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Effect of Electrostatic Interactions on Phase Stability of Cubic Phases of
Membranes of Monoolein/Dioleoylphosphatidic Acid Mixtures
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Shizuoka 422-8529, Japan

ABSTRACT To elucidate effects of electrostatic interactions resulting from surface charges on structures and phase stability
of cubic phases of lipid membranes, membranes of 1-monoolein (MO) and dioleoylphosphatidic acid (DOPA) (DOPA/MO
membrane) mixtures have been investigated by small-angle x-ray scattering method. As increasing DOPA concentration in
the DOPA/MO membrane at 30 wt% lipid concentration, a phase transition from Q%24 to Q22° phase occurred at 0.6 mol%
DOPA, and at and above 25 mol% DOPA, DOPA/MO membranes were in the L, phase. As NaCl concentration in the bulk
phase increased, for 10% DOPA/90% MO membrane in excess water, a Q%2° to Q?2* phase transition occurred at 60 mM
NaCl, and then a Q®2* to H,, phase transition occurred at 1.2 M NaCl. Similarly, for 30% DOPA/70% MO membrane in excess
water, at low NaCl concentrations it was in the L, phase, but at and above 0.50 M NaCl it was in the Q®** phase, and then
at 0.65 M NaCl a Q#** to H, phase transition occurred. These results indicate that the electrostatic interactions in the
membrane interface make the Q2° phase more stable than the Q%24 phase, and that, at larger electrostatic interactions, the
L,, phase is more stable than the cubic phases (Q%?* and Q®?°). We have found that the addition of tetradecane to the MO
membrane induced a Q®2*-to-H, phase transition and also that to the 30% DOPA/70% MO membrane induced an L _-to-H,,
phase transition. By using these membranes, the effect of the electrostatic interactions resulting from the membrane surface
charge (DOPA) on the spontaneous curvature of the monolayer membrane has been investigated. The increase in DOPA
concentration in the DOPA/MO membrane reduced the absolute value of spontaneous curvature of the membrane. In the
30% DOPA/70% MO membrane, the absolute value of spontaneous curvature of the membrane increased with an increase
in NaCl concentration. On the basis of these new results, the phase stability of DOPA/MO membranes can be reasonably

explained by the spontaneous curvature of the monolayer membrane and a curvature elastic energy of the membrane.

INTRODUCTION

Cubic phases of lipid membranes have attracted much at-
tention in both biological and physicochemical aspects
(Luzzati and Husson, 1962; Gruner et al., 1985; Lindblom
and Rilfors, 1989; Seddon and Templer, 1995; Luzzati et
al., 1997). So far, many kinds of cubic phases, such as Q***,
Q*%, Q¥ Q?*, Q?*, Q?*7, Q*'?, have been found in lipids
extracted from cells and also pure lipids in water by x-ray
diffraction and freeze-fracture electron microscopy. They
have been postulated to play several important biological
roles in biomembranes, such as membrane fusions, a control
of functions of membrane proteins, and ultrastructural or-
ganizations inside cells (Luzzati, 1997; Colotto et al., 1996;
Basafiez et al., 1996; de Kruijff, 1997; Colotto and Epand,
1997). Recently, it was elegantly shown that the cubic
phases are also very useful for crystallization of membrane
proteins (Landau and Rosenbush, 1996; Pebay-Peyroula et
al., 1997; Rummel et al., 1998). Understanding of stability
of cubic phases has also been an important subject in the
field of the lipid polymorphism, but the mechanism of the
stability is not well understood yet (Anderson et al., 1988;
Luzzati et al., 1997; Seddon and Templer, 1995). Espe-
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cially, elucidation of the mechanism of phase transitions
between different cubic phases and also between cubic
phases and other phases, such as liquid—crystalline (L) and
inverted hexagonal (Hy;), is essential for various other re-
searches of the dynamics of biomembranes, such as the
membrane fusion and development of a new crystallization
technique.

