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The  aim  of this  study  is to report  the results  of  research  work  on  the  molecular  mechanism  of
complex  formation  between  chymotrypsin  and  a negatively  charged  natural  strong  polyelectrolyte,  �-
carrageenan,  using  spectroscopy  techniques.  The  carrageenan–chymotrypsin  complex  showed  a  maximal
non-solubility  at pH  around  4.50  with  a stoichiometric  ratio  between  8 and  33  g  of chymotrypsin  per  g  of
eywords:
arrageenan
hymotrypsin
olyelectrolyte

carrageenan.  These  values  were  depended  on the  enzyme  concentration,  pH and  ionic  strength  medium.
The  insoluble  complex  was  redissolved  by modifying  the  pH  and  by  a NaCl  concentration  around  0.2  M
in agreement  with  a coulombic  mechanism  of complex  formation.  The  non-soluble  complex  formation
showed  biphasic  kinetics.  A fast step  was  carried  out  around  10 s and  a coulombic  mechanism  takes  place,
and a  slower  step  of around  120  s,  where  participate  only  Van  der  Waals  forces.  The enzymatic  activity
of  chymotrypsin  was  maintained  even  in  the  presence  of  carrageenan  (0.005%,  w/v).
. Introduction

Production of enzymes is a prime biotechnological application
hich includes upstream and, often more expensive, downstream
rocessing steps to obtain the final product in the desired puri-
ed form. Bioseparation steps for the recovery of the final product
an account for 50–80% of overall production costs. Most purifi-
ation technologies employ precipitation of proteins as one of the
nitial operations aimed at concentrating the product for further
ownstream steps. Precipitation using salts, organic solvents and
on-ionic polymers are well known and simple techniques for that
urpose. However, these methods use a large amount of reagents
hat cannot be recycled or discarded into the environment, which

akes these methodologies very expensive to be scaled.
A wide variety of polyelectrolytes can interact with globular

roteins to form soluble or insoluble complexes. The non-soluble
omplex can easily be separated by centrifugation or simple
ecantation [1].  This is a suitable method for protein isolation

ecause very low polyelectrolyte concentrations are used (0.1%,
/v). Besides, it offers high selectivity and the non-soluble com-
lex can be redissolved by a pH change or by salt addition [2].  This

Abbreviations: Car, carrageenan; Chy, chymotrypsin; BTEE, N-benzoyl-l-
yrosine ethyl ester.
∗ Corresponding author at: Facultad de Ciencias Bioquímicas y Farmacéuticas,
niversidad Nacional de Rosario, Suipacha 570, S2002RLK Rosario, Argentina.
ax: +54 0341 480 4598.

E-mail address: gpico@fbioyf.unr.edu.ar (G. Picó).

141-8130/$ – see front matter ©  2012 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.ijbiomac.2012.10.014
© 2012 Published by Elsevier B.V.

technique offers the possibility of concentrating and purifying the
target macromolecule at a low cost.

Carrageenan (Car) is a generic name for a family of polysac-
charides obtained from certain species of red seaweeds. They are
non-toxic, water soluble and widely used within the food, phar-
maceutical, cosmetic, printing and textile industries. Car belongs
to the family of the hydrophilic linear sulfated galactans. They
mainly consist of alternating (1-3)-d-galactose-4-sulfate and �
(1,4)-3,6-anhydro-d-galactose residues. There are different forms
of these polymers: Iota (�)-, Kappa (�)-, Lambda (�)-, Mu  (�)-, Nu
(�)- and Theta (�)-carrageenan, the most commercially important
being: Iota-, Kappa- and Lambda-carrageenan [3].  In this work �-
carrageenan was used.

Previous reports have demonstrated the usefulness of Car to iso-
late enzymes such as the obtainment of a protein from rice bran
by precipitation using this polysaccharide [4].  However, there is
no information about the molecular mechanism of the complex
formation between this polyelectrolyte and different enzymes.

