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Trehalose protects cells and proteins against various stresses due to low temperatures or dry-
ness. In order to clarify the molecular mechanism of cryoprotective function of trehalose, we
have studied the interaction between trehalose and phosphatidylcholine (PC) which is a main
lipid component of cell membranes. In this study, the structural change of a binary PC mixture
by the presence of trehalose was investigated by means of small angle neutron scattering. The
PC binary mixture studied contains dihexanoyl-PC (diCePC) and dihexadecy-PC (DHPC). The
former hcis short hydrocarbon chains and the latter has long hydrocarbon chains. The scattering
profiles from the DHPC/diCePC mixture were changed, depending on trehalose concentrations.
This change can be interpreted as suggesting that the presence of trehalose reduces the interfacial
area between water and PCs.
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§1. Introduction

Trehalose is a disaccharide of glucose and phos-
phatidylcholines (PCs) are one of the major phospholipid
components of cell membranes. During the past two

decades, interactions between trehalose and PCs have
been considerably studied. This is because the interac
tions are believed to underlie the mechanisms whereby

trehalose protects cell membranes and proteins from the
damage due to low temperatures and dryness.^'^'
Koynova et al.^^ have proposed a following hypothesis:

Trehalose tends to reduce the interfacial area between

aqueous and phospholipid phases. No clear experimen
tal evidence, however, has been reported for this hypoth
esis. In order to examine the hypothesis by Kyonova
et we have investigated dihexadecylphosphatidyl-
choline (DHPC) multibilayers in trehalose solutions.^'
The feature of DHPC is to- form an interdigitated gel
phase at room temperatures.®^ In the phase, the interfa
cial area per lipid molecule is about twice as compared
with that of a normal gel phase bilayer (Fig.I). We have
found that trehalose destabilizes the interdigitated gel
phase of DHPC and induces to form a normal gel phase
bilayer. In other words, the presence of trehalose reduces
the interfacial area by about half.
Yoon et al.^^ have pointed out that dioleoly-PC bilay-

ers are poorly permeable to trehalose and that trehalose
may not always distribute homogeneously in multibilayer
phospholipid vesicles. There is a possibility that osmotic
pressure is given to a multibilayer phospholipid vesicle
because of the inhomogeneous distribution of trehalose.
In this connection, recently Hatanaka et alJ^ have re
vealed that the osmotic pressure by poly(ethylene gly-
col) induces a phase transformation from the interdigi
tated gel phase to normal bilayer gel phase in the multibi
layer DHPC vesicles. Therefore it is necessary to recon
sider whether our previous result for DHPC^^ is due to
osmotic pressure by inhomogeneous distribution of tre-
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Fig.l. Schematic representations of (a) interdigitated gel phase
multibilayers and (b) normal gel phase multibilayers. Black cir
cles corresponds to polar head groups of PC molecules and lines
correspond to hydrocarbon chains.

halose molecules or not.

In this study, we examined the effect of trehalose on
the structure of the mixtures of dihexanoylphsohatidyl-
choline (diCePC) and DHPC, using small angle neutron
scattering technique. DiCsPC is one of short-chain PCs,

having two fatty acyl chains with six carbons. The fol
lowing is the reasons why we studied the PC binary sys
tem: In contrast to multibilayer vesicles, for micelle sys
tems, there is no osmotic pressure due to the inhomo

geneous distribution of solutes. Short-chain PCs with
the chain lengths of four to eight carbons form micelles

in water, while long-chain PCs form multibilayer vesi
cles when they are dispersed in water. In addition, it has
been reported that the binary mixture of diheptanoyl-PC
(short-chain PC) and dipalmitoyl-PC (long-chain PC)
forms disklike micelles, depending on the fraction of the
short-chain PC.®^ It would be expected that, therefore,
the mixture of the short-chain PC and DHPC also forms

a micellar structure in trehalose solution, and that, as a

result, the effect of trehalose on PCs can he examined
under the condition of no osmotic pressure.
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§2. Experimental

