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Pol~v(dimethyldiul1ylammonii~m chloride) (PDMDAAC) exhibits u strong electrmtatic in- 
teraction with bovine serum albumin (BSA) at pH 8.0 in 0.16M NaCl. Electrophoretic. dy- 
namic, und static light scuttering suggest that the mode of binding of BSA to PDMDAAC de- 
pends upon the weight concentration ratio (r) qf BSA to PDMDAAC. When r is smaller than 
cu. 10, the system exhibits characteristics ofcooperative binding, in that the BSA molecules are 
inhomogmw)uslji distributed among the polymer chains, and free PDMDAAC molecules coex- 
ist with complex. When r reaches cu. 10. the amount of free PDMDAAC is too small to be 
observed. Further increase in r leads to a secondary binding process along with an increase in 
the umoiint qffiee protein. Hydrophobic interactions among the bound BSA are proposed as 
the driving,fi)rce,fbr the cooperative binding. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Strong interactions between proteins and polyelec- 
trolytes have been the subject of numerous re- 
search efforts.'-43 These forces may result in the 
formation of soluble complexes, 19,26.43 complex 
coacervates, 42 or  precipitate^.^,' 1 . '4 .37  The study of 
these interactions is important for at least three rea- 
sons. ( l ) Polyelectrolyte-enzyme complex for- 
mation may be used to stabilize or immobilize 
 enzyme^^^.^^ ; ( 2 ) po~yelectrolyte-protein com- 
plexes may serve as model systems for the study of 
nonspecific coulombic interactions between DNA 

and  protein^^',^^; and ( 3 )  selective precipitation or 
coacervation of proteins by polyelectrolytes has 
great potential in large-scale protein purification 
 technique^.^^ Techniques to investigate the struc- 
ture or properties of coacervated or precipitated 
polyelectrolyte-protein complexes are clearly very 
limited. However, soluble complexes can be stud- 
ied by a wide range of methods well known in 
colloid and polymer chemistry, including turbi- 
dimetry, dynamic, static, and electrophoretic light 
scattering, fluorescence spectroscopy, ultracentrif- 
ugation, size exclusion chromatography, and CD. 

We have studied the interaction between strong 
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polyelectrolytes such as poly (dimethyldiallylam- 
monium chloride) (PDMDAAC) and globular 
proteins such as ribonuclease ( RNAse), bovine se- 
rum albumin (BSA), and Th e 
magnitude of the interaction has been found to de- 
pend on the nature of the polyelectrolyte and the 
protein, as well as on the solution conditions (pH 
and ionic strength) .43 However, the mechanism of 
protein-polyelectrolyte binding is still not com- 
pletely understood. Fundamental questions con- 
cerning the magnitude of the binding constant and 
the cooperativity of binding still remain to be an- 
swered. Related questions are as follows: Can free 
polyelectrolyte, free protein, and protein-polyelec- 
trolyte complex coexist? How does the bulk mass 
ratio of protein to polymer ( Y )  affect the binding 
mechanism? This paper attempts to address these 
questions through a combination of electropho- 
retic, dynamic, and static light scattering tech- 
niques. To facilitate the interpretation of the re- 
sults, narrow distribution PDMDAAC fractions 
were used. 

EXPERIMENTAL 

Materials and Solution Preparation 

A commercial sample of PDMDAAC, "Merquat 100" 
from Calgon corporation (Pittsburgh PA) with a nomi- 
nal molecular weight of 200 K and polydispersity of Mw/ 
M ,  = 10, was fractionated via preparative gel permeable 
chromatography (GPC). The fractions were character- 
ized by static and dynamic light scattering, viscosity, 
GPC, and electrophoretic light scattering.47 Three frac- 
tions with weight average molecular weights ( M w )  of 
1200, 1250, and 1300 K were used. All three fractions 
had a polydispersity index of less than 1.2, and all were 
dialyzed and freeze dried before use. BSA (>98.5% pure) 
with PI = 4.9 was purchased from Boehringer Mann- 
heim and used without further purification. The pH was 
adjusted with 0. I M NaOH and 0.1 M HCI from Fisher, 
and the ionic strength was adjusted to 0.16Mwith NaCl 
from Fisher. Milli-Q water was used throughout the 
study, and all samples were filtered with Whatman 0.45 
pm filters. 