One family of cubic phases, i.e., Q***, Q**°, and Q**°, has
an infinite periodic minimal surface (IPMS) consisting of
bicontinuous regions of water and hydrocarbon (Seddon and
Templer, 1995; Andersson et al., 1988). In these cubic
phase membranes, the minimal surface is located at the
bilayer midplane, which is the interface of two monolayer
membranes (Gruner, 1989), and the minimal surface has a
negative Gaussian curvature and zero mean curvature at all
points. Several physicochemical studies on these cubic
phases, such as determination of temperature—water concen-
tration phase diagrams and lateral diffusion of lipids, have
been done. Especially, the temperature—water concentration
phase diagram of 1-monoolein (MO) (C18:1), a typical
monoacylglycerol, has been extensively investigated (Lon-
gley and Mclntosh, 1983; Hyde et al., 1984; Caffrey, 1987;
Czeslik et al., 1995; Briggs et al., 1996; Qiu and Caffrey,
2000). Figure 1 shows an equilibrium phase diagram of MO
(Qiu and Caffrey, 2000). In excess water, the MO mem-
brane is in the Q*** phase (space group Pn3m) at wide
temperature range. Several kinds of lipids, such as DDPE
(didodecyl phosphatidylethanolamine) (Seddon et al.,
1990), monoelaidin, and also lipid extracts from Sulfolobus
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FIGURE 1 Equilibrium temperature—composition (water concentration)

diagram for the MO/water system. This figure is reprinted from Qiu and
Caffrey (2000) with permission from Elsevier Science and Dr. Caffrey.

solfataricius (Luzzati et al., 1987) form the Q*** phase. This
cubic phase has an IPMS consisting of bicontinuous regions
of water and hydrocarbon, which corresponds to Schwartz
D surface (sometimes denoted the F-surface) (Seddon and
Templer, 1995; Hyde et al., 1984). Two interwoven tetra-
hedral networks of rodlike water-channels are arranged on a
double-diamond lattice. As shown in Fig. 1, in nonexcess
water condition, as the water contents decrease, the MO
membrane changes from Q?** (Pn3m) to Q**° phase (space
group la3d; Schwartz G surface), and then to L, phase at
wide temperature range (20~50°C). This effect of water
contents on the phase stability of cubic phases of the MO
membrane has been explained by the curvature elastic en-
ergy (Chung and Caffrey, 1994b). In contrast, several sub-
stances can change the stability of the Q*** phase of the MO
membrane. Cytochrome C (Mariani et al., 1988) and oleic
acid (Aota-Nakano et al., 1999) can induce Q**° phase
(space group Im3m; Schwartz P surface) in the MO mem-
brane in excess water. A nonionic detergent, n-dodecyl-3-
p-maltopyranoside, can induce Q?*° (Ia3d) phase in the MO
membrane (Ai and Caffrey, 2000). However, the phase
stability and the structure determinant of the Q*** phase are
still not well understood.

In our previous report, membranes of MO and oleic acid
(OA) mixtures (OA/MO membrane) have been investigated by
small-angle x-ray scattering method (SAXS) (Aota-Nakano et
al., 1999). We found that, as OA concentration in the OA/MO
membrane in neutral pH increased, a phase transition from
Q?** to Q** phase occurred, and, above 1.0 mol% OA (less
than 15 mol%), the OA/MO membranes were in the Q**°
phase. Moreover, when NaCl concentration in the bulk phase
was large, the Q*** phase was more stable than the Q**° phase
in the OA/MO membranes containing high concentrations of
OA. These results indicate that the electrostatic interactions
make the Q**° phase more stable than the Q*** phase. How-
ever, we could not investigate effects of high surface-charge
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density of the membrane on the phase stability because of the
experimental difficulty that made the previous report incom-
plete. We also reported that these results could be explained in
terms of the spontaneous curvature of the monolayer mem-
brane, although we didn’t have any experimental evidence on
the effect of the surface charge of the membrane on the
spontaneous curvature.

