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Abstract Trehalose is a sugar which plays an important
protectant role in organisms against damage due to
dehydration. To explore the basic molecular mechanism
which governs the protective function exerted on lipid
membranes, X-ray diffraction and osmotic stress
experiments have been performed on L-a-dioleoyl-
phosphatidyl-ethanolamine (DOPE) in trehalose solu-
tions of different concentrations. In pure water, DOPE
forms an inverted hexagonal (Hy) phase; in sugar
solutions, a strong dehydration, which induces a large
reduction of the Hyy lattice parameter, has been detected,
but nevertheless no phase transitions occur. Structural
data, directly obtained from reconstructed electron
density maps, show that the bending of the lipid
monolayer induced by the sugar is coupled to changes in
the DOPE molecular shape. By osmotic stress, the work
required to dehydrate the monolayer has been obtained
and the overall free energy described as a function of
trehalose concentration. Three results should be stres-
sed: (1) dehydration experiments performed in the
presence of sugar demonstrate that the protective effect
cannot be purely osmotic; (2) the pivotal surface, that
location on the molecule whose area is invariant upon
isothermal bending, has been analyzed by two different
methods: the approach by Rand and co-workers and the
approach by Templer and co-workers; in both cases its
presence along the DOPE molecule has been revealed
and its position estimated; (3) the spontaneous radius of
curvature and the rigidity constant of the lipid mono-
layer, measured at the pivotal plane, changes from
3.06 nm (in pure water) to 2.82 nm (in 1.4 M trehalose),
and from 0.55x107' to 0.74x107" J, respectively. We
assume that these modifications are related to direct
interactions between trehalose and DOPE that alter the
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interface geometry, reducing the repulsion between the
polar heads. However, the increased bending rigidity
also accounts for the changes of the property of the
aqueous compartment, reflecting the rigidity and stiff-
ness of the sugar matrix around and inside the lipid
phase.

Keywords Hydration - Lipid model
membrane - Osmotic stress - Trehalose function -
X-ray diffraction

Introduction

Trehalose is a disaccharide which exerts a unique pro-
tective function on many organisms against damage due
to dryness (Crowe et al. 1984; Crowe and Crowe 1988;
Takahashi et al. 1997; Crowe 2002). Several plant seeds,
spores and macrocysts, as well as some species of soil-
dwelling animals, have in fact been observed to survive
to complete dehydration for several years in a state of
suspended animation (anhydrobiosis), while they rapidly
swell and resume their metabolic functions upon
re-hydration. A common theme for all these organisms
is that they contain large amounts of two disaccharides,
trehalose or sucrose, in the dry state. Therefore, the
nature of the protective effect was unclear, but survival
was correlated with the intracellular synthesis of treha-
lose during desiccation, and with its degradation after
re-hydration (Crowe 2002).

Several mechanisms have been considered to explain
how trehalose could effect survival. In the anhydrous
state, sugar molecules have been described to substitute
water molecules by hydrogen bonding the hydrophilic
surfaces of proteins or lipids (Crowe et al. 1987; Crowe
and Crowe 1988; Crowe 2002). In particular, the for-
mation of hydrogen bonds between the phospholipid
phosphate and the sugar hydroxyls has been demon-
strated by infrared spectroscopy (Crowe et al. 1984) and
the lowering of the phase transition temperatures
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detected in these conditions has been suggested to derive
from the spreading apart of the phospholipid head-
groups, which decreases the van der Waals interactions
between the acyl chains (Crowe 2002). Considering that
an amorphous solid (a glass) forms by drying a trehalose
solution, it has been also proposed that is the physical
state of the sugar matrix which plays a major role in the
protective function (Cordone et al. 1998; Crowe 2002;
Librizzi et al. 2002). The glass formation can in fact
account for the prevention of protein denaturation and
cell fusion, since both phenomena involve intra- and
intermolecular motions which are hindered in the glassy
state. Moreover, the rigidity of the sugar matrix rather
than a direct lipid—sugar interaction has been invoked to
explain the temperature depression of the Lg-to-L,
lamellar phase transition detected in sucrose glasses
(Zhang and Steponkus 1996; Shalaev and Steponkus
2001). Analogous hindering has also been reported for
carboxy-myoglobin embedded in a trehalose matrix by
Rector et al. (2001) and by Librizzi et al. (2002). Both
groups of authors suggested that structural fluctuations,
involving the displacement of protein surface, can take
place even in highly viscous fluids, but are severely
hindered when the surface topology is fixed by a solid
glass.

In fully hydrated systems, the protective mechanism
has been described differently. Like other large hydro-
philic molecules, trehalose can be preferentially solubi-
lized within the bulk of the solution and be excluded
from the solvation layers of the macromolecular sur-
faces. This leads to the dehydration of such surfaces
(and, in turn, to the reduction of the interfacial area),
which become less flexible and therefore more thermally
stable (Koynova et al. 1989). Under these conditions,
molecular dynamic simulations on the carboxy-myo-
globin molecule embedded in a 50% (w/w) trehalose
solution (Cottone et al. 2002) showed that the protein is
mostly surrounded by water, and only a few trehalose
molecules are bound to the protein through only one
OH group.

Lipid dehydration experiments performed in the
presence of sugars demonstrated, on the contrary, that
the protective effect cannot be purely osmotic. In the
monoolein—water system, where several inverse phases
exist as a function of concentration (Mariani et al. 1988),
no phase transitions occur when dehydration is per-
formed in the presence of trehalose, even when extremely
dry conditions are reached (Mariani et al. 1999; Saturni
et al. 2001). Analogously, in the case of the dioleoyl-
phosphatidyl-ethanolamine, it has been observed that
sucrose prevents the formation of the ordered and
partially ordered phases occurring at moderate and low
hydration, such as the L, phase (Shalaev and Steponkus
2001; Rappolt et al. 2003). All these observations clearly
suggest that the sugar effect should be related to an
additional stabilization of the lipid monolayer exerted by
the sugar during dehydration.

