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The interaction of biological macromolecules, whether protein–
NA, antibody–antigen, hormone–receptor, etc., illustrates the
omplexity and diversity of molecular recognition. The importance
f such interactions in the immune response, signal transduction
ascades, and gene expression cannot be overstated. It is of great
nterest to determine the nature of the forces that stabilize the
nteraction. The thermodynamics of association are characterized
y the stoichiometry of the interaction (n), the association con-
tant (Ka), the free energy (DGb), enthalpy (DHb), entropy (DSb),
nd heat capacity of binding (DCp). In combination with structural

nformation, the energetics of binding can provide a complete
issection of the interaction and aid in identifying the most im-
ortant regions of the interface and the energetic contributions.
arious indirect methods (ELISA, RIA, surface plasmon reso-
ance, etc.) are routinely used to characterize biologically impor-
ant interactions. Here we describe the use of isothermal titration
alorimetry (ITC) in the study of protein–protein interactions. ITC is
he most quantitative means available for measuring the thermo-
ynamic properties of a protein–protein interaction. ITC measures
he binding equilibrium directly by determining the heat evolved
n association of a ligand with its binding partner. In a single
xperiment, the values of the binding constant (Ka), the stoichi-
metry (n), and the enthalpy of binding (DHb) are determined. The
ree energy and entropy of binding are determined from the
ssociation constant. The temperature dependence of the DHb

arameter, measured by performing the titration at varying tem-
eratures, describes the DCp term. As a practical application of
he method, we describe the use of ITC to study the interaction
etween cytochrome c and two monoclonal antibodies. © 1999
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How are foreign molecules recognized by the im-
une system? How are signals mediated by small mol-

cules translated into the expression and regulation of
pecific genes? These are just two of the fundamental
uestions currently being investigated by many re-
earch groups. Although distinctly different concepts,
hese two examples are fundamentally related through
he necessity of forming associations between biologi-
al molecules. For the scope of this paper, we limit the
iscussion to protein–protein interactions. One impor-
ant aspect of the study of protein–protein interactions
s in the application to protein folding. The exceedingly
omplex process through which a polypeptide assumes
ts native, functional conformation shares some simi-
arity with the process of protein–protein interactions.
oth events involve the burial of solvent-exposed sur-

ace, the formation of hydrogen bonds, salt bridges, and
an der Waals interactions. It should be noted though
hat while protein folding appears to be driven by the
urial of hydrophobic residues (the hydrophobic effect)
t is less clear whether protein–protein interactions are
ominated by the same driving force. The energetics of
he two processes also share similarities, most notable
f which is the large change in C p which is typically
egative in sign. Classic transfer free energy experi-
ents have shown that the transfer of a nonpolar

olute from an aqueous solvent to a nonpolar solvent is
haracterized by a large negative change in C p (1, 2).
hese studies have been proposed to be analogous to
he sequestration of nonpolar amino acids in the inte-
ior of proteins. Thermodynamics of protein folding as
tudied by calorimetry as well as other indirect tech-
iques support the proposal that a decrease in heat

apacity is indicative of a decrease in exposure of hy-
rophobic surface (3).
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214 PIERCE, RAMAN, AND NALL
The formation of protein–protein complexes is often
ccompanied by a large negative change in C p yet it is
ot certain whether this decrease in heat capacity can
lso be correlated with a decrease in the exposure of
onpolar surface. In many cases, well-resolved solvent
olecules can be identified at the interface of a

rotein–protein complex (when a three-dimensional
tructure is available at atomic resolution). In cases
here the observed heat capacity change cannot ac-

ount for the amount of nonpolar surface buried, it has
een suggested that buried solvent may be responsible
or this effect (4). Although some features of protein
olding and protein association are similar, it is evident
hat the various forces involved in stabilizing native
rotein structures and protein–protein complexes,
uch as hydrogen bonds, van der Waals interactions,
nd hydrophobic interactions, may have distinct roles
n the two processes.

ENERAL ASPECTS OF ITC

Calorimetric methods have been an invaluable tool
or understanding the forces that stabilize the folded
onformations of proteins. Recently, the advent of sev-
ral highly sensitive titration calorimeters has gener-
ted much interest in this technique (5–7). A thorough
escription of the theoretical concepts of ITC has been
rovided in the above and other reports (8, 9) to which
he reader is referred. The following discussion repre-
ents a general description of titration calorimetry,
ndependent of the specific instrument used.

