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Abstract Dimethyl sulfoxide (DMSO), a water-miscible
organic solvent, has been used as a cryoprotectant for
cells. It is known that DMSO stabilizes the Hyj phase of
phosphatidylethanolamine (PE) membranes rather than
the L, phase, while most other water-miscible organic
solvents such as acetone and ethanol destabilize the Hyy
phase. To elucidate the mechanism for this stabilizing
effect of DMSO on the Hy; phase, we have investigated
its effects on the structures and physical properties of PE
membranes. X-ray diffraction data indicated that di-
palmitoleoylphosphatidylethanolamine (DPOPE) mem-
branes in H,O at 20 °C were in the L, phase and that an
L, to Hy; phase transition occurred at X'=0.060 (mole
fraction of DMSO) in water/DMSO mixtures. As the
DMSO concentration increased, the basis vector length
of the dioleoylphosphatidylethanolamine (DOPE)/
16 wt% tetradecane membrane and also of the DPOPE/
16 wt% tetradecane membrane in the Hjy phase
decreased, suggesting that the spontaneous curvature of
these membranes increased. We have also investigated
the effects of DM SO on the physical properties of the PE
membranes, and compared them with those of acetone.
As the DMSO concentration increased, the excimer to
monomer fluorescence intensities of pyrene-phosphati-
dylcholine in the PE membranes decreased, indicating
that the membrane fluidity decreased, and also the
generalized polarization value of the Laurdan fluores-
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cent probe in the DPOPE membrane increased, indi-
cating that the polarity of the membrane interface
decreased. On the other hand, acetone had the opposite
effects to DMSO. The interaction free energy between
the membrane surface segments and solvent increased
with an increase in DMSO concentration. It decreased
the amount of solvent in the membrane interface,
inducing an increase in the spontaneous curvature. This
can reasonably explain the effects of DMSO on the
phase stability and the physical properties of the
membranes.
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transition - Interaction free energy

Abbreviations DEPE: 1,2-dielaidoyl-sn-glycero-3-phos-
phatidylethanolamine - DOPE: 1,2-dioleoyl-sn-glycero-
3-phosphatidylethanolamine - DPOPE: 1,2-dipalmito-
leoyl-sn-glycero-3-phosphatidylethanolamine - GP: gen-
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Introduction

Recent new findings have again evoked interest in non-
bilayer membranes such as the inverted hexagonal (Hyy)
phase and several kinds of cubic phases, not only be-
cause these nonbilayer structures have been postulated
to play an important biological role in membrane fusion
and control of the functions of membrane proteins
(Basarfiez et al. 1996; Perkins et al. 1996; de Kruijff 1997,
Luzzati 1997; Hayakawa et al. 1998), but also because
these nonbilayer membranes have been demonstrated to
be useful for crystallization of membrane proteins
(Pebay-Peyroula et al. 1997). To elucidate the mecha-
nism of these phenomena, it is essential to understand
the mechanism of phase stability, phase transitions
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between different nonbilayer structures and also between
these nonbilayer phases and the liquid-crystalline bilayer
(L,) phase (Fig. 1), and factors determining the size and
form of these nonbilayer membranes (Gruner et al. 1985,
1988; Rand and Fuller 1994; Seddon and Templer 1995;
Marsh 1996; Luzzati 1997; Aota-Nakano et al. 1999).
On the other hand, the interaction of water with lipid
membranes and also the physical properties of the lipid-
water interface in biomembranes have been recently
considered to play important roles in the stability of
lipid wvesicles, phase stability, and interactions of
biomembranes with various kinds of solutes, and
thereby they have been studied by several biophysical
techniques and by molecular dynamics simulation
(Rand and Parsegian 1989; Yamazaki et al. 1989;
Lipowsky 1991; Yamazaki et al. 1992; Ulrich and Watts
1994; Cevc et al. 1995; Chiu et al. 1996; Israclachvili and
Wennerstrom 1996; Sackmann 1996; Tu et al. 1996).
However, physical characterization of this lipid-water
interface or the interface of biomembranes is still
insufficient, and the roles of hydration and water struc-
ture in biomembranes are controversial (Israelachvili
and Wennerstrom 1996). To elucidate the essence of the
interaction of water with lipid membranes, an investi-
gation of the effects of various kinds of solvents on the
structure, phase stability, and intermembrane interac-
tions of lipid membranes is complementary. In this
regard, we have proposed that the interaction free
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Fig. 1 Schematic representation of Hy; (a) and L, (b) phospholipid
phases. Lipid headgroups are represented by black circles attached
to two hydrocarbon chains

energy of the segments of the surface (or interface) of
lipid membranes with solvents, AG; (or y=AG;/kgT; a
dimensionless parameter), plays an important role in the
structure and phase behavior of these membranes
(Kinoshita and Yamazaki 1996, 1997; Kinoshita et al.
1997, 1998). AG; is defined as the free energy increase as-
sociated with the contact of the segments with the solvent.
In good solvents, where the interaction between the seg-
ments of the membrane surface and the solvents is fa-
vorable (i.e., AG; is small), the segments swell to contact
the solvents; on the other hand, in poor solvents, where
their interaction is unfavorable (i.e., AG; is large), the
segments shrink or associate with each other to prevent
contact with the solvents. This new concept can explain
reasonably the induction of the interdigitated gel phase
(Lgl phase) in multilamellar vesicles (MLVs) of dipal-
mitoylphosphatidylcholine (DPPC) and also the Hj; to L,
phase transition in the dioleoylphosphatidylethanol-
amine (DOPE) membrane above critical concentrations
of water-miscible organic solvents such as acetone,
acetonitrile, and ethanol, and also the intermembrane
distance determined by the intermembrane interaction in
MLVs (Kinoshita and Yamazaki 1996, 1997; Kinoshita et
al. 1998). For the Hy; to L, phase transition in DOPE
membranes above their critical concentrations, we have
proposed a mechanism as follows (Kinoshita and
Yamazaki 1997). These water-miscible organic solvents
have a high solubility for alkanes, and hence they induce a
decrease in the interaction free energy between the sol-
vents and the hydrophobic segments of the alkyl chains in
the membrane interface. Thereby, the contact of the alkyl
chains with the solvents increases, inducing an increase in
the area of the phospholipid headgroups. As a result, the
packing parameter of the phospholipid decreases, which
increases the stabilization of the L, phase of the DOPE
membrane.

