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Abstract

The interaction of CuCl2 to the first 16 residues of the Alzheimer’s amyliod b peptide, Ab(1–16) was studied by isothermal

titration calorimetry at pH 7.2 and 37 8C in aqueous solution.

# 2009 G. Rezaei Behbehani. Published by Elsevier B.V. on behalf of Chinese Chemical Society. All rights reserved.

Keywords: Alzheimer’s amyloid b peptide; Isothermal titration calorimetry; Solvation parameters

Isothermal titration calorimetry, ITC, measurements were carried out on a VP–ITC ultrasensitive microcalorimeter.

We have shown previously [5–12] that the enthalpies of Cu2+ + Ab(1–16) interactions in Cu2+ + water system, can be

calculated as follows:

DH ¼ DHmaxx0B � du
Aðx0ALA þ x0BLBÞ � ðdu

B � du
AÞðx0ALA þ x0BLBÞx0B (1)

The parameters du
A and du

B are the indexes of Ab(1–16) structural changes due to the interaction with Cu2+ ions in the

low and high Cu2+ concentrations, respectively. The superscript u in all cases refers to the quantities in infinite dilution

of the solute. When a substrate binds to the active site of one enzymatic subunit, the rest of the subunits are stimulated

and become active. Ligands can either have non-cooperativity, positive cooperativity or negative cooperativity.

Cooperative binding requires that the macromolecule has more than one binding site, since cooperativity results from

the interactions between binding sites. If the binding of ligand at one site increases the affinity for ligand at another

site, the macromolecule exhibits positive cooperativity. Conversely, if the binding of ligand at one site lowers the

affinity for ligand at another site, the protein exhibits negative cooperativity. If the ligand binds at each site

independently, the binding is non-cooperative. p < 1 or p > 1 indicate positive or negative cooperativity of

macromolecule for binding with ligand, respectively; p = 1 indicates that the binding is non-cooperative. x0B can be

expressed as follows:

x0B ¼
pxB

xA þ pxB
¼ n

g
(2)
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xB is the fraction of the metal ion needed for saturation of the binding sites, and xA = 1 � xB is the fraction of

unbound Cu2+ ions. n is the average number of the occupied binding sites available on the macromolecule. Now the

model is a simple mass action treatment, with metal ions replacing water molecules, at the binding sites in the present

case. We can express xB fractions, as the total Cu2+ concentrations divided by the maximum concentration of the Cu2+

upon saturation of all Ab(1–16) as follows:

xB ¼
½Cu2þ�T
½Cu2þ�max

xA ¼ 1� xB (3)

[Cu2+]T is the bound total concentration of Cu2+ and [Cu2+]max is the maximum concentration of the Cu2+ upon

saturation of all Ab(1–16). In general, there will be ‘‘g’’ sites for binding of Cu2+ per Ab(1–16) molecule and n is

defined as the average moles of bound Cu2+ per mole of total Ab(1–16). LA and LB are the relative contributions of

unbounded and bounded Cu2+ to the enthalpies of dilution in with the exception of Ab(1–16) and can be calculated

from the enthalpies of dilution of Cu2+ in buffer, DHdilut, as follows:

LA ¼ DHdilut þ xB
@DHdilut

@xB

� �
; LB ¼ DHdilut � xA

@DHdilut

@xB

� �
(4)

The enthalpies of Cu2+ + Ab(1–16) interactions DH were fitted to Eq. (1) over the whole Cu2+ compositions. In the

procedure the only adjustable parameter ( p) was changed until the best agreement between the experimental and

calculated data was approached (Fig. 1). du
A and du

B parameters have been also optimized to fit the data. The optimized

du
A and du

B values are recovered from the coefficients of the second and third terms of Eq. (1). The small relative

standard coefficient errors and the high r2 values (0.99999) support the method. The agreement between the calculated

and experimental results (Fig. 1) is striking, and gives considerable support to the use of Eq. (1).

The variable F represents the fraction of binding sites that are occupied on the peptide molecule and can be

expressed as follows:

F ¼ DH

DHmax

(5)
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Fig. 1. Comparison between the experimental enthalpies (*), DH, DG (&) and TDS (D) for Cu2+ + Ab(1–16) interactions and calculated data

(lines) via Eq. (1). Subscript T means total concentrations.



DHmax represents the heat value upon saturation of all Ab(1–16). The appearance association equilibrium constant

values, Ka, as a function of Cu2+ concentration can be calculated as follows:

Ka ¼
F

ð1�FÞ½Cu2þ�F
¼ F

ð1�FÞð1� xBÞ½Cu2þ�T
(6)

where [Cu2+]F is the unbound or the free Cu2+ ion concentration. 1–F represents the fraction of binding sites that are

not occupied. The appearance association equilibrium constants, Ka, for successive replacement of the Cu2+ ions by

water molecules are as follows:

Ka ¼ xA
g �

Xg

i¼1

Ki
xi

B

xi�g
A

(7)

where the Ki is the macroscopic association equilibrium constant for successive replacement of water molecules by

Cu2+ ions.

Ka values obtained from Eq. (6), have been fitted to Eq. (7) using a computer program for nonlinear least-square

fitting. Therefore, we can approach to ‘‘g’’ value and the macroscopic association equilibrium constants in the first, K1,

and the second, K2, binding site (Table 1). n values can be calculated at any concentration of Cu2+ via Eq. (2). The

Gibbs energies as a function of Cu2+ concentrations can be obtained as follows:

DG ¼ �RTLnKa (8)

Gibbs energies calculated from Eq. (8) have been shown graphically in Fig. 1. T DS values were calculated using DG

values and the enthalpies of Cu2+ + Ab(1–16) interactions and have been shown in Fig. 1. Therefore for the first time, we

managed to calculate DS values with using one set of experimental data in one temperature. Binding parameters for

Cu2+ + Ab(1–16) interactions using the GRB solvation model are listed in Table 1. In the high Cu2+ concentration region,

there is a decrease in the do
B value, indicating that Ab(1–16) structure is destabilized. Cu2+ + Ab(1–16) interaction results

in a decrease in the hydrophobic property of the Ab(1–16) as evidenced by the negative do
B value (�29.967 in Table 1).

These results (do
B < do

A) indicate that Cu2+ ions are able to destabilize the Ab(1–16) greatly. We all have some amyloid beta

in the brain normally. When we age, amyloid beta accumulates a little bit more in the brain naturally. But the process is

greatly accelerated in people with Alzheimer’s disease. Ab(1–16) structure is destabilized greatly as a result of binding to

Cu2+ ions as evidenced by �29.967 value of do
B. Therefore, it is possible to conclude that Cu2+ ions can be used as an

Alzheimer’s disease treatment. The results suggest that b-amyloid metabolism is extraordinarily sensitive to small

changes in copper concentrations that might be transduced across the blood–brain barrier [1–4]. The more negative Gibbs

free energies in the high Cu2+ concentrations (Fig. 1) also indicate higher affinity in this region. p = 1 indicates that the

binding is non-cooperative in two identical and non interacting binding sites. The above interpretations are in agreement

with the previous reports of Alzheimer’s disease treatment with Cu2+-selective chelators [13].
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Table 1

Binding parameters for Cu2+ + Ab(1–16) interactions recovered from Eq. (1). p = 1 indicates that the binding is non-cooperative in two identical and

non interacting binding sites which is in agreement of K1 = K2.

p 1

do
A �0.170

do
B �29.967

K1 (mmol�1) 1.765

K2 (mmol�1) 1.677

DHmax (kJ mol�1) �55.789

g 2
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