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Characterization of Globular Protein Solutions by Dynamic Light
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In this work, physicochemical properties of two globular proteins—bovine serum albumin (BSA) having a molecular
weight of 67 kDa and human serum albumin (HSA) having a molecular weight of 69 kDa—were characterized. The
bulk characteristics of these proteins involved the diffusion coefficient (hydrodynamic radius), electrophoretic mobility,
and dynamic viscosity as a function of protein solution concentration for various pH values. The hydrodynamic radius
data suggested an association of protein molecules, most probably forming compact dimers. Using the hydrodynamic
diameter and the electropheretic mobility data allowed the determination of the number of uncompensated (electrokinetic)
charges on protein surfaces. The electrophoretic mobility data were converted to zeta potential values, which allowed
one to determine the isoelectric point (iep) of these proteins. It was found to be at pH 5.1 for both proteins, in accordance
with previous experimental data and theoretical estimations derived from amino acid composition and pK values. To
determine further the stability of protein solutions, dynamic viscosity measurements were carried out as a function
of their bulk volume concentration for various pH values. The intrinsic viscosity derived from these measurements
was interpreted in terms of the Brenner model, which is applicable to hard spheroidal particles. It was found that the
experimental values of the intrinsic viscosity of these proteins were in good agreement with this model when assuming
protein dimensions of 9.5 x 5 x 5 nm? (prolate spheroid). The possibility of forming linear aggregates of association
degree higher than 2 was excluded by these measurements. It was concluded that the combination of dynamic viscosity
and dynamic light scattering can be exploited as a convenient tool for detecting not only the onset of protein aggregation

in suspensions but also the form and composition of these aggregates.

Introduction

Protein adsorption and deposition (irreversible adsorption) on
boundary surfaces is significant for a variety of disciplines
including geophysics (evolution of life), material and food
sciences, and the pharmaceutical and cosmetic industries. In the
medical sciences, it has been determined that thrombosis
formation on cardiovascular and other implants is induced by
protein deposition.' Protein adsorption processes are also involved
in blood coagulation, artificial organ failure, plaque formation,
fouling of contact lenses and heat exchangers, and ultrafiltration
and membrane filtration units. However, controlled protein
adsorption on various surfaces is a prerequisite of their efficient
separation and purification by chromatography and filtration for
biosensing, bioreactors, and immunological and serological
assays. Because of their fundamental and practical significance,
numerous studies have been carried out over last few the decades
with the aim of evaluating protein deposition kinetics and
adsorption isotherms of various surfaces.'~"°
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However, the proper description and control of protein
deposition phenomena require a thorough knowledge of their
structural and transport properties in the bulk, primarily including
their shape, conformation, degree of hydration, charge, diffusion
coefficients, and aggregation degree in relation to protein bulk
concentration, electrolyte composition (ionic strength), pH, and
temperature. Despite rapid progress in the field of protein structural
characterization,''™'? there exist few experimental methods that
can be efficiently used to determine these parameters in dilute
aqueous solutions of proteins.

One class of the most rapid, noninvasive, and direct methods
is represented by the hydrodynamic methods involving dynamic
light scattering (DLS), dynamic viscosity, sedimentation velocity,
fluorescence depolarization, and circular dichroism (CD) mea-
surements.'*

In this work, we applied hydrodynamic methods to characterize
the dynamic properties of globular proteins in electrolyte solutions.
These hydrodynamic characteristics were supplemented by the
electrophoretic mobility measurements, which allowed one to
determine the isoelectric point of proteins and the amount of
uncompensated (electrokinetic) charge.

