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Abstract

The binding constant (Kobs) for the b-lactoglobulin–poly(vinylsulfate) (BLG–PVS) complex was measured by frontal analysis
continuous capillary electrophoresis at pH values above the isoelectric point of BLG, and the persistence length (Lp) of PVS was
measured by small angle neutron scattering, to examine the effect of polyelectrolyte chain stiffness on its binding efficiency to pro-
teins. The values of Kobs and Lp were compared with those of BLG–PSS and BLG–PAMPS (poly(2-acrylamido-2-methylpropane-
sulfonate)) reported previously. The relationship between Kobs and Lp was reciprocal, indicating that protein binding is enhanced by
the flexibility of the polyanion, at least in the case where the net protein charge is negative. In addition, at a fixed pH, the polymer
systems displayed a similar ionic strength dependence of Kobs. This similarity was consistent with the proposal that the binding prop-
erties of PVS and PAMPS polyanions are governed purely by electrostatic interactions and are independent of their molecular
structure.
� 2005 Elsevier Inc. All rights reserved.
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The elucidation of the interaction between proteins
and polyelectrolytes is an interesting subject not only be-
cause of the biological significance of protein–DNA and
protein–glycosaminoglycan interactions but also because
of the applications of noncognate protein–polyelectrolyte
systems [1,2]. Protein–polyelectrolyte complexes may be
considered as one class of macroionic complexes that
include, inter alia, oppositely charged polyelectrolyte
complexes (both soluble polyion complexes and polyelec-
trolyte multilayers), micelle–polyelectrolyte complexes,
and other polyelectrolyte–colloid systems such as poly-
electrolyte–dendrimer complexes and complexes of poly-
electrolytes withmetal oxides or hydroxides. On the other
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hand, polyelectrolyte–protein complexes are unique in
that they arise from the reaction between a three-dimen-
sionally fixed and heterogeneously charged macroion
(protein) and a flexible chain (Gaussian coil) strand of io-
nic repeat units. They demonstrate the somewhat unusual
effect of strong binding even when both macroionic spe-
cies have the same net charge. This consistent behavior
is considered to arise from ‘‘patch binding’’ in which the
flexible polyion ‘‘selects’’ the positively charged domain
of the protein as the binding site [3,4]. Because proteins
typically have inhomogeneous distributions of positive
and negative surface charges, the repulsion between like
charges is overcome by the attraction between the positive
part of the protein and the negative charges of the poly-
electrolyte [5,6]. On the other hand, such patch binding
may, in principle, coexist with short-range interactions,
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that is, hydrophobic interactions [1,5] or hydrogen bond-
ing [7]. However, it is unclear whether short-range
interactions are ubiquitous in protein–polyelectrolyte
complexes. This issue also can be related to the distinc-
tion between ‘‘strong,’’ ‘‘specific,’’ ‘‘high-affinity,’’ or
‘‘selective’’ binding, on the one hand, and ‘‘loose,’’
‘‘nonspecific,’’ ‘‘low-affinity,’’ or ‘‘nonselective’’ binding,
on the other.

