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Abstract

The vibrational dynamics of protein hydration water has been studied by incoherent neutron scattering.
Experiments on a sample of fully deuterated maltose binding protein allowed us to single out the
hydration water susceptibility. The main inelastic features, corresponding to hydrogen-bond bending,
hydrogen-bond stretching and librational excitations, have been followed over a temperature range
extending from 50 to 300 K. It turns out that the temperature dependence of the hydrogen-bond
stretching contribution is quite similar to that of the mean square displacements deduced by the
quasielastic signal, thus suggesting a close relationship between the anharmonicity of longitudinal
phonon-like motions and the onset of diffusional molecular dynamics. On the other hand, both
hydrogen-bond bending and librational excitations show a temperature dependence consistent with a
harmonic character over the whole temperature range.
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Introduction

Water molecules within a few A of the protein surface are able to effectively perturb both the diffusive
and vibrational dynamics of biomolecules, as shown by experimental [1-13] and theoretical [14-18]
investigations. This kind of water, referred to as protein hydration water, has been shown to play a role
in efficient enzymatic catalysis [19], in folding processes [20-22], as well as in molecular recognition
and in mediating protein-protein interactions. Indeed, fluctuations in the hydration shell have been
suggested to control fast fluctuations of proteins, thus having profound implications for their biological
activity by driving key internal processes such as the migration of ligands within myoglobin [23].
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Apart from its crucial biological role, protein hydration water is also a unique system to study the
physical properties of the water molecular network in conditions where it is sensibly altered with
respect to the bulk, due to local topography and specific interactions with the protein surface [24]. As
for structural features, the average value of the mass density of protein hydration water has been shown
to be definitely larger than that of bulk water by X-ray [25] and small angle neutron scattering [26]
experiments, by molecular dynamics (MD) [27] and Monte Carlo [28] simulations. In addition, the
density of protein hydration water can be locally lower or higher than the bulk, depending on the
curvature of the protein surface [27]. Also dynamical properties of water molecules at the protein
interface are quite different from the bulk, with a large fraction of them experiencing a moderate
slowdown factor of ~2—3 [29,30]. This slowdown has been interpreted in terms of a theoretical
extended jump model and ascribed to both a topological excluded-volume factor, resulting from the
local protein geometry, and a free-energy factor, arising from the water-protein hydrogen-bond strength
[29].

The temperature dependence of these diffusive motions has been investigated in a number of
experimental and theoretical studies [5,8,15,31,32]. A parallel departure from the low-temperature
harmonic trend, also known as dynamical transition, was found at about 200 K in both protein and
protein hydration water mean square displacements [5,7]. The dynamical transition has been ascribed
to the effects of the so-called second critical point of water [33]. The latter is observed by molecular
dynamics simulations in the super-cooled phase of bulk water around 200 K, and marks the structural
transition from a low-density liquid to a high-density one [34]. In this picture, protein hydration water
undergoes a first-order transition at 220-230 K, where the low- to high-density liquid transition is
related to a dynamic crossover from an Arrhenius to a super-Arrhenius temperature dependence of the
relaxation times. However, this low- to high-density transition hypothesis to explain the dynamic
crossover has been recently questioned by some experimental works [35-37].

All the studies mentioned above are devoted to investigate the diffusive motions of protein hydration
water. On the other hand, little is known about the behaviour of vibrational excitations in the meV
energy range — or the THz frequency range — when the temperature increases from the harmonic regime
and crosses the protein dynamical transition. These excitations are usually described in terms of
hydrogen-bond bending (HBB), hydrogen-bond stretching (HBS) and librational (L1B) modes, located
at about 6, 22 and 80 meV respectively [38]. Here we report a neutron scattering time-of-flight
experiment performed on samples of perdeuterated maltose binding protein (MBP) hydrated in H,0, so
as to access directly the MBP hydration water signal. MBP is a well studied model protein that plays an
important role in the metabolism of Escherichia coli [39], e.g. in the energy-dependent translocation of
maltose and maltodextrins through the cytoplasmic membrane.

By following the temperature dependence of the protein hydration water vibrational features in the
different energy windows, we find that the onset of anharmonicity connected with the dynamical
transition mostly affects the HBS band.

