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Complex formation between sodium polystyrenesulfonate (NaPSS) and two proteins, bovine serum albumin
andâ-lactoglobulin, was studied by dynamic light scattering (DLS) and capillary electrophoresis (CE) over
a range of polyelectrolyte molecular weights. We found that the dimensions of the polyelectrolyte chain do
not appear to change significantly upon complex formation and that the dependence of complex mobility on
its composition is in agreement with a free-draining model. Estimates of intrinsic binding constants, sizes of
binding site, and cooperativities in complex formation were obtained by fitting experimental data to the
“overlapping binding sites” model. It was found that the cooperativities shown by the binding isotherms are
consistent with the dependence of binding density upon NaPSS molecular weights. The latter can be predicted
by the overlapping binding sites model for known binding cooperativity, but was not observed experimentally
before.

Introduction

The interactions of proteins with polyelectrolytes are impor-
tant in natural biological systems as well as in biotechnological
applications. For example, the binding of proteins to nucleic
acids, which are natural polyelectrolytes, is an integral step in
gene regulation.1,2 Technologically, protein-polyelectrolyte
interactions can be utilized for protein separation,3 enzyme
immobilization,4,5 and drug delivery.6,7 Current research activity
in this area is a reflection of these considerations. Others have
dealt with protein-polyelectrolyte binding energetics,1,8,9kinet-
ics,10 the model for engagement and recognition,11 and various
binding models.12,13 Our studies focus on the complex structure
and the mechanism of its formation.

We have studied complex formation between a number of
proteins and a variety of synthetic polyelectrolytes, focusing
in particular on the system comprising bovine serum albu-
min (BSA) and poly(diallyldimethylammonium chloride)
(PDADMAC).14-18 Depending upon such variables as pH, ionic
strength (I), and the stoichiometry of polymer and protein
concentrations, complexes may take the form of intrapolymer-
bound proteins, soluble aggregates, and coacervates or precipi-
tates. Soluble complexes have been of particular interest to us
for several reasons. Firstly, soluble complexes appear to be
the precursors of more extensive aggregates, so that a knowledge
of their structures and formation is prerequisite to understanding
the higher-order systems. Secondly, they can be studied with
many experimental methods including turbidimetry,16,18dynamic
light scattering (DLS),14-16 static light scattering,14,17 fluores-
cence spectroscopy,19 electrophoretic light scattering,14,15,17,19,20

circular dichroism,21 and size-exclusion chromatography.22,23

However, in many cases, these techniques provide indirect or
less quantitative evidence about the degree of protein binding.
In this work, we present results of our model systems from
capillary electrophoresis and DLS, which provide additional
insight into the structure and formation of protein-polyelec-
trolyte complexes.

The structure of polyelectrolyte-protein complexes may be
described in terms of the conformation of the polyelectrolyte
backbone within the complex. Such information may be
obtained from the relationship between the diffusion coefficient
of the complex (Dx) and its molecular weight (Mx).24 The
determination of Dx by, for example, DLS, is generally
complicated for such multicomponent samples because the
contributions from free polyion and protein may be difficult to
separate from those of the complex. Nevertheless, since the
intensity of the scattered light is predominantly influenced by
the high molecular weight species, measurement ofDx is
feasible.5 Determination ofMx has hitherto been yet more
difficult. Using a recently developed method, frontal analysis
continuous capillary electrophoresis (FACCE),25 we can now
determine the composition of the complexes, consequently the
values ofMx.

An understanding of complex structure can also be obtained
by studying the dependence of its electrophoretic mobility,µx,
on complex composition and on the charge of bound protein.
The dependence ofµx upon solution pH (i.e., protein charge)
for BSA/PDADMAC complexes was previously found to be
consistent with a simple relationship based on a free-draining
model,14 in which µx depends on the charges and frictional
coefficients of the bound protein and polyelectrolyte:14,15

whereqp andqpro are the total effective charges on polyion and
protein,fp andfpro are the frictional coefficients of polyion and
protein, andN is the average number of proteins bound per
polymer chain. While the effects of ionic strength and specific
electrolyte ions are not explicitly considered in eq 1, this
simplified treatment is appropriate as long as the supporting
electrolyte is invariant. With more precise information about
complex composition and mobility in this work, the free-draining
model can be evaluated more thoroughly.

