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Complexation of Proteins with a Strong Polyanion in an
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We studied the formation in a salt-free solution of complexes between potassium poly(vinyl alcohol)
sulfate (KPVS), a strong polyelectrolyte, and proteins with known amino-acid sequences: papain, human
serum albumin, lysozyme, ribonuclease, trypsin, and pepsin. Turbidimetric titration, together with quasi-
elastic light scattering (QELS), static light scattering (SLS), and electrophoretic light scattering, was
performed at pH 2, in order to completely protonate the basic groups of proteins and so facilitate the
determination of their total cationic charge. Even at pH 2, no protein unfolding was observed in all the
samples within the precision of QELS. Through complexation with KPVS at pH 2, electrically neutral
protein—polyelectrolyte complexes (PPCs) with a uniform size were formed from all the proteins, other
than pepsin. Such PPCs can be regarded as aggregates of an intrapolymer complex consisting of a KPVS
chain with the bound protein molecules, the formation of which occurs via the stoichiometric neutralization
of the polyion charges with the opposite charges of proteins. After most of the proteins have formed PPCs,
further addition of KPVS led to the association of the aggregated intrapolymer PPCs to form high-ordered
aggregates. However, a decrease in the protein charges due to the characteristics of proteins or pH level

appears to alter the nature of the PPC formed.

I. Introduction

The complexation of proteins with natural and synthetic
polyelectrolytes is interesting from two points of view.
The first concerns the way in which the polymers interact
with nonflexible protein molecules, an understanding of
which could provide a better explanation of the interaction
mechanism of polyelectrolytes with ionic colloidal par-
ticles. The second concerns the extent to which biochemi-
cal activity is maintained in the resulting complexes, the
answer to which is central to the molecular design of
composite protein—polymer systems, such as immobilized
enzymes, as well as to the design of protein separation
processes! using water-soluble polymers.

A number of studies have dealt with the formation of
protein—polyelectrolyte complexes (PPCs) in aqueous salt-
free and salt-containing systems under different pH
conditions (refs 2—5 as reviews; refs 6—24 as original
papers). Turbidimetric titration,3-510-1217-22 quasi-elastic
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light scattering (QELS),*517.19-21.24 static light scattering
(SLS),* 6920 glectrophoretic light scattering (ELS)3~51920.24
and fluorescence spectroscopy?®?* have been employed.
In addition, biochemical methods such as the measure-
ment of enzymatic activity have also been employed in
the appropriate cases.®>'822 The main conclusions derived
from these previous studies may be summarized as
follows: (i) PPCs are formed mainly through electrostatic
forces; (ii) in salt-free systems, at least, protein molecules
are complexed with flexible polyelectrolytes through the
stoichiometric formation of ion pairs (or salt linkages)
between oppositely charged groups;3510-1218.22 (jii) the ion
pairs between the polyelectrolyte and protein molecules
are very labile and may be severed by changes in pH as
well as by the addition of small ions and polyions;®>1* and
(iv) there is an appreciable retention of biochemical
function in the resultant complexes;351822 therefore,
changes in the three-dimensional conformations of the
protein molecules caused by complexation are not so large
as to cause a loss of original functions.

With respect to the process of PPC formation, the
previous studies performed in salt-containing systems
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have proposed that the initial step of the complexation is
the formation of “intrapolymer” complexes,3517:20-24which
may subsequently interact with one another, yielding
aggregates or coacervates.*>?! However, only two pa-
pers*2° provided “direct” evidence for the formation of an
intrapolymer PPC by means of SLS in salt solutions. Even
if the formal charges of a protein in a salt solution can be
determined using appropriate approaches such as poten-
tiometric titration and electrophoresis,?>19721.24 the data
obtained may not be identical with the number of protein
charges responsible for the formation of an intrapolymer
PPC. The reason is that PPC formation promotes the
dissociation of counterions and/or protons; for example,

protein-COO™ "Na + CI™ "N(CHg);—f —
protein-COO™ *N(CH,);—/" + NaCl

and/or

protein-COOH + CI™ "N(CH,);—f —
protein-COO~ "N(CHy);— + HCI

In fact, it has been demonstrated that the dissociation of
counterions and/or protons occurs not only in the formation
of PPCs®51118 phut also in the formation of salt linkages
between oppositely charged polyions and colloid par-
ticles.?>=27 Therefore, the present study focused on finding
a key to understanding the detailed mechanism of PPC
formation using a salt-free system.

In a salt-free solution, the formal charge of a protein is
equivalent to the number of acidic or basic groups per
protein under pH conditions which force to completion
their protonation or deprotonation, respectively (usually,
pH <2andpH > 12.5).3 Under such pH conditions, many
PPCs exhibit 1:1 stoichiometric binding between op-
positely charged groups.3510-1222 Therefore, the present
study employed a salt-free aqueous solution at pH 2 as a
medium for PPC formation, except for the study on the
effects of protein charge as a function of pH. Potassium
poly(vinyl alcohol) sulfate (KPVS) was used as a poly-
electrolyte because its net charge remains unchanged over
the pH range 2—12 (e.g., see ref 3). Protein samples with
known amino-acid sequences were selected; thus, both
absolute molecular weight and number of ionizable groups
can be determined for each protein, allowing the subse-
guent calculation of the number of bound protein molecules
per KPVS polyion. Consequently, we can estimate apriori
the molecular weight of each intrapolymer PPC.

Under such strong acidic conditions one may expect a
loss in enzyme activity, and in fact, the enzymes used
here, other than pepsin, which is a typical acid gastric
protease, do not exhibit activities at pH 2. Our previous
papers,®>1822 however, demonstrated an appreciable
retention of enzyme activities in PPCs prepared at pH 2.
In addition, the present QELS experiments showed that
the diameters of the protein samples remain unaltered
over the pH range 2—8, indicating no protein unfolding
at pH 2.