Under this viewpoint, the kosmotropic properties of
trehalose must be considered (Collins and Washabaugh

1985). This sugar has been definitely classified as a net
water-structurer (Koynova et al. 1997); in particular, it
interferes with the tetrahedral network of water, struc-
turing out to the third solvation layer, in such a way to
reduce the amount of freezable water (Branca et al.
2002). As a consequence, trehalose solutions tend to
minimize the area-per-molecule at the lipid/water inter-
face, stabilizing structures with low surface areas (like
inverted cubic or hexagonal phases), or inducing tran-
sitions from structures with larger to structures with
lower interfacial area (Wistrom et al. 1989; Mariani et al.
1999; Saturni et al. 2001; see also references in Crowe
2002).

To resolve the different aspects related to the
mechanism of interaction between sugars and lipid
layers, we resort to the structural analysis of a lipid
system which forms an inverse non-lamellar phase in
excess of water (see Mariani et al. 1999; Saturni et al.
2001). It should be noted that in order to analyze the
effects of external molecules (both water- or lipid-sol-
uble) on lipid systems, such an approach is rather
common. We note that with this approach it is rela-
tively easy to derive a number of mechanical param-
eters such as the monolayer intrinsic curvature, the
monolayer resistance to the bending or stretching, the
location of the pivotal or neutral surface and so on.
These parameters in turn describe the stability and the
energetics of the various mesophases, including of
course the properties of the biologically most relevant
lamellar L, phase (see, for example, Gawrish et al.
1992; Kozlov et al. 1994; Leikin et al. 1996; Koynova
et al. 1997; Chen and Rand 1998; Fuller and Rand
2001; Harper et al. 2001; Shalaev and Steponkus 2001;
Rappolt et al. 2003; Szule and Rand 2003).

In this work, we analyzed by X-ray diffraction
experiments performed under osmotic stress the dehy-
dration behavior and the structural properties of diol-
eoyl-phosphatidyl-ethanolamine (DOPE) in trehalose
solutions. While the phase characteristics of DOPE at
different hydration levels are well known (Rand et al.
1990; Gawrish et al. 1992; Rand and Fuller 1994; Leikin
et al. 1996; Chen and Rand 1998; Fuller and Rand 2001;
Szule and Rand 2003), the sugar effects on DOPE have
been considered only in excess water conditions. As a
main result, Wistrom and co-workers (1989) and Koy-
nova and co-workers (1997) showed that in excess of
trehalose solutions the Hy; phase forms directly from the
gel Lg phase, without the intervening lamellar liquid-
crystalline L, phase.

Materials and methods

L-a-Dioleoyl-phosphatidyl-ethanolamine (DOPE) (99%
purity), high-molecular-weight polyethylene glycol
(PEG 8,000 MW and PEG 20,000 MW) (99% purity),
dextran and p-trehalose dihydrate (95% purity) were
obtained from Sigma-Aldrich and used without further
purification. To prepare lipid mixtures in excess of sugar



solutions, DOPE was first dissolved in chloroform and
dried under vacuum (Rand et al. 1990). The powder was
then hydrated in 2 mM TES buffer excess solution
(pH 7.3) over a range of trehalose concentrations.
Finally, the samples were equilibrated at least for 24 h at
25 °C before X-ray diffraction analysis.

The osmotic stress method has been described in
detail by Rand and co-workers in several papers (Rau
et al. 1984; Parsegian et al. 1986; Rand et al. 1988, 1990;
Rau and Parsegian 1992). Osmotic stress is the con-

Fig. 1 Reconstructed
electron density maps of the
hexagonal phase for some
DOPE samples equilibrated
in excess PEG solutions at
different osmotic stress at
25 °C. First line, left side:
schematic representation of
the 2D hexagonal unit cell.
The continuous lines indicate
the circular head-group
contour. The dimensions a,
which corresponds to the unit
cell dimension, and R, the
mean aqueous core radius,
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trolled removal of water from the system under inves-
tigation: the system is brought into contact with a
polymer solution of known osmotic pressure and the
structure of the phase is determined by X-ray diffraction
experiments. In the present case, osmotic stress experi-
ments were performed by equilibrating overnight the
DOPE in excess of PEG (and/or dextran) solutions
whose osmotic pressures (IT) have been directly mea-
sured (Parsegian et al. 1986). PEG solutions were pre-
pared over a range of trehalose concentrations. Owing
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are indicated. First line, right
side: 3D view of the electron
density reconstruction of the
Hy; phase for DOPE
equilibrated in pure water.
Second and third lines, from
left in counterclockwise
direction: 2D views of the
reconstructed electron
density maps of the Hyy phase
for DOPE equilibrated in
pure water and under an
osmotic stress of 1.6x10° ,
3.5x10° and 7x10° Pa. The
density levels are all equally
spaced, with an increment of
0.2. Axis dimensions are in
nm
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to the low trehalose solubility, the maximum PEG
concentration was limited by the sugar concentration. In
pure water, at 25 °C, it was possible to reach an osmotic
pressure of 7x10° Pa, while in the case of the most
concentrated trehalose solution (1.4 M), the maximum
osmotic pressure exerted by PEG was 3x10° Pa.

