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ABSTRACT Molecular dynamics simulation, quasielastic neutron scattering and analytical theory are combined to charac-
terize diffusive motions in a hydrated protein, C-phycocyanin. The simulation-derived scattering function is in approximate
agreement with experiment and is decomposed to determine the essential contributions. It is found that the geometry of the
atomic motions can be modeled as diffusion in spheres with a distribution of radii. The time dependence of the dynamics
follows stretched exponential behavior, reflecting a distribution of relaxation times. The average side chain and backbone
dynamics are quantified and compared. The dynamical parameters are shown to present a smooth variation with distance
from the core of the protein. Moving outward from the center of the protein there is a progressive increase of the mean sphere
size, accompanied by a narrowing and shifting to shorter times of the relaxation time distribution. This smooth, “radially
softening” dynamics may have important consequences for protein function. It also raises the possibility that the dynamical
or “glass” transition with temperature observed experimentally in proteins might be depth dependent, involving, as the
temperature decreases, progressive freezing out of the anharmonic dynamics with increasing distance from the center of the
protein.

INTRODUCTION

Both experiment and simulation have demonstrated the
wide range of motions in proteins, some of which are
required for function (Reat et al., 2000; Heikal et al., 2000;
Ma et al., 2000; Balabin and Onuchic, 2000; Vitkup et al.,
2000; Brooks et al., 1988; McCammon and Harvey, 1987).
At physiological temperatures, internal motions in proteins
are partly vibrational and partly diffusive (Hinsen et al.,
2000; Amadei et al., 1999; Hayward et al., 1995; Kneller
and Smith, 1994; Cusack et al., 1988; Elber and Karplus,
1987). The diffusive motion is of particular interest in the
context of the dynamical or “glass” transition, which is
observed experimentally at �180–220 K. Above this tran-
sition, the diffusive motions are activated, whereas below it
only vibrations exist. In some cases (although not all
(Daniel et al., 1998)) the activation of the diffusive motions
has been correlated with the onset of protein activity (Fer-
rand et al., 1993; Rasmussen et al., 1992; Frauenfelder et al.,
1991; Parak et al., 1980).
The characterization of internal diffusion in proteins is

complicated by the variety of the motions present. These
involve groups of atoms undergoing a plethora of continu-
ous or jump-like diffusive dynamics (Zanotti et al., 1997,
1999; Receveur et al., 1997; Yamasaki et al., 1995; Kneller
and Smith, 1994; Daragan and Mayo, 1993; Elber and
Karplus, 1987). It is thus clearly of interest to see whether
it is possible to capture the essence of this complexity by
describing it with only a small set of phenomenological

variables. This provides a challenge with important conse-
quences both for interpreting experimental results and for
simplifying, in a meaningful way, the data generated from
molecular dynamics (MD) simulation. Here we attack this
problem by analyzing dynamic neutron scattering experi-
ments using MD and analytical modeling.
Dynamic neutron scattering is the most direct probe of

diffusive protein dynamics on the 10�12–10�9s timescale
(Smith, 1991). In recent years dynamic neutron scattering
experiments on proteins have solicited increasing interest
(e.g., Zaccai, 2000a,b; Reat et al., 1998, 2000; Dunn et al.,
2000; Bu et al., 2000; Zanotti et al., 1997, 1999; Perez et al.,
1999; Cordone et al., 1999; Daniel et al., 1999; 1998, Fitter
et al., 1998; Diehl et al., 1997; Bellissent-Funel et al., 1997;
Receveur et al., 1997). The measured quantity is the dy-
namic structure factor, S, which is a function of the scatter-
ing wave vector, q and the energy transfer, �. In proteins,
S(q, �) is dominated by the incoherent component resulting
from self-correlations in the hydrogen atom positions. Be-
cause these are evenly distributed throughout the protein,
the experiment gives a global view of protein motions.
The geometry and time dependence of the diffusive mo-