An ITC instrument consists of two identical cells
omposed of a highly efficient thermal conducting ma-
erial (Hasteloy or gold) surrounded by an adiabatic
acket (Fig. 1). The jacket is usually cooled by a circu-
ating water bath. Sensitive thermopile/thermocouple
ircuits detect temperature differences between the
wo cells and between the cells and the jacket. Heaters
ocated on both cells and the jacket are activated when
ecessary to maintain identical temperatures between
ll components. In an ITC experiment, the macromol-
cule solution is placed in the sample cell. The refer-
nce cell contains buffer or water minus the macromol-
cule. Prior to the injection of the titrant, a constant
ower (,1 mW) is applied to the reference cell. This
ignal directs the feedback circuit to activate the
eater located on the sample cell. This represents the
aseline signal. The direct observable measured in an
TC experiment is the time-dependent input of power
equired to maintain equal temperatures in the sample
nd reference cell. During the injection of the titrant
nto the sample cell, heat is taken up or evolved de-

ending on whether the macromolecular association
eaction is endothermic or exothermic. For an exother-

c
m
c

ic reaction, the temperature in the sample cell will
ncrease, and the feedback power will be deactivated to

aintain equal temperatures between the two cells.
or endothermic reactions, the reverse will occur,
eaning the feedback circuit will increase power to the

ample cell to maintain the temperature. ITC instru-
ents should be routinely calibrated by applying spec-

fied electrical pulses of approximately 5–10 mcal/s. The
otal heat as determined by the area under the pulse
hould be within 2% of the expected value (Omega ITC
anual, Microcal Inc.). The performance of the calo-

imeter can also be tested by measuring the heat of a
tandard chemical reaction, such as the protonation of
ris(hydroxymethyl)aminomethane (THAM) by HCl
10). To ensure optimal performance of the calorimeter
oth calibration methods are recommended.
The heat absorbed or evolved during a calorimetric

itration is proportional to the fraction of bound ligand.
hus, it is of extreme importance to determine accu-
ately the initial concentrations of both the macromol-
cule and the ligand. For the initial injections, all or
ost of the added ligand is bound to the macromole-

ule, resulting in large endothermic or exothermic sig-

IG. 1. Schematic diagram of an ITC instrument. Two lollipop-
haped cells are contained within an adiabatic jacket. A small con-
inuous power is applied by the heater on the reference cell.
hermopile/thermocouple detectors sense temperature differences
etween the reference and sample cells. On interaction of ligand and
acromolecule, heat is either taken up or evolved. Depending on the
ature of the association, the feedback circuit will either increase or
ecrease power to the sample cell to maintain equal temperature
ith the reference cell. The heat per unit time supplied to the sample
ell is the observable signal in an ITC experiment and a direct
easure of the heat evolved on binding of a ligand to a macromole-

ule.
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215THERMODYNAMICS OF PROTEIN–PROTEIN ASSOCIATIONS
als depending on the nature of the association. As the
igand concentration increases, the macromolecule be-
omes saturated and subsequently less heat is evolved
r absorbed on further addition of titrant. The amount
f heat evolved on addition of ligand can be represented
y the equation

Q 5 V0DHb[M]t Ka[L]/~1 1 Ka[L]! [1]

here V 0 is the volume of the cell, DH b is the enthalpy
f binding per mole of ligand, [M]t is the total macro-
olecule concentration including bound and free frac-

ions, K a is the binding constant, and [L] is the free
igand concentration. For a more general model of
inding, the multiple independent sites model, the
acromolecule contains multiple ligand binding sites

hat are noninteracting. The cumulative heat of bind-
ng can be described by

Q 5 V0[M]t (~niDHiKai@L#!/~1 1 Kai@L#!. [2]

thorough discussion of the derivation of the above
quations is presented by Indyk and Fisher (9). The
ethod of analysis will be specific to the system under

nvestigation and the reader is advised to attempt fit-
ing according to a general model before the use of
ore specific models.

