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Abstract 

The dynamics of hydration water plays a key role in many biological processes. The activity 
and function of proteins are strongly affected by the presence of water, which interacts 
primarily by means of hydrogen bonding. These interactions are examined in this work by a 
comparison of neutron vibrational spectra (inelastic neutron scattering, INS) of dry lysozyme 
and hydrated lysozyme at h=0.7 (g of H2 O/g of protein) with those of a lysozyme/water mixture 
at the same hydration value in the presence of the glass-forming bioprotectant trehalose. A 
difference spectrum, obtained by subtracting the dry lysozyme spectrum from that of the 
lysozyme/ water mixture, yields the hydration water spectrum which is compared to the INS 
spectra of different kinds of ice in order to determine the changes induced by lysozyme on the 
hydrogen-bonded network of water. An additional comparison is performed by using a double-
difference spectrum obtained by subtracting both the dry lysozyme and the trehalose spectra 
from the lysozyme/trehalose/water ternary spectrum. The effects of the mutual interactions 
among the three components, i.e. protein, disaccharide and water, are determined by 
comparison of the spectra of the dry systems (lysozyme, trehalose) with the difference spectra 
obtained from subtraction of the dry systems from the binary systems. It is concluded that the 
interfacial water more strongly affects the intermolecular mode region at low frequencies, 
whereas the vibrational spectra at high frequencies are more influenced by lysozyme and 
trehalose. 
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1. Introduction 

The study of structural configurations assumed by water in and around biological 
macromolecules has attracted a great deal of attention and has stimulated many experimental 
and computational investigations [1–5]. Some structural information on hydration water has 
been obtained from high resolution X-ray diffraction studies on proteins, as for example, the 
existence of a strong hydrogen-bond network between hydration water and bovine β-trypsin 
[1] and between hydration water and the highly polar, extracellular side of the retinal molecule 
in bacteriorhodopsin [6], or the presence of an extensive cluster of water molecules in bovine 
pancreatic ribonuclease-water mixtures, predominantly arranged in pentagonal fused rings and 
surrounding the hydrophobic moiety of side-chains [7]. It is, however, the use of neutron 
protein crystallography [8–11] which has provided the most detailed structural picture of the 
small clusters of hydration water bound to the protein itself. The reason for this is that neutrons, 
in respect to other experimental probes, are highly sensitive to H atoms. It is therefore possible 
to directly determine the actual coordination environment of water molecules formed by H-
bonds to appropriate structural features in the protein as well as of other water molecules. 

Spectroscopic methods have been widely used for investigations of hydration water in 
proteins, as for example in the work by Poole and Finney [12,13] who used laser Raman 
spectroscopy and a direct infrared difference method to investigate the conformational 
properties of lysozyme following various hydration events. Raman spectroscopy has also 
shown differences in the conformational behaviour of lipids and proteins among human skin, 
hair and nail [14], and has pointed out that water appears to be present only in the form of 
bound clusters. 

Vibrational spectroscopy by inelastic neutron scattering (INS) has, in principle, a natural 
utility for the investigation of biological systems because of the large sensitivity of neutrons to 
H in incoherent scattering. Globular proteins [15–18], collagen and model polypeptides [19,3] 
and hydration water [4,20] have all been studied with the use of INS, as also have been the 
structures of interfacial water associated with DNA and gelatin molecules [2]. Only rather 
qualitative inferences could be drawn from these spectra, namely that at low hydration levels 
the spectral contribution of hydration water differs strongly from the spectrum of the ice Ih and 
may be viewed as being more similar to HDA ice, while at high hydration levels the spectrum 
has a more ice-like appearance. 

The present work is aimed at understanding the interaction mechanisms of lysozyme with 
water both in the absence and in the presence of trehalose, which is known to have a 
destructuring effect on the water coordination network. Conclusions are drawn from a detailed 
characterization of the different features of dry, binary and ternary system spectra and of their 
difference spectra. 
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2. Material and methods 

INS measurements were performed on dry lysozyme, trehalose, lysozyme/water mixture at 
h=0.7 and lysozyme/water mixture at h=0.7 in the presence of trehalose (at a concentration 
values corresponding to 19 H2 O molecules for each trehalose molecule). 

