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ABSTRACT: We investigate the concentration-controlled formation of clusters
in β-lactoglobulin (BLG) protein solutions combining structural and dynamical
scattering techniques. The static structure factor from small-angle X-ray scattering
as well as de-Gennes narrowing in the nanosecond diffusion function D(q) from
neutron spin echo spectroscopy support a picture of cluster formation. Using
neutron backscattering spectroscopy, a monotonous increase of the average
hydrodynamic cluster radius is monitored over a broad protein concentration
range, corresponding to oligomeric structures of BLG ranging from the native
dimers up to roughly four dimers. The results suggest that BLG forms compact
clusters that are static on the observation time scale of several nanoseconds. The
presented analysis provides a general framework to access the structure and
dynamics of macromolecular assemblies in solution.

The formation of protein clusters in aqueous solutions is of
great fundamental and practical interest.1−4 The under-

standing of cluster formation may help to rationally choose
parameters for controlled self-assembly, and to circumvent
undesired clustering in the case of the delivery of highly
concentrated protein-based drugs.4,5 Moreover, a systematic
understanding of protein cluster formation is important in the
context of exploring possible dynamic precursor processes of
dynamical arrest, protein aggregation, and crystallization.6−9

Various parameters influence the formation and size of protein
clusters, including the protein concentration, pH, and salt-
induced charge effects in the solutions.4,10 So far, only very few
protein solutions undergoing cluster formation have been
investigated systematically with respect to both their nanometer
structure and nanosecond dynamics.1,5,7,10,11

Lysozyme represents the most comprehensively studied
system in this context.1,2,11−14 The existence of lysozyme
protein clusters in aqueous solutions has been shown by
Stradner et al.12 using small-angle X-ray and neutron scattering
(SAXS/SANS). The small-angle scattering studies on lysozyme
solutions suggest that isotropic charge-mediated interactions
consisting of a short-range attraction and a long-range repulsion
contribute to the formation of clusters. Depending on the
protein concentration, three to ten proteins merge into a
cluster.11−13 From the static studies alone, the question of finite
lifetime of the clusters remained controversial and inspired
dynamics studies using neutron spin−echo spectroscopy
(NSE),1 setting the lower limit of the cluster lifetime to

about 25 ns. Further studies observing diffusion on the much
longer millisecond time scale found evidence for a finite
lysozyme cluster lifetime on this scale.15,16

So far, as summarized above, systematic studies of protein
cluster formation addressing both static and dynamic aspects
have focused on the lysozyme model system, employing SAXS/
SANS, NSE, and NMR methods, complemented by theory and
simulations.11,17−21 A recent study, by Grimaldo et al.,10

systematically addressed the cation-induced formation of
protein clusters of bovine serum albumin via neutron
backscattering spectroscopy (NBS). This technique is promis-
ing for the study of clustering for two reasons: First, at short
nanosecond time scales, the self-diffusion only depends on the
individual cluster mobility in a hydrodynamic medium, and is
not affected by encounters with other clusters. Second, by
measuring incoherent scattering at large scattering vectors q,
NBS unambiguously accesses the cluster self-dynamics
independent of the cluster size. By contrast, NSE accesses
collective diffusion, which approximates the self-diffusion only
in the limit of large q, and the convergence of this limit depends
on the protein concentration, aggregation, and charge state via
the structure factor.22,23

Here, we report on solutions of bovine β-lactoglobulin
(BLG), where clustering is induced solely by a high protein
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volume fraction, i.e., by crowding, without the necessity for the
presence of salt or a non-neutral pH. Under physiological
conditions, BLG is found predominantly as a dimer.24,25 We
combine structural investigations using SAXS with dynamic
investigations using both NSE and NBS to arrive at a consistent
picture on cluster formation and structure.
The SAXS scattering profiles shown in Figure 1A display a

clear concentration-dependent correlation peak at intermediate

q. At high q, the scattering profiles are concentration-
independent, and are clearly consistent with the form factor
of a BLG dimer. This observation indicates the dominance of
dimeric building blocks at all concentrations, because no
longer-range order is required in the form factor model. We
observe a similar behavior for BLG in both H2O and D2O
(Figure S1). The SAXS measurements have been repeated for
different protein concentrations and BLG proteins from
different batches (Figure S2).
The pronounced correlation peak in the SAXS profiles