UNNING A TYPICAL ITC EXPERIMENT

ITC instruments can be of either the single- or dual-
njection variety (5, 6). In a single-injection instrument
itrant is added to the sample cell containing the mac-
omolecule. In a separate (control) experiment titrant
s added to the sample cell in the absence of the mac-
omolecule. In the dual-injection instrument, the ti-
rant is simultaneously added to a reference cell con-
aining buffer and to the sample cell containing
acromolecule. The advantage of this type of instru-
ent is that the control reaction to measure the heat of

ilution of the ligand is eliminated (6). For this review,
e describe the use of the single-injection Omega titra-

ion calorimeter manufactured by Microcal (North-
ampton, MA) (5).
Extreme care must be taken in all aspects of an ITC

xperiment, from sample preparation to data analysis.
n the following section we divide a typical ITC exper-
ment into the following steps: sample preparation,
ample and reference cell loading, injection syringe

oading, experimental parameters, control experi-

ents, data analysis, and troubleshooting.
i
a

. Initial Considerations and Sample Preparation

The concentrations of macromolecule and ligand are
ritical, especially when one or both partners of a com-
lex are difficult to obtain in large quantities or are of
inimal solubility. Additionally, for measurement of

he association constant, the initial concentrations of
oth the ligand and the macromolecule should be de-
ermined with a high degree of accuracy. The experi-
ental binding isotherm can be characterized by the

nitless value c, which is the product of the association
onstant, K a, the concentration of macromolecule [M],
nd the stoichiometry of the reaction, n:

c 5 Ka[M]n. [3]

or an accurate determination of the binding constant,
c value between 1 and 1000 is recommended (5).

arge c values prohibit the determination of K a since
he transition is very sharp and too few points are
ollected near equivalence (saturation may be achieved
n a single injection of ligand). Binding isotherms with
ow c values lose the characteristic sigmoidal shape
nd are very broad transitions that approach linearity
nd the equivalence point cannot be identified. For
ight binding complexes such as antibody–antigen in-
eractions with K a values in the range 109–1010 M it is
ifficult to obtain accurate association constants since
owering the antibody concentration to obtain an ap-
ropriate c value extends beyond the sensitivity of the
alorimeter (Fig. 2).
The choice of buffer is also critical when planning an

TC experiment. If on complex formation protons are
aken up or released, the equivalent number of protons
ill be taken up or released by the buffer. If the se-

ected buffer has a large enthalpy of ionization, the
easured enthalpy will reflect both buffer ionization

nd complex formation. This can be quite informative if
ne wishes to determine whether protons are taken up
r released on complex formation and is accomplished
imply by performing equivalent experiments in a
uffer with negligible enthalpy of ionization (e.g., so-
ium phosphate) and one with a large enthalpy of
onization (e.g., Tris–HCl). For initial experiments we
ecommend the use of a buffer such as sodium phos-
hate with a low ionization enthalpy.
Both titrant and macromolecule should be exhaus-

ively dialyzed in buffer (preferably in the same flask)
o minimize artifacts arising from mismatched buffer
omponents. The final dialysis buffer should be saved
nd used for any necessary concentration adjustments
f the macromolecule or titrant solutions. Macromole-
ule and ligand are filtered or centrifuged to remove
ny precipitated material. Immediately prior to load-

ng the sample cell and injection syringe, the ligand
nd macromolecule solution are degassed to remove
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216 PIERCE, RAMAN, AND NALL
esidual air bubbles. Even the smallest air bubbles
emaining in the cell or injection syringe can interfere
ith the feedback circuit. Air bubbles can additionally

ead to poor baselines.

. Loading the Sample and Reference Cells

The reference cell (Fig. 1) usually contains water or
uffer with 0.01% sodium azide and need not be
hanged after every experiment. We recommend
hanging the solution on a weekly basis if the instru-
ent is routinely used. The macromolecule (usually

ut not necessarily the larger component of the inter-
ction) is added to the sample cell (Fig. 1) of the calo-
imeter using a long needle glass syringe. Typically,
.5 to 2 ml of the solution is prepared to fill a cell with
volume of 1.3–1.5 ml. The utmost care is required to
ll the sample cell without introducing air bubbles.