In this report, we have investigated in detail the effect of
electrostatic interactions due to the surface charges on struc-
tures and phase stability of the cubic phase of the MO mem-
brane by SAXS. To change the surface charge density in the
MO membrane, we added various amounts of dioleoylphos-
phatidic acid (DOPA) into the MO membrane from 0 to 40
mol% DOPA. We have found that, as the DOPA concentration
increases, a phase transition from Q*** to Q**° phase occurred
in DOPA/MO membrane, and, at higher DOPA concentration
(=25 mol%), the DOPA/MO membranes were in the L,
phase. However, as NaCl concentration in the bulk phase
increases, the phase of the MO membrane changes from L, to
Q?***, then to Hy; phase in the DOPA/MO membranes. Next,
we have found that the addition of tetradecane to the MO
membrane induced the cubic (Q***)-to-H,; phase transition,
and also to the 30% DOPA/70% MO membrane induced the
L,-to-H;; phase transition. By using these membranes, effects
of the electrostatic interactions due to the membrane surface
charge on the spontaneous curvature of the monolayer mem-
brane has been investigated. Our results show that the absolute
value of the spontaneous curvature decreased with an increase
in the electrostatic interactions. Based on these new results, we
have discussed the mechanism of these phase transitions and
the phase stability of the cubic phase of the DOPA/MO mem-
brane in terms of the spontaneous curvature of the monolayer
membrane and the curvature elastic energy of the membrane.
We can conclude that the electrostatic interactions and also
steric repulsion between the lipid headgroups play an impor-
tant role on the phase stability of cubic phases.

MATERIALS AND METHODS
Materials and sample preparation

MO (1-monooleoyl-rac-glycerol) and tetradecane were purchased from
Sigma Chemical Co. (St. Louis, MO). DOPA sodium salt was purchased
from Avanti Polar Lipid (Alabaster, AL). They were used without further
purification.

Lipid dispersions were prepared as follows. Appropriate amounts of 10
mM PIPES buffer (pH 7.0) containing a given concentration of NaCl were
added to dry lipids, i.e., mixture of MO and DOPA, in excess water (~7
wt% lipids) condition or at 30 wt% lipid concentration. Then, the suspen-
sions were vortexed for about 30 s at room temperature (~25°C) several
times. For measurements of x-ray diffraction, pellets after centrifugation
(13,000 X g, 30 min at 20°C; Tomy, MR-150) of the lipid suspensions
were used.

To investigate structures of DOPA/MO membranes containing 16 wt%
tetradecane, we used almost the same method of Chen and Rand (1997,
1998) as follows. All procedures were done at room temperature (~25°C).
The appropriate amount of MO containing various concentrations of
DOPA in chloroform was dried by N,, and then under vacuum by rotary
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pump for more than 12 hrs. Tetradecane was added to the dry lipid by
weighing directly, and then vortexed for about 30 s several times. After 48
hrs incubation for equilibration, the appropriate amount of 10 mM PIPES
buffer (pH 7.0) containing a given concentration of NaCl was added to this
dry-lipid/tetradecane mixture in excess solvents, and the suspension was
vortexed for about 30 s several times. Then, it was incubated for another 48
hrs for equilibration. For measurement of x-ray diffraction, the precipita-
tion of the suspensions after the vortex without centrifugation were used.

X-ray diffraction

X-ray diffraction experiments were performed by using Nickel-filtered Cu
K, x-ray (A = 0.154 nm) from a rotating anode-type x-ray generator
(RU-300 Rotaflex, Rigaku, Tokyo, Japan) at the operating condition (40
kV X 200 mA). SAXS data were recorded using a linear (one-dimensional)
position-sensitive proportional counter (Rigaku) (Glatter and Kratky, 1982)
with camera length of 350 mm and associated electronics (multichannel
analyzer, etc., Rigaku). In all cases, samples were sealed in a thin-walled
glass capillary tube (outer diameter 1.0 mm) and mounted in a thermostat-
able holder whose stability was =0.2°C (Yamazaki et al., 1992).

