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The “protein dynamical transition” (PDT) characterizes the abrupt loss of structural flexibility at a particular
temperature and time scale in response to the glass transition of protein hydration water. The water-coupled
structural degrees of freedom interact with the protein via hydrogen bonds, causing fluctuations, which can
be probed by dynamic neutron scattering experiments. To emphasize the properties of hydration water a
perdeuterated protein C–PC hydrated with H2O is investigated together with native myoglobin. The
respective intermediate scattering function of hydration water displays a two-step decay involving fast local
re-orientational fluctuations and a slow collective relaxation. The anharmonic onset in the mean squared
displacements, which is generally used to identify the PDT, is derived from the properties of the intermediate
scattering function at the time given by the resolution of the spectrometer. It is shown that the onset
temperature depends on the shape of the relaxation time spectrum. A shape-independent transition
temperature TΔ is defined, associated with the main structural relaxation, which decreases with increasing
resolution. A second onset is identified near the glass temperature Tg, which is related to the initial decay of
the intermediate scattering function. This onset is independent of the instrumental resolution and causes a
change in molecular elasticity and thermal expansion. With this approach a more precise definition of the
PDT is given, providing answers to the critical questions about the nature and the mechanism of the effect.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The “protein dynamical transition” (PDT) denotes the abrupt loss
of structural flexibility in response to the freezing of hydration water
[1–3]. A thin layer of protein-adsorbed water remains liquid well
below the freezing point and, instead of crystallizing, turns into an
amorphous solid at Tg≈170 K. The term “liquid” implies viscous flow
and long range diffusion in the hydration shell. The water-coupled
protein degrees of freedom thus stay mobile at subzero temperatures,
but become structurally arrested at Tg. These motions comprise a
particular class of fluctuations, which are controlled by polar
interactions, essentially by hydrogen bonds. This view is supported
by molecular dynamic simulations of hydrated proteins. In particular
the relevance of translational motions of water “driving” the
transition was emphasized [4–6]. Internal structural degrees of
freedom, side-chain rotational transitions, couple only weakly to the
solvent. Such protein motions occur in spite of glassy solvents or even
in the absence of solvent [7,8]. The glass transition is associated with a
broad step in the specific heat of the protein–water system [1,8–11].

A second anomaly defining Tg is a discontinuity observed in the
temperaturedependence of theprotein–waterO–Hstretching vibration
and the peak frequencies of the amide bands [1,8,12,13]. The glass
transition is phenomenologically definedby the temperature,where the

structural relaxation time reaches an experimental time scale of 100 s.
Probing the structural relaxation on a much shorter time scale will
upshift the apparent glass temperature to TΔ. The “Δ” indicates the
dependence on the time resolution of the instrument. With Mössbauer
spectroscopy on a 150 ns timescale, the transition occurs at 210 K with
hydrated myoglobin [14], while probed on a 50 ps time scale with
neutron scattering TΔ is up-shifted to 240 K [2]. The protein–solvent
glass transition and its effect on protein dynamics and biological
function was reviewed recently in ref. [8].

The term “dynamical transition” was first introduced in the
context of neutron scattering experiments performed with hydrated
and dry myoglobin and lysozyme [2]. This technique records the pico-
second motions of the nonexchangeable protein hydrogen atoms. A
two-step scenario was already discussed in this work:“Two spectral
components with different shape and temperature dependence can
clearly be recognized, a fast β-process and a slower α-process. The
increase with temperature of the intensity of the broad line is
consistent with local jumps between sites of different energy. The
linewidth is temperature independent with a value of 1.5–2 meV
(0.5–1 ps). The linewidth of the α-process by contrast broadens with
increasing temperature. Below 240 K this component is not well
resolved and therefore contributes to the elastic intensity...” [2]. Since
the slow α-process did not occur at low hydration it was assigned to
collective protein–water relaxation.