tion are given by the elastic scattering and the quasielastic
broadening of the elastic peak (Bee, 1988). However, the
interpretation of neutron scattering data on proteins directly
using analytical models of atomic dynamics is complicated
by the existence of the wide repertoire of diffusive motions
mentioned above. To overcome this problem, MD simula-
tion can be used as a stepping stone between experiment and
analytical theory (Smith, 1991, 1997, 2000). MD is com-
plementary to neutron scattering because it probes motions
on the same length and time scales and because the scatter-
ing can be directly computed from the simulated atomic
trajectories without any significant approximation. Thus,
the MD trajectory can be decomposed to identify relevant
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motions that contribute to the measured scattering. In fa-
vorable cases, the dynamics can then be modeled using
analytical techniques (Hinsen et al., 2000; Souaille et al.,
1996a,b).
We use here this combined approach of neutron scatter-

ing, MD simulation and analytical modeling to obtain a
description of protein dynamics that includes the diversity
of amplitudes and relaxation times experienced by atoms in
the protein. With this approach, it is possible to quantify and
differentiate between the backbone and side-chain contribu-
tions to the neutron scattering spectrum both in terms of the
amplitudes of the motions and the distributions of their
associated dynamical relaxation times. It is also possible to
show that the average dynamical properties vary smoothly
with distance from the protein core, involving a gradual
increase of the diffusive amplitudes and a narrowing and
shift to shorter times of the distribution of relaxation pro-
cesses. The possible implication of this for glass transition
behavior and protein function is discussed.

METHODS

The neutron scattering experiments were performed on amorphous pow-
ders of C-phycocyanin hydrated to 0.52 g protein/g D2O. To simulate the
hydrated amorphous powder system, the MD calculations were performed
using a model consisting of a single hydrated C-phycocyanin �� molecule
together with its three chromophores and explicit water hydrating the
protein to a similar level as in the experiment.

Quasielastic neutron scattering experiments

The sample used was 170 mg hydrated C-phycocyanin powder. To max-
imize the contribution from the protein motions under controlled condi-
tions, the experiments were performed using fully-deuterated solvent and
hydrogen-deuterium exchanged protein. The consequent partial deuteration
of the protein is limited to the exchangeable hydrogens. Under these
conditions the scattering is dominated by the unexchanged protein hydro-
gens.
The experiments were performed on the Mibemol spectrometer at the

Orphée Reactor, LLB, (Saclay, France). The incident wavelength was 6 Å,
the experimental resolution 96 �eV (full-width at half-maximum) and the
q-range 0.46–1.95 Å�1. The sample container was a flat aluminium cell of
1.5-mm thickness. The scattering of the empty cell was subtracted from
that of the sample. The differences in detector sensitivity were corrected
using the scattering of vanadium. To improve statistics, the detectors were
grouped in sets of ten. Due to the high transmission of the samples
(95–97%) the spectra did not need to be corrected for multiple scattering.

Molecular dynamics simulation

The program used for the MD simulation was CHARMM with force field
and version 22 (Brooks et al., 1983; MacKerell et al., 1998). The water was
modeled using the TIP3P potential (Jorgensen et al., 1983). To hydrate the
protein, a box of water with the standard liquid water density and 90 �
60 � 45-Å dimensions was equilibrated with CHARMM. The water
molecules with oxygen atoms within 2.6 Å or further than 4.7 Å from any
protein heavy atom were deleted. 5 nonstructural water molecules, found in
interior pockets but not found crystallographically, were also eliminated.
Using this procedure about one-and-a-half water layers remained, corre-

sponding to a hydration of 0.6 g/g. The final model contained 1100 water
molecules forming a system of 8417 atoms.
The simulation was performed in the microcanonical (NVE) ensemble.

The non-bonded cutoff distance was 14 Å. Smoothing of the nonbonded
interactions was performed with the switch method applied from 9 to 13 Å
(Brooks et al. 1983). Bonds containing hydrogens were constrained with
SHAKE (Ryckaert et al., 1977), allowing a 2-fs timestep. The system was
subjected to 5000 steps of adopted-basis Newton–Raphson minimization,
heated in 5 K increments for 10 ps and equilibrated for 100 ps. The
production dynamics was for 1 ns, long enough to adequately sample the
motions detected by the neutron instrument. The RMS deviation of the
backbone atoms from the x-ray crystal structure was 1.4 Å at the end of the
simulation, indicating that the protein had preserved its three-dimensional
structure.