The turbidimetric titration method was the primary
technique used in this study. Since turbidity is known to
be proportional to both the molecular weight and the
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concentration of particles in a system,?8 it can be expected
that a detailed comparison of the experimental titration
curves with predicted values will provide a good under-
standing of the complexation mechanism. We also used
QELS, SLS, and ELS techniques to obtain information
about the size distribution, the molecular weight, and the
electric charge of PPCs.

1. Characterization of PPC Formation by
Turbidimetric Titration and SLS

Other works have discussed in detail the application to
PPC formation of QELS,*5171972124 G| § 476,920 gnd
ELS.375192024 Here, we attempted to develop a treatment
for the turbidimetric titration of the PPC formation
process. Related considerations allow us to estimate the
molecular weight of PPCs by SLS.

11.1. Turbidimetric Titration. Since turbidity (7) is
proportional to both the molecular weight and the
concentration of particles in a system,?® the process of
PPC formation could be studied by monitoring changesin
7 during the titration of protein solutions with a poly-
electrolyte. The titration of VimL of protein solution with
VemL of polyelectrolyte titrant with a fixed concentration
of Cpe (in g/mL) gives rise to m, molecules of PPCs with
a weight-average molecular weight (My). 7 may then be
expressed as

T =HM,C, (1)

where the proportionality constant (H) and the weight
concentration of the PPC (Cy in g/mL) are given by eqgs 2
and 3, respectively:

H = (327°/31gN ) A5(df/dc)? 2)
_ ('\_/IX/NA)
= mX(Vt + Vi) ®)

Here, Ao is the wavelength of light in a vacuum, N, is
Avogadro’s number, Ay is the refractive index of the
medium, and (dfi/dc), (in mL/qg) is the change in refractive
index with PPC concentration.

Ifonly intrapolymer PPC is formed during the titration,
then its weight-average molecular weight (Mg) may be
expressed as

'\_/Ix = I\_/I)o( = I\_/IPE + r_“VIpro (4)

where n denotes the average number of bound protein
molecules per one polyion chain, Mpe is the average
molecular weight of polyelectrolytes, and My, is the
absolute molecular weight of the proteins. Under this
assumption of intrapolymer PPC formation, my in eq 3 is
equal to the number (mpg) of polyions added into the
system. Thus, we can write Cy as

M,,|[ C
Co=[1+n=2)c—=
" Mpe/\Vi T Vi

Vi (®)

Substitution of egs 4 and 5 into eq 1 gives

M C
pm) 1+n 7pr0 PE
Mpe Vi+ Vi

7 =H(Mpz + M

In practice, we measure the absorbance (A = (z1)/2.3, where

(28) Forexample: Flory, P. Principles of Polymer Chemistry; Cornell
University Press: Ithaca, NY, 1971; pp 287—291.
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Table 1. Properties of Protein Samples

protein Mpro? basic groups isoelectric point dn/dc (mL/g)° source®
papain 23419 25 8.8—9.5 0.1895 P4762 (papaya latex)
HSA 66 436 100 4.7-5.2 0.1899 A9511 (human serum)
lysozyme 14 306 19 11.0-114 0.1951 L6876 (chicken egg white)
ribonuclease 13 682 19 9.5-9.6 0.1925 P5503 (Aspergillus clavatus)
trypsin 23 289 20 10.1-10.8 0.1921 P8642 (bovine pancreas)
pepsin 34 488 5 ~2.5 0.1917 P6887 (porcine stomach mucosa)

a Calculated on the basis of amino-acid sequence. ? Determined in 0.01 M HCI (pH 2) with a differential refractometer. ¢ See: Sigma
Catalog “Biochemicals, Organic Compounds, and Diagnostic Reagents,” 1994, Sigma Chemical Co.

I is cell length) under conditions of V; >V, so eq 6 is more
conveniently written as

=2
I |(Ceelf _ M
E T MPE + 120 + —

! Mpe

pro

A=H Moot Ve (7)

If n is constant with V¢, then A = (constant)V:. As noted
above, complexes formed in a salt-free solution are
stoichiometric, corresponding to constant n. Therefore,
N may be obtained from the slope of A vs V.. If complexes
are indeed intrapolymer and electrically neutral, then
NZyro = Zpe, Where Zp, and Zpe are the net charges of
protein and polyion, respectively. Thus, i = Zpe/Zpy, i.€.,
the degree of polymerization divided by the number of
protein basic groups in this case. Consequently, one may
test this hypothesis by comparing Zee/Z,, to the value of
n obtained from the measured dA/dV4, in connection with
eq 7. ~

11.2. SLS. My and the root mean square of gyration
(Ry?) for the PPC may be estimated by SLS using the
following equation:

KCx_ 1 167‘[2 2 . 29
R(, —'\_/I— 1+§Rg Sin E +2A2CX (8)

X

Here, Ry is the Rayleigh ratio, 6 is the scattering angle,
A (=1o/fp) is the wavelength of the light in the medium,
A; is the second virial coefficient, and K is given as

K = (27°/A3N ,)fi3(dfi/dc)? (9)

Therefore, we can obtain both M, and Ry from eq 8 if (dfi/
dc)y is known. This value was determined in the same
way as in the previous studies*?° using the following
equation:

B . oo

where (di/dc)ee and (dii/dc),r, are a change in refractive
index with concentration for polyelectrolyte and protein,
respectively, and  represents the mass ratio of bound
protein to polymer, which can be expressed as

M
B=n="tC (11)
Mpe

As a result, it was found that SLS is also useful for
determining M, and Ry in the present case.