In later work, the transitionwas predominantly identifiedwith the
“anharmonic onset” in the molecular displacements at a particular
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temperature Ton [15]. The “onset” approach is deceptively simple,
which led to a number of misconceptions[16]: Any molecular process,
local or collective, can cause an apparent harmonicity transition, if
probed using a fixed window method: The apparent increase of the
protein NMR signal above 100–150 K due to methyl group dynamics
was suggested as an explanation of the PDT [17]. Belowwe show, that
the methyl group rotation is independent of the state of the protein
environment. Often the PDT is confused with a structural phase
transition, which would also modify the dynamic properties. The
focus on the “anharmonic onset” has motivated other interpretations
different from the glass transition scenario: (1) A sudden increase of
molecular fluctuation amplitudes due to detrapping in a rugged
energy landscape at Ton=200 K as observed with Mössbauer
spectroscopy [18–21] or with simulations resulting from enhanced
protein–water hydrogen bond dynamic amplitudes at 240 K [22]. (2)
A sudden increase in protein elasticity at Ton, which is deduced from
the change in the slope of the temperature dependent mean square
displacements [23,24]. (3) A structural transition between two phases
of protein hydration water [25–29]. The structural change was
identified from a sharp dynamic cross-over in the temperature
dependence of the average water relaxation time. We have recently
shown that this cross-over results from an incomplete data analysis,
when the average relaxation time of a wide spectrum crosses the
instrumental resolution [13]. Also previous dielectric relaxation and
NMR studies of protein hydration water could not reproduce the
fragile-strong cross-over [30–33]. To clarify the issue, we briefly
summarize the molecular displacements observed with myoglobin
exposed to different environments.

Fig. 1 shows the mean squared amplitudes of the nonexchangeable
protons of myoglobin probed on 50 ps time scale. The Q-dependent
elastic n-scattering function was decomposed into two dynamic
components [7]: Component I exhibits a Gaussian displacement
distribution. At low temperatures this implies only vibrational motions
which can be adjusted to a hyperbolic cotangent function of an average
oscillator with a mean frequency of ω=110 cm−1. The data account
correctly for the zero point vibrations. In dehydrated or glassy
environments this function approximates the data quite well within
the entire temperature range. In the case of D2O-hydrated myoglobin a
striking increase in the displacements occurs above 240 K due towater-
coupled protein motions [2,7]. The second component was assigned to
rotational transitions of side-chains, mostly of methyl groups according

to its non-Gaussian scattering function [7,35]. The respective anharmo-
nic onset occurs around 150 K at τΔ≈50 ps and near 100 K at 2 ns [15].
Rotational transitions are rather unaffected by the protein environment.
These motions are decoupled from the solvent and have nothing to do
with the collective relaxation, which gives rise to the glass transition.
The associated anharmonic onset is thus not a “dynamical transition”,
which involves structural arrest due to a divergingviscosity. Component
I and II are not themembers of the two-step scenario, mentioned in the
title. The goal of this article is to identify a third dynamic component,
which is closely related to the glass transition. The corresponding
fluctuations of hydrogen bonds exhibit much lower amplitudes and are
thus more difficult to detect by neutron scattering than the protons of
rotating methyl groups. We thus analyse the fluctuations of hydration
water on the surface of a protein, here the scattering from methyls has
been diminished by perdeuteration as with C-phycocyanin (CPC). In a
recent dynamic analysis of CPC-hydration water we recorded the
temperature dependence of the average correlation time in the context
of the postulated fragile to strong cross-over [13,26]. Here we focus on
the properties of the elastic scattering function. We start with the
theoretical background and introduce a novel approach to identify TΔ
from a neutron scattering analysis.

2. Theoretical background and data analysis of the
dynamical transition

The goal of a neutron scattering experiment with proteins is to
determine the self-intermediate scattering function I(Q,t), which
probes the density fluctuations of the protein hydrogens. The
coherent scattering contribution due to other atoms is usually
below 10%, which will be ignored in the following [34]:

I Q; tð Þ = 1
N
∑
i

〈eiQRi 0ð Þe−iQRi tð Þ〉 ð1Þ

Ri(t) denotes the position vector of proton i at time t and Q is the
scattering vector. N is the number of scattering centers. For isotropic
samples, likeproteinpowders, onecanperform theappropriate isotropic
average leading to a scalar function I(Q,t) [7]. For Gaussian displacement
distributions and finite instrumental resolution one obtains:

