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Effect of pH on the Binding of #-Lactoglobulin to Sodium Polystyrenesulfonate
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The binding ofs-lactoglobulin to the synthetic polyanion, sodium polystyrenesulfonate, was studied by frontal
analysis continuous capillary electrophoresis (Gao eAiadl. Chem1997, 69, 2945). The data were fit to

a modified Scatchard plot, and the intrinsic binding constdnt, was measured as a function of pH at fixed
ionic strength of 0.05 M. The pH dependencegfs was found to follow the semi-logarithmic dependence

of KopsOn protein charg& predicted by Lohman and Record, despite the fact that the net protein charge was
of the same sign as the polyanion. However, the magnituddagf Kond9Z did not agree with the predicted
value, either for this system or for pentalysine/DNA data. The current results suggest that the free energy of
binding of a protein to a synthetic polyelectrolyte depends on some local protein charge that may vary linearly
with the net protein charge.

Introduction such as the total protein charg® (and hence on the pH of the

Proteins interact strongly with both natural polyelectrolytes System), the ionic strengti)( and the charge density of the
and synthetic polyelectrolytes. With regard to the former, Polyelectrolyte. Much of the motivation for understanding the
studies have largely been focused on the interactions of nucleicPhysical chemistry underlying the influence sfand | on Ky
acids and proteins in the transcription proce$salthough there  arises from interest in proteirDNA interactions. For example,
is growing interest in the association of proteins with other Record and co-worket$analyzed binding data for DNA and
biological polyelectrolytes such as heparin or hyaluronic &cid. oligopeptides in terms of the McGhee and von Higpsite
On the other hand, studies of the interaction of proteins with Pinding model in which a ligand of charge replaces some
synthetic polyelectrolytes have been considered in the contextnumber of DNA counterions of charge The thermodynamic.
of a wide array of applications including drug delivéry, treatment _of Record et al., based on Manning’s counterion
enzyme activation and stabilizatiéfl! protein separatiot? 15 cpndensatlon theord}, Iea}ds to the result that the megsured
and protein purificatiod®17 Despite the fundamental similarity ~ Pinding constantiops defined in terms of the concentration of
of these two types of efforts, they are usually studied from the DNA(D) and all ligand species (L):
perspectives of different disciplines and are quite effectively
segregated in the literature. In particular, it could appear that Kobs = [LDJ/[L][D] 1)
the specificity and complementary design of proteins and
polyelectrolytes that interact in the biological milieu might have
no counterpart in artificial mixtures. However, because the
compositions of synthetic polyelectrolyteand hence their
hydrophobicity, charge density, and chain stiffresan be
altered more systematically than those of natural polyelectro-
lytes, resolution of various contributions to the interaction may
be feasible in a way not possible for purely natural systems.
Thus, elucidation of the behavior of quasi-synthetic systems may
facilitate better understanding of the natural systems. "

A wide variety of hydrodynamic, chromatographic, and L+D=L-D+ZyM
spectroscopic techniques can be used to study polyelectrolyte
protein complexes (for a review, see ref 18). For systems
involving flexible chain “random coil” (e.g., synthetic) poly-
electrolytes, many of these studies focus on the question of the
long-range structure and conformation of intrapolymer and/or
multipolymer complexes. However, for complexes involving
DNA, the unique structure of this polyelectrolyte alters the
nature of such questions. These distinctions do not apply to
thermodynamic characterization, and thus the intrinsic binding
constant is a key parameter for both natural and partly synthetic

pr(')Ateln_—p_oI%ﬁlec_:trto_lyt(_e S%.Stzms' tant | ted 0 b significant for proteins that indeed are known to bind to
priori, the Intrinsic binding constant 1S expected 1o be olyelectrolytes on the wrong side of their isoelectric poffts.
predominantly electrostatic and therefore dependent on vanable%Ouzina and Bloomfieft approached these issues in the context
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varies with the concentration of the salt raised to the/z;
power. Using a similar approach, Record et al. obtained a
relationship at constant ionic strength betwé&gps and ligand
chargez:??

log Kops=log K° — Zy log [M "] ©)

WhereK?O is the equilibrium constant for the reaction

wherey is the fraction of a counterion (V) “thermodynami-
cally associated” with the DNA (per phosphate unit) andi{M

is the added monovalent salt. This relationship was demon-
strated for inter alia the model system of pentalysine and DNA
acid. The validity of eq 2 for partly synthetic systems is the
subject of the present study.

