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Review

Isothermal titration calorimetry and differential
scanning calorimetry as complementary tools to
iInvestigate the energetics of biomolecular
recognition

llian Jelesarov* and Hans Rudolf Bosshard
Department of Biochemistry, University of Zurich, CH-8057 Zurich, Switzerland

The principles of isothermal titration calorimetry (ITC) and differential scanning calorimetry (DSC) are
reviewed together with the basic thermodynamic formalism on which the two techniques are based.
Although ITC is particularly suitable to follow the energetics of an association reaction between
biomolecules, the combination of ITC and DSC provides a more comprehensive description of the
thermodynamics of an associating system. The reason is that the parametex&, AH, AS,and AC,, obtained
from ITC are global properties of the system under study. They may be composed to varying degrees of
contributions from the binding reaction proper, from conformational changes of the component molecules
during association, and from changes in molecule/solvent interactions and in the state of protonation.
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Introduction ways to rationalize structure in terms of energetics, a task
that still is enormously difficult inspite of some very
Specific binding is fundamental to the molecular organiza- promising theoretical developments and of the steady
tion of living matter. Virtually all biological phenomena accumulation of experimental results. Theoretical concepts
depend in one way or another on molecular recognition, have developed in the tradition of physical-organic
which either isintermolecular as in ligand binding to a chemistry. It is difficult to adapt these concepts in a
macromolecule and in the formation of macromolecular straightforward way to complex biomacromolecules. Pro-
complexes, ointramolecular as in protein folding. Here we  teins and nucleic acids are so large that in solution they may
deal with intermolecular recognition, that is, with binding be regarded as individual macroscopic systems surrounded
reactions. The specificity and precision of binding reactions by solvent (Privalov and Potekhin, 1986). They behave
has fascinated biologists and chemists from the very cooperatively and often undergo structural rearrangements
beginning of modern biochemistry, and one of the most during binding reactions. The changes range from the subtle
rapidly advancing fields today is the study of molecular adjustments of dihedral angles to the prominent rearrange-
recognition between macromolecules. The quantitative ment and even refolding of entire molecular domains
description of the forces that govern the formation of (Padlan, 1996). For example, in a DNA binding protein the
biomolecular complexes is part of this endeavor. It has greatdomain that binds to the DNA target site can be unstructured
practical significance to the knowledge-based developmentin the free protein and becomes folded only when it is bound
of new drugs, vaccines and other medicinal compounds. to DNA (Patikoglou and Burley, 1997). The energetic
The number of high resolution crystal structures of consequence of such binding-induced refolding is far from
biomolecular complexes is growing fast and there is a large being understood, but the energetic cost is thought to be
data base describing the complementarity of interacting large. From this perspective, binding specificity has to be
surfaces and the precise orientation of interacting groups.redefined. It is no longer a simple function of spatial
From the many detailed, yet static, pictures of biomolecular complementarity and of accumulation of favorable interac-
complexes we have learnédw molecules interact, but we  tions between molecules that can be treated as rigid bodies.
less well knowwhythey do so. This means we have to find Binding between large and flexible biomolecules has a
complicated energy profile involving different energetic
expenditures in going from the free components to the final
* Correspondence to: |. Jelesarov, Department of Biochemistry, University of complex. The free energy of complex formation turns out to
Zurich, V‘:/interthurers.trésse 190, éH—8857 Zurich, Switzerland.y’ ! be a very small number resultmg from a delicate bala_nce
Abbreviations used: DSC, differential scanning calorimetry; ITC, isothermal between |arge favorable and |arge unfavorable contribu-
titration calorimetry. tions. Moreover, binding takes place only if thetal free
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enegy changadecreasesggadlessof theactualamountof
favorabk free energy change accumuated by direct
molecudar contact betwea the associting biomolecules.
This is to say,solventeffects areasimportantto the enegy
balance as are direct noncovédent interactions (Collins,
1997;Jelesarowt al., 1998).

Basic Thermodynamic Relationship
Describing Binding Phenomena

The Gibbs free energy change, AG, of an associion
reaction is tempeanturedependenandis descibed by

;
AC,dT — TAS(Tg)

L. (1)

-T [ ACInT
Tr

AH and AS are the changein enthalpy and entrqy,
respectively, AC,, is the heatcapadty changeandTg is an
approriate reference tempeature. If AC, is tempeature-
independentin the temperatire interval of interest, Eq. (1)

simplifies to

AG(T) = AH(Tr) — TAS(TR)

+ AC [T —Tr—TIn(T/TRr)]
Equatons (1) and (2) show that the free energy of
assodtion hasanenthalpyandanentropycompment.The

changes of enthaly and entropy dependon tempeature
accordng to

AG(T) = AH(Tg) +

(2)

_d(AH) _d(AS)
AG=—gr =Tt 3
To characterizéhethermodynarits of abindingreadion
meansto determire AG, AH and AS at a given referece
tempeatureandto obtan AC, to predictthe changeof the
abovethreeparaneterswith tempeature.

Non-calorimetric determination of binding energeics

AG is accessible through many types of binding experi-
merts becase AG is relatedto the asso@tion consantK
by AG=-RT In K5 where R is the gasconsant (8.314J
K'mol™) and T is the absolte tempenture in degres
Kelvin. In thesimplestcaseamolecue L readswith another
molecue M to thecomplexML.* Theasso@tion constants
Ka = [ML)/[M][L] where thebradketsindicateconcentation
expressedn units of mol |t andK » hasunitsof | mol~. To
takethelogarithm,K, mug beadimensonlessratio. Thisis
achievedby normalizng the molar concentrabns to the
standad stae concentrationof 1 mol |2, Alternatively, Ka

1In this article the componentsof a complex are designatedL and M,
irrespectve of their size and chemicalnature.Thus,L andM canbe protens,
nucleic acids,low molecularweight metabolitessaltions, and so on. L often
is named the ligand and M the receptor. However, this assignmentis
arbitrary.

Copyright© 1999JohnWiley & Sons,Ltd.

can be expressedas (mal fraction) *, where 1 mol |72
equab 1.8 x 10 2 mol fraction (correspondig to 1/5556
mol H,O per1). Thechoiceof the standad stete is a matter
of converion yet is importantwhen comparing valuesof
AG andAS.

There are manyways to measureK,. Let us beginwith
the simple equilibrium betweenL, M and ML:

Ka
L+M — ML

Techniquedike equilibriumdialysis,ultracentrifugaton,
or radio-ligandbindingassaydirectly yield valuesfor [ML],
[M], or [L] to calculate Kn. More indirect and modly
spectoscopicmethodsyield an observala p the changeof
which is propotional to the degree of saturaton, Y,
accoding to:

Y — Apl _ [ML] _ KA[L] (4)
APmax  [M]+ [ML] 1+ KalL]

Ap; is a signal change(e.g. a changeof fluorescene
acconpanying the formation of the comgdex, ML), and
Apmax IS the maximum signal changeat full saturaton
(Y=1). From Y measured at different temperaturs,
Ka(T) and AG(T) are obtaned. AH(T) and AYT) can be
derived using the integrated form of the van't Hoff

equaion:
kK 2 AH
dinKy = / —dT 5a
n ATy R 2)
and
T T
AG = — ASAT (5b)
T1 Ty

Further, taking the secom derivative of AG(T) with
respect to tempeature, one obtans AC,. The non-alori-
metric apprach to the thermodynames of an associéion
readion, commony called avan’'t Hoff analysishassevere
drawbacks.First, for techni@al rea®ns,experinentscanbe
performed only in a limited tempeature range and
expeimental errors propajateinto large errorsof AH, AS
and of AC, in particular. Second,K, very often appears
tempentureindependat in the experimenally accessile
T-rangebecaus®f enthalpy/@tropyconpensatiorbetwea
large and strongly temperture-depedent AH and AS
Therefore,the van't Hoff analysisof a binding reactionis
often flawed.

Isothermal Titration Calorimetry

ITC and DSC are the only method for the direct
deteminationof AH. The principleof ITC is nowreviewed
first. It is themostdirectmethodto measue the heatchange
onformation of acomgdex at consanttempeature.Sincea
titrationexpeimentis performedin whichL istitratedinto a
soluion of M (or M into a soluion of L), Kn and the
stoichiometry, n, of the complexarealsoobtaned by ITC.

Moreover, ITC expeiments performed at different tem-
perauresyield AC, definedby Eq. (3).