Quasielastic Light Scattering 

Quasielastic light scattering ( QELS) measurements were 
carried out at 24 ? 1 "C and at a 90" scattering angle using 
a Brookhaven Instruments system equipped with a 72- 
channel digital correlator (BI-2030AT) and an Omni- 
chrome 200 mW argon laser operating at a vacuum 
wavelength (A,) of 488 nm. In the self-beating mode of 
dynamic light scattering, the measured photoelectron 

count autocorrelation function G'2)( 7 ,  4 )  for a detector 
with a finite effective photocathode area has the form4* 

where g ( ' ) ( ~ ,  q )  is the first-order scattered electric field 
( Es)  time correlation function, 7 is the delay time, ( n )  is 
the mean counts per sample, N, is the total number of 
samples, and b is a spatial coherence factor that depends 
upon the experimental setup and is taken as an unknown 
parameter in the data fitting procedure; q, the scattering 
vector, = (4an/A0)sin(0/2), where n and 0 are the re- 
fractive index of the scattering medium and the scatter- 
ing angle, respectively. For a solution of polydisperse 
particles, g' ' )(  7 ,  q )  has the form 

where G ( r ,  q )  is the normalized distribution of line 
width r measured at a fixed value of q .  In the present 
study, a CONTIN algorithm was used to obtain the aver- 
age r, denoted as ray and its distribution of both the 
complex and the free micelle  mode^.^^.^' The apparent 
translational diffusion coefficient (D) is related to raw by 
D = rav/q2. The apparent hydrodynamic radius Rh can 
be estimated via the Stokes-Einstein equation 

where kn is the Boltzman constant, Tis the absolute tem- 
perature, and 7 is the solvent viscosity. 

Static Light Scattering 

Static light scattering measurements were performed at 
24 k 1°C and at a 90" scattering angle on the same solu- 
tions described above. Utilizing the Brookhaven Instru- 
ment with automatic rejection of dust events, 30 total 
intensity readings were collected at 2 - s intervals and 
averaged. Three of these averaged values were collected 
for each sample to yield a total population of 90 readings. 

Electrophoretic Light Scattering 

Electrophoretic light scattering (ELS) was carried out at 
25°C and at four angles (8.6", 17. lo, 25.6", 34.2") using a 
DELSA 440 instrument from Coulter Instrument Co. 
The electric field was applied in a constant current mode. 
The electrophoretic cell had a rectangular cross section 
connecting the hemispherical cavities in each electrode, 
and the total sample volume was about 1 mL. The mea- 
sured electrophoretic mobility ( U )  was the average value 
at the stationary layer measured at the above angles. 
More details concerning electrophoretic light scattering 
can be found in Ref. 5 I .  



Binding of BSA to u Cutionic Po/yeIectrolyte 529 

d 

P 

d 

3 : I 4; 

I 3  

I 
0 
4 
W 

0 0 

PH 
FIGURE 1 
PDMDAAC ( 0 ) in 0.16 M NaCl as a function of pH. 

Electrophoretic mobility of BSA (0) and 

RESULTS AND DISCUSSION 

Figure 1 shows the electrophoretic mobility of BSA 
and PDMDAAC as a function of pH. As expected, 
PDMDAAC shows no pH dependence, while BSA 
displays an increase in negative charge with in- 
creasing pH, the electrophoretic mobility changing 
f r o m 0 . 9 ~  10-~t0-1.1 x 10-4cm2V-' s-I as the 
pH is increased from 3.5 to 1 1 .O, with an isoelectric 
point at ca. pH 4.9. PDMDAAC and BSA have 
electrophoretic mobilities of 1.9 X and - 1 .0 
x cm2 V - '  s-I , respectively, at pH 8.0 and 
0.16M NaCl, where most of the current studies 
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FIGURE 2 Total scattered intensity of BSA/ 
PDMDAAC as a function of pH. Soluble BSA/ 
PDMDAAC complexes can be observed at pH 6.0-8.9. 
Broken line indicates scattered intensity due to BSA 
alone. 
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FIGURE 3 CONTIN distribution of BSA/PDMDA- 
AC as a function of r .  For clarity, only selected distnbu- 
tions are shown. 

were conducted. These conditions were chosen so 
as to ensure soluble complex formation. Figure 2 
shows the total scattering intensity of BSA/ 
PDMDAAC in 0.16M NaCl as a function of pH. 
Above pH 6.0 (defined as pH,), a significant in- 
crease in the scattering intensity was observed. This 
increase corresponds to the onset of complex for- 
mation between BSA and PDMDAAC. Above pH 
8.9 (defined as pH,), macroscopic phase separa- 
tion takes place and the system becomes turbid. 
pH, and pH, represent the boundaries of the 
soluble complex region. Mattison et al?' showed 
that both pH, and pH, were independent of 
PDMDAAC molecular weight, and that while pH, 
exhibited an inverse dependence on r ,  pH, was in- 
dependent of r .  The dependence of scattering in- 
tensity on pH clearly increases as the pH increases, 
and one may discern discontinuities at pH 7.0 and 
7.5. It is still not known whether these discontinu- 
ities represent regions of abrupt increase in the in- 
trinsic binding constant or an increase in the extent 
of aggregation. In this study pH 8.0 was chosen to 
ensure that complex formation would be reason- 
ably complete while still avoiding the more intense 
aggregation indicated in Figure 2 for pH values 
greater than 9.0. 

