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Abstract
We report on the set of experimental and simulative evidences which enabled
us to suggest how biological structures embedded in a non-liquid water–
saccharide solvent are anchored to the surrounding matrix via a hydrogen
bond network. Such a network, whose rigidity increases by decreasing the
sample water content, couples the degrees of freedom of the biostructure to
those of the matrix and gives place to protein–saccharide–water structures
(protein–solvent conformational substates). In particular, the whole set of
data evidences that, while the protein–sugar interaction is well described in
terms of a water entrapment hypothesis, the water replacement hypothesis
better describes the sugar–membrane interaction; furthermore, it gives a hint
towards the understanding of the origin of the trehalose peculiarity since the
biomolecule–matrix coupling, specific to each particular sugar, always results
in being the tightest for trehalose.

In line with the heterogeneous dynamics in supercooled fluids and in
carbohydrate glasses of different residual water contents, recent results confirm,
at the single molecule level, the existence of protein–solvent conformational
substates, spatially heterogeneous and interconverting, whose rigidity increases
by lowering the sample hydration.

1. Introduction

Trehalose, a disaccharide composed of two (1 → 1)-linked alpha, alpha units of glucopyranose
(figure 1), is a non-reducing disaccharide of glucose found in large quantities in organisms
that can survive adverse environmental conditions such as extreme drought and high
temperatures [1–4] under a condition, known as anhydrobiosis, in which all metabolic
processes are blocked. These organisms can be kept dry and apparently dead for several years,
and upon rehydration, their vegetative cycle restarts. This process can be repeated several
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Figure 1. Trehalose molecule. Black spheres: oxygen atoms; dark grey: carbon atoms; light grey:
hydrogen atoms.

times with no apparent damage to the organisms. It has been reported that the stabilizing
role against the adverse conditions is played by trehalose [5, 6]. Furthermore, it has been
observed that isolated structures, such as enzymes or liposomes, are preserved against stressing
conditions when embedded in trehalose matrices [7, 8]. An analogous protective effect is
also accomplished by other saccharides, although trehalose is the most effective in terms of
structural and functional recovery [7]. Several studies have been performed on sugar–water–
biomolecule systems by experimental [9–29] and simulative techniques [30–37]. The main
hypotheses proposed for the trehalose–biomolecule interaction are:

(i) the water replacement hypothesis, according to which stabilization occurs via the
formation of hydrogen bonds between the sugar and the biostructure; indeed, trehalose
binds to protein carboxyl groups, as evidenced by the appearance of the carboxylate band
at 1580 cm−1 in freeze-dried mixtures [38] or by the influence of proteins on the infrared
spectra of dried carbohydrates [9];

(ii) the water-entrapment hypothesis, according to which, in the dry state, trehalose rather than
directly binding to proteins traps the residual water at the biomolecule sugar interface by
glass formation (preferential hydration hypothesis) [10];

(iii) the high viscosity hypothesis, according to which viscosity effects cause motional
inhibition [39] and hindering of processes leading to loss of structure and denaturation. In
this respect, Green and Angell [40] suggested the rather high glass transition temperature
of trehalose with respect to other glass forming sugars to be responsible for the trehalose
peculiarity.

The above hypotheses are not mutually exclusive. The formation of a glassy state does not
imply hydrogen bonding, as evidenced by measurements on dextran [38]. The effectiveness
of trehalose in preservation may be due to the ability of forming glassy structures in a wide
hydration range, along with the hydrogen bond capability. However, this is not consistent
with results on raffinose, which is less effective than other sugars [41], although it has a glass
transition temperature comparable with that of trehalose, together with larger hydrogen bonding
potential [42, 43].

