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a Bioseparation Lab, Physical-Chemistry Department, Faculty of Biochemical and Pharmaceutical Sciences, National University of Rosario,
FonCyT, CIUNR and CONICET, Suipacha 570, S2002RLK Rosario, Argentina

b Institute of Chemistry, State University of Campinas (UNICAMP), Campinas, SP, Brazil

Received 10 April 2007; accepted 25 June 2007
Available online 30 June 2007

bstract

The complex formation between the basic protein lysozyme and anionic polyelectrolytes: poly acrylic acid and poly vinyl sulfonic acid was
tudied by turbidimetric and isothermal calorimetric titrations. The thermodynamic stability of the protein in the presence of these polymers was
lso studied by differential scanning calorimetry. The lysozyme–polymer complex was insoluble at pH lower than 6, with a stoichiometric ratio
polymer per protein mol) of 0.025–0.060 for lysozyme–poly vinyl sulfonic acid and around 0.003–0.001 for the lysozyme–poly acrylic acid. NaCl

.1 M inhibited the complex precipitation in agreement with the proposed coulombic mechanism of complex formation. Enthalpic and entropic
hanges associated to the complex formation showed highly negative values in accordance with a coulombic interaction mechanism. The protein
ertiary structure and its thermodynamic stability were not affected by the presence of polyelectrolyte.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Production of proteins is a prime biotechnological application
nd includes upstream and, often more expensive, downstream
rocessing steps to obtain the final product in the desired puri-
ed form. Bioseparation steps for recovery of final product
an account for 50–80% of overall production costs [1]. Most
urification technologies employ precipitation of proteins as
ne of the initial operations aimed at concentrating the prod-
ct stream for further downstream steps. Precipitation by salts,
rganic solvents and non-ionic polymers are well known and
imple techniques for protein concentration [2,3]. Attempts are
sually made to derive some degree of purification of target

roducts in the precipitation step. The precipitation methods
sed, however, lack selectivity and thus limit their purification
otential. Substantial advantage can be gained if the precip-

Abbreviations: LYZ, lysozyme; PAA, poly acrylic acid; PVS, poly vinyl
ulfonate; FPC, flexible polymer chain
∗ Corresponding author at: Facultad de Cs. Bioquı́micas y Farmacéuticas,
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te complex

tation step is imparted with some degree of target specific
electivity.

There are several studies in which attention should be called
o the formation of a flexible polymer chain (PCF)–protein
omplex [4,5]. In addition, with the intention of developing
ovel drug delivery systems, block and graft polymers with
roteins have also been studied in terms of the formation of
olymer–protein complexes, although the authors did not pay
uch attention to the role of the polymer moieties in the complex

ormation.
Complex formation by proteins with water-soluble synthetic

olymers is interesting from two points of view [6]:

First concerns the way in which globular proteins interact with
flexible chain macromolecules through electrostatic, hydro-
gen bonding and hydrophobic interactions, an understanding
of which could provide a better explanation of the mechanisms
of macromolecular interaction available in nature.

Second concerns the extent to which biochemical activity is
maintained in the resulting complexes, the answer to which is
central to the molecular design of composite protein–polymer
systems, such as immobilized enzymes, as well as to the

mailto:dianaromanini@hotmail.com
dx.doi.org/10.1016/j.jchromb.2007.06.025
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process design for protein separation using water-soluble
polymers.

Protein precipitation by formation of insoluble-protein com-
lex is a potential technique used in the isolation and purification
f protein [7–9]. To make the use of PCF an attractive means of
rotein separation, two additional problems should be solved.
he first problem is the protein recovery from the PCF medium
nd regeneration of the polymer. One of the potential solutions
o this problem is the use of reversibly soluble systems based on
better understanding of factors those affecting phase state and

tability of PCF–protein complex formed.
The second problem is the selectivity of the polymer–protein

nteraction. This problem could be addressed by specific inter-
ctions introduced by affinity ligands coupled to the polymer,
o-called macroligands, so that a reversible biospecific water-
oluble complex is formed with the desired target protein.

