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Mercury ion interaction with myelin basic protein (MBP) was studied at 300 K in 30 mmol/L tris buffer, pH＝7 
by isothermal titration calorimetry (ITC). An extended solvation model was used for Hg2＋

＋MBP interaction over 
the whole range of Hg2＋ concentrations. The binding parameters recovered from the solvation model were attrib-
uted to the structural changes of MBP due to its interaction with mercury ion. It was found that mercury ion acted as 
a noncooperative effector of MBP, and there is a set of two identical and independent binding sites for Hg2＋ ions. 
The dissociation equilibrium constant is 97.6 µmol/L. The molar enthalpy change of binding is －11.25 kJ•mol－1. 
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Introduction 

Thermodynamic of biomacromolecule-ligand inter-
action is very important to understand the structure 
function relationship in proteins. Isothermal titration 
calorimetry (ITC) gives invaluable information about 
biomacromolecule-ligand interaction,1-9 protein denatu-
ration,10-14 kinetic parameters15 and enzyme inhibi-
tion.16-20 The correlation of structural and calorimetric 
measurements is one of the fundamental areas of ad-
vance incorporating ITC data. The number of publica-
tions on ITC has grown exponentially over the last  
decade, reflecting the general utility of the method. We 
attempted to study the metal ion binding to different 
proteins during the last years.21-26 We have before de-
veloped a theory to account for the solvation of solutes 
in mixed solvent systems. The extended solvation model, 
ESM, satisfactorily reproduced all the experimental en-
thalpy transfer of the solutes from pure solvents into 
mixed solvent systems across the whole range of solvent 
compositions.27-32 Studies within our group are aimed at 
developing an understanding of how the metal ions and 
other ligands binding proteins affect on the stability of 
the biomolecules. One of the unique aspects of our ap-
proach is studying the stability of proteins by using 
ESM. Myelin basic protein, MBP, is one of the most 
important proteins of the myelin sheath,23 and the pre-
dominant extrinsic protein in both central and peripheral 
parts of the central nervous system myelin. It is thought 
to be involved in the stabilizing interactions between 
myelin membranes, and it may play an important role in 
demyelinating diseases such as multiple sclerosis. MBP 

is an “intrinsically unstructured” or “natively unfolded” 
protein; therefore its three-dimensional structure might 
only be determined in its interaction with another pro-
tein.23-25 Binding of Cd, Co, Cu, Hg, Mn, Pb, Zn, Ca, 
and Mg ions to isolated MBP of bovine central nervous 
system [CNS] has been recently assessed by centrifugal 
equilibrium dialysis.26 As a clear understanding of op-
erational stability constitutes an important goal in pro-
tein technology, our efforts aimed at elucidation of the 
structure-stability using the extended solvation model. 
This model is able to correlate the solvation parameters 
to the effect of metals on the stability of a protein in a 
very simple way. The present paper reports some inter-
esting experimental data for the heats of interaction of 
Hg2＋ ions with MBP and analyses using ESM. 

Materials and methods 

MBP from bovine central systems (CNS) was ob-
tained from Sigma chemical Co.. Mercury nitrate was 
purchased from Merk Co. All other materials and re-
agents were of analytical grade, and solutions were 
made in double-distilled water. 

The isothermal titration microcalorimetric experi-
ments were performed with the four channel commercial 
microcalorimetric system, Thermal activity monitor 
2277, thermometric, Sweden. The titration vessel was 
made of stainless steel. The mercury solution (1000 
µmol/L) was injected by use of a Hamilton syringe into 
the calorimetric titration vessel, which contained 1.8 mL 
of MBP (27 µmol/L). Thin (0.15 mm inner diameter) 
stainless steel hypodermic needles, permanently fixed to 
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the syring, reached directly into the calorimetric vessel. 
Injection of the mercury solution into the perfusion ves-
sel was repeated 30 times, with 20 µL per injection. The 
calorimetric signal was measured by a digital voltmeter, 
which was part of a computerized recording system. The 
heat of each injection was calculated by Thermometric 
Digitam 3 software program. The heat of dilution of the 
mercury nitrate solution was measured as described 
above except that MBP was excluded. The heats of dilu-
tion of the mercury nitrate solutions were subtracted 
from the heat of Hg2＋

＋MBP interaction. The heats of 
dilution of MBP are negligible. The microcalorimeter 
was frequently calibrated electrically during the course 
of the study.  

