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Thermodynamics of biomacromolecule ligand interaction is very important to understand the structure function relationship in
proteins. One of the most powerful techniques useful to obtain additional information about the structure of proteins in
biophysical chemistry field is isothermal titration calorimetry (ITC). An ITC experiment is a titration of a biomacromolecule
solution by a solution containing a reactant (ligand) at constant temperature to obtain the exchanged heat of the reaction. The total
concentration of ligand is the independent variable under experimental control. There are many reports on data analysis for ITC to
find the number of binding sites (g), the equilibrium constant (K), the Gibbs free energy of binding process (AG), the enthalpy of
binding (AH) and the entropy of binding (AS). Moreover, ITC gives information about the type of reaction, electrostatic and
hydrophobic interactions, including determination of cooperativity characterization in binding process by calculating the Hill
coefficient (n). A double reciprocal plot and a graphical fitting method are two simple methods used in the enzyme inhibition and
metal binding to a protein. Determination of a binding isotherm needs more ITC experiments and more complex data analysis.
Protein denaturation by ligand includes two processes of binding and denaturation so that ITC data analysis are more complex.
However, the enthalpy of denaturation process obtained by ITC help to understand the fine structure of a protein.

Keywords: Isothermal titration calorimetry, Ligand binding, Metal binding, Enzyme inhibition, Protein denaturation, Enthalpy of
binding, Equilibrium constant

INTRODUCTION performed by addition of a reactant to a sample solution

containing the other reactant(s) necessary for reaction; see Fig.

Calorimetry is the principal source of thermodynamic la. After each addition, the heat released or absorbed as a

lnfOI'I.IlatIOH, and ?t is indeed both a very versatile and sensitive result of the reaction is monitored by the isothermal titration
technique [1]. It is a very general method due to the fact that . . . S
callv all phvsical. chemical and biological calorimeter as a peak of power against time for each injection;
ractically a sical, chemical and biological processes are . . . .
p y phy & ] P ) see Fig. 1b. The total concentration of titrant is the
accompanied by heat exchange. Hence, calorimetry is one of | ) i )
. independent variable under experimental control; see Fig. lc.
the most powerful tools for expanding knowledge and ) ]
S ' . Thermodynamic analysis of the observed heat effects that
understanding in many fields of science and technology [2-5]. ] o o )
Isothermal titration calorimetry (ITC) is a principal permits quantitative characterization of the energetic processes

calorimetric technique, which can measure the energetics of is associated with the binding reaction. ITC gives invaluable

biochemical reactions or molecular interactions at constant  information about biomacromolecule-ligand interaction [6-
temperature is measured by ITC [4-5]. Experiments are 23], protein denaturation [24-28], allosteric transition [29-30],

enzyme inhibition [31-35], quality, safety and shelf-life of

*Corresponding author. E-mail: saboury @ut.ac.ir materials and material stability [36-41].
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Fig. 1. (a) ITC experimental setup. (b) After each
addition, the heat released or absorbed as a result
of the reaction is monitored by the isothermal
titration calorimeter as a peak of power against
time for each injection. (c) The heat of each
injection can be calculated from the surface area
under the peak. (d) The heat of interaction is
obtained against the total concentration of titrant,
as the independent variable under experimental

control.

Different methods have been reported for data analysis of
ligand binding study by ITC [42-60]. The principal of these
methods is to fit the experimental data in an equation relating
equilibrium constant, molar enthalpy of binding and reactants
concentration. The Wiseman method [45] for data analysis has
extensively used for ligand binding studies by ITC and a
computer program is needed for using this method [61-67].
We have presented an equation, with a useful linear graphical
method in the ligand binding studies, to obtain equilibrium
and enthalpy of binding by ITC data for
set of identical and

constant
noncooperative systems with one
independent binding sites [31,48-50]. A simple graphical
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fitting method for determination of thermodynamic parameters
has also been introduced, which has been applied to inhibitor
binding on the enzymes [32,46,50]. The Scatchard plot [68-
70], as a binding isotherm for ligand-protein interaction in a
set of identical and independent binding sites, can be easily
obtained by carrying out two different ITC experiments [51].
A calorimetric data analysis has also been introduced to obtain
the binding isotherm for a set of independent or interacting
binding sites [52,53]. Development of ITC data analysis
methods is one of the most important researchs in the field of
thermodynamic for protein ligand interaction. Here, we
attempt to review a number of recent ITC data analysis
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methods and their applications.

Materials and Methods

Jack bean urease (JBU; MW = 545.34 kDa), myelin basic
protein (MBP; MW = 18.5 kDa) from bovine central nervous
system (CNS), adenosine deaminase from calf intestinal
mucosa (ADA; MW = 34.5 kDa), human serum albumin
(HSA; MW = 66.5 kDa), concavalin A and Tris-HCI were
obtained from Sigma Chemical Co. Highly purified
preparations of human growth hormone (hGH; MW = 22
kDa) were provided by the National Research Center of
Genetic Engineering and Biotechnology (NRCGEB), Tehran.
Sodium fluoride, ethylurea (/) and (N,N)dimethylurea (X)
were purchased from Alderich Chemical Co. Copper nitrate
and calcium nitrate were purchased from Merck Co. Nickel
nitrate hexahydrate was purchased from Riedel-dehaen Co.
Solutions were made in double-distilled water. Tris-HCl
solution (30 mM), pH = 7.00 was used as a buffer for JBU and
HSA. Tris-HCI solution (30 mM), pH = 7.20 was used as a
buffer for MBP. Phosphate solution (50 mM), pH = 6.90 for
concavalin A was used as a buffer.