The binding of protein to polyelectrolyte may exhibit coop-
erativity,17 which can be identified by analysis of binding
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isotherms using appropriate models.26,27 Due to the large size
of the proteins (ligands) relative to the polymers (substrates) in
this study and the nonspecific nature of the binding process, an
appropriate model must consider the effect of overlapping
binding sites. The binding model of McGhee and von Hippel12

is therefore suitable, particularly if the distribution of binding
sites is not complicated by changes in polymer conformation.
According to this model, binding due to noninteracting ligands
can be expressed as

where L is the free ligand concentration,Kb is the intrinsic
binding constant,n is the average size of the binding sites, and
ν is the binding density defined as the average number of bound
ligands per polymer structural unit. When there are interactions
between adjacent bound ligands, incorporation of the binding
cooperativity,ω(<1 anticooperative,) 1 noncooperative,>1
cooperative), leads to the following McGhee-von Hippel
model:

where

It must be recognized that the cooperativity factor,ω, in the
McGhee-von Hippel model describes only interactions between
adjacent bound ligands, and any interactions between bound
ligands separated by one or more monomer residues are
completely ignored. Such a simplified treatment is ill-suited
whenω is used to describe cooperativity for long-range ligand
interactions, particularly for anticooperative systems, as an
infinite anticooperativity (ω ) 0) is merely physically identical
to an increase of the size of the binding site by one monomer
residue. Therefore, fitting binding data using eqs 3 and 4 for
anticooperative systems gives less accuracy in cooperativity than
the accuracy in the fitted size of the binding site. Furthermore,
quantitative interpretation of binding isotherms with this model
can be compromised by the nonideal binding behavior of a real
system that deviates from the fixed-size binding site model,
particularly at the ends of polymer chains.

Qualitatively, cooperativity in the overlapping binding site
model is reflected not only in the shape of the binding isotherm
but also in the dependence of binding upon the length of the
polymer chain.28 However, there has been a lack of experi-
mental observation of such dependence, particularly for proteins
binding to a flexible polymer chain. Results reported in this
work demonstrate correlation of experimental data with the
model.

We have studied the complexation of sodium polystyrene-
sulfonate (NaPSS) withâ-lactoglobulin and bovine serum
albumin, respectively. The two proteins are readily available
and well characterized, and monodisperse NaPSS standards of
various molecular weights are commercially available. In
addition, the use of CE to study such complexes has been
established.25

Experimental Section

a. Materials and Sample Preparation. â-Lactoglobulin
A&B of molecular weight ofMw ) 35 500 was purchased

from Sigma (catalog no. L-2506) (St. Louis, MO). Bovine
serum albumin (BSA) ofMw ) 66 000 was purchased from
Boehringer-Mannheim (catalog no. 100062) (Indianapolis, IN).
NaPSS withMw/Mn < l.1 and of Mw’s ) 710K, 88K, 31K,
and 5.4K were obtained from Pressure Chemical Co. (Pitts-
burgh, PA). The degrees of sulfonation for NaPSS from this
source have been reported29 to range from 73% to 88%. NaPSS
with Mw/Mn < 1.4 and ofMw ) 465K was obtained from
Polymer Standard Service (Mainz, Germany). High-purity
water with R ≈ 18 MΩ‚cm generated by a Milli-Q water
purification system was used for all solutions. Phosphate buf-
fers were prepared from monobasic and dibasic salts of so-
dium phosphate obtained from J. T. Baker Chem. Co. (Phil-
lipsburg, NJ).

