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Abstract Trehalose is known to protect some organisms
from various stresses due to drought and high temperature.
To explore the molecular mechanism of the protective
function, the mesomorphic properties of the monoolein-
water system, dried in the presence of trehal ose, were stud-
ied by X-ray diffraction. While, in pure water, two bicon-
tinuous inverse cubic structures (the Pn3m and la3d
phases) and alamellar L a phase exist as afunction of con-
centration, only the Pn3m cubic phase has been detected
in concentrated trehal ose solutions or in trehal ose glasses,
even under extremely dry conditions. Depending on the
sugar concentration, or after glass dehydration, the Pn3m
cubic unit cell decreases to very low values, much below
the smaller one observed in pure water. However, as no
phase transitions occur, a simple osmotic mechanism can
be excluded. An additional stabilization of thelipid phase,
arising from interfacial free energy changes due to treha-
lose-water-lipid direct interactions, and large enough to af -
fect the energetic balance between the Pn3m and the |a3d
cubic phases, evidently occurs. Moreover, no differences
in the Pn3m cubic structure were observed when the sugar
platelets convert to the glassy state; no apparent structural
modifications that can be related to mechanical pressure
exerted on the lipid phase have been detected.
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Introduction

Like other sugars, trehal ose has been found to have a pro-
tective function on some organisms against damage due to
dehydration (Crowe et a. 1984). Several plant seeds,
spores, and macrocysts, as well as some species of soil-
dwelling animals, are in fact able to survive complete de-
hydration for many yearsin a state of suspended animation
(the so-called anhydrobiotic state), and rapidly swell and
resume metabolic activity when they come in contact with
water. Survival on dehydration has been correl ated with the
intracellular synthesis of trehal ose during desiccation, and
its degradation after rehydration (Crowe et al. 1984; Green
and Angell 1989; Takahashi et al. 1997). The role of sug-
arsin anhydrobiosis has been explained by considering two
different mechanisms. It has been suggested that, in the de-
hydrated state, sugar molecules act as substitutes for water
molecules by forming hydrogen bondswith the hydrophilic
surfaces of proteins or lipidsin cell membranes (Crowe et
al. 1987; Crowe and Crowe 1988). However, dehydrated
sugar solutionsconvert to amorphous solids (glasses); more
likely, this process can account for the prevention of potein
denaturation and cell fusion, since both phenomenainvolve
intra- and intermolecular motions which are fully hindered
in the glassy state (Green and Angell 1989; Franks et al.
1991; Cordone et al. 1998).

Several papersreport the stabilizing effects of trehalose
on some lipid phases (Crowe and Crowe 1988; Koynova
et al. 1989; Koynovaand Caffrey 1994; Tsonev et al. 1994;
Takahashi et al. 1997). In particular, in hydrated lipid
phases, trehal ose produces a reduction of the surface-per-
polar head at the lipid-water interface, stabilizing struc-
tures with low surface area (like inverted hexagonal
phases), or inducing transitionsfrom structureswith higher
to structureswith lower interfacial area(for example, from
lamellar LS to LB" phases). These changes in structural
properties and in phase transition temperatures have been
interpreted as a manifestation of the Hofmeister effect, in
which the sugar acts as a kosmotropic reagent, stabilizing
the structure of the water (Sanderson et al. 1991).