The main alkaline enzymes in pancreas are chymotrypsin,
trypsin and elastase, all belonging to the serine-protease family.
Serine proteases are of considerable interest, due to their activity
and stability at alkaline pH and they are used in various indus-
trial market sectors, such as detergent, food, and pharmaceutical.
Chymotrypsin has a single polypeptidic chain of 324 amino acid

residues and a molecular weight of 25.7 kDa, its optimum activity
being at pH 8.2 and its isoelectric point 9.1.

Burton and Lowe [5] had designed ligands, which were attached
to Sepharose CL-4B and purified pancreatic kallikrein 110-fold from

dx.doi.org/10.1016/j.ijbiomac.2012.10.014
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:gpico@fbioyf.unr.edu.ar
dx.doi.org/10.1016/j.ijbiomac.2012.10.014
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 crude pancreatic extract. Other researchers purified Chy from vis-
era of sardine with a purification factor of 13 and 6% recovery
fter saline precipitation, gel filtration and ion exchange chro-
atography [6]. However, these methodologies are not suitable

or scaling up in industry. Boeris et al. [7] developed a method
or the isolation and purification of chymotrypsin by precipitation
ith polyvinylsulfonate from pancreas homogenate. However, the
evelopment of a new purification method of enzymes requires the
se of reagents that can be discarded in the environment without
aving a negative impact.

This paper reports novel information about the mechanism
f the interaction between Car and Chy and sets up both the
est experimental conditions for Chy and Car non-soluble com-
lex formation and the potential uses of this methodology to

solate Chy from its natural source. To deal with this question,
e used spectroscopy techniques together with the determi-
ation of thermodynamical functions associated with complex

ormations.

. Materials and methods

.1. Chemical

Chymotrypsin (Chy), �-carrageenan (Car) and N-benzoyl-l-
yrosine ethyl ester (BTEE) were purchased from Sigma–Aldrich
nd used without further purification. Buffers of different pH
ere prepared: 50 mM phosphate buffer, pH 7.0; 50 mM acetic

cid/acetate buffer, pH 4.0, 4.5 and 5.0 and 200 mM Tris–HCl
uffer, pH 8.2. The pH was adjusted with NaOH or HCl in each
ase.

.2. Turbidimetric titration curves vs. Ph

Turbidity (absorbance at 420 nm)  of solutions of 0.5 mg/ml of
hy with 0.005% (w/v) Car was measured and plotted against pH.
he medium pH variations were obtained by adding NaOH or
Cl aliquots and leaving the system to equilibrate before mea-

uring the turbidity. The complex formation was followed in the
bsence and presence of different ionic strengths adding NaCl to
he medium. A blank titration curve of polyelectrolyte alone was

ade in the same pH range assayed. These titration curves were
ade in order to estimate the pH range where the polymer–protein

omplex is soluble or insoluble as it was previously reported
2,8].

.3. Chy turbidimetric titration curves with polymer

The formation of the insoluble polymer–protein complex was
ollowed by means of turbidimetric titration. A fixed protein con-
entration in acid acetic/acetate buffer was titrated at 25 ◦C in a
lass cell with the polymer solution as the titrant. To avoid changes
n pH during titration, both protein and polyelectrolyte solutions

ere adjusted to the same pH value. The absorbance of the solu-
ion at 420 nm was used to follow the protein–polyelectrolyte
omplex formation and plotted vs. the total polymer concentra-
ion in the tube. The complex formation was followed in the
bsence and presence of different ionic strengths adding NaCl to
edium.
The results were fitted with a 4-parameter sigmoidal function

n order to determine the value of the minimal concentration of Car
equired to precipitate Chy. This parameter was calculated as the

ntersection of the tangent at the inflection point with the plateau of
he plot. The [Chy]/[Car] ratio can be calculated as the rate between
he Chy total concentration and the [Car] calculated. Absorbance
olutions were measured using a Jasco FP520 spectrophotometer
logical Macromolecules 52 (2013) 45– 51

with constant agitation in a thermostatized cell of 1 cm of path
length.