IG. 2. Calorimetric titration of MAb 5F8 with cytochrome c in 0.1
sodium phosphate, pH 7.0. The experiment consisted of 25 injec-

ions of 5 ml each of a 96 mM stock solution of cyt c. Cytochrome c was
njected into a sample cell (volume 5 1.38 ml) containing 6 mM
ntibody combining sites at 25°C. The injections were made over a
eriod of 9 s with a 2-min interval between subsequent injections.
he sample cell was stirred at 400 rpm. (A) Differences between the
ample and reference cell containing water with 0.01% sodium azide.
he heat of dilution of cyt c into buffer has been subtracted. (B)
nthalpy per mole of cyt c injected versus injection number. Since no
ttempt was made to obtain a binding constant from these data, it
as not necessary to plot the enthalpy as a function of the molar
a

atio of cyt c to MAb 5F8. Reprinted with permission from C. S.
aman, M. J. Allen, and B. T. Nall (1995) Biochemistry 34, 5831–
838. Copyright 1995 American Chemical Society.
nce the cell is completely filled, several rapid addi-
ions of solution will dislodge any residual air bubbles
hat cling to the side of the cell. Any excess solution
emaining in the reservoir is removed.

. Filling and Attachment of the Injection Syringe
Filling the injection syringe with the titrant or li-

and solution also requires great care. The concentra-
ion of ligand solution should be such that the molar
atio of ligand to macromolecule, following the last
njection, is approximately 2. Typically, a complete ti-
ration will involve approximately fifteen to twenty 5-
o 10-ml injections of ligand. Handling of the injection
yringe is extremely critical. Great care must be taken
o avoid bending of the needle while the injection sy-
inge is loaded into place. Bending of the injection
yringe needle can result in some of the titrant solution
eing expelled into the macromolecule solution, caus-
ng the first injection to be unusable. Any minor bend-
ng in the syringe can also result in poor baselines
hen the injection apparatus is stirring.

. Experimental Parameters
The parameters of the titration are input into the

oftware program controlling data acquisition. The
umber, volume, and length of time of injections are
ritical and are discussed below. To determine accu-
ately the enthalpy of binding, it is critical that the
rst several shots define a baseline region where all
dded ligand is bound to the macromolecule. The
quivalence region should also be well defined by the
oncentration range spanned by the injections, to de-
ermine an accurate value of the association constant.
t is necessary that concentrations be chosen so that
easurable amounts of free and bound ligand are in

quilibrium within the titration zone defined by the
itrant injections. For characteristically tight binding
ffinities such as those exhibited by antibody–antigen
omplexes this can be an impossible task. In the tight
inding limit, even when a binding constant cannot be
etermined, it is still possible to determine an accurate
alue for the binding enthalpy. Several injections
hould be performed after complete saturation of the
acromolecule by ligand. The heat evolved or absorbed

ollowing saturation represents the heat of dilution of
he titrant. The length of time of injection should be
uch that proper mixing is achieved. Typically, we rec-
mmend 7- to 10-s injections of ligand. To ensure
roper mixing the injection syringe is fitted with a
eflon paddle and attached to a stirring motor by a
ubber belt. Stirring at approximately 400 rpm should
nsure good mixing.

. Control Experiments to Determine Heats of Dilution

The observed binding isotherm is usually normalized

s kilocalories per mole of ligand injected and plotted



v
o
t
m
r
S
r
l
t
f
t
o
t
i
e
(
d
s
e
c
j
e
l
i
h
t
h

6

o
c
b
G
O
b
t
f
e
g
a
p
I
i
m
o
g
r
l

Q

T
u
p

7

i
p
i
i
t
f
p
t
t
i
c
f
r
a
i
t
j
b
m
i
r
i
s
f
t
m
s
m
g
d
i
a
i
m

r
r
r
r
r
b
l
a
p

217THERMODYNAMICS OF PROTEIN–PROTEIN ASSOCIATIONS
ersus the molar ratio of ligand to macromolecule. The
bserved heats of binding include contributions from
he dilution of the titrant (ligand) and dilution of the
acromolecule. A small contribution arising from stir-