Samples of protein and NaPSS solutions were prepared, based
on volume, from freshly made stock solutions in phosphate
buffer of I ) 0.05 and pH) 6.7. Before sample preparation,
all stock solutions were filtered with 0.45µm Whatman syringe-
filters (Clifton, NJ) and analyzed spectrophotometrically using
published extinction coefficients30 at 280 nm for proteins, and
using an extinction coefficient of 1.563 L/(g‚cm) at 261 nm
obtained in our laboratory for NaPSS. All complex samples
were prepared at a fixed concentration of NaPSS (0.1g/L) with
1.85 g/L BSA or 0.83 g/Lâ-lactoglobulin.

b. Methods. Dynamic light scattering was carried out with
a DynaPro-801 from Protein Solutions Inc. (Charlottesville,
VA), which employs a 25 mW solid-state 780 nm laser, a 7µL
flow cell, and an avalanche photodiode detector at 90°. Samples
were introduced into the flow cell via 0.2µm Anotop filters.
Scattering data were analyzed by the method of cumulants.31

CE was carried out at 25( 0.2 °C with a Beckman P/ACE
5500 (Fullerton, CA) equipped with a UV detector. Capillary
selection was based on achieving sufficient resolving power for
free and bound protein with maximum efficiency. Although
longer capillary and slower electroosmotic flow (EOF) both lead
to better resolution,32 the latter is more effective in enhancing
the resolution in a given time. Therefore, coated and uncoated
capillaries with the shortest possible length (total length of 27
cm and a length from inlet to detection window of 20 cm) were
used. Forâ-lactoglobulin/NaPSS samples, an uncoated capillary
from Restek (Bellefonte, PA) with 50µm i.d. provided adequate
separation. For BSA/NaPSS samples, a sulfonic-modified
capillary (i.d. ) 75 µm) with a decreased EOF from ISCO
(Lincoln, NE) proved to be better in separating free BSA from
the complexes. Separation voltage was 7 kV, as determined
before.25 The mobilities for individual protein and polymer
samples were measured using mesityl oxide (0.2% w/w) as a
neutral marker to correct for EOF. The mobilities for BSA/
NaPSS complexes were measured by injecting the complex
sample directly into protein-free buffer and using the free BSA
peak as a secondary mobility standard for EOF correction.
Strictly speaking, this method does not prevent the complex
from dissociating during the measurement. However, as shown
in Figure 1, electropherograms for the BSA/NaPSS sample
obtained by FACCE (Figure 1a), an equilibrium method, and
by regular sample injection (Figure 1b), a nonequilibrium
method, exhibit similar elution time for the free BSA and the
BSA/NaPSS complex. Thus, BSA/NaPSS complexes appear
to exhibit slow dissociation, so that regular sample injection
may be used to study binding stoichiometry33 and mobility.34

The slightly faster elution of complexes in Figure 1b is expected
since the average viscosity of the run buffer in direct injection
is lower than in FACCE. The mobility of complexes formed
between â-lactoglobulin and NaPSS, however, cannot be

ν
L

) Kb(1 - nν)( 1 - nν
1 - (n - 1)ν)n-1

(2)

ν
L

) Kb(1 - nν)((2ω - 1)(1 - nν) + ν - R

2(ω - 1)(1 - nν) )n-1

×

(1 - (n + 1)ν + R

2(1 - nν) )2

(3)

R ) x{[1 - (n + l)ν]2 + 4ων(1 - nν)} (4)
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measured in this manner, since these complexes undergo
appreciable dissociation in the protein-free Buffer.25

The concentration of bound protein in each sample was
obtained by subtracting the free protein concentration determined
via FACCE from the total protein concentration. The binding
density, ν, i.e., the number of protein molecules bound per
polymer residue, is then calculated as

and the molecular weight of the complex,Mx, ean be calculated
as

wherem0 ) 206 is the molar mass of the NaPSS monomer
unit, Mpro is the MW of the protein, andMNaPSSis the MW of
NaPSS. All concentration terms in eqs 5 and 6 bear units of
g/L. Computer graphing and fitting of the binding data
according to eqs 3 and 4 were done via DeltaGraph 4.0
dynamically linked to Excel 7.0.

Results and Discussion

a. Conformation of NaPSS in the Complexes.The double-
logarithmic plots ofDapp versusMw shown in Figure 2 for
NaPSS and its complexes with BSA andâ-lactoglobulin,
respectively, correspond to the relationship

whereM represents theMw of NaPSS or the complexes. The
value ofa in eq 7 is a measure of the expansion of the polymer
or complex in solution,35 andK reflects its density. The value
of a for NaPSS in Table 1 is in poor agreement with thea value
ranging from-0.60 to-0.66 reported by Wang and Yu24 at
similar ionic strength. Since thea value for NaPSS is dependent
on its degree of sulfonation,36 and commercial samples of
NaPSS vary somewhat in degree of sulfonation,29,36it is difficult
to compare results obtained by different workers. However,
the important point here is the proximity of the values ofa found
for NaPSS versus its complexes with the two proteins. The
values ofK are in the order BSA/NaPSS> â-lactoglobulin/
NaPSS> NaPSS, indicating the density of the complex is larger
than that of protein-free NaPSS and the complex formed with
the more massive protein possesses higher density.

