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Thermodynamic Parameters of f-Lactoglobulin—Pectin
Complexes Assessed by Isothermal Titration Calorimetry
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Isothermal titration calorimetry (ITC) was used to determine the binding constant, stoichiometry,
enthalpy, and entropy of S-lactoglobulin/low- and high-methoxyl pectin (8-lg—LM- and HM-pectin)
complexes at 22 °C and at pH 4. The binding isotherms revealed the formation of soluble intrapolymer
complexes (C1) further followed by their aggregation in interpolymer complexes (C2). The interaction
between $-lg and LM- or HM-pectin in C1 and C2 occurred spontaneously with a Gibbs free energy
around —10 kcal/mol. The C1 were enthalpically driven, whereas enthalpic and entropic factors were
involved in the C2 formation. Because ITC did not allow the dissociation of different enthalpic
contributions, the values measured as pectin and f$-lg interacted could partially be attributed to
conformational changes. The C1 had a binding stoichiometry of 8.3 and 6.1 5-Ilg molecules complexed
per LM- or HM-pectin molecule, respectively. The C2 had about 16.5 and 15.1 f-Ilg molecules
complexed per LM- and HM-pectin, respectively.
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INTRODUCTION betweens-lg and pectin occurred through ionic and hydrogen
bonds, whereas the hydrophobic interactions were negligible
(14). The measurement of thermodynamic parameters, such as
binding constant, enthalpy, entropy, and binding stoichiometry

quaternary structure is influenced by pH, mineral content, and ©f interactions, is essential to accurately evaluate binding

temperature. This protein is monomeric at pH below 3 or above conditions. Binding parameters from biopolymer systems are

8, dimeric at neutral pH, and found in both states between pH sometimes hard to quantify because of the heterogeneity of the
4 and 6 ). Thef-lg may form a few octamers around pH 4.5 natural material. Consequently, few quantitative studies have
(3), but some authors are doubtful about the existence of suchP€en carried out on the interactions betwgdactoglobulin -

an assemblyZ 4). Pectin is a cell-wall polysaccharide, generally '9) and polysaccharideslg). Thermodynamic quantities in-
extracted from apple pomace or citrus fruits. This anionic volved in biopolymer interactions are often indirectly determined

polysaccharide is essentially made up of D-galacturonic residuest?rough noncalorimetric experimental methods) These
methods involve the calculation of thermodynamic parameters

(D-galA). High-methoxyl (HM) pectin occurs when more than ; ; .
50% of its carboxylic groups are esterified, whereas low- from theoretical relationships. ,
Enthalpy variations (i.e., gain and loss) are the easiest

methoxyl (LM) pectin is found when less than 50% of these - i .
thermodynamic parameters to measure during complexation.

groups are esterified (5). e - .
The interactions between proteins and polysaccharides can'SCthermal titration calorimetry (ITC) is currently the only

lead to the formation of complexes. These complexes, or tephnique used to directly measure the enthglpy for.many ternary
coacervates, have many applications, including fat substitution Mixtures (16). ITC was used to study the interaction between
(6), protein separatior7}, microencapsulatiorg], and enzyme ~ /-19 @and LM- or HM-pectin at pH 4 in 5 mM of sodium
immobilization (9). The nature of protein/polysaccharide com- Phosphate buffer. To our knowledge, this technique has not yet
plexes is influenced by entropic factors, such as the structure,P&€n used to carry out a binding study involving two biopoly-
and the molecular weight of biopolymers. The complexes are Mers having heterogeneous molecular weights.

also influenced by enthalpic forces, which are regulated by the MATERIALS AND METHODS

protein/polysaccharide ratio and the nature and density of \aterials. Bovine f-lg A and B (3X crystallized) was purchased
charges on the biopolymers. Many studies on protein/polysac-from Sigma-Aldrich Canada Ltd (Oakville, On, Canada) as 95% pure
charide interactions have been carried dl@-13). Ultrafil- protein. Low-methoxyl pectin (DE 28.3%, apparent molecular weight
tration used with destabilizing agents showed that interactions 94.3 kDa) and high-methoxyl pectin (DE 73.4%, apparent molecular
weight 118 kDa) were donated by Hercules Copenhagen A/S (Copen-

* To whom correspondence should be addressed. Tel.: (418) 656-2131hagen, Denmark). All reagents were of analytical grade and used as
ext. 4970. Fax: (418) 656-3353. E-mail: Sylvie.Turgeon@aln.ulaval.ca. received.

