
1 

 

Nano-second structural dynamics of natively-disordered β-casein micelles in solution 

studied by neutron spectroscopy 

revised by W. Doster 24. 01. 2021 

 

 

 

ABSTRACT 

β-caseins undergo a reversible endothermic self-association, forming protein micelles of 

limited size. In its functional state, the monomer is unfolded, which creates a high structural 

flexibility, supposed to play a major role in preventing the precipitation of calcium phosphate 

particles. We characterize the structural flexibility in terms of nano-second molecular 

motions, depending on the temperature by quasi-elastic 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 rigid, compact protein? How does the dynamic 

spectrum of β-casein in solution differ from hydrated powder preparations, relevant in 

industrial applications? We report on two relaxation processes on a nano-second and a sub-

nano time scale. The slow process seems a characteristic feature of the unfolded structure. It 

requires bulk solvent and is not seen in hydrated protein powders. The fast process has a 

smaller amplitude, requires hydration water and is also observed with hydrated, folded 

proteins. The self-association had no significant influence on internal relaxation, the 

monomer flexibility is preserved in the micelle. We derive spring constants of fast and slow 

motions in comparison with folded and hydrated systems, as determined with neutron 

scattering and AFM.  

 

 

 

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 
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about the average structure. A. Warshel, co-Nobel prize winner in 2013 for his computer 

simulations of protein function, argues, “that flexibility interferes negatively with rate 

acceleration. Catalysis requires stereo-chemically rigid structures”(1). This conclusion 

certainly applies to the substrate-product transformation at the active site. However, ligand 

entry and exit requires an opening of the well shielded active site. Regulatory adjustments 

and protein folding need some degree of flexibility. Moreover, highly flexible natively 

disordered proteins play an important role in the cell, caseins control the calcium phosphate- 

sequestration. Computer simulations of protein structures cover a pico- to nanosecond time 

scale. This overlaps with the range accessible to inelastic neutron scattering. In the late 

1980’s MD simulations of small proteins were performed with little or no solvent (2-4). 

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 sub-zero temperatures (5). Only at low temperatures and in the 

absence of bulk solvent one can study the low frequency vibrations and density of states of 

proteins (6). The preparation of hydrated powder samples was defined by infrared and 

calorimetric studies of the low temperature properties of protein hydration water (7). 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, but supresses 

translational and rotational diffusion, 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 ten times larger than those of other atoms. As a result, 85 % of 

the scattering amplitude of proteins is incoherent and reflects the hydrogen atoms (8). The 
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contribution of the D2O solvent at low hydration (<0.4 g/g) remains below 10 % at wave 

vectors above q ~ 0.5 Ả-1. Protein solutions by contrast are dominated by the coherent 

scattering of the D2O solvent. High protein concentrations (~ 100 mg/mL) are in order to be 

able to differentiate with sufficient signal to noise ratio the incoherent protein- from coherent 

solvent scattering. This selection depends strongly on the wave-vector q (8,9). High protein 

concentrations often induce irreversible aggregation reactions, if the molecules cannot be 

properly protected. In our measurements we collected high quality spectra of β-casein, at a 

concentration of 85 mg/mL. Unlike other proteins, natively unfolded β-casein is known for its 

thermally induced reversible association reaction, forming micelles of limited size (10-16). 

The possibility to study β-casein under reversible conditions in solution, was an essential 

motivation to perform this high concentration neutron scattering investigation. We have 

studied α, β and κ-casein before, in various states, dry, dehydrated and in solution, together 

with other folded proteins by neutron time of flight spectroscopy (TOF) (9). The main 

question was: 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 NBS spectroscopy (5), two processes could 

be identified: 1) Non-Gaussian rotational transitions of side chains on a pico-second time 

scale, later assigned to methyl rotation (17) and 2) a Gaussian process, τ~ 100 ps, which 

could be assigned to water-dependent local residue diffusion (18). Recently it could be shown 

that these two components account quantitatively for broad-band, wide temperature range 

neutron scattering spectra of hydrated myoglobin (19,20). TOF spectroscopy in solution with 

various proteins (9) could resolve only methyl rotation and global diffusion. The dynamic 

amplitude, but not the rate varies with the protein structure. The disordered caseins exhibit 

larger dynamic amplitudes of rotational transitions than the compact folded proteins. 