The above-mentioned treatments are based on counterion
condensation theory; they take into account neither the structural
characteristics of the polyelectrolyte nor the size and charge
distribution of the ligand. The last issue is particularly
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son—Boltzmann equation, they obtained analytical expressions frontal analysis continuous capillary electrophoresis (FACEZE),
for the amount of bound ligand and its dependence,@ndz; a modified version of frontal analysis capillary electrophoresis.
and DNA charge densii#2 They extended the treatment to  This technique facilitates the acquisition of protepolyelec-
large ligands with charge distributions, essentially by deducing trolyte binding data in a rapid and reproducible manner that
an effective charge value fas from geometric consideratiod4? compares favorably with classical methods such as membrane
The foregoing treatments focus on the interactions of DNA equilibrium, or equilibrium ultracentrifugation. Sample injection
with ligands that are viewed as multivalent cations and contain and separation take place concurrently in FACCE, so there are
as a central theme the release of a stoichiometric number ofno sample injection parameters to consider. Electropherograms
counterions from DNA upon ligand binding. In these models, display continuous plateaus rather than distinct peaks, with
the polyelectrolyte is a rigid, uniformly charged cylinder, and unbound protein eluting first Quantitation of this free protein
the ligand is treated as a virtual point charge, the result being can be done over a suitable range of concentrations and without
the dependence of the binding constant only on the ligand concern about perturbation of the binding equilibrium. Analysis
valence and on the counterion concentration. However, in of the binding curves can yield information about the binding
general, electrostatic interactions in colloidal systems are not constant, the size of the binding site (degree of polymerization
stoichiometric2> An entirely different approach to polyelec-  of the polyelectrolyte relative to the number of proteins bound
trolyte—protein binding may be derived from treatments for the per polymer chain at saturation), and the degree of cooperativity.
adsorption of flexible chain polyelectrolytes onto oppositely
charged surface®$:28 In this case, we view the protein as a
surface onto which some set of contiguous segments may
adsorb. The role of the small ion is then viewed in terms of its Reagents and Solutions,3-Lactoglobulin A&B (catalog no.
screening and its influence on the polyelectrolyte dimensions, L-2506) was purchased from Sigma Chemical Co. (St. Louis,
as opposed to a stoichiometric competition with the protein for MO). Sodium poly(styrenesulfonate) (NaPSSMaf = 710 000
the polyelectrolyte. Entropic effects are assigned to changeswith M,/M, < 1.1 was obtained from Pressure Chemical Co.
in polyelectrolyte configuration and not primarily to small ion  (Milwaukee, WI). A second sample of NaPSS was prepared
release. The consequences of this analysis are also quiteyy polymerization of sodium styrenesulfonic acid in pure water
different; namely, polyelectrolyte adsorption appears as a phasayith ammonium persulfate as initiator, followed by dialysis and
transition, occurring only when the ionic strength falls below freeze-drying. From the measured diffusion coefficient e

Experimental Section

the value ofx given by an equation of the form was estimated as 2.5 10°. Buffers were prepared at the
a desired pH with a constant ionic strength of 0.05 M using
olk™ = constant () monobasic and dibasic sodium phosphate purchased from Fisher

. . . . ) . Scientific Co. and Milli-Q water. Stock solutions of NaPSS at
in which « is the Debye-Hckel parameterg is the colloid — 5on6ximately five times the final concentration (1 mg/mL) were
surface charge density (in this case the protein surface chargeprepared in the appropriate buffer, sonicated in a bath for

density), andt Is the Charg‘? per polymer repeat unit., .e., approximately 15 min, and allowed to stand for at least 1 h.
proportional to the polymer linear charge density. While the Stock solutions off-lactoglobulin were prepared using the

polt);]electrtl)ly‘;e S tpartrler l';] th_|st sc(:jen?_rlo W?S a fplanar sun;ace appropriate buffer in the approximate desired concentratiof3 (2
in the ez;tlry ;ea men Sh fet}’lln ro uctlont? stur ace fcgrgg ure mg/mL) and diluted to provide a series of different concentra-
apparently retains much of the important features of é4°3. tions. Accurate concentrations for each solution were deter-

