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Animportantgoalindrugdevelopmentistoengineerinhibitorsandligandsthathavehighbindingaffinitiesfortheirtarget

molecules.Inoptimizingtheseinteractions,theprecisedeterminationofthebindingaffinitybecomesprogressivelydifficultonce

itapproachesandsurpassesthenanomolarlevel.Isothermaltitrationcalorimetry(ITC)canbeusedtodeterminethecomplete

bindingthermodynamicsofaliganddowntothepicomolarrangebyusinganexperimentalmodecalleddisplacementtitration.In

adisplacementtitration,theassociationconstantofahigh-affinityligandthatcannotbemeasureddirectlyisartificiallylowered

toameasurablelevelbypremixingtheproteinwithaweakercompetitiveligand.Toperformthisprotocol,twotitrationsmust

becarriedout:adirecttitrationoftheweakligandtothetargetmacromoleculeandadisplacementtitrationofthehigh-affinity

ligandtotheweakligand—targetmacromoleculecomplex.Thisprotocoltakesapproximately5h.

INTRODUCTION
Oneaimofdrugdevelopmentistooptimizethebindingaffinitiesof

inhibitorsandligandsfortheirbiologicaltargets.Bindingaffinities

areusuallydeterminedbyusingvarious techniques: spectroscopy,

dialysis,ultracentrifugation,calorimetry,surfaceplasmonresonance,

etc.A common problemwith these techniques is that accurately

determiningthebindingaffinityofmolecules thathaveveryhigh

(that is, nanomolar level or higher) affinity becomes difficult.

Differentmethodshavebeendevisedtodealwiththisproblem.For

example, changing the pHor the temperature in the experiment

maycauseadecrease in thebindingaffinity tomeasurable levels.

ByperformingbindingexperimentsatseveralpHvaluesorseveral

temperatures, thebindingaffinitycanbeextrapolatedbacktothe

originalconditions.

In theapproachpresentedhere,weperforma titrationof the

targetproteinwithaweak ligandor inhibitor followedbyadis-

placement titrationwith the strongeranalyte ligand1,2.Theheat

releasedorabsorbeduponbindingismeasuredusinganisother-

mal titration calorimeter. Unlike other techniques, ITC allows

determination of the binding affinity and the binding enthalpy

simultaneously,providingacomplete thermodynamiccharacter-

izationoftheligandbindinginoneexperiment.

The advantages of the displacement titration method are: (i)

experimentalconditionsarenotchangedand,therefore,thebinding

affinityisdeterminedattheintendedexperimentalconditions;(ii)

thekineticorthethermodynamicstabilityof themacromolecule

isnotcompromisedbychangingtheexperimentalconditions(for

example, aggregationorpartialunfoldingdue to temperatureor

pHbeingtoolowortoohigh);(iii)linkageequationsforextrapo-

latingthebindingaffinitytoothertemperaturesorpHvaluesare

notneeded.

Thelimitationsofthedisplacementtitrationmethodare:(i)the

bindingaffinitiesoftheweakligandandthestrongligandmustdif-

ferbyafactorof10ormore,and(ii)thebindingenthalpiesofthe

weakligandandthestrongligandshouldbeasdifferentaspossible,

otherwise themeasured heat signalwill be small (if the binding

enthalpieswereequal,theheatofbindingwouldnotbemeasurable

because the thermaleffectassociatedwith thedissociationof the

weak ligandwouldcompletely compensate for the thermaleffect

associatedwiththebindingofthestrongligand).

Thedisplacement titrationmethodhasbeenused successfully

to determine the association constants for inhibitors binding to

HIV-1protease3–6,peptidesbinding toSrckinaseSH2domain7,

peptideanalogsbindingtoPTP1B8,carbohydratebindingtoglu-

coamylase1andnucleotideinhibitorsbindingtoRNaseA2.Inthe

procedurepresentedhere,weshowtheapplicationofthedisplace-

menttitrationapproachbymeasuringthebindingconstantofa

high-affinity HIV-1 protease inhibitor using acetyl-pepstatin as

theweakinhibitor(Fig.1).