Dimethyl sulfoxide (DMSO) has been used as a
cryoprotectant for cells, tissues, and isolated proteins,
and also has been known to induce membrane fusions
between cells and phospholipid vesicles (Ahkong et al.
1975). Several groups have studied the effects of DMSO
on the structure and phase stability of phosphatidyl-
choline (PC) (Yu and Quinn 1995; Gordeliy et al. 1998;
Tristram-Nagle et al. 1998; Smondyrev and Berkowitz
1999). The intermembrane distances of MLVs composed
of a PC lipid with a saturated alkyl chain, such as DPPC
in the gel phase, decreased with an increase in DMSO
concentration, and also the temperatures of the pre and
main transitions of these PC-MLVs increased with an
increase in DMSO concentration. Recently, it was
shown that DMSO decreases the temperature of the L,
to Hyy phase transition, and thereby stabilizes the Hy;
phase relative to the L, phase (Yu et al. 1996). However,
the mechanisms are not clear yet.

In this report, we have investigated the effects of
DMSO on the phase stability of dipalmitoleoylphos-
phatidylethanolamine (DPOPE) membranes at 20 °C,
which is in the L, phase in water. We have found by
small-angle X-ray scattering (SAXS) that an L, to Hyy



phase transition occurred at 20 °C at low concentrations
of DMSO, indicating that DMSO stabilizes the Hy;
phase rather than the L, phase under this condition. The
SAXS data show that the basis vector length of the
DOPE membrane containing 16 wt% tetradecane in
excess water decreased with an increase in DMSO con-
centration, suggesting that the radius of the spontaneous
curvature of the DOPE membrane decreased with an
increase in DMSO concentration. SAXS data indicated
that the DPOPE membrane containing 16 wt% tetrade-
cane at 20 °C was in the Hy; phase. By using this
membrane, we have investigated the effect of DMSO on
the spontaneous curvature of the DPOPE membrane,
and found a similar result as that for the DOPE mem-
brane. We have also investigated the effects of DMSO
on the physical properties of the PE membranes such as
the membrane fluidity and the polarity of the membrane
interface, and compared them with those for the PE
membranes in acetone, which has an opposite effect on
the stability of the Hy; and the L, phases compared with
DMSO. Based on these results, we discuss below the
mechanism of the stabilization of the Hy phase by
DMSO and its effect on the physical properties of the PE
membranes.

Materials and methods

Materials

1,2-Dipalmitoleoyl-sn-glycero-3-phosphatidylethanolamine (DPO-
PE), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE),
and 1,2-dielaidoyl-sn-glycero-3-phosphatidylethanolamine (DEPE)
were purchased from Avanti Polar Lipids. 1-Hexadecanoyl-2-
(1-pyrenedecanoyl)-sn-glycero-3-phosphatidylcholine (pyrene-PC)
and Laurdan were purchased from Molecular Probes. DMSO and
acetone were purchased from Wako Chemical. O-Phosphoryleth-
anolamine was purchased from Sigma Chemical.

Sample preparations

Several PE membranes were prepared as follows. The appropriate
amount of phospholipid in chloroform was dried by N,, and then
under vacuum by rotary pump. The appropriate amount of water
containing a given concentration of DMSO was added to this dry
lipid in excess solvent (~7 wt% lipids), and the suspension was
vortexed for about 30 s at room temperature (~20 °C) several times.
For measurement of X-ray diffraction, pellets (or precipitation) of
the suspensions after the vortex without centrifugation were used.

To investigate the structures of DOPE and DPOPE membranes
containing 16 wt% tetradecane (see Fig. 5 below), we used almost
the same method as Chen and Rand (1997, 1998) as follows. The
appropriate amount of DOPE or DPOPE in chloroform was dried
by N», and then under vacuum by rotary pump for more than 12 h.
Tetradecane was added to the dry lipid by weighing directly. After
48 h incubation at room temperature (~25 °C) for equilibration,
the appropriate amount of water containing a given concentration
of DMSO was added to this dry-lipid/tetradecane mixture in excess
solvent (~7 wt% lipids), and the suspension was vortexed for about
30 s at room temperature (~25 °C) several times, and then incu-
bated for another 48 h for equilibration. For X-ray diffraction
measurements, pellets (or precipitation) of the suspensions after the
vortex without centrifugation were used.

To determine the dimensions of the phospholipid membranes in
the Hy; and L, phases (see Fig. 10 below), the phospholipids were
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solvated by weighing the dry lipid and solvent into an aluminum
pan (vessel for liquid samples for the DSC experiment), which was
sealed completely and then equilibrated at room temperature for
2 days (in the case of water) or 2-5 days (in the case of DMSO/
water mixtures). After the equilibration, the samples were sealed in
a thin-walled glass capillary tube (outer diameter 1.0 mm) for X-ray
diffraction.

X-ray diffraction

X-ray diffraction experiments were performed using nickel-filtered
Cu K, X-rays (4=0.154 nm) from a rotating anode-type X-ray
generator (Rigaku, Rotaflex, RU-300, 40 kV x 200 mA). SAXS
data were recorded using a linear (one-dimensional) position-sen-
sitive proportional counter (Rigaku, PSPC-5) (Glatter and Kratky
1982) with a camera length of 350 mm and analyzed by a multi-
channel analyzer (Rigaku) and a computer. Wide-angle X-ray
scattering (WAXS) patterns were recorded by a flat plate film
cassette loaded with a high-sensitive X-ray film (Fuji Medical X-ray
film) with a camera length of 45.1 mm. Samples were sealed in a
thin-walled glass capillary tube (outer diameter 1.0 mm) and
mounted in a thermostatable holder whose stability was £0.2 °C
(Yamazaki et al. 1992).

To determine the dimensions of phospholipid membranes in the
Hy; and L, phases, the technique developed by Luzzati was used
(Luzzati and Husson 1962). For the membranes in the Hy; phase,
the basis vector length (i.e., center to center distance of adjacent
cylinders defined in Fig. 1), d, calculated by d=(2/¥3)x (where x is
the spacing in the SAXS), is expressed as a sum of the radius of the
water tube, Ry, and the thickness of the monolayer membrane, d,
i.e., d=2(Rytd) (Gruner 1985; Tate and Gruner 1989). R, is
calculated by the volume fraction of lipid, ¢, and the basis vector
length d as follows:

Ry =dy/(1 - ¢ )V3/2m (1)

For the membranes in the L, phase, the area per lipid molecule,
AP s calculated by the volume fraction of lipid, ¢, and the
spacing d (Fig. 1) (Rand and Fuller 1994) as follows:

A =2V 4+ V1) /d =2V /doy, (2)

where V7 is the volume of one phospholipid molecule, and V,, is
the volume of water per phospholipid molecule.