Materials and Methods

Sample preparation. MBP is a two-domain protein, responsible for maltose uptake, that plays a major
role in the signal transduction cascade that leads to chemotaxis. The two domains of the protein are of
roughly the same size and are connected via a short helix and a two-stranded sheet [40]. Perdeuterated
MBP was provided by the ILL-EMBL Deuteration Laboratory (D-Lab) in Grenoble. In the adopted
protocol, MBP was produced as a histidine-tagged fusion protein, which allowed its purification by
immobilized metal-ions affinity chromatography in a one-step procedure. The protein was expressed in
high-cell density cultures and then purified. Thanks to such a procedure, a noticeable amount of
MBP(D) was made available (about 200 mg). The purified MBP(D) sample was then left for 3 days in



H,0 solution to exchange most of the labile deuterium atoms. The solution was dialyzed twice against
the buffer, lyophilized and then dried under vacuum in the presence of P,Os to remove the residual
water. The MBP powder sample was finally hydrated by H,O vapour pressure up to a hydration degree
h = 0.37 g of water/g of dry protein.

Incoherent neutron scattering. Thermal neutrons are a powerful and widely-used probe to directly
obtain information on the fast (nano- and picosecond) motions of biological samples. In neutron
scattering experiments such motions are investigated by measuring the dynamic structure factor
S(Q,E), which represents the probability of an incident neutron to be scattered by the sample with an
energy transfer E and a momentum transfer hQ [41]. In the case of isotropic samples like the present
one, the dynamic structure factor depends only on the wavevector modulus Q.

Hydrogen atoms have a very large incoherent neutron cross-section, that overcomes by far both its
coherent component and the mainly coherent cross-sections of all other protein atoms, including
deuterium. Thus, within the incoherent approximation, the signal of the MBP(D)-H,O sample is
dominated by the hydration water contribution, which indeed accounts for about 72% of the total
scattering intensity.

Neutron scattering experiment. Incoherent neutron scattering measurements were performed at the
high-flux time-of-flight spectrometer IN5 at ILL (Grenoble, France). An energy resolution with half-
width at half-maximum of JE=0.055 meV at an incident wavelength A = 5 A was achieved in the
elastic wavevector range 0.4 < Q < 2.2 A"l With time-of-flight spectrometers, one measures the
number of neutrons 1(20,t) that are scattered by the sample at an angle 20 and arrive at the detector after
a time t. As both the sample-to-detector distance and the neutron incident energy are known, 1(26,t) can
be easily transformed to obtain the angle-dependent dynamic structure factor S(26,E). By proper
interpolation to take into account the kinematic constraints between Q, 26 and E, S(26,E) can be then
turned into the real dynamic structure factor S(Q,E).

The sample was placed in a slab aluminium cell, at an angle of 135° with respect to the incident
neutron beam, and measured in the temperature range 50 < T < 300 K. A standard reduction procedure,
taking into account empty cell contributions, sample transmission and angular dependence of the
detector efficiency, was employed to treat the collected data [please add ref]. The value of the
transmission coefficient was about 0.95. Multiple scattering was neglected.

Results and Discussion

As recalled above, the dynamic structure factor S(Q,E) of hydrated perdeuterated MBP, which contains
information about the sample structure and dynamics, is dominated by the incoherent contribution of
the hydration water protons; such a quantity is shown in Fig. 1a as a function of energy, at fixed
wavevector Q = 2 A™ and for 6 different measured temperatures. Each spectrum may be considered as
the sum of three different contributions, i.e. the elastic, quasielastic and inelastic signals. The elastic
peak, centred at zero exchanged energy, has an apparent finite linewidth defined by the experimental
energy resolution SE, which corresponds to motions with characteristic time scales of about 7= JE™* ~
12 ps. As the temperature is increased, initially frozen motions with characteristic times faster than t
become active and appear outside of the energy resolution window, thus producing the elastic intensity
decrease shown in the inset of Fig. 1a. Such a decrease is compensated for by a corresponding rise of
quasielastic and inelastic scattering. The quasielastic signal appears as a further broadening of the
elastic peak tails, due to relaxational and diffusional modes. The inelastic signal is instead brought
about by the density of states (DOS) of the sample’s vibrational modes.