2.4. Kinetic of aggregation

In order to determine the kinetics of aggregation of Car with Chy,
a fixed concentration of Chy and Car was  mixed and the turbidity
formation was  followed using a Jasco FP520 spectrophotometer,
measurements every 0.1 s were taken. The solution remained under
continuous agitation during the measurements.

2.5. Analysis of size variations of the non-soluble Car–Chy
precipitate

The changes in Car–Chy size complex were followed by the
wavelength (�) dependence on the turbidity (�) for the suspensions,
and expressed as:

 ̨ = −∂(log �)
∂(log �)

(1)

where  ̨ is a parameter which has an inverse relationship to the
average size of the particles and can be used to detect changes in
particles size. It was  obtained from the slope of log � vs. log � plots
in the 420–700 nm range.

It has been shown that there is a good correlation between the
 ̨ parameter and the size of the particles by using dynamic light

scattering [9,10].  This technique allows us to determine the relative
variation of particle size rather than its absolute size. Since our goal
was to detect changes in the size of Car–Chy particles by a variation
in the medium variables;  ̨ parameter is a simple and very useful
parameter to follow this variation.

� was  measured as absorbance using a Spekol 1200 spectropho-
tometer with a diode arrangement detection system. The  ̨ values
were calculated in the absence and presence of Car to analyze
the medium condition on the non-soluble size particles of the
complex. ˛ determinations were the average of at least three
replicates.

2.6. Determination of Chy activity

The Chy assay is based on the hydrolysis of benzoyl-l-tyrosine
ethyl-ester (BTEE) [11]. The reaction rate was  determined by
measuring the absorbance increase at 256 nm,  at 25 ◦C, which
results from the hydrolysis of the substrate at 0.6 mM con-
centration in 200 mM Tris–HCl buffer, pH 8.2 – 200 mM CaCl2.
One Chy unit is defined as 1 �mol  of substrate hydrolyzed per
minute of reaction and was calculated with the following equa-
tion: U(�mol/min) = (�Abs256 nm/min) × 1000/964, where 964 is
the benzoyl-tyrosine molar extinction coefficient [6].

2.7. Protein thermal and chemical stability

Thermally induced unfolding was  monitored by absorbance at
280 nm,  as it was  previously reported [12]. The analysis of the data
was made assuming an approximation of a two-state model of
denaturation where only the native and unfolded states were sig-
nificantly populated and the absortivity coefficients of both protein
states were different. The unfolded protein fraction was calculated
from:

 ̨ = Ai − AD (2)

AN − AD

where  ̨ is the unfolded protein fraction, AN and AD are the
absorbances of the native and unfolded states respectively, Ai is the
absorbance at a given temperature. Least squares were used to fit
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Fig. 1. Acid–base turbidimetric titration curve of Chy (0.5 mg/ml) in the presence
N.W. Valetti et al. / International Journa

he unfolded protein fraction vs. temperature data and the temper-
ture at the mid-point of denaturation (Tm) was  determined. The
quilibrium constant, K, for the unfolding process was calculated
rom Eq. (3):

 = ˛

1 − ˛
(3)

he free energy (�G◦) was calculated as:

G◦ = −RT ln K (4)

here R is the gas constant. From a plot of �G◦ vs. T, the unfolded
ntropy �S◦ was calculated according to:

S◦ =
(

∂�G◦

∂T

)
(5)

he enthalpic change was calculated from the equation:

H◦ = �G◦ + T �S◦ (6)

bsorbance measurements were recorded on a Jasco 550 spec-
rophotometer. The sample temperature was controlled by peltier
eating and measured with a thermocouple immersed inside the
uvette. The heating rate was 1 ◦C/min. The data of absorbance
s. temperature were collected by the software provided by the
nstrument manufacturer.

