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ABSTRACT: Dynamics in protein solutions is essential for both protein function and
cellular processes. The hierarchical complexity of global protein diffusion, side-chain
diffusion, and microscopic motions of chemical groups renders a complete
understanding challenging. We present results from quasi-elastic neutron scattering
on protein solutions of γ-globulin over a wide range of volume fractions. Translational
and rotational diffusion can be self-consistently separated from internal motions. The
global diffusion is consistent with predictions for effective spheres even though the
branched molecular shape differs considerably from a colloidal sphere. The internal
motions are characterized both geometrically and dynamically, suggesting a picture of
methyl rotations and restricted diffusion of side chains. We show that the advent of new
neutron spectrometers allows the study of current questions including the coupling of
intracellular dynamics and protein function.

1. INTRODUCTION

Protein function in cellular processes is strongly influenced by
the intracellular environment. The high volume occupancy of
macromolecules of roughly 20−40%, the so-called macro-
molecular crowding, affects biochemical reaction rates,1 slows
diffusive transport processes, and can cause compaction of
protein conformations.2−4 Recently, several publications have
focused on protein dynamics in living cells,5 addressing
diffusion of proteins in the nucleoplasm,6 in the mitochondrial
lumen,7 and in the cytoplasm.8−11 Generally, in vivo protein
dynamics is found to be significantly slower than in dilute
protein solutions.
To mimic the effect of crowding in vivo, several in vitro

studies have addressed concentrated solutions of one protein
(self-crowding), allowing systematic investigation of crowding
effects on diffusion as well as a conceptual understanding along
colloid theory.12−15 Brownian dynamics simulations16 indicate
that a major part of the diffusional slowing in crowded protein
solutions is due to hydrodynamic interactions. In this context,
the short-time limit of self-diffusion is of particular interest
because hydrodynamic interactions are established quasi-
instantaneously even on larger length scales, while other
protein interactions become relevant near the interaction time
τI ≈ 400 ns for medium-sized globular proteins.17 Recently, the
protein self-diffusion on nanosecond time and nanometer
length scales in aqueous solution has been found to be
consistent with short-time predictions from colloid theory for
the model globular protein BSA.18

The successful modeling of global diffusion is promising for a
better understanding of protein internal dynamics on a
molecular level and possible effects of crowding. Numerous
studies have focused on the protein internal dynamics on the
subnanosecond time scale; however, mainly in more or less

hydrated powders19−24 because in this case global diffusion
does not interfere with the internal dynamics during the data
analysis. Only a few of them have been performed on protein
solutions25−27 or in vivo,28,29 but without systematically
addressing the effect of crowding.
We report on a comprehensive study of diffusive dynamics in

crowded aqueous γ-globulin protein solutions on a molecular
length scale using quasi-elastic neutron spectroscopy. The
measured spectra contain contributions from the global
rotational Dr and translational Dt diffusion of the entire protein
as well as from internal diffusive protein motions and the
solvent water. We perform a self-consistent separation of these
different contributions to quantitatively extract Dt = Dt(φ) as
well as information on the internal motions, thereby describing
a wide range of volume fractions φ to reliably address
dynamical effects of crowding. The results are consistent with
short-time self-diffusion of the protein center of mass
superimposed with geometrically confined internal diffusive
motions dominated by methyl rotations and restricted side-
chain motions.
We have carried out our investigation as one of the first

experiments of the recently commissioned neutron back-
scattering spectrometer IN16B at ILL, Grenoble, with an
energy range of −30 μeV ≤ ℏω ≤ + 30 μeV at a Gaussian
resolution of 0.9 μeV full width at half-maximum (fwhm) and
the scattering vectors 0.2 Å−1 ≤ q ≤ 1.9 Å−1. IN16B provides an
unprecedentedly high neutron flux at this energy resolution and
range. We have measured the native protonated proteins in
heavy water (D2O) solutions to reduce the solvent contribution
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to the measured signal. In this way, the recorded quasi-elastic
neutron scattering (QENS) spectra are dominated by the
incoherent scattering from the hydrogen 1H nuclei of the
proteins. Thus, to good approximation we obtain the
incoherent scattering function S(q,ω) which, for our system,
is proportional to the ensemble-averaged 1H-single-atom self-
correlation function. Importantly, given the instrument
characteristics, we unambiguously access self-diffusion and
individual internal motions on nanosecond time scales and
nanometer length scales.
The article is organized as follows: In the next section, we

provide further details on the experiment, sample preparation,
data reduction, and fits. Subsequently, we present and discuss
our results regarding both the translational short-time self-
diffusion Dt(φ) of γ-globulin in aqueous solution as well as its
internal molecular diffusive motions in detail. In the concluding
section, we outline the statements that can presently be made
and we also point out possibilities for future continuations.