Volume fractions of the phospholipids (¢1) were determined
by their weight fractions (¢ (w/w)) and the density of the phos-
pholipids and water. The densities of DOPE in the Hy; phase and
DPOPE in the L, phase were determined by a neutral buoyancy
technique (Nagle and Wilkinson 1978; Tate and Gruner 1989).
Phospholipids added to H,O/D,0O mixed solvents of different ratios
were centrifuged at each temperature, and the density of the H,O/
D,0 mixed solvent where the lipid becomes buoyant was obtained.
This method yielded a density of phospholipid (py) for DOPE at
20 °C of 1.017 g/mL, which was almost the same value reported by
another group (Tate and Gruner 1989), and also a density (pr) for
DPOPE at 20 °C of 1.035 g/mL. Volume fractions of the phos-
pholipids (¢ ) were determined by their weight fractions (¢ (w/w))
according the following equation:

PLW/W)

_ PL
¢ = PLw/w) 4 (I=gp(w/w) (3)
PL

Pw

where pw is a density of water at 20 °C (pw = 0.998 g/mL).

Differential scanning calorimeter

DSC experiments were performed using a Rigaku DSC-8230-B
instrument. A DEPE-MLYV dispersion (1.4 wt% lipid) was heated
at a rate of 2.0 °C/min. The main transition temperature (the chain-
melting transition temperature) was determined as the onset of the
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endothermic transition extrapolated to the baseline. The details
were described in our previous paper (Yamazaki et al. 1992).

Fluorescence measurements

For fluorescence measurements, a Hitachi F3000 spectrofluorime-
ter was used. Fluorescence intensities of the samples were measured
at 20+ 0.5 °C using a circulator (Refrigerated Circulator, RTE-110,
NES-LAB) (Kinoshita and Yamazaki 1996).

Fluorescence measurement of pyrene-PC

The excitation wavelength of pyrene-PC was 347 nm, and emission
wavelengths were 376 nm for monomer fluorescence and 481 nm
for excimer fluorescence. Excitation bandpass and emission band-
pass were 3 nm and 1.5 nm, respectively. The pyrene-PC concen-
tration in the total phospholipids was 5.0 mol%. At 30 min after
mixing the phospholipid dispersions with DMSO solution, fluo-
rescence intensities of samples were measured at 20 °C. Fluores-
cence intensities were obtained by their time averaging for 30 s, and
by using these values the ratio of excimer to monomer fluorescence
intensities (E/M) was calculated. The concentrations of the total
phospholipids in the samples for the measurement of the fluores-
cence were 70-80 uM, which were determined by standard phos-
phate analysis (Bartlett 1959).

Fluorescence measurement of Laurdan

To investigate the effect of DMSO and acetone on the polarity of
the phospholipid interface, we used an amphiphilic fluorescence
probe, Laurdan, which is considered to locate at the hydrophilic-
hydrophobic interface of bilayers with the lauric acid tail anchored
in the hydrophobic zone of the membrane (Parasassi et al. 1991).
The excitation wavelength of Laurdan was 340 nm; excitation
bandpass and emission bandpass were 5 nm and 5 nm, respectively.
The concentration of Laurdan in the total lipids was 0.30 mol%.
Concentrations of the total phospholipids in the samples for the
measurement of the fluorescence were 70-80 uM, which were de-
termined by standard phosphate analysis (Bartlett 1959). At 30 min
after mixing the phospholipid dispersions with the DMSO solution,
fluorescence intensities of the samples were measured at 20 °C.
Fluorescence intensities for calculation of generalized polarization
(GP) values were obtained by their time averaging for 10 s.

Measurement of solubility

Measurement of the solubility of a molecule having the same
structure as the headgroup of phospholipids was done by the same
method described in a previous paper (Kinoshita et al. 1997).
Appropriate amounts of O-phosphorylethanolamine were
mixed with various concentrations of aqueous DMSO solutions in
order to make saturated solutions, and centrifuged. Concentrations
of phosphorylethanolamine in the supernatant of these solutions
were determined by standard phosphorus analysis (Bartlett 1959).

Results
Interaction of DM SO with DOPE membranes

In a previous paper (Kinoshita and Yamazaki 1997), we
indicated that several water-miscible organic solvents,
such as acetone, acetonitrile, and ethanol, induced the
Hy; to L, phase transition in a DOPE membrane above
their threshold concentrations, and stabilized the L,

phase relative to the Hyy phase. These organic solvents
have high solubilities for alkanes. As a control experi-
ment, we have investigated the effects of DMSO, which
has a low solubility for alkanes and for which the oil-
water partition coefficient is low (Bunch and Edwards
1969), on the phase behavior and structure of DOPE
membranes by X-ray diffraction. SAXS data of the
DOPE membrane in excess water at 20 °C showed that a
set of SAXS peaks had spacings in the ratio of 1:V3:2:\7,
indicating that it was in a two-dimensional hexagonal
(Hp) phase (Kirk and Gruner 1985; Seddon and
Templer 1995). In the presence of various DMSO con-
centrations up to 0.28 mole fraction of DMSO in water/
DMSO mixtures (Xpmso = 0.28), the ratios of the
SAXS spacings were not changed, and thus the mem-
branes were in the Hyj phase. The basis vector length of
the Hy; phase (center to center distance of adjacent cyl-
inders), d, calculated by d=(2/N3)x (where x is the
spacing in the SAXS) (Fig. 1), gradually decreased from
7.6 nm to 4.9 nm with an increase in DMSO concen-
tration from Xpymso = 0 to Xpmso = 0.28 (Fig. 2).

For comparison, SAXS data for the DOPE mem-
branes in various concentrations of acetone at 20 °C are
shown in Fig. 2 (Kinoshita and Yamazaki 1997). At
0.035 mole fraction of acetone in a water/acetone mix-
ture (Xacetone = 0.035), a new set of SAXS peaks with a
shorter spacing was superimposed on the Hyy peaks; the
new set had spacings in the ratio of 1:2:3, which is
consistent with an L, phase. Therefore, the Hy; to L,
phase transition in DOPE membranes occurred at
Xacctonc:0-035-
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Fig. 2 The structure parameter, d, of the DOPE membrane in
various concentrations of DMSO [in mole fraction of DMSO in
water/DMSO mixtures (Xpmso)] (O) and acetone [in mole fraction
of acetone in water/acetone mixtures (Xacetone)] (@) at 20 °C. In the
data points for acetone (@), the upper points (0 < X,cetone <0.05)
represent the Hjp phase, while the lower points (0.35 <
Xacetone <0.1) represent the L, phase. The structure parameter d
is both the basis vector length for the Hy; phase and the spacing for
the L, phase, which is defined in Fig. 1



Interaction of DMSO with DPOPE membranes

Next, we have investigated by X-ray diffraction the
effects of DMSO on the phase behavior and structure of
DPOPE membranes. The DPOPE membrane in excess
water at 20 °C is known to be in the L, phase (Colotto
et al. 1996). Figure 3 shows SAXS patterns of the
DPOPE membranes at Xpumso=0, 0.082, and 0.12 at
20 °C. The DPOPE membrane in water showed a set of
SAXS peaks with spacings in the ratio of 1:2:3 and the
spacing was 4.9 nm (Fig. 3a). A WAXS pattern of this
DPOPE membrane consisted of a diffuse broad band
around 0.46 nm. These results indicate that it was in the
L, phase. At Xpmso=0.12, a set of SAXS peaks had
spacings in the ratio of 1:V3:2:V7, indicating that it was
in the Hyy phase (Fig. 3c). At Xpmso=0.082, both the
peaks due to the L, phase and the Hy; phase appeared in

