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ABSTRACT b-casein undergoes a reversible endothermic self-association, forming protein micelles of limited size. In its functional state, a single b-casein monomer is unfolded, which creates a high structural flexibility, which is supposed to play a major
role in preventing the precipitation of calcium phosphate particles. We characterize the structural flexibility in terms of nanosecond molecular motions, depending on the temperature by quasielastic neutron scattering. Our major questions are: Does
the self-association reduce the chain flexibility? How does the dynamic spectrum of disordered caseins differ from a compactly
globular protein? How does the dynamic spectrum of b-casein in solution differ from that of a protein in hydrated powder states?
We report on two relaxation processes on a nanosecond and a sub-nanosecond timescale for b-casein in solution. Both processes are analyzed by Brownian oscillator model, by which the spring constant can be defined in the isotropic parabolic potential. The slower process, which is analyzed by neutron spin echo, seems a characteristic feature of the unfolded structure. It
requires bulk solvent and is not seen in hydrated protein powders. The faster process, which is analyzed by neutron backscattering, has a smaller amplitude and requires hydration water, which is also observed with folded proteins in the hydrated state.
The self-association had no significant influence on internal relaxation, and thus, a b-casein protein monomer flexibility is preserved in the micelle. We derive spring constants of the faster and slower motions of b-caseins in solution and compared them
with those of some proteins in various states (folded or hydrated powder).

SIGNIFICANCE We characterize the structural dynamics of b-casein micelles in solution employing multiple methods,
mainly quasielastic neutron scattering. Two relaxation processes are found on a nanosecond and a sub-nanosecond
timescale in the b-casein micelles in solution. Interestingly, the self-association of b-casein (micellization) does not affect
the internal structural dynamics. This is in contrast to folding/unfolding of a protein, in which the change of the atomic
packing affects the internal structural dynamics. This study provides new insights about the effects of the structural and
association states of proteins on their internal motions.

INTRODUCTION
That the specific and well-defined structure of proteins
determine their biological function is one dogma of molecular biology. Less well established is the functional role of
fluctuations about the average structure. A. Warshel, co-Nobel prize winner in 2013 for his computer simulations of
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protein function, argues ‘‘that flexibility interferes negatively with rate acceleration. Catalysis requires stereochemically rigid structures’’ (1). This conclusion certainly
applies to the substrate-product transformation at the active
site. However, ligand entry and exit require an opening of
the well-shielded active site. Regulatory adjustments and
protein folding need some degree of flexibility. Once a protein folds into a unique structure, the structural flexibility is
relatively restricted because of the rational intrastructure
interaction apart from the thermal fluctuations around the
local minima in the free energy potential (2–4). In contrast,
a natively disordered protein takes flexible and relatively
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extended conformations and plays an important role in the
cell. Caseins are among the first proteins to be recognized
as this class of protein and control the calcium phosphate
sequestration (5).
Computer simulations of protein structures cover a picoto nanosecond timescale. This overlaps with the range
accessible to inelastic neutron scattering. In the late
1980s, MD simulations of small proteins were performed
with little or no solvent (6–8). Experimentally, this situation
was approximated by neutron scattering experiments performed with hydrated or dry protein powders. The major
contribution of the experimental side, however, was the
extension to subzero temperatures (9). Only at low temperatures and in the absence of bulk solvent, one can study the
low frequency vibrations and density of the states of proteins (10). The preparation of hydrated powder samples
was defined by infrared and calorimetric studies of the
low temperature properties of protein hydration water
(11). It could be shown that these samples are thermally stable below 0.4 g/g degree of hydration. At this hydration, molecular motions and often protein function is active in
contrast to completely dehydrated samples. Hydrated samples are very useful for neutron scattering analysis; the
low amount of solvent in powders not only reduces the background in the scattering data but also suppresses translational and rotational diffusion of a whole protein, which
reduces the resolution of protein internal dynamics in solutions. Neutron scattering emphasizes the hydrogens, which
constitute nearly half of the atoms in proteins. A particularly
useful property of the proton is its large incoherent cross
section, about 10 times larger than those of other atoms.
As a result, 85% of the scattering amplitude of proteins is
incoherent and reflects the hydrogen atoms (12). In contrast
to simple synthetic polymers, a protein is a heterogenous
single polypeptide chain consisting of 20 different amino
acids. The dynamical information can be obtained as an
averaged one. The contribution of the D2O solvent at low
hydration (<0.4 g/g) remains below 10% at wave vectors
above q  0.5 Å1. Protein solutions by contrast are dominated by the coherent scattering of the D2O solvent. High
protein concentrations (100 mg/mL) are often used for
measurements to be able to differentiate with sufficient
signal/noise ratio the incoherent protein from coherent
solvent scattering (13). High protein concentrations often
induce irreversible aggregation reactions if the molecules
cannot be properly protected. In our measurements, we
collected high quality spectra of b-casein at a concentration
of around 80 mg/mL. It is noted that phosphorylation of caseins is an important posttranslational modification occurring after the synthesis of the polypeptide chain in the
Golgi apparatus of the mammary epithelial cell under the
action of protein kinases (14). b-casein is a highly amphiphilic calcium-sensitive phosphoprotein, displaying a pronounced self-association behavior. This milk protein is
characterized by a highly polar, negatively charged N-termi-

