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ABSTRACT: We present a study of the structural evolution of protein
aggregates formed in solutions of a globular protein, β-lactoglobulin
(BLG), in the presence of YCl3. These aggregates are often observed
before crystallization starts and they are metastable with respect to the
crystalline phase. Here we focus on the characterization of the
hierarchical structure of this intermediate phase and its temperature
dependent structure evolution using a combination of (very) small angle
neutron and X-ray scattering (VSANS, SANS, and SAXS). Results show
that the hierarchical structure ranges from nanometer scale protein
monomer, dimer and compact protein clusters to micrometer scale
fractal protein aggregates. Upon cooling, the overall hierarchical
structure is preserved, but the evolution of the internal structure within
the aggregates is clearly visible: the monomer−monomer correlation
peak reduces its intensity and disappears completely at lower temperatures, whereas the cluster−cluster correlation is enhanced.
At a larger length scale, the fractal dimension of protein aggregates increases. The kinetics of the structure change during a
temperature ramp was further investigated using time-resolved SAXS. The time dependent SAXS profiles show clear isosbestic
points and the kinetics of the structural evolution can be well described using a two-state model. These dynamic properties of
protein aggregates on a broad length scale may be essential for being the precursors of nucleation.

■ INTRODUCTION

Protein crystallization, as an important research field, provides
not only the most successful way for determining high
resolution structures of biomacromolecules but also rich
conditions for exploring the early stage of crystallization. For
example, it is very common to observe oil-like droplets (a
protein rich liquid phase) in the crystallization assay before
crystals appear. This liquid−liquid phase separation (LLPS) in
protein solutions has been demonstrated to be metastable with
respect to the crystalline phase, thus the coexistence line is
located below the solubility line in a typical phase diagram.1−5

In addition to LLPS, studies have also shown that the
mesoscopic protein clusters may also play a crucial role in
the nucleation process.6−10 The existence of protein clusters or
a metastable LLPS may change the kinetic pathway of crystal
nucleation dramatically.
The pioneering work by ten Wolde and Frenkel showed that

far from the metastable LLPS region nucleation follows the
classical mechanism, i.e., nuclei form directly in a super-
saturated solution with the same structure and density of the
final crystalline phase.11−13 However, when approaching the
critical point, dense liquid-like droplets form first which further
follow a structural change toward crystallization.14 Further

theoretical studies and simulations also suggest that the
existence of a metastable intermediate phase can promote
crystal nucleation.14−16 In the past decade, increasing evidence
has shown that clusters, amorphous nanoparticles and other
precursors may serve as an important intermediate for
crystallization.9,17−21 Thus, huge efforts have been made on
characterizing the structure of these intermediate phases for a
better understanding of their role in the crystal nucleation
process.7−9,21−27

In our previous work, we found that multivalent metal ions
provide an efficient way in tuning the effective protein−protein
interactions in solution, leading to complex phase behavior
including reentrant condensation (RC), LLPS, cluster for-
mation and crystallization.28−34 The rich phase behavior
induced by the metal ions can be used to optimize conditions
for growth of high quality protein single crystals, and to study
the pathways of protein crystallization.35−37 Figure 1 shows the
experimental phase diagram of β-lactoglobulin (BLG) in the
presence of YCl3. We observe the so-called reentrant
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condensation behavior, i.e. a phase separated state (regime II)
exists in between two boundary salt concentrations c* < c**.
Outside of regime II, the samples are clear. The physical
mechanism of this RC behavior is due to the effective charge
inversion of proteins and a cation mediated attraction.28,38

Studies on the protein crystallization in different regions of
Figure 1 have shown that, close to c*, crystallization takes place
without visible intermediates. Close to c**, protein aggregates
or dense liquid droplets form first. After an induction time,
nucleation starts and crystal growth consumes the intermediate
phase. In the end, only crystals are left.28,35

One of the interesting observations of the intermediate states
is the morphology change with time: the amorphous protein
aggregates develop into a network which further relaxes into a
liquid-like state.28,35 In fact, little is known about the internal
structures of the intermediate and their development with time
and temperature. We thus performed a systematic study on
these metastable protein aggregates using (V)SANS and SAXS.
In particular, we focus on the structural features at different
length scales and the kinetics of the structural evolution with
time and temperature.