2. EXPERIMENTS AND METHODS

2.1. Sample Preparation. Bovine γ-globulin was pur-
chased from Sigma-Aldrich (purity of 99%, G5009) and used
without further purification. The samples at protein concen-
tration cp = mp/VD2O were prepared by dissolving the protein

powder with mass mp in a volume VD2O of D2O. After complete
dissolution, the solutions were filled in double-walled aluminum
cylinders with outer diameter 23 mm and a gap of 0.16 mm; the
cylinders were then sealed against vacuum. The volume fraction
φ occupied by the bare proteins is given by

φ
ϑ

ϑ
=

+
m

V m
p

D O p2 (1)

where ϑ = 0.739 mL/g is the specific volume of γ-globulin.30

The samples were prepared to cover a φ-range of ∼10−28%.
Using eq 1, we assume that the protein hydration shell volume
does not depend on the crowding. Such small crowding effects
of the hydration shell may occur,31 but it is difficult to quantify
them for γ-globulin without a separate comprehensive
volumetric study. To not introduce further experimental errors,
we assume that eq 1 is valid with sufficient accuracy.
2.2. Quasi-elastic Neutron Backscattering. The experi-

ments were carried out using the newly commissioned cold
neutron backscattering spectrometer IN16B at the Institut
Laue-Langevin (ILL),32 achieving a Gaussian energy resolution
of 0.9 μeV fwhm. The samples were inserted in a standard
Orange cryofurnace mounted inside the evacuated secondary
spectrometer chamber. The instrument was used with
unpolished Si(111) crystal monochromator and analyzers and
a vertically position-sensitive multidetector (PSD) consisting of
16 3He detector tubes covering the scattering vector range 0.57
Å−1 < q < 1.94 Å−1. In addition, two small-angle detectors with
a slightly lower energy resolution due to a small angular
deviation from backscattering were placed at q = 0.19 Å−1 and
0.29 Å−1, respectively. The energy transfer −30 μeV < ℏω < 30
μeV was achieved in the so-called inverse geometry by
Doppler-shifting the incident monochromatic neutrons using
an AEROLAS Doppler drive operating with a sinus velocity
profile with an amplitude of 75 mm and maximum velocity of
4.5 m/s. The flux at the sample was optimized by the phase
space transformer (PST) chopper disk33 carrying graphite
mosaic crystals at its circumference and spinning at 7100 rpm

during the experiment, corresponding to a crystal velocity of
243 m/s. For every sample, we measured approximately 4 h at
full energy range, which results in similar or better statistics
than when measuring on the predecessor instrument IN16
during 24 h.

2.3. Measured Spectra and Fits, Modeling of the
Contribution of D2O. All data reductions and fits are carried
out using MATLAB R2012b. We normalize the measured
intensities by the incident neutron flux and detector efficiency,
and we subtract the empty can signal from the protein solution
spectra. The thus obtained scattering function S(q,ω)
describing the protein solution spectra recorded on IN16B is
modeled by the following expression:18

ω β ω ω

β ω

= ⊗ + −

+
γ γ

γ
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D O D O2 2 (2)