A weII_ defined point qf Incipient complex format_|on COMe  1mined via UV spectrometry using an extinction coefficient of
sponding to the physical meaning of eq 3 has indeed beené = 18.6 dL/g cm for NaPSS at 262 nfhand an absorbance
observed for flexible chain polyelectrolytes interacting with of 9.5 at 280 nm for a 1% solution gf-lactoglobulin®

5—20-nm colloidal (micellar) particle. Similar results have : ;
. . . . Mixtures of NaPSS angB-lactoglobulin were prepared by
det?]gbtﬂnaetdvmtizhp(zgﬁ:efégfﬁ:;te;n S)e/:tregﬁr'gzs?nugg o adividing each member of the series/factoglobulin solutions
P P pp P into two equal parts and diluting one 43dlactoglobulin:NaPSS

critical net protelsn charg& which varies with the square root g ion ang the other 4.f-lactoglobulin:buffer. The NaPSS-
of ionic strength# although it is noteworthy that no discontinu- - L
free solutions were used to prepare the calibration curve.

ity in this relationship is observed @t= 0 with both cationic . -
and anionic polyelectrolytes showing binding to bovine serum  APparatus and Operating Conditions. UV spectra were

albumin on the wrong side of the isoelectric point. These results Measured with a Beckman (Fullerton, CA) DU-70 spectropho-
demonstrate a direct dependence of critical protein surfacefometer and a matched set of 1-cm quartz cells (Fisher).
charge density or as predicted by eq 3 with = 1. Capillary electrophoresis was perfo_rmed using a Beckman
The system under study in the present work partakes of some(Fullerton, CA) P/ACE 5500 CE with a photodiode array
of the features of both sets of approaches described above. Thél€tector, operating at 7 kV and 26. The fused silica capillary
polyelectrolyte sodium polystyrenesulfonate (NaPSS) is a flex- (Polymicro Technologies Inc., Phoenix, AZ) of dimensions 50
ible chain, not a rigid cylinder like DNA, and thus corresponds #M x 27 cm (20 cm from injection to detection window) was
to the second set of theoretical mod®s® On the other hand, ~ Prepared prior to each set of experiments by washing with 0.1
the “ligand” B-lactoglobulin may be viewed as intermediate N sodium hydroxide (NaOH) for 10 min followed by a 5-min
between the planar surfaces described in refs@Band the ~ Wash with water. A 1-min wash with NaOH followed by a
effective point charge envisaged in refs 19 and-23. The 2-min rinse with buffer was performed prior to each individual
interaction is expected to be predominantly electrostatic with un.
the binding dictated by the ionic strength and the pH, which  The FACCE experiment is initialized by equilibrating the
controls the protein charge. Specifically, the goal of this work capillary with buffer for 2 min. The inlet end of the capillary
is to test the validity of the model embodied in eq 2 and eq 3 is then placed in a vial containing the equilibrated sample
for this system. solution, and the outlet end is placed into a vial containing
The binding off-lactoglobulin to NaPSS was measured using buffer. Constant voltage is applied, and separation, manifested
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Figure 2. Scatchard plots for the binding gflactoglobulin to sodium
polystyrenesulfonate at various pH valués= 0.05 M): @) 6.27,
(O) 6.55, @) 6.70, Q) 6.85, (k) 7.00.

Figure 1. Binding isotherms fof3-lactoglobulin and sodium polysty-
renesulfonate at various pH valuds< 0.05 M): @) 6.27, ©) 6.55,
(a) 6.70, Q) 6.85, (k) 7.00.

TABLE 1: Binding Constant and Binding Site Size at

in continuous plateaus, is observed. The first eluting plateau Various pH Values in 0.05 M Buffers

is the unbound protein, and the second is the pretein

polyelectrolyte complex. The concentration of unbound protein ___PH -z log Kops (M~1)° n°

is determined using the height of the first plateau, and the  6.27 9.06 4.28t 0.03 16.8+ 0.5

calibration curve is constructed by measuring the plateau height ~ 655 10.64 3.75:0.01 15.9+:05

of known concentrations of protein using the same experimental 6.70 1161 3.4G-0.01 14.9+ 0.6
.. . . 6.85 12.45 3.26: 0.01 11.6+ 0.5

conditions as for the proteirpolyelectrolyte mixture. The 700 13.25 3.0% 001 12508

extent of binding ¥) is determined from the amounts of unbound

and total protein. a By interpolation from ref 38° By fitting experimental data to eq