■ EXPERIMENTAL SECTION
Materials. The globular protein β-lactoglobulin (BLG)

from bovine milk was purchased from Sigma-Aldrich (product
no: L3908). This product is a mixture of the genetic variants A
and B that differ at two positions in the primary sequence of
162 amino acids in total.39 At room temperature and neutral
pH, BLG is acidic (isoelectric point of 5.2) and predominantly
in dimeric state.39,40 YCl3 was also purchased from Sigma-
Aldrich as a anhydrous powder with a purity of 99.99%
(product no: 451363).
For sample preparation, appropriate amounts of salt stock

solution, degassed Milli-Q (18.2 MΩ, Merck Millipore) water
and protein stock solution were mixed. Stock solutions were
prepared by dissolving the salt or protein powder in degassed
Milli-Q water. No additional buffer was added. The protein
concentration of stock solutions was determined by UV
absorption measurements using an extinction coefficient of
0.96 l × g−1 × cm−1 at a wavelength of 278 nm.41 The pH of
the solutions was monitored using a Seven Easy pH instrument

from Mettler Toledo. The pH values under current
experimental conditions were 6.5 ± 0.2, higher than the pI =
5.2 of BLG.40

Methods. Fourier transform infrared spectroscopy (FTIR)
(IFS 48 from Bruker) was applied to monitor the stability of
the protein secondary structure under the experimental
conditions as a function of temperature and salt concentration.
Samples in the same composition but in heavy water (D2O)
were prepared for a better signal-to-noise ratio.
Small angle X-ray scattering (SAXS) experiments were

performed on beamline ID2 at the ESRF (Grenoble, France)
using a sample-to-detector distance of 2 m. The beam energy
was set to 16 keV, and the accessed q values ranged from 0.006
to 0.34 Å−1. The data sets were reduced by subtracting the
scattering of pure salt solution as a background. More detailed
information on q-resolution calibration and data reduction can
be found in refs 42 and 43. The samples were measured using a
quartz glass capillary with a diameter of 2 mm. For the time-
resolved measurements with a temperature ramp from 37 to 10
°C, the exposure time was 0.1 s, the waiting time between
measurements was 300 s. The first SAXS data was collected
about 11 min after sample preparation.
Small angle neutron scattering (SANS) was performed at

KWS2 instrument operated by JCNS at the Heinz Maier-
Leibnitz Zentrum (MLZ), Garching, Germany. The utilized
neutron wavelength was 4.5 Å with Δλ/λ = 20%. The sample-
to-detector distances were 2, 8, and 20 m. The resulting total q-
range was from 2.2 × 10−3 to 0.34 Å−1.
Very small angle neutron scattering (VSANS) was performed

at the instrument KWS3 instrument (operated by JCNS at the
Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany)
with a sample-to-detector distance of 10 m. The applied
neutron wavelength was 12.8 Å with Δλ/λ = 20%,
corresponding to a q-range from 2.3 × 10−4 to 2.1 × 10−3

Å−1. (V)SANS data reduction and absolute intensity calibration
was performed using the program QtiKWS provided by
JCNS.44

Data Analysis. The scattering intensity of SANS experi-
ments of protein solutions can be described as

ρ= Δ +I q N V P q S q B( ) ( ) ( ) ( )P P inc
2 2

(1)

where Np is the number density of proteins per unit volume; Vp
is the volume of a single protein; Δρ is the difference in
scattering length density between protein and the solvent; Binc
is the incoherent background; P(q) and S(q) are the form
factor and the structure factor, respectively. The momentum
transfer is defined as q = 4π/λ sin θ with the scattering angle 2θ.
The size and shape of structures at different length scales, such
as the native dimer and aggregates, are described using a
spherical or ellipsoidal form factor. The effective interactions
are described using structure factors calculated from different
potentials that are listed in the following.
The hard sphere potential is defined by
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with the hard sphere diameter of σ. The effective hard sphere
diameter is calculated by equating the second virial coefficient
of the elliposid to a sphere having the same value.45,46 The
corresponding structure factor is obtained by solving the
Ornstein−Zernike (OZ) equation numerically with the
Percus−Yevick (PY) closure.47