Therein, denotes a Lorentzian function, and the index to this
symbol the respective half-width at half-maximum. is the
nearly perfect Gaussian resolution function of IN16B
determined from the spectrum of a Vanadium standard
(width 0.9 μeV fwhm). In the fit of eq 2 to the IN16B spectra,
the line widths γ and Γ as well as the amplitudes β and A0 are
free to take any positive real value, and their physical meaning
will become clear in the Results and Discussion section. All
other parameters are fixed, including βD2O and γD2O(ω), as
explained further below. The spectra for the individual q-values
are fitted independently, i.e., no q-dependence is imposed on
the fits. In the fit algorithm, is described analytically by a sum
of Gaussian functions, and the convolution ⊗ {...} is carried
out analytically using Voigt functions built from and {...}.
On the energy range 2Δωmax accessible by IN16B, the line
broadening γD2O(ω) due to the D2O solvent contribution is
not flat even though the half-width at half-maximum (HWHM)
Δω of the D2O spectra with intensity ID2O(ω) is bigger than
Δωmax. This may result in systematic uncertainties when
subtracting the rescaled D2O spectra ID2O

(φ) (q,ω) = (1 − φ)

ID2O(q,ω) from the spectra of the solutions at protein volume
fraction φ. To self-consistently quantify the contribution of
heavy water and simultaneously reduce systematic errors, we
combine D2O measurements performed at the cold neutron
time-of-flight spectrometer IN6 (ILL) and at the cold neutron
backscattering spectrometer IN16B (see also Supporting
Information). IN6 has the advantage of a substantially larger
energy range (at the expense of energy resolution) and is thus
better suited to measure the fast dynamics of D2O and model
the QENS line width γD2O as a function of q2. The D2O spectra
measured at IN16B and rescaled according to φ are then used
to fit the amplitude βD2O of the modeled D2O contribution

γD2O(ω). Finally, βD2O(ω) γD2O is added as a fixed term to eq
2, thus eliminating unnecessary free parameters in the fit.

2.4. Diffusion Coefficients: Separation of Rotational
and Translational Diffusion. The proteins in solution
undergo both translational center-of-mass diffusion and rota-
tional diffusion, which are convoluted in the measured signal,
resulting in the observable apparent diffusion coefficient D. The
fit parameter γ in eq 2 is associated with this apparent diffusion
coefficient D of the proteins, as explained further in the
following section. To compare the experimental results with
existing theories, the extraction of the translational part Dt and
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the rotational part Dr from D is performed following the
method in ref 18 based on an implicit relation D(φ) =
D(Dr(φ),Dt(φ)) (see also Supporting Information). For this
separation, we employ the colloid model for Dr = Dr(φ). At the
high q explored in our experiment, rotational diffusion
contributes to a q-independent apparent diffusion coefficient,18

which enhances the robustness of the separation. The dilute
limit translational D0 = 3.29 Å2/ns and rotational Dr,0 = 0.7 ×
10−3 ns−1 diffusion coefficients, as well as the molecular volume
Vp = 251 nm3, are calculated via HYDROPRO34 using the
crystal structure of murine immunuglobulin G (IgG) that can
be identified with the γ-globulin in our samples except for some
negligible amount of other immunoglobulins.35 D0 is in very
good agreement with recent DLS measurements by Wang et
al.36 yielding Rh = 55 Å, i.e., D0 = 3.3 Å2/ns in D2O at T = 295
K.

3. RESULTS AND DISCUSSION
3.1. Neutron Spectra. The inset of Figure 1 depicts a

typical QENS spectrum S(q,ω) (red circles) which can be well

described by eq 2 (turquoise solid line). Here, the sum of three
Lorentzian functions (ω) models a slower process with line
broadening γ (blue dot-dashed line), a convoluted faster
process with line broadening γ + Γ (green dashed line), and the
solvent contribution (magenta dotted line) with fixed values for
both width γD2O and intensity βD2O (see the previous section for
details on the data reduction and fits; see the Supporting
Information for further example spectra). A0(q) in eq 2 is
identified with the elastic incoherent structure factor (EISF).
We emphasize that the processes occur on well-separated time
scales, such that it is possible to distinguish between the
different components in the measured spectra.
For the slower process, the relationship γ = Dq2 (Figure 1)

indicates a simple diffusion with apparent diffusion coefficient
D(φ). Note that the slight deviation from this law for higher q-
values is presumably due to a weakened signal once the width
of S(q,ω) exceeds the accessible energy range for higher q-
values. To avoid artifacts, we restrict the fits for D(φ) to q2 <
1.5 Å−2, where γ = Dq2 clearly holds for all samples.