Materials

In our studies, essentially fatty acid and globulin-free bovine
serum albumin BSA (fraction V, lyophilized powder, 99%) and
human serum albumin HSA (crystallized and lyophilized powder,
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Characterization of Globular Protein Solutions

Table 1. Molecular Shapes and Physicochemical Properties of

Proteins

Protein BSA HSA
Property
Molecular weight [Da] 67000 69000
Specific density [grem™| 1.35 1.35
Specific volume [nm”] 824 85
Equivalent sphere radius [nm] 2.70 272
Hydrodynamic radius Ry [nm] 33—43 33—4.1
Geometrical dimensions, 95x5x5 95x5x5
spheroid [nm]|
Geometrical volume for 124 124
spheroid [nm’|
Porosity 0.33 0.33

HSA, BSA
Monomer Dimer

99%) were used. These products were purchased from Sigma and
used without further purification. Physicochemical properties of the
protein are given in Table 1. Tris, Mes, and Mes—Tris buffers with
different NaCl concentrations (I = 1073, 5 x 1073, 1072, and 0.15
M) were used. Protein solutions of the concentrations in the range
of 500—8000 ppm were used immediately after preparation. The
protein concentration in solution was determined with a Shimadzu
UV —vis spectrometer equipped with a quartz cell with 1 cm path
length, and the absorbance was measured at 280 nm for BSA and
HSA.

Doubly distilled water was used for the preparation of all solutions.
Sodium chloride, HCI, and NaOH were commercial products of
Aldrich and Sigma. NaCl was used as a background electrolyte. All
electrolyte solutions were filtered using a 0.22 ym Millipore filter.
The temperature of the experiments was kept constant at 293 & 0.1
K (20 £ 0.1 °C).

Methods

Dynamic Light Scattering and Zeta Potential Measurements.
Protein size was determined by dynamic light scattering (DLS) using
the Zetasizer Nano ZS Malvern instrument (measurement range of
0.6 nm to 6 um). The Nano ZS instrument incorporates noninvasive
backscattering (NIBS) optics. This technique measures the time-
dependent fluctuations in the intensity of scattered light that occur
because particles undergo Brownian motion. The analysis of these
intensity fluctuations enables the determination of the diffusion
coefficients of particles, which are converted into a size distribution.
The diffusion coefficient is calculated from the time correlation
function

g(r)=A[l+B exp(—Zqu‘L’)] (1)

where 7 is the sample time, A is the baseline of the correlation
function, B is the intercept of the correlation function, g = [(47tn/
Ao) sin(6/2)] is the scattering vector, n is the refractive index of
solution, 4, is the wavelength of the laser, and 0 is the scattering
angle.

The time-dependence autocorrelation function of the photocurrent
was acquired every 10 s, with 15 acquisitions for each run. The
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sample solution was illuminated by a 633 nm laser, and the intensity
of light scattered at an angle of 173° was measured by an avalanche
photodiode.

The zeta potential in Zetasizer nano ZS was measured using the
laser Doppler velocimetry (LDV) technique, (measurement range
of 3 nm to 10 um). In this technique, a voltage was applied across
a pair of electrodes placed at both ends of a cell containing the
particle dispersion. Charged particles are attracted to the oppositely
charged electrode, and their velocity was measured and expressed
per unit field strength as the electrophoretic mobility u.. Then, the
zeta potential was calculated using Henry’s equation

__3n
g 2¢eF (Ka)//te 2

where ¢ is the zeta potential of proteins, u. is the electrophoretic
mobility, ¢ is the dielectric constant of water, F(ka) is the function
of the dimensionless parameter ka, k! = (ekT/2¢*)"? is the double-
layer thickness, e is the elementary charge, k is the Boltzmann
constant, T is the absolute temperature, I = 1/2(3; ¢; z7) is the ionic
strength, ¢; is the ion concentrations, and a is the characteristic
dimension of the protein. Electrophoretic mobility was determined
for fixed ionic strength, as regulated by the addition of NaCl of /
= 1073, 5 x 1073, 1072, and 0.15 M over the pH range of 2.5 to
10.5.