Figure 1. Experimental phase diagram of BLG in the presence of YCl3
determined at 21 °C. Regimes I (black squares), II (red circles), III
(green triangles) correspond to clear, turbid, and clear states,
respectively. Small white circles mark samples crystallized after 1
week at 4 °C. The blue rectangle marks sample conditions studied in
this work. The label of classical indicates that near c* crystallization
takes place without visible precursor; the label of nonclassical indicates
that close to c** aggregates or a dense liquid phase appear before
crystallization as reported in a previous study.28
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The sticky hard sphere potential is used to describe the
short-range attraction between protein clusters, which is
defined by48
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where τ is the stickiness parameter and usually the limit Δ → 0
is taken.
The screened Coulomb potential is used to describe the

long-range electrostatic repulsion of protein clusters due to the
accumulated charges, which is defined by
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with Z the protein surface charge, e the electronic charge, and ε
the dielectric constant of the solvent. κD is the inverse of the
Debye screening length, determined by the ionic strength of the
solution.
The corresponding structure factors for both the sticky hard

sphere potential and the screened Coulomb potential were
calculated by solving the OZ equation using the mean-spherical
approximation closure relation.48−50 Data fitting was performed
using ORIGINPRO (two-state analysis) and IGOR PRO with
macros provided by NIST.46

■ RESULTS AND DISCUSSION

Structures and Interactions in Protein Solutions
Studied by SANS.We first present an overview of interactions
and structures in protein solutions as a function of salt
concentration and temperature. In order to study the structural
evolution as a function of temperature (observable range 0−40
°C), we chose samples with a fixed BLG concentration of 67
mg/mL and YCl3 concentrations between 12 and 15 mM.
According to Figure 1, these samples at room temperature are
in the upper area of regime II as labeled by the blue rectangle.
When prepared at 35 °C, the samples with 13−15 mM salt
were clear (regime III), only the sample with 12 mM salt was
turbid. When cooled down to 5−10 °C, all samples became
turbid (regime II) in consistence with Figure 1.
Figure 2 presents the SANS results for these samples at 35

and 5 °C. Measurements at temperatures in between are shown
in the Supporting Information (Figure S1). At 35 °C, the SANS
curves for all samples are similar in the high q region, but the
intensity at the low q region decreases with increasing salt
concentration. For the sample with 12 mM salt, the low q
upturn is consistent with the observation that this sample is
already turbid at 35 °C, which becomes more significant at 5
°C. The other samples do not have such a strong intensity
increase at the low q region even after 21 h at 5 °C.
To understand the structural features of the protein

aggregates at different length scales, a global fit with a unified
model would be desirable. Unfortunately, such a global fit is not
feasible, in particular, if the structures at different length scales
and their interactions vary from one to another. We thus apply
several models in the following to analyze the structures and
interactions for objects at different length scales and explain for
each case the main information obtained.
The SANS curves in Figure 2 show two main steps in the

intensity profiles at 0.03 and 0.18 Å−1, which can be explained

Figure 2. Structure and interactions of protein-salt mixtures characterized by SANS in dependence of temperature and salt concentration. Scattering
contributions from protein clusters and dimers were analyzed using a sum model. Model descriptions for different q ranges were shown in lines and
discussed in detail in the main text. The protein concentration of the samples was fixed to 67 mg/mL, the salt concentrations were 12, 13, 14, and 15
mM YCl3. Data presented were collected at 35 and 5 °C, respectively. The times given in the legend were the starting times and each measurement
took about 2.5 h. The black arrows indicates an additional structural change that becomes more pronounced with increasing salt concentration.
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by the contribution of small protein clusters and the native
dimer of BLG, respectively. This observation is consistent with
our previous measurements on this system using SAXS.51 The
dimer contribution has developed a visible dimer−dimer
correlation peak. It was further analyzed using a simple
spherical form factor and a hard-sphere potential. The radius of
the spherical form factor is about 15 Å and was fixed for further
data fitting. The volume fraction is between 0.26 and 0.27 and
slightly decreases with increasing salt concentrations. The
detailed fitting results are shown in the Supporting Information
(Table S1).
For the cluster contribution in the low q region (below 0.03