Equilibrium dialysis. Experiments were carried out at 300
K using an MBP solution with a concentration of 0.25 mg
ml”, of which 2 ml aliquots were placed in dialysis bags and
equilibrated with 2 ml of the copper solution, covering the
required concentrations range for over 96 h. Corrections for
inequalities arising from Donnan effects were negligible at the
ionic strength used. The free copper concentrations in
equilibrium with complexes of MBP-copper were assayed by
the atomic absorption (Perkin Elmer, model 603) method.

Isothermal titration calorimetry. The isothermal titration
microcalorimetric experiments were performed with a 4-
channel commercial microcalorimetric system, Thermal
Activity Monitor 2277, Thermometric, Sweden. Each channel
is a twin heat-conduction calorimeter where the heat-flow
sensor is a semiconducting thermopile (multi-junction
thermocouple plates) positioned between the vessel holders
and the surrounding heat sink. The insertion vessel was made
from stainless steel. Sodium fluoride (40 mM) was injected by
use of a Hamilton syringe into the calorimetric titration vessel
including a stirrer, which contained 2 ml urease (2.5 pM). In
the second experiment, copper solution (100 uM) was injected

into the calorimetric stirred titration vessel, which contained

1.8 ml MBP, 13.5 uM or 27.0 puM. In the third experiment,
inosine solution (2 mM) was injected into the calorimetric
stirred titration vessel, which contained 1.8 ml ADA, 21.7 uM.
In the fourth experiment, calcium nitrate solution (2 mM) was
injected by into the calorimetric stirred titration vessel, which
contained 1.8 ml hGH, 35 uM. In the fifth experiment, methyl
o-D-mannopyranoside solution (50 mM) was injected by into
the calorimetric stirred titration vessel, which contained 2 ml
concavalin A, 0.04 mM. The injection volume in each step for
JBU, MBP, ADA, hGH and concavalin A was 50, 35, 15, 20,
and 20 pl, respectively.

To study of HSA-Ni** interaction, two experiments were
done. In the first experiment, the calorimeter cell contained 2
ml of HSA in relatively high concentration (100 uM) and the
nickel solution in relatively low concentration (5 uM) was
injected into the calorimeter stirred titration cell with a
Hamilton syringe in aliquots of 10 pl. The ligand was diluted
to 25-240 nM upon ten times of 10 pl injections into the 2 ml
calorimeter cell. Thin (0.15 mm inner diameter) stainless steel
hypodermic needles, permanently fixed to the syringe, reached
directly into the calorimetric vessel. In the second experiment,
the calorimeter cell contained 1.5 ml of HSA in relatively low
concentration (1 uM) and the nickel solution in relatively high
concentration (50 uM) was injected into the calorimeter cell.
The nickel was diluted upon 20 times of 25 pl injection into
the calorimetric titration cell these two experiments provided
different thermodynamic parameters.

In JBU inhibition by I and X, a solution containing both
of I and X (500 mM, respect to each one) was injected into
the calorimetric vessel, which contained 2 ml urease, 0.9 uM,
including Tris buffer (30 mM), pH 7.0. Injection of I and X
solution into the perfusion vessel was repeated 20 times, and
each injection included 30 pl reagents.

Thin (0.15 mm inner diameter) stainless steel hypodermic
needles, permanently fixed to the syringe, reached directly into
the calorimetric vessel. The calorimetric signal was measured
by a digital voltmeter that was part of a computerized
recording system. The heat of each injection was calculated by
the "Thermometric Digitam 3" software program. The heat of
dilution of the ligand solution was measured as described
above except that the enzyme was excluded. The enthalpy of
dilution was subtracted from the enthalpy of enzyme-ligand
interaction. The enthalpy of dilution of enzyme is negligible.
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The microcalorimeter was frequently calibrated electrically
during the course of the study.

RESULTS AND DISCUSSION

Ligand binding study in a biomacromolecule including one
binding site is the simplest study, which is the best one for our
calorimetry study in the first. Determination of the number of
binding sites in a set of non-cooperative system can be
considered as the second in the study. Determination of the
binding isotherm for a set of binding sites is the last one in our
calorimetry study.

Ligand Binding in one Binding Site (1:1
Stochiometry)
Consider a solution containing ligand L, and a

biomacromolecule (M,) that contains g sites capable of
binding the ligand. If the multiple binding sites on a
biomacromolecule are identical and independent, the ligand
binding sites can be reproduced by a model system of
monovalent molecules (M, — gM) with the same set of
dissociation equilibrium constant (K) values. Thus, the
reaction under consideration can be written:

M+L —» ML

P a— K =[M] [L)/[ML] ey

By titration of a solution containing "M" with a solution of
ligand L, the equilibrium reaction is moved toward increasing
concentration of ML complex. The heat value of reaction
depends on the concentration of ML complex (g o [ML]).
Moreover, the maximal value of heat that would be observed
when all the M is present as ML, that i, gmax > [Motals O Gmax
o< [M] + [ML]. Therefore, it can be concluded [31,50]:

q [ML]

Gm [M]+[ML]

@

Because of the equilibrium assumption, [ML] can be expressed
in terms of [L], [M], and K, using equation (1). This
substituting for [ML] gives:

q (IM][L)/K)

Gmax [M] + (IM][L)/K)

q (L]
= 3)
Grmax K+[L]

By assuming that all of the single-site macromolecules (M)
are converted to the ML complex, the heat value of the
reaction per mole of single-site biomacromolecule is
calculated. However, this assumption is only true at a large
excess of ligand L, because of the equilibrium between M and
ML. The absolute heat values of the reaction vs. the ligand
concentration will be a rectangular curve. So, the molar
enthalpy of binding can be obtained by extrapolation of the
heat of reaction to a large excess of ligand L; where AH = g .