J. Mol. Recognit.199912:3-18
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Figure 1. ITC titration data describing the formation of a 16 bp
DNA duplex by mixing the complementary strands at 30°C. Panel
A shows the differential power signal recorded in the experiment.
After integration with respect to time and normalization per mol
of added ligand (which in this case is single-stranded DNA),
AHapp, Ka and n can be calculated from Eq. (6) by nonlinear least
squares analysis, as detailed in the text. The integrated data can
be plotted in two ways: as a sigmoidal plot (panel B) or as a
hyperbolic saturation curve (panel C). The AH,,, obtained from
this analysis is a global property of the system corrected for
nonspecific effects. The solid lines in panels B and C correspond
t0 AHapp = 436 kJ mol ™", Ko=3.1 x 10°M~", and n=1.

The IT C experiment

Thebasicprincipleis simple? Theexperimentis performed
at a constaint tempeature by titrating one binding partner
(called the ‘titrant’, e.g. L) into a solution contairing the
othe binding partner(called the ‘titrand’, e.g. M) in the
samplecell of thecalorimeer. After eachaddtion of asmadl
aliquotof L, theheatreleagdor absobedin thesamplecell
is measured with respectto a referencecell filled with
buffer. The heatchangeis expressedasthe electrical power
(3 s required to maintin a constantsmall tempenture
differencebetweenthe samplecell and the reference cell,
whicharebothplacedin anadiabaticjacket. Addition of L is
autanatedandoccursfrom a precisionsyringedriven by a

2Techical details on the constructionof modern mixing caloimeters, their
performanceand sensitivity, and on the theory of data analysishave been
describedelsewheregMcKinnon et al., 1984; Wisemanet al., 1989; Freire et
al., 1990;Breslaueret al., 1992).
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computer-ontrolled steppermotor. The contentsof the
sanple cell are stirred to effect rapid mixing of the
readants. In commercially availableinstrumentsvolumes
of sanple cels arein the range0.2—1.4ml. The amountof
titrandrequiredperexperimentlepend onthemagnitudeof
the heatchange;10-100nmol of proteinaretypical.
Figure 1A showstheraw dataof anITC experimentEach
peak correspads to the heat releasedon addtion of an
aliquot of ligand to the receptor. Integration of the
differential powe sigral with resgect to time yields the
appaentheatchange Ag ,pp betwea addiionsi—1 andi:

Aqi,app =0 —0Gi-1

Aq; appCorrespadsto the areaof theith peakin Fig. 1A.
If K is largeandthemolarratio of L to M atthebeginnirg
of thetitrationis low, thenvirtually all theligandis boundto
therecepto andthepeakarea aresimilar. As thefractional
saurationincrea®s,Adj sppgradually decreass. Eventually
all recepto sites are saturated. Small heat changs
registeredafter full sauration are cause by the heat of
ligand dilution, q; 4y, andby othe nonspecificeffects,q ns
Aqi appis propotionalto thevolumeof thecalorimetriccell,
Vcen, t0 the changein concentration of the boundligand,
A[Lilbound= [Lilbound — [Li-1lbouna @nd to the apparent
molar enthally of associéion, AH,y,. We write:

Aqi,app = AQi + AQi,dil + AC]i,ns

(6a)
= AlLilpouna X Veell X AHapp

Aq; gil + Ag nsis obtanedfrom ablanktitration of ligand
into buffer. Ve is known, and AH,,,, is constantat fixed
presure tempentureandsolventcondtions. AH,p,andKa
arecalculaed from:

Ag = AQi‘app_ AQgil — AQins = n[M]tothellAHapp x R
(6b)

[M]iot is thetotal concentrationof M in the samplecell of
the calorimete. Aq; is the effective heatchangecausedby
the formation of complex ML attheith step of thetitration,
andR is the root of the quadatic equaion:

V2 Yo (L et ) LMl =0
)

nKA[M]tot

Y; is the degreeof saturaton definedby Y; = A[Li]bound
[M]ior- [Liltot is the total concentration of L addeduntil
injection i, andn is the numberof idertical andindependent
binding sitesfor theligandL ontherecepta M. A nonlinear
regressionprocedurebasedon Eq (6b) yields n, Ko and
AHgpp from a singde titration experiment

The experimenal datacanbe plotted in two ways.In the
differentialmodethetotal heataccumuétedupto injectioni
is normalizdto thetotalligandconcentrationat stepi andis
plotted againstthe total ligand concentration at stepi (or
agansttheratio of thetotal ligand concentrationat stepi to
the total recepto concentrabn, [Li]lio/[M]ioy). This yields
thefamiliar sigmodaltitration curveshown in Fig. 1B from
which the total calaimetric heat change per mol of
conplex, AH4p, canbe calculaed. In the integral modg
the total cumulaive heatis plotted againstthe total ligand
concentration to yield a hypembolic saturatbn curve (Fig.
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1C). The sarre paranetersare obtainedfrom either plot.
Compaative statisticd analsis of the two plots can give
information about the accumulaibn of sysematic errors
(Bundle and Sigurskjold, 1994). The numter of binding
sites, n, and AH,p, are strongy correlted, and the
succesful deconwlution of the binding isotherm often
depend on addiional independentinformaton aboutthe
numter of binding sitesof M.

The casedisaussedappliesonly to the binding of L to a
recepto M with nidenticalandindependat bindingsites.In
thecaseof arecepto with multiple bindingsitesof different
affinity, statistica thermodynamc treatment of the datais
required. The partition function Q givesa generl descrip
tion of abindingreaction(WymanandGill, 1990).Q relates
the sumof concentrationsof all speciego the conceitration
of anarbitraily choserreferencespeciesconvenently the
unligated form of a recepta:

M:

M] + >_[MLj]

S| |
— 145 =14

(8)

In this equatia, [L] and[ML;] arethe concentationsof
free ligand and ligated recepte, respedwely, n is the
numkber of bindingsitesontherecepte, andp; is theoverdl
binding constantelatve to the unligatedreceptor It canbe
written in terms of the overall step-wig (macioscopic)
binding constans, K, as

n
B =1]K
=1

or in terms of the intrinsic (microsc@ic) site binding
constans, x, as

I
A

M

n £
=il

Diff erentbindingmodelscanbedisaiminateddepentihg
on the definition of ;. In the caseof a single binding site,
Eq. (8) redue@sto:

Q=1+KalL] (8a)

wheae K, is the intrinsic (microsmpic) site binding
constant If the receptoe has one set of j identical and
independentbinding sites:

Q= (1+Ka-[L)) (8b)

For m sets,eachcontairing j identical and independat
binding sites:

Q=TT+ Kam- (L))" (80)
1

In the caseof coopeativity betweea a priori identical
binding sites, the first ligand binds with Ka 1 =Ka, the
secoml with Ka > =a x Kp, the third with Kyz=a x b x
Ka, and so on. The cooperaitsity factors a, b, ... ac-
count for the change of intrinsic binding affinity of
the unoccpied sites when the degree of saturation
increa®s.

Copyright© 1999JohnWiley & Sons,Ltd.

Equation(7) shows thatthe deconwlution of the binding
isothem from anITC experimentequires calculationof the
change in the degre of saturaton, Y;, with ligand
concentration. In terms of the binding partition function,
Y, is expresse by

N
__8MQ_§ML] 9
Tl Q )

Since [Lilg =[M]iwt X Y;, the total heat change after
completion of injectioni is

n .
Zl AHappi j G[Li]'
Ag = My x VceIIF 0

With the help of this statistcal thermodynarit treatment
it is possibe to deconwlute a heat binding isothem of
a complex system involving non-equivalent andbr inter-
acing binding sites. There are instructive exampes
denonstratig the strengh of this approach(Eisensteai
et al., 1994; Ferrariand Lohman, 199%; Hyre and Spicer,
19%; Bruzzeseand Comelly, 1997; Gopd et al., 1997).
The deconvoluion hasa firm themodynanic foundaion
and avoids addtional assumptios as is necessar in
the analyss of spectr@copic binding data In practice,
however, the success much depend on the quality of the
expeimental data and on the number of couplkd fitting
paraneters.