In order to explore the protective effect of trehalose
under anhydrous conditions, weanalyzed by X-ray diffrac-
tion the structural properties of the monoolein-water
system, dried in the presence of trehalose. Monoolein in
water shows, as a function of temperature and concentra-
tion, a crystalline lamellar phase Lc and several meso-
phases, characterized by ahighly disordered conformation
of the hydrocarbon chains (Hydeet al. 1984; Mariani et al.
1988; Briggs et al. 1996). In particular, a lamellar struc-
ture La, where lipid molecules assemble into stacked
sheets, an inverted hexagonal phase H,,, which consists of
cylindrical structure elements packed on a 2-D hexagonal
lattice, and two inverted (type I1) cubic phases with space
group Pn3m (Q%?%) and l1a3d (Q*°) have been identified
(Longley and Mclntosh 1983; Hyde et al. 1984; Mariani
et al. 1988). The two cubic phases may be described in
terms of infinite periodic minimal surfaces (IPMS), i.e,,
infinitearraysof connected saddle surfaceswith zero mean
curvature at each point (Scriven 1976). In these structures,
lipid monolayersaredraped acrosseither side of the IPM S,
touching it with their terminal methyl groups; this results
in a 3-D periodic bicontinuous structure, formed by dis-
tinct water and lipid volumes. The crystallographic space
group of the cubic phase determinesthe type of the IPMS;
in particular, the inverse cubic phases observed in the
monool ein-water system (spacegroupsla3dand Pn3m) are
based on the G (gyroid) and D (diamond) surfaces, respec-
tively (Schoen 1970; Longley and Mclntosh 1983; Mari-
ani et al. 1988; Luzzati et al. 1993).

Materials and methods

D-(+)-Trehalose dihydrate and the monoacylglyceride
1-monoolein were obtained from Sigma (Milan, Italy)
with purity of >99% and used without further purifica-
tion.

The phase diagram of the trehalose-water system is
shown in Fig. 1 (Green and Angell 1989); note that con-
centrationsare here expressed as awater-to-trehal ose mo-
lar ratio, n,,4/N;e. Aqueous solutions of trehal ose can, on
dehydration or cooling, form amorphous solids (gl asses).
On heating, a classical glass transition, from the glassy
to the so-called viscous-€el astic rubbery state, isobserved;
as in other carbohydrate-water mixtures, the glass-tran-
sition temperature [i.e. the temperature at which molec-
ular diffusion becomes observable on the differential
scanning calorimeter time scal e (seconds) and the liquid-
like degrees of freedom become accessible] increases as
the water content is reduced. Noticeable is the fact that
for concentrationslower than about two molecul es of wa-
ter per molecule of trehalose the glassy state exists at
room temperature. The phase diagram of the monoolein-
water system is shown in Fig. 2 (Hyde et al. 1984; Mar-
iani et al. 1988; Briggs et al. 1996); here the concentra-
tion isexpressed asthe weight of lipid per weight of mix-
ture (¢;ip). Note that the cubic Pn3m phase forms at room
temperature in excess of water, and transforms into the
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Fig. 1 Phasediagram of the trehal ose-water system [redrawn from
Green and Angel (1989)]. The water composition of the mixturesis
reported asamolar ratio between water (wat) and trehal ose (tre). The
compound forming at (ny,x/Nye) =2 is therefore the trehal ose dihy-
drate. The glassy state region is shown in gray. Open squares and
circles indicate the concentration of trehalose glasses obtained by
dehydrating li pid-containing trehal ose sol utionsin thedesi ccator and
in the 80°C oven, respectively
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Fig. 2 Phasediagram of themonoolein-water system[redrawnfrom
Briggset al. (1996)]. The composition is expressed as weight of lip-
id per weight of mixture. Phases are labeled asin the text; FI stands
for fluid isotropic. The Pn3m cubic phase region is shown in gray.
The dashed line indicates the temperature at which experimentsin
pure water have been performed

la3d phase when the lipid concentration increases to
about 0.65.

Mixtures containing monoolein in avast excess of aque-
ous solutions of trehalose at different concentrations (from
0 to 2.5 M) were prepared and equilibrated for one day at
room temperature. The lipid phase, which separates from
the solution, was analyzed (1) in pure water, as a function
of concentration [see also results reported by Mariani
et al. (1988) and by Briggs et a. (1996)], (2) in excess tre-
halose solutions, as a function of the sugar concentration,
and (3) completely embedded in anhydrous trehal ose plate-
lets, asafunction of dehydrationtime. Inthelast case, mono-
olein-containing trehal ose platelets were obtained by cov-
ering the lipid phase with a solution containing 80 mg tre-
hal ose per ml bidistilled water (0.2 M) and dehydrating the



296

samplesfor several hoursin asilica-gel desiccator at 20°C or
in a 80°C thermostatic oven. The final water concentration
of thetrehal ose platel etswasestimated by comparing theglass
transition temperature, measured by differential scanning cal-
orimetry, with those obtained from puretrehal ose-dehydrated
samples (Green and Angell 1989). The estimated concentra
tion of thelipid-containing glassesismarked in thetrehal ose-
water phase diagram shown in Fig. 1.