Diffraction measurements were carried out using a
Philips PW 1830 X-ray generator equipped with a Gui-
nier-type focusing camera operating in vacuum with a
bent quartz crystal monochromator. Diffraction pat-
terns were recorded on a stack of three Kodak DEF-392
films or using a INEL CPS120 curved detector. The lipid
phase was sealed in vacuum-tight cells with thin mica
windows. In the absence of osmotic stress, diffraction
data were collected from 20 to 80 °C, with temperature
steps of 10 °C, while osmotic stress experiments were
performed at 25 °C (a Haake F3 thermostat was used).
In each experiment, from three to five sharp low-angle
reflections were observed and their spacings measured.
Under the different conditions the diffraction patterns
were indexed according to the hexagonal lattice. In
particular, the spacing ratios of the observed peaks were
in the order 1:V3:2:V7... Once the symmetry of the lipid
phase was found, the unit cell dimension, «, was calcu-
lated.

Sample composition and structural parameter
determination

An important step in this work was the determination of
the sample composition. At all trehalose compositions,
and both in the presence or in the absence of external
stresses, the structural parameters were directly mea-

sured from electron density profiles using the decom-
position method recently described by Rappolt et al.
(2003). After the X-ray raw data had been corrected for
detector efficiency, profiles were determined by standard
procedure (see, for example, Mariani et al. 1988 or
Harper et al. 2001). The electron density maps were
determined by Fourier transform of the calculated form
factors Fj;, where hk are the Miller indices of each
reflection. As X-ray data are not in absolute units, a
scale normalization was introduced such that
2(Fj,z)* = 1. Therefore, the reconstructed maps, Ap(x,y),
are a normalized, dimensionless expression of the elec-
tron density distributions, p(x,y):

Ap(x,y) = p(x,y) — (p) (1)

where < p> is the average value of the electron density
distribution.

In the best cases, five reflections, the (1,0), (1,1), (2,0),
(2,1) and (3,0), were observed. The phase information
for each diffraction order is either positive or negative
for a centrosymmetric electron density profile such as
occurs for the hexagonal phase. The best phasing choice
for the inverted hexagonal phase (+ — — + +) was
taken from Harper et al. (2001). We also checked all the
other phase combinations, but they lead to improper
structural features such as a high-density hydrocarbon
core or a non-uniform electron density for the aqueous
compartment. Some electron density maps are shown in
Fig. 1. The circular head-group contour can be easily
appreciated, but other important features are the flat
shape of the aqueous core, the rather constant density
along the head-group contour and the scattering density
minimum observed in the region far away from the
cylinder surfaces. This is the region where the lipid

Fig. 2 Relationship between 3
the mean aqueous core radius,
R, (measured from electron —_ X
density maps), and the unit cell g Y
dimension, a, of the Hy; phase c 25 O
for DOPE samples equilibrated ~
in excess PEG solutions at e _
different osmotic stress at
25 °C. As indicated, crosses @B 2+
correspond to radii derived by =
interpolating data reported by 'g
Rand and co-workers (see, for =
example, Leikin et al. 1996; L L5
Fuller and Rand 2001). Squares o
refer to radii calculated from o
gravimetrically prepared 5] 1 F
samples using the Luzzati =]
approach (Luzzati 1968) =

g
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chains have to stretch furthest; as a plausible explana-
tion it has suggested that low-electron-density terminal
methyl groups of each DOPE chain are preferentially
partitioning into those regions, particularly at high
hydration levels (Turner and Gruner 1992). Owing to
the introduced normalization, electron density maps are
not in an absolute scale; therefore, even considering the
maps obtained at the higher resolution, no information
about possible effects of trehalose on the electron den-
sities of the water compartment can be derived.
According to Rappolt et al. (2003), the electron
density maps can be used to derive the mean aqueous
core radius Ry, which can be directly measured as the
mean distance from the center of the rod to the maxi-
mum of the electron density map (i.e., where the phos-
phorus groups are expected to be located). The
reliability of this determination has been discussed by
Rappolt et al. (2003): they found that if at least the first
five peaks of the inverse hexagonal phase are used to
reconstruct the electron density distribution, the position
of the maximum of the electron density map (i.e., of the
phosphorus groups) can be interpreted as the location of
the so-called Luzzati interface, i.e. the interface which
divides the hydrophobic and the hydrophilic compart-
ments in the cell (see Luzzati 1968), within 0.1 nm.
However, the maximum peak position of the electron
density shifts significantly when only the first three or

Fig. 3 Selected X-ray diffraction patterns measured from DOPE
samples in excess solutions at different experimental conditions.
Left panel: diffraction patterns obtained at different trehalose
concentrations at 20 °C. Central panel: diffraction patterns
obtained as a function of temperature for DOPE in pure water.
Right panel: diffraction patterns obtained as a function of
temperature in 0.8 M trehalose. The Hy; peak indexing is shown
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four reflections are taken into account in the recon-
struction process. Nevertheless, Rappolt and co-workers
demonstrated that very low resolution data may also be
used to estimate R,: they found that the mean water core
radius is systematically underestimated in a three-peak
analysis, with a stable scaling factor of 0.112£0.002 nm
(Rappolt et al. 2003).

In DOPE samples prepared in excess sugar solutions,
the quality of the proposed approach has been assessed
by comparing the mean value of the aqueous core radius
derived from electron density maps to previously pub-
lished data (Leikin et al. 1996; Fuller and Rand 2001) or
to radii calculated using the Luzzati approach (Luzzati
1968) from X-ray data on a series of gravimetrically
prepared samples. As shown in Fig. 2, errors in the
estimated water core radii were lower than 5%. Thus,
the position of the maximum peak position in the elec-
tron density can be interpreted as the location of the
Luzzati interface. Note that according to the results
obtained by Rappolt and co-workers (2003), we also
included in our analysis those R, values obtained from
three-peak reconstruction (as detected in dehydrated
samples), taking into account the above-mentioned
scaling factor.