Hence, the equation (3) can be rearranged to yield [48-50]:

q
—— =K, (AH-¢) )
[L]

where K, is the association binding constant (K, = 1/K).
Equation (4) resembles the Scatchard equation. By measuring
the total heat of reaction at any fixed concentration of L, the
association equilibrium constant and the molar enthalpies of
binding (AH ) for the ligand L can be obtained by using the
linear plot of g/[L] vs. g. This plot is very similar to the normal
Scatchard plot.

The data obtained from isothermal titration calorimetry of
JBU with ligand fluoride ion is shown in Fig. 2 [49-50]. JBU
has twelve binding sites for fluoride ions as a competitive
inhibitor for urease. Figure 2a shows the heat of each
injection, and Fig. 2b shows the cumulative heat related to
each total concentration of L. The total concentration of
fluoride ion is much higher than total concentration of binding
sites on biomacromolecule with one binding site. Therefore, it
can be assumed that the total and free concentrations of ligand
are approximately equal. The linear plot of q/[L] vs. g is
shown in Fig. 2c. The values of K, and AH obtained from axis
intercepts are [49-50]:

K,=1.07mM" (K =0.93 mM) AH =—12.42 kJ mol

The association equilibrium constant value obtained from this



Ligand Binding Studies by Isothermal Titration Calorimetry

400 T
320 F

240 |

-q (uJ)

160 F

01 2 3 45 6 7 8 9 1011 12
Inj. No.

02

012 F

0.08 F

-1/q (mol kJ ™)

0.04 f

1/[L] (mM)!

700

650 | b
600

-q W)
wn W
(el [V
(e} (e}

450 F

400 F

350 PR SR T YT ST Y WY AT ST VA W ST ST U N S S

-q/[L] (kJ moI' mM™)

-q (kJ mol™)

Fig. 2. (a) The heat of fluoride binding on urease for 12 automatic cumulative injections, each of 50 pl, of

sodium fluoride solution 40 mM, into the sample cell containing 2 ml protein solution at a concentration
of 2.5 uM at pH =7.0 (Tris 30 mM) and 300 K. (b) The cumulative heat of ligand binding related
to each total concentration of fluoride, calculated from Fig. a. (c) g/[L] vs. g, similar to the Scatchard

linear plot, according to the equation (4), using data shown in Fig. b. (d) The double reciprocal linear

plot of 1/g vs. 1/[L], according to the equation (5), using data shown in Fig. b.

type of Scatchard plot is approximately equal to the value
obtained from assay of enzyme activity in the presence of
fluoride ion [31].

A double reciprocal equation form of equation (3) can be
written as follow [31,49-50]:

1 1 K 1
= + X 5)
q AH  AH (L]

By a double reciprocal linear plot of 1/q vs. 1/[L], two
important thermodynamic parameters of AH and K can be

easily obtained from the intercepts axis. Hence, the linear plot
of 1/q vs. 1/[L] gives similar results to the linear plot of g/[L]
vs. g. This method was applied to the binding of fluoride ion to
JBU (see Fig. 2d). The dissociation binding constant (K) and
the molar enthalpy of binding (AH) were 0.03 mM and —12.42
kJ mol™, respectively. These results are markedly consistent
with the results obtained by analysis of the linear plot of g/[L]
vs. g. Equations (4) and (5) have been used extensively in the
enzyme inhibition [33,35,50], metal [6,71] and sugar binding
to proteins studies [48,50].

For the total heat of reaction (q) due to the isothermal
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Fig. 3. (a) The heat change of ethylurea (/) and (N,N)dimethylurea (X) binding to JBU for 20 cumulative,
automatic injections, each of 30 ml, of mixed solution / and X, of 0.5 M each, into the sample cell

containing 2 ml urease solution at a concentration of 0.5 mg ml™ at pH 7.0 (Tris; 30 mM) and 300 K.

(b) The heat of binding for one mole of / and one mole of X to the binding sites on JBU, assuming (0)

unilateral reaction which is compared by (®) theoretical values according to equation (6) using results

obtained by non-linear least-squares fitting. The theoretical curve has been resoluted for (0J0) 7 and (A)

X, according to the first and second terms of equation (6), respectively.

titration of macromolecule by solution containing the two
ligands 7 and X, equation (3) should be written with two terms
as follows [72]:

AH [I] AHx [X]
g=qi+qx = + (6)
K+ 1] Kx + [X]

By measuring the total heat of reaction at any fixed
concentration of I/ and X, the dissociation equilibrium
constants (K and Kx) and the molar enthalpies of binding (AH;
= GLmax a0d AHy = gx mayx) for these ligands can be obtained.
The data obtained from isothermal titration calorimetry of
JBU with ligands ethylurea (/) and (N,N)dimethylurea (X) is
shown in Fig. 3a, which shows the heat change on each
injection. Figure 3b shows the heat of binding relative to each
total concentration of 7 and X [72]. The total concentration of /
and X is much more than the total concentration of binding
sites on macromolecule with one binding site. So, it can be
assumed that the total and free concentrations of ligand are
approximately equal. The experimental values of heat at any
fixed concentrations of I and X have also been fitted to
equation (6) using a computer program for non-linear

Least squares fitting [73]. The results are [72]:

K; =26.3 mM Ky =28.4 mM

AH; = —10:2 kJ mol™ AHyx =-10.8 kJ mol

By using these values, the calculated total heat change and the
contributions from each ligand are also plotted in Fig. 3b.
Experimental and theoretical values are in agreement with
maximum errors of 0.1 mM and 0.1 kJ mol”' for K and AH
values, respectively. In addition, the dissociation equilibrium
constants measured by this method were consistent with the
inhibition constants obtained from assay of enzyme activity in
the presence of 7 and X [74].