Moreover, anomalous global diffusion was observed for the three caseins: the diffusion rate 
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Γ~ q2 extrapolates to a finite value at q = 0. This is an indication of an internal relaxation 

process, which is not seen with folded proteins. To observe this process with improved 

instrumental resolution motivated our Neutron Spin Echo and back-scattering experiments 

with β-casein in solution. Another motivation was to reproduce the neutron scattering results, 

obtained with dry and hydrated β-casein powders by Perticaroli et al. (21) and Dhinsda et al. 

(22). 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 β-casein is excellently presented in ref. (21,22), and is not discussed 

here again. Instead, we focus on neutron scattering experiments performed with other 

natively disordered proteins: The human tau-protein and its coupling to hydration water (23) 

and disordered Myelin Basic Protein studied in solution by NSE (24). Proteins with mostly 

disordered structures in their functional state are violating the basic dogma of molecular 

biology. In these cases, it is probably the molecular flexibility and less the stereo-chemical 

rigidity, which determines the biological function. The self-association of β-casein further 

allows to study the interesting question of whether constraints within the micelle affect the 

molecular dynamics. A comprehensive review, of “protein dynamics is solution” is presented 

by Grimaldo et al. (25). 

MATERIALS AND METHODS 

The neutron scattering experiments were performed in 2013 using the JCNS 

instruments at the MLZ in Garching, Germany. 

Sample preparation 

Bovine β-casein (C6905) was purchased from Sigma-Aldrich Co. 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 



5 

conditions were used for all experiments: 0.1 M deuterated phosphate buffer (D2O) pD = 6.9 

with 1 mM ethylenediaminetetraacetate (EDTA) and 0.1 M NaCl. The sample solutions were 

filtered using a 0.2 μm pore size just before the subsequent scattering measurements. 

Dynamic light scattering (DLS) 

DLS measurements were performed with the samples at a concentration of 82.6 

mg/mL by employing an ALV 7004 digital correlator (ALV, Germany) at a laser wavelength 

of 514.5 nm. The resulting time-correlation function of the scattered intensity, g2(q, t, τ), 

which was directly derived from the measurement, was converted to the field time-correlation 

function, g1(q, t, τ), via the Siegert relation: 

𝑔2(𝑞, 𝑡, 𝜏) = 𝐴(1 + 𝐵 ∗ 𝑔1(𝑞, 𝑡, 𝜏)2) ,      (1) 

where A and B are constants, and τ is the correlation time. q denotes the scattering vector 

according to: 

                           𝑞 =
4𝜋𝑛

𝜆
𝑠𝑖𝑛 (

𝜃

2
),        (2) 

where θ is the scattering angle, λ is the wavelength, and n is the refractive index. Function 

g1(q, t) was computed with the ALV-correlator and the associated software (Fig. S1). The 

applied angles, θ, of 30°, 90°, and 150°, correspond to the q-values of 0.0084, 0.023, and 

0.031 nm−1, respectively. The g1(q, t, τ) is related to the decay rate, Γ = 1/τ = 𝐷𝑞², where D 

denotes the micelle diffusion coefficient. how many exponential, turbidity? 

 

Small-angle neutron scattering (SANS) 

SANS experiments were performed using the KWS-1 instrument at the MLZ in 

Garching, Germany (30) at a neutron wavelength of λ = 7.0 Å and three different detector 

distances (4, 8, and 20 m). The accessible momentum transfers of q=4π/λ sin(θ/2), where θ is 

the scattering angle and λ is the wavelength, ranged from 0.022 to 1.0 nm−1. Protein sample 
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concentrations were 5.2, 41.3, and 82.6 mg/mL, corresponding to volume fractions of 0.38%, 

3.0%, and 6.0%, respectively. The measurements were conducted at five different 

temperatures (10, 20, 40, 60, and 75°C). 

The Beaucage model was applied to analyze the β-casein solution structure at the low 

concentration of 5.2 mg/mL, where the structure factor was absent in the SANS data. The 

model function is described as follows (26, 27): 

𝐼(𝑞) = 𝐼(0) ∗ 𝑒𝑥𝑝 (
−𝑞2∗𝑅𝑔2

3
) + 𝐵 ∙ (𝑞*)−𝑝,      (6) 

with 

𝑞* =
𝑞

{𝑒𝑟𝑓
(𝑞𝑅)

√6
}

3
 ,         (7) 

where I(0) = cMwK²/NA and c is the protein concentration. Then, Mw is the molecular 

weight, K² is the square of the contrast between the protein and buffer, NA is Avogadro’s 

number, and B is a constant. 