(10)

Infor mational content of ITC data

Free energy changes As in otherbinding expeiments,to
obtan reliable binding constarg the concentrationsof the
interacting specieshaveto bein a prope rangesothatboth
the free ligands and the complex are populated. If the
concetration of binding sites is very much higher than
1/K,, all the ligand addedwill be bounduntil saturaton,
and the binding isotherm as displayed in Fig. 1B hasa
rectangilar shapewith a slopeapprachinginfinity. In the
opposite casein which the binding site concentrabn is
much below 1/K, the bindingisothem is very shallowand
full saturationis difficult to appraach.For accuratevaluesof
Ka, theconcettrationof recepte bindingsitesshout notbe
very much highe than 1/Ka. The dimensonless number
obtaned by multiplying Ka with the total binding site
concentrationis called the c-value (Wiseman et al., 1989).
As arule of thumb,c-valuesbetwee 10 and100give good
Ka-values.Often, however optimal concentrabns are not
accessible For very tight binding reactions, optimal
concentrations are too small to yield measurald heat
changs. It is for this reasonthat even with the most
sensiive instrumentspresenly available K, higher than
about10° M~ (AG ~ —50kJ mol~* at room temperatire)
cannotbeveryaccuratly measued.Very tight bindingcan
be analzed by DSC to be discussedin the sectim
Diff erential ScanningCalorimety. At the othe extreme
when K, is very low, the concentrationsrequred for c-
valuesbetweerl0and100maybe sohigh thataggreyation
of macromogculescanobscue the binding readion.

J. Mol. Recognit.199912:3-18
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If AG of binding is temperatire depenént, it is some-
times possble to chosea temperatuoe at which K5 canbe
measued by ITC. Unfortunaely, often K, is pradically
independentof temperture becauseof strong enthalpy/
entropy compenston. In this case,the thernbdynamc
linkagetheay providesa generl framework for calculting
high binding consantsfrom anappropratethermodynamc
cycle. For exanple, K5 canchangewith pH and one may
chosea pH whereK, canbe obtainedby ITC. If the pK,
valuesof theligatedandtheligand<freeform of therecepto
is known, AG at the tight binding pH condtions can be
calculated (Doyle et al., 1995; Baker and Murphy, 1996;
Kavanoorand Eftink, 1997). Alternatively, ITC titrations
canbe conduded by titrating a strongly binding ligandinto
a solution containingthe receptor alreadysaturatedvith a
weakeiigand.Freebindingenegiesareobtainal from such
a dispacenent expeiment if the strongand weak ligands
exhibit suitabledifferencesin bindingenthalpy (Khalifahet
al., 1993; Hu and Eftink, 1994; Sigurskpld et al., 1994).

Enthalpy changes The molar binding entralpy AHgppis a
fitting parameter accordng to Eqs (6b) and (10) and is
obtanedtogethe with K, from datacollected in theoptimal
concentrationrange A betterpracticeis to measuré\Hpat
concentrations where the binding partnes are fully
asso@ted when the degree of saturatia is still low. In
suchexperimens the accuracyof AH,p,is better yetthe c-
value is too high for accuatedetermination of K. Thus,in
pradice K, and AH,, are bestobtainedfrom experimens
performed at differentconcentrationratios.

The enthalpy change measured by ITC is a global
propety of thewhole sysem.lt is thetotal heatreleasedr
absobed in the calorimetric cell on eachaddition of the
ligand. The total heat contairs contibutions arising from
nonspeific effects. Theseare the heat of dilution of the
ligandinto buffer, heatcausedoy the incompletematchof
the tempeanturesof the soluions in the cell and at the
injection syringetip, or heateffectsfrom mixing of buffers
of slightly differentchemial compaosition. The nonspeific
heateffectsareaccounte for by Aq; 4y andAg; nsin Eqs(6a)
and(6b). But eventhe correctecheatchangeAq; of Eq.(6b)
is itself composedof different contributions. This is the
reasonwhy the molar enthalyy changeis an apparet
quantty (AHgpp. It only depend on the initial and final
stateof thebindingreaction thesolvateal freemolecuesand
thefinal solvatedconyplex.

Cortribution of reorganiation of solventto AH,,, and
AG. From the comparison of the calorimetric enthalpy
changein H,O and D,O it was concluced that solvent
reorganzation accownts for a large portion of AHgpp
(Connely et al.,, 1993; Chervenak and Toone, 1994).
Indedl, in high-resolution crystal structures, water mole-
culescanbe seenat the complex interfacewherethey may
improve the complementaity of the interacing surfaces,
andboundwateris sometimesvisible at the empty contact
surfaceof thefree molecdes(Ladbuy, 1996).ExterdedH-
bond netwokks at the complec interface can make the
enthalpy changemore favorable, often counterfalancedby
an entropt penalty (Bhat et al., 1994; Holdgate et al.,
1997). That addtion or removal of interfacial water
contibutesto thefree enegy of bindingwasdirectly shown
by lowering the wateractivity through addition of glycerol

Copyright© 1999JohnWiley & Sons,Ltd.

or anoher osnolyte (Kornblat et al., 1993; Robinson and
Sligar, 1993; Jelesarovand Bosshad, 1994 Goldbaumet
al., 1996;Xavier etal., 1997).Compkxeswith alow degree
of surface conplemenarity and with no net change of

hydration aretolerantto osmoticpressurgLundb&ak etal.,

1998).

Cortribution of directnoncowalert bondsto AH,,,, Apart
from the bulk hydrationeffects,directnoncoval@t bondsat
the interfacecontributeto AH,,, Thesecontibutions may
be consiceredto representthe binding enthalfy in a strict
sense Yet it is very difficult to sort out the enthalpy of
formation of eachspecificnoncovéent interection. The net
enthalpy effect of a particula noncovédent bond X-Y at the
interfacecanresut from thebalancebetwea theinteraction
enthalpy of thebondX—Yin the comgdex andthe enthalpes
from bondsbetweerthesolventor soluesandX andYin the
isolated molecues. Further, subte rearramgemens of the
packinginteractonsatthebinding site comparedto thefree
moleculemay addto AHgp,

Mutational approachs have beentried to analyzethe
contibutions of individual bondsto the enthalyy change
Examplesare alanine scaniing mutagaesis(Peace et al.,
199%), removal of a particular H-bond at the binding site
(Connellyetal., 1994, or the constuctionof double mutant
cycles(Frischetal., 1997).Cdorimetric analysisof mutants
suffersfrom amajorproblem:Canoneattribute a changeof
AHgp, to the removal of a speciftc contac? Or is the
enthalpic effect of anindirect natue anddecomposgion of
AHgpp in terms of individual residueresidie contacts or
even atom-atom interactons is not possibe? It has been
argual on theaetical ground that suchdecomposgion of
AHgpp (aswell asof AG andAS) is not possibe (Mark and
van Gungeren,1994). But othas havearguedin favor of
deconpositionof AH,p, (BoreschandKarplus,1995;Brady
and Sharp,1995).

In general,changs of AH,,, are not, or only weakly
correlatedto changsin AG. Recentcarefulanalsisof three
protein systens indeed suggess the correlationcan not be
mack (Ito et al., 1993; Peare et al., 1996; Frisch et al.,
1997). Onereasorfor this unforturatesituatian is enthalpy/
entopy compenstion. The overdl changein binding
enthalpy due to a particula mutation can be partly
conpensged by an entropy change As a result,thereonly
is a smdl changein the free energy of binding. This
common thermodynamc behavor is thoughtto reflect a
major role of compens#éing enthalfy andentropycontribu-
tions of waterto the binding procesgLumry andRajender,
1970; Dunitz, 1995;van Oss,1997).