Figure 4a shows the Scatchard plot, v/ [Cu2+]f vs. V, where
[Cu2+]f is the free concentration of copper ion and v defined to
be moles of bound copper ions per mole of total MBP. The
shapes of the Scatchard plots are clearly characteristic of
different types of cooperativity [68-70]. A concave downward
curve, as shown in Fig. 4a, describes a system with positive
cooperativity. For obtaining approximated values of binding
parameters, it might be possible to fit the binding data to Hill
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equation [75],

g (K([Cu™]; )"

Ve=—————— (N
1+ (K([Cu™])"
where g, K, and n are the number of binding sites, association
binding constant, and Hill coefficient, respectively. The
binding data for the binding of copper ions to MBP have been
fitted to the Hill equation using a nonlinear least-square fitting
computer program [73]. The results are: g = 2, K, = 0.38 uM™*
and n = 1.6 [13,76]. The best-fit curve of the experimental
binding data was then transformed to a Scatchard plot as
shown in Fig. 4a. A simple method for calculating intrinsic
association equilibrium constants for system with two
cooperative sites (K; and K;) has been introduced from the
Scatchard plot [77]. It has been shown that, in the limit as v
approaches 0, v/[Cu2+]f = 2K, and when v = 1, or at half-
saturation, v/[Cu**];= (K, K)"?
the ordinate intercept of a Scatchard plot and K, is derived

. Thus, K; can be obtained from

from the value of v/[Cu2+]f at half-saturation. The results
obtained from Fig. 4a are K; = 0.083 uM™" and K, = 1.740 uM
"' So, occupation of the first site has produced an appreciable
enhancement 21 of the binding affinity of the second site.

The raw data obtained from isothermal titration
calorimetry of MBP interaction with copper ion was shown in
Fig. 4 [13,50]. Figure 4b is showing the heat of each injection
and Fig. 4c is showing the heat of related to each total
concentration of copper ion, [Cu2+]t. These raw calorimetric
data can be used to show the heat of binding copper ions per
mole of MBP (AH) vs. total concentration of copper ions or vs.
moles of bound copper ions per mole of total MBP (V) using

Eq. (8):
[Cu®*] = [Cu™]; + [Cu”'], = [Cu®']; + v [MBP]; ®)

where [Cu2+]b is the bound concentration of copper ion and
[MBP] is the total concentration of MBP. The plot of AH vs.
moles of bound copper ions per mole of total MBP (v) showed
-14.8kJ
mol” in the first and second binding sites, respectively
[13,50].

The new representation of titration calorimetric data,

that the molar enthalpies of binding are —13.5 and

pseudo-Scatchard plot, has been shown in Fig. 4d. This

concave downward curve describes a system with positive
cooperativity in copper ions binding to MBP. It is concluded
that a new representation of isothermal titration calorimetric
data as a Scatchard like plot, which is used in these systems,
can be developed for other systems to find the type of
cooperativity in the binding. It is predicted that the pseudo-
Scatchard is a concave wupward curve for negative
cooperativity in the binding (anticooperative system). The Hill
coefficient for a concave downward curve, as shown in Fig.
3d, can be obtained similar to the Scatchard plot, as shown in

Fig. 4a, as below [13,69]:

1 1
n= = =16 ©)
1 - (Va/2) 1-(0.75/2)
1 1
n = = =16  (10)
1 —(qw/q") 1 — (260 WI/690 ul)

where v,, is the v value at the maximum point of Scatchard
plot (Fig. 4a) and q,, and q" are heat values at the maximum
point and horizontal-intercept of Scatchard like plot (Fig. 4d),
respectively.

The method introduced for ligand binding study in fluoride
interaction with JBU includes an assumption that the
concentration of bound ligand is negligible in comparison with
the total concentration of ligand. Following, it is introduced
another method without this assumption. When our
assumption is not true, the general method developed here will

be useful. It is defined:
[Lli=[L] + [ML] (1)
[M], = [M] + [ML] = (K [ML}/[L]) + [ML] (12)
Equation (11) can be solved for [L] and then substituted into

the equation (12), and rearranged to give a quadratic equation
with the real root [46,50]:

[ML] = {(B + K) — [(B + K)* — C]"}/2 (13)
where
B = [M], + [L], C =4 [M][L], (14)
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Fig. 4. (a) The Scatchard plot of binding copper ion by MBP at 300 K. The best-fit curve of the experimental
binding data was transformed to a Scatchard plot using equation (7) with g = 2, K, = 0.38 uM™" and
n = 1.6. (b) The heat of copper binding on MBP for 21 automatic cumulative injections, each of 35
ul, of copper, 100 uM, into the sample cell containing 1.8 ml MBP solution at a concentration of
13.5 uM. The last injection was 350 pl. (c) The heat of binding vs. total concentration of copper
ion, calculated from Fig. b. (d) A new representation of titration calorimetric data, very similar to the
Scatchard plot, shows positive cooperativity in two binding sites for copper ions.
The sum of heat evolutions following the i™ titration step, ¢;, ~ enthalpy of binding. Combination of equations (13) and (15)
can be expressed as will lead to [46,50]
4= AH Vi [ML; (15) AH = 1/A; {(Bi+ K) ~[(B; + K)* ~ Ci"*} (16)
where V; is the volume of the reaction solution and AH is the where
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A =Vil2q; A7)

Equation (16) contains two unknowns, K and AH. A series of
reasonable value for K is inserted into equation (16) and
corresponding values for AH are calculated and the graph AH
vs. K is constructed. Curves of all titration steps will intersect
in one point, which represents the true value for AH and K.
The data
microcalorimetry of ADA interaction with inosine is shown in

obtained  from  isothermal titration
Fig. 5. Figure 5a shows the heat of each injection and Fig. 5b
shows the heat related to each total concentration of inosine.
The plots of AH vs. K, according to equation (16), for first 10
injections are shown in Fig. 5c. The intersection of curves
gives [32]:

K =140 uM AH =-32kJ mol!