Iapp Q; tð Þ = e
−
1
6
Q

2〈ΔR2 tð Þ〉⋅Ires t = τΔð Þ ð2Þ

In general, the average squared displacement will vary withQ. The
instrumental resolution function Ires(t/τΔ) acts as a cut-off and puts a
time limit on the accessible displacement. Only motions shorter τΔ
can be observed. Most neutron scattering spectrometers provide
primarily information in the frequency domain. The respective
scattering function S(Q,ω) is given by the Fourier transform of I(Q,
t). If the value of I(Q, t=τΔ) is finite, an apparent “elastic” scattering
component with intensity Sapp(Q) at ω=0 is produced:

Sapp Q;ω = 0ð Þ = ∫∞
−∞

dt
2π

I Q; tð Þ⋅Ires t = τΔð Þ ð3Þ

The measured apparent elastic intensity is usually normalized by a
low temperature value Sapp0 (Q,T0),where I(Q,t) is time independent. The
resulting normalized elastic intensity Sel(Q,T,T0)=Sapp(Q,T)/Sapp0 (Q,T0)
is the starting point of numerous neutron scattering studies with
proteins aiming to derive mean squared displacements. Sel(Q) has the
remarkable property, that it approximates the intermediate scattering
function at the resolution time τΔ:

Sel Q; T ; T0ð Þ≈I Q; t = τΔ Tð Þð Þ ð4Þ

This correlation is demonstrated experimentally for hydrated
myoglobin in Fig. 2 on a time scale of 12 ps [37]. Note the two-step

Fig. 1.Mean squared displacements of nonexchangeable hydrogen atoms of myoglobin
in different environments: vacuum-dry (squares), solid, vitrified in a perdeuterated
glucose glass (triangles) and liquid, D2O-hydrated with h=0.35 g water/g protein,
(circles). The elastic neutron scattering function (IN13, ILL) was decomposed into two
dynamic components: (1) Gaussian vibrational–librational displacements (filled
symbols) and (2) rotational transitions of side-chains (open symbols). The full lines
represent either the coth(Jω/kBT) function (1) or a fit to a model (2), which assigns 80%
of the rotational transitions to methyl groups. Only processes faster than the
instrumental time resolution τΔ≈50 ps contribute to the displacements.
[7,16,35].
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decay of the protein intermediate scattering function first observed in
1989 [2]. By varying the instrumental resolution time τΔ, one can map
the complete intermediate scattering function, which is discussed in
Refs. [37,38]. This method establishes the connection between elastic
scattering and dynamics. For the present purpose we approximate the
normalized elastic intensity by the value of the intermediate
scattering function at the resolution time. This ignores the detailed
shape of the resolution function.

Relaxation processes in complex systems are generally non-
exponential in time. A very useful model of heterogeneous processes
involving a distribution of relaxation times is the Kohlrausch stretched
exponential function:

Φ tð Þ = exp − t=τcð Þβ
n o

ð5Þ

where β≤1 is the stretching parameter.
Fig. 3a shows this function for various values ofβ.With decreasingβ,

the time decay broadens by fast and slow components compared to the
mono-exponential case of β=1. However, the correlation functions
coincide independent of β, at t=τc, which defines both the time scale
and the characteristic temperature of the dynamical transition. The
resulting “transition” in the elastic intensity Sel(T) is shown in Fig. 3b. It
was assumed that correlation time τc(T) varies with the temperature
according to an Arrhenius lawwith an activation energy of 17 kJ/mol, a
prefactor of 10−13 s (hydration water), and τΔ=2 ns (HFBS, SPHERES,
IN16). All curves coincide at TΔ independent of β at Sel TΔð Þ=1/e, while
the onset temperatures are quite different. The latter depend on the
shape of the relaxation time distribution. This complication is avoided if
we define the transition temperature TΔ, by the 1/e value of the elastic
intensity, where τc=τΔ as shown in Fig. 3b. Similarly the intermediate
scattering function is characterized by its characteristic time at t=τc
and not by the “onset” of the time decay. The elastic intensity is the
primary experimental quantity and should be preferred to analysing the
displacements, which involves further assumptions. Fig. 3b also
illustrates, why the experimental temperature range should be chosen
as wide as possible to cover the entire transition and not just the onset.
The effect of a Gaussian instrumental resolution function on the elastic
intensity is also shown in Fig. 3b. This produces further stretching of the
high temperature tail of the elastic intensity but does not affect TΔ
[37,38]. This approach applies of course to any molecular process and
not just to glassy dynamics. Molecular displacements in native proteins
are spatially constrained by a compact average structure. The

intermediate scattering function will therefore assume a genuine
plateau at long times given by the elastic incoherent structure factor,
EIFS(Q)=Sel(Q,τΔ→∞).