In the Debye approximation, the E*-dependence of the DOS low-energy region is removed from the



incoherent dynamic structure factor S(Q,E) by two other factors appearing in the inelastic scattering
cross section, namely the Bose occupation number n(E,T) ~ kgT/E and the 1/E factor [41]. A Debye-
like DOS should therefore contribute as a constant to S(Q,E). Instead, the spectra of hydration water
shown in Fig. 1a display, in the low-frequency region, the signature of at least two extra intensities with
respect to the simple Debye-like behaviour, namely at about 3 and 6 meV. These two structures are
well-visible below 250 K. As the temperature increases they become less and less distinguishable,
owing to the rise of the quasielastic contribution which gradually overwhelms the inelastic signal.

The first signal around 3 meV is present as a well-prominent bump also in the incoherent neutron
scattering spectra of both wet and dry hydrogenated proteins, although slightly shifted to lower
energies in the second case. For instance, it has been reported for a number of proteins such as
lysozyme and myoglobin [42], azurin [43,44], B-lactoglobulin [12] and green fluorescent protein [7],
with this list being far from exhaustive. In all the above cases, such a low-energy peak in proteins has
been correlated to the anomalous excess of DOS modes known as Boson peak (BP) in the domain of
glassy systems. Despite our spectra are dominated by the incoherent scattering of the hydration water
protons, the smaller coherent signal arising from the deuterium atoms of the protein can still produce a
visible, albeit small, contribution to the dynamic structure factor. In addition, such a signal might also
be enhanced by the fact that some of the exchangeable deuterium atoms of the protein can turn into
protons when in contact with light water (about 26% of the MBP hydrogen atoms are potentially
exchangeable) [45]. Another mechanism — correlated to the previous one — that can further enhance the
intensity of the 3meV bump arises from a protein-water dynamical coupling in the involved low-energy
range. In fact, MD simulations predict the existence of a BP in the spectrum of hydration water itself,
with an amplitude that tends to disappear when the a-C atoms of the protein backbone are
progressively fixed [15].

The second bump around 6 meV can instead be ascribed to the HBB mode of hydration water. Indeed,
a peak at 6 meV is also a peculiar feature of the vibrational DOS of bulk liquid [46-48] and
supercooled water [49]. In addition, it is reminiscent of the transverse acoustic mode TAL sustained by
the O-O-0O bending mode in crystalline ice [50]. More recently, neutron scattering measurements have
shown that the same feature appears also in the DOS of protein hydration water in the “solid” phase (at
100 K), where it displays a lineshape similar to that of amorphous ice [45]. Such a comparison between
the vibrational dynamics of bulk and amorphous water has been more deeply investigated by a MD
simulation work. The authors show that bulk water supercooled down to 200 K also possesses a BP at
about 4.6 meV, which progressively shifts towards higher energies (~6 meV) when the system is further
cooled down to the low-density amorphous ice region [48]. On the other hand, a similar mode has been
found also in the dispersion curves of bulk water measured by inelastic neutron [52] and X-ray
scattering [53]. The close relationship between the BP of a glassy system and the transverse acoustic
van Hove singularity in the crystalline counterpart, i.e. the 6meV peak of crystalline ice in the present
case, has been recently pointed out by Chumakov and co-workers [54].

In summary, while the 3meV bump is likely connected to the BP of the protein, the second bump at 6
meV can be ascribed to the HBB mode belonging to the true vibrational DOS of (hydration and bulk)
water, probably already beyond the domain of applicability of the Debye approximation.