Viscosity Measurements. The dynamic viscosity of protein
solutions was measured using a capillary viscometer equipped with
aconductivity sensor of the solution level, according to the procedure
described previously inref 15. The average flow rate of the suspension
volume vz, = 10 cm?, through a capillary with an internal diameter
of R, was calculated to be (V) = vy, /7TR?r, where t is the time required
for the suspension to pass through the capillary. The averaged shear
rate {(G) = (V)/R in the capillary was 1.8 x 1072 s~!. The device
was calibrated using a pure liquid of known viscosity, such as water,
butyl and amyl alcohol, or ethylene glycol. The precision of the
viscosity determination over the range of 1—2 mPa s was estimated
to be 0.2%. The concentration of protein solutions used in the viscosity
measurements was changed to be within the range of 500—8000
ppm. The intrinsic viscosity was measured for pH values of 5.1, 7.4,
and 8.5 and an ionic strength value of / = 0.15 M. The density of
the protein solutions needed for the viscosity evaluation was
determined by a pycnometer.

Results and Discussion

An important parameter characterizing the dynamics of the
protein molecules in solution is the diffusion coefficient, which
was determined by dynamic light scattering from the autocor-
relation function as described above.'® This method also enables
us to determine the hydrodynamic radius of the proteins Ry and
its distribution, providing one with information on the polydis-
persity of the sample. In a preliminary series of experiments, we
have determined the dependence of the diffusion coefficient on
the concentration of proteins in the bulk, which was varied within
the range of 500 to 4000 ppm (5 x 107* to 4 x 1073 weight
fraction). Considering that the specific density of both proteins
is 1.35 g cm™3 (Table 1), this corresponds to the range of the
volume fraction of proteins @, of 3.7 x 107* t0 5.92 x 1073,
The results obtained for BSA are shown in Figure 1, and those
for HSA, in Figure 2. As can be seen, the diffusion coefficient
of BSA was practically independent of its bulk concentration,
assuming an average value of 6 x 1077 cm? s™! for the ionic
strength range of 1072 to 0.15 M (pH 6.3).

(15) Adamczyk, Z.; Jachimska, B.; Kolasifiska, M. J. Colloid Interface Sci.
2004, 273, 668.

(16) Berne, J, Pecora, R. Dynamic Light Scattering with Applications to
Chemistry, Biology, and Physics; Dover Publications: Mineola, NY, 2000.
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Figure 1. Dependence of the diffusion coefficient of BSA solutions on
the bulk concentration ¢ [ppm] determined experimentally for pH 6.3,
T=298K: M, I=1x 102M; @ I=0.15M. The line shows the
linear fit of the experimental points (i.e., D =6 x 1077 cm? s ).
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Figure 2. Dependence of the diffusion coefficient of HSA solutions on
the bulk concentration ¢ [ppm] determined experimentally for pH 6.3,
T=298K:M /=1x 102M; ®, ] =0.15 M. The line shows the
linear fit of the experimental points (i.e., D = 6.1 x 1077 cm? s 7).

It is interesting that similar values of the diffusion coefficient
of BSA, which was proven to be independent of pH, were reported
by Wang et al.!'” for BSA at ionic strength varying from 102
to 5 M.

In the case of HSA, similar values, to within experimental
error bounds, have been determined in our measurements (Figure
2).

From the diffusion coefficient measurements, one can deter-
mine the Stokes hydrodynamic radius of proteins using the known
dependence.®

AT
Ry = 6nD 3)

Values of Ry calculated from eq 3 using measured diffusion
coefficients of BSA are plotted in Figure 3 as a function of pH
(for I = 0.15 M). As can be seen, Ry calculated by exploiting
the entire scattering peak and its maximum value (volume average)
are different, although they seem to be pH-independent.
Accordingly, the average Ry value for pH 4—9, calculated from
the entire peak, was 4.3 nm, and that from the maximum, 3.4
nm (with the ratio of both being 1.26). It is interesting that Park
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Figure 3. The hydrodynamic diameter Ry of BSA determined by the
DLS method, with ¢ = 1000 ppm and / = 0.15 M. @, Ry value calculated
from the averaged scattering intensity; o, Ry value calculated from the
maximum in the scattering peak. The dashed lines denote the limiting
analytical solutions calculated from eq 5a for the dimer (upper line) and
BSA monomer (lower line).