The similarity of the structures of the complexes to that of
the protein-free NaPSS prompted us to evaluate the draining

properties of the complexes. As the polymer is free-draining
by itself in electrophoresis, it is interesting to evaluate whether
the complexes, with similar structures, are free-draining as well.

b. Free-Draining Model for Complex Structure. Evalu-
ation of the free-draining model described by eq 1 requires
comparison of measured mobilities with calculated ones, based
on known effective charges and frictional coefficients of proteins
and polyelectrolytes. It is known that the effective charge of a
protein in electrophoresis,qpro, is smaller than the net charge
calculated from protein sequence information or pH titration
data.38-40 This difference mainly arises from specific ion-
binding, which is also responsible for the effect of the type of
supporting electrolyte on the isoelectric point of proteins
observed by moving boundary electrophoresis.41 In the absence
of a direct measurement ofqpro, two indirect approaches have
been proposed. By derivatizing a protein to form a series of
protein charge ladders, Gao et al.42,43 were able to obtain the
effective charge of the underivatized protein by extrapolation
of mobility measurements. However, this method may not be
applicable to high molecular weight proteins, as the resulting
charge ladders may not be resolvable by CE.42 The effective
protein charge can also be calculated by38

which in combination with the Einstein equation,f ) kT/DT,
gives44

where DT is the translational diffusion coeffficient (m2/s), k
Boltzmann’s constant (J/K), andT the temperature (K). The
application of eq 9 to charged particles assumes that hydrody-
namic friction in translational diffusion is similar to that in
electrophoresis and that the value ofDT is not affected by
electrostatic interactions.

Previous studies on BSA45,46 suggest that the apparent
diffusion coefficient, Dapp, measured by DLS is relatively
insensitive to pH and ionic strength under the solvent conditions
for our experiments. The concentration of BSA (0.85g/L) used
in our DLS measurements is sufficiently low so thatDapp

Figure 1. Electropherograms for a mixture of BSA (1.85 g/L) and
NaPSS (ca. 0.1g/L) of MW) 88K in phosphate buffer ofI ) 0.05 M
and pH ) 6.7: (a) obtained by FACCE; (b) obtained by injecting
complex sample into protein-free buffer.

ν )
[Protein]bound

[NaPSS]total

m0

Mpro
(5)

Mx )
[Protein]bound+ [NaPSS]total

[NaPSS]total

MNaPSS (6)

Dapp) KMa (7)

Figure 2. Correlation of diffusion coefficients (×10-13 m2/s) and
molecular weights for NaPSS (9) and its complexes with BSA (b)
andâ-lactoglobulin (2) in phosphate buffer of pH) 6.7 andI ) 0.05
M. Symbols are experimental data. Lines are best-fit lines.

TABLE 1: Best-Fit Parmeters for Eq 7

parameter a K (10-13 m2/s)

NaPSS -0.5 6.7× 104

BSA/NaPSS complex -0.5 1.8× 105

â-lactoglobulin/NaPSS complex -0.5 8.6× 104

µpro )
qpro

fpro
(8)

µpro )
qproDT

kT
(9)
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approaches its infinite dilution value.47-49 Hence, we assume
in this work that the effects of electrostatic interaction onDapp

are insignificant for BSA, andDapp ≈ DT. Furthermore, since
proteins are nondraining in both translational diffusion and
electrophoresis, it is reasonable to expect that the friction
experienced by proteins in both situations is similar, even though
counterions move along with macroions in translational diffusion
and move against them in electrophoresis. Therefore, to a first
approximation, eq 9 is suitable for proteins, at least for BSA.
However eq 9 is not applicable to polyelectrolytes. This is
because the values ofDapp from DLS for flexible-chain
polyelectrolytes are strongly affected by electrostatic interactions
(i.e., in generalDapp * DT),31 and more importantly, the
frictional resistance in translational diffusion is very different
from that in electrophoresis for flexible-chain polyelectrolytes,
since they are nondraining in the former case and free-draining
in the latter.50