Figure 3 shows the distribution of I' as a func- 
tion of r .  At r = 0, the single peak corresponds to 

peaks were observed: the high r peak ( R h  = 3.5 
nm) corresponds to free BSA, and the low r peak 
may correspond to both complex and free 
PDMDAAC (the coexistence of free and bound 
PDMDAAC will be discussed later). The scatter- 

PDMDAAC with Rh = 25 nm. At r 0.6, two 
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FIGURE 4 Average apparent hydrodynamic radius of 
BSA/PDMDAAC and free PDMDAAC as a function of 
r .  The measured Rh values for PDMDAAC and BSA 
alone are 25 and 3.5 nm, respectively. 

ing intensity of free PDMDAAC depends on its 
molecular weight and relative concentration, so 
that in mixtures of BSA and lower molecular 
weight PDMDAAC previously studied, only the 
fast mode for BSA diffusion was detected below pH 
4.5, where complexation does not occur.23 Under 
the current conditions with high molecular weight 
PDMDAAC, both BSA and PDMDAAC can be 
detected at pH < 4.5. Although the meaning of Rh 
for the low r peak is not entirely clear, it can at 
least be concluded that the size ofthe complex does 
not change significantly with increasing r .  This ob- 
servation is consistent with an intrapolymer com- 
plex in which the randomly coiled confirmation is 
retained. Since PDMDAAC and BSA are oppo- 
sitely charged at this pH, complex formation rep- 
resents partial charge neutralization. This charge 
neutralization makes the complex less hydrophilic 
than either free BSA or free polymer, resulting in a 
rather compact conformation for the complex. The 
ca. 25% decrease in Rh for the complex in the re- 
gion r = 1-50 (Figure 4 )  is consistent with a partial 
collapse of the polyion chain with progressive pro- 
tein binding. This behavior might be the most fun- 
damental difference between protein polyelectro- 
lyte complexes and proteins complexed with non- 
ionic polymers. In the latter, complex formation 
represents charge accumulation, and the repulsion 
between the charged groups leads to conforma- 
tional expansion.33 

Figure 5 shows the electrophoretic mobility of 
the BSAIPDMDAAC system as a function of Y. In 
contrast to QELS, the component that provides the 

weakest signal in ELS and hence is not detected is 
free protein, whereas both complex and free poly- 
mer are ~ b s e r v e d . ~ ' . ~ ~  In this sense, QELS and ELS 
are complementary techniques. At r I 5 ,  the sys- 
tem shows two electrophoretic mobilities. The 
value at ca. 1.9 X cm2 V - '  s-' corresponds 
precisely to free PDMDAAC, and the lower value 
at ca. 1.4 X cm2 V -' s-' represents the soluble 
complex. Neither value shows an significant r de- 
pendence up to r = 5. These results suggest that for 
r values less than 10, the PDMDAAC molecules 
are either complexed with BSA or free, an indica- 
tion of a cooperative binding mechanism. In this 
model, an increase in Y gives rise to an increase in 
the number of complexes and a simultaneous de- 
crease in the number of free PDMDAAC mole- 
cules. The degree of binding @, defined as the mo- 
lecular mass ratio of BSA to PDMDAAC in the 
complex, would therefore be constant. Using sedi- 
mentation, a similar nonuniform distribution of 
BSA among polyelectrolyte "hosts" was observed 
earlier by Kabanov et aL9 Cooperative binding has 
also been observed in complexes of native calf thy- 
mus DNA with cationic polypeptides such as poly- 
L-ornithine, poly-L-lysine, poly-L-arginine, and 
poly-~-homoarginine.~~ It is also interesting to note 
that, on the basis of the results in Figures 3 and 5, 
free polymer and free protein coexist in the range 
0.5 < Y < 5. This observation indicates that the 
binding constant is not very large at the pH and 
ionic strength conditions employed here. 

When r reaches 10 in Figure 5, the free 
PDMDAAC signal disappears, and the mobility of 
the complex begins to decrease with increasing r .  

r 
FIGURE 5 Mobility of BSA/PDMDAAC as a func- 
tion of r .  The mobility of free BSA in these solutions in 
not detectable. Two mobilities are observed at r < s. 
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FIGURE 6 Total scattered intensity of BSA/PDMD- 
AAC as a function of r .  

This decrease implies a secondary binding process, 
driven by mass-action effects, wherein the degree 
of binding ( 6 )  is a function of r .  The incomplete 
binding at low r may arise from the excluded vol- 
ume of the bound BSA molecules. However, a sub- 
sequent increase in ,6 takes place only after the free 
PDMDAAC concentration becomes very low and 
a large amount of free BSA exists in the solution 
(seeFigure3,r>5).  