111. Experimental Section

111.1. Materials. The proteins used here are listed in Table
1. Since their amino-acid sequences are known, the number of
ionizable groups and the absolute molecular weight (M) could
be determined for each. Potassium poly(vinyl alcohol) sulfate
(KPVS; degree of esterification = 0.922; equivalent weight =
166) was used as the polyelectrolyte; its weight-average molecular

weight (My) was found to be 1.89 x 10° from SLS measurements
in a 0.2 M NaCl solution. A salt-free solution at pH 2 (0.01 M
HCI) was employed as a medium in this study, except for the
study on the effects of protein charge as a function of pH. In the
latter case, a solution of 0.01 M NaCl with a desired pH was
prepared by the addition of 0.1 M HCl or 0.1 M NaOH. All water
was deionized, distilled, and filtered through a Gelman 0.2 um
filter.

I11.2. Turbidimetric Titration. Salt-free aqueous sample
solutions (30 mL) with a fixed protein concentration were titrated
at 25 °C in a cubic 2.6 cm path length glass cell with a KPVS
solution as the titrant, using an automatic recording titrator
(Hirama Model ART-3). The absorbance (A) at 460 nm was
automatically recorded as a function of titrant volume during
the course of the titration. Unless otherwise noted, the con-
centrations of protein and KPVS were 0.1 and 0.415 mg/mL,
respectively. In order to avoid changes in pH during titration,
both protein and polyelectrolyte solutions were adjusted to the
same pH level.

111.3. QELS. ABrookhavensystem (Holtsville, NY)equipped
with a 256-channel digital autocorrelator (BI1-2030 AT) and a 2
W Ar laser (Stabilite 2017, Spectra-Physics Lasers) was used in
QELS experiments. Unless otherwise stated, all the measure-
ments were performed at a scattering angle of 90°. A 400 um
pinhole aperture was used for the EMI photomultiplier tube,
and decalin (decahydronaphthalene) was used as the refractive
index matching fluid to reduce stray light. We utilized the
homodyne intensity—intensity correlation function G(q,t), with
the amplitude of the scattering vector (q) given by

q = (4rfigfiy) Sin(6/2) 12)

For a Gaussian distribution of the intensity profile of the scattered
light, G(q,t) is related to the electric field correlation function

9(a.t) by
G(q.t) = B[1+ by(a1)’] (13)

where B is the experimental baseline and b is a constant
depending on the number of coherence areas generating the signal
(0 < b < 1). The quality of the measurements was verified by
determining that the difference between the measured and
calculated B values was less than 1% (it was possible to complete
our measurements within 1 min due to the power of the laser
used). The electric field correlation function depends on the
Fourier transform of the fluctuating number density of particles
or molecules. For the center of mass diffusion of identical
particles, the following simple relation holds:

ggt)y=eY" and (1/7) = Dg? (14)

where 7 is the decay time and D is the diffusion coefficient.

For polydisperse systems, the correlation function can be
expressed as an integral of the exponential decays weighted over
the distribution of relaxation times p(7):

o) = f; e “"p(r) dr (15)

In principle, itis possible to obtain the distribution p(z) by integral
transformation of the experimental [G(t)/B — 1]¥2, but in practice
this presents a formidable problem for numerical analysis, since
taking the inverse Laplace transform is numerically an ill-posed
problem. Several numerical methods developed to date are
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devoted to calculating p(r). Here, we analyze the autocorrelation
functions using the CONTIN program (see ref 29).

From eq 15, the mean relaxation time, [(Z[Jdefined as the area
of g(t), is given by

= (o0 dt= [Trp) def [Tpmdr  (16)

This zOralue can be resolved from each of the distribution modes
of p(7), as the firstmoment of the normalized relaxation spectrum.
Therefore, the diffusion coefficient, which corresponds to each
value of [Z[J can be calculated using

D = 1%[1677 sin%(6/2)2( (17)

From each D value we obtain the Stokes diameter, ds, using the
Einstein equation,

d,= 2(6;;[)) (18)

where kis the Boltzmann constant, T is the absolute temperature,
and # is the viscosity of the solvent. In the present study, the
experimental uncertainty is less than 5%.

111.4. SLS. The same Brookhaven system as described above
was used for SLS measurements. The calibration was made by
using pure (>99.5%) toluene, and the optical alignment was
ensured by less than 3% deviation from linearity in the I sin 6
vs 0 plot over the range 45 < 6 < 150. Each measurement was
carried out for 1 s. On the basis of the average of five such
measurements, we determined the Ry values. Concentrations
of free protein reference solutions (pH 2.0) were determined
according to the predicted number of bound proteins, discussed
later.

In order to calculate the value of (dfi/dc) from eq 10, (dfi/dc)pe
and (di/dc)pre Were measured at 25 °C using an Otsuka
electrophotometric differential refractometer (model DRM-1021).
The measurements were carried out using unpolarized light from
an iodine arc with a spectrum filter whose wavelength was 488
nm. The instrument constant was obtained by using a standard
KCl solution (0.01481 g/mL) with a known dfi/dc value of 0.1344.

I11.5. ELS. The measurements were made at a fixed
scattering angle of 8.7° using a Coulter DELSA 400 apparatus
(Hialeah, FL). Theelectricfield was applied ataconstantcurrent
of 0.3 mA. The temperature of the thermostated chamber was
maintained at 25 °C. The principle used in determining the
electrophoretic mobility has been described in detail in a previous
paper (e.g., see ref4). The mobilities obtained in this work were
repeatable to within less than 5%.

IV. Results and Discussion

IV.1. Effect of pH on Unfolding of Protein
Samples. The use of a low pH simplifies the analysis of
protein charge, in which Z,, = number of basic residues.
However, the elucidation of the PPC structure could be
complicated by protein unfolding. Therefore, we examined
the pH dependence of d; for all the protein samples by
means of QELS. The results obtained are shownin Table
2, together with hydrodynamic diameters (dy), which were

calculated by
_ £ \[3"M,, 13
dn = z(f_)( 47N, (19)

min

using the partial specific volume (v) and the frictional
ratio (f/fnin). Here, f represents the actual frictional
coefficient, and fnin is the minimum frictional coefficient
for a hypothetical sphere. Both v and f/fi, have been

(29) We also employed the method of cumulants for analyzing the
autocorrelation functions throughout all the QELS measurements other
than those for pepsin at V/V; < 0.25 (where V; is the titrant volume at
the end point). The diffusion coefficients from the cumulants method
and from the CONTIN program agreed within the precision of QELS
(5%).