(Figure 1A) indicates an overall repulsive interaction, and the
peak position qc is related to the averaged center-to-center
distance dcc = 2π/qc between proteins. Assuming a solution
consisting solely of BLG dimers, the volume per dimer V ∝ dcc

3

shrinks linearly in dimer volume fraction φ. Thus, the peak
position qc should scale with φ1/3 for a monodisperse
system.26−28

In contrast to this expectation, the peak position scales with a
significantly smaller exponent. We employed four different
methods to extract qc from the data (Figure 1C; see Methods
for details), and fitted the function qc = a·φb (lines in Figure
1C, Table S1). First, we used the model-free peak positions of

the SAXS intensity curves (blue squares; for method see Figure
1A), resulting in an exponent of b = 0.11 ± 0.03. Second, the
peak positions of the experimental structure factors (yellow
triangles; for method see Figure 1B) yield b = 0.13 ± 0.03.
Third, peak positions of fitted structure factors based on a Two-
Yukawa potential with short-range attraction and long-range
repulsion2 result in b = 0.10 ± 0.03 (purple diamonds). Fourth,
peak positions of fitted structure factors based on a screened-
Coulomb potential yield an exponent of b = 0.28 ± 0.03
(orange circles), deviating from the other methods.
To further quantify the deviation from a monodisperse

system, we estimate the number density of clusters
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Here, we assume that imaginary spheres around the clusters
with the diameter of the intercluster distance effectively have a
packing fraction close to φ = ≈π 0.74cp 3 2

.29 The number

density for dimers as the basic building blocks of the clusters is
given from the sample preparation as

θ
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n
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1
( )dimer

w s p (2)

where m is the protein mass, Mw = 36.8 kDa is the molecular
weight of the BLG dimer, Vs is the volume of added water and
θp = 0.75 mL/g30 denotes the specific volume of the protein.
From these two number densities, the number of dimers per

cluster Ndimers = ndimer/ncluster is calculated, yielding an increase
from Ndimers ≈ 1.6 at φ = 0.054 to 3.7 at φ = 0.18.
Complementing this structural information on the dimers

per cluster, we use neutron spectroscopy, in particular, neutron
spin echo (NSE) and neutron backscattering (NBS), to obtain
detailed information on cluster formation and structure. While
NSE accesses collective motions on length scales of several
tenths of nanometers, NBS allows to address the ensemble-
averaged self-diffusion coefficients of the proteins on nano-
meter length scales. The intermediate scattering functions from
NSE are well described by a single exponential with relaxation
rate γ(q) (Figure 2A). The NBS spectra are fitted following the
previously published protocol31,32 for each recorded q-value
individually and independently, thus not imposing any q-
dependence for the Lorentzian line width γ(q) during the
fitting (Figure 2B).
The q-dependent diffusion coefficients D(q) = γ/q2 for two

samples obtained from NSE and NBS are shown in Figure 2C,
and the finite, nonvanishing D(q) as well as the fact that S(q =
0) < 1 supports the picture of overall repulsive protein clusters.
The collective diffusion function D(q) observed in NSE is given
by

=D q D
H q
S q

( )
( )
( )0

(3)

where D0 denotes the self-diffusion coefficient in the limit of
infinite dilution, and S(q) is the static structure factor. The
hydrodynamic function H(q) scales in a comparable way to
S(q), with generally weaker features.33,34 The minimum in D(q)
thus corresponds to the peak position qc of the structure factor,
and the obtained values for qc using a dynamic technique agree
well with the values from SAXS (Figure 1C, black stars). As
theoretically expected, the collective diffusion coefficient D(q)
from NSE converges to the self-diffusion coefficient D(q) from