Iprot Q; tð Þ = EISF Qð Þ + 1−EISF Qð Þð Þ⋅Φprot Q; tð Þ ð6Þ

The EISF(Q) is defined as the Fourier transform of the displace-
ment distribution at long times, G(ΔR(t→∞)) and can be used to
identify the type of molecular motion [7,16]. This effect, which gives
rise to an elastic intensity, has to be distinguished from elastic
scattering resulting from a finite instrumental resolution [7,35]. The
EISF(Q), which is generally independent of the temperature, can be
identified from the high temperature plateau of the elastic intensity,
when the quasi-elastic spectrum is fully resolved.

We performed elastic neutron scattering experiments with
perdeuterated C–PC hydrated with 0.3 g/g H2O. C–PC is a light
harvesting, blue-copper protein, abundant in blue-green algae. Its
structure and dynamics have been previously investigated by neutron
and X-ray scattering [34,39–41,44]. Gabel et al. have performed a very
detailed neutron scattering analysis of C–PC hydration water in the
presence of trehalose [42].

3. Experimental

The sample was purified from a preparation of Crespi [43,45] with
nearly 99% deuteration. The protein purity was estimated from the
absorbance ratio A(620 nm)/A(280 nm)≈4.6 (analytical grade). The
perdeuterated protein contributes essentially an elastic component,
modulated by the protein structure factor [34], to the spectrum
including exchanged protons (20%) and immobilized water near
charged groups, from which the relevant quasi-elastic part of mobile
H2O molecules can be easily separated. The degree of hydration with
H2O was adjusted to 0.3 g/g using saturated salt solutions (KNO3), the
same hydration as in the experiments performed with lysozyme [26].
Quasi-elastic neutron scattering data were collected with the new
back-scattering spectrometer SPHERES at FRM II in Munich. The
standard setup with 0.65 μeV (FWHM) resolution is slightly better
than with the NIST-HFBS spectrometer (0.85 μeV). Scattered neutrons
were collected typically for 12 h for each spectrum in the temperature
range from 100 to 320 K. The analysis was performed with the
program IDA [46].

4. Results

4.1. Elastic scattering analysis of C–PC water dynamics

Fig. 4 shows an analysis of the elastic scattering function of H2O-
hydrated C–PC at a resolution time of 2 ns. Below 200 K the elastic
intensity is dominated by the vibrational Debye–Waller factor. The
extra loss above the onset temperature of 220 K can be attributed to
an increasing resolution of the diffusional motions of hydration water
[13].

The genuine elastic scattering, ≈0.25 estimated from the high
temperature plateau, is dominated by coherent scattering of the protein
structure, which reflects the coherent structure factor S(Q) and not the
EISF(Q). For mobile water one expects EISF(Q)=0. Taking also the
vibrational component into account, yields TΔ≈255 K, where the
correlation time of water τc coincides with τΔ≈2 ns. For the narrow
range of the transition we assume an Arrhenius law for the average
correlation time: 〈τc〉=τ0⋅exp H = RTð Þ. The curves shown in Fig. 4 refer
to two values of the stretching exponent: β=1 (long dash) yields an
activation energyof 17 kJ/mol and a pre-exponential of 10−13 s. The full
line represents β=0.5, yielding an activation energy of H=33 kJ/mol
(dashed 35 kJ/mol, to show the sensitivity) and the pre-exponential
τ0=10−15 s. Assuming β=0.35, one obtains instead H=63 kJ/mol
and τ0=10−22 s. These differences reveal the important influence of

Fig. 2. Intermediate scattering function I(Q,t) (corrected for resolution effects) and
normalized elastic intensity Sel(Q,T0= 100 K) of D2-O-hydrated myoglobin (h=0.35)
measured with the time-of-flight spectrometer IN6 at the Institut Laue Langevin
(Grenoble). Time window: τΔ≈12–15 ps. The horizontal lines indicate that Sel(Q)=
I(Q,t≈τΔ).
[37,38].
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the relaxation time distribution on the effective activation parameters.
For a given β one can derive valuable dynamic information from the
elastic transition curve. The average correlation times are compatible
with those derived for protein hydration water by dielectric relaxation
[30,31] orNMR [32,33] if aβof 0.5 is chosen.A Lorentzian, (β=1)would
not account for the wings of the C–PC water spectrum [13].