Results and discussion 

One of the unique aspects of our approach is to study 
the stability of proteins by using ESM. We have shown 
before that the interaction heats of the macromolecules＋
ligands can be reproduced by Eq. 1 in the aqueous sol-
vent systems.28-39  
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q is the heat of Hg2＋
＋MBP interaction and qmax repre-

sents the heat value upon saturation of all MBP. The 
parameters Aδ

�  and Bδ
�  are the indexes of MBP de-

stability at the low and high Hg2＋ concentrations re-
spectively. Cooperative binding requires that the mac-
romolecule has more than one binding sites, since coop-
erativity results from the interactions between identical 
binding sites with the same ligand. If the ligand binds at 
each site independently, the binding is non-cooperative.  

p＜1 or p＞1 indicates negative or positive coopera-
tivity of macromolecule for binding with ligand respec-
tively; p＝1 indicates that the binding is non-coopera-
tive. B'x  can be expressed as follows:  

B
B
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'
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x
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＝
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B'x  is the fraction of bound Hg2＋ with MBP molecule, 
and xA＝1－xB is the fraction of unbound Hg2＋. Now 
the model is a simple mass action treatment, with Hg2＋ 
molecules replacing water molecules, at the binding 
sites of MBP. We can express xB fractions, as the total 
Hg2＋ concentrations divided by the maximum concen-
tration of the Hg2＋ upon saturation of all MBP as fol-
lows: 

2
T
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[Hg2＋]T is the total concentration of Hg2＋ and [Hg2＋]max 
is the maximum concentration of the Hg2＋ upon satura-

tion of all MBP. In general, there will be “g” sites for 
binding of Hg2＋ per MBP molecule. LA and LB are the 
relative contributions of unbound and bound Hg2＋ in 
the heats of dilution with the exclusion of MBP and can 
be calculated from the heats of dilution of Hg2＋ in 
buffer, qdilut, as follows: 
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The heats of MBP＋Hg2＋ interactions were fitted 
to Eq. (1) over the whole Hg2＋ compositions. In the 
fitting procedure, the only adjustable parameter (p) was 
changed until the best agreement between the experi-
mental and calculated data was approached (Figure 1). 

 

Figure 1  Comparison between the experimental heats (�) for 
Hg2＋

＋MBP interactions and the calculated data (lines) via Eq. 
(1). The [Hg2＋]T means the total concentrations of Hg(NO3)2 
solutions in µmol/L. 

Parameters Aδ
�  and Bδ

�  have been also optimized 
to fit the data. The optimized Aδ

�  and Bδ
�  values were 

recovered from the coefficients of the second and third 
terms of Eq. (1). The small relative standard coefficient 
errors, the high r2 values (0.99999) and least miscue  
(±0.03%) support the method. The binding parameters 
for MBP＋Hg2＋ interactions recovered from Eq. (1) 
were listed in Table 1. The agreement between the cal-
culated and experimental results (Figure 1) is striking, 
and gives considerable support to the use of Eq. (1). Aδ

�  
and Bδ

�  values for MBP＋Hg2＋ interaction are nega-
tive, indicating that in the low and high concentrations 
of the mercury ions, the MBP structure was destabilized, 
resulting in a decrease in its biological activity. Destabi-
lization by a ligand indicates that the mercury binds 
preferentially to the partially unfolded intermediate 
forms of the protein. Such effects are characteristic of 
nonspecific interactions, in which the nonspecific ligand 
binds weakly to many different groups at the pro-
tein/water interface, so that binding becomes a function 
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of ligand concentration and available solvent-exposed 
protein surface area, which is increased through unfold-
ing events. 