Precipitation methods have the advantage that low concen-
ration of polymer is needed to precipitate the protein, but in
ome cases the protein loses part of its biological activity [10];
o, it is necessary to know the molecular mechanism by which
CF in aqueous solution interacts with proteins. We have used
pectroscopic and calorimetric techniques to obtain informa-
ion about the molecular mechanism of interaction between a
asic model protein: lysozyme and two negatively charged poly-
lectrolytes: poly acrylic acid and poly vinyl sulfonate with the
oal of applying this information in the polyelectrolyte–protein
omplex formation as tool for protein separation.

. Materials and methods

.1. Chemical

Egg white lysozyme (LYZ) was purchased from Sigma
hem. Co. (USA) and the polymers poly acrylic acid, sodium

alt (PAA), 25% (w/w) sol. in water molecular average mass
40 kDa and poly vinyl sulfonic acid, sodium salt (PVS) 25%
/w. sol. in water, molecular average mass 170 kDa, were
urchased from Aldrich and used without further purifica-
ion. Buffers of different pH were prepared at concentration of
0 mM: phosphate buffer pH 5.5 and 7.0, and acetic acid/acetate
uffer pH 3.1. They were adjusted with NaOH or HCl in each
ase.

.2. Lysozyme turbidimetric titration curves with polymer

The formation of the insoluble polymer–protein complex
as followed by means of turbidimetric titration [11]. Buffer

odium phosphate solutions (10 mL) with a fixed protein con-
entration were titrated at 20 ◦C in a cubic 2.6 cm path-length
lass cell with the polymer solution as the titrant. Unless oth-
rwise noted, the concentrations of protein and polymer were
.3 mg/mL and 0.25% w/w. (PVS) and 0.8 mg/mL and 0.42%

/w (PAA), respectively. To avoid changes in pH during titra-

ion, both protein and polyelectrolyte solutions were adjusted
o the same pH value. The complex formation was followed
hrough a plot of absorbance at 420 nm versus polymer/protein

�

�

ogr. B 857 (2007) 25–31

olar ratio. Therefore, polymer/protein complex with three dif-
erent stoichiometry – selected from the plateau region of the
ited above plot – are titrated with alkali and acid, the absorbance
t 420 nm being plotted versus pH

.3. Isothermal titration calorimetry (ITC)

Measurements were performed at 20 ◦C by using a VP-ITC
itration calorimeter (MicroCal Inc., USA) [12]. The sample
ell was loaded with 1.436 mL of lysozyme solution (90 �M)
nd the reference cell contained Milli-Q grade water. Titration
as carried out using a 0.3 mL syringe filled with polyelec-

rolyte solutions. The experiments were performed by adding
0–100 aliquots of 3 �L of polymer solutions (0.63%, w/w) to
he cell containing the protein solution. The heat associated in the
nteraction between protein and polymer was calculated by dis-
ounting the heat of dilution of protein and polymer, which was
etermined by the titration of a protein solution into buffer and
he buffer into polymer solution, respectively. The resulting data
ere fitted to a single set of identical binding sites models using
icroCal ORIGIN 7.0 software supplied with the instrument

nd the intrinsic molar enthalpy change for the binding, �H◦,
he binding stoichiometry, n, and the intrinsic binding constant,

b, were thus obtained. The intrinsic molar free energy change,
G◦, and the intrinsic molar entropy change, �S◦, for the bind-

ng reaction were calculated by the fundamental thermodynamic
quations:

G◦ = −RT ln Kb (1)

S◦ = �H◦ − �G◦

T
(2)

.4. Differential scanning calorimetry of LYZ experiments

Thermal desnaturation of proteins was monitored with a high
ensitivity differential scanning calorimeter model VP-DSC
rom MicroCal Inc. [13]. Thermograms were obtained between
0 and 90 ◦C, at scan rate 30 ◦C/h. Protein was analyzed at con-
entration of 3 mg/mL and for both polymers concentration was
.25% (w/w). All result were averages of, at least, three inde-
endent measurements. The calorimetric data were analyzed
y using the software ORIGIN 7.0, MicroCal Inc., follow-
ng the methodology recommended by IUPAC. The parameters
btained from this analysis were: temperature at which max-
mum heat exchange occurs (Tm), the area under the peak,
hich represents the enthalpy of transition for reversible pro-

ess (�Hcal) and the van’t Hoff enthalpy ((HVH). The unfolding
onstant Ku, (G◦ and (S◦ were calculated using the equations:

u(T ) = exp

[
−�Hcal

RT

(
1 − T

Tm

)]
(3)
G◦ = −RT ln Ku (4)