4.2. Solvent viscosity and PDT

In previousworkwe have introduced the viscosity near the protein
surface ηs as the essential dynamic coupling parameter between the
solvent and functional protein motions [7,8,14]. Moreover it was
emphasized, that the viscosity near the protein surface can differ from
the bulk value. The viscosity is associated with a solvent relaxation
time τs according to the Maxwell relation. The viscosity of water has
been modified in the context of neutron scattering studies with
proteins by adding co-solvents at variable composition [57–59]. In the
limiting case, that the relaxation rate of the bulk solvent coincideswith
the protein relaxation rate τc≈τs, we can deduce from such data the
corresponding PDT at a given instrumental resolution τΔ.

In Fig. 5 we display such results using the average solvent
relaxation times given in ref. [7,8,13]. The elastic transitions occur in
a temperature range of 200–300 K, consistent with published data

depending on solvent composition and time window. The dashed line
shows how to locate TΔ. Hydration water as solvent at τΔ=140 ns,
displays the lowest onset temperature of 200 K, compatible with the
200–210 K observed in Mössbauer experiments with hydrated
myoglobin [14]. This study showed in particular, that the transition
temperature varies with the solvent composition and the surface
viscosity. With water at 2 ns we recover the experimental results of
Fig. 4. Also shown are results for 60% ethylene-glycol, 75 and 90%
glycerol at a resolution of 2 ns. Note the effect of different resolution
times with 90% glycerol–water at 2 and 0.1 ns. From the model
discussed in Section 2 one derives the effect of viscosity on the
anharmonic onset in the displacements:

〈Δx2〉τΔ≈〈Δx2c 〉
τΔ
τc

� �β
=

C
ηβ ð7Þ

which should be compared to the phenomenological equation
bΔx2appN≈1/log(η) of Paciaroni et al. [58–60].

4.3. The two-step scenario

So far only the “slow” structural relaxation and the associated
elastic intensity were discussed, which is the second step of a two-

Fig. 3. a) The Kohlrausch stretched exponential function Φ(t/τc,β) with three exponents β=0.35, 0.5, 1. b) Resulting elastic intensity Sel(T) at τΔ=2 ns, assuming an Arrhenius law
for τc(T)=τ0d exp(H/RT) with H=17 kJ/mol and a prefactor τ0=10−13 s. The effect of a Gaussian instrumental resolution is also shown for β=1 (dotted line) The arrow indicates
the location of the dynamical transition temperature TΔ at τΔ=τc, independent of β.

Fig. 4. Elastic neutron scattering data, Sel(Q=1.0 Å−1) of perdeuterated phycocyanin
hydrated with 0.3 g/g H2O (filled circles). The time window was τΔ≈2 ns (SPHERES),
T0=100 K. Lines: fits to the stretched exponential model of Eqs. (5) and (6) at β=0.5
(full line) and 1.0 (dashed). Dashed line shifted: β=0.5 and slightly larger activation
energy, TΔ is indicated by an arrow. The parameters are given in the text.

Fig. 5. Calculated elastic intensities Sel(T) according to Eqs. (4) and (5) using the solvent
relaxation times of Refs. [8,13] as input with τc=τs and setting β=0.5, EISF(Q)=0. W
(fat line): hydration water of Fig. 4, GW: glycerol–water in weight percent, EGW:
ethylene-glycol–water. TΔ is defined by the dashed line crossing the Sel(T)=1/e. The
instrumental resolution time windows τΔ are indicated.
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step scenario. The first step in contrast is associated with fast
hydrogen bond fluctuations and the glass transition at Tg. Fig. 6
displays the intermediate scattering function I(Q,t) of protein
hydration water on a 15 ps time scale corrected for resolution effects
[7,8,36]. The structural correlations decay in two steps with different
properties: The fast process, denoted by β, emerges with increasing
amplitude at Tg. Its correlation time is nearly independent of the
temperature and the wave vector Q, while the amplitude increases
with Q and T. These features can be accounted for by an asymmetric
two-state model of bond fluctuations [2,8].

