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Abstract

This study examined the interaction mechanisms of b-lactoglobulins A and B (Lg A, Lg B) with an anion exchanger,
Q-Sepharose at pH near the isoelectric point at which the proteins are expected to be electrically neutralized under various
NaCl concentrations and temperatures by the equilibrium binding analysis and the adsorption enthalpy directly measured by
isothermal titration calorimetry. The data evaluated from isotherms fitted by the Langmuirean model reveal that the addition
of NaCl considerably reduced the binding affinities and capacities of both the proteins with Q-Sepharose at pH 5.2,
indicating that electrostatic forces are dominant during the adsorption. However, the hydrophobic interaction seems to be
involved in adsorption as well at a higher NaCl concentration, and the adsorption enthalpies confirm this suggestion. In
addition, the effects of temperature on the equilibrium binding behaviors for Lg A or Lg B with Q-Sepharose were found to
be salt concentration-dependent, probably due to their different binding mechanisms at 0.03 M and 0.3 M NaCl. Where, at
0.3 M NaCl, the hydrophobic interaction plays a more pronounced role. This implication was again supported by the
adsorption enthalpies. The presented data provide further insight to the interaction mechanisms between proteins and ion
exchangers, facilitating the optimization of protein separations.  2001 Published by Elsevier Science B.V.
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1. Introduction tions such as hydrophobic forces may be involved.
For example, Norde and co-workers [4–6] found that

Ion-exchange chromatography (IEC) is one of the the protein was adsorbed onto the surface of the ion
most commonly used methods for downstream re- exchanger even if they are electrostatically repulsive.
covery of biomaterials [1–3]. This technique is This means that, in addition to electrostatic forces,
primary based on the interactions between charged hydrophobic interaction may also play a significant
amino acids on the protein surface and electrically role in adsorption. Notably, a protein with a positive
charged resins, although other nonspecific interac- net-charge may have locally negative charge patches

on the surface, mediating an electrostatic attraction
with an anion exchanger.*Corresponding author. Tel.: 1886-3-4227-151 ext. 4222; fax:

The binding strength of the protein with the ion-1886-3-4225-258.
E-mail address: wychen@cc.ncu.edu.tw (W.-Y. Chen). exchange resin can be affected by numerous factors,
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including pH value, salt concentration, and tempera- binding sites, chemically attached to the hydrophilic
ture, etc., and these effects have been widely investi- agarose-based gel via hydroxyl chains (spacer arm).
gated [7–10]. For instance, the result obtained from Since the protein adsorption is the net result of
equilibrium batch analysis by Finette et al. [10] has various processes, dividing the overall adsorption
demonstrated that the binding capacities of the silica- process into some sequential subprocesses may,
based ion exchanger, for both human serum albumin therefore, facilitate the thermodynamic analysis [27–
and hen egg white lysozyme (HEWL), were reduced 29]. As imitated by our previous studies regarding
as salt concentration increased. Furthermore, the the microcalorimetric studies of biomaterials at a
binding capacities and affinities for the adsorption of liquid–solid interface [15–21], the adsorption of Lg
HEWL onto the cation exchanger were found to be A and Lg B with Q-Sepharose can be divided into
non-linearly dependent on temperature. Moreover, five sequential subprocesses: (a) water or ion mole-
the chromatographic behaviors of proteins in IEC cules surrounding the protein surface are excluded,
also have been characterized in terms of retention i.e., the dehydration or de-ion (removing of the
parameters [11–14]. For example, Fang et al. [13] electrical double layer, EDL) process of the protein;
found that the changes in the retention behaviors of (b) water molecules surrounding the ion exchanger
the proteins with the cation exchanger (‘‘tentacle- are excluded, i.e., the dehydration or de-ion process