Powders of DHPC and diCePC were obtained from

Fluka (Buchs, Switzerland) and Avanti Polar Lipids Inc.
(Alabaster, AL, USA), respectively. These lipids gave
a single spot on a silica gel thin-layer plate developed
with CHCI3/CH3OH/H2O (65:35:4, by volume) and they
were therefore used without further purification. Tre-

halose was obtained from Sigma (St. Louis, MO, USA)
and it was purified by means of the recrystallization.^®^
DHPC and diCePC were dissolved in chloroform and

mixed to achieve the molar fraction of DHPC : diCePC =

4:1. The solvent was evaporated under a stream of oxy
gen free dry nitrogen. Residual solvents were removed
by storage of the sample for 16 h in vacuum. The dried
lipid samples were hydrated in 100 % D2O containing
various concentrations of trehalose by shaking on a Vor
tex mixer. The total lipid concentration was 25 mM.

Small angle neutron scattering measurements were
performed with the SANS-U spectrometer at JRR-3M
reactor at the Japan Atomic Energy Research Institute
(Tokai, Japan). The detail of the spectrometer has been
reported elsewhere. A mechanical velocity selector was
used to get a monochromatic neutron beam from a poly
chromatic cold neutron beam from the reactor. The

wavelength of the neutron beam was 7 A. The samples
were contained in a rectangular quartz cell with 1 mm
optical path length. The data corrections were carried
out at about 25°C. The exposure times were 0.5 ~ 2.5

h. The observed scattering intensity data were corrected
by taking account of an instrumental background, back
grounds from buffers, a detector efficiency, transmissions,
exposure times, and the thickness of samples.

§3. Results and Discussion

Figure 2 shows small angle neutron scattering spectra
form the mixtures of 20 mM DHPC and 5 mM diCePC
in trehalose solutions with various concentrations. Be

cause the neutron scattering length density of trehalose is
more nearly value of PCs than that of D2O, the contrast
of neutron scattering length densities between the lipids
and trehalose solutions becomes smaller with increasing
trehalose concentrations. Consequently, the scattering
intensity decreases with increasing trehalose concentra
tions. It can be seen from Fig. 2 that, in addition to
the decreasing of scattering intensity, the shape of the
scattering curves changes with elevating trehalose con
centrations. This indicates that structural changes of
the DHPC/diCePC mixtures take place, depending on
the trehalose concentrations.

For the mixture in pure D2O, a sharp Bragg diffrac
tion peak is observed at Q = 0.12 A~U Here Q is the
magnitude of the scattering vector. Judging from the
spacing (52 A), we can assign this peak to be originated
from the periodic lamellar stacking of DHPC interdig-
itated gel bilayers.^^ This result suggests that a phase
separation between multilamellar vesicles of DHPC in-
terdigitated gel bilayers and micellar structures occurs
in the mixture in pure D2O (Fig. 4 (a)). A very small
Bragg diffraction peak is observed for the mixture in 0.4
M trehalose (Fig. 2 (Inset)).
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Fig. 2. Small angle neutron scattering curves form the mixtures
of 20 mM DHPC and 5 mM diCePC in trehalose solution with

various concentrations. Inset: Expanded plot of the scattering
curve from the mixture in 0.4 M trehalose solution. The arrows

indicate Bragg diffraction peaks (see text).

Next, we consider the structure of the mixtures in high
trehalose concentrations. No Bragg diffraction peak is
observed for the mixtures in more than 0.8 M trehalose.