A large part of the simulative and experimental work aimed at understanding, at the
molecular level, the origin of the trehalose peculiarity has been performed on binary water–
sugar systems, in wide ranges of sugar concentration and temperature, by exploiting several
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experimental and computational procedures. Results concurred in indicating that the presence
of trehalose sizably modifies the hydrogen bond network and the water dynamics; in particular,
a large destructuring effect on the water tetrahedral hydrogen bond network has often been
invoked to explain the effectiveness of trehalose as a bioprotectant, since it prevents the low-
temperature water crystallization (see [44] and references therein). It has been suggested that
by binding water molecules more tightly, the glass formed by trehalose could reduce molecular
motion leading to its bioprotective effects [44, 45]. In particular, a comparison with sucrose
pointed out that, due to the formation of internal hydrogen bonds, sucrose results in being
more rigid and less hydrated than trehalose, since the internal bonds leave a lower number
of sites available for interactions with water [46]; maltose, notwithstanding the similarity
in hydration number, restrains the surrounding water molecules less than trehalose [47].
Furthermore, maltose–water solutions, in contrast to other saccharide–water systems, resulted
in inhomogeneous systems, in which maltose molecules cluster [48]. Such clustering was
suggested to likely be due to the dipole moment of this disaccharide, which is much larger than
for the other saccharides [49].

In general, the studies devoted to understanding the origin of the trehalose peculiarity tried
to find a single biomolecule–sugar mechanism of interaction, working both for proteins and
membranes. In contrast (see below), molecular dynamics (MD) simulations and experimental
results suggest that while preferential hydration seems to be the dominant mechanism in the
interaction between globular proteins and sugar [31–33, 49], water replacement by saccharides
occurs in membrane–sugar–water systems [8, 34–37].

2. Dynamics and structural behaviour of biomolecules embedded in water–saccharide
solvent

2.1. Proteins

Several experimental studies have been performed on sugar–water biomolecule sys-
tems [11–29] aimed at ascertaining the effects of the sugar matrix on the dynamics of the
embedded biomolecule and the eventual coupling between the biostructure and the external
matrix. Such studies included flash photolysis on carboxy-myoglobin (MbCO) [11–15, 19],
Mössbauer spectroscopy [25, 16], incoherent elastic neutron scattering [26, 29], kinetic hole
burning [18, 20], infrared vibrational echo [17, 23, 24], and functional behaviour of the reac-
tion centre of Rhodobacter Sphaeroides [50–53]. All the above experiments pointed out how
embedding proteins in saccharide matrices of low water content sizably reduces the internal
protein dynamics; furthermore, it was shown that the content of residual water modulates the
dynamics and structural evolution of the protein and of the external matrix [54]. Such informa-
tion evidenced how embedding protein in water–sugar systems, in which the amount of residual
water is varied, could be a useful tool for investigating the temperature dependence of the pro-
tein dynamic structure function relationship at different solvent rigidity, thus enabling one to
disentangle the rigidity from temperature effects.

2.1.1. Molecular dynamics (MD) simulations. The sizable reduction of the internal protein
dynamics was also evidenced in an MD simulation of an MbCO molecule embedded in a
plasticized amorphous trehalose matrix 89% trehalose/[trehalose + water] w/w [30, 31, 33].
Furthermore, MD simulations also showed that, in trehalose–water–protein systems, structures
are formed in which trehalose molecules are mainly bound to the protein through single
hydrogen bonds, and water molecules are in excess over their concentration in the bulk
solvent [31]. In such structures, a hydrogen bond (HB) network connects groups at the
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Figure 2. CO stretching band (I, 1900–2000 cm−1) and association band of water (II, 2000–
2400 cm−1) in trehalose-coated MbCO. The inset shows the fitting of the CO band in terms of
three taxonomic A substates [61]. Data refer to a humid sample, at T = 300 K. Figure taken
from [55].

myoglobin surface, water molecules and trehalose molecules. In this network, the fraction
of water molecules forming multiple hydrogen bonds with both protein and sugar increases
when the water content is decreased. Considering that the water motional freedom decreases
by increasing the number of hydrogen bonds in which each molecule is involved, one has that
the water dipole network must exhibit a decrease of the thermal rearrangements by reducing
the residual water [55–57, 49]. Furthermore, according to the suggestion that the structural
relaxation of a protein is coupled to the relaxation of the hydrogen bond network [58–60] the
above decreased rearrangements will be reflected, as experimentally observed, in a decrease of
the protein thermally induced structural variations, when the water content is decreased.

Results from MD simulations in which one MbCO molecule was embedded in sucrose–
water [33] or maltose–water (work in preparation) at the same concentration as in trehalose
[89% w/w] [30, 31], point out that some regions of the protein chain exhibit a larger flexibility
in sucrose and maltose than in trehalose. Furthermore, the increase of the water mean square
displacement with time is the lowest in maltose, in full agreement with the results on maltose–
water systems, in which maltose molecules cluster and water might remain trapped at these
clusters [48, 49].