Calorimteri c and van't Hoff enthalpy changes The van't
Hoff enthalyy change (AH,y) is calculated from the
tempenture depenénceof K, obtaineal eitherby ITC or
calculatedfrom spectr@copicor otherdatalEq. (5)]. Hence,
AH,n reflectsthe enthalfy intimately asso@ted with the
binding eventthatcauss the signalchangefor exanple the
guencling of thefluorescene of atryptophanresiduein the
conplex ML. Therdore, AH,4 equalsAH¢g4 only if the
binding reactionfollows a two-datetransition betwea free
and bound molecues and if the sigral changeused to
calculateK 5 refledstheentirepopuktionof freeandbound
molecules. Othewise, AH.y and AH,y are different
Indedl, systemat discre@nciesbetwee AH., and AH,

J. Mol. Recognit.199912:3-18
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havebeenreported(Gilli etal., 1994;Naghibietal., 1995)
andtherehavebeenattemps to rationalize the differences
(Dunitz, 1995;Chdres, 1997;van 0ss,1997).0n the other
hand,aratio of AH.,/AH, = 1 canbetakento indicate that
abindingeventconfamsto atwo-gatetransitionfrom free
molecues to the complex with no detectableintermedates
and with at most very minor contributons from water
reorgankation,confarmationd rearangemets, or changs
in the stateof protonation®

Protonation effects. Among the many possibe contibu-
tionsto AH,p, theeffectof changsin the protonation state
is worth consderingin moredetadl becawsethe numter of
protons, ny,, taken up or releasedduring the binding
processcanbemeasuedby titration calorimety (Murphy et
al., 1993;JeksarovandBossharg1994; GomezandFreire,
1995;Kreshek etal., 199%). If bindinginvolvesachangen

the protonationstateof L and/orM, protonsare exchanged
with the bufferad medum. Therdore, the calorimetricdly

obsewved enthalpy change AH,p,, depend on the enthalyy
of ionization of the buffer, AHp.err Repeaing the
expeiment at the samepH in buffers of different AHpyter
allows oneto calculat the binding enthalpy, AHping, from:

AHapp = AHpind + Ny X AHpufrer (11>

Values of AHpuser have beentabuated (Christensenet
al., 1976) or can be measued by ITC (Jelesarovand
Bosshad, 1994). AHy;ng can be partitioned further into a
termthatis independat of the protonatian change AH'ping,
and a term describing the enthalpic contribution of the
protonaion reacton, AHy,

AHping = AHéind + Ny AHpL (11a)
Combiing Eqs(11) and(11a):
AHapp = AHéind + r1H—¢—(AHH-&- + AHbuffer) (1]b)

If a pH canbe found wherebinding is pH-indepenént
(Nh+ = 0), AHapp= AH'ying follows from Eq. (11b). Figure 2
shows an exampek in which binding of two protens is
accompaied by the uptake of a singe proton.This system
was particularly revealingsince AH'ping Was 26kJ mol™?,
very muchhigherthan AH,,, becauseAH'yng and AHpter
almostcancele at pH 7. In practice, it is recanmende to
alwaysrepeathelTC expeimentatthesamepH in abuffer
that hasa differentheatof ionization. If the sameAH,, is
foundin bothbuffers there is no changen protonationof L
andbr M whenthe conmplexforms.Convergly, variationof
AHapp with buffer is a clear sign of a protonaion event
during the assod@tion reaction. Occasiondl, one may
obtan a hint from AH,,, (dedwedwith the helpof Eq. 11)
aboutthe natue of the groupg) undegoing protonaton/
deprdonation (Jelesrov and Bosshad, 1994; Gomezand
Freire,1995; Bakerand Murphy, 1997).

Heat capacty changes.Modem ITC instrumentsallow to

3For AHca/AHy=1 in a systemin which there is considerablewater

reorganizaibn, conformationalrearrangemenér changein protonationstaes,

the observablep; of Eq. (4) hasto mirror all the above phenomenaThis

seemsnot very likely in casethe observableis, for example,a fluorescence
changeof a single chromophore.
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Figure 2. Apparent enthalpy change, AH,,,, for the binding of
ferredoxin to ferredoxin:NADP' oxidoreductase at 27°C as a
function of the ionization enthalpy of the buffer. ITC experiments
were performed at pH 7.5 in Tris (square), Mops (triangle),
phosphate (circle), and cacodylate buffer (diamond). Dashed line:
linear least squares fit to Eq. (11). Slope = 0.96 + 0.03; intercept at
zero buffer ionization enthalpy = 1.03 = 1.46 kJ mol~". (Adapted
from Jelesarov and Bosshard, 1994.)

predsely measue AH,,, betwea about5 and 70°C, and
AC, canbecalculatedfrom aplot of AH p verausT (Eq. 3).

In manycasessuchplotsarelinear within the experimenal

error in a narrow tempeature range suggesng that AC,

itself doesnot dependon temperatire. Whatis the origin of

thechangen heatcapacitywhen acomplex is formed? AC,

is almost always negaive if the conplex is taken as the
referencestae. This meansthat the complex hasa smaller
heatcapadty thanthe sumof its free componerd. This and
othe obsevations as well as theaetical consicerations
indicatethat AC, originatesfrom changs in the degres of

surfacehydrationin the free andthe complexed molecues,
and to a lesserextent also from changs in molecuar
vibrations (Stutevant, 1977; Murphy and Freire, 1992;
Spolar et al., 1992; Gomezet al., 1995; Makhatalze and
Privalov, 1995). The often seentemperatire-independnce
of AC, infersthatneitherthe areaof coniactsurfacenorthe
differenceof the vibrational conent betwea the complex

andits componerd changewithin the obsewvedtempeature
range

Calculated and measurd AC,,. The associéion of two

proteinsto a complex canbe comparel to the folding of a
singe proten. In both reactionsa substariall fraction of

polar and nonpohbr surfaceis buried and the degre of

surface hydraion is likely to change There are semi-

emprical methodsto calculate AC, from the changeof the
wateraccestble polar andnonpohr surfaceareain protein
foldingandin proteinasso@tion (MurphyandFreire,1992;
Spolar et al.,, 1992; Makhaadze and Privalov, 1995).
Seweral communicdions repott good agreement betweea

theexperimenally determired AC, andthatcalculatedfrom

the molecuar surfaceburiedin the complex (Connelly and
Thomson,1992; Murphy et al., 1993; Baker and Murphy,

1997; McNemaret al., 1997).Howeve, a goodcorrelation
seens to hold only for thoseinteractonsthat confam to a
lock-and-keyor rigid-body binding model. Very often this
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modd is inadequate. Significant discrepanas betwea
calcubtedandmeasued AC, wererepotedfor smdl ligand
binding (Faergemart al., 1996; Holdgateet al., 1997),for
proten-protén complexes(Bhatet al., 1994; Peare et al.,
1996),andmog notably for proten-DNA compexes(Jin et
al., 1993;Ladburyetal., 1994;Ayala et al., 1995;Merabet
andAckers 1995;Bergeretal., 1996;0daetal., 1998).It is
acceted that a lack of correltion betwee measuredand
calculated values of AC, is a consequere of folding
transtions coupkd to the associdon event (Spolar and
Record 1994),andalsoto significant dynamicrestricion of
vibrational modesat the cormplex interface(Botuyanet al.,
1993; Ladbury et al., 1994; Berglund et al., 1997).
Interestingly, weaker complexes tend to show larger AC,
valuesper unit of surfaceareaof contact. Thelikely rea®n
is enhancecnthalpic andentropt fluctuationat a lesstight
complex interface (Tidor and Karplus, 1994). Large
confarmationd rearrangments during binding and the
preistence of tempeature-depedent confamationad
equilibria can causedeviationsfrom lineaiity in the plots
of AH,pp aganst T, that is, temperare-depadent AC,
(Ferari andLohman,1994;BruzzeseandConnely, 1997).
No doubt the methods to calculae AC, from the
parametrizaton of structural dataneedmuchimprovement
before beconing reliable predictors of heat capadty
changs. In the meaitime one hasto rely on experimens.
Here, a very careful examiration of the confamationd
statesof the molecuesin isolation andof the complexthey
formisrequired to account for theobsevedenegeticvalues
in strucural terms (Pearceet al., 1996; Wintrode and
Privalov, 1997; Odaet al., 1998). This informaton canbe
obtaned by DSC.