In drug development, the initial compounds (inhibitors or

ligands)usuallyhavebindingaffinitiesinthemicromolarrange

andneed tobeoptimized tonanomolarand, sometimes, sub-

nanomolar levels. For that reason, weaker ligands are usually

available,astheycanbeobtainedfrompreviousiterationsofthe

optimizationprocess.Inthisprotocol,ITCisusedtodetermine

the binding thermodynamics of the clinical inhibitor indina-

virtoitstarget,theHIV-1protease.Acetyl-pepstatin,ageneric

aspartylproteaseinhibitor,isusedastheweakligand.Thebind-

ing affinity of indinavir is too great to bemeasured by direct

titrations.

This protocol requires performing two titrations: a standard

titrationwiththeweakligandbindingtothemacromoleculeand

a displacement titration with the strong ligand binding to the

macromolecule pre-bound to the weak ligand. Both titrations

are performed following the same steps, and they differ only in

thatweak ligand is added to themacromolecule solution in the

calorimetriccellinthedisplacementtitration.
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MATERIALS
REAGENTS

•HIV-1protease(purifiedaccordingtorefs.6,9)

•Indinavir(Crixivan,Merck),oranyotherchemicallypureclinicalor
experimentalinhibitor

•Acetyl-pepstatin(BachemAG,cat.no.N1250;seeREAGENTSETUP)

•Sodiumacetate10mM,pH5.0

•Sodiumhydroxide9mM

•Dimethylsulfoxide(DMSO)

EQUIPMENT

•Isothermaltitrationcalorimeter(forexample,VP-ITC,MicroCalLLC;Nano
ITCIII,CalorimetrySciencesCorporation)orequivalent

•Origin7.0orequivalentdataanalysissoftwarewiththeabilityofperforming
nonlinearleast-squaresdatafittingusinguser-specifiedfunctions

•Vacuumpump

•2.5mllong-needlesyringe(forexample,Hamilton1002LLSN)

•12×75mm(or15×50mm)and6×50mmglasstubesforsample
preparation

REAGENTSETUP

Thingstobeconsideredbeforebeginning.Inadisplacementtitration,theweak
competitiveligandmustbepresentinthecalorimetriccellataconcentration
sufficienttoreducetheaffinityofthehigh-affinityligandtomeasurablelevels
(Ka≤10

9M–1).Theapparentbindingaffinityofthehigh-affinityligand,
KL
app,isreducedbyafactor,RF,dependentonthebindingaffinity,Ka,X,and

concentrationoftheweakligand:

K 
app

 = 
L

K
a,L

K
a,L

RF 1 + K
a,X

[X]
= (1)

where[X]istheconcentrationofthefreeweakligandX,whichisnotknown.For
practicalpurposes,thetotalconcentrationofweakligandrequiredtoachievea
predeterminedreductionfactorisapproximately:

[X]
T
 = 

RF – 1

K
a,X

+ [M]
T (2)

where[X]Tand[M]Tarethetotalweakligandandtotalmacromolecule
concentrationinthecalorimetriccell.
Toobtainacompletebindingisothermwithinthespecifiednumberof

injections,theligandsolutioninthesyringeshouldbemoreconcentrated
thanthemacromoleculeinthecell,sothatattheendoftheexperiment,the
molarratioofligandtomacromoleculeinsidethecellis2−3toensurenear
saturation(for1:1stoichiometry).Consideringthevolumeofthesample
cell(1.4ml),thetypicalinjectionvolume(10µl)andthetypicalnumber
ofinjections(~25−30),itisadvisabletouseaconcentrationofligandin
thesyringe10−20timeshigherthanthesolutioninthecell.Asageneral
rule,themacromoleculeconcentrationshouldbesetto10−50µMandthe
concentrationofligand15-foldhigherinthesyringe.
Inaddition,inordertomaximizetheinstrumentsignalandobtainoptimal

results,thebindingaffinityoftheweakligandmustdifferbyafactorof10or
morefromtheaffinityofthestrongligand,andthebindingenthalpyoftheweak
ligandmustbeasdifferent(atleast2–3kcal/moldifference)fromthebinding
enthalpyofthehigh-affinityligandaspossible(iffeasible,theirenthalpiesmust
beofoppositesign).