=1 a
f\
|
I
[}
f\
[
|
|
A 2 3
/A | |
] -
1 1 1 1 !
/{7)\ T I\\‘1 T T T
2 | g ;
> Nl
xe) f\r:
= i
e e
n Vo
2 Pl e
E // \‘ ///’\\ /\/
N
i ! 1 I 1
!\(1,0) [0
f
J‘l
|
i
i
,fi 21
| \ | @ 0)
I
"/ ‘k// v \‘\_W
j! ! | 1 1
0 0.2 04 06 0.8
S (nm™)

Fig. 3 X-ray diffraction profile of the DPOPE membrane in
various concentrations of DMSO, Xpmso, in water at 20 °C: a
Xpmso=0, b 0.082, ¢ 0.12
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the SAXS pattern (Fig. 3b), indicating that the phases
coexisted. Figure 4 shows a detailed dependence of
the spacing on DMSO concentration. Below
Xpmso=0.060, the SAXS patterns of the DPOPE
membranes had similar sets of peaks as at Xpmso =0,
and thus they were in the L, phase. This spacing grad-
ually decreased with an increase in DMSO concentra-
tion. Above Xpmso=0.060, a new set of SAXS peaks
with a larger spacing was superimposed on the L, peaks;
the new set had spacings in the ratio of 1:73:2:\7, which
is consistent with a Hyy phase. The basis vector length of
the Hy; phase, d, gradually decreased from 6.8 nm to
5.5 nm with an increase in DMSO concentration from
XDMSO:O'060 to XDMSO:0'20 (Flg 4) Hence, DMSO
induced a phase transition from the L, to the Hy; phase
in the DPOPE dispersion at Xpymso = 0.060.

Interaction of DMSO with DOPE/tetradecane
and DPOPE/tetradecane membranes

To allow the lipid membranes in the Hy; phase to express
the spontaneous curvature, Hy, the addition of alkanes
such as decane and tetradecane to the membranes is
required because they fill the interstitial region of the Hy;
phase and relax the alkyl chain-packing stress (Gruner
1985; Rand et al. 1990; Chen and Rand 1998). Thereby,
to obtain information on the dependence of the spon-
taneous curvature of the DOPE membrane on DMSO
concentration, we have investigated the structure of
DOPE membranes containing 16 wt% tetradecane
(Chen and Rand 1997) in the presence of various con-
centrations of DMSO (Fig. 5). The basis vector length d
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Fig. 4 The structure parameter d of the DPOPE membrane in
various concentrations of DMSO, Xpumso, in HO (O) at 20 °C. In
the data points the lower points (0 < Xppso <0.11) represent the
L, phase, while the upper points (0.06 < Xpmso <0.21) represent
the Hy; phase. The structure parameter d is both the basis vector
length for the Hy; phase and the spacing for the L, phase, which is
defined in Fig. 1
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Fig. 5 Basis vector length d of the DOPE/tetradecane (O) and
DPOPE/tetradecane (@) membranes in various concentrations of
DMSO, X, in water at 20 °C. All the membranes were in the Hy;
phase irrespective of DMSO concentration. The basis vector length
of the Hyy phase is defined in Fig. 1

of the DOPE/tetradecane membrane in excess water
gradually decreased from 7.9 nm to 5.7 nm with an
increase in DMSO concentration from Xpyso=0 to
XDMSO:0'14~

We have also investigated the structure of DPOPE
membranes containing 16 wt% tetradecane in the pres-
ence of various concentrations of DMSO (Fig. 5). In
water only (i.e., Xpmso=0), the pure DPOPE mem-
brane was in the L, phase (Fig. 3), but the DPOPE
membrane containing 16 wt% tetradecane was in the Hyy
phase with a basis vector length d of 7.8 nm. As shown in
Fig. 5, d of the DPOPE/tetradecane membrane in excess
water gradually decreased from 7.8 nm to 6.0 nm with
an increase in DMSO concentration from Xpnmso =0 to
XDMSO:0'14'

Fluidity change of the PE membranes induced
by DMSO and acetone

The results of Fig. 2 and Fig. 4 clearly indicate that
DMSO stabilizes the Hy; phase relative to the L, phase,
but, on the other hand, acetone stabilizes the L, phase
relative to the Hy phase. To make clear the different
effects of DMSO and acetone on the PE membranes, we
have investigated the effects of these organic solvents on
the physical properties of the PE membranes.

At first, to investigate the effect of DMSO and ace-
tone on the membrane fluidity, we measured the lateral
diffusion of the phospholipid in the PE membranes in
various concentrations of DMSO and acetone, using an
excimer-forming fluorescent probe, pyrene-PC. The ra-
tio of the excimer to monomer fluorescence intensity (£/
M) of pyrene-PC in membranes is proportional to the
collision frequency of pyrene molecules (Galla et al.

E/M
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Fig. 6 Ratio of excimer to monomer fluorescence intensities (E/M)
of pyrene-PC in the DPOPE membrane (@) and in the DOPE
membrane (O) in various concentrations of DMSO (Xpwmso), and
E/M of pyrene-PC in the DOPE membrane (Q) in various
concentrations of acetone (X,cetone) at 20 °C. The size of the
symbols shows the error of the measured E/M values. The pyrene-
PC concentration in the total phospholipids was 5.0 mol%

1979; Galla and Hartmann 1980) and, especially in the
liquid-crystalline phase, a lateral diffusion coefficient of
the membrane, D, can be determined by E/M, and D
increases with an increase in E/M (Galla and Hartmann
1980; Sassaroli et al. 1990). Figure 6 shows that E/M of
the DPOPE and DOPE membranes at 20 °C decreased
with an increase in DMSO concentration; on the other
hand, E/M of the DOPE membranes at 20 °C increased
with an increase in acetone concentration.