Formation and observation of giant
unilamellar vesicle

DOPA/MO-giant unilamellar vesicles (GUVs) were prepared as follows.
200 ul of 1 mM phospholipids (a mixture of DOPA and MO) in chloro-
form in a small glass vessel was dried by a stream of nitrogen gas at room
temperature. Then, residual solvent was completely removed by rotary
vacuum pump for more than 12 hrs. A small amount of water (about 10 ul)
was added in this glass vessel, and incubated at 45°C for a few minutes
(pre-hydration). Then, 1 ml 10 mM PIPES buffer (pH 7.0) was added in
this vessel and incubated at 37°C for 2 hrs.

A 10-ul GUV solution was diluted into 200 pl 10 mM PIPES buffer
(pH 7.0), and then the solution was put into a hand-made microchamber.
The chamber (1 X 1 cm wide and 3 mm high, internal volume ~0.3 ml)
was formed on the slide glass by placing on it a U-shaped silicone-rubber
spacer. We observed GUVs under an inverted Hoffman modulation-con-
trast microscope (IX-70, Olympus, Tokyo, Japan). In most cases, GUVs
were observed at room temperature. Hoffman modulation-contrast images
of GUVs were recorded through a CCD camera (DXC-108, SONY, Tokyo,
Japan) on a video recorder (HR-VR108, Victor, Tokyo, Japan).

RESULTS

Effect of DOPA concentration on structures of
DOPA/MO membranes

We have investigated effects of DOPA concentration
(mol%) in DOPA/MO membranes on their structures in 10
mM PIPES buffer (pH 7.0) in excess water condition at
20°C by the SAXS method. It is well known that the MO
membrane in excess water at 20°C is in the Q*** phase.
Addition of small amounts of DOPA into the MO mem-
brane changed this cubic structure. The SAXS pattern of
0.3% DOPA/99.7% MO membrane was similar to that of
100% MO membrane (Fig. 2a). Several peaks had spacings
in the ratio of \/2:\/3:\/4:V6:V/8:\V9:\/10:\/11:\/12,
indexed as (110), (111), (200), (211), (220), (221), (310),
(311), and (222) reflections (Fig. 3). This corresponds to a
primitive cubic phase of space group Pn3m (Q***) (cubic
aspect #4) (International Tables for X-ray Crystallography,
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FIGURE 2 X-ray diffraction profile of (4) 0.3% DOPA/99.7% MO
membrane and (B) 2.0% DOPA /98% MO membrane in 10 mM PIPES
buffer (pH 7.0) at 20°C.

1985). The reflections of /10 and \/11 were very small,
which is the same as that of the Q*** phase of the 100% MO
membrane (Caffrey, 1987). The reciprocal spacing, S, of the
cubic phase is connected with the lattice constant, a, by
S(h, k, 1) = (1/a) - (B* + k¥ + I*)"?, where h, k, and [ are
Miller indices (Seddon and Templer, 1995). The lattice
constant, a, (here, we call it the structure parameter to use
this word for different kinds of phases) of this 0.3% DOPA/
99.7% MO membrane, determined by the gradient of the
plot in Fig. 3, was 10.7 nm. It was a little larger than that of
the 100% MO membrane (Fig. 4). In contrast, in the SAXS
pattern of 2.0% DOPA/98% MO membrane, several peaks
had spacings in the ratio of \/2:1/4:V6:/8:\/10:\/12:
V14:0/16:0/18:7/20:N/22:7/24 (Fig. 2 b). They were in-
dexed as (110), (200), (211), (220), (310), (222), (321),
(400), (411), (420), (332), and (422) reflections on a body-
centered cubic phase of space group Im3m (Q**°) (cubic
aspect #8) (International Tables for X-ray Crystallography,
1985). The reflection of /16 was very small. The lattice
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FIGURE 3 Indexing of the x-ray diffraction (SAXS) data of the 0.3%
DOPA/99.7% MO membrane (®) and 2.0% DOPA/98% MO membrane
(M) in 10 mM PIPES buffer (pH 7.0) at 20°C. The open symbols (O, [])
show reflections, which, although allowed by the space group, were not
clearly observed due to weak intensities.