Φ is the fraction of MBP molecule undergoing com-
plexation with Mg2＋ which can be expressed as fol-
lows:  

max

q
Φ

q
＝   (5) 

qmax represents the heat value upon saturation of all 
MBP. The appearance equilibrium constant values, Ka, 
as a function of free concentration of the Hg2＋ ions, 
[Hg2＋]F, can be calculated as follows: 
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The Gibbs energies as a function of Hg2＋ concentra- 

tions can be obtained as follows: 

∆G＝－RT ln Ka  (7) 

where Ka is the apparent association equilibrium con-
stant. Gibbs energies, ∆G, calculated from Eq. (7) have 
been shown graphically in Figure 2. T∆S values were 
calculated using ∆G and heat values, and have been 
shown in Figure 3. 

The calorimetric data analysis using Eq. (8) is a 
graphical fitting model, which has been extensively ap-
plied to studies on the protein inhibition2,16,18,19 and 
metal binding to proteins.30-39 Consider, a solution con-
taining ligand and a biomacromolecule, that contains 
“g” sites capable of binding the ligand. If the multiple 
binding sites on a biomacromolecule are identical and 
independent, the binding parameters can also be repro-
duced by Eq. (8). 

Table 1  Heats of Hg2＋
＋MBP interaction at 300 K in 30 mmol/L Tris buffer solution of pH＝7 

[MBP]T/(µmol•L－1) [Hg2+]T/(µmol•L－1) q/(kJ•mol－1) qdilut/(kJ•mol－1) 

26.7033 10.98901 －75.8 －30.0 

26.4130 21.73913 －143.7 －57.6 

26.1290 32.25806 －204.4 －82.9 

25.8511 42.55319 －258.7 －106.0 

25.5789 52.63158 －307.4 －127.0 

25.3125 62.50000 －351.0 －146.1 

25.0515 72.16495 －390.2 －163.6 

24.7959 81.63265 －425.5 －179.3 

24.5455 90.90909 －457.4 －193.5 

24.3000 100.0000 －486.3 －206.5 

24.0594 108.9109 －512.6 －218.3 

23.8235 117.6471 －536.5 －229.1 

23.5922 126.2136 －558.4 －238.9 

23.3654 134.6154 －578.4 －248.0 

23.1429 142.8571 －596.8 －256.3 

22.9245 150.9434 －613.8 －263.9 

22.7103 158.8785 －629.5 －270.9 

22.5000 166.6667 －644.0 －277.4 

22.2936 174.3119 －657.5 －283.5 

22.0909 181.8182 －670.0 －289.1 

21.8919 189.1892 －681.7 －294.3 

21.6964 196.4286 －692.6 －299.2 

21.5044 203.5398 －702.8 －303.8 

21.3158 210.5263 －712.4 －308.1 

21.1304 217.3913 －721.4 －312.2 

20.9483 224.1379 －729.8 －316.0 

20.7692 230.7692 －737.8 －319.6 

20.5932 237.2881 －745.3 －323.0 

20.4202 243.6975 －752.4 －326.3 

20.2500 250.0000 －759.1 －329.3 
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Table 2  Binding parameters for Hg2＋
＋MBP interactions recovered from Eq. (1) 

[MBP]/(µmol•L－1) p Aδ
�  Bδ

�  kd/(µmol•L－1) ∆H/(kJ•mol－1) 

27 1.0 －1.675±0.025 －0.528±0.050 98.0±0.2 －11.25±0.05 

p＝1 indicates that the binding is non-cooperative in two identical and non interacting binding sites which is in agreement with two simi-
lar dissociation equilibrium constants recovered from Eqs. (8) and (15). 

 

Figure 2  Comparison between the experimental Gibbs energies 
values (∆) for MBP＋Hg2＋ interactions and calculated data (lines) 
via Eq. (5). [Hg2＋]T is total concentrations of mercury solutions in 
µmol•L－1. 