The apparent diffusion coefficients D(φ) are shown in the
upper part of Figure 2. The increase of φ causes a significant
decrease of D(φ), consistent with previous studies on bovine
serum albumin.18,38 The lower and higher temperature is used
to test the robustness of the analysis against temperature effects,
which might cause protein dynamics to exceed the accessible
energy range.

3.2. Rotational and Translational Diffusion of the
Proteins. The normalized translational self-diffusion coeffi-
cients Dt(φ)/D0 (Figure 2) are determined by the established
deconvolution scheme18 based on the implicit relation D(φ) =
D(Dr(φ),Dt(φ)) (see the preceding section on Experiments
and Methods). Within this scheme, the proteins are modeled
by effective spheres with the hydrodynamic radius of protein
monomers as calculated by HYDROPRO.34 The theoretical
prediction for the translational short-time self-diffusion
coefficients of these effective spheres (blue solid line) are in
very good agreement with the experimental values for γ-
globulin (symbols) (Figure 2, bottom). Thus, the slower
process can be identified and accurately modeled with the
global self-diffusion of protein molecules. We stress that the
dilute limit diffusion coefficient enters only for the normal-
ization to D0 in Figure 2 and for the rather robust separation of
the translational and rotational diffusion. Therefore, an
uncertainty in D0 will not alter the observed trend.
We point out that the data measured at T = 280 K (blue

triangle) and T = 310 K (red square) are perfectly consistent
with those measured at T = 295 K (circles), thus confirming
that the effect of crowding is largely temperature-independent.
To consolidate the assumption of a mainly monomeric
solution, we repeated the procedure for a hypothetical dimer
of γ-globulin (see also Supporting Information). The resulting
Dt(φ)/D0 from dimers is not consistent with theoretical
predictions, suggesting that the data analysis based on
monomers is suitable, at least at nanosecond time and
nanometer length scales.

Figure 1. Inset: typical S(q,ω) (red circles) recorded using cold
neutron backscattering for γ-globulin in D2O (cp = 300 mg/mL; T =
295 K; individual detector at q = 0.81 Å−1). The lines depict the
Lorentzian functions γ(ω) (blue dot-dashed), γ+Γ (ω) (green
dashed), and γD2O(ω) (magenta dotted) in eq 2. The turquoise solid
line superimposed on the data is the result of the complete fit using eq
2. Main figure: fitted γ (red circles) versus q2 for the full accessible q-
range. The fit γ = Dq2 (solid red line) indicates a simple Brownian
diffusive behavior. The fit range is restricted to q2 < 1.5 Å−2 (see text).

Figure 2. Apparent diffusion coefficient D (upper panel) and reduced
translational short-time diffusion coefficient Dt/D0 (lower panel) as a
function of the protein volume fraction φ. The symbols represent the
experimental data recorded at T = 295 K (circles), T = 280 K
(triangles), and T = 310 K (squares). In the upper plot, the lines are
guides to the eye (dotted). In the lower plot, the solid blue line depicts
the normalized translational short-time self-diffusion from colloid
theory for hard spheres.37 The dashed red lines indicate the colloid
model for a 5% relative error on Rh/R. When not visible, the
experimental error bars are smaller than the symbols. The protein
structure was rendered using VMD.
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We remark that the real protein shape specified by a crystal
structure enters the analysis at only two points: first, for the
calculation of the hydrodynamic radii with HYDROPRO and,
second, for the calculation of the radial distribution function of
hydrogen with respect to the protein center of mass (see the
previous section on Experiments and methods).
3.3. Internal Diffusive Molecular Motions. The faster