Theoretical analysis

Calculation of neutron scattering properties from
MD simulation

Molecular dynamics simulation provides the position of each atom i as a
function of time, ri(t). To compute the dynamic structure factor, S(q, �),
the appropriate time correlation function must be calculated. This is the
incoherent intermediate scattering function, Iinc(q, t) given by

Iinc�q, t� � �
i
bi,inc2 �eiq��ri(t)�ri�0��	, (1)

where bi inc is the incoherent scattering length.
Because the thermal and orientation averages required for isotropic

powder scattering are uncorrelated, the following equation can be derived:

Iinc�q, t� � �
i
bi,inc2 �sin��q� � �ri�� � t� 	 ri�����

�q� � �ri�� � t� 	 ri���� �. (2)

This function was normalized such that I(q, 0)
 1. The contribution to the
scattering from sub-systems of atoms can be calculated by simply restrict-
ing the summation in Eq. 2.
For comparison with experiment Iinc(q, t) was convoluted with the

experimental instrumental resolution function, Ires(q, t) then numerically
Fourier transformed. This yields the dynamic structure factor,

S�q, �� �
1

 �

0

�

Iinc�q, t�Ires�q, t�cos �t dt. (3)

To understand the origin of the quasielastic scattering, the intermediate
scattering function, Iinc(q, t) computed from the MD trajectory was fitted
with the following commonly-used form (Bée, 1988):

Iinc�q, t� � �1	 A�q����q, t� � A�q�. (4)

Here A(q) and (1� A(q))�(q, t) are the elastic and quasielastic components
of Iinc(q, t), respectively. A(q) is the elastic incoherent structure factor. The
time dependence of the quasielastic component is given by �(q, t). It was
found to be impossible to fit the simulation-derived Iinc(q, t) with a single
exponential time dependence. Therefore, �(q, t) is modeled here with a
Kohlrausch–William–Watts stretched exponential,

��q, t� � exp��
t/��q���(q)�. (5)

Stretched exponentials are commonly used to describe relaxation processes
in strongly interacting disordered systems. The exponentials describe a
distribution of relaxation times, reflecting the diversity of dynamical time-
scales in the system. The function in Eq. 2 was introduced in the nineteenth
century by Kohlrausch to describe the relaxation of electrical polarization
in glassy materials. Later, Williams and Watts used this function to fit the
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�-relaxation of the electrical variables in glassy dynamics (Williams and
Watts, 1970). Since then, the Kohlrausch–William–Watts function is al-
most omnipresent in the description of stretched relaxation, being preferred
to other empirical functions due to its usefulness in the theory of asym-
metric probability distributions. A large number of physical systems have
been shown to present Kohlrausch–Williams–Watts relaxation behavior,
and, consequently, a number of theories have been proposed to explain it
(Götze and Sjögren, 1992 and Kurzinsky, 1998). For example, stretched
exponential behavior describes systems for which the spectrum of relax-
ation times presents the so-called self-similarity symmetry or time scaling
property. Glassy materials may be examples of such systems. Stretched
exponential behavior also arises in the mode coupling theory of glass
transitions (Götze and Sjögren, 1992). In mode coupling theory, the slow-
ing-down of structural relaxation with decreasing temperature is described
microscopically as being due to hindering of individual particle dynamics
by neighbours. The Kohlrausch–William–Watts function has also been
used in the interpretation of quasielastic neutron scattering on supercooled
water (Sciortino et al. 1996).
Spin-glass models have also been invoked to describe protein energy

landscapes (e.g., Goldstein et al., 1992; Stein, 1985). To explain time scaling,
fractal time or fractal space have been invoked. The former results from a
hierarchy of barrier heights in the potential energy landscape (Schlesinger,
1988; Frauenfelder et al. 1988) whereas the latter corresponds to a hierarchy of
bottlenecks (entropy barriers) in the passages between conformations on the
free energy surface (Blumen and Schnorer, 1990).