The role of the electrostatic effect on protein–poly-
electrolyte interaction can be assessed from the ionic
strength dependence of complex formation; electrostatic
forces are screened by small ions, whereas hydrophobic
interactions and hydrogen bonds are enhanced and
unaffected, respectively. The use of synthetic polyanions,
as compared with biopolyelectrolytes, facilitates the sys-
tematic examination of the effects of charge density and
chain. Previously, we measured [8] binding between b-
lactoglobulin (BLG)1 and poly(styrenesulfonate) (PSS),
and poly(2-acrylamido-2-methylpropanesulfonate)
(PAMPS) as a function of ionic strength, using turbi-
dimetry and frontal analysis continuous capillary elec-
trophoresis (FACCE) [9,10]. FACCE is conceptually
very close to capillary electrophoresis/frontal analysis
(CE/FA) [11] but is technically simpler. Like isotacho-
phoresis (ITP), zone electrophoresis (CZE), isoelectric
focusing (IEF), and moving boundary electrophoresis
(MBE), FACCE is a form of substrate-free electropho-
resis but most nearly resembles MBE in that only the
fast-moving component is measured and characterized;
in contradistinction, in the ITP mode, all ions at steady
state travel with the same velocity [12]. We deduced
binding constants (Kobs) from the FACCE binding iso-
therms via the McGhee–von Hipple model [13]. Interest-
ingly, the Kobs values for the BLG–PSS complex at pH 7
showed plateaus or maxima as a function of ionic
strength I in the range 10 mM < I < 100 mM. This non-
monotonic behavior was quite different from predictions
from the model of protein–DNA binding developed by
Record et al. [14]. On the other hand, an electrostatic
treatment by Rubinstein and co-workers [15] provides
a zeroth-order explanation of this nonlinear behavior.
This model, which treats the protein as an electrical di-
pole, gives the interaction energy due to screened cou-
lombic attraction and repulsion as

U ¼ �
Qp

2e
Qþ
Rþ

exp �jRþð Þ � Q�
R�

exp �jR�ð Þ
� �

; ð1Þ
1 Abbreviations used: BLG, b-lactoglobulin; PSS, poly(styrenesulfo-
nate); PAMPS, poly(2-acrylamido-2-methylpropanesulfonate);
FACCE, frontal analysis continuous capillary electrophoresis; CE/
FA, capillary electrophoresis/frontal analysis; ITP, isotachophoresis;
CZE, zone electrophoresis; IEF, isoelectric focusing; MBE, moving
boundary electrophoresis; PVS, poly(vinylsulfate); SANS, small angle
neutron scattering; SEC, size exclusion chromatography.
where Qp, Q+, and Q� are effective charges of the poly-
anion binding unit, the positive protein binding domain,
and the negative protein domain, respectively; R+ and
R� are distances between Qp and Q+ and between Qp

and Q�, respectively (of necessity, R+ < R�); and 1/j
is the Debye length. The value of Q� is obtained by
removing all positive charges of the protein and sum-
ming the remaining negative ones (and likewise for
Q+), and the distance between Q+ and Q� is obtained
from the centers of mass of the positive and negative
charges, respectively [8]. Although the nonmotonic
behavior of Kobs versus I was explained by Eq. (1), no
explanation was offered for the increase in Kobs for
PSS versus PAMPS that could arise either from the
smaller chain flexibility of PAMPS or from hydrophobic
interaction between BLG and PSS. On the one hand, the
aromatic rings of PSS have often been implicated as
hydrophobic moieties [16–21]; on the other hand, PSS
has frequently been considered a model polyelectrolyte
[20–24], that is, without the anomalous behavior that
one might expect from an amphiphilic polymer. The sit-
uation is even further complicated by the presence of
unsulfonated units in some PSS samples [25]. For this
reason, it appeared to be desirable to decouple the effect
of chain flexibility from hydrophobic effects.

In this article, we measured by FACCE the binding
constant between BLG and poly(vinylsulfate) (PVS), a
vinyl polymer with the same charge density as PSS
and PAMPS but with a high degree of chain flexibility.
We assessed this chain flexibility by determining the per-
sistence length with small angle neutron scattering
(SANS) and demonstrating that it is indeed more flexi-
ble than PAMPS. Because neither PVS nor PAMPS
has hydrophobic groups, contributions of chain stiffness
to the binding constant can be resolved without possible
complications from hydrophobic interactions with the
protein.
Materials and methods

Reagents and solutions

BLG-A and BLG-B (cat. no. L-2506) were pur-
chased from Sigma Chemical (St. Louis, MO, USA).
PVS (polymerization degree 1500, esterification degree
98.1%) was purchased from Wako Chemicals (Rich-
mond, VA, USA). The potassium PVS was ion-ex-
changed into sodium PVS using a long column
packed with sodium-type cation exchange resin. The
sodium-type resin was prepared from hydrogen-type
AG-50W (cat. no. 42-1431, Bio-Rad, Hercules, CA,
USA).