Not being able to determine the effective electrophoretic
charges on the polyelectrolyte (qp in eq 1) experimentally, we
resort to existing theories. According to Manning’s counterion
condensation theory,51 counterions condense on a polyelectrolyte
chain when its linear charge density,ê, exceeds the reciprocal
of the valence of counterions in solution. This prediction has
been confirmed inter alia by CE measurements of polyelectro-
lytes.52 Manning suggests that the mobility of polyelectrolytes
in electrophoresis is reduced not only by the condensed
counterions but also by an asymmetry effect from the distortion
of ion atmosphere surrounding a polyelectrolyte in an electric
field.53 Under our experimental conditions, the mobility
calculated for NaPSS with consideration of the asymmetry effect
is ca. 32% smaller than the result calculated without it (see
Appendix). For proteins, however, the asymmetry effect is
negligible.54 While one may easily perceive that the condensed
counterions contribute to the effective charge of the polyelec-
trolyte, the connection between the asymmetry effect and the
“effective charge” is less clear. To simplify our calculation,
we collect all these mobility-diminishing effects in the effective
charge of the polyelectrolyte. Therefore, we have

where Xp is the total number of monomer units in the
polyelectrolyte andê is the linear charge density of the
polyelectrolyte. We also calculated the effective polyelectrolyte
charge based on other theories describing the degree of
counterion association. On the basis of an equilibrium two-
state model for the counterion activity in a polyelectrolyte
solution, Record et al.55 determined the extent of “thermody-
namically associated counterions”. If all such counterions were
mobility-reducing counterions, then the effective absolute charge
on a polyelectrolyte structural unit in the presence of univalent
counterions would be55

The same result is also reached upon consideration of the
distribution of counterions around a polyion via the Poisson-
Boltzmann equation in cylindrical geometry.56 It is noted that
the effective charge from eq 10b is half of the charge calculated
based on counterion condensation alone.51 For a comparison,
we will include results of complex mobility calculation using
expressions in both eq 10a and eq 10b.

To reduce the free-draining model of eq 1 to a more useful
form based on the properties of the complex per polymer

structural unit, we express the binding density,ν, as

Since polyions are free-draining in electrophoresis, we writefp
as

wherefm is the average contribution of each monomer to the
total polymer frictional coefficient. Substitution of eqs 10-12
into eq 1 then yields the following relationship between complex
mobility and complex composition:

wherec is a constant with a value of either 0.68 (eq 10a) or 0.5
(eq 10b). Here, it is assumed that neither the polymer linear
charge density,ê, nor the net protein charge,qpro, changes upon
complex formation. These assumptions are valid when the
number of counterions released from the polyelectrolyte upon
binding is only a small fraction of the condensed counterions
or when the numbers of released cations and anions from the
polyelectrolyte and the protein upon binding are approximately
equal.

Table 2 contains theoretical values of the effective charge
for NaPSS, the mobilities for proteins and NaPSS determined
by CE, and the effective protein charges, along with the
frictional coefficients for proteins and NaPSS calculated using
eqs 8 and 9. The complex mobility can then be calculated by
substituting the experimentally determined binding density into
eq 13. For BSA/NaPSS complexes, results of measured and
calculated mobilities along with the binding density data required
in the calculation are listed in Table 3. Measured and calculated
mobilities for BSA/NaPSS complexes are in remarkable agree-
ment when “thermodynamically associated counterions” are used
to calculate the polymer effective charge, while larger discrep-
ancies exist when the polymer effective charge was calculated
according to the counterion condensation and the asymmetry
effect. However, due to the many approximations implicit in
the free-draining model expressed as eq 13 and our simplified
treatment of the asymmetry effect, the difference between the
measured and calculated mobilities should not be used to
differentiate between the theories on which the calculations were
based. The mobilities ofâ-lactoglobulin/NaPSS complexes
were calculated in similar ways and are listed in Table 4 along
with the measured binding density. The dependence of calcu-
lated mobilities upon NaPSSMw for both protein complexes is

|qp| ) 0.68Xpê
-1 (10a)

|qp| ) Xp(2ê)-1 (10b)