Analysis of A(q)

The simulation-derived scattering functions were interpreted with an ana-
lytical model in which the atoms diffuse confined in a spherical volume.
For spheres of a given radius a, A(q) is given by

A�q� � �3j1�qa�qa �2
with (6)

j1�qa� �
sin�qa� 	 �qa�cos�qa�

�qa�2 ,

where j1(qa) is the first-order spherical Bessel function (Volino and Di-
anoux, 1980).
Here, to account for the diversity of amplitudes experienced by atoms in a

protein we choose to use a distribution of sphere radii rather than one single
radius. The probability distribution of the atoms as a function of a discrete set
of radii, {ai} is denoted p(ai). The elastic component A(q) then reads

A�q� �
1

�i p�ai��ai
�
i
p�ai�fi�q�,

where:

p�ai� � 	pi � � 
ai 	 �ai
2 , ai �

�ai
2 �

0 � �� 
ai 	 �ai
2 , ai �

�ai
2 �

and (7)

fi�q� � �
ai��ai/2

ai��ai/2

A�q�� d� � �
a1��ai/2

ai��ai/2 �3j1�q��

q� �2 d�.

Fitting to A(q) involved a nonlinear least squares procedure to optimize
p(ai). p(ai) was found to be independent of the discretization step used for
{ai}.

RESULTS

In a first step of the analysis the dynamic structure factor
was computed from the MD trajectory and compared
with experiment. In Fig. 1 are presented the dynamic
structure factor, S(q, �) obtained experimentally and
from the simulation. In both cases, the quasielastic in-
tensity, which appears as a broadening of the elastic
peak, increases with q. The experiment and simulation
agree for most of the q range, although for the very
highest q the quasielastic component (the broadening
under the elastic peak) is slightly wider in the simulation,
indicating that the dynamics in the simulation may be
somewhat faster than in the experiment.
The fits of Eq. 4 are shown in Fig. 2 for the backbone and

side chains. Clearly, for both the side chains and the back-
bone Eq. 4 fits the data well. This indicates that stretched-
exponential behavior is appropriate for describing the time-
dependence of internal protein motions. The results of the
fitting are the relaxation time �(q) and the stretch parameter,
�(q). These are presented in Figs. 3, A and B. As can be
seen, there are marked differences between the behavior of
the backbone and side chains. For both, the stretch factor
�(q) reaches a constant value for q � 2 Å, of � � 0.40 for
the main chain and � � 0.27 for the side chains (see Fig.
3b). The further the exponent � is from 1.00 the greater the
nonexponentiality in the time-dependence of the relaxation
behavior. Therefore, although both subsystems exhibit
highly nonexponential dynamics, this is more marked for
the side chains indicating a wider distribution of relaxation
processes.
In Fig. 3 A, the initial low q plateau of �(q) is followed

by power law behavior. Linear fitting results, presented
in the inset to Fig. 3a, yield �� � q�1.39 for the backbone
and �� � q�1.43 for the side chains for q � 3.5 Å�1 and
q � 2.2 Å�1, respectively. This information can be used
to compare the internal motions in the protein with two
extreme cases—the heterogeneous and homogenous dy-
namical scenarios. In the heterogenous case, the stretched
exponential results from a superposition of single expo-
nentials from atoms with different relaxation times. It can
be shown that this gives �(q) � q�2 (Arbe et al. 1998). In
the homogenous case, all the relaxation processes are
identical but nonexponential—each is then characterized
by the same stretched exponential. In this case, � �
q�2/�. For q � �2 Å�1 in Fig. 3 B (where � is constant),
the value of �2/� is �5.0 for the backbone and �7.4 for
the side chains. In comparison, the corresponding values
obtained from the fits in Fig. 3 A are �3.4 for the
backbone and �5.3 for the side chains. Therefore both
the side chains and backbone show behavior intermediate
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between homogeneous (�2/�) and heterogeneous
(�2.0), with the side chains, however, somewhat closer
to homogeneous dynamics.
The simulation-derived scattering functions were in-

terpreted with an analytical model derived by extending
a simple description of confined diffusion. In this model,
the atoms diffuse in a spherical volume. The analytical
expressions for the scattering functions derived for the

case of a uniform sphere radius (see Methods) have been
widely used in the interpretation of quasielastic neutron
scattering experiments. The determination that the side-
chain motion in globular proteins contains a strong liq-
uid-like nonvibrational confined diffusive component at
physiological temperatures is consistent with the use of
this model for proteins (Kneller and Smith, 1994). In
combination with neutron scattering, the model in this

FIGURE 1 Experimental and simulation-derived S(q, �) for C-phycocyanin hydrated with D2O.