Å−1 in Figure 2), the scattering intensity decreases with
increasing salt concentration. A correlation peak appears which
becomes even stronger at lower temperature. With 14 and 15
mM YCl3, a cluster−cluster correlation peak becomes visible at
0.03 Å−1, which corresponds to a center-to-center distance
about 210 Å between clusters. Scattering intensities in the q
range between 0.04 and 0.07 Å−1 decrease linearly with slopes
between −3.5 (at 35 °C) and −4 (at 5 °C). This behavior
satisfies Porod’s law and implies that the scatterers (protein
clusters) at this length scale have a compact, nonfractal
structure with a sharp interface. A model fit of the curves for 14
and 15 mM YCl3 using a screened Coulomb potential together
with an ellipsoid form factor shows that the overall net charge
increases with increasing salt concentration. While the charges
are nearly constant with decreasing temperature, the effective
size of the ellipsoid form factor and the volume fraction
increase (Table S1). With 13 and 12 mM YCl3, the data are
better described using the hard-sphere and sticky hard-sphere
potential, respectively, indicating that the effective interactions
between the protein clusters undergo a transition from
repulsive to attractive upon lowering the salt concentration.
These rather compact protein clusters might be formed by the
balance between the bridging effect of metal ions and the
electrostatic repulsion due to the accumulated net charges.
Upon cooling from 35 to 5 °C, the dimer and cluster

contributions remain without visible changes. However, two
more steps in the SANS profiles become visible at 0.07−0.08
and 0.12 Å−1 in Figure 2 for all samples. These new features
correspond to structures of D = 2π/q ≈ 90−78 and 52 Å,
respectively. The new structure at 0.12 Å−1 (labeled using a
black arrow) is more pronounced at higher salt concentrations.
The formation of these hierarchical structures also suggests that
proteins within the clusters have a certain flexibility for
rearrangement upon cooling. It is interesting to see that the
structure at 0.07 Å−1 also exist in a thermal denatured whey
protein (mainly BLG) microgel.52,53 SAXS measurements of
the microgel reveal not only a hierarchical and fractal structure
but also a pronounced structural feature at 0.07 Å−1, which has
been explained by the close neighbor effect or the internal
organization of the denatured whey protein monomers within
the microgel.52,53 In our system, the proteins are certainly not
denatured (see below). The appearance of the new structure
feature reflects the flexibility and self-organization property of
proteins under the current experimental conditions.
Hierarchical Structure Characterized by (V)SANS and

SAXS. The hierarchical structure of the protein aggregates in
samples with 67 mg/mL BLG and 15 mM YCl3 were further
characterized using VSANS and SAXS to cover a broader q-
range. As presented in Figure 3, the combined (V)SANS and
SAXS data at 35 and 5 °C provide the structure information
from monomer−monomer correlation, and compact clusters

up to fractal aggregates in length scales from nanometer to
micrometer. These structures at different length scales are
illustrated with the assembled structures of protein (sche-
matics) in Figure 3 and explained below.
First, the extended VSANS data in the low q region (below 2