Chemical stability of the protein was assayed by measur-
ng the native fluorescence emission of the protein at 340 nm
while exciting at 280 nm)  in media of increasing urea and con-
tant Chy concentration. We  assumed that urea – a denaturant
gent-induced unfolding due to the formation of a complex (U–D)
etween the denaturant agent (U) and the protein unfolded
orm (D) according to the previously demonstrated equilibrium
quation (6):

 ⇔ D (7)

nalysis of the data was performed assuming an approximation
f a two-state model of denaturation where only the native and
nfolded states were significantly populated and the fluorescence
f both states were different. A non-linear least squares method
as been used to fit the fluorescence vs. urea concentration data;
he urea concentration at the mid-point of denaturation (Cm) was
etermined, and the unfolded protein fraction was calculated from:

 = Fi − Fo

FD − FN
(8)

here  ̨ is the unfolded protein fraction, FN and FD are the fluores-
ence of the native (in absence of denaturant) and unfolded states
at high denaturant concentration) of the protein, respectively; and
i is the fluorescence of the protein at i denaturant concentration.
rom Eq. (8),  the equilibrium constant for the unfolded process can
e calculated from:

 = ˛

1 − ˛
(9)

he free energy (�G◦) was calculated from Eq. (4).

. Results

.1. Solubility phase diagram of Chy–Car complexes as a function
f pH and ionic strength

Generally, commercial �-Car contains 32% (w/w) of sulfate [13]
nd such groups are relatively strong in acidity; therefore, they

re dissociated at pH 1, being this polyelectrolyte soluble. In the
resence of Chy, a basic protein with an isoelectrical pH of 8.2,
he negatively charged group of Car interacts with the positively
harged amine groups of Chy, forming a complex. As it has been
of  Car at different ionic strengths. Medium: 10 mM acetic acid/acetate–phosphate
(1:1) buffer. Temperature 25 ◦C.

demonstrated, the interaction of other negatively charged poly-
electrolytes with this protein is mainly coulombic [7].

Fig. 1 shows the solubility of Car as a pH function in the pres-
ence of Chy. The blank titration curves of Car without Chy and
the enzyme without Car were made in the same pH range, and
no absorbance changes were observed (data not shown).

When pH decreased from 7 to lower values, a significant increase
in the turbidity was observed, in agreement with formation of
a non-soluble Car–Chy complex. The curves showed a sigmoidal
behavior reached a maximum absorbance at a pH value lower than
5 and they were fitted using a 4-parameter sigmoid function.

Fig. 1 also shows the effect of increasing concentration of NaCl
on the Car–Chy complex solubility. The presence of salt increased
the solubility of the complex, as it is observed by the decrease of
the turbidity. This is consistent with the fact that coulombic interac-
tions drive the association between a polyelectrolyte and a protein
of opposite charge.

It has been reported [14] that the formation of soluble
protein–polyelectrolyte complexes is initiated at a specific pH,
called the critical pH (pHc), which is a function of ionic strength, the
protein isoelectric point, and the polyelectrolyte density charge. For
polycations, pHc preceded the pH of visual phase separation, named
pH	. This parameter is introduced as the pH at the half maximal
value of turbidity is achieved. Since these non-soluble complexes
can be considered a phase separation, the ionic strength depen-
dences of both pHc and pH	,  can be viewed as phase boundaries.
These values were obtained from the solubility curves shown in
Fig. 1. The pHc was  calculated as the intersection of the tangent at
the inflection point with the plateau of the plot while the pH	 was
obtained by fitting the data to a 4-parameter sigmoid function.

Fig. 2 shows the experimental values obtained. At pH values
higher than 7.5, Coulombic attractive forces between the uncharged
protein and the negatively charged polyelectrolyte are consider-
ably diminished, which prevents the complex formation, and the
protein and polymer molecules coexist as separate entities in the
solution. At pH values lower than 7.4, a substantial increase in
turbidity indicates the formation of a non-soluble complex. Fig. 2
shows that the increase in salt concentration does not influence
the pHc values, which suggests that the zeta potential of Chy is not
significantly influenced by ionic strength in this pH zone. However,

the pH	 value decreases steadily with the increase in salt concen-
tration, suggesting that the presence of salt affects the amount of
complex formed.
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Fig. 4. Stoichiometry for the Chy–Car complex formation at different total con-
ig. 2. Ionic strength effect on the pHc and pH	 values. The data have been calcu-
ated from Fig. 1. All the other experimental conditions are same as Fig. 1.

