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ABSTRACT

The combination of quasielastic LS with integrated scattered intensity measurements in
the same sample has been applied to study polymer and polymer-protein aqueous
solutions. The molecular weight, the radius of gyration, and the second virial coefficient
for thermosensitive polymer [poly(N-isopropylacrylamid)] solution before and after
precipitation transition have been obtained using Zimm plot calculations carried out.
The precipitation curve (intensity vs temperature dependence) for polymer solutions has
been experimentally obtained using the light scattering setup. For the first time the static
and dynamic light scattering properties of aqueous solutions of antibody-
poly(methacrylic acid) and antibody-poly(acrylic acid) conjugates and solutions of their
components [antibody, poly(methacrylic acid), and poly(acrylic acid)] at different pH
values have been measured. In both cases the parallel comparison of the characteristic
size variations allowed us to represent novel structural features of scattered particles
(macromolecules, associates, aggregates, conjugates, colloidal particles) in studied

systems.

KEY WORDS: aggregation, association, conjugate, co-operative interactions, light

scattering, polymer, precipitation, protein.



1. INTRODUCTION

Light scattering (LS) is a highly informative method and the combination of
quasielastic LS and integrated scattered intensity measurements in the same
experimental setup increases the gain of virtual information of the systems studied [1].
Recently, photon correlation spectroscopy (PCS) has become a popular technique for
studying structural transformations in systems, containing proteins, enzymes, polymers,
and other macromolecular components [2,3].

Table 1 presents parameters which could be calculated out of the data of static and
dynamic LS. The first line gives the formula for concentration and angular
dependencies of static and dynamic Zimm plots. The second line presents the
experimental parameters along with the limitations of using these expressions imposed
on ¢ and ©. The remaining parameters can be compared as equivalent sphere radii that
are represented in the next line of the Table 1. From static LS one gets two effective
sizes: radius of gyration, Ry, and thermodynamic radius, Ry, from dynamic LS —
hydrodynamic radius, Ry. The magnitudes of these radii can deviate from each other [4].
These differences result from the fact that they are physically differently defined. Ry is
solely geometrically defined, but there are two types of interaction between particles in
solution of finite concentration: hydrodynamic and thermodynamic.

The hydrodynamic interaction is characterized by Ry indicated how deeply a
particle is drained by the solvent: a deep draining causes a reduction in Ry, on the other
hand, if shallow draining is only possible, Ry can become much larger than Ry. The
thermodynamic interactions (repulsion or attraction) are characterized by the
thermodynamically effective equivalent sphere radius Ry, which is defined by the

domains of interpenetration of two macromolecules or in other words by the excluded



volume. Generalized ratios of these differently defined radii can be derived. The ratio p
= Ry/Rn compares the range of hydrodynamic interaction with geometrical dimensions
of the molecule and can be theoretically calculated for the selected structures. For
example, for a homogeneous sphere p is less than unity, for microgels it can be less than
0.5, for random coil it changes from 1.5 to 2 depending on polydispersity, solvent, and
conditions, for rigid rod it is greater than 2. The ratio V+ = Rt/R, compares the range of
thermodynamic interactions with that of hydrodynamic interactions. Experiments
mostly demonstrate that the ratio is close to unity, it means that the thermodynamic and
hydrodynamic interactions act over very similar distances.

Thus, it follows from the analysis of Table 1 that a complete picture of structural
features of scattered particles in solution can be obtained by parallel correlation of
characteristic sizes between each other which are the result of static and dynamic LS
measurements in the same sample and at the identical experimental conditions. We
demonstrate these opportunities on the example of application LS technique to the study
of the precipitation of one of the well-known thermosensitive polymer, poly(N-
isopropylacrylamid) (PNIPAM), determining the temperature of phase transition in
agueous solution and measuring molecular weight, radius of gyration, and the second
virial coefficient before and after the transition.