Sample solutions were made from freshly prepared
stock solutions of BLG and polyelectrolyte that were
dissolved in capillary electrophoresis run buffer solution.
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The run buffer solution contained 10 mM phosphate salt
as the pH buffer, and I was further adjusted with the
addition of sodium chloride. In the complex mixture
solutions, the concentration range of BLG was 0.8–
4.0 g/L and the concentration of polyelectrolyte was
constant at 0.2 g/L. This 4 to 20· weight excess of
protein is considered sufficient to ensure the absence of
free polyelectrolyte in sample, so that the faster migrat-
ing ligand (protein) reflects the concentration of free
protein in the sample, an essential approximation for
the validity of FACCE.

Apparatus and procedure for FACCE

Capillary electrophoresis was performed using a
high-voltage supplier (HCZE-30P, no. 25, Matsusada
Precision, Japan), a UV detector (CV4 capillary electro-
phoresis absorbance detector, Isco, USA), and an X-Y
recorder (WX4309, Graphtec, Japan). All operating
conditions were as follows: 6–8 kV of applied voltage,
214 nm of UV detector, at room temperature. The fused
silica capillary (cat. no. 1010-31942, GL Sciences, Japan)
with dimensions of 75 lm · 50 cm (effective length
20 cm) was prepared prior to each set of experiments
by washing with 0.1 N sodium hydroxide for 1 h, fol-
lowed by a 30 min wash with water.

The FACCE experiment was initialized by equilibrat-
ing the capillary with buffer solution for 5 min. The inlet
end of the capillary was then placed in a vial containing
the equilibrated sample solution, and the outlet end was
placed in a vial containing buffer solution. Constant
voltage was applied, and separation (manifested in con-
tinuous plateaus) was observed. Typically, the first elut-
ing plateau was the unbound protein, and the second
was the protein–polyelectrolyte complex. However, at
high ionic strength, the second plateau also indicated
the unbound protein (Fig. 1). After each electrophoretic
run, a 5 min wash with 0.1 N sodium hydroxide, fol-
lowed by a 5 min rinse with water, was performed.
The concentration of unbound protein was determined
from the height of the plateau using a calibration curve
Fig. 1. Electropherograms of 0.04 g/L b-lactoglobulin at pH 6.1: (A)
I = 0.02 M; (B) I = 0.05 M; (C) I = 0.1 M.
constructed by measuring the plateau height of known
concentrations of protein obtained under the same
experimental conditions as for the protein–polyelectro-
lyte mixture. The extent of binding—that is, the number
of protein molecules bound per polymer residue (m)—
was determined from the amount of unbound and the
total amount used.

Apparatus and procedure for SANS

SANS experiments were performed on the spectrom-
eter at the GT laboratory, Dhruva reactor (Bhaba
Atomic Research Centre, Trombay, India). Further de-
tails of the SANS spectrometer at Dhruva are discussed
in [26]. The wavelength of the neutrons used covered the
scattering vector (q) range

7� 10�4
6 q 6 3� 10�2 ðnmÞ�1

given by q = (4p/k)sinh/2, where h is the scattering an-
gle, and k is the neutron wavelength. The polymer solu-
tion prepared in D2O was transformed to quartz cell of
2 mm thickness, and scattered intensity was measured as
function scattering vector. The measured intensity was
corrected for the background and the empty cell contri-
bution, and then the data were normalized to obtain the
structure factors, S (q). Details of the data normalization
procedure are discussed in [27].
Results and discussion