Neutron spin echo spectroscopy (NSE) 

The principles of NSE spectroscopy are decribed be Bee (28). NSE experiments were 

conducted using the J-NSE spectrometer at the MLZ in Garching, Germany (29) 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 to 1.9 nm−1. 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). 

 

 

 

Neutron back-scattering spectroscopy (NBS) 
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Principles of NBS are explained in Bee (28) NBS measurements were performed at 

the instrument SPHERES at the MLZ in Garching, G.ermany (30,31). This instrument has an 

energy resolution (full-width at half maximum) of 0.67 μeV. Scattering wave-vectors, q, 

range from 2.2 to 19 nm−1, and the energy window is ± 30 μeV. Spectra at five different 

temperatures (5, 20, 40, 60, and 75°C) were collected for 8 to 10 h. The protein concentration 

was 81.7 mg/mL. The spectra of an empty cell and buffer at each termperature were 

subtracted from the solution spectrum as described in ref.(9). 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 (31), MathCAD14 and Origin61. 

 

Results 

 

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

 

Fig. 1 displays the normalized intermediate scattering function of a casein micelle solution at 

5° C at various q-values. At this temperature the fraction of monomers still plays a significant 

role. I(q, t) exhibits a strong q-dependence with the correlation times decreasing with 

increasing q. This is a typical feature of global diffusion with τD
-1 = q2 D(T). The attempt to 

adjust the data to a single exponential component of micelle diffusion was not entirely 

successful. At short times, deviations are observed suggesting a second component, with a  

quasi-elastic  amplitude decreasing with q. A1(q,T). In contrast to diffusion a q-independent 

correlation time τ1(T), did work at all temperatures and q-values. A q-independent time 

constant is a characteristic feature of  localized motion inside the protein structure. The 

simplest two-component model involves two exponential time decays: 

                 I1(q, t) = [1 - A1(q) +A1(q) exp (-t/ τ1) ] exp (-q2 D)          (8) 
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Fig. 1: Normalized, coherent NSE intermediate scattering function Ic(q, t) of a β-

casein micelle solution at 83 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 ignoringt 

internal relaxation.  

Fig. 1 shows the coherent Ic(q, t) of a β-casein solution at 5° C versus q and fits to equ. 

(8), accounting for global diffusion including and excluding the fast structural 

relaxation process. The NSE diffusion coefficient D(q, T) is displayed in fig. 2. 

Diffusion speeds up with increasing temperature, but no significant q-dependence of 

D(q) could be detected.  
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Fig. 2: NSE diffusion coefficient D(q, T) derived from fitting the NSE data (fig. 1) to 

equ.(8).The parameters of the internal process are displayed in fig. 4 and 5 

 

2) 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 = 𝑘𝐵𝑇 6𝜋𝜂𝐷⁄ , (9)  

where η denotes the viscosity of the solvent. Fig. 3 shows that the resulting 

hydrodynamic radius increases with the temperature, reflecting the growth of micelle 

size. The figure combines results derived with neutron scattering (NSE) and dynamic 

light scattering (DLS) with identical samples and conditions.  In contrast to the 

random aggregation of globular proteins, caseins form reversible micelles of limited 

size (14). A limit of 11 nm (DLS) and 14 nm (NSE) is reached at above 40° C.      

Rg~11 nm were obtained for the radius of gyration  by SANS . For the monomer–

micelle equilibrium of β-casein near 10°C, the Rg at 82.6 mg/mL was 9 nm, whereas 

the corresponding Rh is 7 nm. The ratio of Rg/Rh can serve as an index of structural 

-casein  NSE global diffusion 
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compactness: For a rigid uniform sphere the predicted ratio is 0,77, while for a 

flexible random coil in a good solvent one expects 1,5 (32,33). Accordingly, for β-

casein the observed ratio at low temperature is 1.3, suggesting that the predominantly 

monomeric chains adopt a somewhat  extended conformation. At 75°C the ratio Rg/Rh 

has dropped to 0.92, indicating a more compact structure than a flexible chain. The 

major change of Rg/Rh occurs below 20° C, where the monomers still play a 

significant role. A similar transition below 20°C, was observed by circular dichroism 

at a concentration below the threshold. It was interpreted as a cold-denaturation of β-

casein monomers, which are partially folded at high temperatures  (33). The changes 

in the CD spectra reflect a movement to a more hydrophobic environment in the 

structure of the β-casein monomer and less likely a structural accommodation in the 

polymeric state. 
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Fig. 3: Hydrodynamic radius derived from DLS (red dots) and NSE (blue). Magenta: ratio of 

radius of gyration Rg (SANS determined at 6 mg/ml)) to hydrodynamic radius Rh(DLS, 80,4 

mg/mL). 
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3) Analysis of the NSE internal process: dynamic amplitude and relaxation time 

