6688 Macromolecules 1993, 26, 6688-6690

Dynamic and Electrophoretic Light Scattering
of a Water-Soluble Complex Formed between
Pepsin and Poly(ethylene glycol)

Jiulin Xiaf and Paul L. Dubin

Department of Chemistry, Indiana-Purdue University,
Indianapolis, Indiana 46223

Etsuo Kokufuta®

Institute of Applied Biochemistry, University of Tsukuba,
Tsukuba, Ibaraki 305, Japan

Received March 1, 1993
Revised Manuscript Received September 13, 1993

The complexation of proteins with water-soluble syn-
thetic polymers in an aqueous system is interesting from
two points of view.! The first concerns the way in which
the polymers interact with nonflexible protein molecules
through electrostatic, hydrogen-bonding, and hydrophobic
interactions, an understanding of which could provide a
better explanation of the mechanisms of macromolecular
interaction available in nature. The second concerns the
extent to which biochemical 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 the process design
for protein separation using water-soluble polymers.

A number of studies have dealt with complexes formed
between polyelectrolytes and proteins under different
conditions of pH and salt concentration.2# The turbi-
dimetric measurements primarily employed in previous
studies? could easily monitor the resulting water-insol-
uble complexes, the form of which was either a complex
coacervate or an amorphous precipitate. Under special
pH and salt concentration conditions, the formation of
“seemingly” soluble complexes has been observed in several
systems consisting of proteins and polyelectrolytes.®-? On
the basis of quasi-elastic light scattering (QELS) and
electrophoretic light scattering (ELS) techniques, it has
been reported that several species (presumably composed
of an intrapolymer complex and its aggregates) with
different Stokes diameters were formed when the pH of
the protein solutions was increased in the presence of
polycations such as poly(diallyldimethylammonium chlo-
ride).56 However, the observed size distribution of these
species does not conclusively establish whether, during
the initial stage of the complexation, several protein
molecules are bundled together by a polyion to form
intrapolymer complexes which then subsequently aggre-
gate. Insome respects, it is preferable at present to study
molecular complex formation using a system consisting
of fully soluble complexes in which no aggregation oc-
curs.

One of the authors has recently demonstrated that
pepsin forms a water-soluble complex with poly(ethylene
glycol) (PEG) at pH 8.0, but not at pH 4.5, presumably
through the hydrogen bonding of the protein~-COOH
groups with the ether groups in PEG:1¢

t Current address: Life Technologies, Inc., P.O. Box 6009, Gaith-
ersburg, MD 20884-3980.
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Neither precipitation nor turbidity appeared in this system
after the mixing of the protein and polymer at different
ratios. This is clearly different from protein/polyelec-
trolyte systems which display turbidity to a greater or
lesser degree at conditions corresponding to strong in-
teraction. We have therefore tried to measure the
properties of such complexes using QELS and ELS
techniques.

The porcine pepsin (a typical acid gastric protease) used
here was identical to the sample used in the previous
study.l® The absolute molecular weight of pepsin was
34 542, as determined by its amino acid sequence. PEG
with My, = 1.4 X 104 was purchased from Aldrich Chemical
Co. Since the amino acid sequence of pepsin has been
reported previously,!112 the complexation was studied at
pHs 3.0 and 4.5 under different molar ratios (Ry,) of the
ether groups in PEG to all of the pepsin acidic groups (43
carboxyl and 16 phenolic OH).13 The samples were
prepared by mixing the desired amounts of dust-free stock
solutions of PEG and pepsin, each of which was obtained
by filtration using a Gelman 0.2-um syringe filter, to yield
a final pepsin concentration of about 1 mg/mL, with the
PEG concentration depending on R,. The pH of each
sample was then adjusted with a very small amount of 0.1
M HCIL Pure water was used as the solvent in the
preparation of both stock solutions.