Further insights about the nature of the two observed bumps can come from a closer inspection of the
temperature evolution of the spectra. To this end, the data in Fig. 1a were rescaled by both the Bose
occupation factor n(E,T) and the Debye-Waller factor, the latter deduced by the Q-dependence of the
elastic peak at each temperature [41]. The resulting spectra are plotted in Fig. 1b. Between 50 and 150
K the data rescale quite well in all the explored energy range. Above 150 K the onset of quasielastic
scattering, due to the temperature activation of diffusional and relaxational motions, marks the
signature of a transition into an anharmonic dynamical regime. On the other hand, for energies above 6
meV, the spectra remain well superimposed up to room temperature, thus indicating that in the dynamic
structure factor representation the vibrational features of hydration water seem to have a rather



harmonic behaviour beyond the region of the protein BP. Actually, we will see below that small
departures from harmonicity are observable also at energies higher than the BP. The fact that the 6meV
peak would mark the threshold between a low-energy anharmonic glass-like behaviour and a high-
energy harmonic crystal-like behaviour is consistent with the above discussion about the nature of the
two observed bumps. This is also supported by MD simulation results showing that the BP of
supercooled water is blue-shifted, and finally localises at the crystal-like energy of 6 meV, when the
liquid structure is made progressively harmonic [51].

Possible deviations from a harmonic temperature evolution, even up to frequencies higher than the
involved thermal energies, can be better highlighted by representing the spectra in terms of the dynamic
susceptibility, whose imaginary part y” is related to the dynamic structure factor by the fluctuation-
dissipation theorem [41]: »”(Q,E) = © S(Q,E)/[n(E)+1]. The temperature dependence of the dynamic
susceptibility, calculated at fixed scattering angle from the experimental S(26,E), is plotted in Fig. 2. At
a first inspection, the experimental susceptibility appears immediately composed of various spectral
bands that display rather different temperature behaviours. The first band lies within the elastic
resolution peak, between 0 and ~0.2 meV, and reproduces the decreasing trend already shown in the
inset of Fig. 1a discussed above. Other four major bands can be singled out in the susceptibility spectra,
namely between 0.2 and few meV, around 7 meV, between roughly 15 and 40 meV, and around 80
meV.

The low-energy band between 0.2 and few meV arises from quasielastic scattering and displays the
strongest temperature dependence. In the liquid phase at high temperature, this band is mainly due to
diffusional motions of the water molecules, of both translational and rotational nature. At temperatures
below 0°C, the hydration water mobility is rapidly reduced, although it is not abruptly quenched as one
would expect upon passing through a liquid-to-solid phase transition. It is indeed well known that, due
to the interaction with the protein surface, hydration water is in a confined-like state that presents
several dynamical and structural similarities with the supercooled liquid or the glassy solid [51 and
references therein]. In the past, such a low-energy band was detected by a number of spectroscopic
techniques also in bulk water: in the supercooled region down to 260 K, the analysis of its temperature
dependence shows that the band can be ascribed to a slow structural relaxation, well-known in glasses
as a-relaxation process in the framework of the mode coupling theory [49]. Such a picture of bulk
supercooled water can be applied to interpret our neutron susceptibility data of hydration water. Upon
cooling below the nominal freezing point, the diffusional dynamics is suppressed but, due to confining
effects of the protein, hydration water enters a supercooled regime where glass-like relaxational
motions still take place and are then progressively slowed down with further decreasing the
temperature. Actually, this phenomenon can be very general and was observed also when localized and
confined translational and diffusional motions are decoupled from the a-relaxation process, such as in
the case of the B-relaxation [37] [S. Capaccioli, K.L. Ngai, Resolving the controversy on the glass
transition temperature of water?, J. Chem. Phys. 135 (2011) 104504].

The bands at higher energies are known to arise instead from motions of vibrational nature. In fact,
hydrogen-bond network excitations located around 7, 22 and 80 meV are usually assigned to the HBB,
HBS and LIB modes, respectively [38]. The role played by such vibrational bands with respect to the
protein dynamical transition is indeed the main scope of this paper.

In Fig. 2, the HBB band at 7 meV displays no significant temperature dependence, apart from a weak
broadening and a slight decrease of intensity with increasing T. The same applies to the LIB band
around 80 meV, which undergoes a small intensity variation only between 300 and 250 K, whereas no
further evolution is visible at lower temperatures. The broad band between 15 and 40 meV, which is
connected with the HBS modes around 22 meV, seems to be more affected by temperature than the
other bands.

