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Thermodynamics of the interaction between lanthanum(III) ion, La3＋, and human serum albumin (HSA), was 
investigated at pH 7.0 and 300 K in Tris-HCl buffer by isothermal titration calorimetry. A solvation model was used 
to reproduce the enthalpies of HSA interaction with La3＋. The solvation parameters recovered from our new model 
were attributed to the structural change of HSA and its biological activity. The interaction of HSA with La3＋ 

showed a set of two binding sites with negative cooperativity. 
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Introduction 

Human serum albumin (HSA) is the most abundant 
serum protein in the body of all vertebrates, forming 
about 60% of the mass of plasma proteins, with a typi-
cal concentration of 5 g/100 mL in the bloodstream.1,2 
The protein is composed of three homologous domains 
(I—III) each of which is divided into two subdomains 
(A and B). Two important drug-binding sites, also 
known as the warfarin (Sudlow’s site I) and the indole- 
benzodiazepine binding sites (Sudlow’s site II), are lo-
cated in subdomains IIA and IIIA, respectively. These 
binding sites are elongated hydrophobic pockets with 
cationic amino acid residues near their entrances.3-6 The 
remarkable binding properties of albumin account for 
the central role it can play in both the efficacy and rate 
of delivery of drugs. Many drugs, including anti-   
coagulants, tranquilizers, and general anesthetics, are 
transported in the blood while bound to albumin (often 
more than 90% of the drug is bound).3 The unique fea-
ture of albumin is its ability to bind a wide variety of 
compounds, mainly because of the availability of 
hydrophobic pockets inside the protein network and the 
flexibility of the albumin to adapt its shape.6-8  

Because of their special photogenic, magnetic, me-
chanical and nuclear properties rare earth metals are 
very important in industry. Lanthanum is the first 
member of lanthanoid group. High-purity individual 
lanthanides are used increasingly as major components 
in laser, phosphors, magnetic bubble memory films, 
refractive index lenses, fiber optics and superconduc-

tors.7 When rare-earth vapor or dust is inhaled, it is 
somewhat more toxic tending to remain in the lungs and 
being only slowly absorbed into the body. The lantha-
num ions accelerate the phosphate ester hydrolysis, 
binding by 13 orders of magnitude. This suggests that 
the phosphate diester in DNA may also suffer such de-
struction.8,9 Lanthanum chloride caused changes in the 
lipid peroxidation, the redox system and the ATPase 
activities in the plasma membranes of the rice seeding 
roots.10,11 

Lanthanum carbonate was approved as a medication 
(Fosrenol, Shire Pharmaceuticals) to absorb excess 
phosphate in cases of end-stage renal failure. Some 
rare-earth chlorides, such as lanthanum chloride (LaCl3), 
are known to have anticoagulant properties.12 

In addition, lanthanoid ions have similar ionic radii 
to calcium ions, which causes a high affinity for Ca2＋ 
sites on biological molecules and hence can act as either 
Ca2＋ inhibitors or probes.13  

This work represents the most comprehensive study 
on the interactions of La3＋ cations with HSA and pro-
vides new evidence for validity of our recently intro-
duced solvation model and more insights into the inter-
actions of La3＋ with HSA for further understanding of 
the effects of metal ions on the stability and the struc-
tural changes of macromolecules. 

Materials 

HSA was obtained from Sigma and LaCl3
 was pur-

chased from Merck. Protein concentrations were deter-
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mined from absorbance measurements at 277 nm in 1 
cm quartz cuvettes. All other materials and reagents 
were of analytical grade, and solutions were made in 50 
mmol/L Tris-HCl buffer using double-distilled water. 

Method 

The isothermal titration calorimetric experiments 
were carried out on a VP-ITC ultra sensitive titration 
calorimeter (MicroCal, LLC, Northampton, MA). The 
microcalorimeter consists of a reference cell and a sam-
ple cell of 1.8 mL in volume, with both cells insulated 
by an adiabatic shield. All solutions were thoroughly 
degassed before use by stirring under vacuum. The 
sample cell was loaded with HSA solution (40 µmol•  
L－1) and the reference cell contained buffer solution. 
The solution in the cell was stirred at 307 r/min by the 
syringe (equipped with a micro propeller) filled with 
LaCl3 solution (500 µmol•L－1) to ensure rapid mixing. 
Injections were started after baseline stability had been 
achieved. The titration of HSA with LaCl3 solution in-
volved 30 consecutive injections of the ligand solution, 
the first injection was 5 µL and the remaining ones were 
10 µL. In all cases, each injection was done in 6 s at 
3-min intervals. To correct the thermal effects due to 
LaCl3 dilution, control experiments were done in which 
identical aliquots were injected into the buffer solution 
with the exception of HSA. In the ITC experiments, the 
enthalpy changes associated with processes occurring at 
a constant temperature were measured. The measure-
ments were performed at a constant temperature of 
(27.0±0.02) ℃ and the temperature was controlled 
using a Poly-science water bath. The determined en-
thalpies for HAS＋La3＋ interactions, were listed in 
Table 1. 