process observed in the neutron spectra (eq 2) can be
characterized both geometrically via the EISF A0(q) and
dynamically via the line broadening Γ. The EISF provides
information on the geometry of dynamical confinement of the
hydrogen atoms within a protein molecule. Several theoretical
models addressing confined diffusion provide analytical
expressions for the EISF.39−41 The most frequently used
models describe either the diffusion of a particle within an
impermeable sphere or a jump diffusion between two or three
definite sites.25 The experimental EISF is most probably a
rather complicated superposition of several diffusion mecha-
nisms. Therefore, regarding all discussion in this subsection, we
stress that the present modeling is far from final, and in what
follows we chose one out of possibly various alternative
approaches. We also note that the restricted dynamic range on
which the spectra were recorded (i.e., the maximum energy
transfer and energy resolution limits of IN16B) may pose
systematic limitations to the conclusions on the internal
motions. Furthermore, we emphasize that the observable
quantity in our experiment is the self-dynamics of the prevailing
hydrogen atoms. Using neutron backscattering, we observe
uncorrelated individual fluctuations of protein subunits on the
nanometer length scale, e.g., the motions of methyl groups and
other amino acid residues. Therefore, as opposed to neutron
spin−echo experiments, our incoherent scattering experiment is
not sensitive to correlated long-range interdomain fluctuations
within the proteins.
For the sake of simplicity, we assume the protein to be a

dynamically heterogeneous system, so that the EISF is expected
to be a simple sum of weighted contributions.41,42 It is well-
known that a large part of the hydrogen atoms within a protein
form methyl groups (−CH3), where the three hydrogens,
located at an average distance aM = 31/2 · 0.99 Å ≃ 1.715 Å
from each other, perform 120°-jumps around the 3-fold
axis.43,44 Thus, one expects a significant component of the
EISF due to three-sites jump diffusion:25,44,45 A3‑jump(q) = 1/
3[1 + 2 j0(qa)], where j0(x) = sin (x)/x and a ≡ aM denotes the
jump-distance of the atom. As a second component we choose
the EISF of an atom diffusing freely within an impermeable
sphere of radius R without any a priori physical interpreta-
tion:39,45 Asphere(q) = |3 j1(qR)/(qR)|

2, where j1(x) is the first
order spherical Bessel function of the first kind. The
components are assumed to be uncorrelated such that the
total EISF is modeled as

= + − Φ + − Φ‐A q P P A q A q( ) (1 )[ ( ) (1 ) ( )]0 3 jump sphere

(3)

Here, Φ is the fraction of hydrogen atoms undergoing three-
sites jump diffusion, and (1 − Φ) is the fraction of hydrogens
diffusing in an impermeable sphere. P represents the fraction of
hydrogen atoms that appear fixed on the accessible time-scale.46

Figure 3 shows the EISF as a function of q for three different cp
(symbols) along with fits using eq 3 (lines).
The parameters obtained from the fit are listed in the

Supporting Information. Within the error, they are constant
and have error-weighted average values of R = 6.7 ± 0.27 Å, P =

0.28 ± 0.02, and Φ = 0.55 ± 0.02. The fit results for R are also
depicted in the inset of Figure 4. These results are comparable
to analogous parameters calculated in other studies.25,26,47

From a rough estimation of the amount of CH3 in γ-globulin
we obtain Φ = 0.22. The fit for this scenario of a fixed Φ (see
Supporting Information) is less good compared to that of the
situation with a free parameter Φ. This is reasonable because
the EISF does not allow the extraction of the number fractions
of the different atoms corresponding to different internal
diffusive processes on an absolute scale because of the restricted
dynamic window on which the diffusion is sampled.
An increased thermal stability of proteins under crowding

conditions has been reported in previous studies.48−50

However, the anticipated effect of crowding on the thermal
stability is small.2 It is therefore not surprising that the fit
parameters in the EISF, characterizing the geometrical
confinement of internal motions, do not significantly vary
with the protein concentration in our experiment. In particular,
Stagg et al.2 report an isotropic compaction of proteins of about
0.3% in the radius of gyration Rg in highly crowded solutions.
The absence of a significant change of the geometry to which
the internal motions are confined, as reflected by the radius R in
the EISF (Figure 4, inset), is consistent with such a small
change in Rg.

Figure 3. Main figure: elastic incoherent structure factor as a function
of q for three γ-globulin concentrations (symbols). The lines are the
fits by eq 3. Inset: Γ as a function of q2 for three protein
concentrations. The symbols are the experimental data, and the lines
are the fits with eq 4.