constant of this Q**° phase was 15.7 nm (Fig. 3). Figure 4
shows the dependence of the lattice constant and kind of
cubic phase on the contents of DOPA in DOPA/MO mem-
branes. Less than 0.5% DOPA, DOPA/MO membranes
were in the Q*** phase. At 0.5% DOPA, a phase transition
from Q?** to Q**° phase occurred, and, above 0.5% DOPA,
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FIGURE 4 The structure parameter, i.e., the lattice constant a of cubic
phases of DOPA/MO membranes containing various concentrations of
DOPA (mol%) in 10 mM PIPES buffer (pH 7.0) in excess water condition
at 20°C determined by SAXS. @, Q*** phase; l, Q**° phase.
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FIGURE 5 The structure parameter of DOPA/MO membranes contain-
ing various concentrations of DOPA (mol%) in 10 mM PIPES buffer (pH
7.0) at 30 wt% lipid condition at 20°C determined by SAXS. O, Q***
phase; [J, Q**; O, L, phase.

DOPA/MO membranes were in the Q**° phase. At 0.5%
DOPA, both the Q*** and Q**° phases coexisted, and the
lattice constant for the Q*** and Q**° phase were 10.9 and
13.6 nm, respectively. The ratio of the lattice constant
(Q**/Q***) was 1.25, which is close to the theoretical value
(1.28) determined by the analysis of the coexisting cubic
phases based on the Bonnet transformation (Hyde et al.,
1984; Tenchov et al., 1998). The lattice constant of the
membranes gradually increased with an increase in DOPA
concentrations. Above 12% DOPA, peaks in SAXS pattern
became broad, and thereby difficult to analyze.

To elucidate effects of high concentrations of DOPA in the
DOPA/MO membranes, we have investigated structures of
DOPA/MO membranes at high lipid concentrations (30 wt%
lipids) in 10 mM PIPES buffer (pH 7.0). Figure 5 shows a
detailed dependence of the spacing and structure of DO-
PA/MO membrane on DOPA concentration (mol%). SAXS
patterns of the DOPA/MO membranes containing less than
13% DOPA under this condition were almost the same as
those in excess water. At 0.6% DOPA, a phase transition from
Q*** to Q** phase occurred, and both the phases coexisted,
where the ratio of the lattice constant (Q**°/Q***) was 1.27.
The lattice constant of the DOPA/MO membrane in the Q**°
phase gradually increased from 14.6 to 20.5 nm with an in-
crease in DOPA concentration from 1.0 to 15%. At 16~24%
DOPA, it was difficult to specify the phase. At and above 25%
DOPA, a new set of SAXS peaks appeared with a large
spacing (11.3 = 0.5 nm) in the ratio of 1:2:3 (Fig. 6), which is
consistent with an L phase. The spacing (i.e., the structure
parameter) of the L, phase was almost constant with an in-
crease in DOPA concentration from 25 to 40% (Fig. 5). The
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FIGURE 6 X-ray diffraction profile of 40% DOPA/60% MO membrane
in 10 mM PIPES buffer (pH 7.0) at 30 wt% lipid condition at 20°C. The
spacing of L, phase is 11.4 nm.

condition of these membranes in the L, phase was not in
excess water, because the intermembrane distance of the
DOPA/MO-multilamellar vesicle was very large as a result of
the electrostatic repulsion between the membranes. Therefore,
the spacing did not change as the DOPA concentration in-
creased.

