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ABSTRACT. The present work reports the analysis of the intramolecular OH stretching
band obtained by InfraRed spectroscopy measurements. In order to characterize the effect
of trehalose on the hydration properties of lysozyme the so-called two-state model is
adopted for the analysis of the intramolecular OH stretching band. This latter assumes that,
provided that the trehalose OH stretching contribution is subtracted, water molecules can
be partitioned into two different states of inter-molecular bonding: molecules with two
OH groups both hydrogen-bonded within a tetrahedral network, and molecules with one
or two dangling OH groups. What emerges from this study is that trehalose significantly
influences the hydrogen bond network of water and its temperature behaviour. Such a result
confirms that the trehalose induced strengthening of the hydrogen-bond network leads to a
stabilization of the lysozyme structure. Moreover, the analysis of the spectra temperature
dependence shows a trehalose-induced higher thermal restraint of the lysozyme-trehalose-
water system in respect to the lysozyme-water mixture.

1. Introduction

It is well known that, among natural, bioprotectant molecules, an increasing attention
has been recently addressed on disaccharides and in particular on trehalose because of its
capability to protect biological materials under stress conditions (Crowe et al. 1983; Ballone
et al. 2000; Malins et al. 2003; Magazù et al. 2008b).

Several hypotheses have been proposed to explain the efficiency of trehalose. In particular
some hypotheses involve a direct biomolecule-sugar interaction while other hypotheses are
connected with the glass transition properties of the disaccharide-water mixtures together
with the influence on the water tetrahedral hydrogen-bond network (Pagnotta et al. 2008;
Varga et al. 2008; Magazù et al. 2010). Nowadays the molecular mechanisms by which
trehalose stabilizes proteins are still investigated especially concerning the protein thermal
behaviour (Magazù et al. 2008a; Jain and Roy 2010; Schebor et al. 2010). To evaluate
the effect of trehalose on a protein on a crowded medium we consider as a model system
for protein lysozyme (Mw=14.3 kDa) which is a globular protein composed of R-helices
(Jollès 1969; Williams and Dunker 1981; Smith and van Gunsteren 1994; Barreca et al.
2010; Fenimore et al. 2013; Magazù et al. 2016). Concerning the investigation technique,
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FIGURE 1. OH stretching band intensity as a function of temperature for
lysozyme-water mixtures.

InfraRed (IR) spectroscopy represents today an advantageous technique which, directly
probing vibrational energy levels and phonons of material systems, provides relevant
structural information (Leslie et al. 1995; Magazù 1996; Magazù et al. 2008a; Hennet et al.
2011). On that score, infrared spectra on pure water and on aqueous solutions of lysozyme,
also in the presence of trehalose, were collected in the 400÷4000 cm−1 wavenumber range
in the 20°C÷80°C temperature range (Surewicz et al. 1993; Aparicio et al. 2002; Branca
et al. 2003; Kong and Yu 2007; Caccamo and Magazù 2017c). As far as the infrared
spectra are concerned, Figure 1 reports, as an example, the 3000< ∆ω <3600 cm−1 spectral
range for lysozyme-trehalose-water mixtures at different temperatures, while Figure 2
shows, for a comparison, the OH stretching band at T=20◦C for lysozyme-water and for
lysozyme-trehalose-water mixtures (Magazù et al. 2011a,b; Peters et al. 2016).

From a general viewpoint, the IR intra-molecular OH stretching band contribution in
aqueous solutions shows two major broad bands where by lowering temperature the low-
frequency sub-band centered at about 3220 cm−1 becomes more prominent than the high
frequency sub-band centered around 3390 cm−1; in the meantime, the total OH stretching
spectrum shifts to lower frequencies (Lazarev et al. 1985; Oberg et al. 2003; Caccamo
and Magazù 2016, 2017a,b). In this framework collected data on lysozyme/water and
lysozyme/water/trehalose mixtures were analyzed in terms of a two state model; what
emerges from the present investigation is that trehalose significantly influences the hydrogen
bond network of water as well as its temperature behaviour (Lokotosh et al. 2000; Manning
2005; Zhang and Aksan 2010).
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FIGURE 2. OH stretching band intensity at T=20◦C for lysozyme-water and for
lysozyme-trehalose-water mixtures.