The conformity of dissociation binding constants (K) obtained
from thermodynamic and kinetic studies are observed [46].
The calorimetric data analysis using equation (16) is a
graphical fitting model, which extensively has been applied to
studies on the enzyme inhibition [32-34,50] and metal binding
to proteins [8,58-60,78-79].

These two proposed data analysis for isothermal titration
calorimetry is expected useful for a set of binding sites,
especially for enzyme inhibition study and measurement of
inhibition constant. Design enzyme inhibitors and
measurements of the effect of inhibitors on the enzyme are

very important in biological science [80-99].

Ligand Binding in a Set of Binding Sites

Consider a solution containing ligand L, and a
biomacromolecule (M,) that contains g sites capable of
binding the ligand. If the multiple binding sites on a
biomacromolecule are identical and independent, the ligand
binding sites can be reproduced by a model system of
monovalent molecules (M, — gM) with the same set of
dissociation equilibrium constant (K) values. Thus, the

reaction under consideration can be written:

M+L ——» ML

P a—_ K =[M][L])/[ML] (18)

If o isdefined as the fraction of free binding sites on the

total biomacromolecule

concentration and L is the total ligand concentration, then the

biomacromolecule, M, is the

free concentrations of monovalent molecule, [M], and ligand,
[L], as well as the concentration of bound ligand, [ML], can be
deduced as follow [56,58]:

[ML] =g (1- o) My (19)
[L]=Lo— [ML)=Lo— g (1- o) My (20)
[M] = gM, — [ML] = gM, — g (1— o) My = agM, 2D

Substitution of free concentrations of all these components in
equation (18) gives [56,58]:

o

K= ) Lo — aigMy

-
or

o 1 K
)—Ly— — (22)
l-a g g

oMy = (

The value of 1 — a as the fraction of occupied binding sites on
the biomacromolecule can be obtained from every desired
point on the titration curve of heat intensity vs. total
concentration of ligand, as shown in Fig. 6b, using the
relationship [56,58]

q
l-o=—o (23)

Qmax

where q represents the heat value at a certain Ly and g

represents the heat value upon saturation of all
biomacromolecule. If ¢ and ¢.x are calculated per mole of
biomacromolecule then the molar enthalpy of binding for each
binding site (AH) will be AH = gu./g. Combination of

equations (22) and (23) yields [56,58]:

Ag Ag 1 K
My=(——) Ly — - — (24)
qm’dx q g g

where Ag = gmax — ¢g. Therefore, the plot of (Ag/gmax) My Vs.
(Ag/q) L, should be a linear plot by a slope of "1/g"” and the



Saboury

-10

-50
-70

q(u)

-110
-130

Inj. No.

-300

-600

q (uh

_900 1 1 1 1 1 1 1 1 1 1 1 1 1 1

100 200 300
(L], (mM)

(]

vertical-intercept of K/g, which g and K can be obtained.

The raw data obtained from isothermal titration
calorimetry of hGH interaction with calcium ion was shown in
Fig. 6 [56]. Figure 6a shows the heat of each injection and Fig.
6b shows the total cumulative heat of related to each total
concentration of calcium ion, [Ca2+]t. The heat values in these
figures have been expressed in terms of total amount of
protein (63 nano-mole) in the calorimetric sample cell. These
raw calorimetric data can be used to show the heat of binding
of calcium ions per mole of hGH vs. total concentration of
Ca®*, Fig. 6¢, or vs. total concentration of the protein, Fig. 6d.
The related plot, according to the equation (24), for the
binding of calcium ions by hGH is shown in Fig. 7a. The
linearly of the plot has been examined by different estimated
values for gn.x to find the best value for the correlation
coefficient (near to one). The best linear plot with the

correlation coefficient value of 0.99 was obtained using a
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Fig. 5. (a) The heat of inosine binding on ADA for 20
automatic cumulative injections, each of 15ul, of
inosine solution, 2 mM, into the sample cell

containing 1.8 ml ADA solution at a concentration

of 0.75 mg ml” (21.7 uM). (b) The heat of binding
vs. total concentration of inosine, calculated
from Fig. a. (c) AHvs. K for first 10 injections
in the reasonable vs. of K, according to equation
(16). The coordinates of intersection point of curves

give true value for AH and K.

value of —3290 pJ (equal to —52.2 kJ mol™") for gm.. The
amounts of g and K, obtained from the slope and vertical-
intercept plot, are 3 and 52 UM, respectively. Dividing the g«
value of —52.2 kJ mol” by g = 3, therefore, gives AH = —17.4
kJ mol [56]. According to data shown in Fig. 6, the total
cumulative heats respect to kJ mol” are known in any different
values of M, and Ly; therefore, A;, B;, and C; are known in all
titration steps. A series of reasonable value for K is inserted
into equation (16) and corresponding values for AH are
calculated and the graph AH vs. K is constructed. Curves of all
titration steps will intersect in one point, which represents the
true value for AH and K. The plots of AH vs. K, according to
equation (16), for all injections are shown in Fig. 7b. The
intersection of curves gives [56]: K = 52 uM and AH = -17.4
kJ mol .