Therefore,beforebeginningtheexperiment:chooseanappropriateweak
competingligandandchooseappropriateconcentrationsofthetargetmolecule,
theweakligandandtheanalytestrongligand.(InthecaseofHIV-1protease,
thesolutioninthecalorimetriccellcontains20µMHIV-1proteaseand200µM
acetyl-pepstatin(weakligand).Thesolutioninthesyringecontains300µM
indinavir(high-affinityligand).)
Preparingsolutions.Experimentalconditionsshouldbeselectedbytaking
intoaccountthestabilityandthesolubilityofthereactantsandthebiological
considerationsofthesystemunderstudy.InthecaseofHIV-1protease,the
majorityofequilibriumexperimentshavebeenconductedatmildlyacidic
pHandlowionicstrength(pH5and10–20mMionicconcentration).These
conditionsguaranteehighconformationalstabilityandlowcatalyticactivity
(preventingautocatalysis).
Preparereactantsolutionsforthecellandthesyringeunderidentical

conditionsandwiththesamebuffercomposition.Forconvenience,the
injectedreactantlocatedinthesyringeandthereactantlocatedinthecellare
referredtoas‘ligand’and‘macromolecule,’respectively.Theterms‘ligand’and
‘macromolecule’areusedonlyinreferencetotheirlocationanddonotreflect
anyotherattribute.Usuallytheless-solublereactantshouldbeplacedinthecell.
Sometimesreversetitrations(reversingtheroleofmacromoleculeandligand)
areconductedtocheckthestoichiometryorthesuitabilityofthebindingmodel.
Thecomposition,concentration,pHandionicstrengthofthebufferallaffect

thethermodynamicparameters,andthequalityoftheexperimentdependson
maintainingaperfectmatchofthebufferinthecellandsyringesamples.For
thereactantsolutions,buffertype,bufferconcentration,pH,ionicstrengthand
co-solventsmustbethesame.InanITCassay,consistencybetweentheexact
compositionofthebufferinthecellandthesyringeisofcrucialimportanceto
preventdominanceofnonspecificheateffects.
Oneeffectivewaytoachievethisgoalistodialyzethemacromoleculeagainst

thedesiredbufferandthenusethefiltereddialysisbuffertopreparetheligand
solution.CertainadditivessuchasDMSO,whichincreasethesolubilityof
hydrophobicligands,haveanenormouseffectontheITCsignal,andtherefore
extremecareshouldbetakentokeeptheconcentrationofDMSOinthecelland
syringeascloseaspossibletoeachother.
Determinetheconcentrationsoftheweakinhibitororligandandthe

analyteinhibitororligandstocksolutionsbyanalyticaldeterminationof
quantitativenitrogencontentoranyotherappropriatetechnique.Determine
theconcentrationofthetargetproteinsolutionbymeasuringitsabsorbancein
aspectrophotometer(theHIV-1proteasehasanextinctioncoefficientof25,500
M–1cm–1at280nm).Reliableestimatesofthebindingenthalpy,stoichiometry
andassociationconstant(althoughthelatterisslightlylessdependent)depend
ontheaccuratedeterminationoftheconcentrationsofthereactants.
SolutionsusedintheHIV-1proteaseexperimentAcetyl-pepstatinstock
solution.Dissolve5mgofthelyophilizedacetyl-pepstatinpowderin9mM
NaOH(thiscompoundisveryinsolubleinpurewater)toaconcentrationof
8–9mM.Prepareindinavirstocksolutionat≥15mMin100%DMSOfrom
lyophilizedpowder.Indinavirisnotwatersolubleattherequiredconcentration.
Cellsolution.Forthedirecttitrationwithacetyl-pepstatin,dilutetheproteasetoa
finalconcentrationof20µMin10mMsodiumacetate,pH5.0,DMSO2%(vol/
vol),inatotalvolumeof2.2ml.Forthedisplacementtitrationwithindinavir,
dilutetheproteasetoafinalconcentrationof20µMin10mMsodiumacetate,
pH5.0,DMSO2%(vol/vol),addingacetyl-pepstatintothesolutiontoafinal
concentrationof200µM,inatotalvolumeof2.2ml.
Syringesolution.Forthedirecttitrationwithacetyl-pepstatin,diluteacetyl-
pepstatintoafinalconcentrationof300µMin10mMsodiumacetate,pH5.0,
inatotalvolumeof0.5ml,addingDMSOtoreachafinalconcentrationof2%
(vol/vol).Forthedisplacementtitrationwithindinavir,diluteindinavirtoafinal
concentrationof300µMin10mMsodiumacetate,pH5.0,inatotalvolumeof
0.5ml.Ifnecessary,addDMSOtoreachafinalconcentrationof2%(vol/vol).