Neutron scattering data were collected on the indirect geometry advance \r1neutron time-of-
flight spectrometer TOSCA [21] at the ISIS Facility (Rutherford Appleton Laboratory, Oxford, 
UK) over an energy transfer range of 0÷4000 cm-1. 

Thin walled aluminum cells were used as sample containers. A closed cycle helium cryostat 
was used to cool the sample to 27 K, to reduce the effect of the Debye-Waller factor. Data were 
collected by runs of 12 h and the first data treatment was carried out by using the Open Genie 
software [22]. 

Periodic DFT calculations on the structure and harmonic vibrational frequencies of 
crystalline trehalose dihydrate were performed with the VASP package [23] using the PBE 
functional by Perdew, Burke and Ernzerhof [24,25] along with Vanderbilt ultrasoft 
pseudopotentials [26] with a plane wave kinetic energy cut-off of 450eV using a 4×4 × 4 
Monkhorst-Pack [27] mesh of k-points for sampling the Brillouin zone. Following optimization 
of the atomic coordinates within the experimental unit cell, harmonic frequencies and 
amplitudes were obtained and these in turn were used to calculate the INS spectrum using the 
code ACLIMAX [28]. 

3. Results 

INS spectra of dry lysozyme, trehalose dihydrate, lysozyme/H2 O mixture and 
lysozyme/trehalose/H2 O mixture are shown in Fig. 1. As a reference, Fig. 2 shows the INS 
spectra of various forms of ice [29]. 

As a general comment, one observes that the mixture spectra are dominated by ice at low 
energy (<1000 cm-1), i.e. the ice features are more evident in the intermolecular mode regions, 
whereas at high energy (>1000 cm-1) where the intramolecular bending modes are present, the 
influence of the solutes, lysozyme and trehalose, is more marked. 

Since the main goal of the present work is to get information about the mutual interactions 
among water, lysozyme and trehalose, in the following the INS findings are described and 
discussed for each mixture component and then a comparison is presented. 
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Fig. 1. INS spectra of dry lysozyme, trehalose, lysozyme/H2 O mixture and 
lysozyme/trehalose/H2 O mixture. 

 

Fig. 2. INS spectra from TFXA of various forms of ice): (1) Ice VI, (2) HDA-ice, (3) Ice Ih, 
(5) vapour-deposited ice, (4) annealed at 185K, (6) ice-IX. Dashed line is spectrum 5 
superimposed on 3 and 4. Reproduced from Li and Kolesnikov [29] with permission of 
Elsevier.  
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3.1. Spectral features of hydration water 

The features that may be attributed to hydration water in the lysozyme/water mixture at h=0.7 
with, and without, trehalose present can be derived by subtraction of both the dry lysozyme 
and the trehalose spectrum from that of the hydrated lysozyme/trehalose/water, or by 
subtraction of the dry lysozyme spectrum from that of the lysozyme/water mixture at h=0.7, 
respectively. These two difference spectra are shown in Fig. 3. 

Prior to a discussion of the respective vibrational spectra, the implications of hydration, or 
the specific water content, used in the present system need to be addressed. A hydration value 
of h=0.7 implies that the second hydration shell of lysozyme is effectively complete, according 
to several experimental and simulation studies [30–37], while the water content chosen for 
trehalose of 19 H2 O molecules for each disaccharide molecule, corresponds to the first 
hydration shell of the sugar [38–40]. Therefore, our samples should not contain large amounts 
of bulk water. 

Gallo and co-workers [41] have performed extensive MD simulations on the lysozyme-
trehalose-water system at temperatures between 260 and 300K using a model system of one 
lysozyme molecule surrounded by 491 trehalose and 13,982 water molecules. In their 
simulation of the structures of this system, they obtained coordination numbers of water 
molecules around the lysozyme with or without the presence of trehalose. The latter forms an 
approximate shell around the lysozyme molecule so that the coordination number of water 
molecules is substantially reduced, e.g. (at T=260K) from 1057.6 to 717.4 in the range of 0 to 
22.5Å from the protein centre-of-mass, while the trehalose shell contains 27.67 molecules over 
this range to 22.5Å. The dynamics of the water molecules squeezed between the protein and 
trehalose is found to be substantially slower than those far outside the trehalose shell, the so-
called entrapment scenario, which in turn may be responsible for the cryopreservation 
properties of trehalose in this mixture. We note that the coordination numbers of water 
molecules are likely to increase on lowering temperature to the value (27K) of our data 
collection [41]. These authors also remark that the coordination numbers suggest that cooling 
may have the effect of inducing a rearrangement of the trehalose molecules around the protein, 
which is always hydrated. 