The g-lactoglobulin (8-Ig) is a small globular protein of
18 350 Da. TheB-Ilg has a well-known structure containing
mainly S-sheets, somes-turns, and onea-helix (1). Its
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Preparation of Solutions.To eliminate excess salt§;lg and LM-
and HM-pectin were dialyzed against deionized water for 24 h at 4
°C. Afterward,-Ig and LM- or HM-pectin were dialyzed extensively
in the same beaker against a 5-mM phosphate buffer (pH 4) to
equilibrate the pH and ionic strength of the solutions. The weak
concentration of the buffer was used to prevent dissociatiof-lgf
and pectin complexes, which are very sensitive to ionic strength as
demonstrated earlied4). The dialysis buffer was preserved for ITC
experiments. The dialysis was critical to avoid inaccuracies inherent
to buffer mismatching. lonic strength or pH differences could have
lead to modifications in the dimer/monomer equilibrium of gy
(2, 17). Thep-lg, LM-, and HM-pectin solutions and buffer were
filtrated through a 0.22-um membrane to eliminate insoluble particles.
The concentration of dialyzegtlg was measured with the bicinchoninic
acid protein assay (18). The LM- and HM-pectin concentrations were
assayed with the phenol-sulfuric acid methd®)( A dialysis buffer
was used as solvent to adjust the LM- or HM-pectin Add solutions
to around 10 and 1500M (monomeric equivalent), respectively. All
solutions were degassed 10 min atZD prior to ITC measurements
by means of a device provided with the ITC apparatus.

Isothermal Titration Calorimetry (ITC). An isothermal titration
calorimeter (VP-ITC, Microcal Inc., Northampton, MA) was used to

measure enthalpy values. After setting the temperature of solutions at

20°C in the degassing device, the apparatus was equilibrated’a 22
for at least half an hour before the measurement. The LM- or HM-
pectin solution in the 1.445-mL reaction cell was titrated with 50
successive 5-ulL injections @i-lg solution. Each addition lasted 12 s
with an interval of 800 s between consecutive injections. This long

resting time between injections was necessary to reach thermodynamic

equilibrium between injections. This equilibrium was attained when

no more energy was released or absorbed in the reaction cell. The

solution in the reaction cell was stirred at 310 rpm throughout the
experiments. The heats of dilution from the blank titration of ftHeg

into the buffer solution and the buffer into pectin solution were
subtracted from the raw data. Measurements were carried out in
duplicates.

Thermodynamic parameters, including binding constéhtenthalpy
(AH), entropy AS), and binding stoichiometryNj (molar ratio
monomericf-lg/pectin), were calculated by iterative curve fitting of
the binding isotherms. The “2-binding-site” model from the software
Microcal ORIGIN provided with the ITC apparatus was used. The
Gibbs free energy was calculated from the equati@= AH — TAS

Overlapping Binding Site Model. An earlier binding study,
involving the f-Ig and pectin under similar experimental conditions,
was carried out using a capillary electrophoresis (CE) method. The
free5-lg was separated from the complexgth by means of an electric
field (15). Raw data obtained with CE were subsequently treated with
the mathematical overlapping-binding-site model (20).

The overlapping binding site model is a modified Scatchard plot,
which takes into account the large size of the ligand (protein) relative
to the macromolecule (pectin) and the nonspecific nature of the
complexation. By means of steric hindrance, the complexed proteins
could prevent other ligand molecules from linking to potential binding
sites. Consequently, the number of carboxylic groups on the pectin is
not directly equivalent to the number of potential binding sites.
According to the overlapping binding site model, complexation between
ligand and macromolecule including interacting ligand molecules can
be expressed as follows:

v_ oy [Qo— 1A —nv)+v— R\
L ( 2( = 1)1~ mw) )

wherelL is the free ligand concentratiok, is the binding constant

is the average size of the binding sitesis the cooperativity parameter
(interaction between ligand molecules), ands the binding density
(number of5-Ilg complexed per interacting unit). The cooperativity
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The binding density of the overlapping binding site model has to be
lower or equal to 1. Because more than one protein molecule is expected
to complex on a pectin molecule, the galacturonic acid residue was
used as the interacting unit instead of the whole pectin molecule used
with the ORIGIN software.

ITC calorimetric data were transformed to obtain the binding density
“v" and free -Ig concentration “L” values (21). For each injection,
the volume in the cell “vol” (L), the energy release®™ (J), the
enthalpyAH (J/mol), thes-Ig amount Xc” (mol), theS-Ig concentration
“AXt” (M), and the pectin concentrationMt” (M) were calculated.
Consequently, the maximum energy val@ax” (J), the complexed
ligand concentration “Xb” (M), and the complexg@dg concentration
“Xt” (M) were calculated as follows:

Qrax= AXt; + AH - vol
whereAXt; is the 5-Ig concentration after the first injection

Xb= (AXt- Q)/Qmax
Xt= Xc/vol

Given the apparent molecular weights and the fact that pectin
contains 80% of D-galA residues, the average content of D-galA
residues was estimated at 420 and 507 per LM- and HM-pectin
molecule, respectively. The binding parametergM) and v (5-lg
molecules complexed / D-galA residue) were calculated as follows:

L=Xt—Xb

v = (Xb+ N, vol)/Mt - vol - N, -+ D-galA

whereN, is the Avogadro number and-BalA is the average content
of galacturonic acid residues in a pectin molecule.