ing is also included in the observed binding enthalpy.
everal control experiments must be performed to cor-
ect for the heats of dilution. The heat of dilution of the
igand is usually the most significant. This is generally
rue since the initial concentration and the dilution
actor for the ligand are typically 10–20 times greater
han those of the macromolecule. The heat of dilution
f the ligand can be determined by performing an iden-
ical titration experiment in which ligand is injected
nto a sample cell containing buffer only (no macromol-
cule). The heat of dilution of the macromolecule
which is typically less significant than the heat of
ilution of the ligand) is determined by titrating buffer
olution into the sample cell containing the macromol-
cule. The two heats of dilution are used to correct the
oncentration-normalized binding isotherm. Since in-
ection of ligand following saturation of the molecule is
ssentially a measurement of the heat of dilution of the
igand, the measured enthalpies of the last several
njections can be averaged and subtracted to correct for
eats of dilution. We recommend performing the con-
rol titrations for the most precise determination of the
eats of dilution.

. Data Analysis

The method of data analysis depends on the system
f interest. For this article we briefly describe the pro-
edure for fitting data to the multiple independent
inding site model using the analysis software ORI-
IN (Microcal, Northhampton, MA) provided with the
mega ITC. Prior to peak integration, the heats of
inding are normalized as a function of ligand concen-
ration. Additionally, a volume correction is also per-
ormed due to dilution of the macromolecule during
ach injection. The areas under the peaks are inte-
rated in either a manual peak-by-peak fashion or
utomatically by routines provided in the software
ackage. Baseline selection is an important factor in
TC data analysis and user input in the automated
ntegration routine is limited. Therefore, we recom-

end manual peak-by-peak integration in which the
perator defines the baseline regions used in the inte-
ration step. To determine n, K a, and DH b Eq. [2] is
epresented in terms of the binding constant and total
igand concentration [L]T to obtain the quadratic:

5 ~n@M#tDHV0!/2 $1 1 @L#t /~n@M#t! 1 1/~nKa@M#t!
2 @~1 1 @L#t /~n@M#t! 1 1/~nKa@M#t!!
2

2 4@L#t /~n@M#t!#
1/2%.

p
e

he n, K a and DH b parameters are then optimized
sing the standard Marquardt method with routines
rovided in the ORIGIN software.

. Troubleshooting

Routine problems are expected during ITC exper-
ments, most of which are easily corrected through
ractice. One common problem frequently observed
s that the enthalpy of binding measured for the
nitial injection is less than that of subsequent injec-
ions. This is due to ligand solution slowly leaking
rom the injection syringe or due to the syringe
lunger not being exactly flush with the driving pis-
on. To avoid slow leakage of ligand from the injec-
ion syringe simply reduce the length of time that the
njection syringe is in contact with the macromole-
ule prior to the first injection. Some equilibration
ollowing attachment of the injection apparatus is
equired. It is recommended that a baseline be initi-
ted following the insertion of the injection syringe
nto the sample cell. The signal will level off on
hermal equilibration of sample, reference cell, and
acket. The experiment should be started after the
aseline has leveled and remained steady for several
inutes. Low binding enthalpies measured after the

nitial injection can be observed if the injection sy-
inge and drive piston are not exactly aligned. Align-
ng the drive piston exactly flush with the injection
yringe can be a difficult task. The use of a magni-
ying glass will greatly aid in the proper alignment of
he injection syringe and drive piston. Fortunately,
ore recent versions of the OMEGA instrument have

olved this problem by the development of an auto-
atic alignment device in which an infrared beam

uides the alignment of the injection syringe and
rive piston. These problems can also be corrected by
njecting a small volume of the ligand for the first
ddition and discarding the observed data. If a pre-
njection is used, the concentration of added ligand

ust be taken into consideration during analysis.
Baseline stability is also a common problem occur-

ing during ITC experiments and can arise for several
easons. As mentioned previously, a bent injection sy-
inge can lead to poor baselines. Air bubbles can also
esult in reduced quality of baselines and can be cor-
ected by degassing solutions longer (5–10 min should
e sufficient) as well as by taking additional care in
oading the sample cell. Condensation around the adi-
batic jacket may also lead to poor baselines. For ex-
eriments below room temperature, the jacket must be

urged with dry nitrogen prior to low-temperature
quilibration.
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218 PIERCE, RAMAN, AND NALL
N ITC CASE STUDY: THE INTERACTION OF
ORSE HEART CYTOCHROME c WITH
ONOCLONAL ANTIBODIES 2B5 AND 5F8