Figure 1. (A) Representative SAXS profiles of BLG solutions with
protein concentrations of 10, 20, 40, 60, 80, and 100 mg/mL (from
bottom to top). (B) Experimental structure factors obtained from the
SAXS profiles by dividing by the form factor of the BLG dimer (cf.
Methods). The open circles mark the positions of the peak maxima.
(C) Position qc of correlation peaks as a function of the protein
volume fraction φ from different approaches: maxima of the SAXS
intensity according to part A (blue squares); maxima of the
experimental structure factor according to part B (yellow triangles);
based on a fit using a SC structure factor (orange circles); based on a
fit using a Two-Yukawa structure factor (purple diamonds). The open
star symbols denote qc obtained from NSE (Figure 2).
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NBS at high q, since collective effects become weak at small
length scales clearly below the interparticle distance and short
times below the interparticle interaction time.
An even more detailed picture of cluster formation is

obtained from the self-diffusion coefficients measured by NBS
for several protein volume fractions. Consistent with the
information from SAXS, the resulting apparent diffusion
coefficients D for all samples (symbols in Figure 2D, Table
S2) are not in agreement with the theoretical diffusion of BLG
dimers (dashed line in Figure 2D) at high φ. The theoretical D
was calculated following ref 35, assuming Rh = 2.80 nm for the
dimer (HYDROPRO,36 dashed line) and Rh = 4.44 nm for a
compact cluster of 4 dimers (dotted line). Given the small
length scales, the apparent diffusion coefficients D depend on
the translational Dt, and rotational Dr diffusion coefficients via
an implicit function.32,35 By modeling the clusters as effective
hard spheres with volume πR4

3 h
3, Dt and Dr are only determined

by the effective hydrodynamic radius Rh and the known
dependencies on the volume fraction (see Methods for details).
Fitting the apparent diffusion coefficients D for each protein
concentration with the effective hydrodynamic radii Rh(φ) as
only free parameter, we obtain detailed information on the
average hydrodynamic size of the clusters (Figure 3, Table S2).

Combining the information on the φ-dependent hydro-
dynamic and static size of the clusters (Figure 3), we obtain the
scaling Rh = Rh,dimer·(Ndimers)

f with f = 0.32 ± 0.02. Rh,dimer =
28.0 Å−1 is given by the hydrodynamic radius of the BLG dimer
calculated using HYDROPRO36 and the dimer pdb file
1beb.pdb. The fitted exponent f = 0.32 ± 0.02 supports a
picture of compact assemblies of BLG dimers.
In this context, it is important to stress that the result of

compact clusters is robust against changes in the central
assumption in eq 1. Using a very different packing fraction φcp
= π/6 ≈ 0.52 corresponding to virtual spheres on a cubic grid,
we obtain a scaling exponent of f = 0.29 ± 0.01, while Rh and
the numbers of dimers per cluster increase to compensate for
the decreased ncluster.
The combination of results from the SAXS, NBS, and NSE

experiments permits to infer on several properties of the
protein solutions.
First, the comparison of SAXS and NSE data allows to

robustly extract information on the structure factor maximum
qc (Figure 1C). While the dynamic NSE data directly access the
structure factor (see eq 3), different models for the SAXS
profiles return different qc values due to the influence of
changing form factor contributions. In particular, both the peak
position from the experimental structure factor and the fit using
the Two-Yukawa potential agree with the NSE result, whereas
the model of a screened Coulomb potential and the intensity
maximum of the SAXS curves fail. From this observation we
tentatively conclude that our BLG solutions are governed by a
superposition of a short-range attraction and a long-range
repulsion, favoring the formation of clusters.38 The correspond-
ing scaling qc ∝ φb with b ≈ 0.12 ≪ 1/3 indicates the presence
of protein clusters in our samples.
Second, the high-q limit of the collective diffusion function

D(q) observed in the NSE results is in good agreement with the
self-diffusion coefficients observed using NBS on the same
samples, as expected for length scales much shorter than the