Electropherograms of BLG

FACCE electropherograms of BLG at several ionic
strengths at pH 6.1 are shown in Fig. 1. The electropher-
ograms display a single plateau at I = 0.02 M and two
plateaus at I = 0.1 M. To explain the latter result, we
first considered the possibility of a BLG monomer–di-
mer equilibrium. The literature on this matter is ambig-
uous; SANS has indicated that BLG at neutral pH
consists of monomers and dimers [28], but size exclusion
chromatography (SEC) measurements reduced to uni-
versal curves for partition coefficients have yielded a
molecular weight corresponding to dimer [29], whereas
SEC coupled with multiangle laser light scattering has
indicated not only dimers but also monomers and higher
oligomers [30]. These apparently conflicting reports may
reflect coupling of a monomer–dimer equilibrium with
dimer aggregation, itself a complex function of pH, I,
and protein concentration [31], but light scattering indi-
cates essentially only dimer at pH 6.1, I = 0.2 [32]. Fi-
nally, CZE of BLG has shown a single peak with no
separation of monomers and dimers [33], unsurprising
given that the charge/mass ratios of dimer and monomer
should be nearly the same. On the other hand, a mixture
of BLG-A and BLG-B (i.e., AA and BB dimers) should
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be separable by capillary electrophoresis because in
BLG-A aspartic acid replaces glycine in one of the two
variant points of BLG-B [31], rendering its effective
charge more negative (reported pI values of 5.13 and
5.23 for BLG-A and BLG-B, respectively) [34]. Because
the electroosmotic flow is anodic, BLG-B elutes earlier
than BLG-A [12,32], and in FACCE electropherograms
the plateau for BLG-B should be followed by mixed
BLG. Ionic strength facilitates the separation by
decreasing mobility, either by decreasing effective charge
or by enhancing adsorption onto the capillary column.

The separation noted above allows calibration curves
of BLG-B and total BLG; both of these were linear,
so that both the unbound BLG-B and the unbound
BLGtotal concentrations could be measured in solution
with PVS. Using the comparison between the relative ra-
tios of free BLG-B to free BLGtotal in the complex and
in polymer-free BLG, it was possible to determine the
binding properties of BLG-B. The average ratio in the
complexes was 0.38 ± 0.01 compared with 0.40 ± 0.02
in a polymer-free solution. Because these ratios are
nearly equal within experimental error, the binding con-
stants for BLG-B and BLGtotal also must be approxi-
mately the same. In the current studies, all binding
data pertain to BLGtotal and the results are compared
with similar previously reported data [8].

BLG–PVS binding isotherms and binding parameters

Binding isotherms of BLG–PVS at pH 6.1 are shown
in Fig. 2, where Lfree is the molar concentration of un-
bound BLG and m is the number of protein molecules
Fig. 2. Binding isotherms of BLG–PVS at pH 6.1: j, I = 0.01; m,
I = 0.02; ., I = 0.05; d, I = 0.1.
bound per polymer residue. The amount of bound
BLG (m) decreases with ionic strength, as expected for
an electrostatic association. In the measured regions,
all binding isotherms were simple convex, with the ra-
dius of curvature increasing with ionic strength. This
indicated that BLG–PVS, like BLG–PAMPS, exhibits
noncooperative binding.

The data in Fig. 2 were least-squares fitted (solid
lines) to the McGhee–von Hippel equation [10]:

m
Lfree

¼ Kobsð1� nmÞ 1� nm
1� ðn� 1Þm

� �n�1

; ð2Þ

where Kobs is the binding constant and n is the number
of polymer repeat units per bound protein. In the pro-
tein–polyelectrolyte system, the binding site size does
not define the nature of the bound polyelectrolyte seg-
ments; rather, it indicates the typical length of polyelec-
trolyte occupied by one protein [35]. The fitting
parameters for the BLG–PVS system are listed in Table
1. Although the binding constants were obtained pre-
cisely, the binding site size parameters had to be esti-
mated with less accuracy. Nevertheless, it was found
that Kobs did not significantly depend on n. Except for
the data at I = 0.1, n ranges from 13 to 18 (i.e., on the
order of 4–5 nm). This indicates that PVS cannot wind
tightly around a 6-nm BLG dimer. As mentioned previ-
ously, dimers might coexist with monomers, and binding
to polymer might perturb the monomer–dimer equilib-
rium, so that BLG monomers might be bound. If the
molecular weight of the monomer is used, the binding
constant remains the same but the value of the site size
is halved. Even in this case, a subunit of PVS with a con-
tour length of 2.5 nm can topologically wind around a
BLG monomer of equal dimensions. Electrostatic com-
puter modeling of the surface charge distribution of
monomer BLG [5] shows a distinct positively charged
region. Our observation suggests a complex in which
the chain of PVS segments is not strongly deformed rel-
ative to that of isolated polymer and interacts only with
a discrete positive protein domain.
Table 1
Binding parameter of BLG–PVS