The effective correlation time of the open-closed fluctuations is
dominated by the fast crossing of the small barrier in the “excited”
state. The large barrier between ground and excited state controls
mainly the population of open states according to a Boltzmann
distribution. This process may contain oscillatory components due to
overlap with low-frequency vibrations. The second process by
contrast slows down with decrease in temperature. Its rate varies
with Q in accord with translational diffusion [7,36]. The slow
component thus exhibits the properties expected of the α-relaxation.

The finite value of I(Q,t=τΔ) gives rise to an elastic intensity as
indicated in Fig. 6b. From the elastic intensity an apparent mean
square displacement is deduced in the Gaussian approximation,
which includes the finite time resolution of the spectrometer:

Sel Q ; Tð Þ≈exp −Q2〈Δx2〉τΔ
� �

ð8Þ

Fig. 7 shows the result for H2O-CPC corresponding to a time
window of 2 ns: Below 170 K the displacements are dominated by
harmonic vibrational motion. Slightly above Tg≈170 K the 〈Δx2〉start
to increase tending to a plateau around 200 K. A second, more
striking increase occurs at Ton≈220 K. Fig. 7 also displays measure-
ments of hydration water displacements, corresponding to a much
shorter time window of 15 ps with hydrated myoglobin (see Figs. 3
and 5) [7]. The short-time displacements agree with the long-time
measurements up to about 220 K. However Ton≈260 K is now up-
shifted by 40°. The dynamic onset thus involves two steps: A
resolution-independent onset near Tg followed by a second step,
where the onset temperature (TΔ) varies with the probe frequency.
Fig. 7 also shows the transition in thermal expansion coefficient of
the hydrogen bond network at Tg≈170 K probed by the O–H
stretching frequency shift.

5. Discussion

The main intention of this article is to provide an operational
definition of the PDT in terms of properties of the intermediate
scattering function and the physics of the glass transition. An elastic
component emerges in the frequency domain, whenever I(Q,t=τΔ)
does not vanish within the chosen experimental time scale. If this
applies to the main structural relaxation, a dynamic equilibrium cannot
be achieved and the system will become nonergodic on a macroscopic
scale. It was pointed out, that the decay of structural correlations
requires a precursor involving local fluctuations beyond a critical
amplitude. Hydration water has some dynamic features in common
with the bulk phase, in particular the biphasic behavior of I(Q,t). The
two-step decay in the density correlation function near the glass
transition was first established by themode coupling theory [49,50]. Its
physical basis is the microscopic structure of the liquid: The fast local
motions constrained by the cage of nearest neighbors give rise to a fast
β-process on a pico-second time scale, while the slow α-process is
associated with the escape out of the cage and long range diffusion. W.
Götze inhismost recentwork prefers the terms “first and second scaling
region” to avoid confusion with other slow β-relaxations [50].

Fig. 6. Intermediate scattering function I(Q,t) of hydrationwater of myoglobin on a 15 ps time scale at fixedQ=1.8 Å−1 [7,8]. The displayed data are the result of a numerical Fourier
transform of S(Q,ω) measured with instrument IN6 (ILL, Grenoble), corrected for instrumental resolution. The resulting elastic intensities at t=τΔ (see the arrows) are also shown in
b). The two dynamic components of I(Q,t) are denoted by β and α.