Entropy changes The entropy of asso@tion can be
calcubted from measured values of AG, AH and AC,
according to the laws of thernmodynames. The changein
entropyof a complex relative to the unligatedmoleculess
largely causel by hydrationeffectsbecausehe entropy of
hydraion of polar and apolargroupsis large and thereis
significant reductionof wateraccessiblesurfaceon binding.
Therdore, when a complex is formed the overdl entopy
changeis often large and often positive. Occasbnally,
however, orderirg of waterat the complex interfaceoccuss,
which contributes unfavorably to AS and favorably to AH
(Holdgate et al., 1997). Another important, unfavorable
contibution to the entropy change originates from the
redudion of side chain mobility at the binding site.
Furthermore, a statistcal term has to be addedto the
entropychangeo accounfor thereductian in thenumberof
partides and their degrees of freedom in the complex.
Diff erent estimatesof the mixing entropy have been
discussd, yetit appearshatthe‘cratic’ correcton accounts
adequéely for the loss of translation and rotation (Kauz-
mam, 1959; Murphy et al., 1994; Tamuwa and Privalov,
1997). Obvioudy, a negative entropy changecan have
differentrea®nsand, mog importanty, doesnot necessa-
rily indicate that hydration of the interface remairs
uncharged or increags with respectto the free complex
partnes. On the other hand, a positive AS is a strong
undication that water molecues have beenexpelledfrom
the conplex interface
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Conduding remarks on ITC

The beautyof titration calorimary is in its simplicity, which
allows to obtainthe entiresetof thernmodynamnic paraneters
from performing only a few experinents at a series of
differenttempentures.The difficulty, however, lies in the
fact thatthe observecheatchange which is the immediae
outcome of ITC, is a globd propety. Only in thos cases
where the binding readion follows a lock-and-keyor rigid-
body mechansm that can be descriled by a two-state
trarsition betweenfree and conplexed molecdes, andin
whichthereis no changen the protonaion stae of L and/or
M norin the hydraion stateof theinterfacg AH,ppis equal
to the ‘true’ binding enthalpy attributabk to noncovéent
bordsin thecomplex. A goodindicator—thoudh no proof—
for this simple mechangmis the equality AH.5 = AHy. In
the majority of casesAH,p, has different origins, which
oftenaredifficult to distingush. The contributionsto AHp,,,
sonetimes can be sepaated. For exampk, a postive
entopy changeis a good indication for the extruson of
waterfrom the comgex interface.A changeof AH,,, with
the chemial natue of the buffer pointsto a protonaion/
deprdondion eventconcurrat with the binding readion,
andcarefulanalsis of AH,,,with bufferandpH canreveal
the numker and sonetime eventhe natue of the group(s)
whose ionization statechangesFinally, calculation of AC,
from the areaof the surfaceburiedin the complex (possible
only if the necessar three-dmension& strucures are
avaiable) and comparisorwith AC, obtaned by ITC can
give a clue as to changs in conformational staes and
vibrational conkents betwee the conplex and its free
components.Theselatter changesanbe analyzedin more
detal with the help of DSCto be disaussednow.

Differential ScanningCalorimetry

DSCisthemod directexperimendl techniqueto resdve the
enegetics of confarmationd transtions of biological
maaomolecuks.By measuing thetemperaturelepenénce
of the partid heat capadty, a basic thermbdyname
propeaty, DSC gives immediateaccessto the themody-
namic medanismthat governsa confamationad equili-
brium, for examplebetwee the folded and the unfolded
forms of a protein, or betwea single and doubk strandel
DNA. The theory of DSC and the thernmpdynanic
interpretafon of theexpeimentaldatahavebeenthesubgct
of excellentreviews (Privalov and Potekin, 1986; Sturte-
vant 1987; Freire, 1995). The combindion of DSC with
ITC to characerize the energy profile of an interacting
sysem in a broad temperatureinterval and at varying
solvent conditionshasbeenbrouglt up before (Connelly,
199%; Plum and Breslaue, 1995). Here we wish to give a
bast description of the informationd content of DSC
measuremats with special emphasison the potential of
DSCto analyzethe energeticoof maaomolecubr asso@-
tion readions.

The DSC experiment
DSC measures the heat capacity of a solution of the
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molecue understudy asa function of tempeature.Modem
scaning calorimeters are equipged with twin cells and
operde in a differentialmode The solutioncontining the
solue—in thepresentoniextabiological macromoécule—
is placedin the samplecell andan equalvolumeof solvent
(buffer) in the reference cell. The sysem is heated (or
cooled)quas+ad|aba|cally ataconsantrate,typically 0.5—
1.5K min~*. # Sincethe heatcapacitesof thesolution in the
samplecell andthe solventin the referencecell differ, a
certainamaunt of electical powe is requiredto zerothe
tempeature differencebetwee the two cells. The power
dlfference(J s 1), after normaliztion by the scaniing rate
(K s7%), is adirect measue of the heatcapaity difference
betwee thesoluion andthesolvent: AC3°*°V= C5°- 5oV
(in unitsof JK ™).

Obvioudy, onels interestedin Cy(T), the partial specific
heatcapacity (JK ' g~ ) of the soluteM To obtan Co(T),
the partid specificheatcapadty of the solvent, C, soi(T),
has to be subtracted This correction requires precise
knowledge of the massesof the macronolecule and the
solvent, of the mass of the solvent displaed by the
macronolecule,and of the partial specificvolumesof the
macronolecule and the solvent. These quantties are
tempeature depenént and the coeficients of thermal
expangon of the chemcal speciesas well as of the
calorimetric cell mug be known. It canbe shownthat the
partld specificheatcapaciy of the soluteM (in units of J
K=t g1 is given by:

solv Acsol—solv
Co(T) =C; Vs My P~ (12)
my and vy, are, resgectively, the massand the partial
specificvolumeof M, andvsis the partid specificvolume of
the solvent.

Becaus the meaured power difference AC3?=°", is
small and the volumesof the calorimeric cells are 0.3—
1.5ml, milligram amounts of biomacomolecues are
necesary for DSC measuremets. In some cases,the
macronolecule concentrations may be so high that the
soluions are far from the ideal condition to which the
thermodynamc modds apply. This diffi culty hasto be kept
in mind when perforning DSC measuementsandone has
to checkfor nonspeific aggregabn of macromoéculesin
the calorimeer cell, oftenrevealedy afaint turbidity when
the solution is removedfrom the cell afterthe experment.

Infor mational content of DSC data

The first result obtaned from a DSC experimentis the
partid specifc heatcapacity,Cy(T). This quantty contairs
importantinformation aboutthe conformational stateof a
proten in the tempeatureinterval of the experiment For
small globular proteins, the absoUte value of C, at 25°C
variesin therangel.2-2.3JK 1 g~ andmcreaaesllnearle/
with temperaturewith a slopeof (6-8)x 10 2 JK 2 g

Deviationsfrom thesevaluesmayindicate loose packlngof
theproteinor structura fluctuationgPrivalovandPaekhin,

4A constantpressureds appled to the two cells. Dependig on this pressure,

the uppertemperaturelimit canbe ashigh as150°C for aqueoussolutions.
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Figure 3. Partial molar heat capacity of a protein undergoing
reversible thermal denaturation in the temperature interval T;—T,
and with a transition midpoint at T,,. The heat capacity of the
native state, (Cp,n), shows a linear temperature dependence
(dashed line). The heat capacity of the denatured state, (C, p), is
approximated by a quadratic function (dashed-dotted line). The
functions (C,n(T) and (C,p(T)) can be extrapolated into the
transition zone between T; and T, in proportion to the progress of
transition (dotted line). The difference between (C,p) and (C, n)
is the heat capacity increment of protein denaturation, Adee”. It
is positive because the denatured protein has a larger heat
capacity than the native protein. The excess partial heat capacity,
(ACp), is defined as (AC,) = (Cp) — (Cp n)- (AC,) is composed of the
intrinsic excess heat capacity, (§C,"), which accounts for all the
molecular species that become populated in the progress of the
transition from the native to the denatured state, and from the
transition excess heat capacity, (6C,"®), originating from the
increased fluctuation of the system when the protein changes
between different enthalpic states in the course of thermal
denaturation. The relative magnitudes of (6C,"™) and (6C,"®) at
temperature T, are indicated.

1986; Gomezetal., 1995).Thepartid specfic heatcapadty
of the native proten is sigrificantly lower thanthat of the
denatired protein. C, of a fully unfolded protein can be
apprximatedfrom theaminoacidsequaceby summingup
the heat capacites of the amino acid residus and the
contibutions of the peptide bonds (Privalov and Makha-
tadz, 1990; Makhatalze and Privaloy, 1995). If the
expeimentaly measuredC, after conmpletion of unfolding
is lower than C, calculatedfrom the aminoacid sequace,
this may indicat that the denaturedprotein has some
reS|dueh structureand is not a fully solvatel polypeptide
chan?

When a proten solution is heatedup, Cy(T) follows a
peakshape curveif proteindenatuationis cooperaive and
revasible.Figure3 shows atypical DSCtrace,alsocalled a
themogram or a thermal transition curve. The proten
denatires in the temperatire interval T; to T, with a
transition midpoint T,y,.