TABLE 2: Calculated Frictional Coefficients and
Experimentally Determined Parameters in I ) 0.05 M, pH )
6.7 Phosphate Buffer at 25°C

sample
effective
charge (e)

mobility
(10-4 cm2/(V‚s))

calculated frictional
coefficient

(104 V‚s‚e/cm2)

NaPSS -cê-1 fm ) 0.061 (c ) 0.68)
(ê ) 2.84) (c ) 0.68

or 0.50)
-3.89 fm ) 0.045 (c ) 0.50)

BSA
(Dapp) 6.40×

10-11 m2/s)
-4.90 -1.22 fpro ) 4.02

â-lactoglobulin
(Dapp) 7.35×

10-11 m2/s)
-4.34 -1.24 fpro ) 3.50

ν ) N
Xp

(11)

fp ) Xpfm (12)

µx )
(cê-1 + νqpro

fm + νfpro
(13)
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in qualitative agreement with the observation in Figure 3. The
stacked FACCE electropherograms indicate that as theMw of
NaPSS decreases, complex plateaus (second plateaus) appear
sooner for BSA/NaPSS complexes (Figure 3A) and later for
â-lactoglobulin/NaPSS complexes (Figure 3B).

The apparent success of the free-draining model prompted
us to further consider the correlation of the mobility and the
composition of a free-draining complex. The plot of eq 13 with
c ) 0.5 in Figure 4 shows that complex mobility is most sen-
sitive to composition change in the low binding density region.
As binding density increases, its effect on complex mobility
decreases. The change in complex mobility as a function of
change in binding density can be described mathematically.
Upon differentiation of eq 13, for polyanions, we have

Thus, the change in complex mobility,∆µ, is a function of the
change in binding density,∆ν, in the form

Substituting values for BSA from Table 2 andc ) 0.5 into eq
15, we find the value of the term in brackets varies from the
maximum of 458 (10-4 cm2/Vs) at ν ) 0, to 128 (10-4 cm2/
Vs) at ν ) 0.01, to 15 (10-4 cm2/Vs) at ν ) 0.05. Since the
accuracy of the mobility measurement in this work is(0.01
(10-4 cm2/Vs) and that of the binding density is(0.0001, the
sensitivity of complex mobility measurements is comparable
to or better than concentration measurements for characterizing
complex composition when the binding density is less than 0.01.
Therefore, complex mobility measurements in the low binding
density region provide an alternative to other methods that suffer
from greater noise, especially when the binding data in the low
binding density region determine the intrinsic binding con-
stants.12

c. Analysis of Binding via McGhee-von Hippel Model.
The retention of polyelectrolyte conformation upon complex
formation and the free-draining behavior of the complex suggest
that multiple attachments of remote segments of NaPSS to a
single protein are unlikely, so that the binding between proteins
and NaPSS may be treated approximately by the McGhee-
von Hippel model12 for large ligands binding to a one-
dimensional lattice with overlapping binding sites. Fitting of
the binding isotherms in Figure 5 according to eqs 3 and 4 leads
to an average binding site size of 17 monomer residues for
â-lactoglobulin and 17-24 monomer residues for BSA, depend-
ing upon solution conditions (Table 5). If the number of
monomer residues occluded by a bound protein is solely based
on the one-dimensional lengths of protein and polymer chain,
then, from the hydrodynamic diameters of 7.0 and 5.4 nm for

TABLE 3: Calculated and Measured Mobility for BSA/NaPSS Complexes in Phosphate Buffer ofI ) 0.05 M and pH ) 6.7

NaPSS
MW ν × 102

measured complex
mobility (µm‚cm/(V‚s))

calculateda complex
mobility (µm‚cm/(V‚s))

relative differencea

(%)
calculatedb complex

mobility (µm‚cm/(V‚s))
relative differenceb

(%)

5400 4.56 -1.76 -1.75 0.07 -1.89 8
31 000 3.37 -1.83 -1.89 3 -2.06 12
88 000 3.07 -1.90 -1.94 2 -2.11 11

710 000 2.83 -1.92 -1.98 3 -2.16 12

a Effective charge on each polymer structual unit is based on eq 10b.b Effective charge on each polymer structual unit is based on eq 10a.