Change of Laurdan fluorescence behavior
in the DPOPE membrane induced
by DMSO and acetone

To investigate the effect of DMSO and acetone on the
polarity of the lipid interface, we used an amphiphilic
fluorescence probe, Laurdan. The emission spectrum of
this probe is strongly dependent on its surroundings, and
in solvents with high polarity the spectra show a large
red shift due to the dipolar relaxation process (Parasassi
et al. 1991; Bagatolli et al. 1998). In phospholipid
membranes, at the gel phase an emission maximum is
around 440 nm, and at the liquid-crystalline phase it is
around 490 nm, indicating that the emission spectrum of
Laurdan largely depends on the packing of the
phospholipid alkyl chains, which is one of the main
determinants of the number and motional freedom of
water molecules around the fluorescent group. The
generalized polarization (GP) value [=(g — Ir)/
(Ig+Ir)] for phospholipid vesicles at emission wave-
lengths of 440 nm (for /g) and 490 nm (for /) is strongly
affected by the polarity of the membrane interface, and it



rapidly decreases when a gel to liquid-crystalline phase
transition occurs (Parasassi et al. 1991). Figure 7 shows
that the GP value for DPOPE-MLVs at 20 °C increased
with an increase in DMSO concentration, whereas it
decreased with an increase in acetone concentration.

Effects of DMSO and acetone on the chain-melting
phase transition temperature of DEPE membranes

We have investigated the effects of DMSO or acetone on
the phase transition temperature, 7, from the gel to the
liquid-crystalline phase of DEPE membranes. As shown
in Fig. 8, T, increased with an increase in DMSO
concentration, but decreased with an increase in acetone
concentration.

Solubility of phosphorylethanolamine

To obtain information about the free energy of the
interaction between the hydrophilic segments of these
PE membranes with solvents, we have investigated the
dependence of the solubility of phosphorylethanol-
amine on DMSO concentration in DMSO/water
mixtures by the same method as applied to the
PC membrane (Kinoshita et al. 1997, 1998). The
phosphorylethanolamine molecule has the same
molecular structure as the head group of PE, and
thereby it represents a hydrophilic segment of the
membrane interface of these PE membranes. Figure 9
shows that the solubility of phosphorylethanolamine in
water at 20 °C decreased with an increase in DMSO
concentration. This result indicates that DMSO is a
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Fig. 7 Generalized polarization value (GP) for Laurdan in the
DPOPE membrane in various concentrations of DMSO (Xpmso )
(O) and in various concentrations of acetone (X,cetone) (A) at 20 °C.
The concentration of Laurdan in the total phospholipids was
0.30 mol%
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Fig. 8 Chain-melting phase transition temperature of the DEPE
membrane in various concentrations of DMSO (Xpwmso) (O)
and acetone (Xacetone) (A) determined by DSC. Heating rate was
2.0 K/min. The transition temperatures were determined as the
onset of the endothermic transition extrapolated to the baseline

poor solvent for the hydrophilic segments of the PE
membrane, and the interaction free energy between the
solvent and the hydrophilic segments of the PE
membrane increases with an increase in DMSO
concentration.

Effect of water content on the structure and phase
behavior of DPOPE membranes

Figure 10 shows the basis vector length d of the DOPE
and the spacing d of the DPOPE membranes at 20 °C
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Fig. 9 Solubility of phosphorylethanolamine (O) in various
concentrations of DMSO (Xpmso) in DMSO/water mixtures at
20 °C. The solubility was measured as described in Materials and
methods
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Fig. 10 The points @ show the basis vector length, d, of the Hy
phase of DOPE as a function of lipid weight fraction, ¢ (w/w), at
20 °C. The points O and A show the spacing d of the L, phase and
the basis vector length d of the Hy; phase of the DPOPE membrane
as a function of lipid weight fraction, ¢p(w/w), at 20 °C,
respectively

as a function of the weight fraction (w/w) of the
phospholipid. A sharp reduction in d was observed
above the critical values of the lipid weight fraction
[¢L(W/W)*=0.695 for the DOPE membrane and ¢y (w/
w)*=0.734 for the DPOPE membrane]. In the case of
the DPOPE membrane, on increasing the lipid weight
fraction, at ¢y (w/w)=0.85 a phase transition from the
L, to the Hy; phase occurred. The equilibrium basis
vector length d of the DOPE membrane was 7.6 nm, and
the equilibrium spacing d of the DPOPE membrane was
4.9 nm. In the case of the DOPE membrane, the radius
of the water core of the Hyy phase, R,,, was determined
to be 2.2 nm, and in the case of the DPOPE membrane
the area per lipid molecule in the L, phase, A1 was
determined to be 62 A? from these critical values [¢y (w/
w)*]. We tried to obtain d as a function of lipid weight
fraction (w/w) of the DOPE in the presence of DMSO
such as Xpmso = 0.060 and 0.098, but could not obtain a
conclusive result owing to the difficulty in attaining the
equilibrium.

Discussion

In a previous paper (Kinoshita and Yamazaki 1997), we
indicated that type A solvents, i.e., several water-misci-
ble organic solvents such as acetone, acetonitrile, and
ethanol, induced the Hy; to L, phase transition in the
DOPE membranes above their critical concentrations,
and stabilized the L, phase relative to the Hy; phase. On
the other hand, the results of the X-ray diffraction in this
report and in other reports (Yu and Quinn 1995; Yu
et al. 1996) clearly indicate that DMSO stabilizes the Hy;
phase relative to the L, phase in several PE membranes.
Hence, DMSO has the opposite effect on the PE mem-
branes compared with type A solvents. What kind of

factor is important for this different effect? Especially,
in type A solvents, acetone (CH3),C=O has a similar
chemical structure as DMSO (CH3),S=0; the difference
is just a carbon atom replacing a sulfur atom. Therefore,
it is valuable to compare the effects of these solvents on
the physical properties of the PE membranes. Figure 6
clearly shows that the fluidity of the PE membranes
decreased with an increase in DMSO concentration,
whereas it largely increased with an increase in acetone.
Figure 7 shows that the GP value of Laurdan increased
with an increase in DMSO concentration, suggesting
that the polarity of the membrane interface decreased.
On the other hand, the effect of acetone on the interface
is the reverse: the polarity increased with an increase
in acetone concentration. These results show the com-
pletely opposite effects of DMSO and acetone on the
physical properties of the PE membranes. What causes
these differences, and how do they relate to the different
effects of DMSO and acetone on the phase stability of
the PE membranes?