The nonlinear curve fitting o¥/L) plotted against was used to
obtainK, n, andw values. The JMP IN software was used for the curve
fittings and statistics (SAS Institute Inc, USA). The ITC binding data
according to the overlapping binding site model were then compared
to CE data.

RESULTS

Raw results from ITC measurements of ff#g—LM-pectin
complexes are presented on the thermogram at the tejgofe
1. The peak areas correspond to the energy released by the cell
containing the pectin at eaghtlg injection. Because all the
injections throughout the analysis released energy, the com-
plexation betweerB-lg and LM-pectin is considered as exo-
thermic.

Saturation of the LM-pectin with thg-Ig was reached at a
B-lg/LM—pectin molar ratio of~26:1, as the energy released
in the cell became null. The injections liberated abou82calls
in the first third of the analysis. The energy released was
relatively low, considering that ITC analysis should have had
at least 5—10ucal/s peaks in the first two-thirds of the
thermogram (16). However, the Qutal sensitivity of the VP-
ITC model used provided accurate results with onhb3ical/s
liberated. It was hard to improve signal intensity through higher
component concentrations because of the high viscosity brought
on by the pectin. Moreover, thg-lg—pectin complexes
increased the overall viscosity of a solution, as was demonstrated
earlier (22). This higher viscosity required a faster stirring,
leading to unacceptable baseline distortion. The higher viscosity
also reduced the dispersion flg in the cell, which in turn,
drastically slowed the thermodynamic equilibrium between
injections. Decreasing the number of injections to increase their
volume did not improve results, as complex binding isotherms

parameter (w) can be negative as the interactions are repulsivewere better described with many small injections rather than a

(anticooperative) or positive for attractive interactions (cooperative).

few large ones.
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Figure 1. Thermogram (top) and binding isotherm (bottom) of the S-Ig Figure 2. Thermogram (top) and binding isotherm (bottom) of the /3-Ig
complexing with LM-pectin at pH 4 in 5 mM sodium phosphate buffer. complexing with HM-pectin at pH 4 in 5 mM sodium phosphate buffer.

Arrows indicate the 2 infiection points. The thermogram at the top dfigure 2 shows raw data

obtained foB-lg—HM-pectin complexes. First injections Gflg

The binding isotherm of-lg—LM-pectin complexes is the  in HM-pectin released between 2 andu8al/s, as with LM-
integrated areas of heat peaks plotted against the molar ratiogpectin. The complexation betwegrg and HM-pectin was also
of componentsKigure 1; bottom panel). Although the software  exothermic. The binding isotherm @gflg/HM-pectin had two
integrates the peak areas automatically, it was recommendednflection points, which indicates that two steps are also involved
to adjust the baseline and to integrate the peaks manually forin the complexation process, as it was the case for LM-pectin
more accurate results. This binding isotherm had two inflection (Figure 2). The saturation of the HM-pectin with thklg was
points, which are generally indicative of two types of indepen- reached at a molar ratio of about 24:1. There were no significant
dent binding sites on the macromolecule. Two types of binding differences between the binding isothermspefy interacting
sites have been observed in an earlier binding study involving with LM- or HM-pectin. About 45% of the total interaction
the protein p85, a subunit of phosphoinositide 3-kinase, and time was needed to achieve the first step, while 55% was
the tyrosyl phosphopeptides pY740 and pY751 (23). required for the second step. The difference between the analysis