Tsuboi et al.

Table 2. pH Changes of ds for Protein Samples

ds (nm)
protein pH8 pH4 pH3 pH2 ¥  ffnin? dn (NM)P
papain 4.1 43 42 072 116 4.4
HSA 7.2 7.0 73 073 131 7.0
lysozyme 3.9 4.0 39 072 121 3.9
ribonuclease 3.8 39 39 070 124 3.9
trypsin 4.8 45 48 0.75 1.20 4.6
pepsin 4.7 4.8 48 074 111 4.8

a Shows the literature values determined at 20 °C (see ref 30).
b Calculated by introducing », f/fmin, and Mpr, (see Table 1) into eq
19.

Kc/Rg X 105 (mol/g)

0 05 ) 5 20

sin2(6/2) + 262¢
Figure 1. Zimm plots for KPVS in 0.2 M NaCl solution. Cpg
= 1-4 (mg/mL); 6 = 45—150°.

0.20

Papain concn. {mg/mL}):
o 0.1
® 005

015} A 0025

0.10}
(¥'=0.321 mL}

£

0.05} S
¢ (W= 1.27 mL)

(W'=0.642mL) i
0 y ., ¥ . Y
0 0.5 1.0 1.5

Volume of KPVS titrant; V, (mL)

Figure 2. Turbidimetric titration curves of papain solutions
(30 mL) with different concentrations of KPVS. Cpg = 0.415
mg/mL, which is equivalent to 2.5 x 1072 mol/L in molar
concentration based on the ionizable groups.

Absorbance; A (-)

experimentally determined for various proteins and
collected in several data books (e.g., see ref 30). As can
be seen from Table 2, there is no change in ds with pH for
each protein sample within the precision of QELS; this
conclusion is also supported by the fact that ds agrees
withd,. Therefore, we concluded that the native structure
is not seriously perturbed by the low pH condition.
1V.2. Properties of KPVS. SLS measurements for
KPVS were carried out in 0.2 M NaCl. The dii/dc for this
solvent was found to be 0.097 37 mL/g. Figure 1 shows
the Zimm plots, from which we obtained M,, = 1.89 x 105,
Ry = 31 nm, and second virial coefficient = 1.27 x 103
cm®mol/g?. Inaddition, the hydrodynamic radius (Ry) for
KPVSin 0.2 M NaCl was estimated to be 12 nm by QELS.
IV.3. Turbidimetric Titration Curves. Figure 2
shows typical titration curves of papain with KPVS, from
which two important characteristics are observed: (i)
Absorbance increases linearly with an increase in Vyand
it increases abruptly at Vi; the value of Vi is a linear
function of papain concentration. (ii) AtV < Vitheslopes
of each line are independent of papain concentration (the
linearity of A(V:) was also confirmed by the fact that the
differential plots of AA/AV; vs V; showed no significant
deviation from a constant value at V¢/V; < 0.75).

(30) For example: Dayhoff, M. O. Atlas of Protein Sequence and
Structure; National Biomedical Foundation: Washington, DC, 1972.
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Table 3. Comparison of the Number of Cationic Charges
per Unit Mass of Protein (N¢) Obtained from
Turbidimetric Titrations and Calculated from the
Number of Basic Groups

N at pH 2 (mequiv/g)

protein obsda calcdP
papain 1.05g(1.27) 1.068
HSA 1.50g (1.81) 1.505
lysozyme 1.325 (1.59) 1.328
ribonuclease 1.35g (1.63) 1.381
trypsin 0.85g (1.03) 0.860
pepsin 0.14, (0.17) 0.145

a Determined from V; of the KPVS titrant with Cpg = 0.415
mg/mL for the titrations of 30 mL of sample solutions containing
3 mg of proteins; the Vi values were shown in parentheses.
b Calculated by dividing the number of basic groups by Mpy, for
each protein.

In a previous study,??> we measured the concentration
of free papain remaining in the titration system as a
function of V; using the absorbance (280 nm) of the
supernatant solutions from which the PPC had been
separated by centrifugation. It was found that the free
papain concentration decreases linearly with increasing
V;: and becomes zero at V; = Vi. Therefore, this charac-
teristic V; value can be viewed as the end point of the
titration. This result is also evidence that the binding
constant for complex formation under these conditions is
very large.

Assuming stoichiometric electroneutrality in the com-
plex, the number of cationic charges per unit mass of
protein (N, in mequiv/g) was calculated from V; using the
following equation:

N, = 10%(CpeV{/M°)/(C, V) (20)

where M° is the molecular weight per ionizable group
(i.e., equivalent weight) for KPVS, C, is the protein
concentration (g/mL), and V; is the initial volume (mL) of
the sample solution. The N, obtained was compared with
that determined from the number of basic groups in Table
1. As can be seen from Table 3, there is an excellent
agreement between N, from Vi and that from the number
of basic groups. This indicates that the protein molecule
forms a PPC with KPVS through a 1:1 stoichiometric
binding between oppositely charged groups; i.e., NZyr, =
ZPE-

We observed linearity of A(Vy) at V; < Vtin the titration
curves for all of the proteins, except for pepsin (the details
of the results for pepsin will be discussed later). This
observation is consistent with the prediction in the
previous section and may be said to reflect an increase in
the concentration of PPCs formed during the course of the
titration, at constant molecular weight.