The mechanism of the L, to Hy; phase transition
of PE membranes induced by DMSO

The difference of the chemical potential of the
phospholipid in the membranes in the Hyy phase‘(uHH)
and in the bilayer liquid-crystalline (L,) phase (1°"), Ax,
is expressed as follows (see e.g. Gruner 1985; Anderson
et al. 1988):
Ap = I bl

bil bil bil
= (Meury — Boure) + (et — eh) + (Hbd' — Hpa)

= A:u'curv + A:uch + A:uhd (4>

where Apicyry 18 @ term due to the curvature elastic energy
(or curvature energy), Augn 1s a term due to interstitial
chain packing of the Hyy phase, and Aupq is a term due to
the membrane interface. Other groups have presented a
similar expression (Kozlov et al. 1994). The spontaneous
(or intrinsic) curvature of a single monolayer membrane,
H,, is a useful parameter characterizing nonbilayer
membranes, and expressed as Hy=1/R,, where R is the
radius of spontaneous curvature (Gruner 1985; Hui and
Sen 1989; Tate and Gruner 1989; Marsh 1996). Inverted
curved structures such as the Hy; phase, where the
spontaneous curvature of the monolayer is toward the
water region, have large negative H values; on the other
hand, normal structures such as micelles, where the
spontaneous curvature of the monolayer is toward the
alkyl chain region, have large positive H, values. As
the repulsive interaction between the headgroups owing
to electrostatic interaction or steric interaction increases,
the absolute value of H, decreases to increase the aver-
age area of the lipid headgroup. On the other hand, the
decrease in the repulsive interaction increases the abso-
lute value of H,. By using Ry, the curvature energy of the
Hy; phase and the L, phase, pi.. in Eq. (4), is expressed
as (Kirk et al. 1984; Marsh 1996):
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where N4 is Avogadro’s number, « is the elastic bending
modulus, 4, is the optimal surface area per lipid mole-
cule in the membrane, R,, is the radius of curvature of
the lipid monolayer. In excess water, the membrane in
the Hyp phase has a curvature close to the spontaneous
curvature to minimize the curvature energy, and thereby

(5)

Ry, = R,. For convenience, we define Il = 0 in excess
water. Since 1/R,,=0 in the L, phase:
; 1 NarAy!
A:ucurv = (#gllrlv - #(t;)llllrv> = - E R2 ° (<0) (6)
0

where 45! is the optimal surface area per lipid molecule
of the L, phase. Equation (6) shows that Apcy. 1S
always negative (Apleyry <0), and thereby is an impor-
tant factor stabilizing the Hy; phase. On the other
hand, in the Hy; phase, alkyl chains of lipids have to
extend to different lengths to fill the interstitial hydro-
carbon region, which decreases the entropy of the
chains and thereby increases the free energy of the
membrane (Anderson et al. 1988). Therefore, this
packing energy of the alkyl chains destabilizes the Hy;
phase, and thus Ay, is always positive (Agen >0). In
most cases, phase transitions between the Hy; and the
L, phases are determined by the interplay of these two
factors, Aticury and Apen. The third term in Eq. (4), the
difference in the chemical potential of the membrane
interface ppq, is determined mainly by interactions
between the headgroups of the phospholipids and
hydrophobic interaction.

Equation (6) shows that the absolute value of Aucyry
increases with a decrease in Ry, and the change in the
spontaneous curvature induces the change in the cur-
vature energy, Alleury, as follows:

Nardy' (1
Ry \Ro

The result of Fig. 5 gives information on the change of
the radius of spontaneous curvature R, of the DOPE
and DPOPE membranes. The basis vector length of the
Hy; phase, d, is expressed as a sum of the radius of the
water tube, R,, and the thickness of the monolayer
membrane, d, i.e., d=2(Ry + dj) (Gruner 1985; Tate and
Gruner 1989). In excess water, the DOPE membrane
containing 16 wt% tetradecane in the Hy phase has a
curvature close to H, to minimize the curvature free
energy, and thereby R, =~ Ry (Chen and Rand 1997).
We also found that the DPOPE membrane containing
16 wt% tetradecane was in the Hy; phase. The tetrade-
cane-induced L, to Hy phase transition in the DPOPE
membrane is due to the decrease in Apug,, because te-
tradecane can fill the interstitial region of the Hy; phase
and relax the alkyl chain packing stress. Thereby, the
above analysis can apply to the DPOPE membrane. The
decrease in d of the DOPE/tetradecane and DPOPE/
tetradecane membranes induced by DMSO is attributed

(7)
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to the decrease in R,,, since the change in d) is assumed to
be small. This is a similar phenomenon as the decrease in
d of the DOPE membrane with an increase in temper-
ature (Tate and Gruner 1989). Thus, the result of Fig. 5
indicates that R, of the DOPE and DPOPE membranes
decreases with an increase in DMSO concentration, and
thereby the absolute value of Apicyry (Atteury < 0) increases
with an increase in DMSO concentration. Both Ay, and
Apng do not change significantly with an increase in
DMSO concentration. Therefore, the DMSO-induced
L, to Hy phase transition can be explained mainly by
the change of Apcyuy as a function of DMSO concen-
tration. In water and at lower concentrations of DMSO,
Au>0, and thereby the L, phase is stable, but Au de-
creases with an increase in DMSO concentration owing
to the increase of the absolute value of Apcy.y. At the
critical concentration of DMSO, Au=0 and the L, to
Hy; phase transition occurs. Above the critical concen-
tration of DMSO, Au<0 and thereby the Hyy phase is
stable. Hence, the decrease in the radius of the sponta-
neous curvature, Ry, with an increase in DMSO con-
centration induces the L, to Hyy phase transition in the
PE membrane.

The mechanism of the decrease in the radius
of the spontaneous curvature (Rg)
of the PE membranes induced by DMSO

Recently, we have proposed that the interaction free
energy of the segments of the surface of phospholipid
membranes with solvents, AG;, plays an important role
in structure and phase behavior of these membranes
(Kinoshita and Yamazaki 1996, 1997; Kinoshita et al.
1997, 1998). AG; is defined as the free energy increase
associated with the contact of segments with solvent. In
good solvents, where the interaction between the seg-
ments of the membrane surface and the solvents is
favorable (i.e., AG; is small), the segments swell to con-
tact the solvents; on the other hand, in poor solvents,
where their interaction is unfavorable (i.e., AG; is large),
the segments shrink or associate with each other to
prevent contact with the solvents. Current physical in-
vestigations of phospholipid membranes clearly show
that their interfaces have dynamic structures and consist
of a complex and thermally disordered mixture of the
hydrophilic segments of the head group, hydrophobic
segments of alkyl chains, and water molecules, because
of large thermal fluctuations such as the protrusion of
phospholipids and the undulation of the membrane
(Helflich 1978; Lipowsky 1991; Israelachvili 1992;
Wiener and White 1992; Nagle et al. 1996; Sackmann
1996). Therefore, we have to consider two kinds of
segments of the membrane surface, and thereby two
kinds of interaction free energy between the surface
segments of the phospholipid membrane and solvents:
one is a free energy of interaction between the hydro-
philic segments of the head groups and solvents (AGj,),
and the other is a free energy of interaction between the
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hydrophobic segments of the alkyl chains and solvents
(AG;,). This new concept can explain reasonably the
induction of the interdigitated gel phase (Lgl phase) in
DPPC-MLVs and also the Hy to L, phase transition in
the DOPE membrane by water-miscible organic solvents
such as acetone, acetonitrile, and ethanol, and also the
intermembrane distance in MLVs (Kinoshita and
Yamazaki 1996, 1997; Kinoshita et al. 1998).