S◦ = −
(

∂�G◦

∂T

)
(5)
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Table 1
Protein/polymer ratio obtained for turbidimetric titration curves of LYZ with
polymers at different pH

System Protein/polymer ratio

LYZ–PVS
pH 3.1 66
pH 5.5 47
pH 7.0 23

LYZ–PAA
pH 3.1 n.d.
pH 5.5 250
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ig. 1. Turbidimetric titration curves of LYZ (0.3 mg/mL) solution with PVS
n a medium with 50 mM phosphate buffer. pH 5.5 (�), 7.0 (�), and acetic
cid/acetate buffer pH 3.1 (�). Temperature 20 ◦C.

. Results

.1. Lysozyme turbidimetric titration curves with the
olymers

Figs. 1 and 2 show typical titration curves of LYZ with PVS
nd PAA, respectively, from which, two important characteris-
ics were observed:

(i) at low polymer–protein ratio absorbance increases linearly
with an increase in the polymer total concentration and,

ii) when the polymer concentration increases, there is a plateau
which depends on the medium pH.
The free LYZ concentration remaining in the titration system
as measured by absorbance at 280 nm of the supernatant solu-

ions from which the insoluble polymer–protein complex had
een separated by centrifugation. The free LYZ concentration

ig. 2. Turbidimetric titration curves of LYZ (0.8 mg/mL) solution with PAA
n a medium with 50 mM phosphate buffer pH 5.5 (�), 7.0 (�), and acetic
cid/acetate buffer pH 3.1 (�). Temperature 20 ◦C.
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pH 7.0 285

n solution decreases linearly with increasing PVS concen-
ration, it being negligible when the curve reached a plateau
data not shown) which suggests that all the protein in solu-
ion has been precipitated. The stoichiometric protein/polymer
atio which corresponds to the situation where all the protein
as been precipitated as insoluble complex was calculated from
he intersection of a straight line which corresponds to the
rolongation of the linear zone of the curve (at low polymer
oncentration) with a line which gives a plateau. Table 1 shows
he molar protein–polymer ratio which corresponds to the stoi-
hiometry of the complex formation calculated from the titration
urves for the different experiments. These values are important
hey because allow to calculate the minimal polymer amount
eeded to precipitate the protein, the data have been expressed
s the number of LYZ molecules bound per polyelectrolyte
olecule.
Lysozyme is a basic protein with 19 amino residues, an iso-

lectrical pH between 11.0 and 11.4 and a molecular mass of
4.3 kDa, therefore at the pHs where the turbidimetry titration
ere assayed the protein has a net positive electrical charge. For-
ation of LYZ–PVS complex was observed to be influenced by

he medium pH; the increase of pH between 5.5 and 7.0 induced
dramatic decrease in the maximum absorbance values which

uggested a minor amount of complex formation. However, at
H 3.1, a minor absorbance maximum value was observed than
t pH 5.5, which can be assigned to the loss of the native structure
f this protein by influence of the acid medium.

The LYZ titration curves by PAA were not significantly
ffected by the pH change. At pH 5.5 and 7.0 the curves reached
plateau, while at pH 3.1 this behaviour was not observed.
he shape of this last curve showed an increase in the num-
er of polymer molecules bound per protein molecule. This
ehaviour could be understood taking into account that at pH
.1 an important fraction of the protein is in its unfolded form
hich exposes other basic groups to the attack of the negatively

harged polymer.
Because the medium pH was critical to the insoluble protein

omplex formation, the turbidimetric titration was carried out
t a constant polyelectrolyte–protein ratio while the pH of the
edium was varied by acid or base addition. Fig. 3A and B show
he absorbance dependence (at 420 nm) versus the pH change.
YZ–PVS and LYS–PAA complexes were soluble at basic pH
alues, from pH 6.0 to lower values a significant increase in the
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Fig. 3. (A) Dependence of the absorbance at 420 nm vs. pH at a
constant protein–polymer ratio of LYZ–PVS:(�) 0.025, (�) 0.042, (�)
0
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.057 �M/ �M. (B) Dependence of the absorbance at 420 nm vs. pH at a
onstant protein–polymer ratio of LYZ–PAA: (�) 0.0027, (�) 0.0065, (�)
.0010 �M/ �M. Temperature 20 ◦C.

urbidity was observed corresponding to the insoluble complex
ormation. Similar behaviour was reported for the serum albu-
in titration with anionic polyelectrolyte. [11]. These curves

etermine the optimum pH interval in which the protein complex
s in insoluble form.