Fig. 4 displays the NSE internal relaxation process of fig. 1, corrected for diffusion. At high 

q, the structural relaxation process can be emphasized by a narrow averaging of detectors. An 

exponential time dependence was assumed. The remaining q-dependence could be assigned 

to a variation of the quasi-elastic amplitude A1(q,T), while keeping the time constant τ1 fixed. 

A q-independent relaxation time is the characteristic feature of a local process. 

NSE internal process at 5 and 75°C

t / ns
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I 1
(q
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t)
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       1,6 
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        1,6     75°C

 

Fig. 4: Intermediate scattering function I1(q, t) of the NSE structural relaxation 

process corrected for global diffusion at 5° (blue) and 75° C (red), at two q- values 

1,6 and 1,9 nm-1. Exponential fits were performed with equ.(8). The parameters are 

given in fig. 5,6. 

The opposite case of keeping A1(q) fixed and varying τ1(q) does not account for the data. A 

combined q-variation of both amplitude and relaxation time cannot be completely excluded. 

Fig. 4 also illustrates the effect of temperature on I1(q, t, T) at fixed q: the relaxation time 

τ1(T) decreases strongly, when the temperature increases, while A1(T) is only slightly 

enhanced. Fig. 5 shows the quasi-elastic amplitude A1(q) of the NSE-internal process versus 
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q and temperature. The q-dependence of A1(q) is rather well explained by a Gaussian 

distribution of displacements, the variance is δ1
2 ≈ 0,1 nm2.  

1
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Fig. 5: Quasi-elastic structure factors of NSE and NBS processes: A1, 2(q), at three 

different temperatures based on fits to NSE NBS data to equ.(8) and (10). Dashed 

lines: fit assuming a Gaussian distribution of mean square displacements, δ1
2(NSE) = 

0,1(±0,02) nm2, δ2
2(NBS, 5 °C’) = 0,01 (±0,005) nm2. Open squares: disordered 

myelin(24). 
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Fig. 6.:Arrhenius plots: red dots: NSE internal relaxation time τ1(T), dashed line: fit 

to Arrhenius law, pre-exponential: τ0 = 0,3 (±0,03) ps, activation enthalpy, H1 = 21,8 
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(±0,5) kJ /mol. Black circles: relaxation time divided by the solvent viscosity: τ1 /η. 

The full line is the Arrhenius fit, the activation enthalpy is now reduced to 4 (±1,5) 

kJ/mol, blue dots: NBS internal relaxation time τ2(T) according to equ.(10). 

Fig. 6 shows an Arrhenius plot of the respective structural relaxation time τ1 and the fit 

to the Arrhenius law:  τ1 = τ0 exp( H1 /RT). The resulting pre-exponential τ0 = 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.  

 

3) Neutron backscattering spectroscopy: q- and temperature dependence 

 

Fig. 7a shows the NBS-spectrum of the casein solution at 5°C and two different q-

values. 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 (green line) indicates a second internal relaxation 

process, the “NBS structural relaxation process”. Note that the spectra of the second 

component overlap on a logarithmic scale in spite of quite different q-values of 0,78 

and 1,4 nm--1
. For translational diffusion the respective linewidth would change by 

almost a factor of four ~ q2. Since no such variation occurs, we assign this component 

to a second local relaxation. 
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Fig. 7a: Back-scattering spectrum on a logarithmic scale log[S(q, ΔE = ћω )]at q 

=7,8 (blue) and 14,1 (red) nm-1 and 5° C. Blue dashed line: two component fit 

(diffusion and internal relaxation) at q = 7,8 nm-1, red line: two component fit at q = 

1,4 nm-1, green line: NBS internal relaxation, dashed line: instrumental resolution. 