Results and discussion 

We have shown previously that the enthalpies of the 
HSA＋La3＋ interactions in the aqueous solvent system 
can be accounted for quantitatively in terms of three 
factors: preferential solvation by the components of a 
mixed solvent, weakening or strengthening of sol-
vent-solvent bonds by the solute and the change in the 
enthalpy of the solute-solvent interactions.14-34 This 
treatment leads to: 

max B A A A B B

B A A A B B B

( )

( )( )

H H x δ x L x L

δ δ x L x L x

θ

θ θ

′ ′ ′∆ ∆
′ ′ ′

＝ － ＋ －

    － ＋
 (1) 

The parameters Aδ
θ  and Bδ

θ  reflect to the net effect of 
La3＋ cations on the HSA stability in the low and high 
La3＋ concentrations, respectively. The positive values 
for Aδ

θ  or Bδ
θ  indicate that La3＋ cations stabilized the 

HSA structure and vice versa. 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  

Table 1  Heats of HSA＋La3＋ interactions, ∆H, in La3＋ solu-
tion with water at 300 K, the heat of dilution of La3＋ with water 
at 300 K, ∆Hdilut, with precision ±0.100 µJ or better 

[La3＋]/(mmol•L－1) ∆H/µJ ∆Hdilut/µJ [HSA]/(µmol•L－1) 

0.711 1.975 0.151 44.840 

2.119 30.676 1.004 44.523 

3.506 65.962 0.999 44.211 

4.875 103.628 0.805 43.903 

6.224 141.973 0.642 43.599 

7.555 181.625 0.456 43.300 

8.868 223.014 0.222 43.005 

10.163 264.524 －0.205 42.713 

11.440 306.872 －0.699 42.426 

12.700 350.620 －1.381 42.142 

13.944 394.492 －1.568 41.862 

15.171 439.235 －1.424 41.586 

16.383 490.602 －1.986 41.314 

17.578 543.503 －2.511 41.045 

18.758 602.905 －3.270 40.780 

19.923 666.224 －4.557 40.517 

21.073 734.920 －6.116 40.259 

22.208 803.404 －6.807 40.003 

23.329 874.929 －7.546 39.751 

24.436 950.793 －8.023 39.50188 

25.529 1032.665 －8.961 39.256 

26.609 1117.960 －9.756 39.013 

27.675 1205.853 －10.471 38.773 

28.729 1295.983 －11.308 38.536 

29.769 1386.817 －11.947 38.302 

30.797 1478.850 －12.682 38.071 

31.813 1571.903 －13.449 37.842 

32.816 1663.807 －14.221 37.616 

33.808 1755.030 －14.945 37.393 

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 indicates positive or negative 
cooperativity of macromolecule for binding with ligand 
respectively; p ＝ 1 indicates that the binding is 
non-cooperative. Bx′  can be expressed as follows: 

B

A B
B

px
x

x px
′＝

＋
  (2) 

We can express Bx  fractions, as the total La3＋ con- 
centrations divided by the maximum concentration of 
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the La3＋ upon saturation of all HSA as follows: 

3
T

B 3
max

[La ]

[La ]
x

＋

＋
＝   A B1x x＝ －  (3) 

3
T[La ]＋  is the total concentration of La3 ＋  and 

3
max[La ]＋  is the maximum concentration of the La3＋ 

upon saturation of all HSA. In general, there will be 
“g” sites for binding of La3＋ per HSA molecule and ν 
is defined as the average moles of bound La3＋ per mole 
of total HSA. LA and LB are the relative contributions of 
unbound and bound La3＋ to the enthalpies of dilution 
of LaCl3 with the exclusion of HSA and can be calcu-
lated from the enthalpies of dilution of LaCl3 in buffer, 

dilutH∆ , as follows: 

dilut
A dilut B

B

H
L H x

x

∂∆⎛ ⎞∆ ⎜ ⎟∂⎝ ⎠
＝ ＋ ，

dilut
B dilut A

B

H
L H x

x

∂∆⎛ ⎞∆ ⎜ ⎟∂⎝ ⎠
＝ －  (4) 

The heats of HSA＋La3＋ interactions, ∆H, were fit-
ted to Eq. 1 over the whole La3＋ compositions. In the 
procedure the only adjustable parameter (p) was 
changed until the best agreement between the experi-
mental and calculated data was approached (Figure 1). 
( )αn βN θ

＋  and Bδ
θ  parameters have been also opti-

mized to fit the data. The optimized ( )αn βN θ
＋  and 

Bδ
θ  values were 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 binding parameters 
for HSA＋La3＋ interactions recovered from Eq. 1 were 
listed in Table 2. The agreement between the calculated 
and experimental results (Figure 1) is striking, and gives 
considerable support to the use of Eq. 1.  

 
Figure 1  Comparison between the experimental heats, Q, for 
HSA＋La3＋ interactions (●) and calculated data (lines) via Eq. 1 
at 300 K. [La3＋] is total concentrations of La3＋ solutions in 
µmol•L－1. 