Numerous examples of antibody–antigen binding
ave been characterized by isothermal titration calo-
imetry (11–14). Studies such as these have been in-
aluable for understanding the thermodynamic prop-
rties of antibody–antigen association. Additional
trategies including alanine scanning mutagenesis in
ombination with ITC have demonstrated that al-
hough the MAb antigen interface covers a substantial
urface (650–1000 Å2) only a small number of residues
ontribute to the energetics of the interaction. In most
ases, an accurate estimation of the binding constant
or antibody–antigen binding is precluded. Despite this
imitation, accurate binding enthalpies are readily de-
ermined. A complete description of the thermody-
amic parameters can be obtained using association
onstants determined from other more sensitive meth-
ds.
Two monoclonal antibodies 2B5 and 5F8 and their

ssociation with horse heart cytochrome (cyt) c have
een studied by isothermal titration calorimetry (11).
ach antibody recognizes a distinct antigenic epitope
n cytochrome c. Monoclonal antibody 2B5 binds to a
revice where the covalently bound heme cofactor is
artially exposed. It is known that Pro 44 in cyt c is a
ritical residue in the epitope, since 2B5 binding does
ot occur in the absence of this residue. MAb 5F8 binds
o the opposite side of cyt c and requires the presence of
lysine residue at position 60. Calorimetric titrations

nvolved the addition of cyt c to the MAb contained in
he sample cell (Fig. 2). Both antibodies exhibit tight
ssociations with cyt c which precluded the determina-
ion of the association constant. Fortunately, binding
onstants could be determined by independent experi-
ents. The binding constant for the MAb 5F8–cyt c

nteraction was determined from the association and
issociation rates (K a 5 k on/k off) (15). The binding con-
tant for MAb 2B5 was also determined experimentally
rom an equilibrium titration monitoring fluorescence
11). From these association constants, the free energy

TAB

Thermodynamic Parameters for Association

Reaction
K a

(M21)
DC p

(cal mol21 K21) (k

Ab 2B5–cyt c 2 3 109 2580
Ab 5F8–cyt c 1.4 3 1010 2172
Source. Raman et al. (11).
a Values are for 0.1 M sodium phosphate, pH 7, 25°C.
f binding was determined from the well-known rela-
ion

DG 5 2 RT ln Ka.

The entropy of binding at 25°C was determined us-
ng the free energy and enthalpy of binding. The free
nergies and enthalpies of binding for MAb 2B5 and
F8 were similar (Table 1). The negative signs indicate
hat the binding enthalpy contributes favorably to the
ree energy of binding. The decrease in entropy is as-
ociated with conformational restrictions of side chains
n the complex and contributes unfavorably to DG b.
he free energies of binding of MAb 2B5 and 5F8 to cyt
are both favorable and of similar magnitude (DG b 5
12.6 kcal mol21 for 2B5 and DG b 5 213.9 kcal mol21

or 5F8). Although the thermodynamic parameters
ere similar at 25°C, the temperature dependences of

he binding enthalpy and entropy were quite different
Fig. 3). For binding of both MAb 2B5 and 5F8 to cyt c,
he Gibbs energy of binding exhibits a negligible de-
endence on temperature. Interestingly, the reasons
or this effect are unique for each MAb. For MAb 5F8–
yt c binding, the observed temperature independence
f DG b is due to the temperature independence of DH b

nd 2TDS b. A very different situation is observed for
he MAb 2B5–cyt c interaction. In this case the tem-
erature independence of DG b is due to the compensat-
ng effects of the DH b and 2TDS b parameters. The
emperature dependence of the binding enthalpy and
ntropy terms leads to the observed differences in the
eat capacity change on binding measured for the two
Abs (Table 1, Fig. 3).
The most interesting features of 2B5 and 5F8 asso-

iation with cyt c are the differences observed in both
C p and protonation effects that occur on complex for-
ation. The binding enthalpy of MAb 2B5 exhibited a

trong dependence on temperature, becoming increas-
ngly exothermic at higher temperatures. DC p, de-
cribed by the slope of the linear dependence of DH b

ith temperature, was determined to be 2580 cal
ol21 K21 (Table 1). It should be noted that DH b may

ot necessarily exhibit a linear dependence on temper-

1

Monoclonal Antibodies and Cytochrome ca

G 0

l mol21)
DS b

0

(cal mol21 K21)
DH b

0

(kcal mol21) nH1

12.6 228.2 221.0 10.73
13.9 226.3 221.7 10.02
n
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D
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ture in which case DC p is also temperature depen-
ent. In contrast to 2B5, the enthalpy of MAb 5F8–cyt
binding exhibited only a modest dependence on tem-
erature (DC p 5 2172 kcal mol21 K21). These differ-
nces observed in DC p values indicate probable differ-
nces in the binding processes for the two MAbs to
yt c.

