH levelsbetweencontrol samplesandthreedifferentdrugconcentrationsasindi-
vidualblocks.

All multivariatedataanalyseswereperformedin R,andall scriptsareavailablefrom 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
andstressedE. coli K-12with trimethoprim at two differentpH levels(5 and7) areshown.
(XLSX)

S1 Fig. Optical microscopic image of E. coli grown under different conditions. Magnifica-
tion: ×100.E.coli K-12inoculatedin LBmediumatdifferentpH 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 samples(0 mgL-1); red8 mgL-1;green2mgL-1;
purple0.3mgL-1;turquoise0.2mgL-1;orange0.03mgL-1 andlight blue0.003mgL-1.
(PNG)

S3 Fig. Growth curves of E. coli K-12 exposed to different concentrations of trimethoprim.

(a)Chemicalstructureof trimethoprim (bluecirclesshowthemain ionizationpointson the
structurein acidicmedia).Blueindicatesgrowthcurvesof control samples(0 mgL-1); red
0.003mgL-1; green0.03mgL-1andpurple0.2mgL-1 at (b) pH 9,(c) pH 7and(d) atpH 5.
(PNG)

S4 Fig. FT-IR spectra obtained from E. coli K-12. (a)After exposureto four concentrations
of trimethoprim (0.2,0.03,0.003and0 mgL-1) at threedifferentpH values(pH 5,7 and9).
Thereweresixbiologicalreplicatesfor eachcondition;eachreplicatewasanalysedthreetimes,
totalling18spectrafor eachcondition (total numberof spectra= 216).(b) After exposureto
differentconcentrationsof trimethoprim (0,0.003,0.03,0.2mgL-1) atpH 9 (total numberof
spectra= 72).(c) After exposureto differentconcentrationsof trimethoprim (0,0.003,0.03,
0.2mgL-1) atpH 7(total numberof spectra= 72).(d) After exposureto differentconcentra-
tionsof trimethoprim (0,0.003,0.03,0.2mgL-1) atpH 5 (total numberof spectra= 72).
(PNG)
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S5 Fig. FT-IR spectra before and after CO2 removal and EMSC scaling. (a)FT-IRspectra
obtainedfrom E. coli K-12afterexposureto four concentrationsof trimethoprim (0.2,0.03,
0.003and0 mgL-1) at two differentpH values(5 and7). (b) FT-IRspectrapostCO2 removed
at � 2350cm-1 andEMSCscaling.
(PNG)

S6 Fig. FT-IR multi-block PCA scores plot. Theplot showsthedistribution of sampleswith
differentpH levelsatdifferentdrugconcentrations:(a)0mgL-1, (b) 0.003mgL-1, (c) 0.03mg
L-1 and(d) 0.2mgL-1.
(PNG)

S7 Fig. KEGG metabolic pathway of E. coli K-12 MG1655. Themaphighlightssignificant
metaboliteswith their relativelevelssubjectedto differentconcentrationsof trimethoprim at
differentpH levels.
(PNG)

S8 Fig. General scheme of sample preparation for FT-IR and GC-MS. Samplepreparation
includes:(1) analysisbyBioscreento determinetheMIC of trimethoprim andproducethe
growthcurvesof E. coli K-12atpH 5and7with andwithout drugchallenge.(2) FT-IRanalysis
of samplesafterwashingwith normalsaline.(3) GC-MSanalysisof samplesafterquenching
andextractionusing60%and80%cold(-48ÊC)methanolrespectively.
(PNG)

S9 Fig. General scheme of sample preparation for LC-MS. Samplepreparationincludes:(1)
analysisbyBioscreento producethegrowthcurvesof E.coli K-12atpH 5and7afterchallenge
with 0.8mgL-1 of trimethoprim addedat two time points:(I) at thebeginningof thelagphase
(time = 0h) and(II) at themid-exponentialphase(time = 5 h). (2) LC-MSanalysisof sample
extracts,for relativequantificationof theintracellulardrug levelsafterquenchingandextrac-
tion using60%and80%cold(-48ÊC)methanolrespectively.
(PNG)
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20. Browning DF, Wells TJ, Franç FLS, Morris FC, Sevastsyanovich YR, Bryant JA, Johnson MD, Lund PA,

Cunningham AF, Hobman JL, May RC, Webber MA, Henderson IR. Laboratory adapted Escherichia

coli K-12 becomes a pathogen of Caenorhabditis elegans upon restoration of O antigen biosynthesis.