According to the decomposition of the sample into
hydrophobic and hydrophilic compartments, the area
per lipid at the lipid/water interface, Sjy,, can then be
calculated as:

S]ip = vlip (27'ERp/ (a2 (\/§/2> — an))) (2)

where vj;, is the DOPE molecular volume. It should be
noted that just by increasing the value of the radial
distance in Eq. (2) (R instead of R,), the cross-sec-
tional area can be determined at any position along the
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lipid chain (S; instead of Sy,). The sample volume
concentration of the lipidic moiety, ¢y, can be ob-
tained by:

bip =2 (@*(V3/2) — nR3) | (V3d?) (3)

Considering the presence of trehalose in the aqueous
solution, and on the assumption that the trehalose
composition within the aqueous compartment of the
hexagonal lattice is the same as that of the reservoir (see
the Discussion section for details), the water volume
fraction in each sample, ¢, can be determined by:

b = (1— i) (1 - XN)

1027

where v,.=0.355 nm> is the molecular volume of tre-
halose [as determined from trehalose solution densities
(Lide 1996)], X is the trehalose concentration of the
bathing solution (in mol L™!) and N is Avogadro’s
number. Then, the number of water molecules per lipid,
ny, and the volume of water per lipid, V, can be cal-
culated by:

(4)

= Wb -y = gy (5)

W oy

where v,, is the water molecular volume.

Results

The effects of trehalose on DOPE structural properties
were analyzed under two different conditions: (1) DOPE
in excess of trehalose at different temperatures, and (2)
under osmotic stress, i.e. considering DOPE in excess
PEG solutions at different trehalose concentrations.
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Fig. 4 Temperature dependence of Hy; unit cell of fully hydrated
DOPE samples in different trehalose solutions. Data have been
fitted with a linear regression. From the slope, the thermal
expansion coefficient, «,=d a/d T, has been obtained for the
different solutions: —0.024 nm/°C (pure water); —0.022 nm/°C
(0.45 M trehalose); —0.023 nm/°C (0.8 M trehalose); —0.022 nm/
°C (1.1 M trehalose); —0.023 nm/°C (1.4 M trehalose). In the
figure the average value of a,=—0.023 nm/°C has been used to fit
each data set

DOPE in excess of trehalose solutions

Some examples of X-ray diffraction patterns obtained in
excess of trehalose solutions at different temperatures
are shown in Fig. 3. At first glance, two results are evi-
dent: first, no phase transitions occur; and second, the
changes in the peak position indicate that the hexagonal
lattice parameter reduces when the temperature or sugar
concentration increase. In Fig. 4 the unit cell dimen-
sions, measured at different trehalose concentrations, are
shown as a function of temperature. It is noteworthy
that a unique thermal expansion coefficient,
o, = —0.023 nm/°C, can be used to fit the complete data-
set, suggesting that the thermal effect is unaltered by the
presence of trehalose.

As described in the Materials and methods section,
the sample composition at 20 °C has been obtained by
directly measuring the mean aqueous core radius, R,
from reconstructed electron density maps (see Figs. 1
and 2) and calculating the aqueous volume fraction by
Egs. (2) and (4). The volume fraction of the aqueous
compartment in the hexagonal phase is given in Fig. 5 as
a function of the trehalose concentration in the bulk
solution. In particular, the volume concentration of the
aqueous moiety drops from 0.32 in pure water (which
corresponds to the hexagonal lattice parameter of
7.61 nm) down to 0.28 in 1.4 M trehalose (measured
hexagonal unit cell of 7.06 nm), clearly indicating that
the sugar induces DOPE dehydration.

Using Egs. (2) and (5), some important molecular
parameters at 20 °C have been determined as a function
of sugar concentration and are shown in Fig. 6. It can be
seen that the surface-per-polar head at the lipid/water
interface, Sy,, progressively decreases as the sugar con-
centration is increased. This indicates that trehalose
leads to a continuous shrinking of the polar rods.
Considering that also the cross-sectional area at the
methyl terminal end of the hydrocarbon chains, S,
depends on trehalose concentration, a continuous
change of the DOPE molecular shape can be inferred.
Moreover, the decrease of the number of water mole-
cules per DOPE (calculated under the hypothesis of

:l || mmrrrrn rtrrrrrrnml I Trrrrre |:
0.32E E
3 s 3
s . ]
s 03F :
0.28E 3
:l Illl L1l llll Ll 111l llll LAl L1l l:
0 0.5 1 1.5

trehalose concentration [M]

Fig. 5 Trehalose concentration dependence of the volume fraction
of the aqueous compartment (1—¢y,) in the DOPE Hy; phase in
excess solution. The line is a guide to the eyes
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Fig. 6 Trehalose concentration dependence of some structural
parameters of the DOPE Hj; phase in excess solution. Upper panel:
molecular cross-sectional area at the lipid/water interface, Syp.
Middle panel: molecular cross-sectional area at the terminal methyl
group, S;. Lower panel: number of water molecules per DOPE
molecule, n,,. Lines are guides to show the general trend

homogeneous distribution of trehalose; see Eq. 5) as a
function of the sugar concentration directly confirms the
dehydration effect, as previously observed for other
lipids (Crowe et al. 1984; Crowe et al. 1987; Crowe and
Crowe 1988; Koynova et al. 1989; Sanderson et al. 1991;
Koynova and Caffrey 1994; Tsonev et al. 1994; Cordone
et al. 1998; Mariani et al. 1999).

Further, also the characteristics of the pivotal surface
have been taken into account. Such a surface is defined
to be the location on the molecule whose area remains
invariant upon isothermal bending. This means that ei-
ther side of the pivotal surface remain fixed as the
interface is bent (Templer et al. 1998).