Moreover, in this paper we focus on the molecular and structural parameters of
poly(methacrylic acid) (PMAA), poly(methacrylic acid) (PAA), antibodies and their
conjugate with PMAA and PAA in aqueous solutions determined by static and dynamic
LS. Particular attention is given to the elucidation of the interdependence of the
components affecting the association and aggregation of the conjugates.

The study of the protein-polymer conjugates in which the role of protein is played



by antibody (Ab) is of special interest. Antibody is attractive as the protein model. In
spite of a great variety of antibodies their molecules are structurally similar and
characterized by virtually the same isoelectric point. To us, the Ab-polymer systems are
of particular interest for several reasons: (i) A study on the features of Ab-polymer
conjugates and variation of their structure with pH is a prerequisite to understanding the
higher-order systems (e.g., complexes of two conjugates)[5,6]. (ii) An investigation and
recognition of the role of the constituents of the conjugates is crucial for understanding
their aggregation and precipitation. In turn, the control of association and aggregation
processes in the multicomponent systems is essential for the development of
bioseparation method and specific assays. (iii) Protein-polymer complexes have been
studied with many experimental methods [7,8].

There is still a lot of theoretical and experimental problems hindering the
obtaining of reliable data from PCS measurements. However, in the particular case of
pronounced aggregation the significant variations in macromolecular size of the
associated species provide a straightforward interpretation of the PCS results. To the
best of our knowledge aqueous solutions of antibody and in particular the behavior of
antibodies and their conjugates with polyelectrolytes in response to pH have not been
studied using LS technique.

2. MEASUREMENTS
2.1. Specimens

Milli-Q water with R = 18 MQI[dm and 10 mM phosphate buffer, containing 0.1
M NaCl, were used in all experiments.

Monoclonal antibodies from 6C5 clone against inactivated rabbit muscle

glyceraldehyde-3-phosphate dehydrogenase were raised in mice and characterized by



their binding to native and inactivated forms of the enzyme [9]. Ab concentration was
determined by UV absorbance measuring at 280 nm (Ezgo for 0.1 % was equal 1.5).
Stock Ab solution with initial concentration of Ab 1.48 mg/ml was diluted to 0.74
mg/ml before LS measurements. Isoelectric point of Ab (pl 5.95) was determined
previously [11]. Synthesis of PMAA and PAA with a degree of polymerization of 1830
and 3200 respectively is described elsewhere [4,5].

Stock solution of PMAA was prepared with the concentration of 38.3 mg/ml,
diluted to 4.8 mg/ml, and then filtered using 0.2 um Sartorius Minisart filter into the
[110 mm sample cell. Initial pH of this sample was 5.0. Stock solution of PAA was
prepared with the concentration of 2.9 mg/ml, diluted to 0.091 mg/ml, and then filtered
using 0.2 um Sartorius Minisart filter into the (110 mm sample cell. Initial pH of this
sample was 5.8.

Conjugates of PMAA and PAA with the antibodies (Ab-PMAA and Ab-PAA)
were synthesized by covalent binding using a procedure including water-soluble
carbodiimide [4,5]. The stock Ab-PMAA solution with concentration 1 mg/ml was
diluted four times and then filtered using 0.2 um Sartorius Minisart filter into the quartz
[110 mm sample cells. The Ab-PAA solution with concentration 0.85 mg/ml was
filtered using 0.2 um Sartorius Minisart filter into the quartz 110 mm sample cells. pH
of all solutions was adjusted by adding correspondent amount of 0.1 M HCI solution or
0.2 M NaOH solution.

PNIPAM was synthesized by radical polymerization in aqueous solution at room
temperature using redox pair ammonium persulphate—tetraethylene methylenediamine
(TEMED) as initiator and purified by three sequential reprecipitaions at 40°C. For

Zimm plot measurements (angular and concentration dependence of the excess Rayleigh



ratio, see Table 1) four aqueous solutions of PNIPAM with different concentration
(0.38, 0.29, 0.19, and 0.096 mg/ml) were prepared and filtered using 0.2 um Sartorius
Minisart filter into the quartz J10 mm sample cells. Precipitation curve was obtained
for the solution with concentration 0.019 mg/ml.
2.2. Light Scattering
LS measurements were done with a Malvern 4700c System. An argon ion laser

(Uniphase 2213-75 SL) operating at a 488 nm wavelength and 30 mW output power
was used as a light source. The scattering angle was varied from 30° to 150° in 13 steps.
The spectrometer was calibrated with distilled water and toluene to make sure that the
scattering intensity from water and toluene had no angular dependence in the used
angular range. All measurements were performed at (25.0+0.1) °C.

