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The influence of ionic strength and of the chemical nature of cations on the protein-protein interactions in
ovalbumin solution was studied using small-angle X-ray and neutron scattering (SAXS/SANS). The globular
protein ovalbumin is found in dimeric form in solutions as suggested by SANS/SAXS experiments. Due to
the negative charge of the proteins at neutral pH, the protein-protein interactions without any salt addition
are dominated by electrostatic repulsion. A structure factor related to screened Coulombic interactions together
with an ellipsoid form factor was used to fit the scattering intensity. A monovalent salt (NaCl) and a trivalent
salt (YCl3) were used to study the effect of the chemical nature of cations on the interaction in protein solutions.
Upon addition of NaCl, with ionic strength below that of physiological conditions (150 mM), the effective
interactions are still dominated by the surface charge of the proteins and the scattering data can be understood
using the same model. When yttrium chloride was used, a reentrant condensation behavior, i.e., aggregation
and subsequent redissolution of proteins with increasing salt concentration, was observed. SAXS measurements
reveal a transition from effective repulsion to attraction with increasing salt concentration. The solutions in
the reentrant regime become unstable after long times (several days). The results are discussed and compared
with those from bovine serum albumin (BSA) in solutions.

Introduction

Nonspecific protein-protein interactions in solution attract
much attention due to their direct relation to protein crystal-
lization and protein association related diseases.1-4 Protein
crystallization has long been performed mostly using a trial-
and-error method, partly due to the poor understanding of
physicochemical conditions in their solutions.5 In many cases,
crystallization of a given protein needs extreme conditions that
are far away from the physiological ones. In order to grow
protein crystals, a widely adopted method is to use poly(ethylene
glycol) (PEG), saturated ammonium sulfate, and pH variations.5

The addition of PEG can provide a short-range attractive
interaction between proteins through depletion, and concentrated
ammonium sulfate reduces their solubility (salting-out effect).
Tuning the pH of the solution close to the isoelectric point of
the protein also reduces the long-range electrostatic repulsion.
Although the role of these additives for protein crystallization
has been known for quite a long time, they do not always work,
and in many cases, instead of obtaining crystallized proteins,
amorphous aggregates may appear or the solutions can form
gels. Therefore, the control of not only the range but also the

strength of the attractive interactions between protein molecules
in solution is crucial.

A quantitative description of these interactions is essential
for establishing the relationship between the solution conditions
and the final phase behavior. George and Wilson found out that
proteins can crystallize within a narrow window of the second
viral coefficient, A2, which can therefore be used to predict the
possibility of protein crystallization.6 A2 describes the overall
interactions between protein molecules without knowledge of
the specific interactions.7,8 Recent studies on protein-protein
interactions using scattering techniques take advantage of
colloidal science and liquid state theories.3,9-19 Specific interac-
tions, such as the screened Coulomb potential, van der Waals,
sticky-hard sphere, and excluded-volume (hard sphere) interac-
tions, can be modeled and compared with the experimental data.

We have recently studied the effects of ionic strength and
ion valency on the phase behavior and interactions of a model
protein: bovine serum albumin (BSA).20,21 At neutral pH, this
protein is negatively charged, -11e, and the charge dominates
the effective protein-protein interactions in solution. SAXS
studies for protein solutions without added salt give a pro-
nounced correlation peak due to the long-range electrostatic
repulsion. This charge induced interaction is very sensitive to
the ionic strength of the solution, for a given protein concentra-
tion (say 100 mg/mL); upon increasing the ionic strength from
0 to 100 mM, the correlation peak gradually reduces.20 When
using trivalent ions, i.e., yttrium chloride, a reentrant phase
behavior was observed.21
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In this work, we study another globular protein: ovalbumin
from chicken egg white (OV). Although it possesses a very
similar net charge at neutral pH, OV, in contrast to BSA, has a
very different amount of solvent-accessible hydrophobic surface.
Moon et al. and Anderson et al. calculated the solvent-accessible
hydrophobic area for ovalbumin and human serum albumin
(HSA), and they found values of 19 and 9%, respectively.22,23