For a more quantitative insight onto the temperature behaviour of the above four bands, the
susceptibility was integrated over an energy window AE around the nominal energy positions £ of each



band. For £ equal to 0.25, 7, 22 and 80 meV, the integration window AE was fixed at 0.1, 1, 4 and 8
meV respectively. The resulting intensities are plotted as a function of temperature in Fig. 3. As it can
be noticed in panel b), the trend of the HBB and LIB bands confirms that these modes are very weakly
affected by temperature variations and display a linear decreasing behavior. The slightly negative slope,
which corresponds to a decrease of about 20% of the intensity on passing from 50 K to room
temperature, mainly results from the dependence on the Debye-Waller factor, intrinsically contained in
the susceptibility function. In all cases, the most apparent and interesting result is the absence of any
kind of break around the dynamical transition temperatures, i.e. between 200 and 250 K.

Very different is the temperature behavior of the relaxational and HBS bands, plotted in Fig. 3a. As
anticipated above on general terms, the quasielastic scattering region, where the relaxational band lies,
provides the major contribution to compensate for the elastic intensity drop at high temperatures. More
specifically, between 200 and 250 K the temperature trend of the relaxational process presents a
marked deviation from the flattish low-temperature level. A comparison with the inset of Fig. 1 reveals
that the elastic intensity loss, that is connected with an enhancement of the molecular mean-squared
displacements (MSD), deviates from the linear low-temperature behavior in exactly the same
temperature range. From a closer inspection it is clear that elastic intensity drop and quasielastic
intensity gain follow and complement each other rather faithfully. For the first time Wood and co-
workers revealed, by elastic incoherent neutron scattering, that protein hydration water undergoes a
dynamical transition at the same temperature where the dynamical transition of its protein takes place
[5]. This finding is now complemented by the present observation that — in hydration water — the
enhanced MSD above the transition are generated to a significant extent by the activation of
relaxational motions, whose characteristic timescale was shown to be about 14 ps at room temperature
[13].

Similar considerations apply to the last band under analysis, i.e. the HBS modes distributed around 22
meV. Indeed, the corresponding integrated susceptibility, in Fig. 3a, also shows a thermally activated
behavior, with a low-temperature flat trend followed by a steep increase at higher temperatures.
Although the relative variation is globally smaller than for the relaxational band, the dynamical onset
occurs again in the temperature range between 200 and 250 K. When properly rescaled, the intensities
of the HBS modes and the relaxational process superimpose rather well in the whole temperature range.
Quite interestingly, from a closer look into the temperature trend of the elastic, quasielastic and HBS
intensities, we can recognize a two-step regime with a first break at 200 K and a steeper increase at
about 250 K. These two critical temperatures can be ascribed respectively to the glass transition of the
hydrated protein system and to the solvent dynamical transition, occurring when the relevant relaxation
process enters into the timescale of the spectrometer [55]. In particular, for the distinct case of MBP
and its hydration water [K. L. Ngai, S. Capaccioli, and A. Paciaroni, Change of caged dynamics at Tg
in hydrated proteins: Trend of mean squared displacements after correcting for the methyl-group
rotation contribution, J. Chem. Phys. 138, 235102 (2013)] applying a derivative analysis, the presence
of two distinct onsets in elastic intensity was found: the lowest one occurs always at the calorimetric Tg
(slightly below 200 K) and the highest one, more dramatic, shows up at different temperatures
depending on the energy resolution of the spectrometer (for IN5 it is around 250 K)

As far as the first departure from harmonic behavior of the quasielastic intensity it is noteworthy that
the same phenomenon has been observed for quasi elastic intensity by means of Raman spectroscopy
on crossing Ty in proteins and related solvents and was closely ascribed to changes in Boson peak
frequency and intensity [G. Caliskan, D. Mechtani, J. H. Roh, A. Kisliuk, A. P. Sokolov, S. Azzam, M.
T. Cicerone, S. Lin-Gibson, I. Peral, Protein and solvent dynamics: How strongly are they coupled?, J.
Chem. Phys., 121, 1978 (2004)]. Actually, a neutron scattering study of hydrated DNA by Sokolov and
co-workers [A. P. Sokolov, H. Grimm, R. Kahn, Glassy dynamics in DNA: Ruled by water of
hydration?, J. Chem. Phys., 110, 7053 (1999)] reported for the low energy band a change of intensitiy,
integrated over similar energy range as above mentioned, at around 180-200 K. When those data had