IV.4. Examination of the Titration Process by
QELS. The binding of proteins to KPVS ions is quite
strong, as there is essentially nofree polyion in our systems
for V¢ < Vi Previous QELS studies*>17:19-21.24 have
demonstrated that, since the contribution of free proteins
to the scattering signal is essentially negligible, only PPC
particles were detectable. The titration processes were
examined by QELS in order to investigate the size of the
PPCs formed. QELS measurements were thus carried
out under the same conditions as those used in the titra-
tion. Our preliminary experiments showed that repro-
ducible QELS data can be obtained when the measurement
is performed within at least 1 day after the sample
preparation throughout the titration of protein with KPVS.

Figure 3 shows the results for HSA as a typical example.
There was little difference in the apparent distributions
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Figure 3. Changes in absorbance (a) and apparent distribu-
tions of Stokes diameter (b) due to PPCs formed during the
course of turbidimetric titration for a sample solution (30 mL;
pH 2) containing 3 mg of HSA with KPVS titrant (Cee = 0.415
mg/mL). In part b the amount of KPVS added was given by
VdVi; Vi=1.81 mL. The values for diameter in the figure denote
100% of the intensity-weighted distribution value.

of ds for PPCs as well as in the average Stokes diameter
(ds) until Vi/Vy = 0.75. At Vy/Vi = 1, however, very large
particles of PPC (ds = 3000 nm) were observed. These
results are in conformity with the previous interpretation
of the turbidimetric titration curve: a linear increase in
A with V; at V; < Vt is due to an increase in the PPC
concentration at constant PPC size, followed by a very
rapid increase in A at V; = Vi, associated with an increase
in PPC size due to aggregation. Similar results were
observed for all the proteins in this study, except for pepsin
(see Table 4).

In the case of pepsin, the results of the titration and
QELS were markedly different from those for the other
proteins. As shown in Figure 4a, the titration curve
displays a rapid increase for V; < Vi, a maximum at V; =
Vi, and then a gradual decrease for Vi > Vi. The results
of QELS in Figure 4b show the formation of two PPC
species: a big particle with d; ~ 1300 which is observed
only in the range of V/V; < 0.25 and a small particle whose
size (ds ~ 280 nm) is kept almost constant over the range
VdVt < 1 but gradually decreases at V¢Vt > 1. Toexplain
these results, we note the very small number of the basic
groups (Table 1) or avery low N, of cationic charges (Table
3) for pepsin. Consequently, 228 protein molecules are
required to neutralize one polyion. This causes a very
high flexibility in the bound proteins within the resultant
PPC. As a result, pepsin seems to be distinct from the
other proteins with regard to complexation with KPVS.

The results for pepsin suggest that the number of
charged groups per protein molecule may influence the
size of the PPCs formed during the course of the titration.
Itwas thus predicted that the reduction of cationic protein
charges by increasing pH for proteins other than pepsin,
e.g., lysozyme, would produce a similar result. In order
to confirm this prediction, the complexation of lysozyme
with KPVS was examined as a function of pH using
turbidimetric titration and QELS. As can be seen from
Figure 5, the slope of the titration curve obtained increased
with anincrease in pH. Inparticular, at pH 11—near the
isoelectric point—the titration curve displays a maximum
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Table 4. Values of ds Obtained in the Course of Turbidimetric Titration?

ds (nm) for the following values of KPVS added, Vi/Vi

protein 0.05 0.10 0.25 0.50 0.75 1.0
papain 100 100 100 100 140 2100
HSA 85 83 £ 2b 84 £ 1b 85 4 1b 89 2900
lysozyme 99 100 100 100 110 2200
ribonuclease 71 68 66 64 87 1600
trypsin 120 120 120 120 120 3700
pepsin (260; ca. 1300)¢ (280; ca. 1300)¢ (280; ca. 1300)¢ 280 280 280

a Titrations were conducted under the same conditions as shown in Table 3, except that the concentration of KPVS titrant used for pepsin
was one-tenth the titrant concentration for the other proteins (see Figure 4). b Determined at three different angles (60, 90, and 120°).¢ Two

species with different sizes were detected.
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Figure 4. Changes in absorbance (a) and apparent distribu-
tions of Stokes diameters (b) during the course of turbidimetric
titration for a sample solution (30 mL; pH 2) containing 3 mg
of pepsin with KPVS titrant (Cpg = 0.0415 mg/mL). Because
of the low charge of pepsin, the titrant concentration was
reduced to one-tenth of that used for the other proteins; thus,
the obtained V; value was 1.73 mL.
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Figure 5. Turbidimetric titration curves of lysozyme with
KPVS at different pHs. Sample solutions (30 mL) containing
3 mg of protein were titrated with a KPVS solution (Cpe =
0.208 mg/mL), the concentration of which is equivalent to 1.25
x 1072 mol/L on the basis of the ionizable groups and equal to
half the titrant concentration commonly employed in this study.
The V¢ values (in mL) obtained as a function of pH were 3.18
(pH 2); 1.69 (pH 5); 1.32 (pH 7); and 0.91 (pH 11).

Absorbance; A (1)

similar to that of pepsin. These results may be interpreted
according to eq 7, in which the slope of the turbidimetric
titration curve is seen to depend only on n, which is thus
found to increase with pH. These findings agree with the
QELS results shown in Figure 6. We observed an increase
in PPC size with pH, which may also be explained by an
increase in n with pH, as can be predicted fromeq 7. In
addition, it was found that large PPC particles appear in
the initial stage of the titration at pH > 7 and at V¢/V; <
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Figure 6. Changesinapparent Stokes diameter for lysozyme—
KPVS complexes formed during the course of turbidimetric
titrations at different pHs: (O) 2; (®)5; (2) 7; (O) 11. The amount
of KPVS added was normalized by V/V: using the Vi values at
different pHs (see Figure 5).
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Figure 7. Change inelectrophoretic mobility during the course
of turbidimetric titration of HSA with KPVS at pH 2. The
conditions used for the titration were the same as those
described in Figure 3.