2type’’ LiChrospher 1000 SO adsorbent) are not of the ion exchanger; (c) electrostatic interactions3

consistent with the retention being controlled by the and/or nonspecific interactions such as hydrophobic
net charge of the protein. A similar result also has interactions between the protein and the ion ex-
been observed by Yamamoto and Ishihara [12]: the changer; (d) the structural conformation of the
separation of b-lactoglobulins A and B (Lg A, Lg B) protein is rearranged upon adsorption; and (e) re-
became better when the pH approaches the isoelec- arrangement of the excluded water or ion molecules
tric point (pI) using an anion-exchange (Q-Sepha- in a bulk solution.
rose HP) column, quite likely due to the electrostatic There are, so far, no directly measured adsorption
interaction based molecular recognition, although enthalpies available for studying the interaction
nonspecific forces such as hydrophobic interactions behaviors of Lg A and Lg B with Q-Sepharose at a
might be involved. However, there is no further pH near the pI. The data presented, therefore,
evidence to support this implication. provide further thermodynamic information about the

Therefore, in order to extend our ongoing work on binding mechanisms between the proteins and the
the microcalorimetric studies of biomaterials at a ion exchanger.
liquid–solid interface [15–21], and along with the
attempt to further confirm the results mentioned
above, this investigation applied the batch equilib- 2. Experimental
rium binding analysis and directly measured ad-
sorption enthalpies by using isothermal titration 2.1. Materials
calorimetrry (ITC) to probe the interaction mecha-
nisms of the proteins with Q-Sepharose by varying Q-Sepharose Fast Flow gel was purchase from
pH values, NaCl concentrations and temperature. Pharmacia Biotech (Uppsala, Sweden) and b-lacto-
The proteins used are Lg A and Lg B, an isoform of globulins A and B were purchased from Sigma (St.
b-lactoglobulin, differing only in two amino acids of Louis, MO, USA). All other chemicals were of
the sequences, i.e., 64: Asp/Gly and 118: Val /Ala analytical grade and purchased from Merck (Darm-
for the A versus the B variant, respectively [22]. stadt, Germany). The equilibrium buffer was com-
That is, Lg A has one more acidic residue than Lg B, posed of 10 mM acetate, at various pH values and
leading to a small difference in their pI (pI values for NaCl concentrations.
Lg A and Lg B are 5.1 and 5.2, respectively). These
two proteins have been reported to be successfully 2.2. Equilibrium binding isotherms
separated by means of IEC using Q-Sepharose resin
[12,23–26]. Q-Sepharose is a strong anion ex- Equilibrium binding isotherms were performed at
changer, containing quaternary amine groups as various pH values and NaCl concentrations at 298 or
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313 K, using the procedure developed in this labora- dition, V (ml) represents the volume of the resin in
tory [30]. First of all, Q-Sepharose was suspended in the ampoule, q* (mol /ml) is the amount of bound
the equilibrium buffer solution. The ratio of gel protein, and can be obtained from the isotherms.
volume to total volume was 3:1 for the binding Prior to each experiment, the ampoule and the
isotherms of Lg A or Lg B. The protein (1.0 ml) stirrer were washed with water and acetone, and
solution prepared in an equilibrium buffer solution at were then dried in air. In this investigation, Q-
various concentrations was added to 0.5 ml of the Sepharose gel was suspended in the acetate buffer
homogenous gel suspension in a 1.5-ml microcentri- solution at various pH values and salt concentrations.
fuge tube. The solution in a microcentrifuge tube A 3-ml gel suspension with 0.09 ml gel was placed
was equilibrated by incubating at 10 rpm and 298 K in the ampoule stirring at 120 rpm. After the thermo-
or 313 K for 6 h and then spun at 6000 rpm for 3 equilibrium had been reached, a 40-ml Lg A or Lg B
min. The suspenatant was transferred to a fresh tube, solution prepared in acetate buffer solutions was
and the concentrations of proteins was determined by titrated into the dispersed gel suspension. All experi-
UV at 280 nm. The equilibrium concentrations of ments were performed at a temperature of 298 or 313
bound protein on the Q-Sepharose were determined K.
by a simple material balance.