FIGURE 2 Simulation-derived intermediate scattering function together with fitted stretched exponential function. (A) Backbone atoms. (B) Side-chain
atoms. The oscillations at large t in the simulation data arise from long time statistical errors. Diamonds, I(Q, t) calculated from the trajectories of the MD
simulations. The full line gives the result of the fit using Eq. 4. From the top to the bottom, the values of Q are: 0.1, 0.5, 1.2, 2.5, 3, 3.5, 4, 4.5, and 5 Å�1.
T 
 292 K.
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simple form has been used to describe water dynamics at
the surface of hydrated powders of C-phycocyanin (Be-
lissent-Funel et al., 1992) motions in parvalbumin
(Zanotti et al., 1997, 1999) and the dynamical changes in
phosphoglycerate kinase upon unfolding (Receveur et al.,
1997).
The q dependence of 1/�(q) is shown in Fig. 4 B for the

ideal cases of free unconfined diffusion and diffusion in
a sphere. For unconfined diffusion, 1/�(q) follows a Dq2
“law” where D is the diffusion coefficient, whereas, for
diffusion confined to a sphere, 1/�(q) is independent of q
for q � 
/R and then for q � 
/R also varies as Dq2
(Volino and Dianoux, 1980). Comparison of Fig. 4 B
with the equivalent simulation results in Fig. 4 A con-
firms that the hydrogen atoms in the protein indeed
undergo confined diffusion. The simulation-derived �(q)
profile is consistent with a description of diffusion in
spheres with a distribution of radii—this leads to a more
gradual gradient change than for the single-sphere case in
which the plateau ends promptly at q 
 
/R. Also visible
in Fig. 4 is the marked difference between the side chain
and backbone dynamics. The diffusive regime (linear in
q2) is reached for the side chains at q2 � �2 Å�2,
whereas, for the backbone only for much higher q2, �
�10 Å�2. This indicates that the average volume in
which the backbone atoms are confined is smaller than
for the side chains.
The elastic incoherent structure factor, A(q) is deter-

mined by the geometry of the space accessed by the
atoms of the system (Bée, 1988). A(q) is presented in Fig.
5 A. Here, given the above considerations and to account
for the diversity of amplitudes experienced by atoms in a
protein, A(q) was fitted with a model incorporating a

FIGURE 3 Dynamical parameters for the backbone (filled circles) and
side chains (open diamonds). (A)� versus q. (B) � versus q.

FIGURE 4 1/� versus q2. (A) Backbone (filled circles) and side chains (open diamonds) of the protein. (B) Ideal cases: free-diffusion (Dq2 law) and
diffusion in a sphere.
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distribution of sphere radii rather than one single radius
(see Methods, Eq. 7). The distributions obtained are
shown in Fig. 5, B and C, for the backbone and side
chains, respectively. The geometries sampled in the con-
fined diffusion of the side chains and the backbone
significantly differ. For the backbone, a single population
results, centered on �1 Å, whereas, for the side chains,
two populations are seen, one at �1 Å and a wider
distribution with a peak at �1.7 Å. In Fig. 6 is shown the
time dependence of the mean-square displacement for the
side chain and backbone atoms. The long-time values are
�1.5 Å2 for the backbone and �3.5 Å2 for the side
chains, in close agreement with the corresponding fitted
mean sphere radii. The smaller average sphere radius for
the backbone than for the side chains is also in agreement
with the difference in the relaxation behavior shown in
Fig. 4 A, in which the diffusive regime for the backbone
is reached at higher q2 than for the side chains. The q2
value corresponding to the reciprocal mean sphere radius
is indicated on Fig. 4 A and indeed coincides with the
onset of the linear diffusive regime, in harmony with the
diffusion-in-a-sphere theory (Volino and Dianoux, 1980).
Further analysis showed no clear link between the dis-
tance from the backbone and the amplitude of the con-
fined side-chain diffusion as estimated from the mean
sphere radius. For example, the distributions for the C�

valine methyl groups and the C
 and C� isoleucine groups
are all centered at �1 Å, whereas those of C
 of leucine
and C� of threonine are peaked at �1.6 and �1.4 Å,
respectively.
We now examine the radial dependence of the dynam-

ical parameters, i.e., how they vary with distance from
the center of mass of the protein. To examine this, the
protein was partitioned into eight concentric shells, as

FIGURE 5 Geometry of the diffusive motions. (A) The elastic incoher-
ent structure factor A(q) for the backbone (bk) and side chains (sc). (B) The
fitted distribution of sphere radii for the backbone. (C) The fitted distri-
bution of sphere radii for the side chains.

FIGURE 6 Time dependence of mean-square displacement for backbone and side-chain atoms.
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illustrated in Fig. 7. The shells were 1-Å thick with the
exception of the inner- and the outer-most, which were
2-Å thick to include a reasonable number of atoms.
It was found that the analytical model (Eq. 4) could be

adequately fitted only for the six outermost shells of the
protein (numbers 1–6 in Fig. 7). The reason for this is that
the diffusive dynamics of the atoms of the innermost two
shells are too slow to be probed with the present MD
simulation and neutron instrument (i.e., they are �1 ns).
However, because the six outermost shells contain�95% of
the protein atoms, a large fraction of the protein dynamics is
covered in the present analysis.
The dependence of A(q), �(q) and �(q), on q for the six

fitted shells is presented in Fig. 8, A–C. For the innermost
of the six shells (shell number 6), the A(q) and �(q)
profiles differ from the rest and are consistent with the
dominance of slower and more confined processes. For
the outermost five shells A(q), �(q), and �(q) vary mono-
tonically with distance. Figure 9 presents the dependence
of the three parameters on the distance from the protein
core. The average radius of confined diffusion decreases
gradually from 2 Å in the outermost shell to 1.6 Å in the
fifth, in good agreement with the mean-square displace-
ment averaged over the atoms of each shell (Fig. 10).
Accompanying this effect, the stretch factor � reduces by
�40%, from 0.35 to 0.20, indicating that moving toward
the center increases the range of timescales spanned by
the dynamical relaxation processes. Finally, � increases
from 160 to 800 ps, smoothly shifting toward slower
relaxations when moving toward the center of the pro-
tein.

FIGURE 7 Partition of the protein into concentric shells. The outermost
six shells (labeled 1–6) were fitted with the analytical dynamical model.

FIGURE 8 Shell dependence of the dynamical parameters. (A) � versus
q. (B) � versus q. (C) A(q) versus q.

FIGURE 9 Smooth variation of dynamical parameters with distance, R,
from the center of mass of the protein.
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CONCLUSION

The present model, derived by combining quasielastic
neutron scattering, MD simulation, and analytical mod-
eling, captures in a simple way the range of amplitudes
and timescales of the internal diffusive motions in dif-
ferent parts of a protein. The relationships between ex-
periment, simulation, and the obtention of a simplified
dynamical description should be clearly understood. The
simplified dynamical model cannot be extracted directly
from the neutron scattering experiment because the ex-
periment is not discriminating enough. In other words,
the present neutron-scattering results alone cannot be
used to derive the “radial softening” description (al-
though this might in the future be possible experimentally
with some specific deuterium labeling). Here, the exper-
imental data are used as a check that the amplitudes and
timescales of the diffusive motions in the simulation are
approximately correct, and the simulation is then ana-
lyzed to determine the simplified dynamical model.
The agreement between experiment and simulation is not

perfect. This is expected, partly because the simulation is
not fitted to the experiment because the MD method does
not contain independent parameters that can be meaning-
fully adjusted for this purpose. However, the comparison
here and in previous work (Dellerue et al., 2000; Kneller
and Smith, 1994; Smith, 1991; Smith et al., 1990; Cusack et
al., 1988) indicates that basic features of protein quasielastic
scattering are reproduced by the MD.
Analysis of the simulation-derived intermediate scatter-