Because of the nonspecific nature of interactions and becausdengths is explained by the initial HM-pectin concentration (9.43
the carboxyl group was the only interacting group on the pectin, uM), which was higher than that of LM-pectin (7.38V).
the two inflection points are more likely indicative of two Therefore, more injections were needed for/fHg/HM-pectin
different steps involved in the-lg—pectin complexation rather ~ mixture to reach equivalent molar ratios ffelg—LM-pectin.
than two different binding sites. For that reason, the expression  The curve fitting of the binding isotherms gflg—LM- and
“2-site model” was replaced here with the more appropriate “2- HM-pectin with the Microcal ORIGIN software was also used
step model”. In the first step, the amount®fg complexed on to calculate the binding stoichiometry of complexes, the binding
pectin decreased with each injection until pectin was saturatedconstant, the enthalpy, the entropy, and the Gibbs free energy.
corresponding to the first plate. Then, the second step beganThe enthalpy is the only parameter that is model independent
with a plate where the same amouniselig molecules interacts  and corresponds to the energy released per mole of interacting
with each injection. Then, the pectin became gradually saturateds-lg. At high c value (see calculations below), the enthalpy on
with 5-1g until no more energy was released. The x coordinates the binding isotherm can be approximated by the energy released
of inflection points correspond to the sum of stoichiometry on the first injections where all th&lg molecules injected are
values off3-lg—LM-pectin complexes at each step. ITC mea- complexed on the pectin. In the subsequent injections, pectin
surements showed that the titration/fg with salt solutions molecules become increasingly saturated \Gillg, and only a
was exothermic, due to the shift in dimer/monomer equilibrium part of the protein molecules injected is complexed, which
toward the dimer statel{). Blank titrations carried out were  explains the lowering of the energy released. Enthalpy values
negligible, showing that titration did not modify the equilibrium  correspond roughly te-14 and—10 kcal/mol of-lg injected
of dimeric 8-Ig at pH 4 or the pectin aggregation. Thus, the for the LM- and HM-pectin, respectivelyF{gure 1).
prior dialysis was effective to equilibrate the ionic strength and  Because of the two inflection points, both binding isotherms
pH of phosphate buffef3-Ig, and pectin solutions. obtained were characteristic of two different events in the
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Table 1. Thermodynamic Parameters of 5-lg—LM- or HM-Pectin Complexes at pH 4 in 5 mM Sodium Phosphate Buffer Determined with the
Microcal ORIGIN Software?.

thermodynamic [-lg/LM-pectin [-lg/HM-pectin
parameters step 1 step 2 step 1 step 2
N 8.3+09 165+1.0 6.1+05 15.1+0.7
K (MY (4.48+ 2.6) x 107 (4.5 +3.0) x 10° (1.9+ 1.0) x 107 (6.3+3.5)x10°
AH (kcal mol?) -12.6+1.94 -55+0.7 -10.0+0.6 -36+05
TAS (kcal mol~) -25+28 35+05 —0.2+0.04 41+04
AG (kcal mol~?) -10.4+ 438 -91+12 —9.9+0.6 -7.7+09
2 Results are the mean of duplicates.
reaction cell. Thus, the model of the ORIGIN software ap- 9000
propriate to fit binding isotherms with two inflection points was -~ 8000 L
used to calculate the thermodynamic parameters of the two steps < 7000
(Table 1). g5 000 X
There were about 8-lg molecules complexed on the LM- §E 5000
pectin at the first step and 16 at the second stepfSxwere g = 4000
complexed on the HM-pectin at the first step, which was g& 3000
significantly lower than what was obtained at the first step on F~ 2000
the LM-pectin. The amount g8-lg complexed at the second T 1000

step was not significantly different from the value obtained for 0
the LM-pectin. The binding constants with LM- and HM-pectin 0.00
at the first step were not statistically different. However, the
second step had lower binding constants, which were about 10Figure 3. Scatchard plots of the S-lg—LM-pectin (x) and HM-pectin (@)
times lower than the ones obtained during the first step. Enthalpy mixtures at pH 4 in 5 mM sodium phosphate buffer.
values were negative on the first and second steps for both
pectins. The enthalpies, as a result of the interaction between ) )
f-lg and LM- and HM-pectin were higher at the first steps ~Suitable range, except for the first step of fixg—LM-pectin,
(—12.6=+ 1.94 and—10.0+ 0.6 kcal mot?, respectively) than ~ Which exceeded 1000. However, the high LM-pectin concentra-
at the second steps (—5450.7 and—3.6 + 0.5, respectively).  tion in the cell was justified by the need to reach an acceptable
The entropy values of complexes containing LM- and HM- Signal on the ITC apparatus. Tieevalues around 1000 could
pectin multiplied by the temperature were slightly negative at €xplain the relatively high error margin observed in the binding
the first step €2.5 + 2.8 and —0.2 + 0.04 kcal mof?, constantX calculated with the nonlinear fitting model. More-
respectively) and positive at the second step 35 and 4.1 over, t.hese results show that h|g.her concentraﬂpns used would
+ 0.4 kcal mot?, respectively). The Gibbs free energy values have increased the error margin on the binding parameters
were all negative, and no significant differences were observed calculated.
between interactions at the first or at second step or between The binding isotherms generated by the ORIGIN software
LM- or HM-pectin. Given its lower molecular weight, the LM~ Were also treated with the overlapping binding site moa6).(
pectin would have reacted more with tedg than the HM- Using this model, the binding stoichiometry, binding site size,
pectin did. However, there was no statistical evidence for that Pinding constant, and cooperativity values obtained from the
tendency. ITC measurements for the second stegid§—LM- and HM-
When the binding constant and stoichiometry are known prior Pectin complexation were calculated. Binding parameters for
to an ITC experiment, the value is calculated to determine ~the first step were not calculated, because not enough points
the initial macromolecular concentration in the c@i). Thec were available for the nonlinear fittingrigure 3). Therefore,
value can be calculated using the binding constants g84ge- the non linear least-squares fitting was achieved for values of
LM- and HM-pectin complexes to verify whether the initial ¥ between 0.015 and 0.025 and between 0.010 and 0.030 for
concentrations of pectin in the cell were adequate. dtielue ~ complexes with LM- and HM-pectin, respectively
is unitless and is calculated as follows: Results obtained with the overlapping binding site model
followed the same tendencies observed with the ORIGIN
software. The overlapping model made it possible to calculate
the binding site size covered bystlg molecule, which was 14
and 22 D-galA residues for LM- and HM-pectin, respectively.
The interpolymer complexes had a binding constant of 2128
binding stoichiometry. The ideal value should be between 1 ~ M~1 with LM-pectin, which was higher than the value 1233
and 1000, and preferably between 10 and 100. At higalues, M~ obtained with the HM-pectin. One can see that the binding
the binding isotherm has a square shape, which limits the useconstants calculated with the overlapping binding model were
of fitting models. As a result, the slope of the curve can only much lower than those obtained with the ORIGIN software. In
be used to calculate the enthalpy of the reaction. Results obtainedact, the overlapping binding site model uses the main repetitive