Figure 4. Main figure: fit results for the residence time τ associated
with the internal molecular motion of the proteins in terms of the
jump diffusion model (eq 4) as a function of the protein volume
fraction φ in the aqueous solution. Inset: fit result for the radius R of
the impermeable sphere associated with the protein side-chain
motions in terms of the model for the EISF (eq 3) as a function of
the protein volume fraction φ.
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In addition to the geometrical information via the EISF, Γ
provides a dynamical signature of internal motions that occur in
the time window defined by the resolution and the energy
range of the instrument. For the three-sites jump-diffusion
modeling methyl rotations, the residence time is of the order of
10−10 s, corresponding to a HWHM of the order of 100 μeV,
well above the energy range of IN16B. Hence, the resulting
signal is expected to be essentially flat44 and will thus not
contribute to Γ. For confined diffusion in a sphere, the
dynamical signature should be present in Γ. In the first
approximation, we can use an expression for unrestricted jump-
diffusion to fit our data. In the absence of a detailed
microscopic dynamical picture, for simplicity we apply the
model of Singwi and Sjölander26,40,51

τ
Γ =

+

D q

D q1
jump

2

jump
2

(4)

where τ denotes the residence time before a jump and Djump is
the jump-diffusion coefficient. The inset of Figure 3 shows Γ as
a function of q2 for three cp. The lines are the fits by eq 4. The
fitted Djump results in values around 150 Å2/ns, while τ(φ)
seems to follow an asymptotic behavior, monotonically
increasing with cp from τ ∼ 20 ps at cp = 100 mg/mL to τ ∼
40 ps at cp = 500 mg/mL (see Figure 4, main part). Within the
errorbars, these values are consistent also with those obtained
by fitting the data with the comparable model for unrestricted
jump-diffusion by Hall and Ross.52 However, at present our
theoretical understanding is not yet sufficient to fully validate
the picture of jump diffusion or a related model. Molecular
dynamics simulations may in the future resolve this issue in
combination with QENS experiments along the framework
presented in this article.
From the geometrical and dynamical information on the

internal motions, we obtain the picture of an insignificant
change of the geometry of the confined motion with increasing
crowding. By contrast, those hydrogen relaxations sampled on
an excitation scale of some 10 μeV are subject to an increased
residence time at higher crowding. Because crowding shifts the
thermodynamic equilibrium of proteins toward a more folded
state,2,53 a small effect of crowding on the internal molecular
fluctuations of proteins may be expected. It has been
hypothesized that the structuring effect of water plays a role
in this stabilization.53 The trend in the residence time τ in
terms of the jump diffusion model might be related to this
stabilization. Perez et al.25 have shown that internal motions in
fully dissolved proteins are faster than those in hydrated protein
powders in the case of lysozyme and myoglobin. Because we
use D2O as solvent water, we assume that the contribution of
the hydration shell itself to our measured signal is small, but we
cannot yet make a conclusive statement on the role of the
hydration shell water on the internal dynamics of γ-globulin.
Nevertheless, the slower internal diffusion with increasing
crowding observed in our experiment would be consistent with
the trend toward even slower diffusion in hydrated powders,
the latter being the “ultimately crowded” solution.
3.4. Further Discussion. The successful and self-consistent

separation of global and internal motions using colloidal
modeling of the protein is a central result of this study because
it not only describes the protein diffusion very well but also
allows for reliable access of the convoluted internal dynamics,
which is promising for future applications of neutron

backscattering. In this context, several questions deserve further
discussion.
Protein solutions can not, in general, be considered as purely

monodisperse solutions of monomers, but might also contain
oligomers and clusters. Although previous studies have reported
oligomerization of γ-globulin54,55 at concentrations up to ∼150
mg/mL, our data accessing high protein concentrations are
fully consistent with a monomeric description. A tentative
separation of motions using dimers results in inconsistent
diffusion coefficients, indicating that oligomerization has a
negligible effect at these short time scales. Large aggregates
would not cause a quasi-elastic signal measurable by IN16B but
contribute only to the amplitude of the elastic line. Small
oligomers would lead to an additional contribution to the quasi-
elastic broadening. None of these effects is visible in our data.
In addition, the good agreement of the experimental Dt(φ)
with the theoretical prediction from colloid theory based on the
assumption of γ-globulin monomers is consistent with the
picture that all our samples are predominantly monomeric
protein solutions. We remark, however, that we cannot rule out
the presence of aggregates in some form. We also note that
oligomerization or aggregation may depend on the type of
antibody protein, and we emphasize that our samples are not
monoclonal.
Proteins can have different conformations56 that coexist in