Furthermore, the HSA surface is more hydrophobic than BSA
because the former presents hydrophobic-surface residues that
do not have a counterpart in BSA.22 As a consequence, the
surface of ovalbumin is significantly more hydrophobic than
the surface of BSA.22,23 It is therefore interesting to compare
the protein-protein interactions in solution of these two proteins
as a function of ionic strength and ion valency, and this is the
focus of this work. By means of SAXS, SANS, and other
techniques, we present an analysis of the protein-protein
interactions as a function of ionic strength and protein concen-
tration. A monovalent salt (NaCl) and a trivalent salt (YCl3)
were selected to study the effect of the chemical nature of cations
on the interactions as well as the phase behavior.

Ovalbumin is present in many biological systems and is
widely used in the food industry.24,25 Many studies have been
performed in order to interrogate the molecule-molecule
interactions for OV. Weijers et al., for instance, studied the
dependency of the interactions on the ionic strength in solution,
while other authors studied the aggregation phenomena of OV
under temperature induced denaturation.26-28 These results
indicate that, due to their negative net charge at neutral pH, the
interactions between OV molecules in solution are dominated
by electrostatics. OV is a medium size globular protein with a
molar mass of 45 kDa and 385 amino acid residues. In the
crystal structure, OV presents itself as a slightly elongated
ellipsoid with dimensions of 70 × 45 × 50 Å3 which yield an
effective spherical diameter of 50 Å.29 In solution, it forms
dimers with a radius of gyration of about 27 Å, which does not
depend on the ionic strength, as measured using small-angle
X-ray scattering.30,31 Ovalbumin has an isoelectric point of 4.9.
At neutral pH (pH 7), OV possesses an absolute negative charge
of about -11e, which is very similar to that on BSA.23,32

This Article is divided into two parts. In the first part, we
study protein solutions with and without the addition of
monovalent salts (e.g., NaCl), comparing our results with the
literature. In the second part, we study the effect of a trivalent
salt, YCl3, on the protein-protein interactions and phase
diagram of the solution. Similarities and differences in protein
interactions and phase behavior compared with BSA are
discussed.

2. Experimental Section

2.1. Materials. Albumin from chicken egg white, OV
(A5503), was purchased from Sigma-Aldrich and delivered as
a lyophilized powder at 98% purity and a molecular weight of
∼45 kDa. No further purification was performed. NaCl, NaSCN,
Na2SO4, and YCl3 were equally purchased from Sigma Aldrich
at high-purity grade (>99%). Milli-Q water was used to prepare
all solutions, unless otherwise stated.

Stock solutions for the protein (OV 200 mg/mL) and the salts
(salt concentration 200 mM) were prepared and then diluted in
order to obtain the desired concentrations. The protein stock
solution was further filtered through 0.22 µm membrane filters
(Millipore). For SANS measurements, D2O (99.9%, Aldrich)
was used instead of H2O to lower the incoherent scattering and
the absorption, and increase the contrast with the protein. In
order to study only the effect of the salt in the protein-protein

interactions, no buffer was used. The pH of the solution was
∼7.0 and did not change significantly by varying the protein
concentration and adding NaCl. All of the solutions were
prepared and studied at room temperature.

2.2. Circular Dichroism. Circular dichroism (CD) spectros-
copy was used to study the secondary structure of the OV
molecules in solution as a function of the ionic strength (using
YCl3). The measurements were carried out at room temperature
using a CD-810 instrument from JASCO (wavelength range
200-250 nm) with a quartz cell of 0.1 cm path length and a
scanning speed of 200 nm/min. In order to subtract the water
background, a preliminary spectrum for water was collected and
then automatically subtracted from each solution spectrum.