Mol Microbiol. 2013; 87: 939–950. https://doi.org/10.1111/mmi.12144 PMID: 23350972

21. Giannella R, Zamcheck N, Broitman SA. Gastric acid barrier to ingested microorganisms in man: stud-

ies in vivo and in vitro. Gut. 1972; 13: 251–256. PMID: 4556018

22. Waterman SR, Small PLC. Acid-sensitive enteric pathogens are protected from killing under extremely

acidic conditions of pH 2.5 when they are inoculated onto certain solid food sources. Appl Environ

Microbiol. 1998; 64: 3882–3886. PMID: 9758814

23. Zhu H, Hart CA, Sales D, Roberts NB. Bacterial killing in gastric juice—effect of pH and pepsin on

Escherichia coli and Helicobacter pylori. J Med Microbiol. 2006; 55: 1265–1270. https://doi.org/10.

1099/jmm.0.46611-0 PMID: 16914658

pH plays a role in the mode of action of trimethoprim on Escherichia coli

PLOS ONE | https://doi.org/10.1371/journal.pone.0200272 July 13, 2018 18 / 20

https://doi.org/10.1096/fj.99-1037com
http://www.ncbi.nlm.nih.gov/pubmed/11099470
https://doi.org/10.1038/nchembio.108
http://www.ncbi.nlm.nih.gov/pubmed/18724364
https://doi.org/10.1017/S0031182009992022
http://www.ncbi.nlm.nih.gov/pubmed/20109253
https://doi.org/10.1016/j.tibtech.2006.10.006
http://www.ncbi.nlm.nih.gov/pubmed/17064801
http://www.ncbi.nlm.nih.gov/pubmed/5301731
https://doi.org/10.1056/NEJMcp030027
http://www.ncbi.nlm.nih.gov/pubmed/12867610
https://doi.org/10.1067/mda.2003.8
http://www.ncbi.nlm.nih.gov/pubmed/12601338
http://www.ncbi.nlm.nih.gov/pubmed/11719397
https://doi.org/10.1038/nrd2438
http://www.ncbi.nlm.nih.gov/pubmed/18309312
https://doi.org/10.1111/mmi.12144
http://www.ncbi.nlm.nih.gov/pubmed/23350972
http://www.ncbi.nlm.nih.gov/pubmed/4556018
http://www.ncbi.nlm.nih.gov/pubmed/9758814
https://doi.org/10.1099/jmm.0.46611-0
https://doi.org/10.1099/jmm.0.46611-0
http://www.ncbi.nlm.nih.gov/pubmed/16914658
https://doi.org/10.1371/journal.pone.0200272


24. Aagaard J, Gasser T, Rhodes P, Madsen PO. MICs of ciprofloxacin and trimethoprim for Escherichia
coli: influence of pH, inoculum size and various body fluids. Infection. 1991; 19: S167–S169. PMID:

2055655

25. Wilks JC, Slonczewski JL. pH of the cytoplasm and periplasm of Escherichia coli: rapid measurement

by green fluorescent protein fluorimetry. J Bacteriol. 2007; 189: 5601–5607. https://doi.org/10.1128/JB.

00615-07 PMID: 17545292

26. Salmond CV, Kroll RG, Booth IR. The effect of food preservatives on pH homostasis in Escherichia coli.
J Gen Microbiol. 1984; 130: 2845–2850. https://doi.org/10.1099/00221287-130-11-2845 PMID:

6396375

27. Slonczewski JL, Rosen BP. Alger JR, Macnab RM. pH homeostasis in Escherichia coli: measurement

by 31P nuclear magnetic resonance of methylphosphonate and phosphate. Proc Natl Acad Sci USA.