Figure 6 shows the total scattering intensity as a 
function of r .  Similar to the results of the previous 
figures, the total scattering intensity indicates a 
transition between r = 5 and 10. Below r = 10, a 
linear relationship between the total intensity and 
r is observed. Above Y = 10, however, the total in- 
tensity begins to level off. The linearity of I ( r )  is 
consistent with the results of Figure 5, if we assume 
that the structure of the complex is invariant, and 
only number of complexes (n,) changes with r .  If 
n, is linear with r ,  then I (  r )  may be linear, also (see 
below). 

If it is assumed that the angular dependence and 
interparticle interactions are insignificant, the total 
scattering intensity ( I )  from a solution of complex, 
free PDMDAAC, and free BSA, after a blank cor- 
rection for the 0.16M NaCl, can be expressed as4' 

where K,, Kp,  and Kpr are the contrast factors 
for complex, PDMDAAC, and BSA; C,, CpJ, and 
CprJ are the mass concentrations of complex, 
PDMDAAC, and BSA; and M,,,, Mw,p, and Mw,pr 
are the weight average molar masses of complex, 
PDMDAAC, and BSA. In a solution where intra- 

polymer complex predominates, if we define = 

Cpr,T, and CP,= are the mass concentrations of 
bound BSA, bound PDMDAAC, total BSA, and 
total PDMDAAC, Eq. (4 )  can be rewritten as fol- 
lows: 

Cpr,B/Cp,B, and = c p r , T / c p , T ,  where Cpr,B, c p , B ,  

In Eq. (5  ), the second term gives rise to a straight 
line for I vs r with a slope of Kp,.Cp,TMw,pr. The van- 
ables in the first term are ,6 and Cp,B. Because of the 
constant mobility, it can be assumed that p re- 
mains essentially constant for r values less than 10. 
The requirement for linearity of I vs r is then that 
Cp,Bar,  i.e., ~ C , ~ . ~ ( s i n c e  Cp,Tis nearly constant). 
This means that each incremental addition of pro- 
tein produces a proportional incremental increase 
in the mass of complex; and as long as the structure 
of the complex is constant (constant p ) ,  then Cp,B 
will increase proportionally as well. This progressive 
increase in complex concentration, without change 
in complex structure, with increasing added protein 
is consistent with cooperative binding. 

Some speculations can be made regarding the 
inferred cooperative binding mechanism. Proteins 
may have localized hydrophobic regions on their 
surface, and BSA is known to be particularly hy- 
d r ~ p h o b i c . ~ ~ - ~ ~  When BSA binds to an oppositely 
charged polyelectrolyte, charge neutralization 
makes the bound protein more hydrophobic. Con- 
sequently, hydrophobic interactions between adja- 
cent bound proteins can be a driving force for the 
cooperative behavior observed in this study. Al- 
though the present results do not provide any direct 
information on the local structure of protein-poly- 
electrolyte complexes or the orientation of BSA 
therein, given the highly asymmetric geometry of 
this protein (axial ratio ca. 2.5) ,  and the highly hy- 
drophobic fatty acid binding site, some specula- 
tions concerning complex structure can be ad- 
vanced. In the low r binding region ( r  < 5), the 
orientation of proteins with respect to polymer is 
largely random, and the complex retains a large 
measure of orientational entropy. Nevertheless, 
the domain within the complex is hydrophobic rel- 
ative to the bulk solvent, and preferential partition- 
ing of free BSA into this domain produces the ap- 
pearance of cooperative binding. At higher r values 
(no free polymer), an increase in the number of 
bound proteins per polymer chain may be sur- 
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mised from the decrease in mobility, but the size 
of the complex, according to the CONTIN plots of 
Figure 3, remains relatively unchanged. This con- 
stant size implies that denser structures are formed 
at r > 10. These may encompass bound proteins in 
sufficient proximity such that their orientation 
with respect to each other is no longer random, cor- 
responding to the “secondary binding” process al- 
luded to above. 

CONCLUSION 

Electrophoretic, dynamic, and static light scatter- 
ing suggest that the mechanism of binding BSA to 
PDMDAAC depends upon the concentration ratio 
of BSA to PDMDAAC ( r ) .  At low r(<lO),  the 
binding of BSA to PDMDAAC is cooperative, in 
that the BSA molecules are inhomogeneously dis- 
tributed among the PDMDAAC molecules, and 
free PDMDAAC molecules exist. At high r( > lo) ,  
the amount of free PDMDAAC is too small to de- 
tect, but large amounts of free protein are observed. 
In the presence of free protein, a secondary binding 
process is inferred. Hydrophobic interactions be- 
tween the bound and free BSA are proposed to be 
the driving force for the cooperative binding. 
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