et al.!® determined in their measurements similar values of the
averaged Ry (= 3.9 nm) over the pH range of 5—10. The difference
in Ry calculated from the average peak and from the maximum
suggests quite unequivocally that BSA and HSA suspensions
contained a significant fraction of protein dimers. This is in
accordance with previous experimental evidence.®'°

A more quantitative analysis of protein aggregation can be
performed by considering the shape and dimensions. First, it is
instructive to calculate the equivalent sphere radius of BSA,
using its molecular volume and density, from the equation

Ve =M/p,A, 4)

where M is the molecular mass of the protein, pj, is the protein
density, and A, is Avogadro’s number.

Because the known density of both proteins equals 1.35 g
cm ™3, one can calculate from eq 4 that vy, for BSA and HSA
equals 82.5 and 85.0 nm,’ respectively. Thus, the equivalent
sphere radius is Ry = (3vy/4)'3 (i.e., 2.70 and 2.72 nm for BSA
and HSA, respectively).

This simple estimation, compared with the above experimental
values of Ry, suggests that the shape of both proteins deviates
significantly from a spherical shape. This is in accordance with
structural data reported in the protein data bank.®'*'® The physical
form of the BSA monomer (shown in Table 1) assumes a rather
complex cardioidal shape, which, according to Rezwan et al.®
and others,’ can be approximated by a prolate spheroid having
dimensions of 9 x 5.5 x 5.5 nm3. Moreover, there are three
various domains in the protein structure that are charged
differently depending on the pH of the solution.

Using these dimensions, one can calculate the molecular
volume of proteins (assuming a prolate spheroid shape) to be v
= 47a’by3 = 142 nm>. As can be noticed, this value exceeds
1.73 times previously calculated values of 82.5 and 85.0 nm?
stemming from the molecular mass. This discrepancy suggests
that both molecules form porous structures having a void ratio
of 1 — vy/vs = 0.42 for BSA and 0.43 for HSA. Because these
values are significantly larger than the usually accepted data for

(17) Wang, L.; Yu, H. Macrololecules 1988, 21, 3498.

(18) Park, J. M.; Muhoberac, B. B.; Dubin, P. L.; Xia, J. Macromolecules
1992, 25, 290-295.

(19) RCSB Protein Data Bank, http:// www.pdb.mde-berlin.de.
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globular proteins (being close to 0.25"), this could suggest that
the effective dimension of the shorter axis of these proteins is
slightly smaller. This hypothesis seems further supported by the
fact that in most protein deposition experiments,> where the
thickness of the monolayers is determined, it varied between 3.5
and 5 nm.

In accordance with this observation, the shape of these proteins
was approximated in the literature? by a prolate spheroid having
dimensions of 14.1 x 3.8 x 3.8 nm>. Assuming this, one can
calculate that vy = 4a2by3 = 106 nm3, which exceeds 1.28
times the previously calculated values of 82.5 and 85.0 nm?
stemming from the molecular mass and gives for the void ratio
the value of 0.29. This agrees better with the suggested limit for
globular proteins. However, the postulated length of BSA is
definitely too large and its thickness is too small in comparison
with dimensions acquired from the data bank (Table 1). Therefore,
in our further analysis we postulate the “compromise” dimensions
of these proteins, which are approximated by a 9.5 x 5 x 5 nm?
prolate spheroid. In this case, vs = 47a2by3 = 124 nm3, which
exceeds 1.51 times the molecular volume and gives for the void
ratio an acceptable value of 0.33. Itis advantageous to approximate
the true protein shape by a prolate spheroid shape because its
hydrodynamic radius and intrinsic viscosity can be calculated
analytically from the hydrodynamic Brenner theory.?° Using his
expression, being the extension of the Stokes—Einstein relation-
ship (eq 3), one can derive for prolate spheroids the analytical
expression for Ry

ag A2 1)
- cosh™ ' 2 (52)
prolate spheroids, 1 = a,/b; > 0
a(l— 12)1/2
n= = (5b)
cos

oblate spheroids, A = bya; < 0

where b, and a; are the shorter and the longer semiaxes of the
spheroid, respectively, and 4 is the aspect ratio parameter having
major significance for predicting the hydrodynamic behavior of
spheroidal particles.

