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Abstract Bovine serum albumin (BSA) is a soft globular

protein that undergoes conformational changes through

several identified transition steps in the pH range 2–13.5.

The ability to change conformation makes BSA capable of

complexing different ligands from fatty acids to cations or

drugs and carries them in the bloodstream. Microcalori-

metric titration of BSA with NaOH solution was performed

to measure the enthalpy of conformational changes. Two

exothermic enthalpy changes were found in the course of

the titration between pH 3 and 9.5, which can be identified

with the E–F, and the F–N transitions. The enthalpy change

at pH 3.5 (transition from the E to the F form of BSA,

folding of intra-domain helices in domain I) is independent

of the protein concentration. The second transition (F–N,

folding of domain III) was observed at pH 4.8 for the 0.1%

BSA solution, but it shifted to higher pH values as the

protein concentration increased to 0.2% and 0.3%. The

tightening of the protein structure with increasing pH was

verified measuring intrinsic fluorescence of tryptophan

residues. At even higher pH value, pH 10.5, fluorescence

measurements revealed protein expansion. The BSA con-

formational changes were also measured by dynamic light

scattering. The hydrodynamic diameter was smaller at the

i.e.p. of BSA (5–7 nm at pH *5) and larger at the two ends

of the pH range (17.5 nm at pH 2 and 8.3 nm at pH 10).

Keywords ITC � BSA � DLS � Calorimetry �
Conformational change � Fluorescence

Introduction

Bovine serum albumin (BSA) is a globular protein with

66500 Da molecular mass, consisting of 583 amino acid

residues. The protein net charge is -17 at neutral pH.

Seventeen disulfide bridges help maintain the globular

structure and form the three homologous structural

domains, I, II and III. Serum albumins are the carrier pro-

teins of blood. The soft globular structure easily undergoes

conformational changes that makes easy for the protein to

accommodate wide variety of solution species, and form

complexes with fatty acids, lipids, dissolved small cations

and different drug molecules and carry them in the blood-

stream. Conformational changes in the albumin structure

had been investigated using thermal denaturation processes

[1, 2] and unfolding induced by urea and guanidine

hydrochloride [3, 4] or changes in pH [5, 6]. The methods of

investigation range from viscosity [6], light scattering

[2, 4], thermoanalysis [2, 7–9], small angle X-ray scattering

[10–12], NMR [13], photoluminescence [2, 14], circular

dichroism [2, 15] to mention but a few.

It is generally accepted, that the soft BSA molecule

undergoes multistep transformations, and the transforma-

tions are complex, because all the three domains of the

protein unfold independently [16, 17]. Successive revers-

ible transformations were identified between five isomeric

forms of BSA [18] with increasing pH, from expanded (E),

to fast (F), normal (N), basic (B) and aged (A) forms. The

E–F transition is assigned to the folding/unfolding of the

intra-domain a-helical structure of BSA domain I. The F–N

transition is assigned to the folding/unfolding of the BSA
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domain III. The a-helix content of the different isomers

decreases considerably at both below pH 2.7 and above pH

10. The molecular shape was found to be heart-shaped near

the i.e.p. (around pH 4.8, N-form) and expanded with axial

ratio of 9:1 in acidic media (pH \ 4, E-form). Based on X-

ray crystallographic data [19], the structure of albumin

structure is 67% alpha-helical. Thus, two basic conforma-

tional change processes are possible: unfolding of the ter-

tiary structure (for example, domain III), and unfolding of

the secondary structure, i.e. unfolding a-helices (for

example, intra-domain a-helix in domain I). The a-helix

content decreases to 35% at pH \ 2.7 and to 48% at

pH [ 8 [18].

In the present work we have studied the enthalpy

changes induced by pH in BSA solution, when the acidic

form at pH = 3 is gradually transformed to basic form

(pH = 10) by NaOH titration in the measuring chamber of

the isothermal titration microcalorimeter. Isothermal mic-

rocalorimetry is an invaluable experimental tool to get

more information about the thermodynamics of different

colloidal processes, such as adsorption, swelling, surface

charging, wetting [20–26]. Thermodynamics of confor-

mational changes of polyelectrolytes has also been widely

studied [27]. In addition to the calorimetry, we have veri-

fied the changes in protein structure by using other

experimental techniques such as dynamic light scattering

(DLS) and fluorescence spectroscopy. The pH changes

induce protonation–deprotonation of the dissociable groups

of proteins, the carboxylic acid (aspartic acid and glutamic

acid) and amine (lysine, arginine and histidine) side

groups. Due to the charge density changes the electroki-

netic properties of the proteins also vary with pH. Charge

density of the protein at different pH values was deter-

mined by titration with polyelectrolytes in the Mütek Par-

ticle Charge Detector. We have measured the changes in

the electrokinetic (zeta-) potential of the albumin, by using

Malvern ZetaSizer Nano ZS. The electrokinetic and

charging properties of the proteins together with size

measurements and the microcalorimetric studies yield

conclusions about the nature of the isomerization transi-

tions. Finally, the results were supported by fluorescence

experiments.