These results make it clear that the two hydration water difference spectra in the present 
systems should not resemble that of a long-range, highly ordered phase of ice, such as ice Ih, 
but may be more similar to INS spectra of ice with a high degree of disorder [29], or those of 
small water clusters [42]. 
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Fig. 3. a) Water difference spectrum obtained subtracting the dry lysozyme signal from the 
lysozyme/water mixture at h=0.7; b) Water difference spectrum obtained subtracting both the 
dry lysozyme signal and the trehalose signal from the lysozyme/trehalose/ water mixture at 
h=0.7. 
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Bands in the low energy region of the hydration water INS difference spectra (Fig. 3) are 
remarkably similar, and are likely to be strongly affected by coupling to lysozyme modes and/or 
trehalose modes. Such coupling may be the origin of the additional structure observed in the 
region of the translational water modes (~250 cm-1) for the difference spectrum involving 
trehalose. Such effects should be less pronounced for the water librational (above 400 cm-1) 
modes, and that of the internal water deformation mode near 1650 cm-1. The librational band 
in the water/lysozyme to lysozyme difference spectrum has some similarity to that of vapour-
deposited ice, or amorphous ice, (Fig. 2) both of which are systems with a high degree of 
disorder. This is reflected in a downward shift, and broadening, of the librational cut-off as a 
result of distortions of the tetrahedral arrangements of the water molecules including a 
reduction in the numbers of four-coordinate water molecules. The weak intramolecular bending 
mode around 1650 cm-1 is, however, similar to that in most forms of ice. 

The difference spectrum (Fig. 3b) of lysozyme/trehalose/water with (dry)lysozyme/trehalose 
should reflect a combination of water trapped between the protein and trehalose and water 
outside the latter region. It exhibits some differences from the analogous difference spectrum 
without trehalose, mainly a slight increase in intensity of the band near 250 cm-1 and somewhat 
more structure at the high frequency end of the librational band. Both this spectrum and the 
difference with only lysozyme show a number of small peaks below the HOH bending region 
of the water molecules, which are more pronounced in the difference spectrum involving 
trehalose. This spectral region contains some features typical of the protein vibrational modes, 
as well as of trehalose modes (e.g. a very strong peak near 1450 cm-1, vide infra), which are 
likely to be incompletely subtracted because of the interactions between lysozyme and water 
and also between trehalose and water as is discussed in more detail below. 

3.2. Lysozyme spectral features 

The INS spectrum of dry lysozyme (Fig. 4) is remarkably similar to those of model 
polypeptides [19], while both of the lysozyme/water spectra shown in Fig. 4, i.e. the 
lysozyme/H2 O mixture at h=0.7 and the lysozyme/H2 O difference spectrum obtained by 
subtracting the trehalose spectrum from that of the lysozyme/trehalose/H2  O mixture at h=0.7, 
appear to be dominated by water modes. 