Diffraction measurements were carried out using two
Philips PW1830 X-ray generators (Monza, Italy), both
equipped with Guinier-type focusing cameras operating
with bent crystal monochromators. Diffraction patterns
were recorded in vacuo on a stack of four Kodak DEF-392
filmsor inair with abent position-sensitive detector (INEL
CPS120, France). Lipid samples and monoolein-contain-
ing trehal ose platel ets were mounted in vacuum-tight cells
with thin mica windows.

Diffraction data were collected at 25°C and analyzed
followingtheusual procedure (Mariani et al. 1988). In each
experiment a number of sharp low-angle reflections were
observed and their spacings measured. The diffraction
peaks were then indexed using eguations which define the
spacings of reflections for the different symmetry systems
usually observed in lipid phases (lamellar, hexagonal, or
Pn3m/la3d/Im3m cubic lattices); this problem was easy to
solve, because in no case were extra peaks observed, which
could be ascribed to the presence of other phases or to su-
gar crystallization. Moreover, in all the cases discussed in
this paper a diffuse band observed in the (3-5 A)™ region
of the X-ray spectrum indicates the disordered (type a) na-
ture of the lipid short-range conformation. Once the sym-
metry of the lipid phase was found, the dimensions of the
unit cell were calculated. In the following, a indicates the
unit cell dimension.

Results

Selected low-angle X-ray diffraction patterns, showing a
number of reflections, aregiveninFig. 3. By analyzing the
spacing ratios of the low-angle diffraction peaks, thelipid
phase has been identified (Mariani et al. 1988). While
present X-ray data confirm the phase sequence previously
reported for monoolein in pure water (Hyde et al. 1984;
Mariani et al. 1988; Briggs et a. 1996), we observe that
the Pn3m cubic phase exists in excess water at al the tre-
halose concentrations investigated, and also on trehalose
platelets for all values of the dehydration times conside-
red. Moreover, in trehalose platelets, in no case do extra
peaks occur which can be ascribed to sugar crystallization;
thetrehaloseisin an amorphousstate at all theinvestigated
dehydration conditions.

Some X-ray diffraction experimentshave been al so per-
formed as a function of temperature. Both on monaoolein
samples prepared in excess of trehal ose solutionsor ontre-
hal ose dehydrated glasses, only the Pn3mcubicto H,, hex-
agonal phasetransition has been detected on increasing the
temperature. Moreover, the phase transition temperature
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Fig. 3 Low-angle X-ray diffraction profiles obtained from mono-
olein in the different analyzed conditions. From the top: monoolein
in pure water, ¢;i,=0.60; monoolein in excess of 1.5M trehalose
aqueous solution; monoolein embedded in a trehalose glass dehy-
drated for 1 hin the 80°C oven; monoolein embedded in atrehalose
glass dehydrated for 24 h in the desiccator at 25°C. Peaks are in-
dexed according to the Pn3m space group (Mariani et al. 1988)

strongly depends on the trehal ose concentration, decreas-
ing from about 90°C (observed in pure water excess) to
60°C, observed in 2.5 M trehal ose solution, and to 50°C,
observed in atrehalose glass with n,,4/Ny..=7. In this last
casethe coincidence between thetemperature of the Pn3m-
H,, phase transition and the temperature of the transition
from the rubbery to the liquid state observed in the treha-
lose-water system (seethe phase diagramin Fig. 1) should
be noted. Similar effects of stabilization of the hexagonal
H,, phase at the expense of lamellar phases have been al -
ready observed in several other lipid systemsin the pres-
ence of trehalose (Croweet al. 1984; Koynovaet al. 1989).

Monoolein in pure water

Inpurewater, theunit cell dimension of thedifferent phases
depends on concentration. The variations, observed both
inthe Pn3mand | a3d cubic phases, arereportedintheupper
frameof Fig. 4. Given the assumption of distinct water and
lipid regions within the unit cell, several structural param-
eters, which characterize the bicontinuous cubic phases,
can be extracted from the cell dimension and sample con-
centration (Mariani et al. 1988; Turner et al. 1992; Briggs
et al. 1996).