5The term ‘denatured'refers to the ensembleof conformaional stateswhen
thermal transitionis complee. In practice,this is at a temperaturevell above
the transiion temperature T,,. The denaturedprotein is not neassarily
equialent to the completdy unfolded protein, which is an idealized state
referring to the polypeptidechainin its fully solvatedconformation.Herewe
prefe the term ‘denatured’to indicatethis difference.
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For a meanimgful comparisonof the thermal transtion
curves of differentsubsancesthe specificheatcapacityis
inadequate becase it is normalizd to the mas of
substane. The approprate quantity is the partial molar
heat capacity, (C,), which has units of J K~* mol™™.
It is obtainel by multiplying C, (3 K™* g% by the
molecuar weight (g mol™*). The angukr bradets, ( ),
designa¢ the ensembd-averagedpopulation of all mole-
cular statesthat become popuated during the transtion
from thenativeto thedenaturedorm. It is veryimportantto
recaynizethatduringthetransitionthe partial heatcapadty
function can no longe be ascibed to a sinde strucural
state.

The partial molar heat capadty of the native proten,
(Cp,n)» canbe approximaed by a linear function (dased
line in Fig. 3), andthatof thedenaturegroten, (C, p), by a
guadatic function (dash-dottedline in Fig. 3) (Griko etal.,
1994b; Viguera et al., 1994; Xie et al., 1994). The heat
capacily increment accompaying proten denaturéon, or
heat capacity of denatiration for short, is defined as
AC,®"=(C,, p(T)) — (Cpn(T)). It is positive becase the
denaturd proteinhasa largerheatcapadty thanthe native
proten. The absolue specific AC,%®" is similar for mary
globuar proteis, typically 0.3t0 0.7JK* g~*. A postive
AC,™®" is mainly a consguence of hydraion effects
dominakd by the positive heat capadty of hydraion of
apohr groups which becomeexposel to the solventwater
afterdisrupton of the compactfolded conformaton. Semi-
emgrical methodshavebeendeveloped:orrelatingACpden
with the increag of solvent accessible surface upm
denaturdion (Murphy and Freire, 1992; Spola et al.,
1992; Makhatalze and Privalov, 1995.°

Excess hea capacity, exces enthalpy and exces
entropy. If the native state is taken as a reference,an
excesspartial molar heatcapacty canbe definedas

{ACy) = (Cp) — (Con)

The excess heat capaity can be divided in two
components.The first componentaccouwnts for the sum
of the molecdar speciesthat becomepopuhted in the
progressof the transitionfrom the native to the denaturd
state’ This components often referred to asthe intrinsic
exces heatcapaciy, (3C,™). The secom contibution to
(ACp) originaes from the increagd fluctuation of the
system when the proteh changes betwea different
enthalpic staesin the courseof thernal denaturéion. This
component is called transition excess heat capacity,
(6C,"™), and is usualy much larger than (6C,™) as
indicated in Fig. 3. The exces molar heat capadty can
now be written as:

(ACp) = (5CI) + (5C1°) (13

8The vibrational contentof the polypeptidechan increasesupon unfolding,
which also contributesto the positive value of Adee”. The magntude of this
effect is small in comparisonto the hydration effect. Parametsation of
AC,™" in terms of the changein solvent-accessiblesurface area has been
basedon thermodynamicdata for the dissolutionof model compoundsThe
parametisation partly accountdfor vibrational contributions.

“In the caseof a simple two-statetransition it is only the native and the
denaturedstate.
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To calculag (5C,™), the functions (Cpn(T)) and
(Cp,p(T)) haveto be extrapohtedinto the transition zone
betwea T, andT, in propotion to the progressof transtion
(Stutevant, 1987). This extrapolaion is indicated by the
dotted line in Fig. 3. The exces enthaly of the thermal
denatration, AHgep, is definedby:

T2
T

AHgen correspads to the areaof the peak above the
dotted line in Fig. 3. The excessentropyof denaturéion is

definedby:
T2 (6C5°)
ASjen= / T dT (15)
T

AHgen represets the ‘true’ calorimetric esimate of the
denatirationenthalpy andis amodelindependat value, i.e.
it doesnot dependon the shapeof the transition curve
betwee T, andT,.

The integral of 6C,"® [Eq. (14)] can also be analyzed
accoding to the van't Hoff equaion to obtain AHgen",
sonetimes called the ‘effective’ enthalfy of transtion.
AHgen™ is modeldepenént. Thereamn is thatdetemina-
tion of AHgen'" assunesan equilibrium betwea only two
forms, native and denaturd proten, to calculae an
equiibrium consant K(T) from which AHge " follows
accoding to Eq. (5a). AHge'" now canbe comparedwith
the calorimetiic, model-inckependat enthalyy change
AHger2? descibed by Eq. (14) (the supescript® is added
only to distingush the calorimdrically measuredquanttx
from the calculatedvan’t Hoff enthalpy change)!f AHgen'
| AHger" = 1, denaturéion is thoucht to obey a two-state,
coopeative unfolding reactio. A ratio >1 may indicate
significantly popubted intermedate staes. Values above
unity also resut if thedefinition of thecoopeatively folding
unit is not the same in the calorimeric and in the van't
Hoff analsis. This is the caseif the excessheatcapadty
function does not display a symmaeric curve and hides
trarsitionsbetwea morethantwo state$ A ratio <1 points
to an irreversible process. The apprach to compare
AHge™ with AHger®®, both calculatedfrom DSC data as
outlined above,may be in errorwhen (5C,™) is not much
smdler than (5C,") and, more geneally, if the sysem
deviatesfrom thetwo-statebehavor (Privalov andPotehir,
1985).

Statistical thermodynamic treatment of the hea capa-
city function. At this point it is important to discuss the
high informative potential of a statisticdmechancal
treatment of DSC data. The strengh of the DSC method
is that it provides direct access to the sysem partition
function without invoking ad hoc assunptions about the
themodynanic mechansm of confarmationd transtion

8<5Cp"5(1')> is a symmaric bell-shapedcurve only for monomokcular
tramsitions. In the case dissociation of a complex and unfolding of its
componentsare coupled reactions,the heat capacity trace is skewedat the
high-temperatureshoulder.The maximum of the hea absorptionpeak, Ty, is
highe than the temperatureat which the transifon is half-complete(F;=0.5,
see the sedion ‘Statistical thermodynamictreatmentof the heat capacity
function’.
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(Freére and Biltonen, 1978a,h Freire, 1994). For an
arbitrary systemcontairing N different states(N =2 for a
two-gate transition) the system partition function is
definedas:

Q—XN:K- —Zex AG (16)
a i=1 - i=1 P RT

The expressionunderthe summaion sign represats the
statistcal factors of eachstate.AG; is definedby Eq. (1).
Theexces enthalpy of the sysemwith respectto the native
stateis:

H) = iAHiFi (17)
i=1

where AH; is the enthaly of statei relative to the native
referencestate andF; is the popubtionof statei in termsof
the sysem partition function Q:

exp(— 22
Q

Sincetheexcessheatcapadty is thefirst derivative of the
exces enthalpywith resgectto the temperatre, (AC,) can
be expressd as:

Fi = (18)

N

AH;F;
TodT T dT (19)
N N
dF
=> ACPEFi+ ) AH, d—T'
i—1 i=1
andafter differentiation of dF,/dT:
AH2> <AH>
den
(ACy) = dT ZAC Fit——mm
N N
(Scln'[ + 6Ctrs
(1%)

The statistickmechancal treatment does not include
arbitrary assumptias aboutthe numkber of statespopulata
in the transitionprocessandaboutthe mutualinteraction of
these states. The data can be rigorously tested against
different thermalynamic modds by variation of the
defintion of the parition function. Well-estabishedstatis-
tical optimization procedurs are usedto find a modelthat
best descibes the experimenal data. This approachhas
been successfullyexploited to study complex unfolding
processes(Montgomey et al., 1993; Griko et al., 1994a;
Haynie and Freire, 1994;Johnsa et al., 1995).