3. Results and discussion2.3. Heat measurements using isothermal titration
calorimetry

3.1. Equilibrium binding analysis

The ITC system is a part of the Thermal Activity
3.1.1. Effects of NaCl concentrationMonitor (TAM) which is a heat conduction type

The Langmuirean model has been reported to bemicrocalorimeter (Thermometric, Sweden) and con-
suitable for simply describing the behaviors oftrolled by a computerized software called DIGITAM.
proteins in IEC [31–34]. All the equilibrium bindingFor ITC measurements, the microreaction system
isotherms presented in this study are thus fitted bywas employing as an ‘‘insertion’’ vessel with a 4-ml
the Langmuir equation to evaluate the bindingstainless steel ampoule which is filled with a suspen-
affinity and maximum binding capacity of the pro-sion of the gel. When thermal equilibrium between
teins onto Q-Sepharose. For the purpose of thisthe ampoule and the heat sink was reached, the
study, we are looking for the binding affinity at theprotein solution was titrated into the dispersed gel
low concentrations of protein adsorbed. That is,suspension through a Hamilton syringe fitted with a
evaluating the free energy change from the corre-stainless steel needle driving by a computer-con-
sponding initial binding equilibrium constant oftrolled pump at a time interval of 30 min. The output
protein adsorption. In view of this, the Langmuirsignal was collected as power, P, versus time, t, and
model equation provides a reasonable formula forwas integrated and quantified by the amount of
calculating the initial slope of the isotherm, althoughadsorbed protein to give the enthalpy change of
it may not be the best choice for isotherm fitting inadsorption. Notably, the apparent heat from titration
all the concentration ranges of the protein adsorbed.should be corrected by the dilution heat of proteins
The equilibrium binding isotherms for Lg A or Lg Band adsorbents to obtain the net heat of interaction
adsorption onto Q-Sepharose at various salt con-between proteins and adsorbents, the adsorption
centrations, at pH 5.2 and 258C, are shown in Fig. 1.enthalpy change (DH ) thus can be calculated byads The steeper decrease in adsorption affinities andthe following equation:
capacities for both the proteins with this anion
exchanger in the presence of increasing concen-Q 5Vq*DHads ads
trations of NaCl, indicate that the major force

where Q (J) is the net heat attributed to the involved during the adsorption is electrostatic attrac-ads

adsorption between proteins and adsorbents, and it tion. This charge-based attractive force for Lg A or
has been corrected by subtracting the dilution heat of Lg B with the anion-exchange resin at pH near pI,
proteins and adsorbents measured at the same con- probably resulted from the locally distributed nega-
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Fig. 2. The equilibrium binding isotherms for b-lactoglobulins A
(A) or B (B) adsorption onto Q-Sepharose at various pH valuesFig. 1. The equilibrium binding isotherms for b-lactoglobulins A
(10 mM acetate), at 0.3 M NaCl and 258C.(A) or B (B) adsorption onto Q-Sepharose at various salt

concentrations, at pH 5.2 (10 mM acetate) and 258C.

M NaCl and 258C, are shown in Fig. 2. The result
tive charges on surfaces of the proteins, since on the demonstrates that at pH 3.5, both proteins and Q-
surface of the protein molecule, there are patches of Sepharose are all positively charged, however,
local excess of positive or negative charge, irre- spontaneous adsorption still occurred. This means
spective of the overall charge as suggested by Arai that in addition to the normal electrostatic interac-
and Norde [6]. Furthermore, Yamamoto and Ishihara tions expected in IEC, proteins may interact with the
[12] also found that Lg A and Lg B were retained on adsorbent surfaces by hydrophobic forces. This
the anion- or cation-exchange column near the pI observation was similar to the studies of Norde and
(pH 5.2), although this is not expected on the basis co-workers [4–6]. They found that proteins of much
of a simple protein net charge behavior. Instead, it is lower structural stability, adsorb even under the
quite likely to be due to electrostatic interaction on seemingly unfavorable conditions of electrostatically
molecular recognition. Notably, hydrophobic interac- repelling surfaces.
tions between proteins and Q-Sepharose may also Furthermore, as also shown in Fig. 2, the higher
partly contribute to the ion-exchange chromatograph- binding affinities and capacities of both the proteins
ic behaviors, particularly at a higher salt concen- with the anion exchanger were at a higher pH value.
tration (0.3 M). This is based on the fact that higher This can be explained by the fact that the electro-
salt concentrations may enhance the nonpolar inter- static attractive forces between the protein and Q-
actions and at the same time quench the electrostatic Sepharose were enhanced with the increment of pH
effects. These findings are discussed in the following values. The binding sites of Lg A and Lg B with
section. Q-Sepharose derived from the retention parameters