According to the IPM S model for the cubic phases, the
lipid length L;;, can be calculated by solving the follow-
ing equation (Turner et al. 1992):

Cv,lip:ZAO(LIip/a)+47T/3X(Llip/a)3 D

wherec, j;, isthelipid volumefraction, calculated fromthe
composition of the lipid phase using v;,=1.062 cm® g™

(Lide 1996), and v,,;;=1.0 cm*® g as specific volumes;
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Fig. 4 Unit cell parameters of the cubic phases obtained in the dif-
ferent analyzed conditions. Upper frame: variation of the unit cell
of the Pn3m and |a3d cubic phases obtained in pure water as afunc-
tion of concentration. Lines are guides to show the general trend.
Middleframe: variation of unit cell of the Pn3m cubic phase obtained
in excess of trehal ose aqueous sol ution as afunction of the sugar mo-
lar concentration. The lineisavisual guide. Lower frame: variation
of the unit cell of the Pn3m cubic phase obtained in trehal ose glass-
es as a function of the dehydration times both in desiccator and in
the 80°C oven. Thelines are the best exponential fitsto the data (see
text)

A and x arethe constantsfor theminimal surface and have
values specific to the different bicontinuous cubic phases
(la3d: Ap=3.091, x=-8; Pn3m: A;=1.919, x=-2) (An-
dersonet a. 1988). Notethat inthismodel L, corresponds
to the constant lipid monolayer thickness. The area-per-
lipid at the headgroup ay, i.e. at the water-lipid interface,
can be then obtained using:

a9 =2A./njjp (2
where
A =(Aga®+2my L?) (3)

with L=L;;,, isthe area at the headgroup integrated over
a single monolayer and n;,=(cy, jip @ )/V,Ip is the number
of monoolein molecules (of molecular volume
V)ip=629 A3) contained in the unit cell. Finally, the mean
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curvature at the headgroup, averaged over the unit cell,
[(H[) can be calculated by (Anderson et al. 1988):

HE-27my LIA, (4)

with L=L,;, . Thesign of the curvatureis positive, accord-
ing to thefact that monooleininwater formstypell phases;
practically, thismeansthat the cross-sectional areaper lipid
decreases from the tail to the head, reducing to zero at the
center of the water channel. It should be noticed that the
area-per-lipid and mean curvature can be evaluated at
any distance from the minimal surface by adjusting the
value of L in Egs. (3) and (4). For bicontinuous cubic
phases, Caffrey and coworkers (Briggs et al. 1996) have
shown that solving Eq. (3) under the condition that the
cross-sectional areaiszero, i.e. at adistance L=L,j, + Ry
fromtheminimal surface, theradiusR,,; of thewater chan-
nel can be estimated. By making the appropriate substitu-
tions, it follows:

Rya =0.391a-L;, (5)
and
Rwat 20.248a—|_|ip (6)

for the Pn3m and 1a3d cubic phases, respectively.

As an alternative method, the structural parameters
can also be calculated using a geometric approach
(Gulik et al. 1985; Mariani etal. 1988; Luzzati et al.
1993). In this case the structure of the two bicontinuous
cubic phasesis described as being formed by networks of
a number n of water-filled rods of radius R,,;; and finite
length A (Pn3m: n=4 and A=a\/ 3/2; 1a3d: n=24 and
A=a\/8). Theexpressionsfor therod volume, ¢, and sur-
face, o, with account being taken of the bevel-shaped
junctions of the rods, are:

@= TR A (1—K, RyalA) (7)
and
0=21Ry5 A (1-KsRyalA) (8)

where k, and kg are constants whose values are specific
to the cubic phase (Pn3m: k,=0.780, k;=1.068; la3d:
k,=0.491, k,=0.735). Therefore, from the composition
and lattice parameter of the cubic unit cell, the rod volume
can be estimated using ¢=(1-c, ;i) @/n. Solving Egs. (7)
and (8), the radius of the water channels (R,,5) as well as
the area-per-lipid (ay=0on/ny;,) at the water-lipid interface
can be finally calculated.