Materials and methods

Materials

Albumin from bovine serum (BSA, BioChemica-Fluka,

Mw 66500 Da, fraction V), Poly(Sodium 4-styrenesulfo-

nate) (PSS, PSS-Na?, Mw 70000 Da, Aldrich), Poly(dial-

lyldimethylammonium chloride) (PDDA, PDDA?Cl-,

high molecular mass, average Mw 400000–500000 Da,

20 wt% in water, Aldrich), sodium hydroxide (NaOH,

granules, puriss, Molar Chemicals Ltd., Hungary), hydro-

chloric acid (HCl solution, concentrated, 37 wt%, Reanal

Hungary) were used. High purity ion exchanged water

(R [ 18 M Xcm, filtered through hydrophilic 0.22 lm

MilliPore syringe filter) was applied in all experiments as

solvent or medium.

Methods

The actual specific charge (in mmol/g protein) of the BSA

molecules at a certain pH value was determined by so-called

charge-titration method using MÜTEK PCD-02 particle

charge detector. Ten millilitre of protein solution was

introduced into the titration cell. Depending on the pH of the

BSA solution, oppositely charged polyelectrolyte solution

was added to the protein solution by 20 lL portions. Due to

charge recombination, the so-called charge equivalent point

of the BSA can be calculated from the titrant consumption at

the charge equivalent point (0 mV charge state).

The pH determination was done by a Radelkis OP-211

type laboratory desktop pX/mV meter with a combined

glass pH electrode type OP 0808P, purchased from

Radelkis Budapest. Two-point calibration was taken prior

to measurement with the electrode using pH 2.06 and pH

7.07 calibrating buffers. The electrode was activated as

necessary, using 0.1 M HCl solution, and carefully cleaned

against the protein deposition on the electrode surface.

The hydrodynamic mean diameter and electrokinetic-

potential (f-potential) of the protein globules were

determined by Malvern Zetasizer Nano Series, Nano-Zs

apparatus, using a DTS 1060 folded polystyrene capillary

cells. The measured data were evaluated by the Malvern

BioSense software.

Thermometric titration (ITC) experiments were per-

formed with a four-channel isothermal heat-flow microcal-

orimeter, ThermoMetric LKB 2277 Thermal Activity

Monitor, equipped with a ThermoMetric 6120 Syringe

Pump. The titration experiments were performed in a

stainless steel measuring cell (Vtot = 4 mL), with constant

stirring rate (0.8 1/s) of the protein solution. In a typical

reaction 1.5 mL protein solution (pH = 3) was introduced

into the stainless steel cell and titrated with 500 lL of NaOH

solution of different concentrations in 25 lL portions (20

additions), 1 h time interval between the portions. The

protein concentrations in the experiments were 0.1%, 0.3%

or 0.5%. The pH of the protein solutions were set to 3 with

HCl solution. The portions of the alkali were dosed by a

500 lL Hamilton syringe. The resulting pH values were

measured outside the microcalorimeter, in identical titration

experiments. Parallel to these experiments reference titra-

tions were also done in which the total heat of neutralization

(DHneutr.) and of the dilution (DHdil.) were determined. For
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neutralization heat measurements 1.5 mL of 0.001 M HCl

solution was titrated with dilute NaOH solution, and for heat

of dilution measurements 1.5 mL of protein solutions were

titrated with 500 lL of ultra pure water. The heats of neu-

tralization and dilution were subtracted from the raw

enthalpies of the protein titration.

The fluorescence spectra of the protein solutions were

recorded by a Horiba Jobin Yvon Fluoromax-4 apparatus

using quartz cuvette. The fluorescence emission spectra

were measured in the 300–450 nm wavelength range and

1 nm slit was used. For the excitation, kex = 280 nm UV-

light was applied.