TABLE 4: Calculated Mobility for â-Lactoglobulin/NaPSS
Complexes in Phosphate Buffier ofI ) 0.05 M and pH ) 6.7

NaPSS
MW ν × 102

calculateda complex
mobility (µm‚cm/(V‚s))

calculatedb complex
mobility (µm‚cm/(V‚s))

5400 1.12 -2.66 -2.86
31 000 2.40 -2.17 -2.36
88 000 2.50 -2.14 -2.33

710 000 2.50 -2.14 -2.33

a Effective charge on each polymer structual unit is based on eq 10b.
b Effective charge on each polymer structual unit is based on eq 10a.

Figure 3. FACCE electropherograms for NaPSS (ca. 0.1g/L) of various
MW’s complexing with (A) BSA (1.85 g/L), (B)â-lactoglobulin (0.83
g/L) in phosphate buffer ofI ) 0.05 and pH) 6.7: (a) MWNaPSS)
710K, (b) MWNaPSS) 88K, (c) MWNaPSS) 31K, (d) MWNaPSS) 5.4K.

Figure 4. Complex mobility as a function of binding density for BSA
(a) andâ-lactoglobulin (b) complexing with NaPSS in phosphate ofI
) 0.05 M and pH) 6.7.

dµ
dν

)
qprofm + cê-1fpro

(fm + νfpro)
2

(14)

∆µ ) (qprofm + cê-1fpro

(fm + νfpro)
2 )∆ν (15)
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BSA andâ-lactoglobulin, respectively, and from the spacing
of 2.5 Å between adjacent monomer residues, we calculate
binding site sizes of 28 monomer residues for BSA and 22
monomer residues forâ-lactoglobulin. However, such calcula-
tions are based on the assumption that all binding sites are
aligned in one direction and can only be approached from one
direction (Scheme 1a), whereas binding sites on a linear
polyelectrolyte have different orientations and can be accessed
from various directions (Scheme 1b). Therefore, it is possible
that the true size of the binding sites is smaller than such
calculated ones. In addition, in the case of anticooperative
binding, anticooperativity maybe imbedded in the binding site
size, thus making the apparent size larger than the real one. In
this aspect, we want to mention that, in our curve-fitting process
for BSA/NaPSS binding data, fitted curves are much less
sensitive to the changes inω than to the changes inn.

Cooperativity in complex formation is reflected in both the
shape of the binding isotherm and the fitting parameters. The
shape of isotherms in Figure 5 suggests that the binding of BSA
to NaPSS at pH) 6.7 and I ) 0.05 M is anticooperative,
whereas the binding ofâ-lactoglobulin to NaPSS is not, as

confirmed byω < 1 (anticooperative) for the former andω )
3 (slightly cooperative) for the latter. The difference in binding
cooperativity for BSA versusâ-lactoglobulin is more discernible
at pH ) 7.5 andI ) 0.1 M than at pH) 6.7 andI ) 0.05M,
with BSA binding being anticooperative (ω < 1) andâ-lacto-
globulin binding being very cooperative (ω ) 128). These
observations can be correlated with the dependence of binding
density upon NaPSSMw presented in the last section.

The values of intrinsic binding constants are quantitative
measures of binding affinity. Under the same solvent condition,
BSA shows stronger binding thanâ-lactoglobulin. The depen-
dence of binding affinity on solvent condition is also different
for the two proteins. As pH and ionic strength increase from
one buffer to another,Kb for BSA shows a 4-fold increase,
whereasKb for â-lactoglobulin exhibits a decrease of nearly 2
orders of magnitude (Table 5). This difference is probably due
to the different balance between electrostatic repulsion and
hydrophobic interaction, as it has been observed57 that BSA is
more hydrophobic thanâ-lactoglobulin, and the hydrophobicity
of the former increases with pH while the hydrophobicity of
the latter is relatively constant in the two buffers used. The
question of hydrophobic interactions involving NaPSS will be
the subject of a separate investigation.