In Fig. 5 the monolayer thickness (L,;,), the area-per-
lipid (ay), the average over the unit cell of the mean cur-
vature ((HD) at the water-lipid interface, and the radius of
the water channels (R, ;) are shown as afunction of water
concentration. The area-per-lipid at the headgroup and the
radius of the water channels have been calculated using
both IPMS and geometric approaches. According to pre-
vious results (see, in particular, Briggs et al. 1996), these
parameters differ by only a few percent. However, in the
case of thewater channel radii, the assumption that the cen-
ter of the water channel runs parallel to the minimal sur-
face gives a systematic error in the calculations (see also
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Fig. 5 Variation of the structu- 20 -

ral parameters of the Pn3m and
la3d cubic phases obtained in
pure water as a function of con-
centration. Ly, is the thickness
of the lipid monolayer, i.e., the
monoolein length; a, is the ar-
ea-per-lipid at the headgroup;
[HOs the average over the unit
cell of the mean curvature cal-
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Briggs et al. 1996), which resultsin avaue of R, larger
(by no more than about 1 A) than the one calculated from
the geometric approach. Thisisanimportant point: the R, 4
values obtained from Egs. (5) and (6) are estimates, but
they define the upper limit of the water channel dimen-
sions.

The datareported in Fig. 5 are in excellent agreement
with previous analyses on the monoolein-water system
(Longley and Mclntosh 1983; Mariani et al. 1988; Briggs
et a. 1996). While the lipid length remains practically
constant (between 17 A and 18 A), the radius of the wa-
ter channels decreases by reducing the water concentra-
tion; lower limits are about 20A in the Pn3m phase
(ciip =0.65) and about 12 A in the 1a3d phase (c;;, =0.80).
On further reducing the water content, the transition to
thelamellar La phase occurs. Moreover, asthe water con-
centration decreases, the area-per-lipid at the water-lipid
interface reduces continuously from about 33 A2to 31 A2
and from 31 A2 to 26 A2 in the Pn3m and la3d cubic
phases, respectively. It can be noted that an area-per-lipid
of about 25 A? has been observed on a monoolein mono-
layer at the air-water interface at the collapse pressure
(Lide 1996).

A main result presented above should be stressed: the
lipid length appears independent of composition and cu-
bic phase type. As previously shown (Turner et al. 1992;
Briggsand Caffrey 1994; Chung and Caffrey 1994; Briggs
etal. 1996), L, is only dependent on temperature. For
monoolein, thelipidlengthat 25°Cisexpectedtobe17.3 A
(Briggs et al. 1996). Then, aong with the lattice para-
meters, the expected lipid length can be used to calculate
by Eg. (1) the lipid concentration of the cubic phase, and
by Egs. (5) and (6) to estimate the radius of the aqueous
channels.

0.65

lipid concentration, ¢

0.75 0.65 0.75 0.85

lip lipid concentration, C]ip

Monoolein in excess of trehal ose solutions

I n excessaqueoussolution, monoolein still formsthe Pn3m
cubic phase at all the concentrations of trehalose investi-
gated. However, Fig. 4 (middle frame) shows that the unit
cell strongly depends on the sugar concentration. Treha-
lose leads to a reduction of the cell dimension up to
a=90A, largely below the limit value observed in pure
water.

Because the phase composition is unknown, to calcu-
late the structural parameters of the Pn3m phase, the cell
dimensions have been converted into lipid concentrations
asindicated above, i.e. solving Eg. (1) under the assump-
tion that L;,, is also independent of trehalose concentra-
tion. The lipid concentration in the Pn3m phase obtained
usinglL,, =17.3 A andthestructural parameters cal cul ated
using Egs. (2), (4), and (5) are then shown in Fig. 6 as a
function of the trehal ose concentration of the solution. It
should be noted that in this case the aqueous medium con-
tains sugar molecules (even if we continue to refer to it as
“water”). In the calculations, however, no assumptions
about the trehal ose content of the lipid phase are made, so
that the structural parameters obtained should reflect the
lipid-water-sugar interactions.