In static LS we used an angle scan with axes of inverse intensity vs g to calculate

radius of gyration Rg:

I;(q)mglm%RZqZ), )

g
In this equation 1" is an inverse scattering intensity at scattering angle ©. The limit

gR, <2 was fulfilled within the range of scattering angles for all systems studied.

The intensity-intensity time autocorrelation functions of the scattered intensity in
the self-beating mode can be related to the normalized first-order electric field time

correlation function g®(t,q) as
GPM =<1 >=B[1+B]g”(t.a)I'], )
where [3 is a parameter depending on the coherence of the detection, t is the delay time,

and B a measured baseline. Logarithmic correlation function can be expanded in a

power series in terms of the delay time (cumulant analysis)



INng® () =-Tt+(, /20t = (I, /3)t° +..., (3)

where 'y, ', , etc are the first, second, etc cumulants. The first cumulant can be
calculated by equilibrium statistical thermodynamics and at low q related to the
apparent diffusion coefficient D: 'y = Dg?. “Z-average particle size” can be found using
well-known Stokes-Einstein relationship, which is a definition for a hydrodynamically

effective sphere diameter <d, > (see Table 1). If the sample is polydisperse, the value

2I,/T % = PI, the polydispersity index (the width of the distribution), which is the
dimensionless measure of the broadness of the distribution.

Dynamic measurements were performed as follows. The scattering angle was kept
constant at 90°. The quality of measurement was checked over the signal-to-noise ratio
and the range of the correlation function. The intensity autocorrelation function was
collected in 128 channels and in a so-called far point, a special group of correlator
channels pushed out in time by a special extension of the memory. The difference
between the measured and the calculated baselines is taken into account. It was found
out that the field-field correlation function is single-exponential for all samples studied.
The particle size distribution and average particle size were obtained from the
correlation function by fitting the data with cumulant analysis, using the PCS software
program (version 1.35) supplied by Malvern Instruments Ltd.

3. RESULTS AND DISCUSSION
3.1. Phase transition of PNIPAM

It is known that scattered intensity is proportional to the spatial fluctuations of
concentrations | ~ <Ac®> and one can expect that this value could be more sensitive
when approaching the cloud point of the polymer. We have used this fact for the

determination of the temperature of phase transition in aqueous solution of



thermosensitive polymer PNIPAM (Fig.1). A conformational random coil-globule
transition for PNIPAM before phase transition is well documented [12] in extremely
diluted solutions. We have shown this effect for rather concentrated solutions.

Static LS measurements (angular and concentration dependencies) have been
carried out at 23 and 37 °C, i.e. before and after the transition: points are indicated on
the precipitation curve (Fig.1). The typical Zimm plot calculated by Malvern
Instruments Ltd software is presented in Fig.2. Table 2 gives the extracted parameters:
Mw, Rg, and A,. These data indicate that aggregates with 60-fold greater molecular
weight but two times less size are formed after transition. The aggregates exist in
solution as a stable suspension. Significant decrease in the second virial coefficient
corresponds to the solution of @-conditions. The values of R+ before and after the phase
transition, i.e. as for random coils and for aggregates of globules, indicate strong
polymer-polymer interaction expressed in significant overlapping areas.