PROCEDURE
1| Degasallsolutions(reactantsandbuffersolutionsusedforrinsingthecell)for10–20min(stirringandtemperature

controlareoptional)usingthevacuumpumporanysimilardeviceinordertoavoidformationofbubblesinthesamplecell

duringtheexperiment.

2| Lowerthecalorimeterthermostatsettingslightlybelowtherunningtemperature(withadifferenceof0.5–2°C)toprevent

longequilibrationdelays.
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3| Fillthereferencecellwith

degasseddistilledwaterorbuffer

solutionusingthelong-needle

syringe.

4| Rinsethesamplecellseveral

timeswithbuffersolution,then

removeallliquid.

5| Fillthesamplecellwiththe

macromoleculesolution,avoidingthe

appearanceofbubblesinthecell.

6| Placetheligandsolutionina

smallglasstube.

7| Fillthecalorimetersyringe

withligandsolutionaccordingto

theinstructionsintheinstrument

manual.Aplasticsyringeconnected

withplastictubingisusedtofill

thecalorimetersyringebyslowly

withdrawingthesolutionfromthe

smallglasstube.Apurge-refillcycle

maybeperformedtoensurethe

absenceofairbubblesinsidethe

syringe.

8| Rinseexcessligandsolutiononthesurfaceoftheneedleoffwithwaterandthencarefullydrythesurfaceofthe

needlewithpaper.

9| Chooseinstrumentsettingsappropriatetoyourexperiment,forexample:totalnumberofinjections(~25−30),

measurementtemperature(selectdesiredtemperaturebetween5and40ºC),referencepower(10µcals–1),initial

injectiondelay(~200s),syringeligandconcentration(inmM),cellmacromoleculeconcentration(inmM),stirringspeed

(~500r.p.m.),feedbackmodegain(highfeedback),injectionvolume(~10µl),durationofeachinjection(~20s),spacing

betweeninjectionsto(~400s),filterperiod(~2s).

▲CRITICALSTEPThereferencepower,whichisinfacttheactualsignalrecordedintheinstrument,canbesetinitiallyto

ahigherorlowervalueiflargeexothermicorendothermicsignalsareexpected.

▲CRITICALSTEPAstirringspeedof~500r.p.m.ensuresrapidmixing,butitcanbemodifieddependingonthesample

(e.g.,highviscosity,tendencytoaggregateortogeneratefoam,etc.).

▲CRITICALSTEPHighfeedbackgainwillprovidehighsensitivityandsmallresponsetime,andwillallowperforminga

titrationinlessthan2h.

▲CRITICALSTEPTheinjectionvolumecanbesettolowervalues(butneverlowerthan3µl)iftheheatofreactionis

expectedtobelarge;inthatcaseitisalsopossibletomodifytheconcentrationsused.

▲CRITICALSTEPSetthevolumeofthefirstinjectionto3µlorless(minimizingtheamountofreactantswasted).Owing

todiffusionofthesolutionsduringtheinsertionofthesyringeortheequilibrationstage,thefirstinjectionisnotuseful

intheanalysis(theheatassociatedwiththefirstinjectionisnottakenintoaccountinthedataanalysis).

▲CRITICALSTEPThedurationforeachinjectionisusuallyautomaticallyassigned(2sµl–1).Itshouldnotbeloweredin

ordertoavoidlargemechanicalheateffects.

▲CRITICALSTEPThespacingbetweeninjectionsshouldbeenoughtopermitthesignaltoreturntobaselinebefore

thenextinjection.However,ligandbindingissometimesaccompaniedbyslowdissociationkinetics.Inthosecases,the

spacingbetweeninjectionsmighthavetobeincreasedsignificantly.

10|Initiatetheexperimentaftergentlysettingtheinjectionsyringeinplace.Thesignalequilibrationlevelwillbeslightly

lessthanthereferencepowervalueenteredintheparametersettingbecauseoftheheatgeneratedduetothestirring.

a b

Figure1|ITCdeterminationofthebindingthermodynamicsofindinavirtotheHIV-1protease.