It can be calculated from eq 5 that for a prolate spheroid with
dimensions of 9.5 x 5 x 5nm3, A = 1.9 and Ry = 3.22 nm. As
can be noticed, this theoretical value agrees within experimental
error bounds (of about 5%) with Ry = 3.4 nm, as determined
experimentally from the maximum in the scattering intensity
peak.

It is also interesting to calculate the theoretical value of Ry
for the dimer of BSA, whose structure is also available from the
data bank (Table 1). As can be noticed, the dimer is composed
of two BSA molecules attached along their hydrophobic parts
as shown in Table 1.° The shape of the dimer is rather irregular,
having approximate dimensions of 10 x 9.5 x 5 nm3. This can
be replaced by an oblate spheroid (with the same cross section)
having dimensions of 11 x 11 x 5 nm?. It can be calculated from
eq Sa that for such a prolate spheroid 4 = 2.3 and Ry = 4.4 nm.
This value is close to the experimental result of 4.3 nm determined
using the volume-averaged scattering intensity.

As can be noticed in Figure 4, the pH of BSA solutions did
not exert practically any effect on the hydrodynamic radius, which
suggests that the degree of aggregation remains practically
independent of this parameter.
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Figure 4. Hydrodynamic diameter Ry of HSA determined by the DLS
method with ¢ = 1000 ppm and / = 0.15 M. @, Ry value calculated from
the averaged scattering intensity; O, Ry value calculated from the
maximum in the scattering peak. The dashed lines denote the limiting
analytical solutions calculated from eq 5a for the dimer (upper line) and
BSA monomer (lower line).
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Figure 5. Relative hydrodynamic diameter Ry/Ry® (where Ry is the
hydrodynamic diameter in 7= 298 K) of BSA determined by the DLS
method as a function of absolute temperature 7" with / = 0.15 M at pH
6.0. The dashed line denotes the initial value.

However, the temperature exerted a pronounced influence on
the hydrodynamic radius of BSA, as can be seen in Figure 5 For
temperatures higher than 333 K (60 °C), the hydrodynamic
diameter of BSA increased significantly, suggesting the appear-
ance of large aggregates, as a result of the denaturation process.
The temperature at which denaturation occurs is often referred
to as the protein melting point, denoted by 7. Previous literature
data indicate that Ty for BSA is 63 °C,?! which agrees well with
our measurements. Hence, our results indicate that this tem-
perature can be quite easily defined by the DLS techniques.

Other bulk characteristics of protein solutions, which are
significant in the interpretation of their adsorption and deposition
phenomena, are the effective charge, determined as a function
of pH and ionic strength. These data can be directly derived from
the electrophoretic mobility measurements, which give the
average translation velocity of protein V under a given electric
field E. Hence the electrophoretic mobility equals . = V/E. As

(20) Brenner, H. J. Multiphase Flow 1974, 1, 195.
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Table 2. Electrophoretic Mobility and the Number of
Uncompensated Charges N, for BSA

I=5x 1073 I=1x 102 1=0.15
pH u’ Ne(® pH e Ne(® pH ue  Ne(e)
3.0 22 79 30 2.1 76 30 14 5.0
42 152 55 40 1.8 65 40 097 35