The conformity of K and AH values obtained from two
methods are observed.
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Fig. 6. (a) The heat of calcium binding on hGH for 20 automatic cumulative injections, each of 20 pl, of
calcium, 2 mM, into the sample cell containing 1.8 ml hGH solution at initial concentration of 35
UM at 300 K. (b) The total cumulative heat of binding vs. total concentration of calcium ion,
calculated from Fig. a.(c) The heat of binding calcium ions per mole of hGH vs. total
concentration of calcium ions, calculated from Fig. b. (d) The heat of binding calcium ions per mole
of hGH vs. total concentration of the protein. The initial concentration of hGH was 35 uM.

The calorimetric method described recently allows
obtaining the number of binding sites (g), the molar enthalpy
of binding site (AH) and the dissociation equilibrium constant
(K) for a set of biomacromolecule binding sites. The lack of a
suitable value for g, to obtain a linear plot of (Ag/Gmax) Mo
vs. (Ag/q) Ly may be related to the existence of non-identical

binding sites or the interaction between them. This method has
also been applied to study on the binding of chromium ions
by B-lactoglobulin-A [100]. There is a set of six identical and
independent binding sites for Cr’* by a dissociation binding

constant of 124 pM and the molar enthalpy of binding —17.8

11
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Fig. 7. (a) The best linear plot of (Ag/gmax) Mo vs. (Ag/q) Ly, according to the equation (21), using a value of
-3290 W (equal to =52.2 kJ mol™) for gmax to obtain the best correlation coefficient value (R*=0.99).
Values of g and K can be obtained from the slope and the vertical-intercepts, respectively. (b) AH

vs. K for all 20 injections in the reasonable values of K, according to equation (16), using data in

Fig. 6. The coordinates of intersection point of curves give true value for AH and K.

kJ mol™ [100]. Using this method also showed that there is a
set of three identical and non-interacting binding sites for
magnesium ions. The intrinsic dissociation equilibrium
constant and the molar enthalpy of binding were 46 uM and

—17.7 kJ mol™, respectively [58].

Calorimetric Data Analysis for Determination of
Binding Isotherm

A calorimetric data analysis allows the measurement of the
complete set of thermodynamic parameters. The binding
isotherm for ligand-protein interaction is easily obtained by
carrying out two different ITC experiments. In the first
experiment, the enthalpy of binding for one mole of ligand to
one mole of binding site on a protein is obtained, which is
used in the second experiment to obtain the binding isotherm
and finding number of binding sites (g) and the equilibrium
constant (K). This method was used in the first time to study
the interaction between nickel ions (Ni**) with human serum
albumin (HSA).

In the first experiment, the calorimeter cell contained
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protein (HSA) in relatively high concentration and the
ligand(nickel) solution in relatively low concentration was
Injected into the calorimeter vessel. The results are shown in
Fig. 8a [51]. At this step, the enthalpy of binding one mole of
ligand to one mole of binding site (AH) can be obtained.
Under these conditions, the protein is much in excess over the
ligand during the whole titration experiment and the injected
ligand is completely bound to the surface of protein, provided
the association binding constant is sufficiently large. Each 10
ul injection of ligand thus produces the same heat of binding.
Dividing this heat of binding (-1.826 W) by the molar amount
of added nickel (10" mol ) finally leads to the molar enthalpy
of binding (AH) equal to —36.520 kJ mol”', assuming complete
ligand binding [51]. The injection of the ligand into the pure
buffer without protein gives a small heat of dilution, which
nevertheless was subtracted as a small correction term in the
final evaluation of AH.

Measurement of the binding isotherm is done in the second
experiment. At this step, a protein less concentrated solution is

contained in the calorimeter cell and a ligand more
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concentrated solution is injected via the titration syringe. The
data obtained from this step is shown in Figs. 8b and 8c.
Figure 8b shows the heat of each injection and Fig. 8c shows
the heat related to each total concentration of nickel. After
each addition of the ligand solution (25 pl) into the
calorimeter cell (initially 1.5 ml), ligand may be bound to the

protein and some binding site removed from the binding
process. Hence, with increasing ligand concentration in the
reaction vessel less and less binding site on the protein is
available for binding. The heat of reaction is therefore no
longer constant, but decreases with each ligand injection. After
k injections of nickel ion solution into the calorimetric titration
vessel, the fraction of nickel ion bound to the protein is given
by [51]

75

45 b

-q ()

30 f

15 F

0 2 4 6 8§ 10 12 14 16 18 20
Inj. No.

Fig. 8. (a) The heat of nickel ions binding on HSA for 10
automatic cumulative injections, each of 10 ul, of
nickel nitrate solution 5 uM, into the sample cell
containing 2 ml protein solution at a concentration
of 100 uM at pH 7.0 (Tris 30 mM) and temperature
of 300 K. (b) The heat of nickel binding on HSA for
20 automatic cumulative injections, each of 25 pl, of
Ni** solution 50 uM, into the sample cell containing
1.5 ml HSA solution at a concentration of 1.0 uM at
pH 7.0 and temperature of 300 K. (c) Thecumulative
heat related to each total concentration of nickel ion
divided by total concentration of HAS in the
calorimetric titration vessel.

. n,®
X®= — (25)

Ny

where n,® and n, are the molar amount of bound nickel after k
injection and the total amount of nickel in the vessel,
respectively. They can be calculated by [51]

z* qi

ny® = ——— (26)
AH

n=k X Vi X L, 227)

where gi is the cumulative heat of the first k injections, Vi
is the injected volume of ligand in each titration step, and L, is

13
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the ligand concentration of the stock solution.