2.3. Small-Angle X-ray Scattering. The SAXS measure-
ments were performed at the ESRF (Grenoble, France) on the
beamline ID02 with a sample-to-detector distance of 2 m.33 The
wavelength of the incoming beam was 1.127 Å (11.0 keV),
covering a q range of 0.005-0.21 Å-1. Additional data (Figure
2a, right) were collected at 16.038 keV with a q range of
0.006-0.42 Å-1. The data were collected by a high-sensitivity
fiber-optic coupled CCD (FReLoN) detector placed in an
evacuated flight tube. The protein solutions were loaded using
a flow-through capillary cell (diameter ∼2 mm; wall thickness
∼50 µm). No variation of SAXS profiles was observed due to
radiation damage during 10 successive exposures of 0.3 s. The
incident and transmitted beam intensities were simultaneously
recorded with each SAXS pattern with exposure of 0.3 s. The
2D data were normalized to an absolute scale and azimuthally
averaged to obtain the intensity profiles, and the solvent
background was subtracted. For more detailed information on
data reduction and q-resolution calibration, see ref 34.

Some data (Figure 6a) were collected at station 6.2 of the
Synchrotron Radiation Source (SRS) at the Daresbury Labora-
tory, Warrington, U.K. The detailed data correction and calibra-
tion has been described in previous publications.20,35

2.4. Small-Angle Neutron Scattering. Small-angle neutron
scattering (SANS) measurements were performed on the SANS
instrument V4 at the Helmholtz Center, Berlin, Germany.36

Three configurations were used with sample-to-detector (SD)
distances of 1, 4, and 12 m and collimation lengths of 8, 4, and
12 m, respectively, in order to cover the q range from 0.005 to
0.35 Å-1 at a wavelength of 6 Å. The data were recorded on a
64 × 64 cm2 two-dimensional detector and radially averaged
and converted into absolute units by comparison with the
scattering of a 1 mm H2O sample and corrected for the detector
background and scattering of the empty cell. The data reduction
was performed using the software BerSANS.37 Protein solutions
in D2O were filled in quartz cells with a path length from 5 to
10 mm.

2.5. Data Analysis. The scattering intensity, I, for a poly-
dispersed or a nonspherical system, can be calculated on the
basis of approximation approaches. Most often used are the
“decoupling approximation” and “average structure factor”
approximation.38,39 Both approaches assume that the particle
position is not correlated with its orientation. As the particles
become more anisotropic or more concentrated, this approxima-
tion becomes less precise. In the case of nonspherical but
monodisperse systems, such as proteins in solution, both
assumptions give similar results. Therefore, in this work, the
scattering intensity is calculated using the aVerage structure
factor approximation, which can be expressed by38,40-42

I(q) ) NP(∆F)2VP
2P(q)Sj(q) (1)
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where q ) 4π sin θ/λ, 2θ denotes the scattering angle, NP is
the number of protein molecules per unit volume in the solution,
VP is the volume of a single protein, and ∆F ) (FP - FS) is the
scattering contrast. P(q) is the form factor of a given protein,
i.e., the scattering from a single protein molecule after orienta-
tion averaging. An ellipsoid form factor was used to model
ovalbumin.

For a dilute protein solution, where protein molecules are well
dispersed, the interaction between them is negligible. In this
case, the scattering intensity is the summation of the scattering
intensities of all of the proteins within the illuminated volume.
At the sufficient low-q range (qRg <1), the scattering intensity
can be approximated by Guinier law:41,43

where I(0) is the forward scattering at zero angle and Rg, the
radius of gyration. Equation 3 provides a direct method to
determine Rg. In practice, eq 3 can be valid in the range of qRg

up to 1.5.44

Under the average structure factor approximation, Sj(q) is
calculated using a monodisperse structure factor with an
effective sphere diameter. In our case, the protein solution is a
monodisperse but nonspherical (ellipsoidal) system. The effec-
tive sphere diameter is calculated by equating the second virial
coefficient, A2, of the ellipsoid to a sphere having the same A2.
This effective diameter is then used to calculate Sj(q).20,21,45 In
the remaining part of the paper, we use S(q) to represent Sj(q).

At lower ionic strength (<100 mM), the protein is negatively
charged and the charge induced interaction can be described
using the screened Coulombic potential developed by Hayter
and Penfold.46,47 The model is based on an interaction potential
USC(r) between charged colloidal particles consisting of a hard
sphere plus a screened Coulomb potential.