Results and Discussion the JMP IN software (SAS Institute Inc.), which provided the
Conditions for measurements of binding isotherms were best fit values 0Kqps andn along with the standard deviation
established by first determining the range of pH values for these parameters. The “modified Scatchard” plots corre-

corresponding to soluble complex formation, using turbidim- sponding to eq 4 are shown in Figure 2. Scatter attoxalues
etry32 The point of phase separation (coacervation) for a is more evident in this plot; these deviations result from
mixture of 0.2 g/L S-lactoglobulin and 0.2 g/L NaPSS was measurements at low concentrations where the error of 0.1 mAU
established as pH= 5.2 atl = 0.05 M. Turbidimetry also is significant relative to a signal on the order of 2 mAU.
indicated that the onset of protetpolyelectrolyte complexation ~ According to McGhee and von Hipp#lthe convex shape of
occurred at pld= 8.5. FACCE measurements revealed that the isotherms may be consistent with the binding of a non-self-
the binding below pH 6.27 was too strong to allow for any interacting ligand that is able to overlap more than one lattice
detectable free protein at low protein concentrations, while the site. Values ofKops andn are summarized in Table 1, along
binding diminished drastically above pH 7. Thus, while soluble with the net charge orp-lactoglobulin, interpolated from
complexes may exist between pH 8.5 and pH 5.2, the range ofliterature pH titration curve3’ According to eq 2, the
pH values studied here was more limited. Binding curves were dependence oKops ON pH at constant ionic strength is given
obtained by varying the protein concentration at fixed polymer by Kons= KIM*]y%, where [M"] = 0.05 M, y is the fraction
content in the pH range from 6.2 to 7, with the results shown of Na* “thermodynamically bound” to NaPSS, adis the

in Figure 1. Multiple measurements indicate the excellent ligand charge. The linearity of the plot of ldths Vs logZ in

reproducibility of this method. Figure 3 (regression coefficien = 0.98) is consistent with
NaPSS obtained from Pressure Chemical Company is knowned 2, as is the positive slope, which should be equal to
to have varying degrees of sulfonation, as low as ca.G8%03° —1 log[M*] according to eq 2. However, the slope of Figure

Such a low degree of sulfonation could lead to hydrophobic 3 is found to be 0.29, which is in poor agreement with the value
contributions to binding. For this reason, a second sample of of —y log [M*] of 1.08 calculated using = 0.83 for NaPSS3%°
NaPSS was prepared by free radical polymerization of sodium Furthermore, we must remember that the binding measurements
styrenesulfonate to assure 100% sulfonation. The binding are all made under pH conditions where the net protein charge
isotherm obtained with this material at pH 6.47 was essentially iS of the same sign as that of the polyelectrolyte, which would

identical to that of the Pressure Chemical sample. seem to invalidate the fundamental approach of refsZZthat
In order to extract the intrinsic binding constanisyy, the underlie eq 2.
data were fitted to the equation proposed by McGhee and von One explanation for binding on the wrong side of the
Hippel2°® isoelectric point might invoke a hydrophobic interaction between
NaPSS and the protein, introducing a non-electrostatic effect
vIL = Ky {1 — m)((X — )L — (n— L))" (9) that overcomes repulsion. However, we note that sodium

polyvinylsulfate also binds bovine serum albumin, lysozyme,
where v is the number of protein molecules bound per and ribonuclease on the wrong side of their isoelectric péts.
polyelectrolyte residuel is the concentration of unbound Certainly in these cases it is difficult to invoke hydrophobic
protein, andn is the number of polyelectrolyte residues per interactions to explain the “anomalous” binding, since the bulky
binding site. Fitting of the data to eq 4 was accomplished using sulfonate groups of the polyanion are easily seen by molecular
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Figure 4. Dependence of the observed binding constant for pentalysine
and T7 DNA on the total protein charge at= 0.191 M. Data
extrapolated from Figure 5 in ref 22.

Figure 3. Dependence of the observed binding constaniftacto-
globulin and sodium polystyrenesulfonate on the total protein charge

atl = 0.05 M.