nal domain containing its five phosphoseryl groups and a
highly nonpolar C-terminal domain. All the amino acid residues that are phosphorylated are located at the N-terminal.
b-casein associates naturally with an increasing concentration and temperature (micellization), forming micelles
of limited size in a fully reversible endothermic process
(15–22). The critical micelle concentration for b-casein is
below 1.5 mg/mL (23).
The possibility to study b-casein under reversible conditions in solution was an essential motivation to perform
the neutron scattering investigation of the high concentrated
protein solution. We have studied a-, b-, and k-casein before
in various states, dry, dehydrated, and in solution, together
with other folded proteins by neutron time of flight spectroscopy (TOF) (13). The main question was as follows: How
does protein structure affect their molecular motions, and
how do they depend on the solvent? In previous low-temperature work with hydrated myoglobin, combining elastic and
inelastic neutron TOF and neutron backscattering spectroscopy (NBS) (9), two processes could be identified: 1)
non-Gaussian rotational transitions of side chains on a picosecond timescale, later assigned to methyl rotation (24), and
2) a Gaussian process, t  100 ps, which could be assigned
to water-dependent local residue diffusion (25). Recently, it
could be shown that these two components account quantitatively for broadband and wide temperature range neutron
scattering spectra of hydrated myoglobin (26,27). TOF
spectroscopy in solution with various proteins could resolve
only methyl rotation and global diffusion (13). The dynamic
amplitude, but not the rate, varies with the protein structure.
The disordered caseins exhibit larger dynamic amplitudes of
rotational transitions than the compactly folded proteins.
Moreover, anomalous global diffusion was significantly
observed for a-, b-, and k-casein; the diffusion rate G q2
extrapolates to a finite value at q ¼ 0. This is an indication
of an internal relaxation process for caseins, which is not
clearly seen with folded proteins. The observation of this
process with improved instrumental resolution motivated
our neutron spin echo (NSE) and NBS experiments with
b-casein in solution in this study. Another motivation was
to examine if b-casein in solution and in powder state provide different quasielastic neutron scattering spectra in comparison of the literature by Perticaroli et al. (28) and
Dhinsda et al. (29). We ask the question whether similar dynamic processes are observed or whether the bulk solvent
induces additional molecular motions. The biological and
industrial background of natively disordered b-casein has
been excellently presented in the literatures (28,29) and is
not discussed here again. Instead, we focus on neutron scattering experiments performed with other natively disordered
proteins: the human t-protein and its coupling to hydration
water (30) and disordered myelin basic protein (MBP) studied in solution by NSE (31). Proteins with mostly disordered
structures in their functional state are violating the basic
dogma of molecular biology. In these cases, it is probably
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the molecular flexibility and less the stereo-chemical rigidity that determines the biological function. The self-association of b-casein further allows us to study the interesting
question of whether constraints within the micelle affect
the molecular dynamics. The effect of association should
be interesting to compare with folding/unfolding. A
comprehensive review of ‘‘protein dynamics in solution’’
is presented by Grimaldo et al. (32).



3 2
PðqÞ ¼ 3ðsinðqRÞ  ðqRÞcosðqRÞÞ ðqRÞ ;

(1)

where p
R ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
is the
ﬃ radius of the sphere. The radius of gyration is obtained by
Rg ¼ 3=5R. The expression for the RMSA structure factor was adopted
from the literature (34,35). Data treatment and analysis were performed using the QtiKWS program (36). The SANS profiles are shown in Fig. S3.

NSE spectroscopy
MATERIALS AND METHODS
All neutron scattering experiments were performed using the J€
ulich Centre
for Neutron Science (JCNS) instruments at the Maier-Leibnitz Zentrum
(MLZ) in Garching, Germany. The curation of and access to raw data
from large-scale research facilities is regulated by the facilities. For the
instruments used in this work, MLZ ensures long-term preservation of all
raw data. Our raw data are available upon request. The normalized and
subtracted data of NSE and NBS are submitted as Supporting materials
and methods.

The principles of NSE spectroscopy are decribed by Bee (37). NSE experiments were conducted using the J-NSE spectrometer at the MLZ in Garching, Germany (38) at four different neutron wavelengths (0.8, 1.0, 1.2, and
1.7 nm). The measurements were carried out at five different temperatures
(5, 20, 40, 60, and 75 C) in the q-range of 0.4–1.9 nm1. The protein concentration was 84.3 mg/mL. A fresh sample solution was prepared for each
temperature to avoid protein degradation because the counting time of the
NSE spectrometer was relatively long (from several hours to an entire day).

NBS
Sample preparation
Bovine b-casein (C6905) was purchased from Sigma-Aldrich (St. Louis,
MO). The number of amino acids is 209, and the molecular mass is
24 kDa. Its concentration was calculated based on the absorbance at
280 nm assuming an extinction of 4.6 (1%). The following sample conditions were used for all experiments: 0.1 M deuterated phosphate buffer
(D2O) pD ¼ 6.9 with 1 mM EDTA and 0.1 M NaCl. The sample solutions
were filtered using a 0.2-mm pore size just before the subsequent scattering
measurements.

Dynamic light scattering
Dynamic light scattering (DLS) measurements were performed with the
samples at a concentration of 82.6 mg/mL by employing an ALV 7004 digital correlator (ALV, Langen, Germany) at a laser wavelength of 514.5 nm.
The scattering angles, q, are 30, 90, and 150 , which correspond to the
q-values of 0.0084, 0.023, and 0.031 nm1, respectively. The z-average
diffusion coefficients and polydispersity indexes (PdI) were obtained
from the cumulant expansion analysis. The detailed analytical descriptions
in the analysis are shown in the section of S1. Polydispersity and Cumulant
Analysis in DLS in Supporting materials and methods. The reversibility of
the micelle association was tested by turbidity experiment in up and down
temperature cycles, as shown in the section of S2. Thermal association and
turbidity measurements in Supporting materials and methods.

Principles of NBS are explained by Bee (37). NBS measurements were performed at the instrument SPHERES at the MLZ in Garching, Germany
(39). This instrument has an energy resolution (full-width at half maximum)
of 0.67 meV. Scattering wave vectors, q, range from 2.2 to 19 nm1, and the
energy window is 530 meV. Spectra at five different temperatures (5, 20,
40, 60, and 75 C) were collected for 8–10 h. The protein concentration
was 81.7 mg/mL. The spectra of an empty cell and buffer at each temperature were subtracted from the solution spectrum, considering the volume
fraction of a protein in solution. The buffer subtraction was performed
by estimating the volume fraction from the typical specific volume,
0.74 mL/g (40). The detail is described in S4 of Supporting materials and
methods. It is noted that in a recent publication, the buffer background subtraction was considered by including the water dynamics spectra for hydration water (41). This specific water background consideration procedure,
although interesting, would deserve a particular examination for the applicability of this procedure to the natively unfolded protein of b-casein. It is,
however, out of the here presented topic. As is will be shown later in this
study, the coincidence of diffusion coefficients with the NSE supports the
validity of the conventional subtraction method. A vanadium standard
was used for normalization of the detectors and to define their spectral resolution functions. The spectral analysis was performed using the programs
FRIDA (42), MathCAD14, and Origin61.