53 —-0.11 -04 52 —-007 —-025 52 -—-0.06 —0.22
60 —-097 —-35 66 —-08 —-31 66 —072 =26
78 —14 -50 77 —-14 —-50 70 -092 -33
87 —1.7 —-6.1 86 —-17 —-61 86 —-13 —47
9.5 —20 -72 95 —-19 —-68 9.6 —140 —50

Table 3. Electrophoretic Mobility and the Number of
Uncompensated Charges N, for HSA?

pH ﬂch N pH He N pH Ue N

3.0 22 79 3.0 1.6 5.8 3.0 1.4 5.0
4.0 1.5 5.4 4.0 1.3 4.7 4.0 0.88 3.2
50 —-0.09 —-032 50 -027 -097 50 -—0.12 -0.03
60 —1.3 —4.7 6.0 -—1.1 —4.0 6.0 —-0.78 —2.8
70 —-22 =79 70 -1.8 -6.5 70 -—-096 -3.5
8.0 —22 —=7.9 8.0 —1.9 —6.8 8.0 —1.1 —4.0
9.0 —2.1 —=7.6 9.0 —-2.0 —7.2 9.0 —1.2 —4.3

“HSA, T =298 K, ¢ = 1000 ppm, 7 = 8.9 x 1073 g (cm s)"!, Ry =
34 x 1077 em. ® um cm V7! 571 ¢ N, = (6anRi108)/(1.602)1tc.

discussed in ref 22, knowing the electrophoretic mobility enables
one to calculate the avarage number of charges per molecule
from the Lorenz—Stokes relationship

671710°
Nc: 176702 RH/’te (6)
where . is expressed in um cm s~! V™! and V is the volt unit.

However, itis worth mentioning that eq 6 becomes less accurate
if ka > 1, that is, if the thickness of the electric double-layer
becomes smaller than the characteristic protein dimension a. It
can be estimated that in our case this condition is fulfilled for
ionic strength smaller than 1072 M. Nevertheless, even with this
limitation, the microelectrophoretic method of determining the
uncompensated charge on molecules is much more convenient
and reliable than the titration methods,® which tends to largely
overestimate the charge on molecules. This is so because of the
very likely appearance of an ion-exchange process.

The experiemental values of the electrophoretic mobility u.
and the net number of uncompensated charges per molecule N,
are collected in Table 2. as can be noticed, for pH <5 both
proteins acquire positive charge that increases monotonically
with decreasing pH. It is interesting that the maximum number
of positive charges at pH 3 calculated from eq 6 was rather low,
equal to 7.9 for both proteins (at an ionic strength of 5 x 1073
M). However, for pH >35, the proteins acquire negative charge
(—5 elementary charges for BSA and —7.9 for HSA at pH 7 and
I=5 x 10 73 M). It is also interesting that the uncompensated
charge determined from the microelectropohoretic measurements
is much smaller than that theoretically predicted from the
dissociation constant of the amino groups, as calculated by
Rezwan et al.,® who predicted N, = —19.1 at pH 7 (the ionic
strength was unspecified). Hence, the effective charge is only
26—41% of the limiting value predicted from the dissociation
equilibrium. This phenomenon observed experimentally for
polyelectrolytes®? is due to the adsorption of counter ions, often
referred to as the ion condensation phenomenon. Obviously, the
adsorption of counter ions increases with the ionic strength of
the supporting electrolyte, which was observed in our case because
for I=0.15M and pH 7 the number of free charges for the BSA
molecule was only —3, which amounts to 16% of the overall
charge predicted from the dissociation equilibrium. Because these
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Figure 6. Zeta potential of BSA as a function of pH at 7= 298 K. The
points denote experimental values determined for ®, I =1 x 107> M;
B/=5x10"M; A, I=1x102M; and ¢, =0.15 M.
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Figure 7. Zeta potential of HSA as a function of pH at 7= 298 K. The
points denote experimental values determined for @, 7 =1 x 1073 M;
H3x103M; A, /=1x102M; and ®, 1= 0.15 M.

values of uncompensated charges are rather small, they probably
cannot prevent protein association into dimers as predicted by
the hydrodynamic radius measurements.