To confirm the formation of the L, phase in DOPA/MO
membranes containing high concentration of DOPA in ex-
cess water, we have tried to make a GUV of these mem-
branes. Figure 7 shows a Hoffman modulation contrast
image of 30% DOPA/70% MO GUV prepared in 10 mM
PIPES buffer (pH 7.0). In most cases, these GUVs were
spherical vesicles with 20~50 wm diameter. This result
indicates that the DOPA/MO membranes containing high
concentration of DOPA in excess water were in the L,
phase, and thereby they can form the GUVs. It supports the
above conclusion based on the SAXS experiments.

Effect of salt concentration on the lattice
constants and kinds of cubic phase in
DOPA/MO membranes

To elucidate effects of the electrostatic interactions on the
phase stability and the lattice constant of DOPA/MO mem-
branes, we have investigated dependence of NaCl concen-
tration in the bulk phase on structures of these membranes
in excess water. As shown in Fig. 4, 10% DOPA/90% MO
membrane in 10 mM PIPES buffer (pH 7.0) was in the Q**°
phase, and the same membrane in the same buffer contain-
ing 0.1 M NaCl was in the Q*** phase (Fig. 8 a). Figure 8 b
shows that, in the 10% DOPA/90% MO membrane in the
presence of 1.6 M NaCl, several peaks in the SAXS pattern
had spacing in the ratio of 1:1/3:2, corresponded to the (10),

987

FIGURE 7 Hoffman modulation contrast image of a GUV of 30%
DOPA/70% MO GUYV prepared in 10 mM PIPES buffer (pH 7.0). Scale
bar: 20 wm.

(21), and (20) reflections on a 2-dimensional inverted hex-
agonal (Hj) phase. The basis vector length of this H;; phase
(center-to-center distance of adjacent cylinders; here we call
it the structure parameter), d, calculated by d = (2/A/3)x
(where x is the spacing in the SAXS pattern), was 6.7 nm.
Figure 9 shows a detailed dependence of the structure
parameter and kinds of phase of this membrane on NaCl
concentration. At less than 60 mM NaCl, they were in the
Q??° phase. At 60 mM NaCl, a phase transition from Q*?°
to Q?** phase occurred, and at 60 and 70 mM NaCl, both the
phases coexisted, where the ratio of the lattice constant
(Q**°/Q***) was 1.31, which is close to the theoretical value.
The lattice constant of the Q*** phase gradually decreased
with an increase in NaCl concentration. At 1.2 M NaCl, a
phase transition from Q?** to Hy; phase occurred, and, above
1.5 M NacCl, the 10% DOPA/90% MO membrane was in the
H,; phase.

Next, we have investigated dependence of NaCl concen-
tration on structures of 30% DOPA/70% MO membrane in
excess water. As the previous data show, in 0 M NaCl, it
was in the L, phase (Fig. 6 and Fig. 7). In the presence of
low NaCl concentration below 0.37 M, after the centrifu-
gation of the samples, pellets were not observed, and the
SAXS measurement of the suspension gave a broad peak
that was difficult to analyze. However, judging from the
analysis of the membrane in 0 M NaCl in the previous
section, we consider that these membranes were in the L,
phase. At and above 0.50 M NacCl (less than 0.75 M NaCl),
the SAXS pattern showed that the membranes were in the
Q??** phase and that the lattice constant of the Q*** phase

Biophysical Journal 81(2) 983-993
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FIGURE 8 X-ray diffraction profile of 10% DOPA/90% MO membrane
in (4) 10 mM PIPES buffer (pH 7.0) containing 0.1 M NaCl and (B) 10
mM PIPES buffer (pH 7.0) containing 1.6 M NaCl at 20°C.

gradually decreased with an increase in NaCl concentration
(Fig. 10). At the intermediate concentration (0.37 M =
NaCl < 0.50 M), there were several peaks in SAXS pattern.
They contained peaks due to both the L, phase and the
cubic phase, which could not be indexed with reliability. At
0.65 M NaCl, a phase transition from Q*** to H,; phase
occurred, and at and above 0.75 M NaCl, the 30%-DOPA/
70%-MO membranes were in the H;; phase.