Table 2  Thermodynamic parameters for HSA＋La3＋ interac- 
tions in La3＋ solution with water via Eq. 1 at 300 Ka  

Parameter HSA＋La3＋ 

p 0.396 

( )αn βN θ
＋  4.187±0.020 

( )αn βN θ
＋  4.186±0.020 

K1/(µmol－1•L) 2.097±0.016 

K2/(µmol－1•L) 1.056±0.022 
a p＜1 indicates negative cooperativity in two binding sites of 
HAS, which is in agreement with K2＜K1. A Bδ δ

θ θ
≈  indicates 

that there is no intermediate in the formation of HAS＋La3＋ 
complex. 

Φ is the fraction of HSA molecule undergoing com-
plexation with La3＋, which can be expressed as follows:  

max

H

H
Φ ∆

∆
＝   (5) 

where maxH∆  represents the heat value upon satura-
tion of all HSA. The association equilibrium constant 
values, Ka, as a function of La3＋ free concentration,  
[La3＋]F, can be calculated as follows: 

a 3
F

3
B T

(1 )[La ]

(1 )(1 )[La ]

K

x

Φ
Φ

Φ
Φ

+

+

＝

－

　＝
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The appearance association equilibrium constants for 
successive replacement of water molecules by La3＋

cations are as follows: 

B
a A

1 A

g i
g

i i g
i

x
K x K

x −∑
＝

＝ －   (7) 

Values of Ki are the equilibrium products for the equi-
libria: 

3 3
2 2HSA(H O) (La ) HSA(H O) (La )g g i ii + +⇔

－

＋  (E1) 

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 
simply (g＝2 in this work). The Gibbs free energies as a 
function of La3＋ concentrations can be obtained as fol-
lows: 

alnG RT K∆ ＝－   (8) 

T S∆ values were calculated using G∆  values and 
have shown in Figure 2. Gibbs energies, G∆ , calculated 
from Eq. 8 have been shown graphically in Figure 3.  

Eqs. 6 and 7 allow us to have the Ka values in every 
concentration of La3＋ with the least standard deviations  
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Figure 2  Comparison between the experimental entropies (●) 
for HSA＋La3＋ interactions and calculated data (lines) via Eq. 8 
at 300 K. 

 
Figure 3  Comparison between the experimental free energies 
(o) for HSA＋La3＋ interactions and calculated data (lines) at 300 
K. 

and correlation coefficients are so close to one. Previous 
reports revealed that some molecules such as different 
species of metal ions of mercury,33 paclitaxel and Cu(II) 
complex of 5,10,15,20-tetrakis(4-N-benzyl-pyridyl) por- 
phyrin bound in the two distinct sites with different af-
finities to HSA which is in a good agreement with our 
results.35 

A nonpolar residue dissolved in water induces a sol-
vation shell in which water molecules are highly or-
dered. When two nonpolar groups come together on the 
folding of a polypeptide chain, the surface area exposed 
to the solvent is reduced and part of the highly ordered 
water in the solvation shell is released to bulk solvent, 
which results in an increase in the entropy (Figure 2). It 
is possible to introduce a correlation between change in 

Aδ
θ  and increase in the stability of HSA＋La3＋ com-

plex. The positive values of Aδ
θ  and Bδ

θ  show that 
HSA is substantially stabilized against unfolding by  
La3＋ ions. Therefore, by the definition given above, 

HSA can serve as a reasonable model of specific bind-
ing interactions for La3＋ ions. The positive Aδ

θ  and 
Bδ
θ  values (Table 2) for HSA＋La3＋ interaction indi-

cate that the HSA structure is stabilized, as a result of its 
interaction with La3＋ ions, resulting in an increase in its 
biological activity. As shown in Table 2, the values of 

Aδ
θ  and Bδ

θ  are the same, meaning that there is not 
intermediate in the process of HSA＋La3＋ interaction 
(formation of HAS＋La3＋ complex). On the other hand, 
it might be concluded that La3＋ ions inhibit the unfold-
ing of HSA, then, all of HSA is in its native form. Pre-
vious studies revealed that the formation of an interme-
diate during the urea-induced denaturation of serum 
albumin is prevented by fatty acid binding at domain 
III.36  

The value of p is less than 1 (p＝0.396), which indi-
cates that there is negative cooperativity in two binding 
sites of HSA. A value of p＝1 would mean that the mi-
croscopic binding constant, iK , is the same for the two 
sites (non-cooperativity), whereas a larger value of p 
would indicate that binding of the second site was fa-
cilitated and a lower value that it was inhibited (anti-
cooperativity or negative cooperativity). In the present 
case, 2 1/K K ratio for binding of La3＋ to the second and 
first identical sites of HSA is 0.503, which is consistent 
with negative cooperativity. This conclusion is in a 
good agreement with cooperativity prediction by Eq. 1 
as p value recovered from this equation is 0.396. Since 
serum albumin has been proposed as a potential drug 
carrier in the medical applications the thermodynamic 
parameters obtained from the binding studies of the  
La3＋ complex to the HSA carrier proteins may be use-
ful in the evaluation of the structural changes induced 
by the ligand on the carrier protein structure.  
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