by Yamamoto and Ishihara [12] also showed that
3.1.2. Effects of pH value these binding sites were increased with pH. Spe-

The adsorption isotherms for Lg A or Lg B cifically, when pH values increased from 5.2 to 6.0,
binding to Q-Sepharose at various pH values, at 0.3 binding sites for Lg A and Lg B were increased from
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5 to 6 and 4 to 5, respectively. Notably, the rapidly M), no markedly change in the binding affinities and
increasing trend in the binding capacities of both the capacities of both the proteins with this anion
proteins with Q-Sepharose at pH 6.5 in comparison exchanger were observed when the temperature
to other pH values, seems not to reach a well defined increased from 25 to 408C, in comparison to that at
plateau, likely resulted form the interactions between 0.3 M NaCl. This result further implies that the
surfaces of bound proteins, leading to aggregation interaction mechanisms of Lg A or Lg B with Q-
and/or precipitation. However, the binding capacities Sepharose at 0.03 M and 0.3 M are quite different.
of the proteins obtained in this study are still in a As discussed, the electrostatic attraction was domi-
reasonable range, since the dynamic capacities of nated for the interactions of both the proteins with
human serum albumin for Q-Sepharose are 120 mg/ Q-Sepharose at 0.03 M NaCl, while at 0.3 M NaCl,
ml (ca. 1.74 mmol /ml gel) as listed in the instruction the hydrophobic interaction was strengthen and
book for Q-Sepharose Fast Flow. played a more pronounced role in adsorption. In

view of this, the result obtained can be explained by
3.1.3. Effects of temperature the following reasons: first, for the hydrophobic

The effects of temperature on the interaction interaction dominated adsorption (0.3 M NaCl), it
behaviors for Lg A or Lg B onto Q-Sepharose at may show a linear correlation with temperature as
different NaCl concentrations and at pH 5.2, pre- compared to charges-based interactions (at 0.03 M
sented in terms of equilibrium binding isotherms, are NaCl). This suggestion also agrees with the study of
shown in Fig. 3. The result reveals that the effects of Finette et al. [10] that the profound increasing trend
temperature on interaction behaviors of Lg A or Lg in binding capacities between the protein and Ciba-
B with Q-Sepharose were salt concentration-depen- cron Blue F3GA, a dye affinity resin which dis-
dent. For instance, at a low NaCl concentration (0.03 played a bi-functional ligand that contains both

charged and hydrophobic groups was increased with
temperatures mainly due to the contribution of
hydrophobic interactions. Second, the temperature
induced structural rearrangements of the proteins
may facilitate the adsorption and enhance the hydro-
phobic interactions by the increment of exposed
hydrophobic patches on surfaces of the proteins. A
similar conclusion also has been reached by Fang et
al. [13]: hydrophobic interactions were shown to
significantly contribute to the interaction of horse
heart cytochrome c with the cation exchanger at a
higher temperature (658C). Also, Finette et al. [10]
reported that states of protein conformation at a
higher temperature may lead to accessibility of a
larger number of hydrophobic patches on protein
surfaces that can participate in the adsorption. The
discussion above was further confirmed by the
measured enthalpies, in the portion of mi-
crocalorimetric measurements