It is often more convenient to analyze the electrokinetic
behavior of proteins in terms of zeta potential §, which is
commonly used in the interpretation of colloid, polyelectrolyte,
and protein suspension stability.?® The zeta potential is connected
with the measured electrophoretic mobility via the constituent
dependence (eq 2).

The dependence of the zeta potential on pH is shown in Figure
6-8. As can be seen in Figure 5, the zeta potential of BSA
decreased from 50 mV at pH 3 to =55 mV at pH 10 for 7 = 1
x 1073 M. For higher ionic strength of 1=0.15, the zeta potential
was 30 mV at pH 3 and —30 at pH 10. Independently of the ionic
strength, however, a zero value of the zeta potential was attained
for pH 5.1, which is usually referred to as the izoelectric point
(iep). The same iep was also determined for HSA (Figure 7). It
is interesting that the iep’s for BSA and HSA found in our work
agree with the data reported in the literature, which were found

(22) Adamczyk, Z.; Bratek, A.; Jachimska, B.; Jasifiski, T.; Warszynski, P.
J. Phys. Chem. B 2006, 110, 22426-22435.
(23) Adamczyk, Z. Adv. Colloid Interface Sci. 2006, 100—102, 267-347.
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Figure 8. Zeta potential of BSA as a function of pH determined at T’
= 298 K for various solutions: the points denote experimental values
determined for €, 1 x 1072 M MES + 0.15 M NaCl; A, 1 x 1072 M
MES-TRIS + 0.15 M NaCl; and ®, 1 x 1073 M MES.

to be 4.7—5.1 for BSA*” and 4.7—4.9 for HSA.***’ The small
deviations can be explained by the use of various buffers used
to prepare protein solutions used in these experiments. As can
be seen in Figure 8, for example, the iep of BSA is decreased
from pH 5.1 in the MES buffer to pH 4.7 when the MES-TRIS
buffer is used.

Our experimental iep data can be compared with theoretical
predictions taking into account the amino acid composition of
these proteins and the pK values of the side chains.®”*” These
parameters are present in Table 4. Then, by summing up
contributions stemming from various amino acids as a function
of pH, it becomes possible to calculate the theoretical charge and
iep of the protein. This simple approach assumes that all ionizable
amino acid groups are accessible to water. In our calculations,
the pK values were taken from the literature, and the amino acid
sequence for BSA was taken from Hirayama et al.?® and the
protein data bank.'® From these theoretical calculations, the iep
of BSA was predicted to be 5.5. Our experimental result of 5.1
is slightly smaller than the theoretical estimation, which can be
explained by the fact that a small part of the charged amino acids
is not accessible to water.

As suggested by previous measurements for particles!® and
polyelectrolytes,** additional information on the shape of particles
forming suspensions and their degree of aggregation can be
extracted from dynamic viscosity measurements carried out for
alow range of volume fractions. The slope of the relative viscosity
of a suspension #/1 (where 7 is the suspension viscosity and 7
is the solvent viscosity) with respect to its volume fraction @y,
called the intrinsic viscosity, can be quantitatively related to the
shapes of molecules or aggregates.

Such results obtained for BSA are presented in Figure 9, where
the dependence of the relative viscosity of the BSA solutions
protein 7/57s on @y < 0.008 and I = 0.15 M is shown. As can
be seen, results obtained for the pH range of 4—9 could be well

(24) Abramson, H. A., Gorin, M. L. S. Electrophoresis of Proteins; Hafner
Publishing Company, New York, 1942.

(25) Dawson, R. M. Data for Biochemical Reaserch; Clarendon Press: Oxford,
U.K., 1986.

(26) Burton, W. G.; Nugent, K. D.; Slattery, T. K.; Summers, B. R.; Snyder,
L. R. Chromatogr. A 1988, 443, 363-379.