Templer and co-workers (1998) derived two equa-
tions which relate the pivotal surface to the lattice
parameter of the hexagonal phase:
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2 2n Un
“ ¢lip (Sn/vlip) 7§ (1 - ﬁd)lip) (6)

and:

2
Un V3a2 v,
=y (s—> T s, 7

where S, is the molecular area at the pivotal plane, v, is
the molecular volume between the pivotal plane and the
end of the lipid chain, and R, is the radial distance from
the pivotal surface to the center of the aqueous channel.
Therefore we derived the characteristics of the pivotal
surface by fitting a versus 1—¢y;, (which in turn depends
on trehalose concentration) using Eq. (6). The results
are shown in Fig. 7 (upper panel). The goodness of the
fit indicates that the DOPE dehydration induced by
trehalose in excess water conditions leads to a continu-
ous deformation of the hexagonal phase, which consists
of a rearrangement of the molecular packing geometry
around the pivotal position along the phospholipid
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Fig. 7 Determination of the pivotal surface characteristics of the
Hy; phase of DOPE in excess trehalose solutions. Upper panel:
Templer fit of the unit cell plotted versus the estimated volume
concentration of the aqueous compartment, (1—¢y;,) (see Eq. 6).
The best fit parameters are S,=0.719+0.040 nm?> and
vn=0.680+0.040 nm>. Lower panel: Rand diagnostic fit of the
Slipz versus Sjip/R, (see Eq.8). Note that data have been
normalized for the lipid molecular volume (Fuller and Rand
2001). The best fit parameters are S, =S, =0.715+0.046 nm? and
Vop = Viip—Va =0.540 £0.070 nm*
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molecule. At the pivotal surface, S, is 0.719 £ 0.040 nm?>
and v,, is 0.680 +0.040 nm*. The corresponding averaged
R, is in turn about 3 nm. Note that for DOPE in excess
of water, Rand and co-workers (Fuller and Rand 2001;
Szule and Rand 2003) also found a radial distance from
the pivotal surface to the center of the water channel of
about 3 nm.

According to Rand and co-workers, the proof that
the area remains constant at some fixed position during
the bending can be obtained by considering that the
molecular area, S, and the radius of curvature, R, at
any cylindrical surface, separated by a volume v per
lipid molecule from the Luzzati plane, are related by
(Rand and Fuller 1994, Leikin et al. 1996; Chen and
Rand 1998; Fuller and Rand 2001; Szule and Rand
2003):

§? = S, + 20(Sip/Rp) (8)

Therefore, if the plot of Slip2 versus Sjip/ R, is a straight
line, the system has a dividing surface of constant area, the
pivotal plane, and the slope and the intercept of the plot
give both the position of the pivotal plane, R, or the
volume, vy, (note that v,, = vjjp—vy,), respectively, and the
cross-sectional molecular area at that plane, S, = S,,. The
plot obtained in the present case is shown in the lower
panel of Fig. 7; the observed behavior confirms the pres-
ence and the location of the pivotal plane. As a final note,
we think it interesting to observe that the obtained values
are in agreement with data reported by Rand and co-
workers for DOPE in pure water (Kozlov et al. 1994;
Leikin et al. 1996; Chen and Rand 1998; Fuller and Rand
2001; Szule and Rand 2003).

Osmotic stress on the DOPE at different trehalose con-
centrations

The effects of trehalose on DOPE structural properties
were further analyzed by osmotic stress experiments.
Controlling the water activity makes it possible to
evaluate the sugar effects on the lipid phase during
dehydration phenomena. Some X-ray diffraction pro-
files obtained at different osmotic pressures exerted by
PEG are shown in Fig. 8. It can be observed that the
hexagonal phase still exists even at the higher applied
pressures. The hexagonal unit cell dependence on the
osmotic pressure exerted by PEG at different sugar
concentrations is shown in Fig. 9a, and confirms that
the presence of trehalose induces a shrinking of the
hexagonal lattice.

The composition of each sample was then determined
by measuring from the reconstructed electron density
maps the mean aqueous core radius, R, and by applying
Egs. (3) and (4). The different structural parameters
have been then calculated using Egs. (2) and (5). The
results are shown in Fig. 9b—d. It is evident that the
sugar strongly affects the curvature of the monolayer (1/
R,), reducing the area-per-molecule at the lipid/water
interface and the number of water molecules per DOPE
inside the aqueous channel.

Applying Egs. (6), (7) and (8) to data obtained at
constant trehalose concentration as a function of the
osmotic stress exerted by PEG, the characteristics of
the pivotal surface in the different experimental con-
ditions were also determined. The results are shown in
Fig. 10. The goodness of the fits, both using equations
from Templer et al. (1998) (upper panel) and Rand
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and co-workers (Rand and Fuller 1994; Leikin et al.
1996; Chen and Rand 1998; Fuller and Rand 2001;
Szule and Rand 2003) (lower panel), indicates the
presence of the pivotal surface within the DOPE
molecules at all the investigated trehalose concentra-
tions. In Fig. 11 the cross-sectional area at the pivotal
position, S,, and the radial distance from this surface
to the center of the aqueous channel, R,, are shown as
a function of sugar concentration. As suggested by
results obtained in excess trehalose solutions (see
Fig. 6), it is confirmed that the sugar affects only
slightly the cross-sectional area at the pivotal plane.
The same figure also shows the radial distance from
the pivotal surface to the center of the aqueous
channel, R,, as a function of the trehalose concentra-
tion. As expected, the location of the pivotal surface
depends on the osmotic stress induced by PEG.

It should be noted that the n,, parameter shown in
Fig. 9 (as well as in Fig. 6) has been calculated assuming
that the trehalose composition within the aqueous
compartment of the hexagonal lattice is the same as that
of the reservoir. If trehalose partitions unequally be-
tween these aqueous compartments, then the composi-
tion of the aqueous channels is unknown and the
number of water molecule per DOPE cannot be deter-
mined. Note that the primary data, the change in lattice
dimension with trehalose composition, seem to suggest
that trehalose is partitioning unequally between reser-
voir and lattice and is acting osmotically.