3.2. Conjugates and their free components characterization
3.2.1. Polymers

The parameters of PMAA obtained by combined static and dynamic LS at
different values of pH of are presented in Figs.3, 4 (PMAA). As expected, no
aggregation or precipitation occurred over the whole studied range of pH. However
polymer chains co-operatively expanded forming more homogeneous medium with
increasing pH. Z-average radius of gyration Ry has been increased sharply at pH > 5
(Fig.3a, PMAA). Parameter <d,> appeared to be less sensitive to the changes of
scattering particles shape in this case (Fig.4a, PMAA). A set of data on Ry and <dy>
obtained allows to conclude that PMAA chains expansion (increasing of Rg) is

accompanied with the retention of the domain sizes <d,> of effective polymer-solvent
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interactions. Herein, numeric values of the ratio 2<Ry>/<dy> varied in the range 1.75-
2.5 with which limit values are typical for the molecules of polymer with the structure
of random coils in ®@-conditions and good solvent, respectively. The decrease in LS
intensity (Fig.3b, PMAA) which was proportional to the concentration fluctuations
indicated more homogeneous state of co-operatively expanded polymer chains. On the
other side, it is obvious that a more compact form of polymer has to have fewer
deviations in molecular size, and vice versa. This fact was reflected in the increase in Pl
at pH > 5 (Fig.4b, PMAA).

The properties of PAA are expected to differ sharply from those of PMAA
although the only difference in the chemical structures of these polyacids consists in the
methyl groups in the a position of the PMAA molecules [6,10]. The data on static and
dynamic LS measurements of PAA solutions presented in Figs.3, 4 (PAA) demonstrate
no conformational transition of PAA molecules in the whole interval of pH values
studied (2.5 — 9), confirming that the hydrophobic interactions of methyl groups in
PMAA are responsible for the stability of the local compact structures in this polyacid
molecules in acidic medium and for their co-operative expansion in the neutral medium.
3.2.2. Antibody

The protein solubility decreases around isoelectric point. In our experiments the
precipitation of Ab molecules was observed after the addition of 0.5 M HCI when pH
changed from 6.8 to 5.9, in the region closed to pl of the antibodies (pl 5.95). The pH-
dependencies of radius of gyration (a), light scattering intensity (b), hydrodynamic
diameter (c), and polydispersity index (d) of antibodies are presented in Figs.3, 4. The
precipitation at pH about 6.0 (marked by dotted lines in the figure) is accompanied by

significant variations of overall measured characteristics, indicating the pronounced
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association of Ab molecules. The further evidence of the association of free antibodies
could be derived from the comparison of their size with the size of the antibodies-
poly(methacrylic) acid conjugate.
3.2.3. Polymer-protein conjugates

The data of static and dynamic LS for the Ab-PMAA conjugates indicated the
shift of the precipitation transition for Ab-PMAA conjugate to more acidic medium
(pH~4.8) as compared to the solution of free Ab (pH ~ 6) (Figs.3, 4, Ab-PMAA).

The comparison of LS data for Ab solution with the data for the solution of Ab-
PMAA conjugates highlights the effect of PMAA on the ability of Abs to associate. The
covalent attachment of a charged polymer to Ab molecule prevents the latter from
approaching each other and associating.

The next experimental fact obtained for the solution of Ab-PMAA conjugate is a
decrease in Ry (Fig.3a, Ab-PMAA) and <d,> (Fig.4a, Ab-PMAA), as well as an
increase in lgy (Fig.3b, Ab-PMAA) and PI (Fig.4b, Ab-PMAA) in the range of pH 5-6
which preceeds the precipitation of Ab-PMAA conjugates at pH~4.8. These changes of
LS parameters are directly connected with the co-operative shrinkage of PMAA
polymer chains. Thus, there are strong grounds to believe that the compact
conformation of PMAA in acidic media is mainly responsible for the observed
precipitation of Ab-PMAA conjugates.

Some assumptions about the structure of the conjugates could be done from the
comparison of the LS parameters of Ab-PMAA conjugates and free PMAA.