2.1.2. Fourier transform infrared (FTIR) measurements. As mentioned, several experiments
showed that embedding protein in water–sugar matrices of low water content sizably reduces
the dynamics of the embedded protein; however, the measurements that evidenced such a
reduction [11–29] did not give any hints towards the understanding of the mechanisms at the
basis of the observed effect. Experimental information on such mechanisms was obtained by
simultaneously following the temperature dependence (300–20 K) of the bound CO and of
the water association band in samples of MbCO embedded in sugar matrices of low water
content [49, 55–57].

The stretching band of the bound CO in MbCO (see figure 2) is split into three different
sub-bands, which correspond to three specific different environments experienced by the bound
CO within the heme pocket [61, 62]. These sub-bands reflect the populations of the three
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taxonomic A and lower tier conformational substates, and depend on external parameters such
as pH, temperature, and pressure [63–67]. Accordingly, the thermal behaviour of such sub-
bands conveys information on the heme pocket structural variations, which affect the whole
shape of the CO stretching band. As shown in figure 2, on the high-frequency side of the
CO stretching band there appears the water association band, which is attributed [68] to a
combination of the bending mode of water molecules with intermolecular vibrational modes.
Furthermore, the coupling of the bending modes of water molecules with intermolecular
vibrational modes involving non-water OH groups (arising e.g. from sugar or protein H bond
forming groups) also contributes to the band [55].

The coupling between heme pocket and external matrix in trehalose-coated MbCO was
evidenced by FTIR measurements, in which the thermal behaviour of the CO stretching and
of the water association bands was analysed in the temperature range 263–323 K [28]. The
study was afterwards extended to a larger temperature interval (300–20 K) in which three
MbCO–trehalose–water samples of low water content were studied [55–57, 49]. Figures 3
and 4 respectively show, superimposed, the stretching band of the bound CO and the water
association band for the above three samples, in the temperature interval 300–20 K. The thermal
evolution of both the CO stretching and water association bands was put on a quantitative
ground by plotting the spectral distance (SD) of the various normalized spectra from the
respective normalized spectrum measured at 20 K. This is defined as [55]

SD =
{∫

ν

[A(ν, T ) − A(ν, T = 20 K)]2 dν

}1/2

≈
{∑

ν

[A(ν, T ) − A(ν, T = 20 K)]2�ν

}1/2

(1)

where A(ν) is the normalized absorbance at frequency ν and �ν is the frequency resolution.
The above quantity represents the deviation of the normalized spectrum at temperature T
from the normalized spectrum at 20 K; for the protein it reflects the overall thermally induced
heme pocket structural changes evidenced by the changes in the population of taxonomic (A)
and lower hierarchy substates. Furthermore, in view of the structured profile of the water
association band, it was assumed that, for this band, the SD reflects thermally induced structural
rearrangements of the water molecule network within either the solid or plasticized amorphous
samples [55–57, 49].

Figure 5 shows the spectral distances (see equation (1)) of the CO stretching and of
the water association bands (respectively, SDCO and SDWATER). The figure evidences the
small temperature dependence of both the CO and the water band in the very dry sample,
as compared to the other two samples. In particular, in contrast to the driest sample, the last
two are already temperature dependent at ∼50 K; moreover, their SDs are almost coincident
up to ∼180 K, while above such temperature the most water-rich sample exhibits larger
increase. As mentioned above, SDs relative to the CO stretching band convey condensed
information on the thermal evolution of the heme pocket structure as experienced by the
bound CO, while SDs relative to the water band convey condensed information on the thermal
evolution of the matrix structure, as experienced by the water molecules. The data in figure 5
evidence the strict structural coupling between the internal degrees of freedom of the heme
pocket to those of the external matrix. The structural fluctuations involving displacement of
the protein surface are severely hindered when the protein is embedded in a solid trehalose
glass [17]. Accordingly, the data in figure 5 were interpreted by considering that the two
drier samples are, in the whole temperature range investigated, solid glasses in which the
temperature dependence of SDCO arises from protein atom motions with respect to the centre
of mass (internal processes), which take place without displacement of the protein surface
and involve low hierarchy substates. In contrast, the humid sample behaves as a solid glass
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Figure 3. Normalized spectra of the CO stretching band in the range 300–20 K. Upper panel:
very dry sample; central panel: dry sample; lower panel: humid sample; the water/trehalose molar
ratio respectively was ∼0.3, ∼2 and ∼30. Samples were prepared by initially drying, at room
temperature, aliquots of an aqueous trehalose–MbCO solution, layered on CaF2 windows of ∼1 cm2

