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Abstract: The thermal denaturation of bovine serum albumin (BSA) is a kinetically

and thermodynamically controlled process. The effects of zinc binding to bovine se-

rum albumin (BSA), followed by differential scanning calorimetry (DSC), were in-

vestigated in this work, with the purpose of obtaining a better understanding of the

albumin/zinc interaction. From the DSC curves, the thermodynamic parameters of

protein denaturation were obtained, i.e., the temperature of thermal transition maxi-

mum (Tm), calorimetric enthalpy (�Hcal), van't Hoff enthalpy (�HvH), the number of

binding sites (I, II), the binding constants for each binding site (KbI, KbII) and the av-

erage number of ligands bound per mole of native protein XN. The thermodynamic

data of protein unfolding showed that zinc binding to bovine serum albumin in-

creases the stability of the protein (higher values of �Hcal) and the different ratio

�Hcal/�HvH indicates the perturbation of the protein during thermal denaturation.
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INTRODUCTION

Proteins are dynamic entities and can be denatured in the presence of certain

organic small molecules, such as urea and guanidine hydrochloride (chemical un-

folding), or by the effect of temperature (themal unfolding).

The serum albumins belong to the multigene family of proteins that includes

�-fetoprotein (AFP) and the human group specific component (Gc) or vitamin

D-binding protein. They are relatively large multi-domain proteins which, as major

soluble protein constituents of the circulatory system, have many physiological func-

tions.

1,2 Serum albumin is the most abundant protein in blood plasma and possesses

the capacity of reversible binding of a great number of substances, including bilirubin,

hormones, drugs and ions. The albumin–ion interaction might influence the absorp-

tion, transport, metabolism and excretion of ions.1 A high homology between human

serum albumin (HSA) and bovine serum albumin (BSA) has been found.2,3 Albumin
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has been used as a model protein for protein folding and ligand-binding studies. Bo-

vine serum albumin (BSA) consists of three globular, helical homologous domains (I,

II, III) and 17 paired disulfide bonds.2,3 Each domain comprises two smaller subdo-

mains, A and B. Roughly, 67 % of HSA is helical and the remainder is in turns and ex-

tended polypeptide. There are 10 principal helices in each domain (h l-h 10). The

subdomains A and B share a common motif which includes h 1, h 2, h 3 and h 4 for

subdomain Aand h 7, h 8, h 9 and h 10 for subdomain B. The only exception is that the

disulphide bridge connecting h 1 and h 3 does not exist in subdomain I A.2 Stewart et

al.4 identified a potential five coordinate Zn site at the interface of domains I and II,

consisting of N ligands from His-67 and His-247 (N� of His-67 and N� of His-247)

and O ligands from Asn-99 and Asp-249 (amide oxygen of Asn-99 and carboxyl oxy-

gen of Asp-249) which are the same amino acid ligands as those in zinc enzymes

calcineurin, endonucleotidase and purple acid phosphatase. Sequence comparisons

showed that these four residues are completely conserved in all mammalian albumins

sequenced to date.

4

Zinc supports a healthy immune system and is needed for DNA synthesis.

Zinc has structural and catalytic roles for many proteins and plays a fundamental

role in expressing genetic potential, i.e., in the synthesis and repair of the structural

integrity of nucleic acids. Thus, zinc is indispensable for numerous physiological

processes in humans, including growth, development, endocrinal functions, im-

mune and nervous system.5–8 Zinc is a small hydrophilic, charged ion, which can

not cross biological membranes by passive diffusion.5 Zinc transport is a tempera-

ture and pH-sensitive process.9

Although a protein is stable under certain conditions, the balance between

folded and unfolded structures can be changed delicately by various factors, such

as temperature, pH, inorganic salts, organic solvents, detergents and pressure.1

DSC has proved to be a very useful method to estimate thermodynamic parameters

and binding constants. During the process of thermal denaturation, the hydrogen

bonding is weakened at higher temperature, but the hydrophobic interactions be-

come strengthened. As heating is continued, some of the cooperative hydrogen

bonds of the stabilized helical structure begin to break and expose the hydrophobic

groups to the solvent unfolding the protein structure.1 The denaturation of BSA

and HSA might explain the transformation from the �-helix to the �-sheet.

1

The goal of this study was to investigate the conformational stability of a

model protein, bovine serum albumin (BSA) during the process of thermal dena-

turation in the presence of zinc ions, Zn (II), and to estimate the thermodynamic

parameters of protein denaturation and zinc binding with the purpose of obtaining

a better understanding of the albumin/zinc interaction.