0.25, together with the particles with a constant size for
V¢/Vi <0.8. Thisfinding agrees with the results for pepsin
shown in Figure 4b.

1V.5. Examination of the Complexation by ELS.
We also employed the ELS technique for the examination
of the titration processes. Figure 7 shows ELS spectral
changes during the course of the titration of HSA with
KPVS as a typical example. Free HSA molecules at pH
2 exhibited a peak in electrophoretic mobility (U) at 2.30
um-cm/V-s, while the addition of KPVS gave rise to a
second peak at U =0um-cm/V-s, with the peak due to free
HSA disappearing completely at V¢/V; = 1. This result
clearly demonstrates that the HSA—KPVS complex is
electrically neutral. The same conclusion was drawn from
the ELS spectra for the other proteins, except for pepsin.

In the case of pepsin, the formation of an electrically
neutral PPC at the end point of the titration was evidenced
by the appearance of a peak at U = 0 um-cm/V-s at V/V;
=1 (see Figure 8). This is consistent with the results in
Table 3, demonstrating that, even in the case of pepsin,
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Table 5. Comparison of Observed and Calculated Slopes of Turbidimetric Titration Curves

=2
_ n°‘mM
10‘6{ Mpg + (Zﬁ + _—"“’)Mpm} 102(3—6) 104(3—6) 10%(3—6)
Mpe t/ obsd t/ caled t/ caled

protein B (di/dc)x (mL/g) 108H (cm?Z/g?) n (9) (mL™1) (mL™Y) (mL™1)
papain 5.6 0.1756 6.685 46 8.35 5.15 8.72 471
HSA 4.0 0.1714 6.367 11 473 2.62 4.71 2.12
lysozyme 4.5 0.1775 6.824 60 5.80 3.72 6.18 3.96
ribonuclease 4.3 0.1747 6.613 60 5.39 0.32 5.57 0.39
trypsin 7.0 0.1803 7.044 57 12.1 7.05 13.4 6.96
: 0.40 um-cm/Vs 70
: 0.20 pm-em/Vs
090 imamve S sot
35
E 5o}
i)
X 40
o
> & 30
@ N4
H 2.0

-2.0 2.0
Mobility (um-cm/Vs)
Figure 8. Change inelectrophoretic mobility during the course
of turbidimetric titration of pepsin with KPVS at pH 2. The
conditions used for the titration were the same as those
described in Figure 4. Peaks a and b in the spectra at V/Vi =
0.05, 0.1, and 0.25 are very close; however, the mobilities
corresponding to these peaks were reproduced to within less
than 5% for triplicate measurements with different samples.

there is a good agreement between the observed and
calculated cationic charges (stoichiometric complexation).
In the initial stage of the titration, however, a peak at U
=0.20um-cm/V-s appeared in the ELS spectra, in addition
to the peaks due to free pepsin (U = 0.40 um-cm/V-s) and
neutral PPC (U = 0 um-cm/V-s). Because the results of
QELS in Figure 4b showed that two species of PPCs with
different sizes are formed in the initial stage of the
titration, this peak may be assigned to the large particles
with ds ~ 1300, presumably formed through the association
of positively charged free proteins with the neutral PPC
particles with ds ~ 280 nm. It appears that the subse-
quently added KPVS ion takes off the associated proteins
from the large PPCs and forms a neutral PPC. Therefore,
we observed only the neutral particle with a uniform size
(ca. 280 nm) in the range 0.25 < V¢/V; < 1.0 (it should be
noted that free pepsin can be detected by ELS but not by
QELYS).

Another important finding in Figure 8 is that, at V/V;
> 1, negatively charged particles with U = —0.9 um-cm/
V-saredetected by ELS. Since the free KPVSion exhibited
a mobility of —2.0 um-cm/V-s under the conditions used,
such particles can be regarded as a PPC with negative
charges. As was mentioned in the previous section, 228
molecules of pepsin would be required for complete
neutralization of the negative charges ofa KPVSion. Thus,
the neutral PPC detected by ELS seems to contain many
of the pepsin molecules which are loosely linked with the
polyion. By adding excess KPVS, such weakly bound
proteins give rise to a new PPC with negative charges,
and at the same time the neutral PPC turns into another
negative PPC particle. Consequently, KPVS additionover
V/V; > 1 leads to a decrease in the size of PPCs as shown
in Figure4b. Asaresult, we believe that pepsin is distinct
from the other proteins with regard to the PPC formation
mechanism (the details will be discussed later).

IV.6. Quantitative Analyses of the Titration
Curves. All of the proteins other than pepsin show

0 05 10 15 20 25 30

sin2(6/2) + 28000C,
Figure 9. Zimm plots for PPC consisting of HSA and KPVS
at pH 2.0. C, = 6.30 x 10°® to 6.11 x 107° g/mL, which was
estimated using eq 5; # =45—135°. The estimated second virial
coefficient, 5.56 x 1075 cm? mol/g?, is negligibly small.

evidence of the formation of an electrically neutral PPC
with a uniform size. We attempted to clarify the nature
of such a complex through a quantitative analysis of the
titration data. From eq 7, the slope (dA/dV in mL™1) of
titration curves at V; < Vi can be expressed as

)

_ n“M

Mg + [2A + —2|M
Mepe

_ I |[Cre
dA/dV,=H 23|V,

pro

Since (di/dc), in eq 2 may be approximated by introducing
the measured (dfi/dc)pe and (dfi/dc),r, values into eq 10,
we can determine all the terms in eq 21 and calculate
dA/dV; for each sample, assuming only intrapolymer
complexes. The calculated slopes are shown in Table 5,
together with other required quantities in the calculation.
The observed values are 6—60 times larger than the
calculated ones. This result suggests the possibility of
multipolymer aggregates with a uniform size, for which
My = oM = a(Mpe + NMpo), Where a is the degree of
aggregation, i.e., the number of polymer chains within
one complex. To evaluate a, we carried out SLS experi-
ments under the same conditions as those used in the
titration and QELS experiments.