.2. Turbidimetry titration curve of Chy with Car, pH and ionic
trength effect on complex formation

Fig. 3 shows Chy turbidimetric titration curves with Car at pH
.5 in the absence and presence of 200 mM NaCl. A similar behavior
as observed for Chy at pH 4.0 and 5.0 (data not shown).

The non-soluble complex formation was dramatically affected
y ionic strength as shown in Fig. 3, which is consistent with the
resence of an important coulombic component during the process
15]. This finding may  be interesting because it is the basis of the
rotein isolation method which allows precipitation using charged
olymers, followed by the dissolution of the precipitate by the
ddition of salt. However, the presence of salt caused a loss of the
igmoidal behavior of experimental data, which showed a hyper-
olic behavior with a saturation value higher than that obtained

n the absence of salt. This finding should be associated with the
resence of a non-coulombic component present in the complex
ormation and therefore it is not affected by the presence of salt. A
imilar mechanism has been reported for the interaction of other
roteins with different polyelectrolytes [7,16] due to the presence

f a hydrophobic effect produced by the loss of ordered water in the
nvironment of the polyelectrolyte chain induced by the inclusion
f the enzyme molecules into the polyelectrolyte chains.

ig. 3. Turbidimetry titration curve of Chy (0.5 mg/ml) with increasing concentra-
ions of Car in the absence and presence of NaCl. Medium: 10 mM acetic acid/acetate
uffer, pH 4.5. Temperature 25 ◦C.
centration of Chy. Medium: 10 mM acetic acid/acetate buffer pH 4.0; 4.5 and 5.0.
Temperature 25 ◦C. The data are mean of three independent measurements.

Turbidimetry data at the three pHs and at increasing Car con-
centrations were fitted using a sigmoidal equation and from these
curve fittings, the stoichiometry ratio Chy–Car was  calculated.
Fig. 4 shows that the stoichiometry ratio obtained was  dependent
on the enzyme total concentration which suggests that the final
state in the complex formation is dependent on the initial enzyme
concentration. This result is different from that obtained in the
formation of other polyelectrolyte–enzyme complexes, where the
ratio between the two  macromolecules does not generally depend
on enzyme concentration [17]. Thus, Fig. 4 shows that at pH 4.0, the
increase by 10 times of Chy concentration induced an increase in
the stoichiometry value. At pH 4.5, the same effect was  observed;
however, at pH 5.0, the stoichiometry ratio was not significantly
influenced by the enzyme concentration variation.

Previous studies about protein–polyelectrolyte complex forma-
tion showed [18,19] that the mechanism of complex formation
consist of two steps. The first step caused the formation of a solu-
ble complex by the interaction of protein with the polyelectrolyte,
while the second state is produced by interactions of the soluble
complexes among them and is dependent on the initial concentra-
tion of the soluble complex.

When pH increased from 4.0 to 5.0, an increase in the enzyme
bound to polyelectrolyte was observed. However, a decrease in
the enzyme–polyelectrolyte interaction is to be expected, due to
a smaller number of positive electrical charges present in Chy as a
consequence of a decrease in proton with an increase in pH.

We suppose that at lower proton concentration, there is a com-
petition between the NH3

+ of Chy for the SO3
− groups of Car, which

results in an increase in the amount of enzyme bound to the poly-
electrolyte.