been transformed into the frequency dependence susceptibility spectra y"(v), it is clear that no
susceptibility a-peak is active over that dynamic range at those temperatures but x”(v) is dominated by
a nearly constant (power law) loss (NCL), whose intensity show a crossover around 180-200 K. This
phenomenon parallels what happen to NCL in many glass formers [K. L. Ngai, Why the fast relaxation
in the picosecond to nanosecond time range can sense the glass transition, Philos. Mag. 2004, 84,
1341-1353.] and it is a general property of caged dynamics.

About the so-called dynamic transition, occurring at higher temperature and being dependent on the
spectrometer, it originates from the hydration water localized motions that share the character of the
water JG B-relaxation entering the time window of the spectrometer, that in some cases can be
decoupled from the timescale of the cooperative a-relaxation [37 =Capaccioli et al. Resolving
JCP2011] [K.L. Ngai, S. Capaccioli, and A. Paciaroni, Change of caged dynamics at Tg in hydrated
proteins: Trend of mean squared displacements after correcting for the methyl-group rotation
contribution, J. Chem. Phys. 138, 235102 (2013)]. The observed anharmonic onset of the HBS
vibrational dynamics would be then related to the appearance of such a [-relaxation spectral
contribution, in analogy to what happens in polymer systems, where a close relationship between low-
frequency vibrational dynamics from local processes and the (-relaxation has been also found by
Fourier transform infrared spectroscopy [J. L. KOENIG and M. K. ANTOON, Thermally Induced
Conformational Changes in Poly(vinyl Chloride), J.Poly. Sci.:Polym.Phys. 15, 1379-1395 (1977)]; [J.
M. O'Reilly, D. M. Teegarden, and R. A. Mosher, Conformational Energies of Deuterated Stereoregular
Poly(methylmethacrylate), Macromolecules 1981, 14, 1693-1697]; [Y. Grohens, M. Brogly, C. Labbe
and J. Schultz, Interfacial conformation energies of stereoregular poly(methyl methacrylate) by infra-
red reflection absorption spectroscopy, Polymer, 38, 5913-5920, (1997)]; [P.Pan, B. Zhu, T.Dong,
K.Yazawa, T. Shimizu, M.Tansho,Y.Inoue, Conformational and microstructural characteristics of
poly,,L-lactide during glass transition and physical aging, J. Chem. Phys, 129, 184902 (2008)].

The globally emerging picture indicates that, among the four investigated spectral regions of the
hydration water susceptibility, the LIB and the HBB band are very slightly affected by temperature
upon crossing the protein-water dynamical transition. These two bands can be considered to maintain a
(quasi-)harmonic character in all the explored temperature interval. Indeed the only signature of a small
anharmonic behavior appears as a slight broadening of their energy widths at higher temperatures. On
the contrary, the relaxational and HBS bands display a strongly anharmonic temperature evolution, as
they become remarkably enhanced at and above the dynamical transition temperature. This finding
suggests that these kind of motions are strongly involved in the transition itself. With this respect, it is
particularly interesting to remark that HBS modes, given the nature of the corresponding polarization
vectors, are considered to be responsible for the propagation of longitudinal acoustic-like collective
modes, in both bulk [52] and hydration water [56]. By comparing quasielastic incoherent neutron
scattering with MD simulations, Wood and co-workers [5] suggested that the MSD responsible for the
dynamical transition in hydration water are due to diffusional or relaxational processes of mainly
translational nature, while rotational diffusion would play a minor role, in agreement with previous
numerical results [31]. In addition to this, our inelastic incoherent neutron scattering results directly
show that (i) the dynamical transition in hydration water is contributed also by purely vibrational
modes and, among such modes, (ii) the major role is played by the longitudinal ones, which are by
definition of translational nature as well. We can then affirm that, in the protein hydration shell, the
enhanced MSD are due to an increased molecular mobility mainly produced by the activation of
translational diffusive motions, with an additional contribution from the onset of anharmonic hydrogen-
bond stretching oscillations. Such anharmonic HBS modes allow the water molecules to sample a
larger region of their potential energy well and to move further away from their equilibrium position.
We can speculate that the latter might provide the first necessary steps for the water molecules to start
their diffusive motions and jump toward other neighboring potential wells. In this picture, the onset of
sub-picosecond HBS modes would trigger diffusional motions, whose translational character is indeed