Fig. 7. Proton mean square displacements of H2O adsorbed to C–PC at nominal time
resolutions of 2 ns (full circles) and at 15 ps (open triangles, myoglobin). Dots:
“Spectroscopic” thermal expansion coefficient (α) of water in hydratedmyoglobin powder
fromtheO–Hstretchingvibration [8,12]. Thearrows locate theglass temperature Tgandthe
resolution-dependent onset temperatures Ton of the α-process. The resolution-indepen-
dent onset of the fast beta-process is also marked. Dashed line: vibrational displacements.
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Here we have shown that the biphasic behavior of I(Q,t) of
hydration water gives rise to two types of enhancements in the
molecular displacements. The low temperature onset reflects the
increasing amplitude of fast hydrogen bond fluctuations near Tg. This
pre-transition leads to a change in the elasticity of the hydrogen bond
network and the thermal expansion of the system. This onset cannot
be observed easily with back-scattering spectroscopy of protonated
proteins, because of the dominating contribution of methyl group
dynamics in the same temperature range. The second step at TΔ varies
with the experimental time scale and reflects the main relaxation.
This observation excludes any explanation of the PDT in terms of a
structural transition as implied with the fragile-strong scenario [26]. A
similar two-step increase in the displacements of hydration water can
be deduced from Fig. 1 of Wood et al. with hydrated MBP, a soluble
monomeric protein [47]. Also Zanotti et al. report an onset of
hydration water displacements related to the calorimetric glass
transition around 150–170 K with hydrated lysozyme [48]. The two-
step scenario also excludes any trivial explanation of the PDT
[30,51,52,54,55].

The protein–water interactions are mediated mainly by hydrogen
bonding. Time-resolved displacements of protein and water protons
reveal fast fluctuations on a common time scale [16]. The α-process
denotes the escape of a molecule out of the cage of nearest neighbors,
which is the first step of translational diffusion. The intercage
displacement of water can be transmitted via hydrogen bonding to
polar protein residues at the surface. This involves bond switching,
since the displacements of protein residues, in contrast to water, are
spatially restricted by covalent bonds. The β-relaxation discussed here
is very different from the one proposed by Frauenfelder and
collaborators [51]. There it is postulated that water in the hydration
shell can perform only local motions. Instead water in protein
powders is not attached to protein residues but performs long range
diffusion as shown with NMR and neutron scattering experiments
[7,13,33]. β-processes were originally introduced by Green and Angell
to characterize the water-coupled motions of protein residues [56].
Their main argument, the absence of thermal effects, is however
incorrect as discussed above.

Sokolov and collaborators claim, that the main protein structural
relaxation and its relation to the solvent is “largely unknown” [52,53].
The connection with the glass transition of water is rejected, since the
respective correlation times would not “extrapolate” to 100 s at Tg.
This argument is not entirely convincing, since the glass transition of
hydration water is unusually broad and new processes emerge below
210 K [30,32]. Thus the Vogel–Fulcher law observed for the average
water relaxation time may not be valid below 210 K. Such a deviation
from VFT behavior was indeed observed below 200 K [13,30–33]. This
effect is however different from the fragile-strong cross-over
proposed by Chen et al. [26] as was shown in ref. [13]. The protein
anharmonicity truly increases at Tg due to enhanced fluctuation
amplitudes of the H-bond network. This contrasts with the physical
meaning of TΔ, which implies τc≈τΔ.

6. Conclusion

The quasi-elastic neutron scattering spectrum of hydrated proteins
can be decomposed into two main components: (1) Rotational
transitions of side-chains, mostly of methyl groups, which are rather
independent of the protein environment and (2) solvent-coupled
librational motions of protein surface residues. The latter perform
collective displacements in phase with water molecules near the
protein surface. The intermediate scattering function of hydration
water exhibits a two-step decay, similar to bulk glass-forming liquids,
related to fast re-orientational and slow translational displacements.
The protein dynamical transition occurs in parallel with the freezing
of translational mobility of water along the protein surface. The
resulting mean square displacements, measured as a function of

increasing temperature, thus show a two-step onset. The onset
temperature of the second step varies with the instrumental
resolution time, while the first step reflecting fast hydrogen bond
fluctuations is associated with enhanced amplitudes above the glass
temperature Tg. The third onset, observed below Tg, refers to enhanced
resolution of side-chain rotations, which are independent of the
collective protein–water system. The elementary steps in the
functional process of ligand binding to myoglobin show a similar
behavior: The entry and exit of ligand molecules vary with the
interfacial viscosity. By contrast, the protein-internal migration of
ligands and the binding to the active site are completely decoupled
from the solvent [7,8,16]. The protein dynamical transition (PDT) thus
affects essentially the functional aspect of ligand exchange, while
internal motions near the active site persist below Tg.
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