The INS spectrum of dry lysozyme resembles that of most dry proteins investigated by this 
method [43] and shows only a few distinct features. The broad peak (Fig. 4a) near 80 cm-1 
contains the large amplitude, low-frequency modes of the protein along with the phonon 
density of states, while a second strong peak at about 240 cm-1 may be dominated by methyl 
torsions, as it occurs in other proteins such as Staphylococcal nuclease [16]. The first of these 
peaks appears to be present in the lysozyme/H2 O mixture and in the lysozyme/H2 O difference 
spectra shown in Fig. 4b and c, respectively, along with the maximum in the water density of 
states, while the band at 240 cm-1 can no longer be discerned in these spectra presumably 
because of the addition of modes from the hydration water. 
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Fig. 4. INS spectrum of a) dry lysozyme; b) lysozyme/H2 O mixture at h=0.7 and c) difference 
spectrum obtained by subtracting the trehalose spectrum from that of the 
lysozyme/trehalose/H2 O mixture at h=0.7. 
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A very broad band, ranging from about 375 cm-1 to 817 cm-1, can be observed in the 
intermediate region of the INS spectrum of dry lysozyme. While vibrational modes in proteins 
are far too complex to be described, one may point to contributions from molecular groups 
known to have high intensity in the INS spectrum in this spectral region, such as the NH3  torsion 
and CH2 rocking motions. This spectral region also overlaps that of the water librations, so that 
the protein modes in the INS spectrum of the lysozyme/H2 O mixture and in the lysozyme/H2 O 
difference spectrum are now covered by those of the interfacial water molecules. 

The intense peak present at approximately 1312 cm-1  in the spectrum of dry lysozyme is also 
quite commonly observed in INS spectra of proteins and related systems such as polypeptides. 
This band contains contributions from the amide modes, as well as bending and deformation 
modes of CH, CH2 , CH3 from various parts of the protein. This band is also present in the 
lysozyme/water spectrum (without trehalose), although it is much less distinguishable and 
broader than in dry lysozyme. In the presence of trehalose this band is more intense in 
comparison to that in the lysozyme/water mixture and is much broader as it is surrounded by 
trehalose modes and by the water deformation modes at higher frequency. 

3.3. Trehalose spectral features 

The INS spectrum of trehalose dihydrate and the difference spectrum obtained by subtracting 
the lysozyme/H2 O mixture to the lysozyme/trehalose/H2 O mixture are shown in Fig. 5, along 
with the INS spectrum obtained from DFT frequency calculations of the trehalose dihydrate 
crystal. Approximate identities of the modes contributing to the various bands observed by INS 
can be determined by inspection of animations of some of the 605 calculated normal vibrational 
modes in the crystal. 

A broad band extending up to about 300 cm-1 contains the phonon density of states, some of 
which are coupled to the many complex low frequency internal modes, whose description in 
the crystal is difficult in simple terms. A structured band centered at about 425 cm-1 mainly 
contains C–CH2–O deformation modes. Two very intense peaks are observed at approximately 
569 and 627 cm-1, which are both linked to the OH group bending and torsional motions [39], 
as well as to librational motions of the crystal water molecules in the structure as is evident 
from the DFT calculation. 

Bands at ~823 cm-1 and ~ 904 cm-1 in the experimental spectrum can be identified from the 
DFT calculation to contain crystal water rocking and wagging, as well as additional OH 
bending modes, and at the higher frequency, CH bending. Strong peaks in the high frequency 
region of the trehalose INS spectrum can readily be identified from the DFT calculations on 
the crystal, and include H–C–H, C–C–H and C–O–H deformation modes at approximately 
1112 cm-1, ~1232 cm-1 and 1353 cm-1 [39]. 
Comparison of the above features of the INS trehalose dihydrate spectrum with those of the 
trehalose difference spectrum (Fig. 5c) reveals a much more complex INS spectrum which 
evidently arises from interactions of the various components which do not completely subtract. 
In particular, the low frequency spectrum of trehalose evidently is covered by spectral features 
which resemble that of lysozyme/water (Fig. 4b and c). While the OH librational band at ~627 
cm-1 can still be distinguished in the difference spectrum, it is now surrounded by additional 
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intensity from unsubtracted hydration water modes. The band containing the trehalose 
deformation modes at high frequency has a comparable intensity in the difference spectrum, 
but appears to be shifted to higher frequencies by about 30 cm-1  and is appreciably broader 
than in the trehalose dehydrate spectrum. Both of these effects could also be connected to 
incomplete subtraction of the respective spectra. 