RESULTS
Spin echo spectroscopy (NSE): effect of
temperature and wave-vector q

Small-angle neutron scattering
Small-angle neutron scattering (SANS) measurements were performed
using the KWS-1 instrument at the MLZ in Garching, Germany (33) at a
neutron wavelength of l ¼ 7.0 Å and three different detector distances
(4, 8, and 20 m). The accessible momentum transfers of q ¼ 4p/l sin(q/
2), where q is the scattering angle and l is the wavelength, ranged from
0.022 to 1.0 nm1. Protein sample concentrations were 82.6 mg/mL, corresponding to volume fractions of 6.0%, respectively. The measurements
were conducted at five different temperatures (10, 20, 40, 60, and 75 C).
A rescaled mean spherical approximation (RMSA) was applied to
analyze the b-casein solution structure at elevated concentrations of
82.6 mg/mL. The intensity is described as I(q) ¼ P(q)  S(q), where the
sphere form factor is expressed by
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Fig. 1 displays the normalized intermediate scattering function, Ic(q,t), of a b-casein micelle solution at various q-values
at 5 C and 84.3 mg/mL. At this temperature, the fraction of
b-casein monomers still plays a significant role (18). The
measurements cover a time window of up to 40 ns and a
q-range of 0.4–1.9 nm1, corresponding to a spatial scale
of 3–16 nm. Ic(q, t) exhibits a strong q-dependence with the
correlation times decreasing with increasing q. The time
decay follows a simple exponential law at lower q-range, exhibiting a strongly q-dependent correlation time according to
tD ¼ (q2$D)1, which is a characteristic feature of the
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FIGURE 2 NSE diffusion coefficient of b-casein in solution, D(q,T)
from fitting the NSE data illustrated by Fig. 1 to Eq. 2. The parameters
of the internal process are displayed in Figs. 5 and 6. Error bars for all
data are similar.
FIGURE 1 Normalized, coherent NSE intermediate scattering function,
Ic(q,t), of a b-casein micelle solution at 84.3 mg/mL and 5 C above the critical micelle concentration (CMC). The data are corrected for background
and instrumental resolution. Full lines reflect two-component fits,
comprising global diffusion and internal relaxation depending on q. The
dashed lines show the contribution of global diffusion ignoring internal
relaxation.

Micelle association and hydrodynamic radius
The diffusion coefficient does not properly reflect the state of
association because the respective slowing down is compensated by the decreasing viscosity with increasing temperature.
The Stokes radius corrects for the viscosity effect according to
RH ¼ kB T=6phD;

translational global diffusion with coefficient D. At higher
q-range, the attempt to adjust the data to a single exponential
component of micelle diffusion was not entirely successful.
The systematic deviations from the monoexponential decay
at a short time (below 15 ns) emerges at q-values above
0.7 nm1, corresponding to a spatial scale of around 10 nm
(approximately the size of the micelle (16,18)). This feature
should thus indicate the presence of structural motions inside
the micelles on a few nanoseconds timescale (43). Based on
the above results, the intermediate scattering function, Ic(q,t),
can be modeled assuming a combination of global diffusion
of whole micelles and structural motions. Accordingly, we
can introduce a two-component model of the intermediate
scattering function for NSE, as follows:


(2)
Ic ðq; tÞ ¼ I1 ðq; tÞexp q2 Dt ;
I1 ðq; tÞ ¼ 1  A1 ðqÞ þ A1 ðqÞexpðt = t 1 Þ;

(4)

where h denotes the viscosity of the solvent. Fig. 3 shows the
resulting hydrodynamic radius versus the temperature, reflecting the growth of micelle size. The figure combines

(3)

where I1(q,t) represents the intermediate scattering function
of the structural motions, A1(q) is the amplitude of a second
component of structural motions, and t1 is the correlation
time. Fig. 2 shows the diffusion coefficient D at various
temperatures and q-values. The diffusion speeds up with
increasing temperature, but no significant q-dependence of
D could be detected.

FIGURE 3 Radius of gyration Rg derived from SANS (closed circles),
hydrodynamic radius RH derived from DLS (triangles) and NSE (squares),
and PdI derived from DLS (open circles).
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results derived with SANS, NSE, and DLS from identical
samples and conditions. In contrast to the random aggregation
of globular proteins, b-caseins form reversible micelles of
limited size (19). A limit of 11–12 nm in micelle size is
reached at above 40 C. In the preassociation regime below
10 C, a consistent radius near 9 nm within error is deduced
from the three above-mentioned methods. This coincidence
is remarkable because different averages of the diffusion coefficients are involved: DLS, z-average; NSE, weight
average; and SANS, mass average. Because the solution is
transparent at 5 C, one could conclude that the respective
size distribution has to be quite narrow. However, the DLS cumulant analysis yields a PdI, which is large at low temperatures and decreases to a plateau at high temperatures. The
b-casein monomers have a reported Stokes radius of 3.7 nm
and an extrapolated radius of gyration of 4.6 nm from gel
permeation measurements and small-angle x-ray scattering
measurements, respectively (44), confirming that in our system at 5 C, the molecules with RH of 9 nm are strongly associated. For monodisperse solutions, the ratio Rg/RH can serve
as an index of structural compactness (45); for a rigid uniform
sphere, the predicted ratio is 0.77, whereas for a flexible
random coil in a good solvent, one expects 1.5. Accordingly,
for b-casein, the observed ratio at low temperature is 0.95,
suggesting that the predominantly monomeric chains adopt
a somewhat extended conformation. At 75 C, the compactness index is still close to 0.95, whereas the heterogeneity
index is diminished. It is noted that with the much larger
b-casein micelles, the rates due to rotational diffusion are
much slower than the translation widths and can be neglected
in NSE and NBS, although in the case of small globular protein, the rotational diffusion needs to be taken into account.
The detailed discussion is described in S5 in Supporting materials and methods.