EXPERIMENTAL

Bovine serum albumin (BSA) was purchased from Boehringer Mannheim (Fraction V) and

used without further purification. ZnCl2 and other chemicals were of p.a. grade and freshly pre-
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pared. All protein solutions were degassed before being loaded into the calorimeter to prevent bub-

ble entrapment in the cells. Calorimetric measurement were carried out on a MicroCal MC-2 sensi-

tive differential scanning calorimeter (DSC) using the standard DA-2 software package for data ac-

quisition and Origin software for DSC data analysis. A non two-state curve fitting model was used

for estimating the thermodynamic parameters of protein unfolding: temperature of the transition

maximum (Tm), calorimetric enthalpy (�Hcal), and van't Hoff enthalpy (�HvH). All scans were per-

formed in the temperature range from 283 K to 383 K at a scan rate of 90 K/h.

RESULTS AND DISCUSSION

The thermal denaturation process of BSA (0.05 mM) was studied under low ionic

strength conditions (deionised water) and with the addition of 0.05 mM, 0.30 mM, 0.45

mM, 1.00 mM, 20.00 mM ZnCl2, pH = 6.2. The obtained DSC curves showed that the

thermal denaturation of the protein depended on the Zn(II) ion concentration. The higher

values of the denaturation enthalpies (�Hcal) in the presence of zinc ions compared with

those obtained in deionised water, as a reference, show that BSA was stabilized. The

temperatures of the transition maximums (Tm) of protein unfolding were slightly decre-

ased with increasing Zn(II) concentration. The shapes of the DSC curves (Fig. 1), pre-

sented as cooperativity measure �Hcal/�HvH (Table I), the number of independent do-

mains undergoing denaturation, suggest the existence of perturbation during unfolding,

which is coupled to the equilibrium betwen the folded and unfolded protein species.10

The ratio between �Hcal/�HvH with increasing zinc concentrations to 1mM Zn(II)

(Table I) were greater than one, indicating that the denaturation mechanism is signifi-

cantly different than a simple two state process,11 showing that the transitions were less

cooperative. It can suggest that the denaturation process of BSAin the presence of Zn(II)

ions undergoes intermediate stages. The overall denaturation enthalpies, calorimetric

enthalpy (�Hcal) and van't Hoff (�HvH) and temperature transition maximum (Tm) of

BSA unfolding are reported in Table I (higher values of �Hcal are in bold).

TABLE I. Thermodynamic parameters of BSA denaturation: temperature of transition maximum

(Tm), calorimetric enthalpy (�Hcal) and van't Hoff enthalpy (�HvH)

c(ZnCl2)
mM

Tm1/K �Hcal1

kJ/mol

�HvH1

kJ/mol
�Hcal1/
�HvH1

Tm2/K �Hcal2

kJ/mol

�HvH2

kJ/mol
�Hca12/�HvH2

kJ/mol
BSA:ZnCl2
mole ratio

0 325.4 435.3 163.51 2.66 345.8 66.19 359.65 0.18 –

0.05 319.0 802.28 179.95 4.45 328.6 434.29 436.89 0.99 1:1

0.30 309.9 176.60 218.90 0.80 319.4 426.14 278.06 1.53 1:6

0.45 308.4 189.24 262.04 0.72 321.4 847.26 152.13 5.56 1:9

1.00 315.4 655.80 194.38 3.37 327.2 133.46 824.58 0.16 1:20

20.00 308.5 253.84 326.26 0.80 318.5 319.61 243.80 1.31 1:400

With increasing Zn(II) concentration in the protein solution, the thermal tran-

sitions become narrower, and stabilization effect of Zn(II) ions can be considered.

Addition of different Zn(II) concentrations did not have a significant influence on

the temperature of the transition maximum (Tm).
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Fig. 1. DSC curves of BSA in deionised water and in the presence of different ZnCl2 concentra-
tions pH=6.2: a) deionised water; b) 0.05 mM ZnCl2; c) 0.30 mM ZnCl2; d) 0.45 mM ZnCl2; e)

1.00 mM ZnCl2; f) 20.00 mM ZnCl2.



The curve profiles suggest two kinds of binding sites for Zn(II) on BSA, in agree-

ment with the literature.4,12 At each thermal transitions temperature (Tm1 and Tm2), a

binding constant (KbI and KbII) was calculated according to the equation (1).13

Kb = exp(–�H
cal/R(1/T–1/Tm) (1)

Kb – binding constant at the reference temperature; �Hcal – enthalpy of denatur-

ation; Tm – temperature of the transition maximum; R – universal gas constant.

The obtained binding constants of Zn(KbI, KbII) show that the binding of zinc

ions occurs on two binding sites (site I and II), which is in agreement with the liter-

ature.4,12 The binding constants (KbI) for site I, and the binding constants (KbII) for

site II are presented in Table II and Table III, respectively.