In neutral medium before precipitation Ry of conjugates (Fig.3a, Ab-PMAA) is
less than the corresponding size of co-operatively expanded coils of PMAA (Fig.3a,

PMAA). This fact testifies that strong interaction between polymer chains and protein
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favors the compact arrangement of polymer chains around the protein globule. The
geometrical size (Rg) of the conjugate slightly decreased in the pH interval 5-6, whereas
the hydrodynamic size (<d,>) of the conjugate decreased more essentially reflecting co-
operative shrinkage of the polymer coil around the protein globule. At the same time,
<dp> of the conjugate significantly exceeded <d,> of free polymer. It strongly indicates
that the protein globule gains an interaction of the conjugate with the molecules of the
solvent. A hydrated shell is formed around the conjugate. The shell is penetrated by the
polymer chain and the thickness of the shell vary depending on the conformational state
of the polymer.

To confirm this proposed structure of the polymer-protein conjugate, PAA with
significantly higher degree of polymerization then PMAA was selected for covalent
attachment to Ab and formation Ab-PAA conjugate. Contrary to PMAA, PAA has no
a-methyl groups in polymer chains and as a result no conformational transformations
were observed in the pH range studied (Fig.3, 4, PAA). Static and dynamic LS
parameters of the Ab-PAA conjugate solution at different pH values are presented in
Figs.3 and 4 (Ab-PAA). There was no precipitation in the whole range of pH (2.5 -
8.0), but the behavior of all measured parameters was quite different in neutral (pH 4.8-
8.0) and acidic (pH < 4.8) media.

In neutral medium both static and dynamic characteristics almost did not vary
with pH. Again, the values of both Ry and <dy> for Ab-PAA conjugate were less than
corresponding values for free Ab indicating an ability of the polymer to prevent the
association of protein molecules.

The increase of the average radius of gyration (Fig.3a, Ab-PAA) and the average

hydrodynamic diameter (Fig.4a, Ab-PAA) of scattering particles was found in acidic
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medium of Ab-PAA conjugate solution. This fact as well as a sharp increase in the
scattering intensity (Fig.3b, Ab-PAA) along with initial decrease in the polydispersity
index on the first stage (Fig.4b, Ab-PAA) unambiguously testifies that the process of
aggregation starts at pH < 4.8. An increase in the opalescence of the solution has been
observed at pH < 4.8 but solution remained completely homogeneous indicating no
precipitation. Under further decrease in pH the elevation of <dy>, lgo, and the drop of PI
slowed down in the range of pH 3-4. The calculations of Ry using Eq.(1) were
impossible in this range due to the strong asymmetry of angular dependence of
scattering intensity. This is indicated by dotted arrow in Fig.3a (Ab-PAA). At pH < 3
the sharp increase in <dy> and PI took place, probably because colloid particles of Ab-
PAA conjugates start binding to each other. As a result the decrease in scattering
intensity at pH < 3 (Fig.3b, Ab-PAA) could be explained by progressive influence of
the multiple scattering. However in this pH range, even under colloidal particle
formation, the solution remains stable, homogeneous, and transparent, i.e. there is no
precipitation. The particles are stabilized by electrostatic repulsion caused by still
sufficiently high charge density of PAA coil even in acidic medium (3 < pH <4.8)
preventing the system from precipitation and/or a hydrated shell formed by water
molecules bound to COOH-groups of PAA via hydrogen bonds.

The average values of Ry (Fig.3a, PAA) and <dn> (Fig.4a, PAA) for the free
PAA appear to be higher than the sizes of Ab-PAA conjugates (Figs.3a and 4a, PAA)
over the whole range of pH (4.8 -8.0). It could mean that after attachment of the
polymer to the protein the latter surrounds the surface of Ab in a compact manner.
Essential excess of hydrodynamic radius over radius of gyration indicates strong

interactions of conjugate with solvent molecules. At the same time the characteristic
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dimensions of different conjugates appear to be close to each other despite the
difference in polymer chain lengths of PMAA and PAA attached.
4. CONCLUSIONS

The results presented clearly demonstrate that the combination of static and
dynamic LS gives real perspectives in analysis of the structural and molecular
characteristics of thermosensitive polymers, proteins, and polymer-protein complexes in
solution, and their aggregation and precipitation near phase transitions. The comparison
of physically different characteristic molecular dimensions (radius of gyration,
thermodynamic radius, and hydrodynamic radius) along with another static and
dynamic parameters (scattering intensity, PI) is a powerful tool for developing the
structure models of the macromolecular systems.