solution or are switched because of environmental factors. In
particular, pH-induced conformational changes of the protein
can constitute a limitation to the applicability of colloid models
to protein solutions.57 Nevertheless, over the investigated
concentration range, the pH is expected to be sufficiently
constant because of self-buffering ensuring a substantially
unchanged protein conformation for our samples.
The strongly anisotropic shape of γ-globulin inspires the

question whether interdomain motions of the three branches of
the protein may interfere with our analysis. In this context, we
remark that on the observation time scale of our experiment,
the measured D values correspond to a mean-squared
displacement of the proteins by a few angstroms. This length
scale is much smaller than the radius of γ-globulin. Also, Dr,0 of
γ-globulin corresponds to a root mean-squared rotational
displacement58 of about 3°. Therefore, it is reasonable that the
influence of the strongly branched shape of the protein does
not lead to a deviation from the colloid hard-sphere model in
the short-time limit. Stronger deviations may be expected to
become significant at longer times. Even though the
interdomain motions are not visible in our experiment, we
note that they may be affected by the change in the
hydrodynamic interactions due to crowding.
The large energy range of the new backscattering

spectrometer IN16B allows access to information on dynamics
in the subnanosecond to nanosecond time scale, which
represents methodological challenges. Within this time window,
water motions become visible and the data analysis has to be
reliably set up based on a physical picture. In our case, the
scattering of the sample cylinder and instrumental background
has been directly subtracted using a background measurement.
The water contribution has been removed by a novel method
employing results on D2O from the time-of-flight spectrometer
IN6 (see the section on Experiments and Methods). With this
method, we minimize effects of the water scattering on the
determination of Γ.
Concerning the fit procedure, we emphasize that both γ and

Γ in eq 2 are left completely free during the fit. The final result
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is very robust against variation of the initial values, meaning that
both components are present and well-separated. The second
component Γ(ω) clearly does not follow a Γ ∝ q2 behavior,
indicating no free diffusion, but diffusion in a confinement of
some form. The data are at this stage not sufficient to further
distinguish between different types of confined diffusion arising
from processes such as rotational jump-diffusion of the methyl
and amine groups and diffusion of the tethered side chains of
the amino acids, as well as confined diffusion of the hydration
water. Nevertheless, the overall procedure is promising for
allowing such distinction also in view of future instrumental
developments aimed at increasing the neutron flux to the
sample. Further progress in the analysis of the component

Γ(ω) may be possible by comparison to molecular dynamics
(MD) simulations and a complementary study on a wider
energy range.

4. CONCLUSIONS AND OUTLOOK

Using quasi-elastic neutron backscattering, we have successfully
accessed self-diffusion and internal dynamics in aqueous
solutions of γ-globulin on subnanosecond to nanosecond
time and nanometer length scales. The study presents the
results of one of the first experiments conducted at the newly
commissioned backscattering spectrometer IN16B at the
Institut Laue-Langevin. To minimize systematic errors, the
data analysis has been reviewed carefully and extended by a
newly developed procedure to account for solvent contribu-
tions. Because of the high data quality, it was possible to apply a
self-consistent separation framework for the global translational
and rotational diffusion and internal motions. The global
diffusion is described with good agreement by predictions for
effective spheres with the hydrodynamic radius of the strongly
nonspherical protein monomers. The internal motions are
characterized both geometrically and dynamically and consist of
several contributions, including jump-like rotation of chemical
end groups and confined diffusion. The dynamical signature
indicates a slowing of the internal dynamics because of
crowding, which might be related to the thermal stabilization
of the protein conformation. Although the modeling of the
internal diffusive motions is certainly far from complete, the
presented framework allows for future experimental studies
with various perspectives and, in connection with accompany-
ing instrumental, theoretical, and computational advances, is
promising for a comprehensive understanding of the
hierarchical and complex dynamics in protein solutions. In
the future, it will also be of interest to carry out a comparative
study of internal fluctuations of a hydrated protein powder of γ-
globulin to compare with the internal fluctuations observed on
the proteins in solution.
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