d. Dependence of Binding Density uponMw of NaPSS
and Binding Cooperativity. Results of binding dependence
on NaPSSMw are shown in Figure 6. Binding density of BSA
decreases as the polymer chain length increases, and the opposite
was observed forâ-lactoglobulin. Such a difference in binding
density dependence on polymer chain length agrees with the
difference in binding cooperativities between the two proteins
shown in the previous section. According to Epstein,28 as the
lattice length or molecular weight of a linear polyelectrolyte
increases, the binding density approaches an asymptotic limit,
but from opposite directions for anticooperative versus coopera-
tive systems. This is because a longer polymer chain has a
higher fraction of adjacent binding sites, leading to stronger
cooperativity effects. Thus as polyelectrolyte chain length
increases, binding density increases for cooperative systems and
decreases for anticooperative systems. These results suggest
that bound proteins are likely to be discrete in BSA/NaPSS
complexes, but contiguous inâ-lactoglobulin/NaPSS complexes.
However, the origin of the binding cooperativity difference for
the two proteins is not clear.

Conclusions

From dynamic light scattering and capillary electrophoresis
measurements of bovine serum albumin andâ-lactoglobulin
complexing with sodium polystyrenesulfonate, we have found
that the conformations of these complexes are similar to those
of the protein-free polyelectrolyte. In addition, our results are

Figure 5. Binding density as a function of free protein concentration.
Symbols are experimental data, lines are best-fit theoretical curves
according to eqs 3 and 4 with the parameter values in Table 5: (4)
BSA/NaPSS, pH) 6.7; I ) 0.05 M; (2) BSA/NaPSS, pH) 7.5; I )
0.1 M; (O) â-lactoglobulin/NaPSS, pH) 6.7; I ) 0.05 M; (b)
â-lactoglobulin-NaPSS, pH) 7.5; I ) 0.1 M.

TABLE 5: Values of Parameters Used to Fit Binding
Isotherms in Figure 5

sample
pH ) 6.7;
I ) 0.05 M

pH ) 7.5;
I ) 0.1 M

â-lactoglobulin/NaPSS n ) 17 n ) 17
Kb ) (2.5( 0.3)×

103 M-1
Kb ) (9.4( 0.3)×

10 M-1

ω ) 3 ω ) 128
BSA/NaPSS n ) 17 n ) 24

Kb ) (1.5( 0.3)×
104 M-1

Kb ) (6.0( 0.3)×
104 M-1

(ω ) 0)a (ω ) 0)a

a The theoretical curve is not sensitive toω for ω < 1.

SCHEME 1: Comparison of Binding Models: (a) One-
Dimensional Approach of Ligands to Aligned Linear
Binding Sites in McGhee-von Hippel Model: (b)
Multidirectional Approach of Ligands to Binding Sites
Assuming Various Orientations in Real Systems

Figure 6. Binding density as a function of MW of NaPSS for BSA/
NaPSS samples (9) andâ-lactoglobulin/NaPSS samples (b).
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consistent with a free-draining model for the complexes. The
fitting parameters of the binding isotherms and the effect of
the polyelectrolyte molecular weight upon binding density
indicate that the binding of bovine serum albumin is anticoop-
erative, while the binding ofâ-lactoglobulin is cooperative.
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Appendix

The asymmetry effect on the mobility of NaPSS in phosphate
buffer of I ) 0.05 M was estimated based on the calculation
for the symmetric electrolyte NaH2PO4 according to ref 53. All
equation numbers and parameters cited in the following are from
that reference.

With R ) 1 for symmetric electrolytes andU ) 3.89 µm‚
cm/(V‚s) determined experimentally,â can be calculated by
simultaneously solving eq 35 and eq 38. Values of parameters
used in our calculations are

and the values of equivalent ionic conductivity at infinite dilution
are58

Therefore,â ) 1.464. The asymmetry effect according to eq
35 is

In other words, the asymmetry effect reduces the mobility of
NaPSS by ca. 32%.
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ν1 ) 1; ν2 ) 1; z1 ) 1; z2 ) -1

Na+: λ1 ) 50.08× 10-4 m2‚S/mol

H2PO4
-: λ2 ) 33.00× 10-4 m2‚S/mol

R
â

) 1
1.464

≈ 0.68
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