FIGURE 4 Intermediate scattering function I1(q,t) of the NSE structural
relaxation process corrected for global diffusion at 5 (triangles and circles)
and 75 C (squares) at two q- values 1.6 and 1.9 nm1. Exponential fits were
performed with Eq. 7. The parameters are given in Figs. 5 and 6. The dashed
lines represent the BO fitting curves.

in Fig. 5. In this case, q-independent relaxation time of t1
assumes that the structural motions are local process. The
opposite case of keeping A1(q) fixed and varying t1 does

Analysis of the NSE internal process: dynamic
amplitude and relaxation time
We now focus on the initial short time component of I1(q,t)
of NSE correlation function presented in Fig. 1. After
correction for global diffusion, we analyze the initial phase
up to 15 ns in Fig. 1, according to Eqs. 2 and 3. Fig. 4
shows the I1(q,t), corrected for global diffusion, at two temperatures of 5 and 75 C and at q ¼ 1.6 and 1.9 nm1. The
decay of I1(q,t) is faster at higher temperature, indicating
that the correlation time, t1, decreases with increasing temperature. In contrast, the limiting plateau value at long time
varies only slightly with temperature, suggesting a larger
mobile fraction at higher temperature. Compared with
different I1(q,t) at different q, a lower plateau value at higher
q was observed, indicating a larger mobile fraction. For
more quantitative analysis, we fitted the initial short time
component of I1(q,t) using Eq. 3, which is described by
two parameters, A1(q) and t1. When keeping t1 fixed
(q-global fits), q-dependent A1(q) was obtained, as shown
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FIGURE 5 Quasielastic structure factors of NSE and NBS processes:
A1(q), at three different temperatures based on fits NSE and NBS data by
Eq. 3 and Eq. 5, respectively. Dashed lines represent fit assuming a
Gaussian distribution of mean-square displacements, d12(NSE) ¼
0.1(50.02) nm2 and d22 (NBS, 5 C) ¼ 0.01 (50.005) nm2. Circles and
squares represent the NSE and NBS data, respectively. Light blue triangles
represent disordered MBP (31). To see this figure in color, go online.
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not account for the experimental data. A combined q-variation of both A1(q) and t1 cannot be completely excluded, but
this case leads to uncertainties by parameter correlations
when automatic fitting procedures are applied. Fig. 4 also
shows the effect of temperature on I1(q,t) at fixed q; the
relaxation time t1 decreases strongly when the temperature
increases, whereas A1(q) is only slightly enhanced. Fig. 5
shows the quasielastic amplitude A1(q) of the NSE internal
process versus q and temperature.
Fig. 6 shows an Arrhenius plot of the respective structural
relaxation time t1 and the fit to the Arrhenius law: t1 ¼
t0exp(H1/RT). Protein internal dynamics should be characterized by activation energy, and in general, the relaxation time of
a protein structure is dependent on temperature and viscosity
(25). Accordingly, an Arrhenius plot should be reasonably
defined. The resulting pre-exponential t0 ¼ 0.3 ps is in the
microscopic range. The activation enthalpy of 22 kJ/mol is
quite large, comparable to values observed with structural
relaxation in aqueous solvents; dividing the relaxation time
by the solvent viscosity removes most of the temperature
dependence. The apparent activation enthalpy is reduced to
less than 4 kJ/mol. This result indicates that the NSE structural
relaxation process involves density fluctuations of the solvent.
NBS: effect of temperature and wave-vector
q-dependence
Fig. 7 A shows the NBS spectrum of the b-casein solution at
5 C and two different q-values. The spectrum shown was

FIGURE 6 Arrhenius plots. Circles represent NSE internal relaxation
time t1(T), dashed line represents fit to Arrhenius law, pre-exponential represents t0 ¼ 0.3 (50.03) ps, and activation enthalpy represents H1 ¼ 21.8
(50.5) kJ/mol. Squares represent relaxation time divided by the solvent
viscosity, t1/h. The full line is the Arrhenius fit, and the activation enthalpy
is now reduced to 4 (51.5) kJ/mol. Triangles represent NBS internal relaxation time t2(T), according to Eq. 8.

obtained after the contributions of the sample cell and the
D2O buffer, properly adjusted for the missing protein volume, were subtracted. The strong q-dependence of the line
width illustrates the dominant role of global diffusion.
Global diffusion is the terminating slow process in the
time domain. Therefore, diffusion broadening determines
the effective resolution in the frequency domain with respect
to slow internal processes. Apart from the narrow diffusion
spectrum, a broader component indicates a second internal
relaxation process, the ‘‘NBS structural relaxation process.’’
Note that the spectra of the second component overlap on a
logarithmic scale despite quite different q-values of 7.8 and
14.1 nm1. For translational diffusion, the respective linewidth would change by almost a factor of 3.22, considering
q2. Because no such variation occurs in the broader
component, we assign this component to a second local
relaxation, which is different from NSE local relaxation.
For proteins in solutions, both localized internal motion
and long-range global diffusion were considered to analyze
the NBS data (13). The theoretical NBS spectrum Sinc(q, E),
which in this q-range is mainly incoherent (13), is as
follows:


1 q2 D
Sinc ðq; EÞ ¼ FðqÞ$Sres ðq; EÞ5
p E2 þ q2 D
"
#
X Ai ðqÞ
ti
5 ð1  A1 ðqÞÞdðEÞ þ
þ Bðq; EÞ ;
p 1 þ E2 t 2i
i ¼ 1 or 2
(5)
where 5 represents the convolution operation in energy
space, Sres(q,E) is the resolution function (vanadium data),
and B(q) is the background due to vibrational motions.
F(q) is a scaling factor that includes the Debye-Waller factor. D denotes the casein micelle diffusion coefficient introduced in connection with the NSE experiments, except that
the q-range is much larger, between 2 and 14 nm1. In Eq. 5,
the two- and three-components fitting function include single and double Lorentzian, respectively. Because the NBS
samples were identically prepared as for the NSE samples,
we assume a common diffusion coefficient as a first step
to constrain the fitting procedure. To test the stability of
this assumption, in a second step, the D(q) parameter is allowed to float. In all cases, the required adjustments were
within the error of the analysis. Therefore, we could not
detect a significant variation of D(q) by the two neutron
scattering techniques. It should be emphasized that the employed protein concentration of 81.7 mg/mL is rather moderate for the NBS technique. Thus, the quality of the NBS
analysis profits from the additional requirement of consistency with the results derived before with NSE. For demonstration, we focus on two low-noise detectors at q ¼ 8 and
14 nm1, in which the data could be evaluated on a logarithmic scale. Fig. 7 B shows that the diffusion broadening
at 5 C and 7.8 nm1 is only slightly above the width of
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FIGURE 7 Backscattering spectrum of b-casein
in solution at 81.7 mg/mL. (A) Shown is the backscattering spectrum (a.u.) on a logarithmic scale
log[S(q, DE ¼ -u)]at q ¼ 7.8 (blue) and 14.1
(red) nm1 and 5 C. Pink dashed line represents
two-component fit (diffusion and internal relaxation) at q ¼ 7.8 nm1; black line represents twocomponent fit at q ¼ 14.1 nm1; broad dashed and
dotted lines represent NBS internal relaxation at
7.8 and 14.1 nm1, respectively; and dotted black
line represents instrumental resolution. Error bars
are comparable to those in Fig. 7 B. (B) Backscattering spectra of a b-casein solution (a.u.) at q ¼
7.8 nm1 and 5 C (blue triangles) and at 75 C
(red dots). Dotted black line represents resolution
function, pink dashed line represents diffusion
broadening at 75 C, pink line represents diffusion
broadening and NSE internal relaxation at 75 C, and green line represents NBS internal relaxation at 5 C. The asymmetric spectra in (A) were corrected
during the analysis process. Error bars are shown at 75 C, and those of 5 C are comparable to those at 5 C. To see this figure in color, go online.

A

B

the instrumental resolution. To fix D(7.8 nm1, 5 C) ¼
1.2  107 cm2/s requires a consistency check with the
NSE experiment at the same temperature at lower q in
Fig. 1. Apart from the narrow line due to global diffusion,
a broader less q-dependent spectrum (Fig. 7 A) emerges at
both q-values. The fit to Eq. 5 yields a quasielastic fraction
A2(q) of 0.6 (50.02) at q ¼ 10.1 nm1, about twice the
value observed for the NSE process at the maximal q ¼
1.9 nm1 in Fig. 5. The quasielastic amplitude is reduced
at the lower q-value of 7.8 nm1. This is shown in Fig. 5,
together with a fit assuming a Gaussian displacement distribution, in which fitting function is the same as Eq. 5. The
resulting d22 0.01 nm2 is about 10 times smaller than
d12. The NBS relaxation thus involves much smaller displacements than the NSE process. An internal correlation
time t2 100 ps is derived as shown in Fig. 6. This is to
be compared with t1 z 600 ps for the NSE process at
5 C. Fig. 7 B displays two spectra at fixed q but very
different temperatures, 5 and 75 C, on a log scale. Twoand three-component fits were performed. The NBS internal
process (green line, Fig. 7 B) varies marginally between the
two temperatures. At 75 C, it was possible, applying a
three-component fit, to demonstrate that the additional
broadening of the NBS diffusion line by the slow NSE relaxation process. This demonstrates the consistency of the dynamic models.
DISCUSSION
Subdiffusion of protein domains: the Brownian
oscillator model
According to Fig. 6, the NSE internal relaxation time, t1,
varies with the temperature proportional to the solvent viscosity. In general, such a simple relation was established
for the visco-elastic relaxation of liquids by Maxwell in
1867 (46):
t ¼ h=GN ;

(6)
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where h denotes the long timescale relaxed Newtonian viscosity, and GN is the short timescale unrelaxed elastic shear
modulus. Equation 6 applies not only to liquids but accounts
also for the rates of ligand entry and exit reactions of a
compact protein (47,48). The viscosity was adjusted using
various glass-forming solvent mixtures, like 75% glycerol/
water. At viscosities near 100 cP, the respective modulus
yields GN  1011 cPs1 (0.1 GPa) at a Maxwell relaxation
time of t z 1 ns. If stress is applied on a shorter time scale,
the response is elastic, as the liquid behaves as a glass. In
low-temperature studies of microscopic protein dynamics,
the a-relaxation of hydration water plays an important
role (9,11). The NSE process of b-casein in aqueous solution, at solvent viscosities of 1 cP and t1 z 1 ns, yields
GN  109 cP/s (0.001 GPa), about a factor of 100 less
than for viscous solvents. GN is closely related to the
Young’s modulus E by 1/3 E < GN < 1/2 E. For dry bcasein powder, a Young’s modulus of 7 GPa was determined
and 9.7 GPa for the compact b-barrel protein GFP (28). The
characteristic density relaxation rate will thus depend on the
scale, increasing with q according to GD(q) ¼ Dq2. Above
q ¼ qmax 1/d, on the scale of the intermolecular distance
(d), the diffusion rate levels off at the a-relaxation rate
GD(q > 2p/d)  t1. The liquid structural relaxation becomes q-independent and thus localized at high q. With protein structural relaxation, one expects localized dynamics
and thus q-independent correlation times at all q. The
most popular model among neutron scatterers, analyzing
protein residue motions, is the ‘‘diffusion inside a sphere’’
model (49). This model predicts an effective line width,
which increases with q above qS with qS ¼ 2p/rS, rS being
the radius of the sphere. Although the crossover at qS was
never really observed, q-dependent effective rates were
often explained by free diffusion with rigid boundaries.
From the elastic incoherent structure factor of a-amylase,
the radius of the spheres, rS ¼ 1.2 Å (native) and 1.8 Å
(unfolded), was obtained, which leaves little space to free
diffusion (50). In his more recent work, Volino (49) votes
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for a continuous phenomenological ‘‘Gaussian model’’ with
soft boundaries. He introduces a joint Gaussian probability
distribution of a particle, assuming different positions at
two different times. Because the positions are not independent, the distribution is ‘‘joint’’ by a two-time correlation coefficient. This joint probability distribution has been derived
before as the solution of the Smoluchovski equation of a
harmonically bound particle (51). It is known as the Ornstein-Uhlenbeck process in the overdamped case. The parabolic potential of a harmonic oscillator and its Gaussian
displacement distribution seems a plausible approximation
to continuous residue motions. The latter was analyzed
recently by the Brownian oscillator (BO) model (52). The
BO model is also discussed in Grimaldo et al. (32). The
BO leads to a remarkably compact time domain intermediate scattering function, which can be easily applied to
evaluate experimental data. The powder averaged threedimensional BO correlation function reads (52,53):

(7)
IBO ðq; tÞ ¼ exp  q2 d2 ½1  expðt = t BO Þ ;
d2 ¼ <ux2> denotes the x-component of variance of the
isotropic three-dimensional displacement.