3.2. Microcalorimetric measurements

3.2.1. Effects of NaCl concentration
The effects of NaCl concentration on the ad-

sorption enthalpy (DH ) of Lg A or Lg B withadsFig. 3. The equilibrium binding isotherms for b-lactoglobulins A
Q-Sepharose at pH 5.2 and 258C are presented in(A) or B (B) adsorption onto Q-Sepharose at various NaCl

concentrations and temperature, at pH 5.2 (10 mM acetate). Fig. 4. These values are of similar orders of mag-
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[6,37,38] reported that the conformational alteration
of the protein upon adsorption in IEC majorly
contributed to the entropy gain rather than to the
enthalpy. Furthermore, effects of NaCl concentra-
tions on the dehydration and the removing of EDL
processes (i.e., processes a and b) were also not
obviously in this study, owing to the DH values ofads

both the proteins were increased with NaCl con-
centrations.

As a consequence, the exothermic values of DHads

for Lg A or Lg B adsorption onto Q-Sepharose at
lower NaCl concentrations (0.03 M and 0.1 M) at pH
5.2 and 258C, was attributed mostly to the electro-
static attraction. While at higher NaCl concentrations
(0.2 M and 0.3 M), adsorption was dominated by the
hydrophobic interactions and the exothermic contri-
bution from the electrostatic attraction became small-
er, hence leading to higher positive values of DH .ads

Moreover, the data obtained also evidenced that the
ion-exchange chromatographic behaviors of Lg A
and Lg B at pH near pI were partly entropy-driven,
implying that the hydrophobic interactions play aFig. 4. The adsorption enthalpies (DH ) of b-lactoglobulins Aads

more pronounced role under this condition.(A) or B (B) with Q-Sepharose at various NaCl concentrations, at
pH 5.2 (10 mM acetate) and 258C. In addition, the difference in DH values of Lg Aads

and Lg B under the same experimental conditions
nitude to those obtained by directly microcalorimet- were all smaller, and Lg A has a lower values about
ric measurements or derived from Van ‘t Hoff 0.5|2 kJ /mol as compared with Lg B. This is
analysis of protein adsorption in IEC [10,33–36]. probably because Lg A has an one more negatively
The results show that the values of DH for both charged amino acid than Lg B [22] and results in anads

the proteins increase with concentrations of NaCl. reduction in the DH values which was attributedads

This fact is due to: (i) an reduction in the degree of mostly to the electrostatic attraction. The result
endothermic amount of the dehydration and the obtained by Yamamoto and Ishihara [12] also sup-
removing of electrical double layer (EDL) processes ported this implication. They found that Lg B has
(i.e., processes a and b) at higher salt concentrations; less binding sites (derived from the retention parame-
(ii) the electrostatic attractive force was increasingly ters of IEC) than Lg A when adsorption onto Q-
screened by an increment of the salt concentration, Sepharose, and the difference in binding sites was
leading to a decrease in the exothermic amount of about one. Notably, the heat required for the dehy-
heat (i.e., process c). In contrast, the hydrophobic dration and the removing of EDL processes (i.e.,
interactions may be enhanced at a higher salt con- processes a and b) and the structural rearrangement
centration; (iii) the heat required for structural of Lg A (i.e., process d) may be larger than that of
rearrangement of the protein decreased with salt Lg B. However, the more exothermic contribution
concentrations (i.e., process d). However, this contri- from the electrostatic interactions (i.e., process c) for
bution to the result cannot be clearly evaluated, Lg A compensated these enthalpic unfavorable ap-
although Bowen and Hughes [34] have suggested proaches. Finally, the adsorption enthalpies were
that for the protein adsorption onto the ion ex- found to be varied insignificantly with the amount of
changers, the contribution of substantially structural bound protein, indicating that the interactions be-
changes of proteins to the DH values are not tween surfaces of bound proteins can be ignored,ads

markedly observed. Also, Norde and co-workers likely due to the lower amount of bound protein used
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Table 1
The averaged thermodynamic parameters obtained in this study under various pH values

pH 3.5 pH 5.2 pH 6.5

Lg A Lg B Lg A Lg B Lg A Lg B

DG 24.05 25.87 27.76 23.05 212.83 211.05ads

DH 8.54 9.28 28.15 26.04 213.25 212.11ads

TDS 12.59 15.15 20.39 22.99 20.42 21.06ads

Note: (1) Lg A and Lg B represent b-lactoglobulins A and B, respectively. (2) The unit of the thermodynamic parameter is kJ /mol.