Spontaneous curvature of DOPA/MO membranes

To consider the mechanism of these phase transitions, we have
investigated effects of DOPA concentration and NaCl concen-
tration in the bulk phase on the spontaneous curvature of MO
membrane. To allow the lipid membranes in the Hy; phase to
express the spontaneous curvature, H,, the addition of alkanes
such as decane and tetradecane to the membranes is required
because they fill the interstitial region of the H; phase and
relax the alkyl chain packing stress (Gruner, 1985; Rand et al.,
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FIGURE 9 The structural parameter (i.e., the lattice constant @ of cubic
phases and the basis vector length d of the H;; phase) of the 10% DOPA/
90% MO membranes in 10 mM PIPES buffer (pH 7.0) containing various
concentrations of NaCl (M) at 20°C determined by SAXS. O, Q*** phase;
[, Q** phase; A, Hy; phase.

1990; Chen and Rand, 1998). At first, we investigated the
effect of the concentration of tetradecane in the membrane on
the structure of the MO membrane in excess water at 20°C in
10 mM PIPES buffer (pH 7.0). Above 8%(w/w) tetradecane,
the MO membranes were in the Hy; phase (data not shown).
Therefore, to get information of the dependence of the spon-

14 L ™ i
. ™
g qbo
5 | _
(¥
:
S 10t -
()
g
£ | i
w2

AAAA,,
6L |
0 0.2 0.4 0.6 0.8 1

NaCl (M)

FIGURE 10 The structural parameter (i.e., the lattice constant a of cubic
phases and the basis vector length d of the H; phase) of the 30% DOPA/
70% MO membranes in 10 mM PIPES buffer (pH 7.0) containing various
concentrations of NaCl (M) at 20°C determined by SAXS. @, Q*** phase;
and A, Hy; phase.
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FIGURE 11 The basis vector length, d, of H;; phases of DOPA/MO

membrane containing 16 wt% tetradecane versus DOPA (mol%) concen-
tration in 10 mM PIPES buffer (pH 7.0) in excess water at 20°C determined
by SAXS. A, in 0 M NaCl; A, in 1.0 M NaCl.

taneous curvature of the MO membrane on DOPA concentra-
tion, we investigated the structure of the DOPA/MO mem-
brane containing 16 wt% tetradecane in excess water at 20°C
(Fig. 11). The basis vector length, d, of the DOPA/MO/tetra-
decane membrane in 10 mM PIPES buffer (pH 7.0) gradually
increased from 6.5 to 9.4 nm with an increase in DOPA
concentration from 0 to 40 mol%. In contrast, the basis vector
length, d, of the DOPA/MO/tetradecane membrane in 10 mM
PIPES buffer (pH 7.0) containing 1.0 M NaCl gradually de-
creased from 6.7 to 6.2 nm with an increase in DOPA con-
centration from 0 to 30 mol%.

We also investigated the structure of 30% DOPA/70%
MO membrane containing 16 wt% tetradecane in 10 mM
PIPES buffer (pH 7.0) containing various NaCl concentra-
tions (Fig. 12). In 0 M NaCl, the 30% DOPA/70% MO
membrane without tetradecane was in the L, phase (Fig. 6
and Fig. 7), but the 30% DOPA/70% MO membrane con-
taining 16 wt% tetradecane was in the H;; phase. As shown
in Fig. 12, d of the 30% DOPA/70% MO/tetradecane mem-
brane in excess water gradually decreased from 8.7 to 6.4
nm with an increase in NaCl concentration from 0 M to 1.0
M.