The NBS local relaxation is about ten times faster than the NSE internal process. The 

simplest NBS fitting model will thus include three exponential components, diffusion 

and two structural relaxation processes. In the frequency domain an exponential time 

dependence gives rise to a Lorentzian line-shape. 
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Fig. 7b: Back-scattering spectra of a casein solution at q = 7 nm-1 and 5° C (blue 

triangles) and at 75°C (red dots). Dotted line: resolution function, pink dashed 

line: diffusion broadening at 75° C, pink line: diffusion broadening and NSE 

internal relaxation at 75° C. green line: NBS internal relaxation, red line: three-

component fit at 75°C: diffusion, NSE internal process, NBS internal process, blue 

line: Two component fit at 5°C: diffusion and NBS internal process 

The theoretical NBS spectrum Sinc(q, ω), equ.(10),which in this q-range is mainly 

incoherent (8), is compared with the experiment after convolution with the resolution 

function Sres(q, ω). The latter was measured with a casein sample at low temperature 

(145 K) and a Vanadium spectrum. The contributions of the sample cell and the D2O 

buffer, properly adjusted for the missing protein volume, were subtracted (9). A 

background term B(q, ω) corrects for asymmetries of the detectors:
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The normalizing factor A0(q) corrects for the variable detector efficiency of the spectrometer. 

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 nm-1. Since the NBS 

samples were identically prepared to 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 as demonstrated with fig. 2. It 

should be emphasized, that the employed protein concentration of 80 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 = 8 and 14 nm-1, where the data 

could be evaluated on a logarithmic scale. Fig. 7b) shows, that the diffusion broadening at 5° 

C and 7.8 nm-1 is only slightly above the instrumental resolution. To fix DNBS(7.8 nm-1, 5°C) 

= 1.2 10-7 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 (green line, (fig. 7a) emerges at both q-values. The fit to equ.(10) 

yields a quasi-elastic fraction A2(q) of 0,6 (±0.02) at q = 10,1 nm-1, about twice the value 

observed for the NSE process at the maximum q = 1,9 nm--1 in fig. 1. The quasi-elastic 

amplitude is reduced at the lower q value of 7.8 nm-1. This is shown in fig. 5 together with a 

fit assuming a Gaussian displacement distribution. The resulting δ2
2 ~ 0,01 nm2, is about ten 

times smaller than δ1
2. The NBS relaxation involves thus much smaller displacements than 

the NSE process. An internal correlation time τ2 ~ 100 ps is derived as shown in fig. 6. This is 

to be compared with τ1 ≈ 600 ps for the NSE process at 5° C. Fig. 7b displays two spectra at 

fixed q but very different temperatures 5 and 75°C on a log scale. Two- and three component 
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fits were performed. The NBS internal process (green line, fig. 7b) 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, equ. 8 and 10. 

Discussion and Conclusion 

1) Sub-diffusion of protein domains: the Brownian oscillator model  

According to Fig.6, the NSE internal relaxation time varies with the temperature proportional 

to the solvent viscosity τ1 ~ η. Such a simple relation was established for the visco-elastic 

relaxation of liquids by Maxwell in 1867: 

                                     τα          = η / G∞                               (11) 

where η denotes the long time-scale relaxed Newtonian viscosity, and G∞ is the short time-

scale unrelaxed elastic shear modulus. Equ. 11 applies not only to liquids but accounts also 

for the rates of ligand entry and exit reactions of a compact protein (35,36). The viscosity was 

adjusted using various glass-forming solvent mixtures, like 75% glycerol/water. At 

viscosities near100 cP, the respective G∞  ~ 1011 cPs-1 (0,1 GPa) at a Maxwell relaxation time 

of τα ≈ 1ns. If stress is applied on a shorter time scale, the response is elastic, the liquid has 

turns into a glass. In low temperature studies of microscopic protein dynamics, the role of the 

α-relaxation of hydration water plays an important role (5,7). The NSE process of β-casein in 

aqueous solution, at solvent viscosities of 1 cP and τ1 ≈ 1 ns, yields G∞ ~ 109 cP/s (0,001 GPa) 

about a factor of 100 less than for viscous solvents. G∞ is closely related to the Young’s 

modulus E by 1/3 E < G∞ < ½ E. For dry β-casein powder a Young’s modulus of 7 GPa was 

determined and 9.7 GPa for the compact β-barrel protein GFP (21). The relaxation rate of 

density fluctuations in liquids varies with observation time scale and the wave vector 

according to ΓD(q)  = D q2 . Above q = qmax ~ 1/d, on the scale of the intermolecular distance, 

the diffusion rate levels off at the α-relaxation rate ΓD(q > 2π/d) ~ τα
-1. The liquid structural 
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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, analysing protein residue motions, is the 