1981; 78, 6271–6275. PMID: 7031646

28. Foster JW. Escherichia coli acid resistance: tales of an amateur acidophile. Nature Rev Microbiol. 2004;

2: 898–907.

29. Watson DG. Pharmaceutical analysis: a textbook for pharmacy students and pharmaceutical chemists.

Edinburgh: Churchill Livingstone; 1999.

30. O’Grady F, Lambert HP. 1997. Antibiotic and chemotherapy: anti-infective agents and their use in ther-

apy. New York: Churchill Livingstone; 1997.

31. Yeagle P. The membrane of cells. London: Academic Press; 1993.

32. Sangurdekar DP, Zhang Z, Khodursky AB. The association of DNA damage response and nucleotide

level modulation with the antibacterial mechanism of the anti-folate drug trimethoprim. BMC Genomics.

2011; 12: 583. https://doi.org/10.1186/1471-2164-12-583 PMID: 22122981

33. Sumner LW, Amberg A, Barrett D, Beale MH, Beger R, Daykin CA, et al. Proposed minimum reporting

standards for chemical analysis. Metabolomics. 2007; 3: 211–221. https://doi.org/10.1007/s11306-007-

0082-2 PMID: 24039616

34. EcoCyc. Escherichia coli K-12 substr. MG1655 pathway: ornithine biosynthesis. Menlo Park: SRI Inter-

national; 2012.

35. EcoCyc. Escherichia coli K-12 substr. MG1655 pathway: proline biosynthesis I. Menlo Park: SRI Inter-

national; 2012.

36. Csonka LN, Hanson AD. Prokaryotic osmoregulation: genetics and physiology. Annu Rev Microbiol.

1991; 45: 569–606. https://doi.org/10.1146/annurev.mi.45.100191.003033 PMID: 1741624

37. Strom AR, Kaasen I. Trehalose metabolism in Escherichia coli: stress protection and stress regulation

of gene expression. Mol Microbiol. 1993; 8: 205–210. PMID: 8391102

38. Giaever HM, Styrvold OB, Kaasen I, Strom AR. Biochemical and genetic characterisation of osmoregu-

latory trehalose synthesis in Escherichia coli. J Bacteriol. 1988; 170: 2841–2849. PMID: 3131312

39. Horlacher R, Uhland K, Klein W, Ehrmann M, Boos W. Characterisation of a cytoplasmic trehalase of

Escherichia coli. J Bacteriol. 1996; 178: 6250–6257. PMID: 8892826

40. Gerich JE, Meyer C, Woerle HJ, Stumvoll M. Renal gluconeogenesis. Its importance in human glucose

homeostasis. Diabetes Care. 2001; 24: 382–391. PMID: 11213896

41. EcoCyc. Escherichia coli K-12 substr. MG1655 Pathway: 5-aminoimidazole ribonucleotide biosynthesis

I. Menlo Park: SRI International; 2012.

42. Michal G. Biochemical Pathways: an atlas of biochemistry and molecular biology. New York: Wiley-

Spektrum; 1998.

43. EcoCyc. Escherichia coli K-12 substr. MG1655 pathway: methionine biosynthesis I. Menlo Park: SRI

International; 2012.

44. Sakamoto N, Kotre AM, Savageau MA. Glutamate dehydrogenase from Escherichia coli: purification

and properties. J Bacteriol. 1975; 124: 775–783. PMID: 241744

45. Jia J, Zhu F, Ma XH, Cao ZWW, Li YXX, Chen YZ. Mechanisms of drug combinations: interaction and

network perspectives. Nat Rev Drug Discov. 2009; 8: 111–128. https://doi.org/10.1038/nrd2683 PMID:

19180105

46. BioCyc. Candidatus Phytoplasma mali reaction: 2.1.1.45. Menlo Park: SRI International; 2012.

47. Stephens JC, Artz SW, Ames BN. Guanosine 5’-diphosphate 3’-diphosphate (ppGpp): positive effector

for histidine operon transcription and general signal for amino-acid deficiency. Proc Natl Acad Sci USA.