(8)
d2 ¼ kB T mu20 ¼ kB T=K;
where K is spring constant of the isotropic parabolic potential: F ¼ K$ur2 with <ur2>/3 ¼<ux2> ¼ <uy2> ¼ <uz2>.
The BO relaxation time is given by tBO ¼ d2/DL, where DL
denotes the effective local diffusion coefficient. At short
times, t << tBO, the particle performs long-range diffusion,
<tBO>1 ¼ DL$q2. At long times, the BO intermediate
scattering function tends to a constant, the elastic fraction
named EISF(q) ¼ 1–A1(q), and A1(q), denotes the ‘‘quasielastic fraction’’ or the dynamic amplitude:


IBO ðq; t [ t BO Þ ¼ 1  A1 ¼ exp q2 d2
(9)
Equation 7 deviates only slightly from an exponential
function; the fits to the data in Fig. 1 thus yield within experimental error the same parameters as those shown in Figs. 5
and 6. Accordingly, the q-dependence of A1(q) is rather well
explained by a Gaussian distribution of displacements; the
variance is d12 z 0.1 nm2. This is much larger than the
diffusive displacements observed in folded proteins, such
as d2  0.1 Å2 in hydrated myoglobin (27). Because the
relaxation time varies with the solvent viscosity, t1  h,
as for global diffusion, it appears that the NSE process reflects subglobal diffusion of entire protein domains.
Stadler et al. (31) investigated ‘‘intrinsically disordered’’
MBP, applying the same NSE method and covering the
same time and q-range. These authors also observe a fast
component (initial decay) in the intermediate scattering function. Their Fig. 3 A strikingly resembles the b-casein data of
Fig. 1. The b-casein data show a more pronounced fast

component, possibly because the protein concentration was
50% larger. Moreover, the correlation time t1MBP 8.4 ns
overlaps with the results of Fig. 6. Fig. 5 shows that even
the dynamic amplitudes A1(q) in these unfolded proteins
are nearly identical. Thus, one can assume a similar nature
of these processes despite different amino acid sequences.
Stadler et al. (31) apply the Zimm model of random polymer
chains to MBP, which is a coarse-grained description of flexible beads: N beads of fixed length are connected by entropic
springs. It predicts a number of relaxation modes; the slowest
mode is overall rotation (31). It neglects internal friction or
motions that occur at length scales shorter than the beads,
such as hindered dihedral rotations, side-chain interactions,
and hydrogen bonding. This is the range of the NBS internal
processes at the timescale t2. The Zimm model and even
more sophisticated extensions do not explain the NSE data
of MBP. One has to take into account that MBP is not fully
unfolded but retains a compact core and a folded secondary
structure content of 44%. Thus, one expects slower dynamics
than for the ideal random polymer chain. This conclusion is
supported by the index of compactness, the ratio of Rg/Rh,
which is close to 0.91. A Gaussian chain would yield 1.5.
For a compact native protein like myoglobin, one obtains
0.79, close to the limit of a rigid sphere of (3/5)1/2 ¼ 0.775.
Fig. 3 shows that this ratio evolves for b-casein from 1.3 at
low temperatures, mostly monomers, to 0.91 at high temperatures, after the formation of micelles is established.
Protein spring constants in folded and unfolded
states
Bicout and Zaccai (54) proposed in 2001 to determine protein spring constants (K) from the temperature slopes of the
mean-squared displacements with hydrated protein powders. It was even proposed to explain the enhancement of
displacements at ‘‘the dynamical transition’’ by a softening
of the protein spring constants. Above the transition, K 0.3
N/m was obtained for hydrated myoglobin (54). The effective vibrational spring constant of hydrated myoglobin was
10 N/m (9). A high temperature spring constant of hydrated
myoglobin was recently derived by fitting backscattering
data to the BO model in the time domain: d22 ¼ 0.11 Å2
and K ¼ 3.8 N/m (27), much larger than the Zaccai results
(54). Hydrated b-casein with a time constant around 100 ps
yields K ¼ 0.4 N/m (28), whereas for the similar NBS process in solution, a nearly identical spring constant is derived:
K ¼ 0.38 N/m. The slow NSE process (d12 ¼ 0.1 nm2) is
characterized by a spring constant K (1 ns) ¼ 0.04 N/m at
300 K (Eq. 8), 10 times less than K at 100 ps obtained by
NBS. Interestingly, spring constant K at 100 ps is independent of sample conditions, powder, and solution. Stadler et
al. derive the internal dynamics of MBP from the fast initial
phase at 8 ns displacements, which is similar to those of bcasein (31). The resulting spring constant of MBP in solution is K (300 K, 10 ns) ¼ 0.08 N/m. This result was
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interpreted as the coupling of different protein domains. The
spring constant is about a factor of two larger than K of bcasein at the same conditions. The spring constants as determined from the diffusion method for Taq polymerase and
ADH are 10 times smaller and overlap with the range
measured with atomic force microscopy (AFM)
(43,55,56). The AFM method, however, probes the protein
elasticity on a much longer timescale (ms) than neutron
scattering (ns) (55). The small spring constants derived
with neutron scattering are thus surprising. The method by
Bicout and Zaccai (54) involves the crossover region of
relaxation time and instrumental resolution time, which
may explain some differences. Most striking are the nearly
identical force constants determined for the NBS relaxation
of b-casein, hydrated and in solution, suggesting that the
relevant structural process should be decoupled from the
bulk solvent. Moreover, nearly identical values were
observed for the NSE process of two unfolded proteins in
solution: b-casein and MBP. These spring constants discussed above are summarized in Table 1.
Comparison of internal rate coefficients of
hydrated folded proteins and b-casein in solution
In a comprehensive study, Gaspar et al. (13) compare the dynamics of three globular proteins and three unfolded caseins in
different states, dry, hydrated, and in solution, using neutron
TOF. Two distinct spectral components were identified; the
broad component displayed a q-independent line width, corresponding to a 5-ps timescale, which was assigned to methyl
rotational transitions. The linewidth of the second narrow
component varied with q2 and was thus assigned to translational diffusion. Fig. 8 shows the methyl transition rates in
myoglobin (hydrated and in solution) and for b-casein in solution. Also, the rates of the alanine-dipeptide methyl side chain
are displayed (25). This shows that the torsional rate coefficients are rather independent of structure, degree of hydration,
TABLE 1 Spring constants K determined with different
instruments and methods
Protein
myoglobin
myoglobin
myoglobin
MBP (F)
Tau (UF)
b-casein
b-casein
b-casein
Myelin (UF)
ADH (F)
Taq (F)
P-sel (F)