(27) Berg, J. M.; Tymoczko, J. L.; Stryer, L. Biochemistry, 5th ed; W. H.
Freeman: New York, 2002.

(28) Hirayama, K.; Akashi, S.; Furuya, M.; Fukuhara, K Biochem. Biophys.
Res. Commun. 1990, 173, 639-646.
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Figure 9. Dependence of the relative viscosity of BSA solutions 7/
on the volume fraction ®y determined for 7=298 K, I = 0.15 M, and
various pH values. The solid line denotes linear fits with a slope equal
to 4.5. The points denote experimental data obtained for @, pH 7.4; H,
pH 5.1; and A, pH 8.5.

Table 4. Amino Acid Composition of BSA and pK Values.

amino acid BSA charge pK
Arg 23 + 12.5
His 17 + 6.0
Lys 59 + 10.8
Asp,Glu 100 - 4.1
Tyr 19 - 10.9
Cys 35 - 83
iep 5.51

reflected by the linear dependence of the slope (intrinsic viscosity),
which is equal to 4.5.

It is interesting to compare this result with theoretical
predictions stemming from hydrodynamic theories of dilute
suspension viscosity. As is well known, for rigid, spherical
particles, the Einstein model predicts that the intrinsic viscosity
[17] = 2.5. This theory has been generalized by Brenner,?® who
considered the case of spheroidal particles immersed in linear
velocity fields. In the case of prolate or oblate spheroids in a
simple shear flow (pertinent to our measurements), the intrinsic
viscosity of their suspensions can be evaluated from the analytical
dependence

[71=50,(4) — O,(A) +205(1) )

where Q1, 0>, and Qs are functions of the aspect ratio A parameter
given explicitly in refs 20 and 22.

Assuming as before that BSA has a prolate spheroid shape
with dimensions of 9.5 x 5 x 5 nm? (1 = 1.9), one can predict
from eq 7 that the theoretical value of the intrinsic viscosity,
corrected for the effective volume, equals 4.4. For the compact
dimer having the shape of an oblate spheroid with dimensions
of 11 x 11 x 5nm?, the theoretical value of the intrinsic viscosity
equals 4.5. As can be noticed, the average value of the monomer
and the compact dimer is very close to the experimentally
measured value for the entire pH range studied.

Itis also interesting that for higher-rank aggregates the intrinsic
viscosity values predicted from eq 7 are much higher, for example,
9.7 (for a linear aggregate formed from three BSA molecules)
and 13.8 for a four-molecule aggregate. Hence, the dynamic
viscosity measurements confirmed the association of BSA into
acompact dimer structure, and excluded the possibility of forming
higher-order structures.
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Conclusions

Measurements of the diffusion coefficients of BSA and HSA
(hydrodynamic radii) suggested that the shape of these molecules
in a monomeric state can be approximated by prolate spheroids
having dimensions of 9.5 x 5 x 5 nm’. However, these
experimental data also suggested that there can be an appreciable
number of compact dimers whose shape was approximated by
an oblate spheroid having dimensions of 11 x 11 x 5 nm?.

Further characteristics of proteins in solutions have been
acquired from the electrophoretic measurements carried out as
afunction of pH and ionic strength. This enabled one to determine
in a simple and direct way the number of uncompensated
(electrokinetic) charges on protein molecules under various ionic
conditions, which was found to be considerably smaller than the
theoretical charge predicted from dissociation equilibria. It was
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also revealed experimentally that the isoelectric point of both
proteins was located at pH 5.1.

The hypothesis of protein association into dimers was further
supported by dynamic viscosity measurements of protein
solutions. Simultaneously, these measurements excluded the
possibility of forming linear aggregates of higher rank.

Therefore, it was concluded that the combination of dynamic
viscosity and dynamic light scattering can be exploited as a
convenient tool for determining and detecting not only the onset
of protein aggregation in suspensions but also the form and
composition of these aggregates.
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