The charge of the protein, z, is assumed to be uniformly
distributed on the surface, e is the electronic charge, and ε is
the dielectric constant of the solvent. κD is the inverse of the
Debye screening length and is determined by the ionic strength,
Iion, of the solution.

where ε ) 80.1, ε0 ) 8.85 × 10-12 J-1 C2 m-1, R ) 8.314 J
K-1 mol-1, T ) 293 K, F ) 1000 kg m-3, and F ) 96 458 C
mol-1.

The data analysis was carried out using macros developed
by the NIST center for neutron scattering research.45

3. Results and Discussion

3.1. Scattering from Dilute Protein Solutions: Form
Factor. Small-angle X-ray and neutron scattering data of
selected samples with low protein concentrations were collected
(Figure 1a and c). Under these conditions, the protein-protein
correlations in solution are negligible and thus the structure
factor in eq 1 equals 1. The Guinier approximation (eq 3) in
practice can be valid in the range of qRg up to 1.5.44 The
corresponding Guinier plots (Figure 1b and d) were fitted in
the q2 range 0.0002-0.002 Å-2. A summary of the Rg values
determined by Guinier analysis for both SAXS and SANS is
listed in Table 1. SAXS measurements give Rg ) 28 ( 1 Å, in
good agreement with the reported values where the proteins
form dimers in solution.30 In the case of SANS, the Rg values
are systematically smaller by about 4-5 Å. This difference is
due to the contribution of the hydration shell of proteins. Since
the SANS signal mainly arises from the coherent scattering of
protons in proteins due to the large difference between the H
and D scattering lengths (-0.374 × 10-12 cm for H and 0.667
× 10-12 cm for D), the contribution from the hydrated D2O
layer is negligible.48 SANS thus probes the “dry” protein without
“seeing” the hydration shell, whereas SAXS probes the whole
complex due to the difference of electron density in the
hydration shell compared to the bulk solution.48

Further structural information of proteins was obtained by
fitting the experimental scattering curves using an ellipsoidal
form factor. The fitting results give an average value of Ra )
57 ( 2 Å and Rb ) 21 ( 2 Å for the SAXS data. Protein
crystallography studies have shown that the ovalbumin molecule
can be described by an ellipsoid with radii of Ra ) 35 Å and
Rb ) 25 Å.29 The elongation in Ra is due to the dimerization.
Similar results have been observed by Matsumoto and Chiba.30

In the concentration range from 0.5 to 20 mg/mL, our SAXS/
SANS data can be fitted using an ellipsoid form factor with an
elongated Ra, suggesting that the proteins form dimers in all
cases.

3.2. Protein-Protein Interactions: Effect of Protein Con-
centration and Ionic Strength. With the knowledge of the form
factor, i.e., the scattering from a single protein molecule, the
effective protein-protein interaction in solutions with higher
concentrations can be studied by SAXS. We first studied the
interactions for pure protein solutions as a function of concen-
tration (Figure 2). A maximum scattering intensity is clearly
visible for all of the protein solutions from 20 to 200 mg/mL
(Figure 2a, left). The position of this peak shifts to higher q
values with increasing protein concentration. Ovalbumin is
negatively charged at neutral pH with a net charge of -11e.23,32

This correlation peak thus characterizes the dominating elec-
trostatic repulsion between the charged protein molecules. The
shifting to higher q-values for higher protein concentrations
indicates the reduced average distance between the protein
molecules in solution.

The charge induced protein-protein interactions can be
described using a screened Coulombic potential.20 SAXS data
were fitted using an ellipsoidal form factor combined with a
screened Coulombic structure factor developed by Hayter and
Penfold.46 The model fits (plotted as solid lines in Figure 2a)
agree very well with the scattering curves in the region of the
correlation peak. The fit parameters include volume fraction (φ),
ionic strength (Iion), and surface charge (z). Other parameters
including Ra ) 57 Å, Rb ) 21 Å, T ) 293 K, ε ) 80.1, and a

P(q) ≡ 〈|F(q)|2〉 ) ∫0

1
dx|3(sin u - u cos u)

u3 |2 (2)

u ) qb[(a/b)2x2 + (1 - x)2]1/2

ln I(q) ) ln I(0) - 1
3

Rg
2q2 (3)

USC(r) ) { z2e2

ε(1 + κDR)2

exp[-κD(r - 2R)]

r for r > 2R

∞ for r e 2R
(4)