Results and discussion

The effect of the pH on the specific charge and

on the globulum size of the BSA molecules

Relationship between pH and the specific charge

The characteristic specific charge of the BSA molecules at

different pH values were determined by streaming potential

measurements. The raw titration curves can be seen on the

Fig. 1. The isoelectric point (i.e.p.) of the BSA is around pH

4.5–5.5 [28–30]. Hence, below the i.e.p. value the BSA

molecules draw positive-, and above the i.e.p. they get

negative charge. The measurements were done around pH 3,

pH 7 and pH 11 values. By acidic conditions (pH *3)

negatively charged poly(sodium 4-styrenesulfonate) was

used as titrant. The concentration of the PSS solution was

1% m/v, and the specific charge of the PSS- polyelectrolyte

was 4.85 mequ./g, which was determined previously.

Knowing the concentration the PSS and the BSA solutions

and the PSS consumption till the state of the 0 mV streaming

potential, the specific charge of the BSA molecules can be

calculated. The determined values are presented in Table 1.

Above the i.e.p. of the BSA, namely at pH *7 and pH

*10 positively charged poly(diallyldimethylammonium

chloride) was used as titrant. The specific charge of the

PDDA? polyelectrolyte is 6.10 mequ./g. As it can be seen

from the Table 1, increasing the pH value from *7 to *10

the polyelectrolyte consumption (note that the same

polyelectrolyte concentration was used) till the charge

equivalent point is increasing. It clearly shows that the

amount of the negatively charged groups on the BSA

molecule is increasing with the pH. As the pH is raised from

*7 to *10 the determined specific charge of the BSA

molecules is twice as much, i.e. 0.27 mmol/g protein and

0.66 mmol/g protein at pH *7 and pH *10, respectively

(see Table 1). In summary, decreasing or increasing the pH

value of the BSA solutions from the pHi.e.p., remarkably

electronic charge can form along the biopolymer chain.

The calculated specific charge values in mequ./g BSA

are plotted against the pH of the protein solutions on the

Fig. 2. As it was discussed previously, increasing the pH

from *3 to *10 the amount of the positively charged

groups is decreasing afore (till pHi.e.p.), followed by the

persistent cumulation of the negatively charged groups

along the protein chain.

The pH dependence of the globulum size, and of the

electrokinetic potential

In general, changing of the pH of the medium, albumins

undergo reversible conformational changes. This character
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Fig. 1 Charge compensation titration curves of BSA under different

pH conditions

Table 1 Specific charge of the BSA molecules at different pH values

pH cBSA (%) Type of

polyelectrolytea
Polyelectrolyte

consumption (ml)

Specific charge

(mmol/g BSA)

2.83 0.5 1.0% PSSNa 1.51 (?) 1.46

7.42 0.5 0.2% PDDA 1.11 (-) 0.27

11.55 0.5 0.2% PDDA 2.72 (-) 0.66

a The specific charge of the polyelectrolyte was determined by simple charge equivalent titration using counter charged surfactants
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is more pronounced in the pH 2–7 range, which was

already ascertained previously [18, 31]. Because there is

still no available crystallographic results on the BSA

structure, thus the pH induced conformational changes of

the protein can not be discussed in the atomic level.

In our DLS analyses it was studied how the mean

hydrodynamic globulum size changes due to changing of

the pH value of the medium. We assumed that close to the

pHi.e.p., where the quantity of the of the negatively and the

positively charged groups is definitionally the same, size

contraction will occur around this pH value, because of the

mutual attraction of the differently charged groups. While,

above and below this narrow pH regime, globulum size

expansion could occur due to the increasing amount of the

presenting negatively (deprotonated) and conversely, the

positively (protonated) charged functional groups, respec-

tively. Afterwards it was corroborated by means of DLS

measurements, and the results are presented in Fig. 3. It can

be seen that drawing off from the pHi.e.p. the hydrodynamic

mean diameter of the globules is increasing. In the same

time of the size determination, electrokinetic potential (f-

potential) measurements were also taken. The obtained

results showed that under acidic circumstances excess

positive, while in alkaline medium excess negative charge

is forming on the biopolymer chain, according to the theory.

On the Fig. 4 the determined mean hydrodynamic

diameter at certain pH is plotted against the protein con-

centration. It can be seen, that at pH *5 and pH *7 the

mean diameters do not change significantly with the protein

concentration. This phenomenon can be explained as fol-

lows, close to the isoelectric state (pHi.e.p. *5) the net

charge of the BSA globules is nearly zero, thus a more

contracted, rigid phase is forming due to the formation of

ion-association complexes between the negatively charged

–COO- (carboxylic) and the positively charged –NH2
?