“diffusion inside a sphere” model (37). This model predicts an effective line-width, which 

increases with q above qS with qS = 2π/rS, rS being the radius of the sphere. Although the 

cross-over 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 α-

amylase, the radius of the spheres  rS  = 1.2 Ả (native) and 1.8 Ả (unfolded) was obtained, 

which leaves little space to free diffusion (38). In his more recent work Volino (37) votes 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. Since 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 (39). 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 analysed recently by the 

Brownian oscillator model (20). The BO leads to a remarkably compact time-domain 

intermediate scattering function, which can be easily applied to evaluate experimental data. 

The powder averaged 3D BO correlation function reads (37,40):  

                        ( ) ( )  BOBO tqtqI  /exp1exp, 22 −−−=    (12) 

δ2 = <ux
2> denotes the x-component of the isotropic 3D displacement distribution.  

                               δ2 = kBT/(m ω0
2 ) = kBT /K.                      (13) 
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where K is spring constant of the isotropic parabolic potential: F = K ·ur
2 with      <ur

2>/3  = 

<ux
2> = <uy

2> = <uz
2> . The BO relaxation time is given by τBO = δ2/D, where D denotes the 

effective local diffusion coefficient. At short times, t << τlBO, the particle performs long range 

diffusion, <τ>-  1
 = D·q2. At long times, the BO intermediate scattering function tends to a 

constant, the elastic fraction, EISF(q) = 1 – ABO(q) and  ABO(q) denotes the “quasi-elastic 

fraction” or the dynamic amplitude: 

                             IBO(q, t >> τBO )    =  1 - ABO = exp (- q2 δ2)           (14) 

Equ.12 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.  In 

particular, the Gaussian distribution of equ.(14) is compatible with the data of fig. 5 yielding 

δ1
2 = 0,1 nm2 (10 Ả2). This is much larger than the diffusive displacements observed in 

folded proteins, such as δ2 ~ 0.1 Ả2 in hydrated myoglobin (20). Since the relaxation time 

varies with the solvent viscosity, τ1 ~ η, as for global diffusion, it appears that the NSE 

process reflects sub-global diffusion of entire protein domains. 

Stadler et al. (24) investigated “intrinsically disordered myelin basic protein” (MBP) applying 

the same NSE method, covering the same time and q-range. These authors also observe a fast 

component (initial decay) in the intermediate scattering function. Their fig. 3a strikingly 

resembles the β-casein data of fig. 1. The casein data show a more pronounced fast 

component, possibly because the protein concentration was about 50 % larger. Moreover, the 

correlation time τ1
MBP ~ 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 in spite of different amino acid sequences. Stadler 

et al. (24) 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 (24). It 
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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 time scale τ2. 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 = 0.775.  Fig. 3 shows that this 

ratio evolves for β-casein from 1.3 at low temperatures, mostly monomers, to 0.91 at high 

temperatures, after the formation of micelles is established.  

It is striking that this ratio for β -casein at high temperature is identical with the results 

obtained for MBP. This suggests that the monomers inside micelles are partially folded. 

Dynamically, the folding effect should slow down the relaxation, counter-acting the 

decreasing viscosity or reduce the dynamic amplitude. We observe instead a slight 

enhancement of the viscosity effect: The activation enthalpy for H1  ≈ 20,5 kJ/mole, while for 

the solvent (D2O) it is just 18,5 kJ/mole.  

 

2) Protein spring constants, in folded and unfolded states 

Bicout and Zaccai  proposed in 2001 to determine protein spring constants from the 

temperature slopes of the mean squared displacements with hydrated protein powders (41). It 

was even proposed to explain the enhancement of displacements at the “the dynamical 

transition” by a softening of the protein spring constants. Above the transition they obtain   

K~ 0.3 N/m for hydrated myoglobin (41). The effective vibrational spring constant of 

hydrated myoglobin was 10 N/m (5). A high temperature spring constant of hydrated 
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myoglobin was recently derived by fitting back-scattering data to the BO model in the time 

domain: δ2
2 = 0,11 Ả2 and K2 = 3.8 N/m, much larger than the  Zaccai result(Table 1). 