4. Discussion 

We first note that the persistence of a water librational band in our spectra, similar to that in 
some forms of ice, suggests the presence of water clusters large enough to support ice-like 
arrangements of water molecules, the onset of which has been estimated from computational 
studies [44] to be between 200 and 1000 molecules per cluster. Some water molecules in 
smaller clusters will also be able to maintain a hydrogen bonded network similar to that of 
some forms of ice, as the intermolecular interaction between water molecules are likely to be 
stronger than between water and trehalose, or lysozyme, respectively. This may result in fewer 
hydrogen bonds for the water molecule and hence in a softening of the librational band as 
observed in the INS spectra of, for example, the lysozyme/water mixture at h=0.7. This effect 
has been shown in a computational study [42] on small water clusters when the average number 
of H-bonds per water molecule formed drops well below four, i.e. the number required to form 
long-range ordered ice structures. A similar effect has been observed in amylose solutions, 
where it was attributed to different hydrogen bonds created by the saccharide chains [45], 
namely a downshift of the librational onset interpreted a consequence of a simultaneous 
increase of the O···O distances and a decrease of the bending force constant. 

As the broadened librational band resembles that of disordered HDA ice (Fig. 2) we may 
also conclude that the density of the water clusters around the lysozyme molecule is increased, 
in analogy with the fact that the amorphous phases of ice are usually formed at high pressure. 
Such a conclusion was reached in the INS studies of DNA [2], but should be viewed as rather 
tentative because of the qualitative nature of such a comparison. 

Concerning the interfacial water of the lysozyme/trehalose/water mixture the onset of the 
water librational band is also broadened, which may indicate a destructuring effect induced by 
trehalose on the hydrogen-bonded network of the interfacial water as water molecules may also 
bind to trehalose. The presence of trehalose is clearly evident at higher frequencies where the 
water bending modes are now of much lower intensity than the high frequency trehalose modes, 
and therefore no longer in evidence. The ability of trehalose to strongly interact with water 
therefore affects the vibrational properties of water even in the presence of lysozyme, in 
addition to its known effect of slowing down of both the fast local and diffusive dynamics of 
water, as revealed by quasi-elastic and inelastic neutron scattering results [38–40] as well as by 
computer simulations [41]. 
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Fig. 5. a) INS spectrum obtained from DFT frequency calculations of the trehalose dihydrate 
crystal, b) INS spectrum of trehalose and c) difference spectrum obtained by subtracting the 
lysozyme/H2 O mixture at h=0.7 spectrum to that of the lysozyme/trehalose/ H2 O mixture at 
h=0.7. 
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broader than in the trehalose dehydrate spectrum. Both of these effects could also be connected 
to incomplete subtraction of the respective spectra. 

4. Discussion 

We first note that the persistence of a water librational band in our spectra, similar to that in 
some forms of ice, suggests the presence of water clusters large enough to support ice-like 
arrangements of water molecules, the onset of which has been estimated from computational 
studies [44] to be between 200 and 1000 molecules per cluster. Some water molecules in 
smaller clusters will also be able to maintain a hydrogen bonded network similar to that of 
some forms of ice, as the intermolecular interaction between water molecules are likely to be 
stronger than between water and trehalose, or lysozyme, respectively. This may result in fewer 
hydrogen bonds for the water molecule and hence in a softening of the librational band as 
observed in the INS spectra of, for example, the lysozyme/water mixture at h=0.7. This effect 
has been shown in a computational study [42] on small water clusters when the average number 
of H-bonds per water molecule formed drops well below four, i.e. the number required to form 
long-range ordered ice structures. A similar effect has been observed in amylose solutions, 
where it was attributed to different hydrogen bonds created by the saccharide chains [45], 
namely a downshift of the librational onset interpreted a consequence of a simultaneous 
increase of the O···O distances and a decrease of the bending force constant. 

As the broadened librational band resembles that of disordered HDA ice (Fig. 2) we may 
also conclude that the density of the water clusters around the lysozyme molecule is increased, 
in analogy with the fact that the amorphous phases of ice are usually formed at high pressure. 
Such a conclusion was reached in the INS studies of DNA [2], but should be viewed as rather 
tentative because of the qualitative nature of such a comparison. 