2. Experimental section

Lysozyme (14.3 kDa) was purchased from Sigma as lyophilized powder (purity minimum
98 %). High-purity trehalose dihydrate was supplied from Fluka and Sigma. Double-
distilled pure water was used to prepare aqueous mixtures. Lysozyme/water mixtures and
lysozyme/water/trehalose mixtures were prepared. Measurements were carried out in the
20÷80◦C temperature range. To avoid evaporation the sample holder was equipped by
a proper polymeric cap. ATR-FTIR measurements as a function of concentration and
temperature were performed just after preparation. In order to detect small changes in the
sample spectral features for the present analysis we have chosen an energy resolution of 0.4
cm−1 while 48 scans have been collected for each temperature.

3. Results and discussion

It is well known that the analysis of the OH stretching contribution in water and in
aqueous solutions is usually performed following different interpretative models that make
reference to different arrangements of water molecules. In particular, two main classes of
models, usually termed continuum and mixture, can be mentioned. Continuum models
assume a continuous distribution of interactions whereas mixture models refer to water
molecule arrangements differing in the extent of the hydrogen bonding. Some of the earlier
spectroscopic investigations appeared to support continuum models, but recent IR, Raman
scattering, stimulated Raman scattering, hyper-Raman, inelastic harmonic light scattering,
and x-ray spectroscopy are in favor of mixture models where a consecutive hydrogen-bond
disruption is assumed. In the following in order to characterize the hydration properties
of lysozyme/water/trehalose, we adopt the so-called two-state model; this assumes that,
provided that the trehalose OH stretching contribution has been subtracted, water is a mixture
of two different states of inter-molecular bonding (Magazù et al. 2012; Migliardo et al. 2013,
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FIGURE 3. Behaviour of fractional open band intensity, B(T), as a function of
temperature for lysozyme-water and lysozyme-trehalose-water mixtures in the
20÷80◦C temperature range. The integrated area of the “open” band is always
smaller in lysozyme-trehalose-water mixtures, revealing a higher destructuring
effect induced by trehalose on the tetrahedric hydrogen bonded network.

2014). In particular we partition the water molecules into two distinct classes: molecules
with two OH groups both hydrogen-bonded within a tetrahedral network (fully hydrogen-
bonded water molecules), and molecules with one or two dangling OH groups (non-fully
hydrogen-bonded water molecules). For lysozyme in water mixturesand lysozyme in
trehalose water mixtures temperature scans were performed at T=20◦C, 25◦C, 30◦C, 35◦C,
40◦C, 45◦C, 50◦C, 55◦C, 60◦C, 65◦C, 70◦C, 75◦C and 80◦C. Then the isotropic spectrum
can be decomposed into an “open” and a “closed” Gaussian contribution:

Iiso(ω,T ) = α(T )Iopen(ω)+ [1−α(T )]Iclosed(ω). (1)

The open Gaussian component is placed at 3200 cm−1 and the closed contribution
is positioned at 3400 cm−1. In order to extract numerical curve-fit coefficients for the
lysozyme in water mixtures and for the lysozyme in trehalose water mixtures we calculated
the fractional open band intensity:

B(T ) =
∫

Iopen
iso (ω,T )dω∫
Itot
iso(ω,T )dω

(2)

where Itot
iso is the sum of the open and closed contributions. Figure 3 shows the behaviour

of the fractional open band intensity as a function of temperature for lysozyme-water and
lysozyme-trehalose-water mixtures in the 20÷80◦C temperature range.

As it can be seen, the integrated area of the “open” band is always smaller in lysozyme-
trehalose-water mixtures, revealing a destructuring effect induced by trehalose on the
tetrahedric hydrogen bonded network of water; furthermore the temperature dependence of
fractional open band intensity B(T ) is less strong for the ternary system so revealing a higher
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thermal restraint of the lysozyme-trehalose-water system in respect to the lysozyme-water
mixture.

4. Conclusions

The present study has been addressed to the study of the thermal stability of hydrated
lysozyme as induced by trehalose by employing IR spectroscopy measurements. The study
has been mainly focused to the intramolecular OH stretching region. The IR findings
show that trehalose affects the hydrogen bond network of water. This result confirms that
the disaccharide reduces the protein dynamic fluctuations thanks to a strengthening of
the intermolecular O-H interactions which in turn leads to a stabilization of the lysozyme
structure. In addition the analysis of the band temperature dependence shows a higher
thermal restraint of the lysozyme-trehalose-water system in respect to the lysozyme-water
mixture.
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