κD
-1 )

εε0RT

2FF2Iion

(5)
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constant background are fixed during data fitting. The fitted
contrast varies from 0.8 to 3 × 1010 cm-2 for data collected
from different sources. This variation may be due to the absolute
intensity calibration. The errors of the fitting parameters (listed
in Table 2) pertaining to the fitting procedure are better than
5%, but the systematic errors, including sample preparation, raw
data correction, and calibration, are estimated to be ∼10%.20 A
typical fit for a sample solution with 100 mg/mL gives φ )
9.58%, z ) 11.6e, and Iion ) 0.0016 M. The fitting results are
consistent with the sample solution after filtration, which gives
φ ) 11.0%, z ) 9.4e, and Iion ) 0.008 M. In both cases, the net
charge is determined to be around 10e, which is an absolute
value, in good agreement with the net charge of ovalbumin at
neutral pH (-11e). The fitted volume fraction (φ ∼10%) is
higher than the value (φ ∼7.55%) calculated on the basis of
sample preparation. Although no salt was added into protein
solutions, the fitted ionic strength is below 10 mM which comes

from the dissociation of charged groups on the protein surface.
Similar trends were also observed for BSA.20 We have also
noticed that the fitted ionic strength for solutions without
filtration is slightly high (>0.01 M), which corresponds to a
higher charge value. When we fix Iion ) 0, the charge (∼8) is
determined to be consistent with the results from the filtered
samples. Both sets of fitting results are listed in Table 2.

In the low-q range, the experimental data show a strong
increase which the fit procedure cannot reproduce. In order to
clarify the origin of the low-q scattering behavior, we have
repeated several measurements with a larger q range (Figure
2a, right). The sample solutions are freshly prepared and filtered
using 0.1 µm membrane filters. The low-q upturn is significantly
but not completely reduced. Model fits agree very well with
SAXS data. The fits to the second scattering maximum at q
∼0.25 Å-1 indicate the ellipsoid form factor describes the
globular shape of protein very well. The low-q upturn of
scattering intensity has been observed in many protein solution
systems; however, so far, there is no general explanation for
this phenomenon.12,13,15,49,50 Liu et al. for instance, propose the
existence of a long-range attraction, which could account for
the upturn in the low-q region.12 On the other hand, the low-q
upturn was also found to depend on sample preparation, purity
of protein product, and aging.49 A theoretical study by Sciortino
et al. indicates that a combination of short-range attraction and
long-range repulsion can result in the formation of equilibrium
clusters in a colloidal system.50 Stradner et al. claim the
formation of equilibrium clusters in lysozyme solution as well
as colloidal solution when controlling the interactions carefully.15

Figure 1. SANS and SAXS data (scattered points) with model fitting (lines) for ovalbumin solutions. (a) SANS data of different ovalbumin
solutions with 100 mM NaSCN and (b) corresponding Guinier plots; (c) SAXS data of four diluted ovalbumin solutions with 150 mM NaCl and
(d) corresponding Guinier plots. The Guinier plots were fitted in the q2 range 0.2 to 2 × 10-3 Å-2.

TABLE 1: Radius of Gyration, Rg, of Ovalbumin Solutions
with Various Salts Studied by SAXS and SANS

SAXS SANS

OV_NaCl 150 mM Rg (Å) OV solutions Rg (Å)

0.5 mg/mL 28 ( 1 5 mg/mL NaCl 100 mM 25 ( 1
1 mg/mL 28 ( 1 20 mg/mL NaCl 100 mM 24 ( 1
3 mg/mL 29 ( 1 5 mg/mL NaSCN 100 mM 25 ( 1
5 mg/mL 29 ( 1 10 mg/mL NaSCN 100 mM 24 ( 1