Concerning the interfacial water of the lysozyme/trehalose/water mixture the onset of the 
water librational band is also broadened, which may indicate a destructuring effect induced by 
trehalose on the hydrogen-bonded network of the interfacial water as water molecules may also 
bind to trehalose. The presence of trehalose is clearly evident at higher frequencies where the 
water bending modes are now of much lower intensity than the high frequency trehalose modes, 
and therefore no longer in evidence. The ability of trehalose to strongly interact with water 
therefore affects the vibrational properties of water even in the presence of lysozyme, in 
addition to its known effect of slowing down of both the fast local and diffusive dynamics of 
water, as revealed by quasi-elastic and inelastic neutron scattering results [38–40] as well as by 
computer simulations [41]. 

The interaction between lysozyme and water, evident from the spectra (Fig. 4), appears to 
be dominated at low frequencies by the vibrational modes of the water molecules similar to ice, 
which in turn suggests that these may strongly trigger motion of the protein. At higher 
frequency (Fig. 4b), however, the strong protein peak around at 1300 cm-1 (vide supra) now 
appears to have broadened considerably under the influence of the small clusters of hydration 
water, and hence splits into several smaller peaks, some of which have been shifted to higher 
frequencies. 
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This effect becomes more pronounced in the presence of trehalose as shown in the difference 
spectrum (Fig. 4c), lysozyme/water/trehalose minus trehalose. Here again the low frequency 
portion appears to be dominated by ice-like water vibrational motions, while the bands above 
about 1000 cm-1  now show a more pronounced structure with greater intensities in these peaks 
compared with the spectrum of lysozyme/water (Fig. 4b) in the absence of trehalose. The bands 
near 1100 cm-1 and near 1400 cm-1 may be an indication of coupling of the strong trehalose 
peaks in this region (Fig. 5b) with those of the protein, in which case it would not subtract in 
the spectral difference. This is a clear signature that the interaction between the lysozyme and 
water is mediated by trehalose, which creates with water a unique entity, that is more rigid and 
capable of increasing the stability of the protein, as highlighted by many experimental results 
[46,39,47]. 

Finally, an analysis of the trehalose difference spectrum obtained by subtracting the spectrum 
of the lysozyme/H2 O mixture from that of the lysozyme/trehalose/H2 O mixture (Fig. 5c) 
provides some information on the influence of the interaction of the disaccharide with water 
and lysozyme. The intermolecular region of the trehalose difference spectrum below 400 cm-1 
again appears to be dominated by modes of water molecules in clusters and therefore seems 
similar to the lysozyme/ water difference spectrum (Fig. 4c), although the details of the bands 
(intensity, position, structure) differ noticeably. The water librational band in the trehalose 
difference spectrum is, however, much less pronounced and contains additional structure 
reflecting the interaction of water clusters with the trehalose molecule. We can thereby 
conclude that the interactions of trehalose with hydration water may be stronger than those with 
the lysozyme itself. The intramolecular region of the trehalose difference spectrum on the other 
hand clearly shows the large band with the characteristic peaks related to the deformation 
modes of the trehalose molecule, which is broadened from the influence of the water molecules 
and the lysozyme. Furthermore, the relative intensities differ from those of crystalline trehalose 
dihydrate, as do some of the frequencies, which have shifted to significantly higher values. The 
functional groups of the trehalose molecule [39] therefore experience more constraints in their 
deformation modes in the presence of lysozyme/water and confer to the molecule a greater 
rigidity. 

5. Conclusions 

In the present work we describe analyses of the INS vibrational spectra of dry lysozyme and 
of lysozyme at a hydration value of h=0.7 both in the absence and in the presence of trehalose. 
By considering the features of difference spectra of the components, and their combinations, 
the mutual influence of hydration water, lysozyme water mixture and trehalose are ascertained. 

The interfacial water has a strong effect on lysozyme and on trehalose in the intermolecular 
mode region at low frequencies, where the spectral features associated with water clusters and 
ice clearly dominate the spectra, whereas the solutes more markedly affect the vibrational 
spectra at high frequencies. Here lysozyme shows peaks which are characteristic of its 
conformation in the dry state, as well as that of many other proteins, and model protein 
compounds. These features persist even in the presence of water and trehalose, but are strongly 
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modified by the disaccharide presence, and confirm its nature as bioprotectant system by 
improving the rigidity of the protein system. 
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