 

Figure 3  Comparison between the experimental T∆S values (∆) 
for MBP＋Hg2＋ interactions and calculated data (lines). [Hg2＋] 
is total concentrations of mercury solutions in µmol•L－1. 
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where ∆q＝qmax－q. q represents the heat value at a cer-
tain ligand and biomolecule concentration. M0 is the 
total biomacromolecule and qmax represents the heat 
value upon saturation of biomacromolecule. Kd is the 
dissociation equilibrium constant for the equilibrium: 

d
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If q and qmax are calculated per mole of biomacro-
molecule, then the molar enthalpy of binding for each 

binding site (∆H) will be max .
q

H
g
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plot of 0
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plot slope of “
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from which g and Kd can be obtained. The linearity of 
the plot has been examined by different estimated values 
for qmax to find the best value for the correlation coeffi-
cient (near to one). The best linear plot was obtained 
using a value of －1100 µJ (equal to －22.63 kJ•mol－1) 
for qmax. The amounts of g and Kd, obtained from the 
slope and vertical intercept plot, are 2 and 98.2 µmol/L, 
respectively (Figure 4). The lack of a suitable value for 

qmax to obtain a linear plot of 0
max

q
K

q

⎛ ⎞∆
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⎝ ⎠

 vs. 0

q
L

q

⎛ ⎞∆
⎜ ⎟
⎝ ⎠

 

may be related to the existence of non-identical binding 
sites or the interaction between them.  

 

Figure 4  A representation of approaching to the best linear plot 

(☆) of 
max

[MBP]
q

q

⎛ ⎞∆
⎜ ⎟
⎝ ⎠

 against 2[Hg ]
q

q
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⎜ ⎟
⎝ ⎠

＋ , using －950 (�), 

－1000 (�), －1050 (�), －1100 (☆), －1150 (�), －1200 
(�) and －1250 µJ (�) as qmax values in Eq. 8. 

The method introduced for ligand binding study in 
mercury interaction with MBP includes an assumption 
that the concentration of bound ligand is negligible in 
comparison with the total concentration of ligand. The 
more generalized method should be developed as follows:  

[L]T＝[L]＋[ML]  (10) 
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d
T

[ML]
[M] [M] [ML] [ML]

[L]

K
g＝ ＋ ＝ ＋  (11) 

Eq. (10) can be solved for [L], which is substituted into 
the Eq. (11), and rearrangement gives a quadratic equa-
tion with the real root.31,32 

{ }2 1/ 2
d d

1
[ML] ( ) [( ) ]

2
B K B K C＋ － ＋ －＝  (12) 

where  

B＝[M]T＋[L]T   C＝4[M]T[L]T (13) 

The sum of heat evolutions following the ith titration 
step, qi, can be expressed as: 

qi＝∆HVi[ML]I  (14) 

where Vi is the volume of the reaction solution and ∆H 
is the enthalpy of binding. Combination of Eqs. (13) and 
(14) will lead to:33,34 

2 1/ 2
d d

1
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H
A B K B K C

∆ ＝
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where 

2
i

i
i

V
A

q
＝   (16) 

Eq. (15) contains two unknowns, Kd and ∆H. A se-
ries of reasonable values for Kd were inserted into Eq. 
(15) and corresponding values for ∆H were calculated 
and the graph ∆H vs. Kd was constructed. Curves of all 
titration steps will intersect in one point, which repre-
sents the precise value for ∆H and Kd. The plots of ∆H 
vs. Kd, according to Eq. (15), for 30 injections are shown 
in Figure 5. The intersection of curves gives Kd＝98 
µmol•L－1 and ∆H＝－11.25 kJ•mol－1. 

 

Figure 5  ∆H vs. Kd for all 30 injections in the reasonable values 
of Kd, according to Eq. (15). 

Conclusion 

The extended solvation model via Eq. (1) will satis-

factorily reproduce the heats of MBP＋Hg2＋ interac-
tions. Prediction of stability of MBP and its structural 
changes, binding enthalpies using only one set of heats 
of interactions, makes this theory the most powerful 
one. 
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