3.3. Kinetics of the Car–Chy complex formation

Previous reports have demonstrated that the time required for
the formation of the polyelectrolyte–protein complex is from sev-
eral seconds to a few minutes. Fig. 5 shows the turbidity variation
as a function of time, expressed as: (Abs(∞) − Abs(t)), where Abs(∞)
is the absorbance of the medium when all the protein is forming
the non-soluble complex and Abs(t) is the absorbance at any time.
The kinetic curves were obtained at pHs 4.0; 4.5 and 5.0 at differ-

ent Chy/Car ratios in the presence and absence of NaCl. Fig. 5 only
shows the curves obtained at the three pHs assayed and at constant
Chy (0.5 mg/ml) and Car (0.005%, w/v) concentrations. The fitting of
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value). Car also induced a slightly thermodynamical stabilization
of Chy since an increase in the T value was  observed as shown in
ig. 5. Kinetic of the turbidity formation vs. time. Chy (0.5 mg/ml), Car (0.005%,
/v), medium: 10 mM acetic acid/acetate buffer. Temperature 25 ◦C. All the other

onditions are shown in the figure.

he experimental data, showed that the experimental point follows
 double exponential curve, of the type shown in Eq. (10):

 = ae−bx + ce−dx (10)

n agreement with the presence of two kinetic processes, a fast
rocess with a life span around 0–10 s and a second slow process
hich ends at around 120 s. Table 1 summarizes the experimental

inetic constants obtained for the complex formation.
The kinetic constant for the fast process (b), increases its value as

H decreases. On the other hand, in the presence of NaCl 100 mM,  a
ignificant decrease in its value was observed, which suggests that
n important electrostatic component take part in the first step of
he non-soluble complex formation.

The presence of salt induced a slightly decrease in the kinetic
onstant for the slow process (d), suggesting that the presence of
alt does not significantly affect this step.

.4. Change in the size of the precipitate particles

Fig. 6 shows the dependence of the  ̨ coefficient with Car con-
entration in the absence and presence of NaCl. It is seen that

 values significantly decreased as Car increased its concentra-
ion, they reached a minimum value at a Car concentration of
.005% (w/v), and eventually increased at higher Car concentra-
ions. This finding suggests that in the first step of the complex
ormation, Car binds the molecules of Chy and the neutralization
f the electrical charges induces an increase of the complex size.
t higher Car concentrations, there is probably a greater interac-

ion between the soluble complex particles which is evidenced in a
ecrease in the complex size. In the presence of NaCl, the Car con-
entration required to reach the minimum complex size decreases

ignificantly, around 0.002%P/V, suggesting a smaller formation
f complex particles through inhibition of the Coulombic forces
etween Chy and Car by salt.

able 1
ffect of pH and salt on the kinetic of the turbidity formation. All the measurements
ere performed in 10 mM acid acetic–acetate buffer, 0.5 mg/ml  of Chy and 0.005%

w/v) of Car in the absence and presence of salt (100 mM NaCl) (values in bold).

Parameter pH

4.5 4.0

B 1.05 0.83 1.30 0.33
D 4.35e−2 8.14e−3 1.71e−2 1.65e−3
Fig. 6. Change in the size of the precipitate particles with Car concentration in the
absence and presence of NaCl. The data has been expressed as  ̨ vs. Car concentra-
tion. Medium: 10 mM acetic acid/acetate buffer, pH 4.5. Temperature 25 ◦C.

3.5. Car effect on the Chy activity

Previous reports have demonstrated that polyelectrolytes influ-
ence the enzymatic activity because they induce a modification of
the secondary and tertiary protein structure [20,21]. Chy at con-
stant concentration (0.5 mg/ml) was incubated for 30 min  in media
of increasing Car concentrations (from 0 to 0.02%, w/v) at the pH
of the enzyme maximal activity (8.2). Under these conditions, the
Chy–Car complex remains in the soluble form. The enzymatic activ-
ity of the Chy was determined with respect to a Car free medium.

Table 2 summarizes the data of the activity obtained. When
comparing the Chy activity in the different media, it was found
that Car induced a slight decrease in the enzyme activity. The loss
in the Chy enzymatic activity is around 10% compared to the Chy
enzymatic activity in a free Car media. This is observed in media
containing up to ten times the Car concentration necessary to quan-
titatively precipitate Chy.