I log Kobs n

pH 6.1
0.01 4.33 ± 0.09 13.1 ± 0.7
0.02 3.82 ± 0.02 16.3 ± 0.3
0.05 3.17 ± 0.05 17.9 ± 2.2
0.10 2.45 ± 0.07 8.4 ± 8.3

pH 6.3
0.01 3.23 ± 0.03 16.1 ± 1.4
0.03 3.05 ± 0.05 14.5 ± 3.1
0.05 2.78 ± 0.04 13.0 ± 4.6
0.07 2.67 ± 0.01 14.3 ± 1.1
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Flexibility of PVS and ionic strength dependence of

binding constants

Polyelectrolyte flexibility is expressed through the
persistence length (Lp), which in turn controls its bind-
ing with complementary macroions. PAMPS is a well-
characterized polyelectrolyte and resembles PVS except
that PAMPS has a higher persistence length. Also, both
PVS and PAMPS are nonhydrophobic molecules. Be-
cause data for Lp of PAMPS have already been reported
[36], whereas data for Lp of PVS have not, we measured
the latter using SANS. Fig. 3 shows the measured S (q)
data at 0.5 M NaCl solution, which is analyzed within
the framework of the Kratky–Porod model [37].
According to this model, the polymer chain is composed
of segments of length lk, where lk is the Kuhn segment
length [38] and lk � 2lp. Here, lp is the persistence length
of the polymer that can be deduced from SANS experi-
ments. This model stipulates that the structure factor
scales as S (q) � q�2 for a Gaussian coil, whereas for
rod-like structures S (q) � q�1. The transition from flex-
ible to rod-like behavior will be seen at a characteristic
wave vector q*, called the Kratky–Porod cutoff, given by

q� � 6=ðplpÞ. ð3Þ
The plots of slopes�2 and�1 intersect at q*, and from the
diagram shown in Fig. 3, q* @ 0.0633�1 (nm), giving per-
sistence length lp @ (3.0 ± 0.2) nm, corresponding to
Kuhn segment length lk @ 6 nm. It is also possible to find
out characteristic ratio C1 = (2lp/Ichem) � 1 = 3.8 ± 0.2,
where the monomer unit bond length for vinyl polymers
Ichem = 0.154 nm is used. At the same ionic strength, the
persistence length value for PVS was 3.0 nm and was
smaller than that for PAMPS (5.1 nm). Therefore, the or-
der of the persistence length is PVS < PAMPS.Regarding
the binding to BLG, however, studies of other complexes
between polyelectrolytes and proteins, micelles, or den-
drimers [39,40] indicate that one should use either a bare
Fig. 3. Relation between S (q) and q/(Å)�1 for PVS in 0.5 M NaCl. A
representative error bar is shown for one of the data points.
persistence length L0 or some intermediate value between
that and the total persistence length Lp. In the Odijk–
Skolnick–Fixman formulation [41,42], Lp is the sum of
L0 and an electrostatic contribution, Le:

Lp ¼ L0 þ Le. ð4Þ
Le depends on intramolecular electrostatic forces and

is empirically approximated by Le � I1/2, so that L0 can
be determined by linear intrapolation to infinite ionic
strength. For PAMPS, L0 � 2.4 nm � Lp/2 [36]. The io-
nic strength dependence should be similar, allowing us
to retain the flexibility order PVS > PAMPS.