20 mg/mL NaSCN 100 mM 21 ( 1
5 mg/mL Na2SO4 33.3 mM 24 ( 1
10 mg/mL Na2SO4 33.3 mM 24 ( 1
20 mg/mL Na2SO4 33.3 mM 24 ( 1
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However, the result presented by Shukla et al. indicated that
the equilibrium clusters in lysozyme solution are still challenging
to understand.13 The sample solutions used in this work have
been centrifuged before the measurements, but because of the
hydrophobic property of ovalbumin, further aggregation might

have occurred during the measurement due to the short-range
hydrophobic attraction. Therefore, we do not intend to fit this
feature of the scattering profile in this work. The structure
factors, S(q), evaluated from data fitting are plotted in Figure
2b. The first peak of S(q) not only shifts to high q but also
increases its intensity with protein concentration, indicating the
enhanced repulsive interaction with increasing protein concen-
tration. Comparing to the results obtained with BSA,20 we can
state that in both cases the surface charge dominates the effective
interactions in the protein solutions. The difference is that, for
ovalbumin, protein clusters can be easily formed due to the
hydrophobic property of ovalbumin, while, for BSA, the
screened Coulombic potential fits the data very well.20

For further investigation on the nature of the interactions,
we measured a series of solutions with fixed protein concentra-
tion but varied the ionic strength using NaCl. The collected
scattering curves are shown in Figure 3a. With increasing ionic
strength, the correlation peak decreases and disappears com-
pletely at Iion ) 100 mM. This strong ionic strength dependence
indicates the nature of charge-induced interactions. Increasing
the ionic strength screens the surface charge and thus reduces
the Debye length in eq 5. Fitting parameters without or with
fixed Iion are listed in Table 2. The charge values increase with
increasing NaCl concentration. However, the fitted Iion values
are much higher than expected. When Iion is fixed, the charge
values are slightly reduced. Previous studies on BSA solutions
show that the charge values increase with ionic strength and
the fitted Iion is very close to the added salt concentration.20 The
scattering intensity increase in the low-q region can still be seen

Figure 2. (a) SAXS data with model fit of ovalbumin solutions with
concentrations from 20 to 200 mg/mL without added salt: (left) sample
solutions without filtration; (right) sample solutions filtered with 0.1
µm filters. Only every fifth data point is shown for clarity. (b) The
screened Coulombic structure factor S(q) evaluated from data fitting
in the q range 0.025-0.2 Å-1.

TABLE 2: Fitting Parameters of SAXS Data Using an
Ellipsoid Form Factor Plus a Screened Coulomb Structure
Factora

sample φ (%) fitted φ charge (e) Iion (M)

20 mg/mL 1.38 1.46/1.56 13.4/7.9 0.005/0
40 mg/mL 2.97 3.21/3.68 14.9/7.7 0.011/0
60 mg/mL 4.65 5.49/6.13 14.2/8.0 0.015/0
80 mg/mL 6.13 6.97/7.64 13.3/7.9 0.016/0
100 mg/mL 7.55 9.58/10.1 11.6/7.8 0.016/0
140 mg/mL 10.1 13.5/13.4 9.9/7.3 0.017/0
200 mg/mL 14.5 17.7/16.8 7.4/6.3 0.016/0
20 mg/mL filtered 1.38 2.49 8.7 0.001
50 mg/mL filtered 3.62 6.08 9.6 0.004
100 mg/mL filtered 7.55 11.0 9.4 0.008
OV100 NaCl 0.01 M 8.42/8.74 11.5/8.2 0.026/0.01
OV100 NaCl 0.02 M 7.78/8.32 16.7/7.3 0.098/0.02
OV100 NaCl 0.05 M 8.45/8.85 13.2/6.8 0.136/0.05
OV100 NaCl 0.10 M 7.32/7.70 21.0/6.8 0.418/0.10
OV20 YCl3 0.4 mM 1.01 6.6 0.002
OV20 YCl3 0.6 mM 1.25 3.2 0.005
OV20 YCl3 0.8 mM 1.79 0.015 0.011

a The error of the fitting parameters pertaining to the fitting
procedure are better than 5%, but the systematic errors, including
sample preparation, raw data correction, and calibration, are
estimated to be ∼10%.