The change in heat capacity on binding has been
sed to estimate the amount of polar and nonpolar
urface buried on formation of the complex. Using the
ethods of Murphy and Freire (16) and Spolar and
ecord (17), the calculated apolar and polar surface
as calculated for both 2B5–cyt c and 5F8–cyt c com-
lexes (11). The two methods used gave essentially
dentical values of buried polar and nonpolar surface
or the respective interaction. For MAb 2B5–cyt c in-
eraction, the amount of buried apolar surface calcu-

IG. 3. Temperature dependence of the thermodynamic parame-
ers for binding of cytochrome c to (A) MAb 2B5 and (B) MAb 5F8.
he data points measured directly by isothermal titration calorime-
ry are included for DH b. The heat capacity change associated with
ntibody binding to cytochrome c was determined by linear regres-
ion analysis as the slope of the plot of DH b versus temperature.
alues of DG b(T) are calculated from the thermodynamic parameters

n Table 1 using the equation DG b(T) 5 (T/ 298)DG b
0 1 [1 2 (T/

98)]DHb
0 2 DC p[298 2 T 1 T ln(T/ 298)], where DG b

0 and DH b
0 are

he thermodynamic parameters under standard conditions: 0.1 M
odium phosphate, pH 7.0, 25°C. DC p is assumed to be independent
f temperature. The values of 2TDS b(T) are calculated from
(
D

TDS b(T) 5 DG b(T) 2 DH b(T). Reprinted with permission from
. S. Raman, M. J. Allen, and B. T. Nall (1995) Biochemistry 34,
831–5838. Copyright 1995 American Chemical Society.
ated was 88% of the interfacial surface. The amount of
olar surface buried according to the calculation is
egligible. For the interaction of cyt c with MAb 5F8,
he calculated fractions of buried polar and apolar sur-
ace were very similar. Unfortunately, in the absence of
he crystal structure of either MAb–cyt c complex, a
omparison of buried surface and DC p is only specula-
ive. Hibbits et al. have shown that the heat capacity
hange observed on hen eggwhite lysozyme (HEL)
inding to the monoclonal antibody HyHel 5 is well
orrelated to the amount of apolar surface buried. In
his particular case the crystal structure of the HyHel–
EL complex has been determined and the interfacial

urface can be well quantitated. Several groups have
eported values of DC p that do not correlate with the
mount of buried apolar surface (18–20). The methods
f calculating the amounts of apolar and polar surface
rom the observed DC p values have been developed
rom the investigation of protein unfolding transitions.
n contrast to protein folding, it appears that other
actors must be taken into account to correlate heat
apacity changes and surface exposure in protein asso-
iation.
The binding properties of the two antibodies also

iffered with respect to the involvement of protonation-
inked equilibria. Simply by performing identical titra-
ion experiments in a second buffer system with a large
nthalpy of ionization, it is possible to determine
hether protonation/deprotonation events occur dur-

ng complex formation (21). The enthalpy of ionization
f sodium phosphate buffer is significantly less than
hat of Tris–HCl buffer (1 kcal mol21 vs 11 kcal mol21).
n 0.1 M sodium phosphate at 25°C, the binding en-
halpy measured for MAb 2B5–cyt c association is
19.3 kcal mol21. In 0.1 M Tris–HCl buffer the binding

nthalpy of 2B5–cyt c association is 211.7 kcal mol21.
ince DH b in 0.1 M Tris–HCl is less exothermic it can
e concluded that protons are taken up on association.
he apparent binding enthalpy comprises the binding
nthalpies due to association and ionization of the
uffer according to

DH b
app 5 DHb 1 nH 1DH i. [4]