The ionic strength dependences of Kobs for PVS,
PAMPS, and PSS are shown in Fig. 4. The very large in-
crease in Kobs for both PVS and PAMPS when the pH
decreases minutely from 6.3 to 6.1 must be explained
by the powerful influence of the ionization state of a
few amino acids, most likely basic amino acids located
in the positive patch of BLG [5]. At both pH values,
Kobs is substantially larger for PVS than for PAMPS
(in the order of flexibility), with hydrophobic interac-
tions not likely to be relevant for either polymer. It is
also worth noting that the curves at pH 6.2 for PAMPS
and PVS are essentially parallel, with dKobs/d log I being
independent of the structural features of the two polya-
nions, suggesting the primacy of long-range electrostatic
forces. Regarding the data for PSS, it is difficult to ex-
clude the possibility of a hydrophobic force. The hydro-
phobic interaction increases with ionic strength,
consistent with the shape of that curve in Fig. 4, but
Fig. 4. Effect of ionic strength on BLG–polyanion binding constants:
m, PVS at pH 6.3; h, PAMPS at pH 6.3; �, PSS at pH 6.3; ., PVS at
pH 6.1; s, PAMPS at pH 6.1. The data for PSS and PAMPS are from
[8].
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these effects are usually observed only at higher salt con-
centrations [43].

The electrostatic interaction model proposed by Eq.
(1) is simple, and this allows explicit features of the bind-
ing mechanism to be explained [8]. With regard to Eq.
(1), the ability of chain flexibility to maximize attraction
and minimize repulsion would lead to a decrease in R+

and/or an increase in R�. Fig. 5 shows the electrostatic
energy as a function of these distances. The inputs used
were R� = 1.5 nm and Q�/Q+ = 1.1, with R+ = 1.0,
1.05, and 1.1 nm for A, B, and C, respectively. The bind-
ing energy is clearly very sensitive to R+. Similar sensi-
tivity was seen with variations of R�. Although the
ranges chosen for R+, R�, and Q�/Q+ represent a sim-
plification of a much more complex problem, the depen-
dence of electrostatic-free energy on ionic strength is
clear. Figs. 4 and 5 also reveal qualitative similarity that
supports the patch binding mechanism. Even if Q�/Q+

is not physical, it should be nearly independent of ionic
strength. Therefore, the close resemblance between the
ionic strength dependence of the binding constants in
Fig. 4 and the model curves shown in Fig. 5 suggests
that for PVS and PAMPS, nonelectrostatic interactions
play a minor role during the binding process. Of course,
the release of small ions that accompanies intermacro-
ionic complexation may contribute a favorable entropy
component to the binding energy, but because this effect
is inextricably linked to the coulombic stabilization of a
bound state embodied in Eq. (1), we do not consider this
to be a nonelectrostatic interaction.
Fig. 5. Electrostatic potential energies of the BLG–polyanion calcu-
lated from the patch binding Eq. (1). The input conditions are (A)
R+ = 1 nm, R� = 1.5 nm, Q�/Q+ = 1.1; (B) R+ = 1.05 nm,
R� = 1.5 nm, Q�/Q+ = 1.1; and (C) R+ = 1.1 nm, R� = 1.5 nm, Q�/
Q+ = 1.1.
Conclusions

FACCE results indicated that the binding of BLG for
two polyanions, PVS and PAMPS, is strongly depen-
dent on ionic strength and remarkably sensitive to pH.
Nevertheless, at all conditions Kobs for PVS was larger
than that for PAMPS, typically by a factor of 5 or 10.
The persistence length Lp of PVS was determined by
SANS and found to be significantly smaller than that
of PAMPS. These results demonstrated an inverse rela-
tion between Kobs and Lp, indicating that protein bind-
ing was enhanced by polyanion flexibility. The general
shapes of log Kobs versus log I were similar for these
two polyanions, suggesting a common electrostatic ori-
gin. Kobs of PSS was significantly larger than Kobs for
PVS or PAMPS, although the persistence length of
PASS was close to that of PVS. Whether this effect arises
from a hydrophobic interaction is not clear.
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