Figure 3. (a) SAXS profiles of ovalbumin solutions (100 mg/mL) with
different ionic strengths; the data were shifted upward for clarity. (b)
The structure factors evaluated from data analysis. Note that the data
were fit in the range 0.025-0.2 Å-1.
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in this case, which can not be described using the screened
Coulombic potential. The model is in good agreement with
experimental data for the correlation peak as a function of
increasing ionic strength. The structure factor evaluated from
data fitting (Figure 3b) shows that the intensity at q ) 0 increases
with ionic strength, indicating the reduced repulsive interaction.
S(q) in the low-q range strongly depends on the interaction
potential between protein molecules. The structure factor at the
origin S(q ) 0) is equal to the normalized osmotic compress-
ibility. With repulsive interactions, the protein molecules are
uniformly distributed and S(0) is lower than unity, while, with
attractive interactions, fluctuations dominate the particle distri-
bution and S(0) is larger than unity.3,9

3.3. Protein-Protein Interactions: Effect of Trivalent
Cations. 3.3.1. Phase Diagram. Series of ovalbumin solutions
with different YCl3 concentrations were prepared. The phase
state of the proteins in solution, either dissolved or condensed,
was then established through optical inspection and laser
transmission.21 A typical photograph for ovalbumin 5 mg/mL
as a function of salt concentration (YCl3) is presented in Figure
4a. The protein solutions are clear with low salt concentration
(<0.4 mM); with increasing salt concentration crossing c* ∼0.4
mM, the protein solutions become turbid due to protein
aggregation. When further increasing the salt concentration
above c** ∼20 mM, the protein solutions become clear again.
This reentrant condensation phase behavior has been discovered
recently by our group.21 A phase diagram (Figure 4b) was
collected as a function of protein and salt concentration within
hours after sample preparation. The two transition concentra-
tions, c* and c**, clearly divide the phase diagram into three
regimes.

This reentrant phase behavior suggests the completely dif-
ferent response of protein-protein interactions and phase
behavior to the high-valency ions in solution. Similar phase
behavior has been observed in systems such as conventional
colloids, DNA, and polyelectrolytes in the presence of multi-

valent salts.51,52 The electrostatic interactions under the strong
electrostatic coupling condition (using multivalent ions) attract
much attention due to the new phenomena presented, such as
like-charge attraction, which cannot be explained using classical
mean-field theories.53 Although a complete theory is yet to be
developed, such phase behavior can be explicitly explained by
a charge inversion model. As suggested in our previous work21

and supported also by Monte Carlo simulations, the cations
(Y3+) can bind to the acidic residues on the protein surface, the
number of bound ions gradually increasing with salt concentra-
tion. At an intermediate salt concentration, the binding ions
neutralize the overall surface charge, and the proteins tend to
aggregate because of the van der Waals and hydrophobic
interactions. Upon further increase of the salt concentration,
more cations can bind to the protein surface, which results in
an effective inversion of the surface charge; i.e., the proteins
become positively charged. The electrostatic repulsion again
leads to the stabilization of protein solutions. This charge
inversion effect has been confirmed using zeta-potential mea-
surements on a series of proteins with multivalent salts
(unpublished data).

It is worth noting that the protein secondary structure is
preserved in the presence of Y3+ ions in solution. As shown in
Figure 5, the two CD spectra of the protein in solution with
and without yttrium chloride are in good agreement, indicating
that the interaction of the Y3+ ions with proteins does not change
the protein’s native secondary structure.

Although the reentrant phase behavior occurs for both OV
and BSA in the presence of trivalent cation, the stability of the
solutions in the reentrant regime is different (regime III in Figure
4a). While the BSA solutions in the reentrant regime are stable
for very long time (months), the ovalbumin solutions are not
stable for a long time period (several days). Proteins begin to
aggregate and solutions become turbid. The reason for this
kinetically controlled phase behavior is not clear. The following
SAXS experiments provide some clues to the answer to this
question.

3.3.2. Protein-Protein Interactions in the Presence of
TriWalent Cations Studied by SAXS. SAXS measurements were
performed in order to understand the effective protein-protein
interactions in the presence of the YCl3. First, we studied protein
solutions at salt concentrations c < c* (Figure 6a,b); then, we
moved on to solutions with salt concentrations c > c** (Figure
6c). Here, the correlation peak depends, as in the case of NaCl,
on the salt concentration. However, the screening effect of the

Figure 4. (a) Digital images of a series of protein solutions (5 mg/
mL) as a function of yttrium chloride concentration; reentrant phase
behavior was observed. (b) Phase diagram as a function of protein and
salt concentration with logarithmic axes. The lines for c* and c** are
guides for the eye. Note that all phase behavior was determined within
hours after sample preparation.