to quantify DH values in this study. Also, as and the anion exchanger are repulsive, however,ads

suggested by Norde and co-workers [27,29] that in adsorption still occurred spontaneously as has been
the isoelectric region of the protein, the lateral found in the equilibrium binding isotherms, indicat-
interactions between proteins are enthalpically fa- ing that the hydrophobic interactions play a pro-
vored, but they becomes unfavorable when the nounced role under this condition as discussed. The
protein molecule attains a net positive or negative endothermic DH values measured in this studyads

charge. Therefore, at a pH near the pI, the repulsions were further confirmed this implication. The un-
between bound protein molecules are expected to be favorable electrostatic repulsion was found to be
small. partly compensated by the large entropy gain, as can

be seen in Table 1, mostly resulting from the
3.2.2. Effects of pH value dehydration and removal of EDL processes [27,29].

For simply discussing pH effects (and temperature Furthermore, at pH values above 5.2, the electro-
effects) on the interaction mechanisms between Lg A static attractive force was enhanced and caused a
or Lg B and Q-Sepharose thermodynamically, the reduction in DH values. Specifically, at pH 5.2, theads

averaged values of DH and DS , calculated from electrostatic and hydrophobic forces collectivelyads ads

the initial binding of the isotherms, for preventing controlled the interaction mechanisms between Lg A
the lateral interactions between the adsorbed protein or Lg B and Q-Sepharose. Nevertheless, at pH 6.5,
molecules as at the higher binding capacity, are the adsorption seems majorly governed by the
listed in Tables 1 and 2, respectively. Values of DS electrostatic attractions, since the DH values be-ads ads

are calculated by the equilibrium binding isotherms come more exothermic. It should be noted that
and the measured adsorption enthalpies. As can be partial denaturation of the protein may expose more
seen in Table 1, the DH values decreased with the hydrophobic patches and results in stronger hydro-ads

increment of pH, probably owing to the negative phobic interactions. However, the experimental con-
charges on the proteins’ surfaces increased with pH ditions operated in this study are not that extreme to
so that enhanced the electrostatic attraction between cause protein partial denauration, therefore, this
Lg A or Lg B and Q-Sepharose. Interestingly, at pH effect is expected to be minor.
3.5, the electrostatic forces between both the proteins Consequently, Q-Sepharose, although an anion

Table 2
The averaged thermodynamic parameters obtained in this study under various salt concentrations and temperature

0.03 M NaCl 0.3 M NaCl

258C 408C 258C 408C

Lg A Lg B Lg A Lg B Lg A Lg B Lg A Lg B

DG 27.76 23.05 28.27 23.28 23.01 22.12 23.15 23.35ads

DH 28.15 26.04 27.58 26.23 2.45 2.03 0.51 0.25ads

TDS 20.39 22.99 0.69 22.95 5.46 4.15 3.66 3.6ads

Note: (1) Lg A and Lg B represent b-lactoglobulins A and B, respectively. (2) The unit of the thermodynamic parameter is kJ /mol.
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exchanger, can be used as a bi-functional-like ad- with temperature, probably because adsorption was
sorbent based on the electrostatic and hydrophobic major governed by the hydrophobic interactions.
interactions (which has been confirmed in this study) This suggestion was further confirmed by the study
for protein separations at a pH near the pI. Moreover, of Finette et al. [10], they observed that for proteins
the combination of electrostatic and hydrophobic adsorption onto an cation exchanger, the change in
forces involved during the adsorption process for affinity and binding capacity could be due to the
both the proteins with Q-Sepharose is not surprising, interplay of both electrostatic and hydrophobic
taking into account the hydrophobic patches on forces, and the electrostatic effect will prevail at low
protein surfaces and the ability of quaternary am- temperature, whilst the hydrophobic effect becomes
monium chemically attached to the agarose through a more significant at a higher temperature. Moreover,
long hydroxyl chain (acting as bi-functional ligands) this observation can be explained in detail as fol-
to form Q-Sepharose. The optimization for purifying lows: (i) the heat required for dehydration and the
protein using this bi-functional-like adsorbent can be removal of EDL process of the protein and the
thus achieved by choosing properly experimental adsorbent were diminished as temperature raised
conditions. For instance, Yamamoto and Ishihara [12] (i.e., processes a and b); (ii) the hydrophobic forces
has reported that the separation (resolution) of Lg A were enhanced with temperature (i.e., process c).
and Lg B became better when the pH approached the Notably, the hydrophobic patches buried in the
pI in Q-Sepharose columns, although the electro- interior of the protein molecules were tend to be
static attraction can be enhanced with increasing pH, exposed when temperature increases, leading to the
the resolution was poor. enhancement of hydrophobic forces as well. (iii) The