ing function reveals clear stretched exponential behavior,
placing proteins on common ground with many strongly-

interacting disordered systems such as glass-forming liq-
uids. Analysis of the q-dependence of the parameters ob-
tained provides further information on the nature of the
motions involved. As presented in Fig. 4, the q-dependence
of � in a protein is typical for confined diffusion. Although
the diffusion-in-a-sphere model is only a crude representa-
tion of the detailed motions present in the protein, the
present results show that it captures the essence of the
displacements contributing to the quasielastic neutron scat-
tering. An alternative would be to model the atoms as
jumping between rotamer positions. However, it was shown
in Kneller and Smith (1994) that the motion principally
contributing to quasielastic scattering from proteins at 300
K is not rotamer transition but rather is continuous diffu-
sion. This finding was confirmed in a later study (Steinbach
and Brooks, 1996).
The dynamics of a protein depends on its environment

(Ansari et al., 1987; Reat et al., 2000). Determination of the
environmental dependence of the dynamical parameters in-
vestigated in the present work would therefore be of much
interest. The experiment and simulation were performed at
a hydration level (0.52 g/g) at which the dynamics of a
protein as seen by neutrons is essentially that of a fully-
hydrated protein.
The physical picture of a globular protein arising from

the present analysis is as follows. First, specific differ-
ences are seen between the backbone and side-chain
dynamics. The average sphere radius for the backbone
atoms is significantly smaller than for the side chains and
the time dependence less nonexponential, indicating a
narrower spread of distribution of relaxation times. The

FIGURE 10 Shell-dependence of the mean-square displacement.
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marked difference between the backbone and side-chain
dynamics suggests a physical similarity of a protein to
composite materials formed from a “hard” (backbone)
and a “soft” (side chains) component. Second, and per-
haps most important, new light is shed on the dynamics
as a function of the distance from the center of the
protein. Previous simulation and experimental work on
hydrated proteins has revealed significant differences
between the dynamics of the surface and the interior
residues (e.g.,. Zhou et al., 1999; Perez et al., 1999; Loh
et al., 1999; Stella et al., 1999; Sopkova et al., 1999; Feng
et al., 1998). The present results are consistent with this,
but further reveal a monotonic variation of dynamical
parameters with distance from the protein core. Both the
amplitudes of confined diffusion and the relaxation pa-
rameters change smoothly from the surface to the interior
(Fig. 9). The �40% decrease of the stretch factor � as
one goes deeper into the protein is consistent with
spreading of the relaxation times over larger and larger
intervals. Accompanying this � gradually increases five-
fold, from 160 to 800 ps, indicating a shift toward slower
relaxation processes. Some of the very slowest processes,
concerning particularly the 3-Å central core of the pro-
tein, remain unsampled both by the 1-ns simulation and
by the neutron instrument used.
The smooth decrease of mobility moving toward the

interior of the protein can be correlated with recent
crystallographic data on human �-lactalbumin that indi-
cate a radial variation of the magnitude of isotropic
temperature factors (Harata et al., 1999). It is also con-
sistent with, and might provide an explanation for, the
observation that, during denaturation, a protein becomes
less structured radiating away from the core (Daggett et
al. 1996). The model of dynamics emerging from the
present data can readily be represented by a shell model
describing the gradual change in dynamical parameters.
This “radially-softening” model of depth-dependent pro-
tein dynamics is consistent with a picture in which inter-
nal reorganization of protein atoms becomes progres-
sively more difficult as one approaches the core. This
may provide a protein with the local flexibility required
for ligand binding while preserving the stability of its
tertiary structure. Furthermore, the present results sug-
gest that the protein glass transition might be also radi-
ally-dependent. This means that, as the temperature de-
creases, the diffusive dynamics on any given time scale
would first freeze out in the center of a protein, then
progressively freeze out with increasing distance from
the center. This possibility could, in principle, be inves-
tigated experimentally, using neutron scattering with
specific hydrogenation of residues at selected distances
from the center of mass in an otherwise perdeuterated
protein.
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