Figure 5. CD spectra of the protein solution (OV 1.5 mg/mL) without
and with added YCl3. No significant change in protein secondary
structure was observed upon multivalent salt addition.
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trivalent salt is much stronger than that of the monovalent salt.
With 0.8 mM yttrium chloride, the scattering maximum has
almost disappeared. The SAXS data for solutions c < c* can
still be fitted using a screened Coulomb potential with an
ellipsoid form factor, but the fit quality is poor due to the very
small charge values (Table 2). The structure factors evaluated
from the data fitting (Figure 6b) show a similar trend as the
addition of NaCl (Figure 3b).

When c > c**, the scattering profiles are different. Because
the protein solutions in this regime were not stable for a long
time, the SAXS measurements were performed immediately for
freshly prepared samples after 30 min of centrifugation. Figure

6c (bottom) shows the SAXS profiles of ovalbumin 40 mg/mL
with YCl3 of 30, 50, and 100 mM. The scattering intensities
increase significantly with decreasing q values, indicating that
the overall interactions are dominated by attractive potentials.
Small amounts of white precipitates were observed from the
sample solutions after centrifugation, indicating the formation
of protein clusters driven by the attractive potential. In this case,
the form factor is different from the monodispersed protein
solutions and the interactions cannot be explained by charge
interactions alone. Thus, we have not applied this model to the
data. It is interesting to compare the data of BSA and ovalbumin
under the same conditions (Figure 6c). While the low-q intensity
for ovalbumin increases slightly with salt concentration (mean-
ing stronger aggregation), the scattering curves for BSA show
a systematic decrease with salt concentration, indicating a
reduced attractive interaction.21 These differences make BSA
solutions more stable than ovalbumin in the reentrant regime.

The reason for the variation in stability of BSA and ovalbumin
in the reentrant regime is still not clear, but the difference
between the proteins gives some clues. As described in the
Introduction section, ovalbumin is more hydrophobic than BSA.
The hydrophobic effect leads to protein aggregation, which could
be responsible for the low-q upturn in the SAXS data (Figures
2a and 3a) and also the reason for the unstable reentrant regime.
On the other hand, the binding of Y3+ on the protein surface is
due to the strong associated effect between cations and the
carboxyl group of the acidic residues on the protein surface.21

Therefore, the number of the acidic residues plays a very
important role in the reentrant phase behavior. BSA has 583
residues in total, which includes 99 acidic residues. Ovalbumin
has 385 residues in total with 47 acidic residues. This difference
of the binding sites on the protein surface is also a potential
reason for the instability of ovalbumin solutions.

4. Conclusions

We have studied the interactions of proteins (ovalbumin) in
solution using small-angle scattering, and the effects of ionic
strength and valency were addressed. Ovalbumin in solution
forms dimers at all of the studied concentrations, and the form
factor can be described by using an ellipsoid with Ra ) 57 (
2 Å and Rb ) 21 ( 2 Å. Without any salt addition, the effective
protein-protein interaction with protein concentrations above
10 mg/mL is repulsive due to the net negative charge of acidic
residues on the protein surface. This interaction can be described
using a screened Coulombic potential. This repulsive interaction
is significantly reduced by increasing the ionic strength of the
solution. When trivalent salt (yttrium chloride) is added to the
protein solutions, a reentrant phase behavior is observed on
the experimental time scale (days). In the reentrant regime, the
protein solutions become unstable after several days. This is in
contrast to BSA, where the protein solutions are stable for much
longer time scales. The SAXS data clearly present the difference:
while the scattering intensity at low q for BSA decreases with
increasing salt concentration, indicating the strengthening of
repulsive interactions (which stabilizes the solutions), the low-q
intensity for ovalbumin solutions increases slightly with salt
concentration, indicating a stronger aggregation. This difference
may be due to the larger hydrophobic surface of ovalbumin
compared to BSA.
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