However, dual-solvent stress experiments prove that
the trehalose effect is not purely osmotic. Two results
should be emphasized. First, in excess of water at 20 °C,
DOPE enters a lamellar phase when the osmotic pres-
sure of the bathing solution is higher than 3x10° Pa
(Gawrish et al. 1992). We observed that this transition
can be induced using PEG 8,000 or 20,000 or using a
mixture of PEG and dextran. By contrast, no phase
transitions have been detected when the osmotic stress
experiment is performed in 0.1 M trehalose (note that
the presence of trehalose limits the attainable osmotic
pressure to 5.0x10° Pa). This result agrees with the
observation that no phase transitions occur in the
monoolein/water system when dehydration is performed
in the presence of trehalose (Mariani et al. 1999; Saturni
et al. 2001), and with the similar protective effect exerted
by sucrose on DOPE at moderate and low hydration
(Shalaev and Steponkus 2001). Second, the DOPE
dehydration process has been followed in the presence of
trehalose and of different combinations of PEG and
dextran. The nominal osmotic stress exerted on DOPE
was calculated as the sum of the partial osmotic pres-
sures exerted by the different components (Perry et al.
1980; Rau et al. 1984; Parsegian et al. 1986; Rand et al.
1988; Rand et al. 1990; Rau and Parsegian 1992; see also
http://aqueous.labs.brocku.ca/osfile.html). Note that, in
this calculation, trehalose was considered to fully dis-
solve in the bulk compartment. In Fig. 12 the measured
DOPE hexagonal unit cell is shown as a function of the
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Fig. 10 Determination of the pivotal surface characteristics of the
Hy; phase of DOPE under osmotic stress at different trehalose
concentrations. Upper panel: Templer fit of the unit cell plotted
versus the volume concentration of the aqueous compartment,
(1—dpiip) (see Eq. 6) The best-fit parameters are: pure water,
S,=0.698 +0.003 nm? and »n—O 746 + 0.006 nm?; 0.1 M treha-
lose, S,=0.696=+0.003 nm®> and v,=0.754=+0. 005 nm’; 0.45M
trehalose, S,=0.704+0.005 nm> and v,=0.732+0.009 nm?>;
0.8 M trehalose, S,=0.707+0.006 nm> and v,=0.721+
0.016 nm* 1.4 M trehalose, S,=0.715+0.005nm> and
va=0.700+0.060 nm>. Lower panel: Rand diagnostic fit of Slipz
versus Syip/ R, (see Eq. 8). Note that data have been normalized for
the lipid molecular volume (Fuller and Rand 2001). The best fit
parameters are: pure water, Sp,=S,=0.697+0.002 nm? and
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lose Spp=0.703 £0.004 nm? and Vpp=0.505£0. 007 nm’; 1 4 M
trehalose, Sp,=0.704+0.006 nm? and Vpp = 0.506 £ 0.004 nm

nominal osmotic pressure of the solution. It is evident
that PEG and PEG/dextran solutions have the same
effect on the lattice parameter, while trehalose-contain-
ing solutions (pure trehalose and PEG/0.8 M trehalose)
affect the unit cell dimension in a different manner,
suggesting that trehalose should have a further effect
than merely osmotic.

It is obvious that the changes in trehalose solubility
with PEG concentration shows that its activity and
therefore its distribution between reservoir and lattice is
at least complicated. An unequal partitioning might be
expected, in particular in extremely stressed conditions

(high PEG and sugar concentrations), when the treha-
lose dimension approaches the dimension of the aqueous
channel.

Discussion

The aim of this study is to improve the comprehension
of the molecular mechanisms which govern the stabil-
ization of lipid structures induced by sugars when the
water removal phenomenon occurs. In particular, tre-
halose is well known for its stabilizing effect and pro-
tective role against dryness of biological systems (Crowe
et al. 1987; Crowe and Crowe 1988; Koynova et al. 1989;
Sanderson et al. 1991; Koynova and Caffrey 1994;
Tsonev et al. 1994; Cordone et al. 1998; Mariani et al.
1999). Different mechanisms have been suggested to
explain its action, such as the osmotic dehydration of the
lipid phases due to sugar exclusion from the fraction of
water inside the rods (Koynova et al. 1997), or the
replacement of water by sugar molecules which make
hydrogen bonds with the hydrophilic surfaces (Crowe
et al. 1987, Crowe and Crowe 1988; Crowe 2002).
Moreover, trehalose has been suggested to act as a
kosmotropic reagent, stabilizing the structure of water
and modifying its behavior at the lipidic interface
according to the Hofmeister effect (Sanderson et al.
1991). Very recently, it has been also proposed that the
highly viscous sugar solutions create a rigid immobile
matrix around and inside the lipid phase, such that
phase transitions (which require rearrangements of the
lipid molecules) are greatly impeded (Shalaev and
Steponkus 2001).