TABLE 2: Binding of Pentalysine to DNA in 0.191 M but related systemsa flexible polyelectrolyte binding a protein

NaCl?2 and DNA binding oligolysine-log Kopsvaries in a linear manner
pH Z log Kobs (M2 with the ligand charge at fixed ionic strength. On the one hand,
6.05 488 59 these results might be considered as strong confirmation of the
6.83 4.54 26 treatment of ref 22, even for the variant system of protein with
7.63 4.15 21 flexible chain polyelectrolyte. On the other hand, the poor
g-gl g-gi 1-3 agreement oflog Ko,ddZ with the calculated values in both

cases suggests the possibility of alternative interpretations of

modeling to preclude protein access to the hydrophobic polymer.the data. Indeed, the linearity of Figures 3 and 4 essentially

backbone. Secondly, the ionic strength dependence of the'.ndicate that the free energy of binding is a linear functior_1 Of.
binding of S-lactoglobulin to NaPSS conforms to a linear Ilgan_d charge, and models other than those based on stoichio-
dependence of lops0on logl,38 which is consistent with the metric exchange might lead to a similar result.
ionic strength dependence predicted by purely electrostatic The fitted values fon in Table 1 show an increase in the
considerationd? Were there to be a significant hydrophobic ~ Size of the binding site (number of polyelectrolyte residues per
contribution Ky, the observed linear legog dependence could ~ bound protein) by almost 50% as the pH is decreased from 7.00
only arise ifK, had the same ionic strength dependence as theto 6.27, an effect well above the error in estimatmgThus,
electrostatically driven binding constant, an unlikely result. ~ the number of proteins bound per polymer molecule decreases
These inconsistencies are better rationalized by hypothesizingWhile the binding constant increases. We attribute this effect
that the interaction of the protein with polyelectrolyte is t0 an increase in the number of polymer residues that interact
controlled by an effective local protein charges, smaller than ~ with a given protein. At lower pH, the site of binding on a
Z and opposite to it in sign. Such a “charge patch” has been protein molecule, which is likely to correspond to a local region
previously proposed to explain binding of polyelectrolytes to of net positive charge, is large enough to accommodate a

proteins of the same sig32 The linearity between lodlops polymer segment comprising on the order of 17 contiguous
andZ from eq 2 could be preservedifs varies linearly with residues (contour length ca. 5 nm). However, at higher pH the
Z. Accordingly, we would modify eq 1 and write: dimensions of such a positive patch on the protein must
diminish, and then can only accommodate a polymer segment

log K,ps= log KO — (f2)y log [|\/|+] (5) of about 12 residues that bind cooperatively (contour length

ca. 3.5 nm). This decrease in the size of the binding site results

wheref represents the relationship between “patch charge” and IN @ decrease in the binding constant accompanied by an increase
net charge ab= |z/Z|. This hypothesis derives support from I the number of proteins bound per polymer chain at saturation.
previous turbidity and light scattering results, which showed  Last, we discuss the question of phase-transition type behavior
that the critical conditions for proteirpolyelectrolyte complex  at pH. The binding constant fop-lactoglobulin to NaPSS
formation could be represented by linear plotZgf vs «, which changes by a factor of 16 over a pH range of 0.7 pH unit. This
encompassed both negative and positive valueg,ef is considerably more abrupt than the binding constant for

It is also appropriate to consider the validity of eq 2 using pentalysine to DNA, which changes by an order of magnitude
the more suitable experimental situation of pentalysine bound when the pH changes by nearly 3 pH units. If the binding
to DNAZ22 at an ionic strength of 0.19 M. Data interpolated process for the former involves the rearrangement of a number
from ref 22 are shown in Table 2 and plotted in Figure 4 to of contiguous polyelectrolyte repeat units, moving in concert,
give a straight line with a regression coefficientréf= 0.996. some cooperative characteristic could be imparted to the initial
However, based o = 0.88 for DNA?Z? the predicted slope is  binding step. This could give rise to the largé,nddpH and
0.63, in rather poor agreement with the measured slope of 1.1.the concomitant rather abrupt turbidimetric changes at a critical

Observations from these analyses may be summarized agpH corresponding to the phase-transition-like behavior previ-
follows. The experimental results confirm that for two different ously noted??
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On the other hand, it may be appropriate to consider an alternatel989 19, 3522.

! S - 23) Park, J. M.; Muh B. B.; Dubin, P. L.; Xi lecul
model, leading to a binding free energy that is linear vidth 19523)25 %(’).J +Muhoberac, B. 8. Dubin, P. L. XiaMacromolecules

without solely invoking a stoichiometric displacement of (24) (a) Rouzina, I.; Bloomfield, V. AJ. Phys. Chenl996 100, 4305;
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