 Hydrated β-casein with a time constant around 100 ps yields K2 = 0.4 N/m (21), while for 

the similar NBS process in solution a nearly identical spring constant is derived: K2= 0.38 

N/m. The slow NSE process, (δ1
2 = 0.1 nm2) is characterized by a spring constant                   

K1 (1ns) = 0,04 N/m at 300 K.(equ. 13), ten times less than K2 at 100 ps. For MBP Stadler et 

al. derive from the fast initial phase at 8 ns displacements similar to those of  β-casein (24). 

The resulting spring constant of MBP in solution, is K1
MBP (300 K,10 ns) = 0,08 N/m. This 

result was interpreted as the coupling of different protein domains. The spring constant is 

about a factor of two larger than K1
bcas at the same conditions.  

 Table 1: Protein spring constants at 300 K based on equ. 13 

Protein state Process δ2 /Ả2,  τ/ps K[ N/m] Lit. 

myoglobin hydrated vibration 0,04 1 10 5 

myoglobin hydrated NBS/BZ 0,04 100 0,3 41  

myoglobin hydrated NBS/BO 0,11 100 3,8 20 

MBP (F) hydrated NBS/BZ 1 100 0,185 23 

Tau (UF) hydrated NBS/BZ 1 100 0096 23 

β- casein hydrated NBS/BO 1 100 0,4  21 

β-casein solution NBS/BO 1 100 0,4 present 

β-casein solution NSE/BO 10 1000 0,04 present 

Myelin UF solution NSE/BO 5 8000 0,085 24 

ADH (F) solution NSE/Diff 70 75000 5,8 10-3 43 

Taq (F) solution NSE/Diff 50 50000 8 10-3 42 

P-sel (F) solution AFM 81 ms 4 10-3 44  

Table 1: Spring constants K determined with different instruments and methods: BZ:: 

Bicout/Zaccai (41)BO: Brownian oscillator analysis, F: folded, UF unfolded, 

NSE/Diff: determined with the diffusion/structure method (42), BO displacements δ2 

and respective resolution time.τ .  
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The spring constants as determined from the diffusion method for Taq-polymerase and ADH 

are ten times smaller and overlap with the range measured with AFM. The AFM method 

however probes the protein elasticity on a much longer time scale (ms) than neutron 

scattering (ns). The small spring constants derived with NSE/Diff are thus surprising. The BZ 

method involves the cross-over 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 β-casein, hydrated and in solution.  Moreover nearly 

identical values were observe for NSE process of two unfolded proteins in solution: β-casein 

and Myelin Basic Protein.  

 3) Comparison of internal rate coefficients of hydrated folded proteins and β-casein in 

solution 

In their pioneer study Perez et al. (50) compare 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, translational and rotational diffusion of the protein, they could characterize an 

internal process on 5 to 8 picoseconds depending on the preparation. According to the quasi-

elastic structure factors, solvated proteins were more flexible than hydrated or dehydrated 

systems and lysozyme was more flexible than myoglobin. It was probably first assignment of 

this torsional motion (5) to methyl rotation. Gaspar et al. (9) compare the same globular 

proteins with unfolded α, β and κ casein under different solvent conditions using again TOF 

spectroscopy. Myoglobin was now found to be more flexible than lysozyme, but the caseins 

displayed a significantly higher mobile on a picosecond time scale. For the caseins, the 

diffusion rate did not vanish for q→ 0, indicating another slow molecular process. The only 

internal process on this time scale was the torsional motion of methyl groups for all proteins 

and conditions.  Fig. 8 shows the methyl transition rates in myoglobin (hydrated and in 

solution) and for β-casein in solution. Also, the rates of the alanine-dipeptide methyl side 
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chain is displayed (18). This shows that the torsional rate coefficients are rather independent 

of structure and degree of hydration (and of q). 
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Fig. 8: Arrhenius plot of protein internal relaxation rates, red circles and diamonds: 

β-casein solution, green triangles and circles: hydrated myoglobin, blue circles: 

hydration water of perdeuterated phycocyanin (18), red triangle: methyl torsional 

rate:  β- casein casein, open triangles: methyl torsional transition rates myoglobin, 

squares alanine dipeptide (9,18) 