State
hydrated
hydrated
hydrated
hydrated
hydrated
hydrated
solution
solution
solution
solution
solution
solution

Process

d2/Å2

t/ps

K [N/m]

vibration 0.04
1
10
NBS/BZ 0.04
100
0.3
NBS/BO 0.11
100
3.8
NBS/BZ
1
100
0.185
NBS/BZ
1
100
0.096
NBS/BO
1
100
0.4
NBS/BO
1
100
0.4
NSE/BO 10
1000
0.04
NSE/BO
5
8000
0.085
NSE/Diff 70 75,000 5.5  103
NSE/Diff 50 50,000 8  103
AFM
81
ms
4  103

Reference
(9)
(54)
(27)
(30)
(30)
(28)
present
present
(31)
(43)
(56)
(55)

BO, displacements d and respective resolution time, t; BZ, Bicout/Zaccai
(54); F, folded; NSE/Diff, determined with the diffusion/structure method
(43,56); UF, unfolded.

FIGURE 8 Arrhenius plot of protein internal relaxation rates. Red circles
and diamonds represent b-casein solution, green triangles and circles represent hydrated myoglobin, blue circles represent hydration water of perdeuterated phycocyanin (24), red triangle represents methyl torsional rate of
b-casein, open triangles represent methyl torsional transition rates
myoglobin, and squares represent alanine dipeptide (24). To see this figure
in color, go online.

or wave-vector q. With dehydrated and vitrified proteins,
methyl rotations are the only molecular process observed
with neutron scattering (24). With D2O-hydrated myoglobin
(9), a second dynamic component, displaying a Gaussian
displacement distribution, was identified with NBS. In
Fig. 8, the respective rate coefficients are displayed for hydrated myoglobin as green dots. This process overlaps with the arelaxation of protein hydration water with H2O-hydrated sample (blue dots), which gives rise to a ‘‘protein dynamical transition.’’ It was thus assigned to water-coupled local residue
diffusion. The respective squared displacement d22 z 1
Å2 (0.01 nm2) is, however, significantly larger than the analogous values found with compact proteins (0.11 Å2). The
respective squared displacement d22 z 1 Å2 (0.01 nm2) is
significantly larger than the analogous values found with
compact proteins (0.11 Å2). The temperature dependence of
local residue diffusion for both cases is much weaker than
for the viscosity. This process is thus decoupled from the
bulk solvent, as is also observed in the spring constant analysis
(see former section), but depends crucially on the degree of hydration water. The NBS relaxation process of b-casein is
Gaussian, which is well represented by a BO model (Fig. 5).
It was found that the q-dependent diffusion rate does not
extrapolate to zero at q ¼ 0 (13), as follows:
GTOF ¼ q2 D þ Gint

(10)

2
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The offset, Gint, suggests the q-independent internal process with sub-nanosecond timescale. Although quantitative

Nanosecond dynamics in b-casein micelle

analysis of the internal process was not possible because of
the limited energy resolution of TOF, this offset was not
clearly observed in the folded protein, and thus, the presence of casein-specific dynamics was predicted to be
observed by neutron spectrometers with a higher energy
resolution, NSE, and NBS. Although the TOF resolution
of 30 meV is not sufficient to detect the NBS fast local process on 100 ps directly, this process would give rise to a
line width of 5 meV in NBS spectra, which is consistent
with the offset in the TOF. In the pioneer study, Perez
et al. (57) compared the TOF spectra of myoglobin and
lysozyme in their dry and hydrated state with a 60 mg/
mL protein solution. After correcting for the solvent and
translational and rotational diffusion of the protein, they
could characterize an internal process on 5–8 ps depending
on the sample preparation, solution, or hydrated powder.
According to the quasielastic structure factors, solvated
proteins in solution were more flexible than hydrated or dehydrated systems, and lysozyme was more flexible than
myoglobin. It was probably the first assignment of this
torsional motion to methyl rotation (9). Gaspar et al. (13)
compared the same globular proteins. Therefore, it should
be reasonable to consider that they have both the same origins. The TOF spectra also show an additional broad
component of the relaxation faster than the slow (NSE)
and the fast (NBS) internal motions, regardless of the
conformational states (13). The third process is referred
to as ‘‘ultrafast’’ internal motion. The respective line width
of 150 meV corresponds to a relaxation time of 4.4 (50.2)
ps. This process is too fast to be detected by NSE and NBS.
A process occurring on a similar timescale was assigned to
torsional transitions of mainly methyl groups in several
globular proteins (27), which was characterized by nonGaussian process (27). A similar NBS relaxation process
was reported for the molten globule states of myoglobin
(200 ps), ADH (160 ps), hemoglobin in blood cells (120
ps), and bacteriorhodopsin (120 ps) (58).
In principle, the self- and pair correlation functions for the
same system are distinct. This was demonstrated in the case
of the disordered polymer chain dynamics with the Zimm
and Rouse models (59). Then, in the case of a protein, it
is reasonable to think that the respective time dependence
of the residue displacements is different as well. However,
they share a common feature: the average relaxation times
of the respective correlation functions are similar. In this
case, this indicates that NSE and NBS record the same structural relaxation process with coherent and incoherent scattering, most likely exhibiting similar average relaxation
times despite differing scattering functions. As for a diffusion coefficient, the same diffusion coefficients within
error are obtained with both methods of NSE and NBS,
which were measured above the structural factor peak.
The detailed descriptions are shown in the section of S6.
Diffusion coefficients and structure factor of the b-casein
micelle in solution in Supporting materials and methods.