0.01 0.02 0.03
v (B-lg molecules/D-galA)

0.04

c=K-My N

whereK is the binding constanil: is the pectin concentration
in the analysis cell at the start of the experiment, &nid the

with ITC (K andN from Table 1) were used to verify if the
pectin concentrations was appropriate. Thealue was calcu-
lated for each step. Calculatedalues for thes-lg—LM-pectin

unit of the pectin (D-galA residues) in the calculation as the
interacting unit, whereas the ORIGIN software considers the
whole pectin molecule. Consequently, the amount of interacting

complexes were 1437 and 498 for the first and second steps,units is much higher in the overlapping binding model, which

respectively, and 905 and 93 for the HM-pectin for the first
and second steps, respectively. All tbevalues were in the

leads to lower binding constants. Thég complexed with LM-
or HM-pectin did not show any significant cooperative behavior.
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DISCUSSION Measures with circular dichroism revealed the partial dis-
The negative Gibbs free energy values show the spontaneousippearance of thg-lg o-helix as it interacts with the acacia
character of the interaction betwegig and LM- or HM-pectin.  gum at pH 4.2 (38). Conformational changes are also suspected
However, the relatively long period needed for the system to on the ribulose diphosphate carboxylase and on the 11s broad

reach equilibrium between injections showed that fhig— bean globulin, once complexed with the LM-pectit2). A
pectin complexes have a slow binding kinetics. contribution to enthalpy could also come from the possible
The existence of two steps involved in tfidg—LM- and aggregation of proteins around pH 4. To verify the accuracy of