Titrationofacetyl-pepstatin(300µM)intoaproteasesolution(20µM;a)andtitrationofindinavir

(290µM)intoasolutionofprotease(20µM)inthepresenceofacetyl-pepstatin(200µM;b).The

experimentswereperformedin10mMsodiumacetatebuffer,pH5.0,andDMSO2%(vol/vol)at

25°C.Thecellvolumeis1.4mlandtheinjectionvolumeis10µl.Thepresenceofacetyl-pepstatinin

thecalorimetriccellreducestheapparentaffinityofindinavirbyafactorof~740,whichwithinthe

measurablerange.Analysisofthetwosetsofdatayieldstheassociationconstant,bindingenthalpy

andbindingentropyofindinavir.
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11|Checkthequalityofthebaselineusingafullscaleof1µcals–1.Starttheinjectionsequencewhenthebaseline

becomesflat,withnosignificantdriftornoise.Usualshort-termnoiselevelsare0.002µcals–1(standarddeviation)or

less.Aslightdriftinthebaselinedoesnotrepresentasignificantproblem,giventhetimelengthofthepeaks(usuallyless

than5min).

▲CRITICALSTEPThequalityofthebaselineiscriticalfortheaccuratecalculationoftheheateffectsassociatedwith

eachinjectionand,therefore,fortheaccurateestimationofthethermodynamicbindingparameters.Figure1showsthe

twotitrationsrequiredfordeterminingthethermodynamicparametersforthebindingofindinavirtotheHIV-1protease.

Thefirsttitrationcorrespondstothebindingofacetyl-pepstatintotheHIV-1proteaseandthesecondonecorresponds

tothebindingofindinavirtotheHIV-1proteaseinthepresenceofacetyl-pepstatin,whichlowersthebindingaffinityof

indinavirbyafactorof~740.Thethermodynamicparametersforthebindingofacetyl-pepstatintotheHIV-1proteaseare

estimatedfromthefirsttitration:Ka=4.1×106M–1,∆Ha=6.8kcalmole–1,n=0.98,∆Ga=–9.0kcal/mol,∆Sa=53cal

K–1mol–1(–T∆Sa=–15.8kcalmol–1).ThethermodynamicparametersforthebindingofindinavirtotheHIV-1proteaseare

estimatedfromthedisplacementtitration,andthebindingparametersdeterminedforacetyl-pepstatindeterminedinthe

firsttitration.TheresultingparametersforindinavirbindingtotheHIV-1proteaseare:Ka=2.1×109M–1,∆Ha=2.1kcal

mole–1,n=0.99,∆Ga=–12.7kcal/mol–1,∆Sa=50calK–1mol(–T∆Sa=–14.8kcalmol–1).

?TROUBLESHOOTING

12|Washtheinjectionsyringewithwater(≥50ml)oncetheexperimentisfinished.

▲CRITICALSTEPRegularly,andespeciallyforlow-solubilityreactants,washthesyringewithmethanolordetergent

(50ml)andwater(≥300ml).Thendrythesyringefor≥10minusingthevacuumpump.

13|Washtheplungertipofthesyringeinjectorwithwateranddryit.

14|Rinsethesamplecellseveraltimeswithwaterusingthelong-needlesyringe.Forperiodicdeepcleansingorwhen

usingadifferentmacromolecule,orincaseswherethesampleprecipitatedoraggregatedinthesamplecell,thesample

cellshouldbewashedwithacleaningsolution(compatiblewiththematerialthecellsaremadeof)accordingtothe

instrument’smanual.

▲CRITICALSTEPThesamplecellneedstobevigorouslycleanedaccordingtomanufacturerrecommendations,followedby

comprehensiverinsingofthecellwithwater(~1l).

Dataanalysis
15|Carefullycheckthequalityoftheindividualbaselineforeachpeakand,ifapplicable,manuallymodifythebaseline

andtheintegrationinterval.

▲CRITICALSTEPEachreactionpeakneedstobeintegratedaftertracingtheappropriatebaseline.Thebaselineshould

followasmoothpath,defineclearlyapeaksignalthatrelaxesandmergeswiththebaselineasymptotically,andgo

throughthenoisewhenthereactionisfinished.Theappropriateintegrationintervalshouldcovertheentirepeak;take

caretoincludealltheareacorrespondingtotherelaxationstage.