Perticaroli et al. (28) investigated b-casein in its hydrated states with and without calcium using TOF and
NBS. The authors observe two spectral components, which
were assigned to methyl rotation and NBS local structural
diffusion. The latter has very similar features like the NBS
process observed in solution. In addition, we observe in
solution the NSE structural relaxation process on a nanosecond timescale. Its dependence on the bulk viscosity
shows that it requires the existence of the bulk solvent.
The former methyl rotation corresponds to non-Gaussian
process, as discussed in the former section in b-casein in
solution. Interestingly, this process seems to be independent of sample conditions, powder, or solution. Dhinsda
et al. (29) studied b-casein in its hydrated and dehydrated
states with NBS within a large temperature range. They
observe in the temperature-dependent displacements two
dynamical transitions resembling the original data published with hydrated myoglobin (9,27). They were assigned
also to methyl rotation and hydration water-coupled local
structural diffusion. Dhinsda et al. (29) Fourier transform
the spectral data and derive a relaxation time near 12 ps,
which is close to methyl rotation but far from the NBScoupled relaxation process in solution with the timescale
of 100 ps. The elastic incoherent structure factor
(EISF) in the hydrated state also resembles the methyl rotation structure factor. The elastic fraction levels off at 0.7,
which is assigned to immobilized protons. There is no
Gaussian process observed. These results contrast with
those of Perticaroli et al. (28), in which a 100-ps process
is found in hydrated b-casein, which is consistent with
our solution data.
Structural and dynamic heterogeneity of
concentrated b-casein solutions
b-casein undergoes an endothermic self-association, resulting in a distribution of micelles of variable size. Apart from
the increase of the average radius with temperature, the
width decreases, as indicated by the drastic decrease of
the PdI in Fig. 3. Similar deviations from monodispersity
in the diffusion coefficients are not observed with NSE,
most likely because the available time window is not wide
enough to define a second cumulant in addition to a first
cumulant. All spectra could be fitted assuming a ‘‘homogeneous’’ superposition of four ‘‘distinct exponential’’ processes. This applies even to the slightly nonexponential
BO; the derived parameters are thus not obviously distributed. One could argue that the dynamic complexity is
hidden by too large error bars. This possibility cannot be
excluded, but this argument would apply to the majority
of related experiments. It is also possible that for disordered
proteins in solution, the dynamic heterogeneity is averaged
out by ‘‘motional narrowing.’’ We have recently studied the
question of dynamic heterogeneity with dry and hydrated
proteins (27).
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Functional aspects
b-casein is just one component forming the casein micelle
together with a- and k-casein chains. Functional studies
have to include the calcium phosphate binding capabilities.
We have studied previously the size distribution of pressuredecomposed casein micelles by DLS and AFM, including
the role of Ca phosphate particles (21,60). In this work, various
structural models of casein micelles and the thermodynamics
of association-dissociation are discussed. The main goal of
these experiments was to determine the various interactions,
which stabilize the casein micelle under conditions close to
native milk. This was done by using the destabilizing action
of pressure by determining the critical pressure of the stability
limit for the associated micelle. We observe that the stability
decreases with increasing size of the heterogeneous distribution, and it increases with increasing temperature, pH, and calcium concentration. The pressure-induced transition was
biphasic, suggesting two well-defined micelle states M1 and
M2 with different properties. Our experiments indicate that
M2 is the b-casein-rich state, whereas M1 is mostly composed
of a-casein forming the framework of the micelle. The relative
population varies with external conditions in a reversible
manner. M2 is less populated than M1 at ambient temperature
because of its higher enthalpy but becomes more populated at
higher temperatures because of a higher entropy. M2 is more
stable than M1 at high pH and Ca concentration. We conclude
that b-casein can dissociate reversibly from the micelle M2
without causing complete disintegration. The infrared spectra
in the single band between phosphorus and oxygen (P-O)
stretching region show that Ca2P is already 30% dissociated
from the micelle at 100 MPa. This suggests a coupled equilibrium between b-casein and Ca2P binding to the micelle. In the
presence of calcium, the dissociation becomes irreversible
because of the formation of calcium phosphate particles. To
achieve these results, it was essential to perform in situ static
and dynamic light backscattering experiments at high pressures with turbid solutions at casein concentrations comparable with those of native milk. The variation in size of intact
micelles follows a log-normal distribution at ambient and
elevated pressures, like Fig. 9 in this study, suggesting a
Gaussian distribution of stabilization-free energies. Caseins
form heterogeneous micelles, stabilized by a variety of interactions. Their understanding can facilitate the control of the
aggregation of casein, which is an important aspect of milk
product fabrication. In this work, we have studied the dynamic
structure of reversible b-casein micelles in the absence of calcium phosphate. We have discovered a new slow relaxation
process, which seem a characteristic feature of unfolded proteins. One of the most surprising results of our study is the
complete independence of the dynamic flexibility from the
reversible association of micelles. This should contrast with
folding/unfolding of a protein, in which the change of the
atomic packing affects the internal structural dynamics (61–
63).
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FIGURE 9 Log-normal distribution of the hydrodynamic radii of the bcasein for 82 mg/mL at two temperatures based on a DLS cumulant analysis
(see section S1. Polydispersity and Cumulant Analysis in DLS in Supporting materials and methods).

CONCLUSIONS
In this study, effects of micellization of b-casein on the
nanosecond structural dynamics were examined by quasielastic neutron scattering. The self-association little affects
the internal dynamics of b-casein on a nanosecond timescale. In contrast, this type of internal structural dynamics
is changed upon the folding and unfolding of a globular protein because of the change of the atomic packing. The
dynamical change upon the folding or unfolding might
also be related to the change of the hydration state because
the protein folding is accompanied by dehydration of the
polypeptide chain. The slower internal dynamics of b-casein
in a nanosecond timescale seems to be a characteristic
feature of the unfolded structure. It requires bulk solvent
and is not seen in hydrated protein powder. This is compatible with the previous discussion that the casein micelle
holds a relatively large amount of hydration water inside
the micelle. In the next step, it would be interesting to study
the effect of calcium binding on the internal structural dynamics to discuss the relationship among structure, dynamics, and biological function.
SUPPORTING MATERIAL
Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.10.032.
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