(amino) groups within the BSA chain, in this manner the

volume fraction of the protein in the solution is rather low

even in the higher concentration range. Whilst at pH *3 and

pH *10 the globules are in an expanded phase (see results

from DLS measurements) and the more easily accessible

charged groups are highly solvated (i.e. hydrated) resulted in

the increase of the volume fraction of the protein in the

solution, which additionally decreases the diffusion constant

upon increase of the protein concentration.

Knowing the actual mean hydrodynamic diameter of the

particles (i.e. globules) at certain pH value and protein

concentration, it is possible to calculate the diffusion

constant (Dc) by means of the Stokes–Einstein equation

(Eq. 1),

Dc ¼ kT=6pg r ð1Þ

where k is the Boltzmann’s constant, T is the thermody-

namic temperature, g the viscosity of the medium, and r is

the particle or globulum radius. The results are shown on

Fig. 5, where the obtained Dc values are plotted against the

protein concentration at pH 3 and pH 10.

It can be clearly seen on Fig. 5 that increasing the protein

concentration the diffusion constant decreases monotoni-

cally at both applied pH values. Extrapolating into the

Fig. 2 Changing of the specific charge of the BSA molecules in the

function of pH

Fig. 3 The variation of the determined hydrodynamic mean

diameter and of the electrokinetic potential with the pH and the

protein concentration
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cBSA = 0%, the diffusion constant of the perturbation-free

state (D0) can be determined. Using the D0 values the real

globulum sizes (intrinsic) were calculated; at pH 3

dBSA = 17.5 nm (from D0 = 2.8024 9 10-11 m2/s) and at

pH 10 dBSA = 8.3 nm (from D0 = 5.9120 9 10-11 m2/s).

On the Fig. 6 the mean hydrodynamic diameter versus

electrokinetic potential curves at three different protein

concentrations are presented. It is well demonstrated that

around the i.e.p., where the electrokinetic potential is zero,

the size of the BSA globules reach minimum values due to

possible formation of intra-chain ion association com-

plexes, as it was discussed previously. In this potential

range the apparent particle size is nearly constant in the

applied concentration range, so thus the apparent and the

effective (intrinsic) globulum sizes are equal. In the neg-

ative and also in the positive electrokinetic potential

regions the apparent globulum size is increasing, in addi-

tion it changes with the applied protein concentration. It

can be seen that the effect of the concentration is more

pronounced in the positive f-potential range, which prob-

ably originated from the higher solvation/hydration effects.

In the case of both, positive and negative electrokinetic

potential ranges the groups with the same charge—pro-

tonated and deprotonated—are repulsing each other along

the protein chain, resulting in the expansion of the globules

and the enlargement of the globules.

Microcalorimetry studies

In Fig. 7a the enthalpograms measured in the base titration

of three different concentrations of BSA in acidic solution

(pH = 3) are presented. All the measured heats were

exothermic. It is apparent from the figure that the signals in

the first part of the titration experiments are approximately

identical at each titration step, and increase with increasing

protein concentration. The parallel pH-measurements

showed that the start of the decrease in the peak intensity

coincides with the neutralization point, e.g., pH *7 at each

protein concentration. In the acidic range of the experi-

ments (below pH 7) all the added OH is reacted, and the

signal is proportional with the combined heat effect of
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deprotonation, desolvation, neutralization, dilution and any

conformational changes. Among these processes, we were

able to separate experimentally only the neutralization and

the dilution effects, by subtracting the corresponding

reaction heats from the background experiments, as

described in the Experimental part (Methods). Corrected

heats of the 1st, 5th and the 10th peaks are presented in

Fig. 7b. As it can be clearly seen, the correction did not

remove the concentration dependence of the measured

heats of titration. This reveals the protein concentration

dependence of the enthalpies of combined reactions of

deprotonation, desolvation and conformational changes.

The corrected net enthalpies during the base titration of

the albumin solutions are presented in Fig. 8 as a function

of the added molar amount of base. The corrected enthal-

pies show several exothermic peaks, but with no obser-

vable trend. The added amount of NaOH was defined with

the help of parallel experiments to reach the same pH value

of *9.5 at the end of the titrations. As it can be seen from

Fig. 8, the smallest specific amount of NaOH was needed

in the case of the largest protein concentration. It suggests

that the dissociation degree of BSA decreases with

increasing protein concentration. The latter property is

characteristic of dissociation of weak acids and bases, so it

is for globular proteins. On the other hand, it was seen, that

the net enthalpies increased with protein concentration.