3.6. Thermal and chemical stability of Chy in the presence of Car

The interaction between a flexible chain polymer and a protein
may  induce conformational changes in the tertiary and secondary
structure of the protein, with a loss of its thermodynamical sta-
bility and biological activity. The thermal unfolding of Chy was
analyzed by measuring the protein absorbance change at 280 nm
with increasing temperatures. Fig. 7 shows the dependence of the
Chy unfolded fraction vs. the temperature in the absence and pres-
ence of Car. The presence of the polyelectrolyte changes the shape
of the curve inducing a decrease in the middle zone (around the Tm
m

Table 3. It is well known that entropic and enthalpic changes are
positive for the proteins thermal denaturation process.

Table 2
Car effect on the Chy activity. The values are the mean of three independent
measures.

Car concentration (%, w/v) Activity recovered (%)

0.0 100 ± 1
1.4e−3  90 ± 3
2.4e−3  95 ± 1
3.1e−3  92 ± 1
4.4e−3  90 ± 1
5.2e−3  93 ± 4
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Table 3
Thermodynamic function associated to the thermal and chemical Chy unfolding.

Condition Parameter

�S◦ (cal/K mol) �H◦ (kcal/mol) Tm (K) Cm (M)  �GH2O m (kcal/mol M

Chy 345.06 113.03 3
Chy–Car  0.03% 81.10 26.78 3
Chy–Car  0.06% 79.26 26.24 3

Fig. 7. Unfolding thermal shape of Chy (0.5 mg/ml) in the absence and presence
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complex formation was  coulombic, as it was reported by the for-
f  Car. The data has been expressed as unfolding protein fraction vs. temperature.
eating rate: 1 ◦C/min. Medium: 10 mM acetic acid/acetate buffer, pH 4.0.

These positive entropic and enthalpic changes were associated
ith the loss of ordered water molecules around the hydrophobic
oieties of Chy and with a change in its tertiary structure. In the

resence of Car, both an increase in Chy Tm value and a significant
ecrease of the unfolding entropic change were observed, which
uggests that the Chy–Car complex is more stable than Chy alone
n the initial state previous to the thermal unfolding. In addition,
he decrease of endothermicity in the Chy unfolding process in the
resence of Car is consistent with a previous stabilization of the Chy

nitial state. Fig. 7 also shows a significant change in the cooperativ-
ty of the unfolding process; the presence of Chy induced a decrease
n the (∂˛/∂T) value calculated at the Tm (  ̨ = 0.5) in agreement with

 loss of the Chy unfolding trend.
Also, we assayed the chemical stability of Chy in the presence of

ar by obtaining the stability chemical curve described in Section 2
data not shown). Table 3 shows a significant increase in Cm value
n the presence of Car, which suggests an increase in the chemical
tability of Chy. Pace [22] have found a linear relationship between
he unfolding free energy change (�GU) and urea concentration
ollowing the equation:

GU = �GH2O − m [urea] (11)

here �GH2O is the protein free energy change of unfolding at zero
rea concentration and m is the dependence of free energy on the
enaturant concentration (∂�GU/∂[urea]), which is proportional
o the difference in the solvent-exposed surface area between the
enatured and native states (�A). The m value depends on the num-
er and type of groups which are exposed to the solvent when
he protein unfolds and �GH2O is a measurement of the solvent
nfolding capacity on the protein.

By plotting �GU values, calculated from Eqs. (8),  (9) and (4),

s. urea concentration, a linear behavior was observed (data not
hown); from the slope of the strength line the m value was  cal-
ulated (see Table 3). Car significantly increased the �GH2O value,
30.7 4.97 ± 0.86 1.74 0.35
32.8 6.06 ± 0.20 4.39 0.72
34.9 5.88 ± 0.15 3.25 0.55

suggesting a greater protein stability due to the complex formation
which includes the enzyme in a more hydrated environment.