× 10−3 Å−1) clearly show an increase in intensity at both
temperatures. The asymptotically linear increase in intensity at
lower q suggests larger protein aggregates that are more fractal
than the clusters at smaller length scale. The fractal dimension,
d, can be determined from the slopes of the VSANS curves in
the q range between 0.5 × 10−3 and 4 × 10−3 Å−1. The obtained
values are around 1.7 and 1.9 before and after cooling,
respectively. At even lower q, after cooling, another Porod
region becomes visible and a plateau at around 2 × 10−4 Å−1 is
visible, which indicates that the fractal aggregates can further
organize into an even larger and more compact structure with a
mean size of D = 2π/q ≈ 3 μm.
Second, SAXS data show additional structural features due to

the higher resolution in the high q region. A peak at 0.22 Å−1 is
clearly visible in the SAXS curve (not visible in SANS) after
preparation at 35 °C, which can be attributed to the
monomer−monomer correlation within clusters as discussed
in our previous work.51 The absence of the monomer−
monomer correlation peak in SANS curves in Figure 2 may be
due to the smearing effect of neutrons at high q with Δλ/λ =
20%. Compared to the SAXS data, the overall SANS data are
shifted toward higher q which causes the dimer shoulder in
SANS to nearly overlap with the monomer−monomer
correlation peak in SAXS. The shift of SANS data towards
higher q is mainly due to the absent contribution of the
hydrated water molecules around proteins, to which SAXS is
more sensitive.54

We emphasize that the observed protein condensation is not
caused by a change of the protein structure induced by YCl3
and further treatments. Figure 4 shows FTIR spectra for a
sample with a BLG concentration of 67 mg/mL and 15 mM
YCl3 under similar conditions as the SANS measurements
(measurements for 12−14 mM can be found in the Supporting

Figure 3. Hierarchical structure of protein aggregates characterized by
(V)SANS and SAXS for a sample with 67 mg/mL BLG and 15 mM
YCl3 at 35 and 5 °C. The merged SANS data were obtained from
KWS-3 (VSANS) and KWS-2 (SANS). SAXS data of the same sample
at 35 °C show an additional monomer−monomer correlation at q =
0.22 Å−1. The structural interpretation at different length scales is also
shown.
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Information, Figure S2). For comparison, the spectrum of a
protein solution with the same protein concentration but
without added salt is also shown. As one can see, in all cases,
the amide I and amide II bands are in the same shape and ratio
of intensity. These measurements confirm that there is no
significant change on the secondary structure of protein neither
caused by addition of YCl3 nor by temperature change. We
have also studied the stability of protein secondary structure in
the presence of multivalent salts in H2O and D2O using circular
dichroism (CD) and FTIR.30,43 The consistency of the different
techniques suggests that replacing H2O by D2O has no
significant effects on the secondary structure of the protein.
Moreover, the successful growth of high-quality crystals and
fine structural analysis confirm that the proteins are still in their
native state.28,35

Structural Evolution Followed by Time-Resolved
SAXS. Previous studies using optical microscopy indicate that
the protein aggregates formed after sample preparation can
further relax into a liquid-like network within hours.35 Later,
crystallization occurs mainly at its interface. The hierarchical
structure at different temperatures presented in the previous
section indicates that the local structures change with time and
temperature. In the following, the real-time SAXS data are
analyzed in order to understand the transition kinetics.
The time-resolved SAXS data during a temperature ramp

from 37 to 10 °C are presented in Figure 5a. In general, during
the temperature ramp, the overall scattering profile is preserved,
which is consistent with the SANS measurements in Figure 2.
However, changes of the local structures are clearly visible. For
example, the intensity at q ranges below 0.025 Å−1 increases
with time (or decreasing temperature), whereas the intensity
decreases with time in the q range between 0.025 and 0.075
Å−1, resulting in an isosbestic point. Furthermore, the
monomer−monomer correlation peak reduces with time and
finally disappears. These changes are better presented in Figure
5b, where the SAXS data were divided by the first curve (about
11 min after sample preparation). This plot therefore displays
the changes in this process.