Because the molecular mechanism of the LYZ–PVS and
YZ–PAA interaction is electrostatic in nature, the turbidimetric
itrations (at pH 5.5 and 7.0) were performed in medium of differ-
nt ionic strength such as shown in Fig. 4A and B. For the system
YZ–PVS and LYZ–PAA, a NaCl concentration of only 0.1 M is
nough to avoid formation the insoluble protein–polymer com-
lex. This finding may be interesting because it is the base
f an isolation method of protein, allowing in a first step the
recipitation by the polymer and then the precipitate may be
issolved by NaCl solution addition at low concentration. The
ow ratio polymer–protein values found suggested that one poly-
er molecule bound many protein molecules according to the
odel proposed by Dubin and coworkers [14] where one poly-
er molecule has the capability to interact with many proteins
olecules.

i
w
c
t

ig. 4. NaCl concentration effect on the turbidity of (A) LYZ–PVS, pH 5.5,
aCl concentration: (©) 0 M, (�) 0.05 M and (�) 0.1 M. (B) LYZ–PAA, pH
.0, NaCl concentration: (©) 0 M, (�) 0.1 M and (�) 0.5 M. Temperature 20 ◦C.

.2. Thermal stability of the LYZ in the absence and
resence of the polymers

Differential scanning calorimetry is a useful tool for study-
ng the protein unfolding in which values of excess specific heat
apacity (Cp) are obtained as a function of temperature. Because
YZ is one of the four proteins whose thermal denaturation
s thermodynamically reversible, the equations for systems in
hermodynamic equilibrium can be applied to obtain the thermo-
ynamic functions (entropy and enthalpy of unfolding) directly
rom the thermograms, as described by Privalov [15].

A typical temperature function of the partial molar heat
apacity of LYZ is shown in Fig. 5, the Tm is defined as the
emperature at which a maximum change happens in the Cp
alue. No change in the shape and Tm of the thermogram was
bserved in the polymer presence. The Tm constant value is
proof that the protein retains its thermodynamic stability in

he presence of both polymers. However the polymer presence

nduced a decrease in the area under the curves, in agreement
ith a diminution of the heat associated to the denaturation pro-

ess. The unfolding entropic change showed not to be affected by
he polymer presence, in accordance with the protein retaining
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the LYZ–PVS system. This finding is in agreement with the
theory proposed by Dubin [17] for the molecular mechanism
of protein–polyelectrolyte interaction by which one polymer
molecule has capacity to bind to several protein molecules.
ig. 5. DSC thermogram of the LYZ in the absence (—) and presence of PVS
- - -) and PAA (. . .). Heating rate 0.5◦ min−1. LYZ (3 mg/mL), PVS and PAA
0.25%, w/w) pH 7.0.

ts tertiary structure and no important conformational protein
hange is occurring. The ratio �HVH/�Hcal reached values
reater than 1, suggesting that an intramolecular cooperation
rocess is being carried out [16] and no aggregation of the LYZ
olecules occurs. The evaluation of �HVH gives an idea of

he mechanism of the unfolding process. If a two state process
s carried out under equilibrium condition, �HVH = �Hcal. If

HVH < �Hcal, it can be concluded that one or more intermedi-
te states of significance in the overall process. If �HVH > �Hcal
ntramolecular cooperation is taking place which may require
ome degree of molecular association.

LYZ has only one domain with low molecular mass, its ther-
al unfolding has been described as reversible, however the

apacity of LYZ to associate in aqueous solution is well known.
he �HVH/�Hcal value greater than unity is an indication
f the intermolecular cooperation presence during the thermal
nfolding. The increase of this ratio, suggests more coopera-
ive intramolecular process. This finding is in agreement with
he proposed model of protein–polymer interaction, where one
olymer molecule can bind several proteins molecules and with
hose obtained from the turbidymetric titration curves. In this
ay the intermolecular interaction between protein molecules

s favoured.