After k injections of nickel ion solution into the
calorimetric titration vessel, the fraction of nickel ion bound to
the protein multiplied by the total concentration of ligand in
the cell, [L],, gives the bound ligand concentration, [L]y; that
is, [L],"® = XW[L]". Now, the average number of moles of
ligand bound per mole of protein (v) can be calculated by the
[L]y, divided by the total
concentration of protein in the calorimetric vessel, [P],. Hence,

bound ligand concentration,

it is possible to calculate v after k injection according to [51]

o XU =g, (1"
AV =

= X (28)
[PLY  (kxVijxL)AH  [P¥

The most common presentation of ligand-biomacro-
molecule binding data is the Scatchard plot [68-70]. For a
biomacromolecule which has g binding sites, and in which
binding sites are characterized by identical intrinsic
association binding constant, K,, and independent of each
other without interacting (that is, occupancy of one site does
not affect the probability of binding to any other), from mass

action equation, Scatchard showed that [68-70]:

v
— =K. (g~ V) (29)
(L]

where [L] is the free concentration of ligand ([L] = [L]; — [L])-
Hence, the Scatchard plot, V/[L] vs. v, is linear for system
which have one identical and independent set of sites, so-
called noncooperative system [68-70]. The Scatchard plot will
be upward-curved for anticooperative system, which by
interacting between identical binding sites lead to binding at
one site decreasing the affinity of others. The Scatchard plot
will be downward-curved for cooperative system, which by
interacting between identical binding sites lead to binding at
one site increasing the affinity of others [68-70]. Figure 9
shows the Scatchard plot for the interaction between HSA and
Ni**, which obtained from data shown in Fig. 8c using
equation (28). Here, the Scatchard plot is linear showing that a
set of 8§ identical and independent binding sites for nickel ions
with intrinsic association binding constant of 0.57 uM™" [51].
The calorimetric method described above allows the
measurement of the

complete set of thermodynamic
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V/INi*T; (uM)!
[\e]

Fig. 9. The Scatchard plot of binding nickel ions by HSA at
pH 7.0 and temperature of 300 K. Here, the Scatchard
plot is linear resulting a set of eight identical and
independent binding sites with association binding
constant of 0.57 uM".

parameters for a set of identical and independent binding sites.
The Scatchard plot as a binding isotherm for ligand-protein
interaction can be easily obtained by carrying out two different
experiments. In the first experiment, the enthalpy of binding
for one mole of ligand to one mole of binding site (AH) is
obtained, which is used in the second experiment to obtained
the binding isotherm and finding of equilibrium constant (K,).
Observation of a linear plot, as the Scatchard plot, shows a
setof identical and independent binding sites on the surface of
a protein. Any deviation from the linearly of the Scatchard
plot may be related to the non-identically or interacting
between binding sites.

A simple general method for determination of binding
isotherm in the protein-ligand interaction has been introduced
using isothermal titration calorimetric data [52-53]. It is a
general method to ligand binding study on a biomacro-
molecule having a set of interacting or non-interacting binding
sites. In the first time, this method was applied to the study of
the interaction of myelin basic protein (MBP) from bovine
central nervous system with divalent copper ion at 300 K in
Tris buffer solution at pH = 7.2. The binding isotherm for
copper-MBP interaction was easily obtained by carrying out
different

titration calorimetric =~ experiment in  two
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Fig. 10. (a) The heat of copper binding on MBP for 28 automatic cumulative injections, each of 35 ul, of
copper, 100 uM, into the sample cell containing 1.8 ml MBP solution at two initial concentrations
of 13.5 uM () and 27.0 uM (O). (b) The heat of binding vs. total concentration of copper ion,
calculated from Fig. a. (c) The heat of binding copper ions per mole of MBP (g) vs. total
concentration of copper ions, calculated from Fig. b. (d) The heat of binding copper ions per mole
of MBP (g) vs. total concentration of MBP. The initial concentration of MBP was 13.5 uM (®) and
27.0 uM (O).
concentrations of MBP. The raw data obtained from  mole of MBP (AH) vs. total concentration of copper ions, Fig.

isothermal titration calorimetry of MBP interaction with
copper ion in two different concentrations of the protein is
shown in Fig. 10 [52]. Figure 10a shows the heat of each
injection and Fig. 10b shows the heat of related to each total
concentration of copper ion, [Cu2+]t. These raw calorimetric
data can be used to show the heat of binding copper ions per

10c, or vs. total concentration of the protein, Fig. 10d.

In general, there will be "g" sites for binding of ligand
molecules per protein macromolecule and v is defined as the
average moles of bound ligand per mole of total protein. At
any constant heat value due to the binding of ligand molecules

per mole of protein (g), the free concentration of ligand (L™)
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Fig. 11. At any constant heat value due to the binding of
ligand molecules per mole of protein (g), the free

free

concentration of ligand (L™ ) and v are also
constant at equilibrium on both two curves of (g)

against total concentration of either ligand or.

and v are also constant at equilibrium on both two curves of
(g) against total concentration of either ligand or protein
obtained in two titration experiments at two different
11). Ligand
molecules exist in two forms of free and bound. Hence, L™ =
L— Lbound’

concentration of ligand, respectively. The titration calorimetric

concentrations of a protein (such as Fig.

Lbound

where L and are the total and bound

experiment has been carried out in two concentrations of the
protein, shown by 1 and 2. Equality of L™ at any constant
value of g on both titration curves (such as Fig. 11) results the
equation [52-53]:

Ll _ leound — L2 _ Lzbound (30)

By applying v = L*"Y/M, where M is the total concentration
of the protein, and equality of v at any constant value of g on
both titration curves, it can be deduced equation (31) from
equation (30) [52-53].

L -vM,=L,—-VvM, (€1))

This equation can be rearranged to give equation (32).