HM-pectin complexation process is in agreement with the the binding parameters obtained with ITC, the calorimetric data
Tainaka theory 25—26), which states that the complexes are treated with the overlapping binding site model were compared
formed in two steps passing from the molecular to the to those obtained with CE in a previous studjp).
aggregated state. The Tainaka theory is adapted from the Veis- The total stoichiometry values for ITC and CE were 25 and
Aranyi theory(27) and can be applied to systems regardless of 23 monomers ofs-lg complexed per LM-pectin molecule,
their charges density. The first step would correspond to the respectively. However, the stoichiometry values calculated for
formation of soluble intrapolymer complexes (C1) betwgedg the 8-lg—HM-pectin complexes were higher with ITC (21) than
and pectin molecules. The second step would imply the with CE (13). This could be explained by a partial dissociation
aggregation of these intrap0|ymer Complexes forming insoluble of ﬁ_|g—HM_pectin Comp|exes during the CE ana|ysi5 due to
interpolymer complexes (C2). The isoenthalpic plateau observedthe electric field. The lower binding constant obtained at the
in the binding isotherms ends when {bg/pectin ratio required second step is indicative of weaker interactiongsity—HM-
to induce intrapolymer complex aggregation is reached. A light pectin interpolymer complexes compared to those obtained with
scattering study carried out on poly(vinyl alcohol) sulfate/ | M-pectin. A previous study using ultrafiltration and destabiliz-
proteins salt free systems at different ratios revealed thating agents demonstrated thatlg—HM-pectin interpolymer
intrapolymer complexes did not aggregate as long as proteinscomplexes were more likely dissociated with higher pH values
were in excess (28). or ionic strengths thag-lg—LM-pectin complexes4). The
The lower stoichiometries and higher binding constants of binding constant at the second step of flalg—LM- and HM-
C1 compared to C2 are the result of lower levgiy in the pectin complexes obtained with ITC were 2128 and 1233,M
cell that can interact with pectin and the higher proportion of respectively, compared with 1431 and 8571Mrespective|y,
complexeds-Ig on the pectin, respectively. The first step was calculated with capillary electrophoresis for the same mixture
obviously enthalpically driven principally because of the direct (15). The binding constant values obtained by ITC were higher
interaction between th@-ly and pectin ionized carboxylic  than those found with capillary electrophoresis. This binding
groups, which were shown to be located mainly in the smooth parameter calculated from enthalpy values may have been
region of the pectin (5). The unfavorable entropy observed at overestimated because of conformational changes involved in
the first complexation step is in agreement with the Tainaka pectin ang3-lg molecules as they are complexing. The binding
theory, which states that C1 have poor conformational entropy. site sizes calculated with ITC (14 and 22 D-galA) were similar
It was previously shown that the formation of protein  to those obtained with capillary electrophoresis (12 and 20
polyelectrolyte complexes was driven by electrostatic interac- D-galA) for the LM- and HM-pectin, respectively$). Contrary
tions that could be partially encountered by a loss in polyelec- to what was observed with capillary electrophoresis, iHg
trolyte conformational freedom (29). complexed with LM- or HM-pectin did not show any significant
According to the Tainaka theory, the process called com- cooperative behaviorlf). The complexes analyzed with capil-
plexation begins at the second step, where C1 aggregates tgary electrophoresis were T as thdg and pectin solutions were
form C2. Results show that enthalpic and entropic contributions mixed before the acidification. The ITC complexes were M,
support this second step. The favorable enthalpic contribution hecauses-lg and pectin solutions were at pH 4 before mixing.
would result from the interaction (ﬂ-|g with the residual net The T and M complexes were shown to have cooperative and

negative charge on the C1. The overlapping of intrapolymer noncooperative behaviors respectively (39).
complexes leads to an electrostatic energy gain resulting from

the increased ion density in the overlapped dom2i) Z6, 30). CONCLUSIONS
The positive entropic contribution at the second step is es-
sentially the product of the rearrangement of C2 in the solution
and of the dilution of the concentrated phase containing the C2
(27, 31, 32). The presence of C1 and C2 was also observed
with the BSA/PDMDAAC (bovine serum albumin/poly(di-
methyldiallylammonium chloride) mixture (334).

The enthalpy values measured with ITC are the sum of
contributions coming from the interaction betwegfg and

Isothermal titration calorimetry is a useful tool for carrying
out binding studies with biopolymers. The low cost of the food
biopolymers makes them ideal molecules for studies in ITC,
which requires a substantial amount of sample. ITC was used
to characterize the formation ¢f-lg—LM- and HM-pectin
complexes. The complexation is believed to occur in two steps,
as predicted by the Tainaka theory. Enthalpic contribution from

ectin conformational changes. and acaregation of molec Iescom‘ormational changes in pectin aftidg molecules may have
pectin, : 9es, ggregati Y"€S1ead to an overestimation of binding parameters. Further studies

(16). Hence, the enthalpy value measured could have been e'the.[:\re needed to dissociate enthalpic contributions to from the

overestlmgted or undergstlmated, depending on the pOSSIbIemteractions betweefi-lg and pectin and from conformational
conformational changes in the molecules.

. ; L han . Experiments with | r ligh ring are pr ntl
Monte Carlo simulations showed that at low ionic strengths, changes periments with laser light scattering are presently

. . carried out to determine thg-lg—LM- and HM-pectin com-
a pon_eIectron_te chain would wrap around an oppositely charged plexes’ formation mechanism and structure.
spherical particle (35—36). The entropically favorable release
of counterions and water molecules at the time of complexation ycxNnowLEDGMENT
(31—32) may have been compensated by the negative entropy
arising from conformational changes in the pectin. The exo- We would like to thank Prof. Dr. Jacques Lapointe and the Laval
thermic reaction observed between maltodextrin and SDS canUniversity Protein Function, Structure and Engineering Research
be explained by conformational changes in the maltodex3ih ( Centre (CREFSIP) for allowing us to use their ITC apparatus.



ITC of 5-Lactoglobulin and Pectin Complexes
LITERATURE CITED

(1) Sawyer, L.; Kontopidis, G.; Wu, S.-Ys-Lactoglobulin-a three-
dimensional perspectivent. J. Food Sci. Technofl999, 34,
409-418.