1975; 72: 4389–4393. PMID: 1105582

48. Kwon YK, Higgins MB, Rabinowitz JD. Antifolate-induced depletion of intracellular glycine and purines

inhibits thymineless death in E. coli. ACS Chem Biol. 2010; 5: 787–795. https://doi.org/10.1021/

cb100096f PMID: 20553049

pH plays a role in the mode of action of trimethoprim on Escherichia coli

PLOS ONE | https://doi.org/10.1371/journal.pone.0200272 July 13, 2018 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/2055655
https://doi.org/10.1128/JB.00615-07
https://doi.org/10.1128/JB.00615-07
http://www.ncbi.nlm.nih.gov/pubmed/17545292
https://doi.org/10.1099/00221287-130-11-2845
http://www.ncbi.nlm.nih.gov/pubmed/6396375
http://www.ncbi.nlm.nih.gov/pubmed/7031646
https://doi.org/10.1186/1471-2164-12-583
http://www.ncbi.nlm.nih.gov/pubmed/22122981
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1007/s11306-007-0082-2
http://www.ncbi.nlm.nih.gov/pubmed/24039616
https://doi.org/10.1146/annurev.mi.45.100191.003033
http://www.ncbi.nlm.nih.gov/pubmed/1741624
http://www.ncbi.nlm.nih.gov/pubmed/8391102
http://www.ncbi.nlm.nih.gov/pubmed/3131312
http://www.ncbi.nlm.nih.gov/pubmed/8892826
http://www.ncbi.nlm.nih.gov/pubmed/11213896
http://www.ncbi.nlm.nih.gov/pubmed/241744
https://doi.org/10.1038/nrd2683
http://www.ncbi.nlm.nih.gov/pubmed/19180105
http://www.ncbi.nlm.nih.gov/pubmed/1105582
https://doi.org/10.1021/cb100096f
https://doi.org/10.1021/cb100096f
http://www.ncbi.nlm.nih.gov/pubmed/20553049
https://doi.org/10.1371/journal.pone.0200272


49. Kang L, Shaw AC, Xu D, Xia W, Zhang J, Deng J, et al. Upregulation of MetC is essential for D-alanine-

independent growth of an alr/dadX-deficient Escherichia coli strain. J Bacteriol. 2011; 193: 1098–1106.

https://doi.org/10.1128/JB.01027-10 PMID: 21193606

50. EcoCyc. Escherichia coli K-12 substr. MG1655 pathway: tryptophan biosynthesis. Menlo Park: SRI

International; 2012.

51. EcoCyc. Escherichia coli K-12 substr. MG1655 pathway: superpathway of leucine, valine, and isoleu-

cine biosynthesis. Menlo Park: SRI International; 2012.

52. KEGG. Nicotinate and nicotinamide metabolism—Escherichia coli K-12 MG1655. Kyoto: Kanehisa

Laboratories; 2012.

53. KEGG. Tryptophan metabolism—Escherichia coli K-12 MG1655. Kyoto: Kanehisa Laboratories; 2012.

54. EcoCyc. Escherichia coli K-12 substr. MG1655 reaction: 2.6.1.66. Menlo Park: SRI International;

2012.

55. Kim D-H, Jarvis RM, Allwood JW, Batman G, Moore RE, Marsden-Edwards E, et al. Raman chemical

mapping reveals site of action of HIV protease inhibitors in HPV16 E6 expressing cervical carcinoma

cells. Anal Bioanal Chem. 2010; 398: 3051–3061. https://doi.org/10.1007/s00216-010-4283-6 PMID:

20957472

56. AlRabiah H, Correa E, Upton M, Goodacre R. High-throughput phenotyping of uropathogenic E. coli iso-

lates with Fourier transform infrared spectroscopy. Analyst 2013; 138: 1363–1369. https://doi.org/10.