QELS measurements were carried out at scattering
angles from 30° to 150° using a Brookhaven system
(Holtsville, NY) equipped with a 72-channel digital
autocorrelator (BI-2030 AT) and a Jodon 15-mW He-Ne
laser (Ann Arbor, MI). We obtained the homodyne
intensity—intensity correlation function G(q,t), with g (the
amplitude of the scattering vector) given by g = (4x#/)\)
sin (8/2), where 7 is the refractive index of the medium,
\ is the wavelength of the excitation light in a vacuum,
and 4 is the scattering angle. G(q,t) is related to the time
correlation function of concentration fluctuations g(q,t)
by G(gq,t) = A[1 + bg(q,t)?], where A is the experimental
base line and b is the fraction of the scattered intensity
arising from concentration fluctuations. The quality of
the measurements was verified by determining that the
difference between the measured and calculated A values
was less than 1%. The mean decay constant I' was
obtained by the method of cumulants and used to calculate
the apparent diffusion coefficient Do (=I/¢?. The
apparent Stokes diameter, D;, was then obtained using D,
= kT/6wnDess, where k is the Boltzman constant, T is the
absolute temperature, and 7 is the viscosity of the solvent.

ELS measurements were made at a fixed scattering angle
of 25.6° using a Coulter DELSA 400 apparatus (Hialeah,
FL). The electric field was applied at a constant current
of 0.3 mA.

Neither precipitation nor turbidity appeared in any of
the samples examined. The D, values obtained from QELS
via the method of cumulants are shown in Table I, together
with the electrophoretic mobilities, u, determined by ELS
and also with the results!® of previous viscometric mea-
surements. Our samples were assumed to be multicom-
ponent systems of PEG, pepsin, and the complex of these
two in a state of equilibrium. Therefore, the observed D,
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Table I. Apparent Stokes Diameters (D,), Electrophoretic
Mobilities (u), and Reduced Viscosities (nsp/Cpepsin)
Obtained from Aqueous Pepsin/PEG Systems at pHs 3.0
and 4.5 as a Function of the Mixing Ratio (Ry) of the
Polymer and Protein

e/ Cpepein

D, (nm) (dL/g)®

pH pH u (um-cm/V-s) oH pH
Ro® 3.0 45 pH 3.0 pH 4.5 3.0 45
o 5 5 0.08x0.02 -1.26 = 0.02
1 7 7 004002 -1.26 £ 0.02,90¢ 0.071 0.073
5 8 7 0.06%0.02 -1.27£0.02,0¢ 0.082 0.068
20 9 6 0062002 -1.2820.020¢ 0.089 0.074
50 16 7 0.04£0.02 -1.25+ 0,024 0¢ 0.096 0.072
100 27 7 004002 -1.24+0.02,40¢ 0.106 0.073
160 32 see footnote f 0.109 0.073
200 31 see footnote f 0.110 0.072
o8 6 6 0 0

@ Weight and molar base ratios of PEG to pepsin can be calculated
from Ry, using equations in ref 13. ® Data for R,, = 0-150 were cited
from a previous study!® with that for Ry, = 200 newly measured for
this study; in both, the values of #yp/Cpepsin Were determined by
viscometric measurements of agqueous pepsin solutions including
different amounts of PEG (My = 1.98 X 104 at 25 °C using the
relation nyp/Cpepsin = {(n/10) =~ 1}/ Cpepain, Where 7 is the viscosity of the
sample containing both pepsin and PEG and 7, is the viscosity of the
solventincluding PEG only. ¢ Determined from uncomplexed pepsin
(i.e., PEG-free pepsin solution). ¢ Corresponds to pepsin molecules.
¢ Corresponds to PEG molecules. / Mobilities could not be determined
from the electrophoretic diagrams obtained at Ry = 150 due to
incomplete resolution of a broad peak with a shoulder, although the
positions of the peak and shoulder were close to u = 0 um-cm/V-s
(excess and uncomplexed PEG) and to u = 0.03-0.05 um-cm/V-s
(presumably a pepsin/PEG complex), respectively. £ Determined
from uncomplexed PEG (i.e., pepsin-free PEG solution).