(2) Taulier, N.; Chalikian, T. V. Characterization of pH-induced
transitions of S-lactoglobulin: ultrasonic, densimetric, and
spectroscopic studied. Mol. Biol. 2001,314, 873—889.

(3) Pessen, H.; Purcell, 3. M.; Farrel, H. M., Jr. Proton relaxation
rates of water in dilute solutions gf-lactoglobulin. Determi-
nation of cross relaxation and correlation with structural changes
by the use of two genetic variants of self-associating globular
protein.Biochim. Biophys. Actal985,828, 1-12.

(4) McKenzie, H. A.; Sawyer, W. H. Effect of pH ofi-lactoglo-
bulins. Nature 1967,214, 1101—-1104.

(5) Voragen, A. G. J.; Pilnik, W.; Thibault, J.-F.; Axelos, M. A. V.;
Renard, C. M. G. C. Pectins. Food Polysaccharides and their
Applications; Stephen, A. M., Ed.; Marcel Dekker Inc: New
York, 1995; pp 287—-339.

(6) Laneuville, S. I.; Paquin, P.; Turgeon, S. L. Effect of preparation
conditions on the characteristics of whey protein-xanthan gum
complexesFood Hydrocoll.2000, 14, 305—314.

(7) Dubin, P. L.; Gao, J.; Mattison, K. Protein purification by
selective phase separation with polyelectrolyt8ep. Purif.
Methods1994,23, 1-16.

(8) Burgess, D. J. Complex coacervation: micro-capsule formation.
In Macromolecular Complexes in Chemistry and Bioldgybin,

P. L., Bock, J., Davis, R. M., Schultz, D., Thies C., Eds;
Springer-Verlag: Berlin, Germany, 1994; pp 285—325.

(9) Kokufuta, E. Functional immobilized biocatalyssog. Polym.
Sci.1992,17, 647—697.

(10) Serov, A. N.; Antonov, Y. A.; Tolstoguzov, V. B. Isolation of
lactic whey proteins in the form of complexes with apple pectin.
Nahrung1985,1, 19-30.

(11) Gurov, A. N.; Gurova, N. V.; Leontiev, A. L.; Tolstoguzov, V.
B. Equilibrium and nonequilibrium complexes between serum
albumin and dextran sulfate- 1. Complexing conditions and
composition of nonequilibrium complexefood Hydrocoll.
1988,2, 267—283.

(12) Tolstoguzov, V. B. Functional properties of food proteins and
role of protein-polysaccharide interactidgtood Hydrocoll.1991,

4, 429—468.

(13) Tolstogulzov, V. B. Thermodynamic aspects of biopolymer
functionality in biological systems, foods, and beveraga#.
Rew. Biotechnol2002,22, 89-174.

(14) Girard, M.; Turgeon, S. L.; Gauthier, S. F. Interbiopolymer
complexing betweefi-lactoglobulin and low- and high-methy-
lated pectin measured by potentiometric titration and ultrafil-
tration. Food Hydrocoll.2002,16, 585—591.

(15) Girard, M.; Turgeon, S. L.; Gauthier, S. F. Quantification of the
interactions betweeft-lactoglobulin and pectin through capillary
electrophoresis analysid. Agric. Food Chem.submitted for
publication.

(16) O'Brien, R.; Ladbury, J. E.; Chowdhry, B. Z. Isothermal titration
calorimetry. InA Practical Approach to ProteinLigand Inter-
actions: Hydrodynamics and CalorimefryHarding, S. E.,
Chowdry, B. Z., Eds; IRL Press: Oxford, 2001; pp 26386.

(17) Sakurai, K.; Oobatake, M.; Goto, Y. Salt-dependent monemer
dimer equilibrium of bovines-lactoglobulin at pH 3.Protein
Sci.2001,10, 2325—2335.

(18) Smith, P. K.; Krohn, R. I.; Hermanson, G. T.; Mallia, A. K.;
Gartner, F. H.; Provenzano, M. D.; Fujimoto, E. K.; Goeke, B.
J.; Klenk, D. C. Measurement of protein using bicinchoninic acid.
Anal. Chem1985,57, 76-85.

(19) Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. S.; Smith,
F. Colorimetric method for determination of sugars and related
substancesAnal. Chem1956,28, 350—356.

(20) McGhee, J. D.; von Hippel, P. H. Theoretical aspects of DNA-
protein interactions: Cooperative and noncooperative binding
of large ligands to a one-dimensional homogeneous latiice.
Mol. Biol. 1974,86, 469—489.