heat required for structural rearrangements of the
3.2.3. Effects of temperature proteins decreased with the increment of tempera-

Since the dependence of the interaction behaviors ture.
between Lg A or Lg B and Q-Sepharose with In conclusion, the presented DH and DSads ads

temperature indicates the more contribution of the values at various NaCl concentrations and tempera-
hydrophobic interactions to adsorption process as ture have confirmed that the effects of temperature
mentioned above. The effects of temperature on on equilibrium binding behaviors of Lg A and Lg B
DH and DS of Lg A or Lg B adsorption onto with Q-Sepharose were salt concentration-dependentads ads

Q-Sepharose at various NaCl concentrations and at with pH near the pI, due to their different interaction
pH 5.2, were presented to confirm this implication. mechanisms at 0.03 M and 0.3 M NaCl. That is, at a
As can be seen in Table 2, the result was found to be lower salt concentration (0.03 M NaCl), adsorption
dependent on concentrations of NaCl. For example, was dominated by the electrostatic attraction, while
the DH values measured do not appear to correlate at 0.3 M NaCl, adsorption was mostly attributed toads

well with temperature at 0.03 M NaCl, that is, the the hydrophobic interaction.
DH of Lg A increased with temperature, while thatads

of Lg B showed the opposite trend. Since adsorption
was dominated by the electrostatic attraction under Acknowledgements
this condition as discussed, these findings quite
likely resulted from the nature of the charge-based The authors would like to thank the National
interactions which were expected to decrease with Science Council of the Republic of China for the
temperature. A result reported by Hutchens and Yip financial support of this research under contract No.
[39] also supported this implication that the decrease NSC-87-2214-E-008-019.
in the strength of electrostatic forces at a higher
temperature upon protein adsorption could be owing
to a reduction in the ionization degree of the amino References
acid residues associated with the binding sites. In the
contrast, at a higher NaCl concentration (0.3 M), the [1] S. Gibert, N. Bakalara, X. Santarelli, J. Chromatogr. B 737
values of DH for both the proteins were decreased (2000) 143.ads



F.-Y. Lin et al. / J. Chromatogr. A 912 (2001) 281 –289 289

[2] A. Bota, F.J. Gella, F. Canalias, J. Chromatogr. B 737 [22] W.N. Eigel, J.E. Butler, C.A. Ernstrom, H.M. Farrell Jr., V.R.
(2000) 237. Harwalkar, R. Jenness, R.McL. Whitney, J. Dairy Sci. 67

[3] A. Hiol, M.D. Jonzo, D. Druet, L. Comeau, Enzyme Microb. (1984) 1599.
Technol. 25 (1999) 80. [23] W.Y. Chen, K.C. Dai, K.C. Ho, F.Y. Lin, H.M. Huang, R.C.