Application of DSC to assodation reactions

How canwe derive the enegetic paranetersof biological
assoa@tion reactionswith the help of DSCdat& If aligand
L bindsto the native stae of a protein M with high affinity,
the heatcapadty of the resuting comple< LM will differ
from that of M and L alore. As a consegence,the DSC
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Figure 4. Simulated excess heat capacity profiles of ligand L,
protein M and complex ML. In this idealized example, thermal
transitions of L (T, = 320 K) and M (T,,, = 340 K) are well separated
and lower than the thermal transition of the complex LM. Strong
association leads to mutual stabilization of the complex partners
in LM. The dissociation of the complex is tightly coupled to the
denaturation of its components and a single peak appears in the
heat capacity trace with T,,=343K, above the denaturation
temperatures of L and M in isolation. The curves were calculated
with the help of Eq. (22) for the conditions given in Fig. 5 with
AH.(298 K) = —20 kJ mol~" and K.(298 K) = 10" M~".

profilesof L, M andML will havedistinct shapesDramatic
deformationsof the thermogramsof proteinsin the ligated
stae have beenrepoted (Takahashi and Fukada, 1985;
ShrakeandRo0ss,1990;Lin etal., 1994;Conejeo-Laraand
Mateo, 1996). The influence of ligand binding on the
stability of a whole protein, or a protein domain, can be
large evenif the ligand is a small orgaric compound.The
situaton is evenmoreconplicatedwhen the liganditself is

a macronolecule undegoing confamationd transtion(s)
with temperatire. Furthermoe, becawsethe binding affinity

and the stability of the complexpartnes and the complex

itself aresensitiveto pH, to ionic strengthandto the nature
of cosolues, the excessheatcapadty function, (AC,(T)),

canbe distortedwhen the solventconditionsvary (Ramsay
and Freire, 1999 Carra and Privalov, 1997). A cardul

deconwlution of the obsewvedthermogransgivesinsightin

thethermodyname forcesthatdrive theasso@tionreaction
and can provide structurd and mecharstic information
aboutthe interacting molecuar speciegDaviset al., 1995;
Litvinovich and Ingham, 1995; Filimonov and Rogov,

19%).

Whenthe mutualstabiization of the complex partnesin
ML is high, the dissocation of the conplex is tightly
coupkdto thedenatirationof its componerg. Theresultis
a single peakin the heatcapacitytrace at a tempeature
abovethedenaturatiortemperatiresof L andM in isolation.
Figure 4 showsan idealized exanple. In sucha case a
simplified procedurecanbe appliedto extractthe enthalpy
of complex formaton. It involves extrapohtion of the
enthalpiesof denaturéion of the componerd to the melting
tempentureof the complex (Fukadh et al., 1985; Makarov
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et al., 1994; Yakovlev et al., 1995). The energeits of
complex formation canbe studed alsoby investigaing the
depen@nceof AH,, and T, on the saturaton levd of the
system(Bhushanand McNamee,1990; Shrakeand Ross,
1990; Anteneodo et al., 1994; Horvath et al., 1994).
Howeve, in the majoiity of sysems studied so far, the
DSC trace has a complicated shapeand exhibits several
overlappng transitions.Moreover, evenif the dissocation
and the denaturationtake place in a narrow tempeature
range thereis no a priori information about a possibé
redistibution of sub-satesin the melting zone.

Decorvolution of DSC traces. The thermodynamc theay

of deconvoluion of coupled equiibria in macromoécular
systens hasbeendevelopedalreadywith the first appear-
anceof sensitivemicrocalorimders. An extensive therno-

dynamic framework for extractihg the free energy and
enthalpy of binding from DSC datawasfirst devebpedby
Rokbert et al. (1989)and by BrandtsandLin (1990) More
recentl, the staistical-mechanicalaspets of the deconw-

lution technique have beenformulatedby othe investiga-
tors in the light of a globd linkage analyss of two-

dimensonal heat capadty surfaces (by variaion of

tempentureand ligand concentration; Ramsy and Freire,
1990; Straune and Freire, 1992; Straune, 1994; Barone et
al., 1995). The ideais to redefie the partition function of

the sysem to account for the interection betweenthe
molecues and then to use the standad expression of

statistcal thermodynarits, which is anabgousto Eq. (5a),

to calculatethe exces enthalpy:

§INQ  (AH)
6T RT?

Therelevan equatimscanbeexplicitly solvedfor only a
few simple modds, but numeical methodsof non-linear
optimization can help to adapta paricular model to the
expeimental data. To illustrate a strategyof how to deal
with heatcapadty traceswe agahn considerthe simple case
of interacton betwea L and M to the 1:1 complex ML,
which we call C. The total concentrationsare kept equal
[L]tot = [M]ior- The overall process is descibed by the
following scheme:

(20)

Ke

Ln + My = C

K Tl 71 Km
Lp Mp

L and M exig in the native and the denature form
(subgripts y andp, resgectively). The free componert are
descriledby thefollowing setof paraneters(X denoted. or
M): free energis of denaturdion, AGy; equiibrium
denaturéion constants,Ky; melting tempeatures, Tyx;
denaturéion enthalpies, AH,,x; and heat capady incre-
merts of denaturéon, ACp,xde". The paraméers for the
complex C are: free energy of binding, AG¢; binding
constantKc; arbitrarily choserreferenceaempeature, T c;
enthalpy of complex formation, AHc; and heat capadty
changeof binding,AC, . In whatfollows, two assunptions
aremack. Only Ly andMy interactto form the complex C,
andT cis alwayshighe thanT,,x asshownin theidealized
exampe of Fig. 4. If this secom condtion is not fulfilled,
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the denaturéion of L and/orM are/s not coupledto the
binding equiibrium.

The partitionfunction of the sysemdescritestherelaive
populationof the nativeanddenaturd statesof L, M andthe
population of C. Formally, we canwrite sepaate functions
for L andM:

QL = 1+ KL + Kc[Mn]
Qu = 1+ Ky + Kc[Ln]

The two functionsare coupked andthe concertrationsof
Ly, My andC are:

_ Uit
(bl = Q
[M]tot
M=
[C] = Kc[Ln][Mn]

The concentrations of the free comporents, [Ly] and
[My], canbe solvedsimultaneouslyin termsof the known
total concentrationsand the equilibrium consantsK;, Ky
and K¢, which are temperatire depenént paraneters
accoding to (subscripty denotesl, M or C and subscript
r areferencetempeanture)

AH 1 1
Kx (T) = Kx (TR,)() exp{— % (? — m)

ACyx T  Trx
> n—+ =22
2 (ing T )|

The excessenthalpy of the sysem, relaive to the
complex C as the reference state, for the given total
concetrations[L],: and[M]o, canbewritten in analogyto
Eq. (17) as:

(21)

_ Kx Kx
aH) = X:ZLM {QX Abtx + Qx ACp'x] 22
[C] [C]
T T e

The lagt two termsin the aboveequatio arecorrectonly
if [L]iot=[Mlior.” The combinaion of Egs (21) and (22)
descibes the excessenthalyy function, (AH(T)), of an
assod@ting system. From the combined equations,the
exces heat capacity function, (ACy(T)), is calculated by
eitherexplicit or by numerical differentiation

A setof simulatonsaccodingto thisgeneraprocedurds
shown in Fig. 5. Panel A shows how the DSC trace is
influencedby thestability of the complex (variation of K¢ at
fixedKy andK)). If the complex is weak,the thernmogram
shows the denaturéion of free L and free M astwo well
sepaatedthermal transitions Whenthe complexdominates
a single sharppeakat high temperatire is seenbecawsethe
dissociation of C and the denaturdion of L and M are
strongly coupled.For casesn betwee, thetraceenvelopes
the dissociaion of the conplex andthe denaturéion of the
free componentsPaneB shows how theDSCtracechangs

If [Llwot Z [M]iws the binding polynomid hasto be usedto calculatethe
fraction of complexat eachtemperature