may not simply correspond to the size of the complex,
because the diffusion mode detected presumably contains
contributions from all scattering species. However, D; at
pH 3.0 increases with an increase in Ry and reaches a
constant value at Ry = 150, whereas D, at pH 4.5 is
independent of Ry, within the accuracy of QELS. This
last result also shows that the contribution of free PEG
to the scattering signal is essentially negligible. Samples
at pHs 3.0 and 4.5 with the same R, should contain the
same amounts of the polymer and protein; therefore, the
observed R, dependence of D; strongly suggests that the
D, values at pH 3.0 primarily reflect contributions due to
the complex. As a result, it can be said that pepsin and
PEG form a water-soluble complex at pH 3.0, but not at
pH4.5. Thisisinagreement with the results of viscometric
measurements; that is, the viscosity increased with the
addition of PEG at pH 3.0 but remained unchanged at pH
4.5, such viscometric changes being assumed to indicate
the formation of a water-soluble pepsin/PEG complex at
pH 3.0 (see ref 10).

ELS at pH 4.5 reveals two species with u = 0 um-cm/V's
(PEG)and -1.28 £ 0.02t0-1.24 £ 0.02 um-cm/ Vs (pepsin);
from this result it would appear that the mobilities of
both species are independent of R,. At pH 3.0, only one
peak was detected at Ry, < 100 (see footnote f in Table I).
However, we can observe a small but statistically significant
decrease in u as PEG is added to the protein solution.
This can be explained as follows. The electrophoretic
velocity (v) of charged particles suspended in a viscous
medium under an electrical potential (X) is proportional
to the electrical charge (@) of the particles and inversely
proportional to the frictional coefficient (f): i.e., v « (Q/
HX, where in pure water f = 6mnR; (7, viscosity of solvent;
Rs, radius of a hydrodynamically equivalent sphere),
according to Stokes’ law. Since the complexation at pH
3.0 is thought to occur through hydrogen bonding of the
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Figu_re 1. Schematic illustration for complexation of PEG with
pepsin.

protein—-COOH groups with the ether groups in PEG, the
electrical charges due to the five positive ions (i.e., charged
two amino, one imidazolyl, and two guanidyl groups) of
pepsinremain unaltered before and after the complexation.
Thus, the complexation could result in a decrease in the
mobility through an increase in f due to the neutral PEG
chain(s) bound to the positively charged proteins.

It is certain that pepsin and PEG form a water-soluble
complex at pH 3.0; we will now discuss the mechanism of
this complexation. There seem to be three possibilities
with respect to the complexation between pepsin and PEG
(see Figure 1): In a, where we assume cooperative binding
of protein to protein, the number of proteins bound per
polymer (n) is constant; b shows the anticooperative case,
where n must decrease as Ry, increases; c¢ illustrates
“interpolymer” complexation. Since the observed D,
values are the averages from the complex and the free
proteins (as shown above, the scattering contribution of
free PEG is negligible), complexation according to mech-
anism a causes a gradual increase in D, until all the free
proteins are consumed. For b, D; should at first increase
but must eventually decrease, as the addition of more PEG
only makes n smaller. Mechanism ¢ is not consistent with
the limiting value of D, attained at high R,,. Thus, only
mechanism a seems to explain our QELS results in Table
I. Because the equilibrium constant for complexation
between PEG and pepsin is not large, D, reaches a limiting
value between R, = 100 and 150 (corresponding to molar
ratios of PEG to pepsinof 19 and 28; seeref 13). Atpresent,
we cannot explain the mechanism for the cooperative
binding of the proteins to PEG. More detailed studies
will be required to resolve the contributions of complex
and free protein to the apparent Stokes diameter.

The main conclusions to be drawn from this study are
asfollows: (a) QELS helps us to observe complex formation
between protein and nonionic polymer; (b) the effect of
pH suggests that hydrogen bonds are involved in com-
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plexation; and (c) the behavior of D; is consistent with
somewhat cooperative binding of pepsin to PEG in an
intrapolymer complex, which has expanded dimensions
due to interprotein steric and coulombic repulsions.
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