This indicates that no multibilayer structure exists in

high concentration trehalose solutions. If lipid aggre
gates form a disklike two dimensional structure with ra
dius R much larger than the thickness T and the disklike
aggregates are randomly oriented, the neutron scattering

intensity in the middle Q region can be approximated
byl2)

m) ~ exp(-RfQ^), (3.1)

where rip is the number density of the particles, Ap is
the average contrast of neutron scattering length den

sities between the paticles and solvents, and Rt is the
radius of gyration across the thickness of the disklike
two dimensional structure. The Rt is equal to

for homogeneous disks. Therefore the scattering intensi-
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Fig. 3. Kratky-Porod plot of the measured small angle neutron
scattering curve form the mixtures of 20 mM DHPC and 5 mM
diCePC in 1.6 M trehalose solution.
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Fig.4. Models for the structures of the DHFC/dCePC mixtures
in (a) pure water and in (b) high concentration trehalose solu
tions.

ties of disklike particles in the middle Q region will fall
on a straight line in the Kartky-Porod plot, which is by
plotting \n{I{Q)Q'^) versus Figure 3 represents the
Kartky-Porod plot of the DHPC/diCePC mixture in 1.6
M trehalose solution. The data at > 0.001 A~^ fall
on a straight line. For the mixture in 1.2 M trehalose,
the similar result was obtained (data not shown). This
strongly suggests that the mixture of DHPC/diCePC in
high concentration trehalose solutions forms a disklike
two dimensional structure.

From the slope of the fitted straight line in Fig. 3, Rt
is found to be 12.2 A. Because D2O was used as water
in this study, it can be assumed that the difference of
neutron scattering density lengths between the solvents
and the phosphocholine head groups is almost the same
as that between the solvents and the hydrocarbon chain
regions. Namely, one can regard the DHPC/diCgPC
mixtures as homogeneous. Hence, the thickness of the
DHPC/diCePC mixtures in 1.6 M trehalose solutions
is estimated to be about 42 A from the Rt. Because
the thickness of the interdigitated gel phase bilayer is
about 30 A,®1 the value (42 A) is interpreted as suggest
ing that, in the DHPC/diCePC mixture, DHPC does
not form the interdigitated structure but a normal bi
layer structure. Judging from the chemical structures of
DHPC and diCePC, we assume that the structure of the
DHPC/diCePC mixtures in high concentration trehalose
solutions is a bilayer structure with edge of the disk and
that the diC6PC molecules cover the edge of the DHPC
bilayer disk (Fig. 4 (b)).

In the gel phase bilayer of dipalmitoyl-PC, the hy
drocarbon chains are tilted from the bilayer normal.
From the present available data, however, we can
not determine whether the hydrocarbon chains in the

DHPC/diCePC disklike aggregates are tilted or not.
The present study shows that DHPC form the nor

mal gel phase bilayer in the micellar structures in the
presence of more than 1.2 M trehalose. In other words,
under the condition of no osmotic pressure, high concen
tration trehalose solutions destabilize the interdigitated
gel phase bilayers of DHPC and induce the normal gel

phase bilayers. It is concluded that what tehalose re
duces the interfacial area between aqueous and phospho-
lipid phases is not mainly due to the osmotic pressure
by inhomogeneous distribution of trehalose molecules.
The origin of the reduction effect of trehalose has been
unclear, although several explanations have been pro
posed.®-'''

Finally, we consider briefly the mechanism of cryopro-
tective function of trehalose. As discussed in our previ
ous papars,^''''' on the basis of various results of studies
on the trehalose-phospholipid interaction, we can assume

that the origin of the effect of trehalose is not due to di
rect interaction between trehalose and phospholipids. It
would be expected, therefore that the effect of trehalose

is common for amphiphilic macromolecules or assemblies

of amphiphilic molecules and that trehalose also reduces
the interfacial area of proteins in aqueous phases. Pro
teins undergo a cold-induced denaturation'®' and the de
natured proteins do not fulfill their function. In the de
natured state, the interfacial area contacting with water
increases in comparison with the native state. Taking ac
counts of this fact, trehalose would be assumed to stabi

lize the native state of proteins at subzero temperatures
by reducing the interfacial area. This may be correlated
with the low temperature resistance by producing tre
halose in some organisms
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