TABLE II. Zn(II) binding constants (KbI) for site II at the temperature midpoint Tm1

c/mM Tm1/K Kb1/K

0.05 319.0 7.0 � 10-9

0.30 309.9 2.7 � 10-2

0.45 308.4 4.7 � 10-2

1.00 315.4 5.4 � 10-7

20.00 308.5 3.6 � 10-2

TABLE III. Zn(II) binding constants (KbII) for site II at the temperature midpoint Tm2

c/mM Tm2/K KbII/M

0.05 328.6 4.6 � 10-2

0.30 319.4 1.0 � 10-3

0.45 321.4 2.0 � 10-10

1.00 327.0 5.0 � 10-3

20.00 318.5 3.0 � 10-3

As shown previously,7,14,15 the average number of ligands bound per mole of

native protein XN, can be obtained from the heat capacity data by plotting the in-

verse transition temperature (1/RTm) versus the logarithm of the total Zn (II) con-

centration (log �Zn(II)�). The average number of ligands bound per mole of native

protein XN can be determined from the slope of the plot (Fig. 2a and 2b).

The average number of ligands bound per mole of native protein XN, as esti-

mated from DSC data, was close to one for the first binding site (XNI = 0.77), and

seven for the second binding site (XNII = 7.3). It can be assumed that the average

degree of binding XN, on site I (Tm) would be lower than on site II, which is in

agreement with the obtained binding constants for site I (KbI) and site II (KbII) (Ta-

ble III). The number of ligands bound per mole of native protein XN on site II is

higher, and regarding binding constants KbI and KbII (Tables II and III), it can be

assumed that site II has a higher affinity for Zn(II).
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There are abundant binding data for Zn(II)–BSA interaction,4,16–18 but there

is still a disagreement about the affinity of the binding sites, because measurements

have been performed by different methods and under different conditions, i.e., dif-

ferent pH values, buffers, chelating agents, types of albumin etc., hence the results

obtained can not be compared to literature data.

According to the results obtained in this work, it can be assumed that the inter-

action between BSAand Zn(II) is due to specific binding of Zn(II) on sites I and II.

CONCLUSION

The stability of proteins and their interaction with other molecules is a topic of

special interest in biochemistry, because many cellular processes depend on ligand

binding. These interactions have immediate consequences for protein stability, as

shown by the varying thermodynamic properties of the system.19

This work has shown that the binding of zinc ions to the protein BSA in aque-

ous solution leads to conformational changes of the protein structure. It can be as-

sumed that zinc binding to bovine serum albumin causes an increase in the stability

of the protein, according to the values of �Hcal and the different �Hcal/�HvH ratios

(Table I), which indicates perturbation of protein structure during thermal denatur-

ation. The two obtained binding constants, KbI and KbII, show that the binding of

zinc ions occurs on two binding sites (sites I and II) with the binding constants pre-

sented in Tables II and III. The average number of ligands bound per mole of native

protein XN, as estimated from DSC data, was close to one (0.77) for the first bind-

ing site (I), and seven (7.3) for the second binding site (II). From the obtained re-

sults it can be seen that the interaction between BSA and Zn(II) is due to specific
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Fig. 2. Plot of the inverse transition temperature (1/RTm) versus logarithm of the total Zn(II) con-
centration, log [Zn(II)]: a) determination of the average degree of binding XNI at the transition

temperature Tm1; b) determination of the average degree of binding XNII at the transition
temperature Tm2 of BSA in the presence of different concentrations of Zn(II).

Solid lines are the linear fits.



binding on sites I and II. The results obtained for the binding constants KbI and KbII

(Tables II and III) suggest that the affinity for Zn(II) binding is higher at site II.

I Z V O D

PROU^AVAWE VEZIVAWA CINKA NA ALBUMIN GOVE\EG SERUMA

DIFERENCIJALNOM SKENIRAJU]OM KALORIMETRIJOM (DSC)

SAWA OSTOJI], VIDA DRAGUTINOVI], MIODRAG KI]ANOVI] i BRANISLAV R.

SIMONOVI]

Holding Institut za op{tu i fizi~ku hemiju, Studentski trg 12/V, p. pr. 551, 11000 Beograd

U ovom radu efekti vezivawa cinka na albumin gove|eg seruma pra}eni su

metodom diferencijalne skeniraju}e kalorimetrije (DSC) radi ispitivawa cink–albu-

min interakcije. Dobijeni termodinami~ki parametri termalne denaturacije albu-

mina gove|eg seruma su: temperatura maksimuma prelaza (Tm), kalorimetrijska ental-

pija (�Hcal
), Vant-Hofova entalpija (�HvH

), broj mesta vezivawa (I i II), konstante

vezivawa za svako mesto (KbI i Kb2) i sredwi broj liganada vezanih po molu nativnog

proteina (XN). Dobijene vrednosti konstanti vezivawa (Kb1 i Kb2) i sredweg broja

liganada vezanih po molu proteina (XN) pokazuju da albumin gove|eg seruma ima dva

mesta vezivawa cinka (I i II) i da je afinitet vezivawa cinka na drugom mestu (II) ve}i

nego afinitet vezivawa na prvom mestu (I).

(Primqeno 20. marta, revidirano 10. aprila 2006)
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