16|Enterthevaluesofligandandmacromoleculeconcentration,aswellasthesamplecellvolumetoensuretheaccuracy

ofthecalculations.

17|Observetheheateffectaftersaturation;itreflectsdifferentnonspecificphenomenaandiscommonlyreferredtoas

‘heatofdilution’eventhoughitcontainsotherfactors.Alargeheatofdilutionthroughoutthetitrationmayrenderthe

experimentuselessifitsmagnitudeismuchlargerthantheheatofbinding,thusmaskingthebindingoftheligand.

▲CRITICALSTEPInadditiontotheheateffectsassociatedwiththebindingreactionitself,therearealsoheateffects

associatedwiththedilutionofreactantsandheateffectsduetofrictionandturbulenceassociatedwiththeinjectionand

mixingofthereactants.Theseeffectsneedtobesubtractedfromthetotalheatmeasuredineachinjection.Theheatdue

tofrictionandturbulenceuponinjectioncanbeestimatedbyinjectingwaterintowater,andshouldneverbelargerthan

0.5µcal.Asubstantiallylargerheatmaybeduetolargeinjectionvolumes,and/orshortinjectiondurations(highinjection

rate);orreflectaninstrumentmalfunctionthatneedstobeaddressedtothemanufacturer.Twocommoncausesforalarge

heatofdilution(>10µcal)are:dilutionoftheligandfromaconcentratedsolutioninthesyringetoaless-concentrated

solutioninthecell(usuallyadilutionfactorof~100)andheatduetomismatched(pHorionicstrength)syringeandcell

buffersolutions.Thefirstisinevitable,andtheexperimentershouldestimatesucheffectbyperformingblankexperiments,

thatis,byinjectingligandsolutionintobuffersolutionwithoutmacromoleculeorbyaveragingtheheateffectsmeasured

aftersaturationhasbeenachieved.Inallcases,theheatofdilutionissubtractedfromtheheatassociatedwitheach
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injection.Sometimes,theheatofdilutionisconcentrationdependent(i.e.,itisnotconstantthroughoutthetitration);

inthiscasetheaveragingmethodisnotvalid,andtheactualdilutionheatsobtainedbytitratingligandintobufferneed

tobesubtracted.Failingtoproperlyestimatethedilutionheatwillresultininaccurateestimatesofthethermodynamic

bindingparameters.

18|Datafitting.Thebindingaffinityandenthalpyforacetyl-pepstatinbindingtotheHIV-1proteasemustbeevaluated

firstusingthestandardonesetofindependentsitesmodel(inOrigin7.0thecorrespondingfittingfunctioniscalledOne

SetofSites).Oncethisisdone,theanalysisofthedisplacementtitrationshouldbeperformedusingabindingcompetition

model(therequiredequationsareprovidedbelowforthosewhousecustomsoftware;inOrigin7.0iscalledCompetitive

Binding).Inthisfittingfunction,alltheparametersrequiredforanalyzingtheexperimentmustbeset:totalconcentration

ofeachreactant,HIV-1protease,acetyl-pepstatinandindinavir,andtheaffinityandbindingenthalpyofacetyl-pepstatinto

theHIV-1protease.Oncethisisdone,allparametersareestimatedbynonlinearleast-squaresregression.

ANTICIPATEDRESULTS
Thegoalinadisplacementtitrationistolowertheaffinityofahigh-affinityligandtoalevelthatcanbemeasuredby

ITC.Thisisachievedbyaddingaweakcompetitiveligand,X,totheproteinsolutioninthecalorimetriccellinorderto

artificiallylowertheaffinityofthehigh-affinityligand,L.Thebindingequationsforthissystemcanbesolvedbyusing

thefollowingapproach.