J. Mol. Recognit.199912:3-18
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Figure 5. Simulated excess heat capacity profiles for the
interacting system L+ M - C. The curves were simulated with
the help of Eq. (22). The following parameters were fixed for all
simulations: T, =320K, T, m=340K, AH (T,) =350 kJ mol~",
AHwm(T) = 450 kJ mol =", AC, =5.5 kJ K™" mol~", AC,m=4.5kJ
K~"mol™", and AC,c = —1kJ K™ mol~". The traces drawn in thick
line are for identical conditions in all three panels. Panel A:
variation of the DSC trace with variation of K. The curves from
left to right were calculated for K, =1, 10%, 10, 107, 108, 10°, and
10" M~ at 298 K. The leftmost curve has two well-separated
peaks centered at 320 and 340K, respectively. The peaks
correspond to the denaturation of free L and free M, respectively.
The rightmost curve has a single peak centered at 343 K. It
corresponds to the coupled dissociation and denaturation of the
complex and its components, undisturbed by the presence of free
L and M. The curves in between are composed to variable
degrees of the transitions of the free and the complexed species.
AHg ¢ was fixed at —20 kJ mol~" and 298 K. Panel B: variation of
the DSC trace with variation of the excess enthalpy of the
complex at the reference temperature 298 K. The curves from left
to right were calculated for AHg c =20, 0, —20, —40, and —80 kJ
mol~" at 298K. It is seen how the temperature influences Kc
according to eqn (21). Hence, the overall trace of a DSC
experiment changes with AHgc. The leftmost trace calculated
for AHgc=+20kJ mol~" clearly has two peaks. The reason is that
Kc decreases with increasing temperature if AHg ¢ is positive, as
follows from Eq. (21). Conversely, K¢ increases with temperature
if AHg,c <0 and, therefore, the rightmost curve essentially has
only a single peak, albeit with a broad shoulder. K¢ was fixed at
10 M~ at 298K. Panel C: Variation of the DSC trace with
variation of the ratio [ Lloi/[ Mlior. The curves from left to right were
calculated for [Ll;o/[Mlior = 0.5, 0.67, 1, 1.5, 2, and 4. AH:(298 K)
was fixed at —20 kJ mol~" and Kc(298 K) at 107 M~".
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with the magnitudeof the entralpy of complex formation,
AHc. From Eq. (21), it follows that Kc hasa maximumat
thetemperaturevhereAHc = 0, thatis, where AH changs
sign PanelC demonstateshowthe DSCtracechangesvith
the molar ratio of [L]io¢[M]ot-

In pradice, modelscanbe tegedagainsttheexperimenal
data by statistical methods The statisticd analyss is
simpler if the unfolding enthalpiesunfolding heatcapadty
incrementsand unfolding free enegies of each complex
partner in isolation are known from separad DSC scans
Here, the statistcal analyss of the DSC tracesasshown in
Fig. 5 canbe limited to the paraméers of the associéion
readion, keepingthe paraméers periaining to the free
componentdixed. In principle, it is also possilbe to perform
a globd statistcal analsis without a priori knowledge of
sonme of the thermodyname parametes. However, such
rigorousstaistical analyss by non-linearfitting procedues
can be flawed becawse of the multi-minima problemwhen
the numberof paranetersis largeandsomeparaméersare
strongly interdependent.

Applications of the deconvdution analysis. Deconvolu-

tion analsis of DSC traceswas successfily applied to

study the enepgeticsof small ligand binding like ferric ion

binding to transkrrins(Lin etal., 1994),sulfate binding to

yeastphosphglycerae kinase(Hu and Stuttevant, 1989),
and biotin binding to streptavidin(Gonzakz et al., 1997).
Otherexanplesareinhibitor bindingto barnaséMartinezet

al., 1994), to ribonuckase(Barone et al., 1995), and to

thymidylate synthase(Chenet al., 1996),o0r monosachar-

ide bindingto proteins(Schwae etal., 1993).In mostcases
goad agreementwas observedbetweenthe binding free

enegies determired by DSC and othe equilibrium

methods and the supefority of DSC to measue binding

affinities not accessibleby othertechniqeswasdocumen-
ted.Indeal, DSCallows to measurevery tight binding,and
thisis amajorassebf thetechniquecomparedto ITC andto

non-calorimetic equilibrium techniques. The high resdu-

tion potentialof thedeconwlution of complex heatcapadty

traceswasdocumengdin studiesof proteinsystemsike the

S-prdein—Speptide complex (Graziaro et al., 1996), the

barnase—bastar complex (Martinez et al., 1995), and the

hepain/antithrambin complex (DeLaude et al., 1992).
Corformational transtions were found to accompay the

dimerizationof athermolysin fragment (Conejero-Laa and
Mateo, 1996), and the associéion of an unfolding

intermediate of the Cro represer from bacteriophge A

wasidertified (Filimonov andRogov, 1996).

The statistich mechantal apprach to DSC data was
succesfully applied to study the domain structure and
doman-domain interactions in some very conplicated
molecular systemslike the Eschercha coli DNA gyrase
(Blandamer et al., 1994), the multimeric molecuar
chapeon DnaK (Montgomel et al., 1993), and the
hepain-binding fragment of fibronectin (Novokhatny et
al., 1992). Recent work on proten binding to sinde-
strandel DNA andto DNA-duplexss illustratedthe power
of the combined ITC and DSC apprach. Proein—DNA
asso@tion is chamacterizel by low disaimination betwee
specfic and nonspeific binding and by large strucural
rearangementsaccompaying the binding reaction. The
themodynanic analsis of thesecomplex sysems could

J. Mol. Recognit.199912:3-18
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Figure 6. Scheme depicting the combined experimental and theoretical approach to the

analysis of complex binding energetics.

ITC provides the global thermodynamic

parameters of the binding reaction (top left). Semi-empirical, structure-based calculations
complement ITC data (lower left). DSC on the complex and on its free components (right
hand side) can help to decompose the global parameters from ITC into contributions from
conformational changes, folding of molecular domains, etc. Data from non-calorimetric
methods complement the picture (bottom and lower right hand side). The energy profile of
the binding reaction is the final result of the combined ITC-DSC approach (center) and a
corner stone in the elucidation of structure-function relationships (bottom).

profit from the synegism of the ITC-DSC combindion
(Cooper et al., 1994; Davis et al., 1995; Merabet and
Ackers,1995; CarraandPrivalov, 1997;Odaet al., 1998).

Conclusions

We have tried to give an oveniew of the calorimetric
techniqies and to sunmarize somerecentrepresentatie
appications aimed at dissectig the enegetics of macro-
molecuar recogniton. In view of the high sensiivity of
commercially availableinstrumerts and of the capacityof
molecdar biology techniqiesand solid phasesynthess to
produe large amaunts of pure proteins and nucleic acids,
thecomprehensivehermodyamicdescrigiion of agrowing
numter of asso@ting systens will becomepossibe in the
nearfuture. Figure 6 illustrateshow the powerof ITC and
DSC canbe combined andlinked with strucural data.The
centralaimis to obtainanenergyprofile of theconplexand
to formulat a plausibe mecharsm of the assocition
reaction. To knowtheenerg profile meansto knowtheheat
capadty changeof the asso@tion reactionandto predict
thefreeenegy, enthalfy, andentropychangeof assocition
over as broad a tempeature range as possibé and for
varying conditions of solvent, pH, cosolugs,etc. To know
themechansmof theassocition readion mearsto descrite
thetransitionfrom thefree compnentgo thefinal complex
in terms of all intermedate states populted under
equiibrium condtions, and to reveal their mutual inter-
depeneénce.

ITC is clearly the methodof choiceto measurehe free
enegy, enthalyy, heat capacity and stoichiomety of a
binding reaction of modest affinity. Very weak and very
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tight binding constintsare not directly accessibleby ITC.
Datacolleced by non-alorimetic methodsareusedto get
van't Hoff enthalpies which when conparedwith calori-
metric enthalpiescanhelpto clarify a binding mechanism
The quality of AH and AC, from ITC is high when the
assoa@tion canbeapproxmatedby arigid-bodyinteraction.
However,thelock-andkey concept is anoversmplification
for many protein—proten complecesandis almostalways
inapproprige when appied to protein—DNA interactions
The resdution of ITC datacan be improved substantidy
when the structure of the conplex and of its free
componentsis known (or a reasonald model can be
propo®d). In this case semi-enpirical, structure-base
calculationscan complenent the experimendl data Still,
thee computdional methodscannot(yet) replace expei-
mental data.Here, the DSC techniquecomesto help. By
deconwlution of the exces heatcapadties of the interect-
ing molecues oneis in a postion to ascribeat leastpart of
the enthally andheatcapadty measuedby ITC to folding
even(s) induced by the binding reaction. DSC data are
invaluablein the estimationof entropicfactors of a binding
equiibrium and in measuing extremely high binding
affinities. Statistical-nechanical analyss of two-dimen-
siomal excessheat capacity surface can provide further
informationonthe natureof a complex andontheenerget
factors driving its formation. DSC is the only methodto
access the sysem partition function to calculag the
population of free and bound molecudar speciesas a
function of tempeatureandconcentration.

Even the best and the mod comprelensive set of
themodynanic datacan be flawed and we havetried to
lay bare possibe difficulties and inconsistenogs of data
anaysis. Indeal, thermodynarit studies always need

J. Mol. Recognit.199912:3-18
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company of addtional studiesbasedon othe biochenical,

strucural and biophysical methods As stated in the
Introdudion, we know muchabouthowbiomagomolecules

asso@te andwish to betterundestandwhythey do so, but
the how andwhy are strongly interdependent.
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