Figure 2. (A) Example intermediate scattering functions I(q, τ) from
neutron spin−echo spectroscopy (BLG concentration 161 mg/mL)
versus relaxation time τ for q = 0.034, 0.051, 0.081, 0.10 Å−1 (from top
to bottom). (B) Example neutron backscattering results for a BLG
concentration of 300 mg/mL. Top: Spectrum at q = 0.70 Å−1 (blue)
along with model fits (lines, see Methods), and corresponding D2O
background (gray). Bottom: Line widths γ = Dq2 from the narrow
contribution (dash-dotted) represent simple diffusion of the entire
protein molecule (fit region in gray). (C) D(q) from neutron spin
echo (circles) and backscattering (triangles) for 76 (open symbols)
and 161 mg/mL (filled symbols) BLG solutions. The dashed lines are
guides to the eye. (D) Apparent diffusion coefficients D from neutron
backscattering versus the dry protein volume fraction φ, eq 4. The
dashed and dotted lines are the theoretical D for a BLG dimer and a
cluster consisting of 4 dimers, respectively (cf. text).

Figure 3. Effective hydrodynamic radii Rh of the clusters obtained
from backscattering data versus number of dimers per cluster Ndimers =
ndimer/ncluster obtained from the SAXS data using eqs 1,2. The solid line
is a fit of the data yielding Rh = 28.0·Ndimers

0.32 ± 0.02. The dashed lines
indicate the 95% confidence limits for the fitted exponent. Note that
the result for Rh is sensitive to the position of the correlation peak
extracted from the SAXS and NSE data. The schematic illustrations of
the clusters were created by assembling one to four dimers (1beb.pdb)
using PyMOL.37
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interparticle distance. This observation corroborates the general
consistency of the NSE and NBS experiments. This agreement
also supports the picture that the assumed protein clusters in
our samples have a lifetime that is larger than both the NSE and
NBS observation time scales. In the opposing picture of a
cluster lifetime that would cross the NSE or NBS time scales,
we would expect inconsistent results from the two techniques.
Third, NBS allows one to systematically explore the

dependence of the self-diffusion coefficient on the protein
concentration in the samples. We observe that the NBS data are
not consistent with the presence of dimers over the explored
concentration range (Figure 2D). This observation gives rise to
the assumption that clusters are present in our samples. Using
the presented analysis, we access the concentration-dependence
of the cluster hydrodynamic radius Rh in our samples. The
increase of Rh with rising protein concentration (Figure 3) can
be associated with the presence of clusters with increasing size.
We can conclude that these clusters are static on the
observation time scale of our NBS experiment: if the clusters
were transient, they would diffuse with a smaller effective
hydrodynamic radius.
Fourth, by combining the information from NBS with the

SAXS results, we can associate Rh with the number of dimers
per cluster (Figure 3). The obtained scaling Rh ∝ Ndimers

1/3

suggests the formation of compact clusters with a size
increasing with protein concentration.
Finally, our results are consistent with the picture that BLG

dimers constitute the elementary building blocks of the
observed clusters. Notably, these dimers consistently model
the SAXS form factor in the Two-Yukawa fits. On a higher
level, the assembly of the dimers within the clusters may be
structurally disordered, because a specific arrangement of
dimers into clusters would induce additional features such as
shoulders in the SAXS profiles beyond the observed dimeric
characteristics.
We note that studies of the dynamic properties of protein

clusters and the details of the static structure factor for a system
with competing interaction potentials have shown that a
reduced power-law behavior qc ∝ dcc