The dependence of the Gibbs energy change of the unfolding

rocess with the temperature was calculated from the Eqs. (3)
nd (4), a straight line was obtained (data not shown), the slope
f this plot is the unfolding entropy (�S) as shown in Table 2. It

able 2
hermodynamic functions obtained for the thermal LYZ unfolding determined
y DSC in the absence and presence of the studied polymers

LYZ LYZ–PVS LYZ–PAA

Hcal (kcal/mol) 89.4 ± 0.3 72.0 ± 0.3 66.7 ± 0.4
HVH (kcal/mol) 139.0 ± 0.6 141 ± 0.8 151 ± 1.0
HVH/�Hcal 1.55 ± 0.05 1.96 ± 0.01 2.26 ± 0.03

m (◦C) 75.01 ± 0.01 75.33 ± 0.02 75.2 ± 0.1
S (e.u.) 399 ± 3 405 ± 4 405 ± 5

F
t
T

ogr. B 857 (2007) 25–31 29

an be seen that in the polymer presence unfolding entropy was
ot affected which suggests that the polymer–protein complex
ollowed the same conformational state as the protein alone.

.3. Isothermal calorimetric titration of LYZ with polymers

The complex formation between LYZ and polymers was
nvestigated by isothermal titration calorimetry. The direct
urves obtained showed negative heat associated with the titra-
ion, and the polyelectrolyte dilution into the buffer (in the
bsence of protein) was associated with a large heat release
data not shown), being the heat of dilution of the protein by
he buffer negligible. The heat associated with the interaction
olymer–protein (�Hi) was calculated by subtraction using the
quation:

Hi = �Ht − �Hd (6)

here �Ht is the polymer–protein titration heat and �Hd is the
eat of dilution of the polymer in the buffer in the absence of
he protein. Fig. 6 shows the calorimetric titration curve of LYZ
ith PVS in a 50 mM, pH 5.5 (PVS), medium buffer phosphate.
y non-linear fitting of these data, the affinity constant (K) for

he polymer binding to the protein and the number of polymer
olecules (n) bound per protein molecule was calculated using

he software provided by the instrument.
The mathematical model equation selected to fit the ITC

ata was derived from a model that assumes the polyelectrolyte
olecule binding to several protein molecules, all with the same

ntensity, in other words, the polyelectrolyte was considered as
macromolecule having n independent and equivalent sites all
ith the same affinity constant, K, for the ligand (lysozyme).
Turbidimetric titration and the ITC results yielded a stoi-

hiometric ratio for LYZ–PAA ten times lower than that for
ig. 6. Binding curve for the calorimetric titration of LYZ with PVS. Pro-
ein concentration 90 �M. Medium 50 mM sodium phosphate buffer, pH 5.5.
emperature 20 ◦C.
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Table 3
Thermodynamic and binding parameters of the interaction LYZ–polymer from
ITC experiments

System LYZ–PVS LYZ–PAA

n (protein/polyelectrolyte) 21.2 ± 0.2 294 ± 8
K (M−1) 2.7 103 5.1 104

�H◦ (kcal/mol) −15.2 −10.0
�
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S◦ (e.u.) −1103 −1033

he enthalpic change is expressed per mol of protein bound.

egative and very high heats associated to the protein–polymer
nteraction were found, in the order of 320 kcal/mol for the
YZ–PVS and around 3000 kcal/mol for the LYZ–PAA com-
lex formed, respectively. A better quantitative analysis of heat
ssociated to the protein–polyelectrolyte complex formation
an be made if the n values are expressed as protein mol per
olymer mol in the same way as that in the turbidimetry titra-
ion. The values obtained are shown in Table 3. Values of
1.2 and 294 protein mol per polymer mol were found for
YZ–PVS and LYZ–PAA complex formation, respectively. The
H was normalized per mol of protein, therefore, heat values

f 15.2 and 10.0 kcal/protein mol are yielded for both poly-
ers, respectively. These heats of interaction are expected in

he order of magnitude for interactions of electrostatic nature.
he larger value observed for the LYS–PVS interaction suggests
stronger interaction of this polyelectrolyte with the protein.