1039/c3an36517d PMID: 23325321

57. Winder CL, Gordon SV, Dale J, Hewinson RG, Goodacre R. Metabolic fingerprints of Mycobacterium
bovis cluster with molecular type: implications for genotype-phenotype links. Microbiology. 2006; 152:

2757–2765. https://doi.org/10.1099/mic.0.28986-0 PMID: 16946270

58. Martens H, Nielsen JP, Engelsen SB. Light scattering and light absorbance separated by extended mul-

tiplicative signal correction. Application to near-infrared transmission analysis of powder mixtures. Anal

Chem. 2003; 75: 394–404. PMID: 12585463

59. Goodacre R, Broadhurst D, Smilde AK, Kristal BS, Baker JD, Beger R, et al. Proposed minimum report-

ing standards for data analysis in metabolomics. Metabolomics 2007; 3: 231–241.

60. Dunn WB, Broadhurst D, Begley P, Zelena E, Francis-McIntyre S, Anderson N, et al. Procedures for

large-scale metabolic profiling of serum and plasma using gas chromatography and liquid chromatogra-

phy coupled to mass spectrometry. Nat Protoc. 2011; 6: 1060–1083. https://doi.org/10.1038/nprot.

2011.335 PMID: 21720319

61. Begley P, Francis-McIntyre S, Dunn WB, Broadhurst DI, Halsall A, Tseng A, et al. Development and

performance of a gas chromatography�ítime-of-flight mass spectrometry analysis for large-scale nontar-

geted metabolomic studies of human serum. Anal Chem. 2009; 81: 7038–7046. https://doi.org/10.

1021/ac9011599 PMID: 19606840

62. Wedge DC, Allwood JW, Dunn W, Vaughan AA, Simpson K, Brown M, et al. Is serum or plasma more

appropriate for intersubject comparisons in metabolomic studies? An assessment in patients with

small-cell lung cancer. Anal Chem. 2011; 83: 6689–6697. https://doi.org/10.1021/ac2012224 PMID:

21766834

63. Correa E, Sletta H, Ellis DI, Hoel S, Ertesvag H, Ellingsen TE, et al. Rapid reagentless quantification of

alginate biosynthesis in Pseudomonas fluorescens bacteria mutants using FT-IR spectroscopy coupled

to multivariate partial least squares regression. Anal Bioanal Chem. 2012; 403: 2591–2599. https://doi.

org/10.1007/s00216-012-6068-6 PMID: 22585056

64. Xu Y, Goodacre R. Multiblock principal component analysis: an efficient tool for analysing metabolomics

data which contain two influential factors. Metabolomics 2012; 8: 37–51.

pH plays a role in the mode of action of trimethoprim on Escherichia coli

PLOS ONE | https://doi.org/10.1371/journal.pone.0200272 July 13, 2018 20 / 20

https://doi.org/10.1128/JB.01027-10
http://www.ncbi.nlm.nih.gov/pubmed/21193606
https://doi.org/10.1007/s00216-010-4283-6
http://www.ncbi.nlm.nih.gov/pubmed/20957472
https://doi.org/10.1039/c3an36517d
https://doi.org/10.1039/c3an36517d
http://www.ncbi.nlm.nih.gov/pubmed/23325321
https://doi.org/10.1099/mic.0.28986-0
http://www.ncbi.nlm.nih.gov/pubmed/16946270
http://www.ncbi.nlm.nih.gov/pubmed/12585463
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1038/nprot.2011.335
http://www.ncbi.nlm.nih.gov/pubmed/21720319
https://doi.org/10.1021/ac9011599
https://doi.org/10.1021/ac9011599
http://www.ncbi.nlm.nih.gov/pubmed/19606840
https://doi.org/10.1021/ac2012224
http://www.ncbi.nlm.nih.gov/pubmed/21766834
https://doi.org/10.1007/s00216-012-6068-6
https://doi.org/10.1007/s00216-012-6068-6
http://www.ncbi.nlm.nih.gov/pubmed/22585056
https://doi.org/10.1371/journal.pone.0200272