1V.7. Estimations of Molecular Weightand Degree
of Aggregation by SLS. For a multipolymer aggregate
of intrapolymer complexes, we simply can rewrite My in
eq 8 as aMyg. However, regardless of a, Cy is given by eq
5;i.e., Cx = Cp(1 + ), where C, = {Cpe/(V; + Vy}V: and
B = N(Mpro/Mpg) = (ZpelZpro)(Mprod/Mpg). Therefore, using
eq 8, we can estimate My (i.e., aMy) from the analysis of
SLS data.

The angular dependence of scattered light was deter-
mined as a function of Cy, which was calculated from V;
using eq 5. Figure 9 shows a typical Zimm plot for HSA
obtained at 9 = 45—135°and at C, =6.30 x 10 %t06.11
x 107% g/mL. For all protein samples other than pepsin,
the double extrapolations of KC./Ry vs (sin?(6/2) + kCy)
plots to #— 0, and Cx— 0 also gave two straight lines with
correlation coefficients > 0.99, cointersecting the Y axis,
enabling us to determine My and Ry. These results are
listed in Table 6, together with aand Mg. It is found that
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Table 6. Results of SLS

protein 2@ My a® Ry p(=R¢/Rn)
papain 1.26 x 106 7.36 x 107 54 69 1.3
HSA 9.46 x 105 4.28 x 107 45 53 1.2
lysozyme 1.05 x 108 6.67 x 107 64 79 1.5g
ribonuclease 1.01 x 106  6.64 x 10° 7 37 1.09
trypsin 151 x 106 7.84 x 107 52 80 1.33

a Calculated by eq 4. P Determined by o = M,/Mg.

2

KC,/Rg X 107 (mol/g)
oa\k\’
1 11 1

0 02 04 06 08 10
sin2(6/2)

Figure 10. Plots of KC./Py vs sin?(6/2) for HSA—KPVS
complexes as a function of Cy (x107% g/mL): (a) 3.67; (b) 2.46:
(c) 1.85; (d) 1.24; (e) 0.62. Each PPC sample was prepared by
the titration of HSA with KPVS under the same conditions
used in Figure 3; therefore, Cy corresponds to the following
VdVi: (a) 0.03; (b) 0.02; (c) 0.015; (d) 0.01; (e) 0.005.

the My values obtained are much larger than Mg, leading
to o ranging from 45 to 64 for all the proteins, except for
ribonuclease, for which o is much smaller than that
observed for the other proteins.

To compare SLS results with turbidimetric titration
curves, we introduce the term a into the right-hand side
ofeq7. Thus, fromo.and n, we may calculate the expected
turbidimetric slope dA/dV:. This calculated slope is
compared to the measured value in Table 5. The good
agreement seen in columns 7 and 9 of Table 5 supports
the hypothesis that a multipolymer aggregate of in-
trapolymer PPCs forms during the course of the titration
at Vy < Vi ~

From the results of SLS and from the ds values in Table
4, we obtain p = R¢/Ry, for aggregates of intrapolymer PPCs.
Hydrodynamic theory?! shows that p changes from infinity
to 0.775 when the polymer structure changes from a long
rod to a sphere, with values from 1.3 to 1.5 for random
coils. As can be seen from Table 6, p ranges from 1.1 to
1.6. This result may lead to a question as to why
electrically neutral aggregates of intrapolymer PPCs do
not form compact spherical structures. The binding of
many protein molecules to an extended polymer chain
may prevent the complex from adopting a fully collapsed
configuration because of a steric repulsion among bound
proteins (see next section).

1V.8. Trials to Detect Intrapolymer PPCs by SLS
and QELS. In order to clarify the process of PPC
formation, it is necessary to establish whether an in-
trapolymer complex is ever produced during the course of
titration. Since the aggregation state of PPC should
depend on its concentration, we tried to study the
complexation of HSA with KPVS at Vy/V; < 0.05 (corre-
sponding to Cx =< 6.30 x 10°® g/mL). Under such
conditions, turbidimetric titration is not useful, but SLS
and QELS methods are effective.

Figure 10 shows the plots of KC,/Rg vs sin?(6/2) obtained
at different C,. A good linear relationship was observed
in each plot (correlation coefficients > 0.99); therefore, My
and Ry can be estimated using eq 8. This estimation is

(31) Konishi, T.; Yoshizaki, T.; Yamakawa, H. Macromolecules 1991,
24, 5614.
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Figure 11. Changes in My (a), Ry (b), and Ry, (b) of a HSA—
KPVS complex with different V¢/Vis.

simplified by the observation that the second virial
coefficient (5.56 x 1075 cm?® mol/g?) obtained from the Zimm
plots in Figure 9 was negligibly small. The results
obtained are shown in Figure 11, together with the Ry
values determined by QELS. It is found that, at Vi/V; <
0.03(i.e., Cx <3.78 x 1078 g/mL), the values of My, Ry, and
Ry vary linearly with the added amount of KPVS (regres-
sion coefficients > 0.99). This variation in size is in
contrast to the constant size inferred from turbidimetric
titration and QELS, as reported in Figures 2, 3, and 6.
The change in size at very low Cy is due to the different
states of aggregation of intrapolymer complexes, i.e.,
variation in o at low Cy. In the range of C, reported in
Figures 2, 3, and 6, aggregates appear to be stable with
respect to size and mass (the reason for this will be
discussed below). Extrapolation to C, — 0 gave limiting
values: My =9.5 x 10°% Ry =32nm, and R, =13 nm. The
obtained value of My is in excellent agreement with the
calculated Mg for an electrically neutral intrapolymer
complex (=Mpg + (Zpe/Zpro)Mpro), providing clear evidence
for the formation of intrapolymer PPC. This resultisin
dramatic contrast to findings for the BSA—poly(diallyl-
dimethylammonium chloride) (PDDA) complex obtained
under similar conditions for Mpg, My, and Cy but in 0.01
M phosphate buffer (pH 7.9).42° In that case, a negatively
charged intrapolymer complex with M, = 8 x 10%, i.e., i
= 40, was found. The tendency of the polymer to bind
much less protein in the present case may be ascribed to
a tendency toward the formation of electrically neutral
complexes in pure water and at high protein charge.