AA has a pKa value around 4.5 (which is the pKa for car-
oxylic acids), and at pH 5.5, only 90% of the carboxylic
roups will be dissociated in PAA, while PVS will be fully ion-
zed which drives a greater interaction between the positively
harged electrical groups of LYS and the negatively charged
VS.

The �S values were found negative as result of the forma-
ion of a more ordered structure by protein–polymer complex
ormation.

. Discussion

Current methods of protein purification involve an exten-
ive series of steps and processes that increase the cost of
he final product. New techniques for large-scale protein sep-
ration are therefore of interest. One of these involves the
ddition of polyelectrolytes, leading to selective protein phase
eparation. Proteins interact strongly with both synthetic and
atural polyelectrolytes. These interactions are modulated by
ariables such as pH and ionic strength, and may result in soluble
omplexes, insoluble complex or the formation of amorphous
recipitates. This phase separation is a result of the electro-
tatic interactions between the protein and the polyelectrolyte
hich, at very low ionic strength, results in tight ion-pairing and

he formation of amorphous precipitates. Several experimen-
al studies have been reported for protein precipitation using

olyethyleneimine. The most extensively studied proteins are
ysozyme, ovalbumin and bovine serum albumin [14]. Oppo-
itely charged polyelectrolytes such as carboxymethyl cellulose,
oly acrylic acid and poly metha acrylic acid have been used

t
a
s
s

ogr. B 857 (2007) 25–31

o selectively precipitate proteins from an aqueous mixture on
he basis of different affinities [2,7]. Although protein pre-
ipitation and colloid flocculation with polyelectrolytes have
een studied for many years, few theoretical studies have been
irected toward understanding the mechanism of precipitation
18].

Some authors [6,11,17] have postulated different theoretical
odels to describe the protein polyelectrolyte complex forma-

ion. However, these models are of difficult practical application
o predict the behaviour of the system which makes it neces-
ary to determine in a practical way the experimental variable
alues. These variables values reach the complex precipitation
ondition and then to dissolve it by salt addition. A better knowl-
dge of the molecular mechanism of precipitation by which the
omplexes are formed allows to determine in an exact man-
er the interval values of the experimental variables. Different
echniques have been used to study the complex formation, but
he most used is the turbidimetry which is a simple methods.

e have used ITC which gives the direct heat associated to the
omplex formation and compared the results from both. One
arameter that is important to know is the stoichiometry ratio for
olyelectrolyte–protein complex formation to cause complete
rotein precipitation. The values obtained from both techniques
ere in the order of 10−2–10−3 polymer mol/protein mol which

epresent that 10–100 protein molecules are bound per polymer
olecule. This finding is in agreement with previous theoretical
odel which supposes that one polyelectrolyte molecule has the

apability to bound several protein molecules [11]. The mecha-
ism occurred out between the electrical charged group of both
hich allow that one protein molecule is bound to the polymer
y several charged group. Because the size of the polyelectrolyte
olecule is ten times larger than the protein, the number of pro-

ein molecules bound per polymer molecule is high, decreasing
s the size of the protein molecule was increased. The heat asso-
iated with the complex formation was extremely high; but when
hey are normalized, per protein molecule bound to the poly-

er, the heat associated yield was 10–15 kcal mol, which is a
ormal heat amount for a coulombic interaction between two
harge groups in solution. These low interaction heats are in
greement with the low NaCl concentration needed to induces
he dissolution of the insoluble complex (around 0.1 M). Other
mportant parameters to know are the thermodynamic stability of
he protein in the polymer presence. It is desirable that the protein
etains its tertiary structure. DSC measurements demonstrated
hat the Tm of LYS was not modified by the polymer pres-
nce, only a decrease in the denaturalization heat was observed.
19]. Interaction between flexible polymer chain and protein
as been used in the bioseparation methods: liquid–liquid par-
ition in aqueous two phase system and protein precipitation by
olyelectrolytes. The first technique has the disadvantage that
equires high concentration of the polymer to produce the sep-
ration of the phases. In contrast, polyelectrolyte precipitation
ses very low polymer concentration (0.1–1%) which makes

his technique non-expensive. The solution has low viscosity
nd easy application in scale up having this methodology a
ignificant advantage over the partition in aqueous two phase
ystem.
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