Thetotalconcentrationofeachreactantinsidethecalorimetriccellisknownandaftereachconsecutiveinjectioni,is

givenby:

[M]
T,i
 = [M]

0
 1–

v

V

[L]
T,i
 = [L]

0
 1– 1–

v

V

i

[X]
T,i
 = [X]

0
 1–

v

V

i

i (3)

where[M]0istheinitialconcentrationofmacromoleculeinthecell,[L]0istheconcentrationofligandLinthesyringe,

[X]0istheconcentrationofligandXinthecell,Visthecellvolume,vistheinjectionvolumeand(1−v/V)isthefactor

thataccountsforthechangeintheconcentrationofreactantsduetothedilutionthattakesplaceuponeachinjection.

Usingthemassactionlawandtheconservationofmassforeachspecies:

[M]
T
 = [M] + [ML] + [MX] = [M] + K

a,L
[M][L] + K

a,X
[M][X]

[L]
T
 = [L] + [ML] = [L] + K

a,L
[M][L]

[X]
T
 = [X] + [MX] = [X] + K

a,X
[M][X]

(4)

whereKa,LandKa,Xarethebindingconstantsforeachligand.Solvingthissetofequationsprovidestheconcentrationof

anyspeciesinthecalorimetriccell,inparticular,theconcentrationofbothcomplexes,[ML]and[MX]aftereachinjection

i.Theheatreleasedorabsorbedduetoeachligandinjection,qi,istheheatassociatedwiththeformation/dissociationof

eachcomplexintheinjectioni:

q
i
 = V  ∆H

a,L
  [ML]

i
 – [ML]

i–1
 1–

v

V

v

V
+ ∆H

a,X
 [MX]

i
 – [MX]

i–1  
1– (5)

where∆Ha,Land∆Ha,Xarethebindingorassociationenthalpyforeachligand.Thissetofequationsconstitutesthe

formalismtoanalyzebindingexperimentsinwhichaligandbindsamacromoleculeinthepresenceofasecondcompetitive

ligand.Giventheinitialconcentrationsofreactants,[M]0,[L]0and[X]0,thebindingaffinities,KaLandKaX,andthe

bindingenthalpies,∆HaLand∆HaX,itispossibletoestimatetheheatinvolvedineachinjection,whichwillbethe

dependentvariableusedintheanalysis,andincorporatethatcalculationinafittingfunction.Itisusualtoinclude

anadditionalparameter,n,toconsiderexplicitlythestoichiometryorthepercentageofactiveproteininthesolution

(substituting[M]Twithn[M]TinEquation4or,alternatively,[M]0byn[M]0inEquation3).Thethermodynamicparameters

(KaL,∆HaLandn)willbeestimatedasadjustableparametersinthefittingprocedure.Itmustbenotedthatdirecttitration
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experimentsinwhichaproteinistitratedwithaligand(intheabsenceofacompetitorligand)canalsobeanalyzedwith

thepresentformalism,becausetheycorrespondtothespecialcaseinwhichthetotalconcentrationofcompetitorligand

equalszero([X]T=0)andalltermswithligandXinEquations4and5arenotconsidered.

●TIMING

Eachtitrationmaylast2.5happroximately(samplepreparation,0.5h;experimentrun,1.5h;dataanalysis,0.5h;instrument

cleaning,0.5h).Therefore,thetwo-titrationprotocolcanbecarriedoutin5h.

?TROUBLESHOOTING

FortroubleshootingguidanceseeTable1.

TABLE1|Troubleshootingtable.

PROBLEM SOLUTION

Step11Poorbaselinequality Severalpossibilitiesmustbeconsidered.

(i)Smallirregularnoiseisprobablyduetoairbubblesinthesamplecell.Inthatcase,stop

measurement,removesyringeandcheckcellcontent.

(ii)Strongregularnoise(significantlyhigherthan0.002µcals–1(standarddeviation))and/or

significantdriftindicatethattheinjectionsyringeisbent.Stopmeasurement,andcheckthe

needleofthesyringebyrollingitonaflatsurface.

(iii)Highbaselinelevel(higherthatthereferencepowersetinStep9)indicateslowliquidlevel

orairbubblesinthereferencecell.

(iv)Lowbaselinelevel(1µcals–1ormorelowerthanthereferencepowersetinStep9)

indicatesthattheviscosityofthecellsolutionishighorthecellisdirty.Fromapracticalpoint

ofview,itshouldalwaysbeemphasizedthatacleancellandastraightsyringearedecisiveto

avoidspuriousresultsandexcellentbaselineswithhighsignal-to-noiseratio.
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