The isosbestic (or iso-scattering) points at 0.025 and 0.075
Å−1 indicate that the system transforms from one state to the
other and the scattering intensity for both states stays constant.
Therefore, the scattering curves can be described as the sum of
two constituents:55

= + −I q F t I q F t I q( ) ( ) ( ) [1 ( )] ( )start final (5)

= − −F t I I I I( ) ( )/( )final start final (6)

A two-state analysis was performed using eq 5 to fit the time-
resolved SAXS data. Istart(q) is the first curve in time and
If inal(q) the last one. F(t) describes the variation of the
scattering intensity.
The obtained F(t) and 1 − F(t) are plotted in Figure 6a, left.

All SAXS curves can be modeled with a high precision. An
example is presented in the right part of Figure 6a for the curve
at 102 min. This analysis demonstrates that the internal
structural evolution within the metastable protein aggregates
proceeds via a simple two-state process.
The time and temperature dependency of the monomer−

monomer correlation peak at 0.22 Å−1 was further analyzed by
plotting the peak area as a function of time (or temperature)
(see Figure 6b). The value of the area (also the shape of the
correlation peak) is nearly constant before it starts to decrease
at approximately 22 °C. Below ca. 13 °C (after 70 min), this
correlation peak disappears completely. The crystallographic
analysis in our previous work28 indicates that the BLG dimer is
the building block of the crystal lattice. Therefore, the

Figure 4. FTIR spectra collected at room temperature for protein
samples with 67 mg/mL BLG and 15 mM YCl3 after different thermal
treatments: (black) control measurement, sample without added salt;
(green) sample prepared at room temperature; (red) sample prepared
and equilibration at 35−38 °C for 1 h; (blue) sample prepared at 35
°C, then quenched and stored at 5 °C for a day. No visible changes on
the secondary structure of the protein could be observed. Spectra were
shifted in intensity for better visibility.

Figure 5. (a) Time-resolved SAXS profiles for a sample containing 67
mg/mL BLG with 15 mM YCl3 during a temperature ramp from 37 to
10 °C. The inset shows the zoom-in of the monomer−monomer
correlation peak. (b) Modified SAXS curves from part (a) divided by
the first curve.
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temperature dependent monomer− monomer correlation peak
may be related to the flexibility of proteins within the
aggregates. Upon cooling or entering the crystal lattice, this
flexibility is reduced. Note that in our previous work,51 a similar
sample has been measured using SAXS and Bragg peaks were
observed after two cycles of a temperature ramp from 25 to 10
°C. The SAXS profiles in the present study are very similar, but
no crystals are observed after the measurements. The exact
reasons are unknown, but the different thermal history may be
one of them.

■ CONCLUSIONS
A hierarchy of structures of protein aggregates in aqueous
solution of BLG and YCl3 which may serve as the intermediate
for protein crystallization has been characterized using
(V)SANS and SAXS. Structural features at different length
scales ranging from monomer−monomer correlation in
nanometers, the scattering of dimers, compact clusters, to a
fractal structure in micrometer length scales have been
identified.

When prepared at 35 °C, the monomer−monomer
correlation is visible in the SAXS curves. After cooling to 5−
10 °C, the dimer acts as an elementary building block and the
monomer−monomer correlation peak disappears. The appear-
ance of the monomer−monomer correlation reflects the
flexibility of proteins within the aggregates. A cluster−cluster
correlation peak becomes visible with increasing salt concen-
tration. These rather compact protein clusters might be formed
by the balance between the bridging effect of metal ions and the
electrostatic repulsion due to the accumulated net charges. The
appearance of the isosbestic points in the time-resolved SAXS
data can be well described using a two-state model, indicating
that the internal structure changes within the metastable
protein aggregates follow a two-state process.
To be able to serve as the intermediate phase for crystal

nucleation, the structure and the internal dynamics of these
protein aggregates are crucial. While the structures at length
scales larger than 1 μm may be not directly related to the
nucleation process, protein clusters of a few hundreds of
Ångstroms may. Together with the unique dynamic feature of
the internal structures, i.e., the coupled, two-state feature of the
internal structures (monomer and dimer), crystal nucleation
within the metastable protein aggregates becomes possible.
This observation is also consistent with our previous study of
the crystal structures that the BLG dimer is the building block
of the crystal lattice.28
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