J. Agric. Food Chem., Vol. 51, No. 15, 2003 4455

(21) Tomme, P.; Creagh, A. L.; Kilburn, D. G.; Haynes, C. A.
Interaction of polysaccharides with the N-terminal cellulose-
binding domain of Cellulomonas fimiCenC: 1. Binding
specificity and calorimetric analysiBiochem 1996 35, 13885~
13894.

(22) Wang, Q.; Quist, K. B. Investigation of the composite system
of B-lactoglobulin and pectin in aqueous solutioR®od Res.

Int. 2000, 33, 683—690.

(23) O'Brien, R.; Rugman, P.; Renzoni, D.; Layton, M.; Handa, R.;
Hilyard, K.; Waterfield, M. D.; Driscoll, P. C.; Ladbury, J. E.
Alternative modes of binding of proteins with tandem SH2
domains.Protein Sci.2000,9, 570—579.

(24) Wiseman, T.; Williston, S.; Brands, J. F.; Lin, L.-N. Rapid
measurement of binding constants and heats of binding using a
new titration calorimeterAnal. Biochem1989,179, 131—137.

(25) Tainaka, K.-1. Study of complex coacervation in low concentra-
tion by virial expansion method. I. Salt free systermisPhys.
Soc. Jpnl1979,46, 1899—1906.

(26) Tainaka, K.-I. Effect of counterions on complex coacervation.
Biopolymers1980,19, 1289—1298.

(27) Veis, A.; Aranyi, C. Phase separation in polyelectrolyte systems.
I. Complex coacervates of gelatid. Phys. Chem196Q 64,
1203-1210.

(28) Tsuboi, A.; Izumi, T.; Hirata, M.; Xia J.; Dubin, P. L.; Kokufuta,
E. Complexation of proteins with a strong polyanion in an
aqueous salt-free systefmrangmuir1996,12, 6295—6303.

(29) Mattison, K.; Wang, Y.; Grymonpré, K.; Dubin, P.Marcomol.
Symp.1999, 140, 53-76.

(30) Burgess, D. J. Practical analysis of complex coacervate systems.
J. Colloid Interface Sci1990,140, 227—-138.

(31) Piculell, L.; Lindman, B. Association and segregation in agueous
polymer/polymer, polymer/surfactant, and surfactant/surfactant
mixtures: similarities and difference&dy. Colloid Interface Sci.
1992,41, 149-178.

(32) Tolstoguzov, V. B. Protein-polysaccharide interactiong:dod
proteins and their applicationdamodaran, S., Paraf, A., Eds.;
Marcel Dekker Inc: New York, 1997; pp 171-198.

(33) Mattison, K. W.; Brittain, I. J.; Dubin, P. L. Protein-polyelec-
trolyte phase boundarieBiotechnol. Prog1995,11, 632-637.

(34) Xia, J.; Dubin, P. L.; Dautzenberg, H. Light scattering, electro-
phoresis, and turbidimetry studies of bovine serum albumin-poly-
(dimethyldiallylammoniumchloride) complexangmuir 1993,

9, 2015—-2019.

(35) Chodanowski, P.; Stoll, S. Polyelectrolyte adsorption on charged
particles: ionic concentration and particle size effech Monte
Carlo approachd. Chem. Phys2001,115, 4951—-4960.

(36) Brynda, M.; Chodanowski, P.; Stoll, S. Polyelectrolyte-particle

complex formation. Polyelectrolyte linear charge density and

ionic concentration effects. Monte Carlo simulatio@lloid

Polym. Sci2002,280, 789—797.

Wangsakan, A.; Chinachoti, P.; McClements, D. J. Maltodextrin-

anionic surfactant interactions: isothermal titration calorimetry

and surface tension study. Agric. Food Chen?001,49, 5039—

5045.

Schmitt, C.; Sanchez, C.; Despond, S.; Renard, D.; Robert, P.;

Hardy, J. Structural modification ¢f-lactoglobulin as induced

by complex coacervation with acacia gum.JinFood Colloids-

Fundamentals of FormulatigrDickinson, E., Miller R., Eds.;

Royal Society of Chemistry: Cambridge, 2001; pp 3331.

Tolstoguzov, V. B. Functional properties of protein-polysaccha-

ride mixtures. IrFunctional Properties of Food Macromolecules;

Mitchell, J. R., Ledward, D. A., Eds.; Elsevier Applied Science

Publishers: New York, 1986; pp 385—415.

@37)

(38

~

(39)

Received for review September 4, 2002. Revised manuscript received
February 21, 2003. Accepted May 15, 2003. Financial supprt provided
by the Natural and Engineering Research Council of Canada (NSERC),
and “La Fondation de I'Université Laval” through scholarship.

JF0259359