surface, in a desiccator under a CO atmosphere. The very dry sample was prepared by further drying
within the cryostat by heating, under vacuum at 353 K, until exhaustive dehydration, before starting
measurements. The dry sample was dried under vacuum at 353 K, and then shortly exposed to room
moisture. The humid sample was equilibrated with 60% humidity at 300 K before measurements.
For details, see [55].

only in the temperature interval 20–180 K. At temperatures higher than ∼180 K the sample
becomes a plasticized amorphous system in which structural rearrangements of the protein are
accompanied by surface displacement [17, 54]. This behaviour, in particular, indicated that
the low-frequency motions of the heme environment, which take place in liquid solutions [69],
could be populated only in the humid sample and only at the highest temperature. Therefore,
coupling of the CO vibration with large-amplitude, low-frequency motions is not expected to
sizably alter the shape of the CO stretching band in our sample.

6



J. Phys.: Condens. Matter 19 (2007) 205110 L Cordone et al

Figure 4. Normalized spectra of the water association band in the range 300–20 K. Left panel: very
dry sample; central panel: dry sample; right panel: humid sample.

Figure 5. (a) CO stretching band spectra distance (SDCO) referred to the spectrum measured at
20 K versus temperature; (b) water association band spectra distance (SDWATER) referred to the
spectrum measured at 20 K versus temperature. Circles: very dry sample; triangles: dry sample;
squares: humid sample. Full symbols: data points obtained during cooling; open symbols: data
points obtained during heating. The very good reproducibility of the data points indicates that the
systems are in thermal equilibrium. Figure taken from [55].

To get closer information on the correlation between the thermal evolution of the protein
and of the external matrix structure (see figure 6), SDCO was plotted as a function of SDWATER.
As is evident, the evolution of the structure of the protein and of the matrix exhibits a single
linear correlation, almost independent of water content, for the two drier samples in the whole
temperature range investigated. In contrast, a deviation, which becomes sizable at ∼180 K,
is evident for the humid sample. It is conceivable that at this temperature the water HB
network collapses and translational displacement of protein-bound water takes place; this in
turn [58–60] enables large-scale substate interconversion and protein structural relaxations.
These motions, which involve displacements of the protein surfaces [54–57, 49], have been
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Figure 6. Plot of SDCO versus SDWATER. Circles: very dry sample; triangles: dry sample; squares:
humid sample. The arrow indicates the point corresponding to T ∼ 180 K for dry and humid
samples. Figure taken from [55].

suggested to be driven by fluctuations of the dielectric constant of the medium [70], which,
indeed, imply water molecule translational freedom.

In order to obtain insights on the origin of the trehalose peculiarity, analogous FTIR
measurements were performed on samples in which MbCO was embedded in matrices of
different sugars (glucose, maltose, sucrose, raffinose) and content of residual water [49]. The
analysis of the thermal behaviour of the spectra distance relative to both the stretching band
of the ligand CO molecule (SDCO) and the water association band (SDWATER) showed that the
thermal evolution of sugar–water matrix barely depends on the particular saccharide, while the
protein internal motions resulted in being regulated in a way which is specific to each sugar.
A plot of SDCO versus SDWATER showed that the slope of the correlation curve was the lowest
for trehalose, thus indicating a tighter coupling in this sugar. This result gave a hint towards
the understanding of the origin of best efficiency of trehalose with respect to the other studied
saccharides as a bioprotectant; indeed, the appearance of damages on biological structures
will involve more structural variations of the surrounding matrix in trehalose than in other
saccharides.