Alonso and Dill [23] developed a statistical mechanical the-
ory for the effects of denaturing agents on protein stability. They
reached a physical interpretation of the slope of the unfolding
free energy change (�G) vs. denaturant agent concentration curve
(�G/[denaturant]) according to the following equation:

∂ �G

∂c
= �A

∂�

∂c
kT (12)

where k is the Boltzman constant, T the absolute temperature, and �
is the transfer free energy necessary to move an average hydropho-
bic residue from an aqueous medium to a denaturant solution. It
has been shown that � depends on both temperature and on the
chemical composition of the solution. It also depends slightly on
protein structure, while A depends largely on protein structure
because it is related not only to the number of amino acids per
protein molecule but also to the change in the hydrophobic residue
fraction on the protein surface, associated with the unfolding pro-
cess. For a protein, the second term of Eq. (12) remains constant
because it depends on the amino acid composition; therefore, the
variation of m values will be directly related to the modification of
the area exposed to the solvent when the protein is unfolded by
urea. Car increases m value, which suggests an increase of the sur-
face contact area of the enzyme to the solvent by polyelectrolyte
interaction.

4. Conclusion

Protein precipitation provides an effective method for raising
the concentration of a protein in a dilute solution. Precipitation
plays an important role in the downstream processing in biotech-
nology.

Proteins interact strongly with both synthetic and natural
polyelectrolytes. There are numerous synthetic polyelectrolytes
proposed as protein precipitants. However, most of them are toxic
and difficult to be removed from the final product. Car, a com-
mon  food ingredient, was  found to be effective in precipitating
Chy, a strategic enzyme widely used in different biotechnolo-
gical industrial processes. The advantage of precipitating using this
polysaccharide is that greater amounts of protein can be recovered
from the solution while using a safe precipitant agent.

Previous reports [4] have demonstrated the capacity of Car to
form non-soluble complexes with protein; however, few studies
have been reported to date. A better knowledge of the molecular
mechanism of precipitation by which the complexes are formed
allows the interval values of the experimental variables to be
exactly determined. Different techniques have been used to study
the complex formation, but the most widely used is turbidimetry
which is a simple method.

This study showed that Chy could interact with Car and form
either soluble o insoluble complexes depending on the medium
pH values, ionic strength, etc. The main mechanism of Car–Chy
mation of other protein–polyelectrolyte complexes. One parameter
determined is the stoichiometry ratio for protein-polymer complex
formation. The values obtained were in the order of 6–33 g of Chy
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er gram of Car, depending on the conditions of the medium. The
igh Chy–Car ratio observed in the non-soluble form of the complex
ay  be useful to precipitate the protein as very low concentrations

f polymer are required.
It was found that the presence of Car thermodynamically stabi-

izes Chy with a minimum loss of its biological activity, favoring its
torage and transportation.

In this paper we have used a simple, previously shown technique
o obtain information about the kinetics and size of the Car–Chy
omplex formation a field where no previous work has been car-
ied out. By lowering the pH values, negatively charged carboxylic
roups are protonated losing their net electrical charge, thus
ecreasing their repulsion with negatively charged SO3

− groups
f Car. This facilitates the formation of protein–polyelectrolyte
omplexes, allowing positive net charges of Chy and the nega-
ive changes of Car to interact. In the presence of NaCl, there
s a shielding effect on the Chy negatively charged carboxylic
roups, so that when pH decreases, the repulsion between the
O3

− and carboxylic groups is partially canceled, favoring the
nteraction between NH3

+ and SO3
-, leading to an increase in the

inetics.
We  have performed the experiments present in this work using

ure Chy to address which is the molecular mechanism of inter-
ction between this enzyme and Car. Our goal is apply these data
or the development of a Chy purification method from fresh pan-
reas homogenate. However, when fresh pancreas homogenate is
reated with Car at pH 4.5 the precipitate obtained contains differ-
nt enzymes (like trypsin, elastase) Chy being the main protease

resent in it, because it account for the major percentage of pan-
reatic proteases. However, the precipitation method is useful as

 primary method of concentration and pre-purification of this
nzyme, because this is carried out in only one step.
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