−1 ∝ φb with b < 1/3 alone
is not a sufficient condition for the existence of equilibrium, i.e.,
static protein clusters. Rather, an intermediate-range order may
exist in a system with long-range repulsion and short-range
attraction, which could obscure an unambiguous discrimination
of static or dynamic clusters.2 However, our additional dynamic
experiment confirms the existence of static clusters for our
system at least on the NSE time scale on the order of 50 ns.
For BLG, previous studies by Piazza and Iacopini39 on BLGA

suggest that the proteins form oligomer-type clusters. Their
results using static and dynamic light scattering indicate that
these clusters have a limited lifetime on the microsecond
observation time scale of DLS and should be considered as
“transient”. These findings are consistent with PFG-NMR
results on millisecond time scales by Le Bon et al.,40 which
concluded that BLG self-diffusion in concentrated solutions is
in agreement with dimers. We remark that these results on
these long observation time scale do not contradict our results
for BLGA/BLGB mixtures on a much shorter observation scale.
In conclusion, we have studied the formation of BLG clusters

both using static (SAXS) and neutron spectroscopic (NSE and
NBS) methods. By combining the results from these static and
dynamic methods, we obtain a conclusive picture of the
presence of clusters in BLG solutions that are static on the
accessible observation time scale. The SAXS data are consistent

with a disordered assembly of BLG dimers that form compact
clusters. The experimental SAXS structure factor agrees with a
model of short-ranged attraction, and long-ranged repulsion,
consistent with the presence of clusters. The spectroscopic data
from both the NBS and NSE experiments, respectively, yield
equal diffusion coefficients at the overlapping q within the
errors. These diffusion coefficients are in agreement with static
BLG clusters on the experimental observation time scale
(coherence time) of up to 50 ns in the case of NSE. Moreover,
the NSE data are consistent with the SAXS data. The
combination of the SAXS and NSE results points to the
general possibility to refine the analysis of static SAXS data by
employing complementary NSE experiments. Our analysis
shows that the combination of the SAXS, NSE, and NBS results
provides a robust quantitative picture of the cluster size and
compactness depending on the protein concentration in the
solution, a criterion for the choice of the SAXS model, and
information on the cluster lifetime.

■ METHODS

Sample Preparation. β-Lactoglobulin (BLG) from bovine milk
was purchased from Sigma-Aldrich (L3908, guaranteed purity
of 90%) and used without further purification. 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.24

Under physiological conditions, BLG is found predominantly as
a dimer.24 With an isoelectric point (pI) of 5.2, BLG is acidic
and carries a net charge of −10 e at neutral pH.41

All samples were prepared by mixing the required amount of
protein stock solution with D2O (for NSE and NBS) or
deionized degassed Millipore H2O (for SAXS). The pH of the
protein solutions was monitored using a Seven Easy pH meter
from Mettler Toledo. Freshly degassed Millipore water has a
pH of 7.1, and the resulting BLG solutions display a pH of
about 7.2 independent from protein concentration.
The protein volume fraction for a given protein concen-

tration cp = mp/Vs is given by35

φ
θ

θ=
+ ·

·
c

c1
p

p p
p

(4)

Small-Angle X-ray Scattering. SAXS measurements were
performed at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France, at beamline ID02. Protein solutions
as well as H2O were measured using a flow-through capillary
cell with a wall thickness of about 10 μm at 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. For
each sample, 10 exposures of 0.1 s or 20 exposures of 0.05 s
each were measured on fresh sample solution, respectively. The
2D intensity pattern was corrected and azimuthally averaged to
obtain the intensity profiles. Finally, the solvent background
was subtracted. More detailed information on data reduction
and q-resolution calibration can be found in the literature.42,43

Additional SAXS data were collected on a laboratory source
SAXS instrumentXeuss 2.0 (Xenocs, Grenoble, France)
employing a GeniX 3D microfocus X-ray tube consisting of a
copper anode, using an X-ray wavelength of 1.54 Å. With a
sample-to-detector distance of 1.85 m, the employed Pilatus
300 K detector covered a q range of 0.0055 to 0.3 Å−1. Protein
solutions as well as the buffer (D2O) were measured in a flow-
through quartz capillary with a wall thickness of about 10 μm.
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Experimental structure factors (examples shown in Figure
1B) were calculated from the SAXS intensity by dividing with
an ellipsoid form factor with rotation axis Ra = 38 Å and axis Rb
= 19 Å.44 For structure factor fits, we used the Two-Yukawa
potential and the Hayter-Penfold mean spherical approximation
(HPMSA) for the screened Coulomb potential as implemented
in IGOR.45 For the Two-Yukawa potential, an ellipsoid form
factor with Ra = 38 Å and Rb = 19 Å was used. For the screened
Coulomb potential, we employed an ellipsoid form factor with
Rb = 19 Å, and Ra was allowed to take values between 39 and 55
Å.
In general, coarse-grained form factors have been shown to

potentially induce incorrect features.46 The ellipsoidal form
factor is in very good agreement with experimental data and
calculated profiles from the molecular structure up to 0.15 Å−1