[4] W. Norde, A.C.I. Anusiem, Colloid Surf. 66 (1992) 73. Ruaan, J. Chin. Inst. Chem. Eng. 30 (1999) 375.
[5] W. Norde, J.P. Favier, Colloid Surf. 64 (1992) 87. [24] K.R. Kristiansen, J. Otte, R. Ipsen, K.B. Qvist, Int. Dairy J. 8
[6] T. Arai, W. Norde, Colloid Surf. 51 (1990) 1. (1998) 113.
[7] E. Hallgren, J. Chromatogr. A 852 (1999) 351. [25] A. Kundu, K.A. Barnthouse, S.M. Cramer, Biotechnol.
[8] M. Andersson, M. Ramberg, B.L. Johansson, Process Bio- Bioeng. 56 (1997) 119.

chem. 33 (1998) 47. ´[26] A.W. Liao, Z. El Rassi, D.M. Lemaster, Cs. Horvath,
[9] S. Yamamoto, M. Nomura, Y. Sano, J. Chromatogr. 512 Chromatographia 24 (1987) 881.

(1990) 89. [27] W. Norde, Pure Appl. Chem. 66 (1994) 491.
[10] G.M.S. Finette, Q.M. Mao, M.T.W. Hearn, J. Chromatogr. A [28] W. Norde, J. Dispersion Sci. Technol. 13 (1992) 363.

763 (1997) 71. [29] W. Norde, Adv. Colloid Interface Sci. 25 (1986) 267.
[11] S. Yamamoto, E. Miyagawa, J. Chromatogr. A 852 (1999) [30] W.Y. Chen, C.F. Wu, C.-C. Liu, J. Colloid Interface Sci. 180

25. (1996) 135.
[12] S. Yamamoto, T. Ishihara, J. Chromatogr. A 852 (1999) 31. [31] M.M. Habbaba, K.O. Ulgen, J. Chem. Technol. Biotechnol.
[13] F. Fang, M.I. Aguilar, M.T.W. Hearn, J. Chromatogr. A 729 69 (1997) 405.

(1996) 49. [32] J. Xie, M.I. Aguilar, M.T.W. Hearn, J. Chromatogr. A 691
[14] F. Fang, M.I. Aguilar, M.T.W. Hearn, J. Chromatogr. A 729 (1995) 263.

(1996) 67. [33] D.S. Gill, D.J. Roush, R.C. Willson, J. Colloid Interface Sci.
[15] C.-F. Wu, W.-Y. Chen, J.-F. Lee, J. Colloid Interface Sci. 183 167 (1994) 1.

(1996) 236. [34] W.R. Bowen, D.T. Hughes, J. Colloid Interface Sci. 158
[16] W.-Y. Chen, C.-F. Wu, H.-K. Tsao, J. Colloid Interface Sci. (1993) 395.

190 (1997) 49. [35] D.S. Gill, D.J. Roush, K.A. Shick, R.C. Willson, J. Chroma-
[17] F.-Y. Lin, W.-Y. Chen, L.-C. Sang, J. Colloid Interface Sci. togr. A 715 (1995) 81.

214 (1999) 373. [36] C.A. Haynes, E. Sliwinsky, W. Norde, J. Colloid Interface
[18] W.-Y. Chen, F.-Y. Lin, C.-F. Wu, in: N. Kallay (Ed.), Sci. 164 (1994) 394.

Interfacial Dynamics, Marcel Dekker, New York, 1999, p. [37] P.G. Koutsoukos, W. Norde, J. Lyklema, J. Colloid Interface
419. Sci. 95 (1983) 385.

[19] F.-Y. Lin, W.-Y. Chen, R.-C. Ruaan, H.-M. Huang, J. [38] P.G. Koutsoukos, C.A. Mumme-Young, W. Norde, J.
Chromatogr. A 872 (2000) 37. Lyklema, Colloid Surf. 5 (1982) 93.

[20] H.-M. Huang, F.-Y. Lin, W.-Y. Chen, R.-C. Ruaan, J. Colloid [39] T.W. Hutchens, T.T. Yip, J. Inorg. Biochem. 42 (1991) 105.
Interface Sci. 229 (2000) 600.

[21] F.Y. Lin, W.Y. Chen, in: N. Kelley (Ed.), The Encyclopedia of
Solid Surfaces, Marcel Dekker, New York, 2001, in press.