DMSO has a low solubility for alkanes such as hex-
ane [2% (v/v) hexane completely dissolved in DMSQ] at
20 °C and the oil-water partition coefficient of DMSO is
low (0.0030) (Bunch and Edwards 1969). Several inves-
tigations have shown that a DMSO molecule strongly
interacts with two water molecules by hydrogen bonding
at low concentrations around 20 °C, and thereby DMSO
has an effect of rigidifying the water structure, whereas
at higher concentrations, DMSO breaks the water
structure (Vaismann and Berkowits 1992, and references
therein). In this paper, we have investigated the effects of
low concentrations of DMSO in water at 20 °C, where
the property of DMSO is the former. The DMSO mol-
ecule associated with water molecules may have more
hydrophilic character than DMSO itself, and thereby it
is a poorer solvent for alkanes than DMSO itself.
Therefore, AGj, of the hydrophobic segments of the
membrane interfaces with DMSO at low concentrations
in water is large. On the other hand, the type A solvents
such as acetone have a high solubility for alkanes and
AGp, of the hydrophobic segments of the membrane
interfaces with these solvents is small (Kinoshita and
Yamazaki 1996). Moreover, the result of Fig. 9 indicates
that DMSO is a poor solvent for phosphorylethanol-
amine, which has the same structure of the head group
segments of the PE membranes. This result means that
DMSO is a poor solvent for the hydrophilic segments of
the surface of the PE membranes, and also that AGj; of
the hydrophilic segments of the PE with solvents in-
creases with an increase in DM SO concentration. Hence,
DMSO is a poor solvent for both the hydrophilic seg-
ment and hydrophobic segment of the PE membrane
surface under this condition (low concentration of
DMSO at 20 °C). The increase in AG; induces
the shrinkage of the membrane interface consisting of
the surface segments and solvents, which decreases the
amount of solvents in the membrane interface, and
thereby it reduces the effective cross-sectional area of the
phospholipid headgroup regions, or induces a confor-
mational change of the hydrophilic segments. The result
of the GP value for Laurdan (Fig. 7), indicating that the
polarity of the membrane interface decreases with an
increase in DMSO concentration, supports the mecha-
nism described above.

Marsh (1996) has shown that H, can be expressed in
terms of the packing parameter (V/Al) of the whole
phospholipid molecule, where V' is the average volume
of the entire lipid molecule, / is its average length, and 4
is the average area of the lipid headgroup at the lipid-
water interface (Fig. 11), and that in the inverted curved
structures, absolute values of H, increase (i.e., Rg

Fig. 11 Topology of the inverted curved lipid monolayer. Ry is the
radius of intrinsic curvature, V' is the average volume of the entire
lipid molecule, / is its average length, and A is the average area of
the lipid headgroup at the lipid-water interface (Marsh 1996)

decrease) with an increase in V/Al As described above,
the area of the lipid headgroup decreases with an
increase in DMSO concentration while V' and [/ are
almost constant, and thereby the packing parameter
(V] Al) increases with an increase in DMSO concentra-
tion. This is why R, of the PE membrane decreases (i.e.,
the absolute value of H, increases) with an increase in
DMSO.

The shift of the L, to Hy; phase transition tempera-
ture, AT}, resulting from any external effects can be
obtained by Eq. (7) as follows (Marsh 1996):
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where ASj, is the entropy change at the L, to Hy phase
transition. At the derivation of Eq. (8), any possible change
of the bending elastic modulus, x, is assumed to be negli-
gible. According to this analysis (Eq. 8), the dependence of
ATy, on the packing parameter is that ATy — 0(V/Al),
indicating that an increase in the packing parameter de-
creases Ty,. Thus, the increase in the packing parameter
with an increase in DMSO concentration induces a
decrease in Ty, and stabilizes the Hy; phase rather than the
L, phase. If we assume that the R, value of the DPOPE
membrane in water is the same as that of the DOPE
membrane in water, we can roughly estimate AT}, of the
DPOPE membrane owing to the presence of DMSO. Here,
we also assume that the decrease in R, of the DPOPE
membrane induced by DMSO is the same as the decrease in
df2. Figure 5 shows that the difference in R, of the DPOPE
membrane in water and in X=0.060 (DMSO concentra-
tion) is 0.4 nm, and Fig. 10 shows that R, of the DOPE
membrane in water is 2.2 nm. The estimation based on
Eq. (8) shows that AT, =-8 x 10 (=-80) K when the
DMSO concentration increases from X =0 to 0.060, where
we have used the parameters A4%!'=62 A? (Fig. 10),
AS,=2.25J mol ' K'! for the DPOPE membrane (Epand
1990), and a relatively low value for x (1x102° J) (Marsh
1996). From the facts that DMSO induced the L, to
Hy phase transition in the DPOPE dispersion at
Xpmso=0.060 (Fig. 4) and also that 7}, of the DPOPE




membrane in water is 43.2 °C (Epand 1990), the experi-
mentally measured value of AT; was obtained, which
shows AT,=-23 K when the DMSO concentration
increases from X'=0 to 0.060. This value is the same order
as that estimated by Eq. (8).

In equilibrium, three kinds of lateral pressure in the
membrane have to balance, i.e., ITheag + Hepain = Hioc =7,
where Iljc.q 1S the repulsive pressure between the head-
groups, I,y 1S the repulsive chain pressure, I, is the
total resultant repulsive pressure, and y is the attractive
interfacial pressure due to the hydrophobic interaction
between the alkyl chains and water at the membrane
surface (Israelachvili 1992). We can assume that 7y is
almost constant in the presence of various concentra-
tions of DMSO, because DMSO molecules are prefer-
entially excluded from the headgroup region of these
membranes under this condition. As discussed in the
previous section, the increase in AG; with an increase in
DMSO concentration induces the shrinkage of the
membrane interface consisting of the surface segments
and solvents, which decreases the amount of solvents in
the membrane interface, and thereby it reduces the
effective cross-sectional area of the phospholipid head-
group regions and also reduces Ilje.q. Therefore, the
lateral compression pressure of the membrane, y—Iljcaq,
increases with an increase in DMSO concentration. The
results of Fig. 6 show that the fluidity of the DPOPE and
the DOPE membranes decreased with an increase in
DMSO concentration, suggesting that the lateral com-
pression of the membranes increased. This increase also
induces the increase in the chain-melting phase tran-
sition temperature, T, (Fig. 8) of the DEPE membrane.
Similar situations, where the increase in the lateral
compression pressure induces an increase in 7Ty,, have
been observed in other systems (Yamazaki et al. 1992;
Kinoshita et al. 1998; Furuike et al. 1999). These results
support the above hypothesis.