2.1.3. Flash photolysis experiments on MbCO embedded in trehalose–water matrices. The
FTIR data reported open the question of how the constraints, imposed on the protein by the
external matrix, affect the functional properties such as for example the CO rebinding after
flash photolysis [11–15, 19, 54] or the electron transfer process in photosynthetic reaction
centres [50–53]. The rebinding of ligands to Mb following laser photolysis has been extensively
used to understand the molecular mechanisms underlying protein–ligand interactions [71–81];
indeed, such rebinding occurs through a complex pathway resulting from protein relaxation
and movements of the ligand within the protein [79–81].

Information on such complex pathways has been obtained by studying the rebinding of the
photodissociated CO molecule in MbCO embedded in saccharide matrices of different but low
water content [54]. Indeed, as mentioned, this procedure enables one to disentangle temperature
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from rigidity effects [49] enabling one to alter the dynamics of the protein and of the external
matrix, leaving the thermal energy of the photodissociated CO unaltered.

In line with FTIR data, decreasing the sample water content sizably accelerates the rate of
the CO rebinding, in full agreement with the existence of an HB network, which anchors the
protein surface to the surrounding solid matrix, thus hindering substrate interconversion and
protein relaxation [11, 54, 82].

Room-temperature experiments were also performed in MbCO–trehalose samples, briefly
illuminated prior to the laser pulse [82]. Pre-illumination was found to decrease the rate of
CO rebinding with respect to non-pre-illuminated samples in dry but not in humid samples.
This was thought to arise from the continuous attempts performed by the protein, during pre-
illumination, to undergo relaxation towards the photodissociated deoxy state; this causes the
collapse of the rigid HB network, thus causing a decoupling of the internal degrees of freedom
of the protein from those of the external matrix. Lack of conformational relaxation following
photoexcitation and protein–matrix decoupling, following continuous illumination, were also
observed in the reaction centre of Rhodobacter sphaeroides [50–52].

2.2. Membranes

It is well established that disaccharides stabilize biological membranes [7]. In particular, studies
on liposome embedded in sugar matrices have shown that the addition of sugar lowers the
melting temperature of bilayer membranes [1], thereby preventing leakage and fusion during
drying and freeze-drying [7].

2.2.1. Molecular dynamics simulations. Results from molecular dynamics simulations
showed that the interaction of trehalose molecules and lipids occurs at the surface of the
bilayer [34, 35, 37]. The sugar molecules adopt specific conformation to fit onto the surface
of the bilayer, interacting with more than one lipid simultaneously; by bridging adjacent lipids,
trehalose molecules prevent them from aggregating or collapsing [34]. In contrast, results
from other simulations [36] pointed out how trehalose tends to be oriented parallel to the
membrane normal, making multiple hydrogen bonds with the lipids and penetrating deeper in
the membrane. In any event, results from simulative studies concur in supporting, in contrast to
proteins, a direct interaction of trehalose with membranes, according to the water replacement
hypothesis, formulated on the basis of several experimental measurements, including infrared
spectroscopy, nuclear magnetic resonance and x-ray diffraction (see [8] and references therein).

2.2.2. FTIR measurements. Recently, FTIR measurements have been performed on cholate-
containing liposomes (CCLs) embedded in trehalose or sucrose matrices with different residual
water content [8]. Information on the CCL phase transition was obtained by following the
thermal evolution (310–70 K) of the IR spectrum of the carbonyl moieties of phospholipids, in
the frequency range 4225–4550 cm−1, shown in figure 7.

It is well known that lipid phase transition implies rearrangements at supermolecular level,
and is reflected in sudden correlated changes of several parameters such as for example peak
frequency or line-width [83]. Accordingly, the phospholipid phase transition was followed [8]
through the thermal evolution of the spectral distance (SD) of the CH2 normalized spectra
referred to the respective lowest-temperature normalized spectrum. Figure 8 shows the
temperature dependence of SDCH2 relative to a dry and a wet trehalose sample. The continuous
line represents the fitting in terms of the sum of a sigmoid and a straight line [8]. The plot in the
figure evidences the lipid phase transition from gel to liquid crystal phase. The same behaviour
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Figure 7. Methylenic absorption bands in the temperature interval 310–75 K for a dry trehalose
sample. Data are plotted after subtraction of a broad Gaussian extrapolation. Figure taken from [8].