It cannot be determined whether protons are being
aken up by cyt c or by MAb 2B5 but the total number
f protons can be determined by the relation

n H1 5
DH b

app~P i! 2 DH b
app(Tris)

DH i
Pi 2 DH i

Tris [5]

here n is the number of protons taken up, DH app

H1 b

P i) is the enthalpy of binding in sodium phosphate,
H b

app (Tris) is the enthalpy of binding in 0.1 M Tris–
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Cl, DH i
Pi is the enthalpy of ionization of sodium phos-

hate and DH i
Tris is the enthalpy of ionization of Tris–

Cl (21). For MAb 2B5–cyt c binding nH1 5 10.73. For
Ab 5F8, DH b is identical in 0.1 M sodium phosphate

nd 0.1 M Tris–HCl, indicating no net changes in pro-
onation during the association reaction. From the dif-
erences in protonation and in the observed DC p it is
vident that MAb 2B5 and MAb 5F8 bind cyt c in
istinctly different fashions. A potential candidate re-
ponsible for protonation during MAb 2B5–cyt c bind-
ng is His-33 on cyt c. The reasons for considering
is-33 are as follows. The pH chosen to study the

nteraction is pH 7, the pK a of histidine is near neutral
H, and His-33 lies adjacent to Pro-44 in the crystal
tructure of cyt c, and as previously noted, this residue
s required for MAb 2B5 binding. Also, it was recently
hown for the association of porcine pancreatic elastase
ith the serine protease inhibitor turkey ovomucoid

hird domain that the pK a of a histidine residue in the
rotease is shifted from 6.7 to 5.2 (22). Given this
vidence it is assumed that His-33 on cyt c is the only
esidue undergoing a protonation change on complex
ormation. The contribution of His-33 protonation to
he binding enthalpy is estimated by multiplying the
umber of protons taken up by the enthalpy of ioniza-
ion of a His side chain. Using a value of 16.0 kcal
ol21 for DH i,His (23) the contribution of the protonation

oward MAb 2B5–cyt c binding is 24.4 kcal mol21.
nfortunately, protonation cannot fully explain the
ifferences in the observed DC p values for the two
ntibodies. If it is assumed that protonation of His-33
s the only ionization occurring on complex formation,
hen the contribution of protonation toward DC p is only
40 cal mol21. Clearly, this is a small contribution

iven the large difference in DC p observed for the two
Abs.
It is evident that an enormous amount of informa-

ion about the association of biological macromolecules
an be determined from isothermal titration calorime-
ry. Recently the crystal structure of the MAb E8-cyt c
omplex was determined at 1.8-Å resolution which
aves the way for correlating structure with the ener-
etics of binding (24). When combined with structural
nformation obtained from X-ray crystallography or
MR spectroscopy, an understanding of the details of

he association is even further enhanced.

ONCLUSIONS

The primary advantage of ITC is that the observable
ignal is the heat evolved or absorbed on complex for-
ation. The only limiting requirement for study by
TC is a measurable enthalpy change on binding. This
s in contrast to a number of techniques that require
odification of components with fluorescent tags or
equire immobilization on plates. In a single ITC ex-
eriment, the binding constant and the stoichiometry
nd enthalpy of binding can be readily determined. For
omplexes that exhibit very tight affinities, the binding
onstant cannot be accurately determined. This restric-
ion does not limit the determination of very precise
easures of the binding enthalpy. Although easily per-

ormed, an ITC experiment requires great care in con-
entration determination and sample preparation. As
n application of the technique, the interaction of cyt c
ith two MAbs was observed by ITC. On the surface,

he binding parameters appeared to be quite similar.
alues of DH b, DG b, and DS b were nearly identical for

he two antibodies at 25°C. Determination of the bind-
ng enthalpies as a function of temperature and buffer
onization indicated significant differences in the

odes of binding. MAb 2B5–cyt c interaction was ac-
ompanied by a large DC p and the net uptake of one
roton. For the interaction of MAb 5F8 with cyt c, the
C p was small and no changes in protonation were
bserved. In combination with structural information,
sothermal titration calorimetry provides a thorough
escription of the interactions of biological macromol-
cules. The information obtained from such studies
hould aid in the development of pharmacological com-
ounds as well in the elucidation of factors that deter-
ine the specificity of an interaction.
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