Thus, we may conclude, that the overwhelming part of the

experimental exothermic heats originates not from the

deprotonation, but rather from desolvation and conforma-

tional changes. Protein desolvation and conformational

changes are bound to each other, since conformational

changes necessary involve desolvation and desolvation

induce conformational changes.

In Fig. 9, we see the presentation of the net calorimetric

enthalpies as the function of pH, resulting after the addition

of the corresponding portions of base. As it is seen, the

enthalpy curves of the different protein concentrations in

the function of pH show nice correlation. There are two

definite exothermic peaks in each curve. The first peak can

be observed at pH *3.5 for each curve, but the second

peak shifts to higher pH values with increasing protein

concentration (from 4.5 to 5.2 and 6.0). We can speculate,

that the concentration independent peak is most likely

connected with the folding of a-helix structure of BSA

domain I, which is responsible for the E to F transforma-

tion, below pH 4.3 [3]. Since this peak is independent of
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protein concentration, we can suppose, that the transfor-

mation is due to relatively strong interactions (large pK). In

the case of the second exothermic peak, we see the signs of

weak reactions, with relatively low affinity (low pK), since

the change in the concentration of the reacting species is

able to shift the equilibrium. This reaction should corre-

spond with the F to N transformation (between pH 4.3 and

8), folding of domain III of BSA. The values of the net

enthalpy change of the two kinds of transformations are not

much different. All the peaks amount near 25 kJ/mol(BSA).

The latter observation again suggests, that the net enthalpy

has a contribution from the desolvation-conformational

changes, in addition to the protonation/deprotonation

reaction of amino acid residues.

The changing of the fluorescence emission of BSA with

the pH and the protein concentration

It is well known that the BSA molecules, due to the pre-

senting tryptophan (W) residues in the polypeptide chain,

emit kem = 350 nm light under UV-light excitation

(kex = 280 nm). This is frequently called as intrinsic

fluorescence. The fluorescence emission intensity of the

tryptophan residues is depending on the chemical sur-

rounding of the involved groups. The BSA is a soft protein

and it bears conformational changes in the course of pH

changing, as it was discussed previously. The results of the

pH dependence of the fluorescence emission are shown on

Fig. 10. It was found that around the i.e.p. (see pH *5 and

*7) the fluorescence emission of the BSA is maximal, but

the decrease or increase of the pH value of the BSA

solutions is resulted in the significant slack of the emission.

These results are clearly confirming our previous obser-

vations, namely around the i.e.p. the BSA molecules have

compact and contracted structure, while and they have

expanded structure in both, acidic and alkaline medium.

The fluorescence emission quenching was almost twice as

much at pH *3 than at pH *10. So thus the acidic cir-

cumstances have much stronger fluorescence quenching

effect on the tryptophan residues than that of the alkaline

medium, because under acidic conditions the expansion of

the BSA molecules is much significant according to the

results from the DLS studies and to the literature [18].

It can be seen summarized on the Fig. 11, how the

fluorescence emission intensity is changing with the pH of

the protein solutions applying different BSA concentra-

tions. In generally speaking, increasing the protein con-

centration the fluorescence emission intensity is decreasing

at all the applied pH values. The explanation could be for

this behavior that increasing the protein concentration the

number of the presenting scattering centers in the solution

is increasing, resulted in the more intense scattering out of

the emitted light. The same phenomenon can be seen on

Fig. 12, where the decrease of the fluorescence emission

with the increase of the protein concentration at certain pH

values is shown.
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Conclusions

Investigation of the conformational changes of BSA in

solution due to pH-changes was conducted by using several

experimental techniques: DLS, electrokinetic potential

measurements, isothermal titration calorimetry and fluo-

rescence spectroscopy. We concluded, that the pH-induced

changes in conformation of BSA are in accord with earlier

results of Foster [18], and we could identify two transitions

defined by Foster via calorimetric measurements, one of

which is concentration independent, and the second is

concentration dependent. BSA is a soft protein, and

accordingly, profound changes in conformation were found

both in the size and the fluorescence of BSA with changing

the pH both to acidic and basic side from the pH of the

i.e.p. at *4.8. Concentration dependence of the diffusion

coefficient of the BSA at low and high pH values allowed

us to determine the intrinsic protein size via extrapolation

to zero protein concentration. All the pH-dependent con-

formational results were supported by the fluorescence

spectroscopy results, revealing contracted structure at the

i.e.p. and expanded at low and high pH values.
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