The comparison with the structural parameters meas-
ured in pure water (Fig. 5) indicates that the Pn3m struc-
ture which forms in concentrated trehal ose solutionsisin
an energetically unfavorable condition. The cubic phase
shows highly curved monol a%/ers (HC=0.020 A~ com-
pared to the value of 0.016 A= observed in cubic Pn3min
pure water just before the phase transition to the la3d
phase) and a rather small area-per-molecule at the water-
lipid interface (30 A% compared to 32 A% observed in pure
water just before the phase transition).
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Since it is exerted in excess water, the strong effect of
trehalose on the structural properties of the Pn3m cubic
phase might involve indirect (kosmotropic) interactions
(Sanderson et al. 1991). However, asthe structural param-
eters reach unusual values and no phase transitions occur,
a simple osmotic mechanism can be excluded; an addi-
tional stabilization of the lipid phase, arising from interfa-
cial freeenergy changes dueto trehal ose-water-lipid direct
interactions, evidently occurs. Although reliable theoreti-
cal estimates of the free energy involved in this process do
not seem possible at present, nevertheless it is clear from
the experimental datathat the degree of stabilization of the
structure by sugar should be sufficiently great as to affect
appreciably the energetic balance between the Pn3m and
la3d cubic phases (Turner et al. 1992; Chung and Caffrey
1994).

Monoolein in anhydrous trehal ose platel ets

Inthe lower frame of Fig. 4 the Pn3m unit cell dimensions
measured from the monoolein phase embedded in trehal -
ose platelets are shown as a function of the dehydration
time, both for samples dried in the desiccator and in the
oven. In both cases the unit cell decreasesto very low val -
ues (a=80A and a=70 A, when samples are dehydrated
for along time in the desiccator and in the oven, respec-
tively), even less than those observed in concentrated tre-
halose solutions. Similar dimensions were observed for
monooleinin purewater at very high temperatures[for ex-
ample, T=86°C, ¢;;, =0.74,a=70.8 A (Briggset al. 1996)].
It is noticeable that no differences in the Pn3m cubic di-
mensions were observed when the sugar mixture converts
to the glassy state (n,,o/Nye<2, cf. Fig. 1); no apparent
structural modifications are detected that can be related to
changes of the viscosity of the medium or to mechanical

pressure (Mariani et al. 1997) exerted on the lipid phase
after vitrification.

Theunit cell variationsshownin thelower frameof Fig.
4 can be fitted in terms of exponential behavior. In agree-
ment with calorimetric measurements on trehal ose-water
binary mixtures, showing that dehydration is faster the
higher the temperature, decay constants were obtained of
4.4+0.8 hand 1.5+0.3 h for ssmples dried in the desicca-
tor and in the oven, respectively. We note that the present
dried samples are prepared in a vast trehal ose excess (see
Materials and methods), and therefore the measured ther-
modynamic quantities appear essentially determined by
trehalose. Moreover, it should be also noticed that X-ray
diffraction measurements reported here do reflect rever-
sible equilibrium conditions. In fact the cell parameter
measured in a sample dehydrated for some time returns
again to theinitial value after rehydration, with no appar-
ent hysteresis or dependence ontheinitial state of thedried
platelets.

The lipid concentration of the Pn3m phase embedded
in the trehal ose glasses was estimated by solving Eq. (1)
using L, = 17.3 A. As before, it is important to point out
that, in the calculations, no assumptions are made about
the content of the sugar in the cubic phase. The left, upper
frame of Fig. 7 showsthe calculated lipid concentration of
the cubic phase as a function of the water content of the
trehal ose platel ets. A different behavior characterizes sam-
ples dehydrated in the desiccator or in the oven, suggest-
ing that a thermodynamic model, based upon water equi-
librium between the lipid phase and the trehal ose moiety,
cannot explain the results. From the estimated lipid com-
position, the Pn3m structural parameters were finally cal-
culated using Egs. (2), (4), and (5). The results are shown
as afunction of the water content on the trehal ose glasses
in the other frames of Fig. 7. It is interesting to compare
these data with those obtained in pure water (Fig. 5). De-
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hydrating the monoolein in trehalose glasses, the lipid
uniquely shows the Pn3m cubic structure. However, the
cubic phase presents a highly curved interface and very
small areas-per-lipid at the headgroup and very narrow wa-
ter channels resulted from the calculation. In particular,
Rya and ag reach values very close to those observed in
the la3d cubic phase in pure water, just before the transi-
tion to the lamellar phase. Accordingly, the Pn3m config-
uration should be highly unstable (Turner et al. 1992;
Chung and Caffrey 1994). However, asin concentrated tre-
hal ose solutions, the transition to the I1a3d cubic phase is
prevented, confirming that the sugar exercises an addi-
tional direct stabilization.