In the present case, the structural properties of the
DOPE hexagonal phase have been analyzed in the
presence of trehalose. Two different cases have been
considered, i.e. DOPE in excess of water and in the
presence of increasing trehalose concentrations (see
Fig. 3), and DOPE in trehalose solutions and in the
presence of increasing PEG concentrations (see Fig. 8).
In the first condition, a net reduction of the unit cell as a
function of trehalose concentration is observed, indi-
cating that the presence of sugar leads to a shrinking of
the polar rods (see Fig. 4). The effect is visible at all the
investigated temperatures (from 20 to 80 °C). Note-
worthy is the fact that the (negative) thermal expansion
coefficient is independent of sugar concentration, sug-
gesting that the temperature effect on the hexagonal
phase should be mainly related to the thermal behavior
of the lipidic component. Many PCs, such as L-a-di-
palmitoyl-phosphatidyl-choline (DOPC), vr-a-dimyri-
stoyl-phosphatidyl-choline (DMPC) and r-a-distearoyl-
phosphatidyl-choline (DSPC), have been extensively
studied by calorimetry (Cevc 1991; Tenchov et al. 2001;
Heerklotz and Seelig 2002). In particular, the linear
expansion coefficient o; [o;=1/I(AlI/AT), where [ repre-
sents the membrane thickness], calculated either from *H
NMR or from X-ray or neutron scattering data (Seelig
and Seelig 1974; Salmon et al. 1987; Sankaram and
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Thompson 1992), ranges from —1.5x107°C~' for
DMPC to —2.9x107° °C~! for DSPC. In the present
case, a linear expansion coefficient of —3x107> °C~! has
been derived. The good agreement with values obtained
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for PCs confirms that the thermal effect is related to the
shrinking of the hydrocarbon chain length upon thermal
excitation (Heerklotz and Seelig 2002).

The structural parameters of the hexagonal phase
forming in the presence of trehalose were obtained both
in excess of water and under osmotic stress. In particu-
lar, the lipid sample composition in the different exper-
imental conditions was directly derived from the average
water core radius (R,) measured from the reconstructed
electron density maps (see Figs. 1, 5 and 9). As a result,
it is observed that increasing the sugar concentration
increases the curvature of the monolayer, while the
DOPE cross-sectional area reduces at the lipid/water
interface, and sensibly increases at the hydrocarbon
chain ends (see Figs. 6 and 9). Moreover, assuming that
trehalose partitions equally between the aqueous com-
partment of the hexagonal lattice and that of the bathing
solution, the number of water molecule per DOPE inside
the water channel can be calculated. This number de-
creases as a function of sugar content.

Dual-solvent stress experiments, which confirm the
absence of phase transitions in the presence of the sugar,
definitely indicate that trehalose should have a further
effect than merely osmotic (see Fig. 12 and Shalaev and
Steponkus 2001). The observed structural consequences
cannot be due only to an unequal partition of trehalose
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Fig. 13 Upper panel: osmotic pressure dependence on the volume
of water per DOPE molecule, V,, measured at different trehalose
concentrations in the Hy phase. Lower panel: change of the overall
free energy of the hexagonal phase (as determined in different
trehalose solutions) as a function of V. Symbols as in Fig. 10.
Lines are visual guides to show the general trend
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between the bulk of the solution and the solvation layers
of the lipid surfaces. However, since independent
experimental data on trehalose partitioning are hard to
obtain, we are forced to make some simple assumptions.
For sake of clearness we will assume in the following
that the trehalose composition within the aqueous
compartment of the hexagonal lattice is the same as that
of the bulk solution. Note, however, that owing to the
expected complicated behavior in extremely dehydrated
conditions, the data at higher investigated stresses will
not be used in the energetic analysis of the hexagonal
phase.

With the above accord, osmotic data have been
analyzed following the method described by Rand et al.
(1990). The osmotic pressure has been first plotted ver-
sus the volume of water per DOPE (calculated from
Egs. 4 and 5), as shown in Fig. 13 (upper panel). Then,
by numerical integration of the osmotic pressure (IT) in
dependence on the volume of water per lipid molecule,
the overall free energy (Ag=g—go) of the system under
dehydration has been obtained:
g=go—/Hde )

Free energy data at different trehalose concentrations
are shown in the lower panel of Fig. 13. This energy
represents the work required to dehydrate the hydro-
philic surfaces of the DOPE monolayer, and includes,
among others, the cost of bending the lipid layer
(bending energy) and the cost of lateral packing of the
lipid molecules (stretching energy) (Templer et al. 1995;
Vacklin et al. 2000).

If the free energy is referred to the pivotal surface,
which has a molecular cross-sectional area invariant
upon isothermal bending, one can exclude as a first
approximation any energy due to lateral monolayer
stretching. The quadratic form of the bending energy per
unit area [i.e., the energy of bending the pivotal surface
from the spontaneous radius of curvature R, to a dif-
ferent radius R, against the rigidity bending modulus k.
(Helfrich 1973)] is:

1 1 1)\
Ag= k| —— —
g 2"(12n R0>

and can be used to describe the work of water removal
from the hexagonal lattice. In Eq. (10), the bending
modulus includes a factor 2 (see below), which is
appropriate to describe the energy for bending two
monolayers; this conversion allows the comparison
with the bending energy of a bilayer under the
assumption that the two leaflets are uncoupled during
bending.

As demonstrated by Rand et al. (1990), the contri-
bution of the bending energy to the osmotic pressure of
the lattice is:

-57) (7))

(10)

(11)

where K is the monolayer bending modulus per mole-
cule (k.=2K,/S,), from which a linear relationship be-
tween TIR,> versus 1/R, can be obtained (Rand et al.
1990; Gawrish et al. 1992):

11
MR = ke — — —
" C<Ro Rn)

Osmotic stress data versus 1/R,, for pure water and
trehalose solutions, are given in Fig. 14. The data show
remarkable linearity for all the osmotic pressures. The
same behavior has been observed at all the sugar con-
centrations analyzed. By linear fitting data through
Eq. (12), the rigidity constant k. and the DOPE spon-
taneous radius of curvature R, (measured at the pivotal
surface) have been determined at each sugar concen-
tration. The fitted parameters are shown in Fig. 15 as a
function of trehalose concentration: an increase of the
bilayer rigidity and a sensible reduction of the sponta-
neous radius of curvature due to the presence of treha-
lose is derived.