well consistent with the longitudinal nature of hydrogen-bond stretching vibrations. On the contrary it
is reasonable to suppose that rotational diffusion would rather imply the activation of hydrogen-bond
bending oscillations.

Our observations confirm what guessed by Doster and co-workers [W. Doster, E. Luscher, A.
Bachleitner, R. Dunau, M. Hiebl, Thermal properties of water in myoglobin crystals and solutions at
subzero temperatures, Biophys. J. 50, 213-219 (1986); W. Doster, Biochim. Biophys. Acta, 1804,
3—14, (2010)] that compared infrared spectrum of the O—H(D) stretching vibration and volumetric data
of protein-adsorbed water as a function of the temperature. They found a discontinuous change in the
thermal expansion coefficient at the calorimetric glass temperature Ty, accompanied by a kink in the
intensity of stretching band versus temperature, noticing a strict relation with what happens around 200
K to elastic scattering intensity for hydrated proteins D-phycocyanin. Their hypothesis was that “a
critical number of open bonds controlled by the B-process is a prerequisite for the a-relaxation to
occur”. In other words, the onset of sub-picosecond HBS modes, controlling the opening of H-bonds,
can allow motions over the neighbor cages. In our case, the phenomena are mainly reflecting water
dynamics and the broad dynamic range investigated with the same technique allow to for the first time
the connection between HBS modes and diffusional motions.

Conclusions

The present neutron scattering results give new insights into the temperature dependence of the
inelastic features of protein hydration water. The dynamic structure factor shows two large peaks at
about 3 meV and 6 meV, which can be probably ascribed to a residual contribution of the protein
dynamics and to the HBB mode of water, respectively. The intensity of both peaks rescales quite well
with the Bose-Einstein factor at low temperatures. More interestingly, the trend of the dynamic
susceptibility reveals that the HBB and the LIB modes show no sign of break in correspondence of the
dynamical transition of protein hydration water, that is instead highlighted by the behavior of the elastic
peak intensity. The opposite is true for the HBS mode, that parallels the temperature dependence of the
quasielastic intensity and is correlated with the water dynamical transition. We suggest that also HBS
motions contribute, although to a lesser extent, to the onset of water MSD above the transition. Such
anharmonic longitudinal HBS modes would correspond to the early dynamical stages during which
water molecules can sample larger distances from their vibrational equilibrium positions, before
starting their translational diffusive motions by jumping to neighboring sites. The enhanced HBS
motions can have a role for biological functionality, as they can be coupled to fast vibrations of protein
surface groups that are key to a number of processes, such as recognition and binding of ligands.
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Figure Captions

Fig. 1. a) Dynamic structure factor of MBP hydration water at selected temperatures and at constant
wavevector Q = 2 Al Temperature values are as shown in the legend of the panel b). Inset:
temperature behavior of the elastic intensity, as obtained by integrating the elastic peak over the energy
resolution width (FWHM). b) Dynamic structure factor rescaled by Debye-Waller and Bose factors,
from the original temperatures of each measurement to the common temperature of 50 K.

Fig. 2. Dynamic susceptibility of MBP hydration water at constant scattering angle 26=65° and
different temperatures, namely 100 (red squares), 150 (blue squares), 200 (pink squares), 250 (green
squares), 264 (purple squares), 272 (orange squares) and 300 K (black squares). At each temperature, a
cut-off of about 5kgT was applied.

Fig. 3. Temperature dependence of the susceptibility integrated intensities for (a) relaxational and HBS
excitations, located at 0.25 and 22 meV respectively, and (b) HBB and LIB modes, at 7 and 80 meV
respectively. In both panels the left y-axis refers to the lower-energy mode.
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