In particular, the results of our investigation of LS parameters for PMAA, PAA,
antibody, and for conjugates formed on the basis of the polymer confirm: (a) that the
conformational compactness of the polymer plays crucial role in the process of
precipitation, (b) that attached polymer prevents the association of polymer-protein
conjugates, (c) that after attachment of the polymer to Ab the former surrounds the
surface of protein globule in a compact manner, and the protein globule strongly affects
the structure of the attached polymer, (d) that there is a strong interaction of conjugate
with solvent molecules.

The revealed ability of the conjugate to undergo reversible pH-dependent phase
transition from soluble to insoluble or colloid state depending on the nature of the
polymer component is intriguing for understanding of protein behavior in living cell as

well as for the development of new bioseparation and bioanalytical methods.
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Table 1. The six quantities that are obtained from the static and dynamic Zimm plots

Static Dynamic
Formula Ke/ Ro(g,¢) = 1+ 0?RS /3)/ M, +2Ac+2Ac* +... | D(Q,c) =D,(1+Cq’R; +..) x(1+kyC+..)
Experimental gRy< 2, AoMyc<0.5
conditionsand (K isthe optical constant, ¢ is the concentration, Re isthe Rayleigh ratio, = (471,/A,)Sin@/2) is the magnitude of the
parameters scattering vector, ng isthe refractive index of the solvent, A is the wavelength of the primarily beam in vacuum, © is
the scattering angle, n isthe viscosity of the solvent, T is the absolute temperature, k;, is the Boltzmann's constant.
Extracted Weight-average molecular weight M (intercept) Diffusion coefficient D, = KT /671R, (intercept)
molecular Z-average radius of gyration R} =<S* >, (dopeac=0) | Architecture parameter CRy? (slope at ¢ = 0)
parameters The second virial coefficient A, (slope at g = 0) ko (sope at q = 0)
Equivalent Ry, radius of gyration is solely geometrically defined <d, >=k,T /3D, hydrodynamic diameter results
sphere radii R = (3A,M,, /167N ,)*'?, thermodynamically effective from the interaction of macromolecules with the solvent
equivalent radiusis defined by domains of interaction
between two macromol ecules

Table 2. Zimm plot data for PNIPAM/Water solutions at different temperatures

Temperature, °C | Myx10°, g/mol | Rg, nm | A,x10° mol ml/g® | Ry, nm Structure
23 2.04 100 1.11 28 Random coil
37 126 50 1.33x10°° 11.8 | Aggregate of Globules
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FIGURE LEGENDS

Fig.1. Precipitation curve for aqueous solution of PNIPAM measured by LS

Fig.2. Typical Zimm plot for the aqueous solution of PNIPAM at 23 °C

Fig.3. pH-dependencies of radius of gyration (a) , scattering intensity (b) for the
solutions of free poly(methacrylic acid) (PMAA), poly(acrylic acid) (PAA), free
antibodies (Ab), and Ab-PMAA and Ab-PAA conjugates. The solid arrow indicates the
position of determined isoelectric point for antibodies of 6C5 clone. The dotted arrow
indicates that calculations of the radius of gyration at pH > 4 have not been fulfilled for
the solution of Ab-PAA conjugates.

Fig.4. pH-dependencies of z-average hydrodynamic diameter (a), and polydispersity
index (b) for the solutions of free poly(methacrylic acid) (PMAA), poly(acrylic acid)
(PAA), free antibodies (Ab), and Ab-PMAA and Ab-PAA conjugates. The solid arrow

indicates the position of determined isoelectric point for antibodies of 6C5 clone.
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