Rand and his colleagues (Rand et al. 1990; Rand and
Fuller 1994) reported the structural dimensions of
DOPE membranes in various water concentrations
below ¢,, (weight fraction of water)=0.3; as the water
concentration decreased, the average area of the lipid
headgroup at the lipid-water interface decreased, and the
average area of the hydrocarbon end of the lipid mole-
cule increased, while the average area at the position
near the polar-apolar interface (i.e., polar group-
hydrocarbon interface), 4,,, remained a constant value.
This change in structural dimensions can explain the
decrease in R,, (the radius of curvature of the lipid
monolayer) with a decrease in water concentration. They
defined this position whose area is A4, as the pivotal
position (or pivotal plane) because at this position the
molecular area stays constant as the monolayer is bent
(or curls), and indicated that this area in the Hy; phase is
almost the same as that in the bilayer (L,) phase. Their
results also support our hypothesis that the decrease in
solvent content in the membrane interface with an
increase in DMSO concentration induces the decrease
in R,, of the PE membrane.
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Tristram-Nagle et al. (1998) reported that DMSO has
a dehydrating effect on the lipid headgroup of DPPC
membranes at low concentrations in water. Webb et al.
(1993) showed that, in dispersions of DOPE/DOPC, the
L, to Hy; phase transition occurred at low water content,
indicating that the decrease in water content of the head
group regions of these membranes may induce the L,
to Hyy phase transition. These results support our in-
terpretation mentioned above.

On the other hand, in the case of interaction of ace-
tone and the PE membranes, as the acetone concentra-
tion in the aqueous phase increases, i.e., the AGj, of
solvents with hydrophobic alkyl chains decreases, the
contact area between the alkyl chains and the solvent
increases. This induces an enlargement of the effective
cross-sectional area of the phospholipid, which will
increase Ily.,q, and also decreases y. Therefore, the lat-
eral compression pressure of the membrane, p—ITjcaq,
decreases and also the packing of the phospholipid alkyl
chains decreases with an increase in acetone concentra-
tion. The results of Fig. 6 and Fig. 8 support the above
speculation. Hence, these effects stabilize the L, phase
more than the Hy; phase of the PE membranes. The
decrease in the packing parameter induces an increase in
Ty, and stabilizes the L, phase rather than the Hyy phase.

Effect of interaction free energy of the surface
segments with solvents on the phase stability
of the Hy; phase and the Lgl phase

We summarize the effect of the interaction free energy of
the surface segments with solvents on the phase stability
of the Hy phase and also another nonbilayer phase, the
interdigitated gel (Lgl) phase, in Fig. 12. There is a re-
markable resemblance between the phase stability of the
Hy; phase and that of the Lyl phase (Yamazaki 2000).
Type A solvents, i.e., water-miscible organic solvents
such as acetone, acetonitrile, and ethanol, induce the Hyy
to L, phase transition in the PE membranes (Kinoshita
and Yamazaki 1997) and also the Lj to Lgl phase
transition in the gel-phase PC membranes (Kinoshita
and Yamazaki 1996) above their critical concentrations,
and stabilize the L, phase (relative to the Hy; phase) and
the L4l phase (relative to the Lg" phase) (Fig. 12). The
type A solvents have a high solubility for alkanes, and
hence they induce a decrease in AGj,, i.¢., the interaction
free energy between solvents and the hydrophobic seg-
ments of the alkyl chains in the membrane interface.
This change of the interaction free energy leads to two
important consequences. One is that the contact area of
the alkyl chains with solvents increases, inducing an
increase in the area of the membrane interface, and as a
result the packing parameter of the phospholipid de-
creases. The other is that the phases having larger con-
tact area of the alkyl chains and solvents, such as the L,
and Lgl phases, are more stabilized than those having a
smaller contact area such as the Hy; and Ly” phases. This
is why, above the critical concentrations of type A
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Fig. 12 Effect of various kinds of solvents and the interaction free
energy of the surface segments of membranes with solvents on the
phase stability of the Hy; phase and the Lgl phase. Type A solvents,
i.e., water-miscible organic solvents such as acetone, acetonitrile,
and ethanol, have a high solubility for alkanes, and hence they
induce a decrease in AGj, i.e., the interaction free energy between
solvents and the hydrophobic segments of the alkyl chains in the
membrane interface. On the other hand, DMSO has a low
solubility for alkanes and is also a poor solvent for the hydrophilic
segments of the surface of the phospholipid membrane, and
thereby induces an increase in AG;, i.e., the interaction free energy
between solvents and the surface segments of both the hydrophilic
segments and the alkyl chains in the membrane interface

solvents, the L, and the L;I phases become more stable,
and thereby the Hy; to L, and the Lg" to Lgl phase
transitions occur.

On the other hand, DMSO induces the L, to Hy; phase
transition in the PE membranes (Yu et al. 1996; this
paper) and also the LI to L phase transition in the gel-
phase PC membranes (Yamashita et al. 2000) above their
critical concentrations, and stabilizes the Hy; phase (rel-
ative to the L, phase) and the L;" phase (relative to the
LI phase) (Fig. 12). DMSO induces an increase in AG;,
i.e., the interaction free energy between solvents and the
surface segments, of both the hydrophilic segments and
the alkyl chains in the membrane interface. This change
of AG; leads to two important consequences. One is that
the contact area of the segments of membrane surfaces
with solvents decreases, inducing a decrease in the area of
the membrane interface, and as a result the repulsive
interaction between the headgroups of the phospholipids
decreases and also the packing parameter of the phosp-
holipid increases. The other is that the phases having a
smaller contact area of the surface segments of the
membranes and solvents, such as the Hy; and Ly phases,
are more stabilized than those having a larger contact
area, such as the L, and Ll phases. This is why, above
the critical concentrations of DMSO, the Hy and Ly
phases becomes more stable, and thereby the L, to Hy
and L4l to Ly phase transitions occur.

Based on this analysis of the effect of interaction free
energy of the surface segments with solvents on the phase
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stability of these membranes, we can understand clearly
the effect of hydration on the phase stability. To control
the hydration of the membrane interface, we usually
manipulate the chemical potential of water, u,0, by the
osmotic stress method (Rand and Parsegian 1989;
Yamazaki et al. 1989, 1992) and by the change of weight
fraction of water in solutions. The decrease in gy, in-
duces the L, to Hyy phase transition in the PE membranes
(Seddon and Templer 1995; Fig. 10 in this paper) and
also the Lgl to Ly phase transition in the gel-phase PC
membranes (Hatanaka et al. 1997) above its critical
values, and stabilizes the Hy; phase (relative to the L,
phase) and the Lj phase (relative to the Lgl phase)
(Fig. 12). This leads to a similar consequence as in the
case of DMSO. The decrease in o induces a decrease
in the area of the membrane interface (Yamazaki et al.
1989, 1992), and as a result the repulsive interaction be-
tween the headgroups of the phospholipids decreases and
also the packing parameter of the phospholipid increas-
es. Therefore, it induces these phase transitions.
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