Figure 8. Spectral distance computed in the spectral zone 4225–4550 cm−1 for the dry T sample
(•); wet T sample (◦). The arrows indicate the midpoints of the sigmoid. Figure taken from [8].
For details of sample preparation, see [8].

is observed if the peak frequencies of the CH2 combination band as a function of temperature
are plotted instead of the spectral distance (data not shown; see [8]).

Figure 9 shows the water association band measured respectively in a dry and in a wet
sample of trehalose-coated CCL at 300 K, together with the fittings performed in terms of five
Gaussian, one Lorentzian and one Voigtian extrapolation.

To verify the eventual coupling of the lipid structure to the surrounding water–saccharide
matrix, the thermal evolution of the peak frequency of the various sub-bands in figure 9
was analysed. Such analysis showed a very tight coupling between the small sub-band at
∼2025 cm−1 and the alkyl chain structure. Indeed, the sub-band, which is absent in cholate-
free liposomes, exhibits a sudden variation, in concurrence with the lipid phase transition,
as evidenced in figure 10, which shows a plot of Tm plotted against T2025, i.e., the midpoint
of the sigmoid that represent the thermal evolution of the sub-band at 2025 cm−1 of the
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Figure 9. Water association band in wet T (panel (a)) and dry T (panel (b)) samples, at 300 K.
The continuous curve represents the Gaussian extrapolation; the open circles represent the data.
The other curves are the result of absorption profile decomposition. In the upper part of the graph,
residues in expanded scale are represented, relative to the fitting shown in panel (a); similar residues
are also obtained for the fitting in panel (b). Figure taken from [8].

water association band. It is noteworthy that such a small band must be ascribed to the
presence of water molecules since, like the whole water association band, it is absent in dry
samples of phosphatidylcholine and/or cholic acid. In particular, it was attributed to water
molecules inserted within the lipidic structure in the neighbourhood of cholic acid in the region
located at the border between the hydrophilic and the hydrophobic moieties of phospholipids.
These water molecules, acting as lubricant at the contacts between the lipid polar heads, were
suggested to be responsible for the peculiar flexibility of cholate-containing liposomes [84].
Furthermore, since different phospholipid headgroups structure corresponds to different lipid
phases, the lipid phase transition is also reflected in a reorganization of water molecules in the
surrounding of the CCL, as observed.

Figure 11 shows the temperature dependence of the spectral distance of the whole water
association band (SDWATER) for the same trehalose samples of figure 8. The data in figure 11
show a much looser coupling to the lipid phase transition than the small water sub-band at

11



J. Phys.: Condens. Matter 19 (2007) 205110 L Cordone et al

Figure 10. Lipidic melting temperature (Tm) plotted against the midpoint of the sigmoid which
represent the thermal evolution of the sub-band at ∼2025 cm−1 of the water association band
(T2025). The continuous line is a straight line of unitary slope. Figure taken from [8].

Figure 11. Spectral distance computed for the water association band spectral zone for dry T (•)

and wet T (◦) samples. The inset shows dry sample data in an expanded scale. The arrows indicate
a discontinuity in the first derivative of the plotted curves. Figure taken from [8].

2025 cm−1. Indeed, only a slope change of SDWATER is observed, corresponding to the lipidic
transition temperature. This was thought to stem from a loose coupling between the lipid phase
transition and the external matrix. A loose coupling was, indeed, expected based on the water
replacement hypothesis holding for sugar–membranes [9, 34–37], according to which water
molecules in the surrounding matrix must be less directly involved than in the case of proteins.

Indeed, in water–trehalose–protein systems, the interactions between the macromolecule
and the sugar are restricted to sites which bind mobile, singly hydrogen-bonded water
molecules [85], and water molecules concentrate in the surroundings. In contrast, in the sugar–
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Figure 12. Lipid phase transition temperature as a function of sample water content. Open circles
(◦) sucrose; closed circles (•) trehalose. The error bars shown represent the maximum Tm

difference among the estimates in the different spectral regions. Figure taken from [8].

liposome–water systems, the sugar is tightly bound to polar headgroups at the hydrophilic
liposome interface, and a fraction of the liposomes hydrogen bonds forming sites bind water
molecules. In this respect Crowe [86] reported a slope break, corresponding to the lipid phase
transition, in a plot of trehalose OH stretching versus temperature, indicative of a coupling
between the lipid phase transition and the surrounding medium, in trehalose-coated liposomes.