(cf. Figure S3). Furthermore, similar results for qc are obtained
for the average structure factor and the decoupling approx-
imation, and our conclusions are thus robust.
Neutron Spectroscopy. The neutron spin−echo measurements

were performed at IN15 at Institut Laue-Langevin (ILL),
Grenoble, using the wavelengths of 8 and 12 Å and detector
angles between 3.5 and 12.5° covering a q-range from 0.025 to
0.19 Å−1 and Fourier times of up to 190 ns at 12 Å and 58 ns at
8 Å. Details of the experiment setup are explained else-
where.47,48 The samples on IN15 were kept in quartz cuvettes
at T = 295 K. For calibration and background treatment, a
graphite sample and the pure buffer (D2O) signal were used.
The neutron backscattering experiment was carried out using

the spectrometer IN16B49 (ILL) employing a Phase Space
Transformer50 and using Si(111) single crystals for the
monochromator and analyzers in exact backscattering geome-
try, corresponding to a wavelength of 6.27 Å. The energy was
scanned by mechanically Doppler shifting the monochromator
crystal on a sinus velocity profile, achieving a maximum energy
transfer of approximately ±30 μeV. The nearly perfect Gaussian
resolution line shape had a width of approximately 0.9 μeV
FWHM. The experiment was carried out using the measure-
ment, calibration, and data reduction procedures described
earlier.31 The fit function for the NBS spectra consists of two
Lorentzian profiles convoluted with the instrumental resolution
(dash-dotted and dashed line in Figure 2B), plus a fixed D2O
background.31,32

Apparent Dif fusion Coef f icient D. Using the NBS results, we
obtain the apparent self-diffusion coefficient D from γ(q) = Dq2

(cf. Figure 2B). The apparent D, translational Dt, and rotational
Dr diffusion coefficients are related via an implicit function32,35

∑ + + −
+ + +

=
=

∞

B q
D l l D D q

D l l D D q
( )

( 1) ( )
[ ( 1) ( ) ]

0
l

l
0

r t
2

r t
2 2

(5)

Using an effective sphere with hydrodynamic radius Rh, the
translational and rotational self-diffusion are given by Dt = f(φ̃)
kBT/(6πηRh) and Dr = g(φ̃)kBT/(8πηRh

3), respectively. The
dependencies on the concentration, f(φ̃) and g(φ̃), are the
known functions for the translational51 and rotational33 self-
diffusion of colloidal hard spheres. The effective cluster volume
fraction reads φ π̃ = n Rcluster

4
3 h

3, where we used qc from the

Two-Yukawa fits to calculate ncluster from eq 1. To calculate
Bl(q) analytically, we model the radial distribution function by
ρH(r) = ρ0·4π·r

2·Θ(Rh − r), where ρ0 = 0.0415 Å−3 is obtained
from the actual hydrogen density distribution in the BLG
monomer (Figure S4). We obtain (with x = qRh)

ρ π= + − + −B q l x j x j x j x( ) (2 1) 2 [ ( ) ( ) ( )]l l l l0
3 2

1 1 (6)

We solve eq 5 with an upper summation limit of lmax = 230
numerically using the above assumptions, yielding Rh as the sole
fit parameter for each protein concentration.
The hydrodynamic radius Rh of dimers has been obtained

from the dilute limit of the translational diffusion and calculated
using HYDROPRO,36 which is in good agreement with
experiments for BLG.39
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