L,-L,
VP —— (32)
M,—M,

Then L™ can be calculated by equation (33), which obtains
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from substitution of v from equation (32) into the equation
L™ =L, — vM, [52-53].

. LM, -1, M,
pre—_— ° 77 33)
M, - M,

One can then calculate v and L™ from equation (32) and (33),
respectively. This procedure is repeated over the range of g
values that span the titration curves, thus yielding a full range
of values of v and L™, In this way, one can obtain a binding
isotherm for protein ligand interaction by two calorimetric
titration curves at two different concentration of a protein.

The binding isotherm, as shown in Fig. 12a, or the
Scatchard plot (v/ [Cu2+]f vs. V), as shown in Fig. 12b, for MBP
interaction with copper ions has been obtained. Results
obtained by this calorimetric method are in agreement with
our previous results; see Fig. 4a [13,50]. The above described
calorimetric method allows obtaining the binding isotherm for
measurement of the complete set of thermodynamic
parameters in protein ligand binding studies. The binding
isotherm for ligand-protein interaction can be easily obtained
by carrying out titration calorimetric experiment in two
different concentrations of a protein. This method has been
applied to the binding of theophiline by ADA [53] and also

copper ion by hGH [54].

Protein Denaturation and Determination of the
Enthalpy of Denaturation

Denaturation studies are capable of yielding information
about the native state in terms of its cooperativity, intrinsic
stability and the nature of the forces required to maintain its
tertiary structure. Denaturation for providing additional
information on the structure, properties and function of a
protein can be brought about in many ways. These include
thermal denaturation, by raising the temperature, [101-102]
chemical denaturation by urea or guanidinum chloride [103],
denaturation by [24-25,27,104-107] and
denaturation by other materials [28]. The interactions of

surfactant

proteins with ionic surfactants differ from their interactions
with other ligands in three important respect [27]: (1) Ionic
surfactants having hydrocarbon-chain lengths of eight or more
carbon atoms are the most potent protein denaturants known.
(2) Unlike all other classes of ligand, except hydrogen ion,
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Fig. 12. The binding isotherm (a) and the Scatchard plot (b) of binding copper ion by MBP at 300 K. The best-
fit curve of the experimental binding data was transformed to both binding isotherm and the Scatchard
plot using equation (6) with g =2, K=0.38 uM" and n = 1.6.

they combine with most native proteins in multiple equilibria,
i.e. many equivalents per mole of protein. Surfactants combine
in still larger quantities with proteins that have been unfolded.
(3) With respect to the amphipathic nature of surfactants and
proteins, it is well established that there are two kinds of
interactions in the binding of ionic surfactants to proteins. The
electrostatic  interaction, which is accompanying by
preliminary hydrophobic interaction is occurred initially,
followed by a more extensive pure hydrophobic interaction
[24]. The predominant denaturing of a protein is related to the
first interaction, in which neutralization of charges at the
surface of the protein perturb the balance of forces in the
protein structure [24-25].

An interesting research has been carried out to study on the
interactions of a homologous series of n-alkyl
trimethylammonium bromides for a better understanding of
the energetics of the interactions between JBU and cationic
surfactants. The enthalpy of unfolding for JBU from this
interaction could be reported. The interaction of JBU with
dodecyl trimethylammonium bromide (DTAB), tetradecyl
(TTAB),

trimethylammonium bromide (HTAB) has been studied by

trimethylammonium bromide and hexadecyl

isothermal titration calorimetry at 300 K and equilibrium
dialysis at temperatures of 300 K and 310 K in alkaline

solution at pH 10. The molar enthalpy of binding has been
calculated from binding data, which have been obtained from
equilibrium dialysis in terms of the Wyman binding potential
theory [108] related to the van’t Hoff relation [109]. The
interaction of protein with surfactant includes two processes of
the ligand binding and the protein unfolding. Hence, the molar
enthalpy of urease unfolding (AH,) by this cationic surfactant
could be determined by subtraction of the observed molar
calorimetric enthalpy (AH,,) and the molar enthalpy of
binding (AH,) according to the equation (34) [25-26]:

AHobs = AHb + AHU (34)

Figure 13 shows the various enthalpies (AH,, AH, and AH,)
against total concentrations of DTAB, TTAB and HTAB [25].
Figure 14 plots the variation of AH, with respect to the total
concentration of surfactants [25]. All curves are step-like and
it seems that there is a semi-stable transition state in the
process of urease unfolding. By extrapolation of these curves
at their plateau regions, the molar enthalpy of unfolding for
each plateau step can be estimated. In terms of this analysis,
the molar enthalpy of unfolding for the first plateau is equal to
6550 kJ mol' and for the second, 650 kJ mol’. The
extrapolation points are remarkably alike for both plateau
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Fig. 13. Molar enthalpies of interaction: (1) AHs, (A) AHy, (V) AH, between JBU and n-alkyl trimethylammonium
Bromides: (a) DTAB, (b) TTAB, (c) HTAB as a function of total concentration of surfactant at pH 10 and
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Fig. 14. Changes of the unfolding enthalpy (AH,) for JBU in
interaction with cationic surfactants with different
tails, as a function of total concentration (c¢) of
surfactant: (0) DTAB, (A) TTAB, (V) HTAB at pH
10 and 300 K.

regions. The total molar unfolding enthalpy of JBU is
approximately equal to 7200 kJ mol™ (13.2 J ). This method
for determination of molar enthalpy of unfolding due to the
binding of a surfactant has been applied for horse radish
peroxides [26] and DNA [7]. Also, denaturation of HSA by
2,2’-bipyridineglycinato palladium(I) chloride, as a anti-
cancer drug has been investigated using equation (24) [28].
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