These results are remarkable: an increased sponta-
neous curvature of the lipid layer indicates a less efficient
torque associated with head-group repulsion in balanc-
ing the torque of chain repulsion. We assume that this
effect is related to a direct interaction between trehalose
and DOPE [as also supported by infrared spectroscopy
results (Crowe et al. 1984)], and thus, that trehalose al-
ters directly the interface geometry. Moreover, the in-
creased bending rigidity increases the DOPE repulsion
as dehydration occurs, which is most probable due to the
reduced cross-sectional area of the lipid molecules.
Nevertheless, the dependence of the bending rigidity on
trehalose concentration could also be related to the
property of the aqueous compartment: the increased
rigidity and stiffness of the sugar matrix around and
inside the lipid phase, which according to the viscosity
hypothesis impede the occurrence of lipid phase transi-
tions (Shalaev and Steponkus 2001), can also account
for the changes in the monolayer mechanical property.

(12)
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Fig. 14 Fit of the osmotic stress data (IIR,> versus 1/R,) by

Eq. (11). Fit parameters are shown in Fig. 15
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Whatever the origin, the changes in the monolayer
mechanical characteristics reflect an increase of the free
energy associated with the flattening of the DOPE hex-
agonal-phase monolayer into a planar bilayer confor-
mation. In Fig. 16 the cost to unbend the lipid
monolayer (Gawrish et al. 1992) is shown as a function
of trehalose concentration. Obviously, the altered
DOPE packing geometry is a sufficient condition for
thermodynamic preference of the hexagonal over the
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lamellar phase, that in fact does not form under dehy-
dration.

In this work, we derived a variety of structural
parameters for the DOPE hexagonal phase and we have
discussed how they are affected by trehalose. Remark-
ably, trehalose induces highly curved DOPE which it is
not possible to obtain by osmotic dehydration that
would induce the hexagonal-to-lamellar phase transition
(Gawrisch et al. 1992). This confirms that the trehalose
effect is not purely osmotic. In this highly stressed re-
gime, we have determined the spontaneous radius of
curvature and the rigidity constant for the pivotal sur-
face as a function of the trehalose concentration (see
Fig. 15). The results indicate a simple and reasonable
explanation for the additional stabilization exerted by
trehalose (see Fig. 16): the altered monolayer mechani-
cal characteristics induced by trehalose both changing
the rigidity of the aqueous compartment in the lipid
phase and/or directly interacting with DOPE and mod-
ifying the interface geometry, are a sufficient reason for
the observed thermodynamic preference of the hexago-
nal over the lamellar phase, even under dehydration.

Additional note on the derivation of the mechanical
monolayer characteristics

According to the large sensitivity to the form of the
experimental data, in this paper much attention has been
devoted to the determination of the pivotal surface
position. Both Rand’s diagnostic plot (Rand and Fuller
1994; Leikin et al. 1996; Chen and Rand 1998; Fuller
and Rand 2001; Szule and Rand 2003) and Templer’s
equation (Templer et al. 1998) have been used to prove
that each DOPE sample has a well-defined pivotal plane,
and that the relative position is practically independent
of the trehalose concentration of the bathing solution.
However, even if a clear trend can be derived (see
Fig. 15), the parameters which describe the energetic of
the phase both in the absence and in the presence of
trehalose are well inside data previously reported for
DOPE (Leikin et al. 1996; Chen and Rand 1998; Fuller
and Rand 2001; Szule and Rand 2003), which in fact
cover a surprising large range. As clearly stated by
Leikin and co-workers (1996), the determination of the
spontancous radius of curvature and of the rigidity
constant of a monolayer is in fact seriously limited by
the dependence of the pivotal plane position on the
relationship between area compressibility and bending
of the monolayer, i.e. on the deformation or the exper-
imental technique. By contrast, unique and intrinsic
properties of the lipid monolayer are the spontaneous
radius of curvature and the rigidity modulus determined
at the neutral plane. The neutral plane is defined as that
surface where the bending and stretching (compression)
deformations are energetically uncoupled, so that its
position does not depend on the deformation or on the
experimental techniques (Kozlov and Winterhalter 1991;
Leikin at al. 1996).
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As the determination of the position of the neutral
plane in the Hy phase is a rather difficult problem,
Leikin and co-workers (1996) derived two equations to
estimate the elastic parameters at this surface for small
deformations:

Ro =~ (1 4+ 9)Ron; (13)

where Ry, and k., are the spontaneous radius of cur-
vature and the rigidity constant at the neutral plane,
respectively, and y is defined by ke,/KR%o,. K is the lat-
eral compressibility modulus of the monolayer and
should be measured independently. In our approximate
calculation, we used K values ranging from 0.10 to
0.15 N m™', as reported by Evans and Needham (1987)
and as already used by Leikin and co-workers (1996) for
the DOPE system. While y is observed to change from
0.03-0.05 to 0.07-0.08 in the presence of 1.4 M treha-
lose, the calculated elastic parameters are shown in
Fig. 15, as solid bars. It should be noted that the dif-
ference between the spontaneous radius of curvature at
the pivotal and at the neutral surface is around 5%. This
difference is rather small in comparison with the varia-
tion of curvature observed as a function of the trehalose
concentration. Therefore, it can be concluded that the
decrease of the spontaneous radius of curvature induced
by trehalose is valid both for the pivotal and neutral
surface. On the other hand, the difference between the
rigidity constant at the pivotal and neutral planes is
around 20-25% (depending on trehalose concentration).
The difference is comparable with the observed bending
modulus variations (which are indeed larger, around 30—
35%), but the trend is clearly conserved so that it can be
concluded that the monolayer resistance to pure bending
increases with the sugar concentration.

ke = (1 4+ 4y)ken
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