Discussion

The effect of trehalose on the mesomorphic properties of
the monoolein-water system dried in the presence of tre-
hal ose was studied by X-ray diffraction. Whilein pure wa-
ter the Pn3m and |a3d bicontinuous inverse cubic struc-
tures and a lamellar L a phase are observed as a function
of concentration, a strong stabilization of the Pn3m cubic
phase has been detected in the presence of trehalose. In
concentrated trehalose solutions, but also in trehalose
glasses under extremely dry conditions, the Pn3m cubic
unit cell dimension reversibly decreases to very low val-
ues, but no evidence of phase transition is seen during de-
hydration. Assuming that the lipid monolayer thicknessis
only dependent on temperature (Briggs et al. 1996), the
lipid concentration of the Pn3m cubic phaseforminginthe
presence of trehalose, both in solution and in the vitreous
state, has been calculated and the different structural pa-
rameters estimated. In particular, the area-per-lipid at the
headgroup decreases to very small values, comparable to

water concentration of
the trehalose glasses, n__/n

water concentration of

the trehalose glasses,n__/n

wat  tre wat tre

the one observed on the monoolein monolayer at the air-
water interface at the collapse pressure. As briefly re-
ported, the presence of the sugar also affects the tempera-
ture of the Pn3m cubic to hexagonal H,, phase transition,
strongly confirming that trehal osetendsto decreasethearea
of contact between the lipid and the aqueous phase. Such
effects were already observed on other lipid systems, re-
sulting in the stabilization of the normal gel L 3’ phase rel-
ativeto theinterdigitated gel L 3 (i) (Takahashi et al. 1997)
or in the formation of a H,, phase at the expense of a La
(Koynova et al. 1989); in such cases, the observed effects
wereinterpreted by the fact that trehal ose behaves asakos-
motropic reagent, i.e. as awater-structure-making reagent.
The present data show that trehalose strongly affects the
structural properties of the Pn3m cubic phase, resulting in
ahighly unstable configuration, but no phasetransitionsoc-
cur. Therefore, a simple osmotic mechanism, as observed
for example in poly(ethylene glycol) agueous solutions
(Chung and Caffrey 1994), can be excluded. An additional
stabilization of thelipid phase, arising from interfacial free
energy changes due to trehal ose-water-lipid direct interac-
tions, and big enough to affect the energetic balance
between the Pn3m and the a3d cubic phases, should occur.

When the sugar mixture convertsto the glassy state, all
long-range molecular motions are hindered; however, no
changes in the structural properties of the cubic phase are
induced by the vitrification mechanism. This observation
could have very important biological implications in the
biopreservation; in fact, proteins and cell membranes
might be expected to be kept in their native states not only
by indirect effectsduetothestabilization of thewater struc-
ture, but also direct interactions with sugar, unrelated to
the trehal ose state, should account for its protectant rolein
anhydrobiotic organisms.

One last point has to be stressed: the stabilization pro-
cess hinges upon the trehal ose content of the lipid phase,



an experimental parameter that plays a crucial role in the
effectiveness of the direct interactions. The very small
aqueous channels in the Pn3m monoolein phase forming
inthe presence of trehal ose contain the sugar; however, re-
liabl e estimates of the sugar concentrationinthelipid phase
do not seem possible at present, so that the mechanism of
the interaction cannot be more deeply investigated.
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