The values of Ryand R}, 32 and 13 nm, respectively, are
remarkably close to the values obtained for protein-free
KPVSin 0.2 M NaCl, i.e., Ry=31 and R, =12 nm. The
complex thus appears to have a very similar configuration
to that of the uncomplexed chain. It would appear that
any contraction due to local collapse of polymer segments
on the protein surface is compensated for by interprotein
steric repulsion.
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Figure 12. Schematic illustration of processes of PPC formation inferred from the present study.

All of the samples used in SLS and QELS were examined
by ELS, from which we found that, even at V¢/V; < 0.02,
the ELS spectra show a discernible shoulder at mobility
= 0 um-cm/V-s (see Figure 7; this shoulder appeared
indistinctly in the spectra at V¢/V; = 0.01 and 0.005).
Therefore, we believe that the intrapolymer PPC is
neutral, as assumed in the previous section.

IV.9. Mechanism of PPC Formation. The processes
of PPC formation inferred from the present study are
schematically shown in Figure 12. Upon addition of KPVS
toaprotein solution, the protein molecules bind to a flexible
polyion via Coulomb attraction, resulting in an intrapoly-
mer complex, in which the polyion charges are balanced
by protein charges of the opposite sign. The neutral
intrapolymer complexes subsequently associate with one
another to yield neutral aggregates (AG;) of a uniform
size. Further addition of polyions causes an increase in
the concentration of AG; without achange in its size. When
the AG; concentration exceeds a certain level, i.e., V4V
> 0.75, larger aggregates (AG,) form through association
of AG,. The mechanism of formation needs to be con-
sidered, and we also need to explain why the size of AG;
remains unaltered until the free proteins are nearly
consumed. The answers to these questions should help
us understand the mechanism of PPC formation.

The spacing between charges on the proteins is not
variable and not complementary to the very small and
uniform spacing between polymer charges. For this
reason, and also from considerations of restrictions on
polymer chain configurational entropy, we cannot imagine
tightion pairing in the PPC. Rather, we have to consider
the proteins in the PPC as “loosely” bound and the ion
pairs as labile and prone to reconfiguration. Furthermore,
there must be local regions of excess positive and negative
charge. Thus, while the intrapolymer complex may have
net electroneutrality, it is highly “polarizable”. This
polarizability promotes the formation of aggregates of
intrapolymer complexes, which we have designated as
AG;. For reasons not completely clear at this time, a
relatively well-defined degree of aggregation, i.e. oo ~ 50,
seems to be particularly stable as long as excess protein
is present. As the “stoichiometric end point” (Vi = VY is
approached and free protein is consumed, an abrupt
increase in turbidity is observed, signaling the formation
of higher-order aggregates, which we designate as AG..

For proteins of lower charge density, electrostatic
complementarity with KPVS is even more difficult.
Furthermore, a large number of proteins must bind to
yield an electrically neutral complex. An example is
pepsin, for which the requisite number (n) of proteins is
228. Suchan intrapolymer complex would be expected to
be quite large, due to steric repulsion among bound
proteins. If we envision the polymer chain as “covered”
with bound proteins, the formation of higher aggregates
might be precluded by intercomplex repulsion. These

considerations are consistent with two observations for
pepsin PPC: particles of large size (=280 nm) are formed
at low polymer concentration, but turbidimetric titration
curves do not show strong scattering. We thus imagine
that the pepsin PPC is a highly asymmetric intrapolymer
complex of large dimensions but with a mass that is small
relative to those of the other PPCs at comparable C,.

If pepsin PPCs are “covered with” protein, they should
interact readily with excess KPVS present at V; > Vi. We
find in fact that negatively charged particles with a size
smaller than that of AG; are formed under these conditions
(see Figures 4b and 8). Similar results were seen when
PDDA was added to an aqueous solution containing the
neutral PPC of hemoglobin and KPVS.1!

We would expect to see similar behavior for other pro-
teinswith low charge. Experiments carried out with lyso-
zyme atvarying pH (Figure 6) support this. Turbidimetric
titration curves are seen to resemble those for pepsin as
the pH comes close to the isoelectric point for lysozyme.

The formation of aggregates may involve the redistri-
bution of bound proteins, the ease of which may be sen-
sitive to protein surface charge distributions. Ingeneral,
we expect that proteins of lower surface charge density
will form longer-range and therefore more labile ionic
bonds than more highly charged proteins and will therefore
yield more labile complexes. However, the protein charge
density can be quite heterogeneous and the number of
charges per unit mass may not in itself control the
aggregation state. Thus, proteins of similar charge/mass
ratio (similar n) such as lysozyme, ribonuclease, and
trypsin, are observed to have different aggregation states
(o is very small for ribonuclease), while proteins with
different charge/mass ratios (HSA, papain, lysozyme, and
trypsin) may have similar aggregation states.

In conclusion, it appears that, in a salt-free solution,
proteins form an intrapolymer complex with strong
polyanions through stoichiometric neutralization between
opposite charges. The resulting intrapolymer complexes
are not particularly stable but instead strongly tend to
associate with each other to form aggregates of a uniform
size. This association process accompanies the redistri-
bution of the bound proteins, in which the distribution of
charges on the protein surface could play an important
role and through which the size of aggregated intrapolymer
complexes is uniquely determined.
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