With dehydrated and vitrified proteins, methyl rotational transitions are the only 

nonvibrational motions observed with neutron scattering (5,17,50). With D2O-hydrated 

myoglobin, a second dynamic component, displaying a Gaussian displacement distribution, 

was identified with NBS (5). In fig. 8 the respective rate coefficients are displayed for 

hydrated myoglobin as green dots. This process overlaps with the α-relaxation of protein 

hydration water (blue dots), which gives rise to a “protein dynamical transition”. This internal 

process was thus assigned to water-coupled local residue diffusion. The respective mean 
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squared displacement at 300 K is δ2 2 = 0.11 Ả2 (20). With β-casein in solutionswe observe 

an analogous Gaussian process with NBS, overlapping on the same time scale. The respective 

squared displacement δ2
2 ≈ 1 Ả2 (0,01 nm2) is though significantly larger than the analogous 

values found with compact proteins (0,11 Ả2). 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, but depends crucially on the degree of hydration water (5). The NBS 

relaxation process of β-casein is Gaussian, which is well represented by a Brownian oscillator 

model (fig. 5).  

Perticarolli et al. investigated β-casein in its hydrated states with and without calcium using 

TOF and NBS (27). 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 nano-second time scale. Its dependence on the bulk viscosity shows, 

that it requires the existence of the bulk solvent. Dhinsda et al. (22) studied β-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 (5,20). They were assigned also to methyl rotation 

and hydration water coupled local structural diffusion. Dhinsda et al Fourier transform the 

spectral data and derive a relaxation time near 12 ps, which is close to methyl rotation, but far 

from the NBS coupled relaxation process in solution with τ2 ~100 ps. The EISF in the 

hydrated state also resembles the methyl rotation structure factor. The elastic fraction levels 

of at ~0.7, which is assigned to immobilized protons. There is no Gaussian process observed. 

These results contrast with those of Perticaroli et al.(21), where a 100 ps process is found in 

hydrated β-casein consistent with our solution data. 

4) Dynamic heterogeneity of β-casein in solution 
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Our dynamic analysis of disordered β-casein in solution was performed based on two neutron 

spectrometers, revealing four processes, (1)global diffusion, (2) viscosity coupled structural 

relaxation (NSE), (3)hydration water coupled local diffusion (NBS) and (4) methyl rotational 

transitions (TOF). All spectra could be fitted assuming a “homogeneous” superposition of 

four “distinct exponential” processes. This applies even to the slightly non-exponential 

Brownian oscillator: 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 the 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 dynamic heterogeneity  with 

dry and hydrated proteins (20): The respective neutron scattering spectra could be described 

quantitatively by two-components in the time domain: methyl rotation and local diffusion, 

described by a Brownian oscillator. Most interesting, we observe, that the exponential 

intermediate scattering function in the hydrated system for methyl rotation slows down and 

becomes distributed, if the hydration water is removed (20). Our data are thus fully consistent 

with the classical concept of Van Hove space time correlation functions (45,46). 

Frauenfelder’s wave mechanical model of protein “energy landscapes” does not apply to β-

casein in solution  (47).  

            5) Functional aspects 

β- casein is just one component forming the casein micelle together with α- and κ-casein 

chains. Functional studies have to include the calcium phosphate binding capabilities. We 

have studied previously the size distribution of pressure decomposed casein micelles by 

dynamic light scattering and AFM including the role of Ca phosphate particles (48,49). 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 
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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. The 

relative population varies with external conditions in a reversible manner. M2 is less 

populated than M1 at ambient temperature due to its higher enthalpy, but becomes more 

populated at higher temperatures due to a higher entropy. Our experiments indicate that M2 is 

the β- casein-rich state, while M1 is mostly composed of α-casein forming the framework of 

the micelle.  M2 is more stable than M1 at high pH and Ca-concentration. We conclude that β-

casein can dissociate reversibly from the micelle M2 without causing complete disintegration. 

The infrared spectra in the P-O stretching region show that Ca2P is already 30% dissociated 

from the micelle at 100 MPa. This suggests a coupled equilibrium between β-casein and Ca2P 

binding to the micelle. In the presence of calcium the dissociation becomes irreversible due to 

the formation of calcium phosphate particles. To achieve these results, it was essential to 

perform in situ static and dynamic light back-scattering 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 lognormal distribution at ambient and elevated pressures, 

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 β-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 surprizing results of our study 
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is the complete independence of the dynamic flexibility from the reversible association 

of micelles.  
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