Figure 12 shows the transition temperature values (Tm) as a function of the samples’
water content, both for trehalose and sucrose samples; the data points represent the average
of the values obtained from the peaks at ∼4250, 4325 and 4340 cm−1. As is evident from
the figure, the transition temperature increases with increasing water content of the sample.
As already mentioned, in samples of trehalose-coated proteins, structural rearrangements
of the embedded protein sizeably decrease by the drying of the sample. This result could
appear to be in contrast with the Tm decrease observed by the drying of trehalose- or sucrose-
coated CCL. Such a Tm decrease, well known and established [1], has been rationalized by
considering that, upon dehydration, trehalose prevents the close approach of headgroups. This
makes the relative distance among the lipid moieties increase, causing a decrease in van der
Waals interactions, which eventually leads to the observed lowering of the phase transition
temperature. Furthermore, while wet samples show similar Tm either in sucrose or in trehalose,
a difference appears in dry samples. This difference is consistent with data on carboxy-
myoglobin embedded in trehalose or sucrose matrices, which show that the protein is more
tightly bound in the former than in the latter system, particularly in dry systems [56, 33].

A point emerging from an inspection of the data in figure 12 is the apparent sigmoidal
behaviour of the phase transition temperature in trehalose-coated CCL as a function of sample
water content; such behaviour is indicative of a cooperative transition among liposome–sugar–
water structures of different water content, stemming from cooperative collapse–reformation
of hydrogen bond networks in the structures.

3. Spatial heterogeneity of the protein–solvent coupling

In MbCO embedded in trehalose–water matrices the thermal interconversion among taxonomic
A substates is progressively hindered, when residual water decreases from very humid to
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very dry samples [28, 54, 55]. Since the distribution of conformational substates at a given
temperature is an equilibrium property, the observed progressive reduction of interconversion
in non-solid matrices (during sample dehydration) suggested that such a process should not
be related to the increasing viscosity. Alternatively, considering that the dynamics in glass-
forming systems is spatially heterogeneous [87, 88], one can conceive that, during the drying,
the sample behaves as a heterogeneous system in which only a fraction of proteins molecules
is allowed to fluctuate among different conformational substates. In contrast, for the remaining
fraction (which increases by decreasing the water content), the fluctuations driving the crossing
of the energy barriers are hindered. Based on this assumption, the progressive inhibition
of interconversion during the drying was suggested to arise from a spatially heterogeneous
protein–solvent coupling due to the simultaneous presence of ‘interconverting’ protein–water–
sugar structures of different hardness (protein–solvent conformational substates). Single
molecule fluorescence measurements performed in protein–sugar–water systems of different
content of residual water (work in progress) evidence different protein families, corresponding
to protein–solvent conformational substates of different rigidity levels, simultaneously present
and interconverting. The transition from hard to soft substates by water uptake appeared to be
driven by a cooperative collapse of the HB network anchoring the protein to its surrounding, as
suggested by FTIR data (see section 2, figures 5 and 12).

The progressive hindering of the conformationally gated QA → QB electron transfer in
reaction centres from Rhodobacter Sphaeroides embedded in trehalose matrices of decreasing
residual water [52] was also rationalized on this basis.

4. Conclusions

The reported simulative and experimental data enabled us to infer that the existence of an HB
network, which couples the degrees of freedom of the biomolecule to those of the saccharide-
containing matrix. In particular, while for a protein the coupling is well described in terms of
the water entrapment hypothesis, the water replacement hypothesis better describes the sugar–
membrane interaction; in both cases, the sample water content modulates the strength of the
coupling, since the stiffness of the HB network increases by lowering the hydration.

Measurements performed in matrices of different sugars indicated how the protein–matrix
coupling, peculiar to each solvent, is the tightest in the trehalose systems.

The dependence of the protein–matrix interaction on the detailed solvent composition is
in line with the lack of ‘phase separation’ between the protein and the external sugar matrix
in trehalose with respect to lactose, found in lysozyme–sugar systems [89]. This effect was
suggested to arise from a mismatching between the protein and the sugar–water structures at
the protein interface [49].
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