DISCUSSION

The effect of electrostatic interactions on phase
stability and structure of DOPA/MO membranes

The results of x-ray diffraction experiments clearly show
that, in DOPA/MO membranes in excess water at neutral
pH, the Q** phase is more stable than the Q*** phase when
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FIGURE 12 The basis vector length, d, of Hy; phases of 30% DOPA/
70% MO membrane containing 16wt% tetradecane in 10 mM PIPES buffer
(pH 7.0) versus NaCl concentration (M) in excess water at 20°C deter-
mined by SAXS.

the surface charge density due to the DOPA is relatively
high and salt concentration in the bulk phase is low. Under
this condition, the electrostatic interactions due to the sur-
face charges of these membranes are large. Therefore, we
can say that these electrostatic interactions in the membrane
interface increase the stability of the Q**° phase with respect
to that of the Q*** phase. This is the same conclusion as that
of OA/MO membranes in excess water (Aota-Nakano et al.,
1999). When the DOPA concentration is higher and thereby
the electrostatic interactions become larger, the L, phase
becomes more stable than the Q**° phase. The formation of
the DOPA/MO-GUV supports this fact. In the case of
OA/MO membrane in excess water, this situation would be
the same, but we could not identify the phase of the OA/MO
membranes containing a high concentration of OA because
of experimental difficulty (Aota-Nakano et al., 1999). This
effect of the electrostatic interactions on the phase stability
of the DOPA/MO membrane can be considered as follows.

Spontaneous curvature of DOPA/MO membranes

The spontaneous (or intrinsic) curvature of a single monolayer
membrane, H,, is a useful parameter characterizing nonbilayer
membranes, and expressed as H, = 1/R,, where R, is the
radius of spontaneous curvature (Gruner, 1985; 1989; Marsh,
1996). Inverted curved structures such as the H;; phase, where
the spontaneous curvature of the monolayer is toward the water
region, have large negative H, values. In contrast, normal
structures such as micelles, where the spontaneous curvature of
the monolayer is toward the alkyl chain region, have large
positive H,, values. The spontaneous curvature of a single
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monolayer membrane is defined as its radius of curvature to
minimize the curvature elastic energy of the monolayer mem-
brane, which is determined by physical properties of the mono-
layer by itself without the interaction of other monolayer
membrane (Gruner, 1985; 1989; Marsh, 1996). Therefore, it is
a kind of an ideal curvature of the monolayer membrane. In
most cases, it is difficult for the lipid membrane to have the
spontaneous curvature, because the interaction between two
monolayer membranes also plays an important role in the
determination of its curvature. The determinant of the sponta-
neous curvature of the single monolayer membrane is a geo-
metric packing of the constituent lipids. It is characterized by
a packing parameter, V/Al, where V is the volume of the entire
lipid molecule, 4 the area of the lipid headgroup at the lipid—
water interface, and / its length (Marsh, 1996). Values for these
parameters (V, A4, /) depend not only on the molecular structure
of lipids but also on external conditions such as temperature
and solvents (including salts), because these external condi-
tions largely change the optimal values of these parameters
(Marsh, 1996; Kinoshita et al., 2001). Therefore, the sponta-
neous curvature of the monolayer membrane depends on both
the molecular structure of the constituent lipids and various
external conditions, which has been verified by experiments
(Marsh, 1996; Kinoshita et al., 2001).

We have a useful method to get information of the
spontaneous curvature of the lipid membrane. To allow the
lipid monolayer membranes in the H;; phase in excess water
to express the spontaneous curvature, the addition of al-
kanes 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, 1989; Rand et al., 1990; Chen and Rand, 1998).
Under this condition, the curvature of the monolayer mem-
brane in the H;; phase is very close to the spontaneous
curvature. We have found that the addition of tetradecane to
the MO membrane induced the cubic (Q***)-to-H;; phase
transition, and to the 30% DOPA/70% MO membrane in-
duced the L _-to-H;; phase transition. By using these mem-
branes, we have investigated the effect of the electrostatic
interactions due to the membrane surface charge (DOPA)
on the spontaneous curvature H,, of the single monolayer
membrane. The result of Fig. 11 gives information on the
change of the radius of spontaneous curvature R, of the
DOPA/MO/tetradecane membrane in 10 mM PIPES buffer
(pH 7.0). The basis vector length of the Hj, phase, d, is
expressed as a sum of the radius to the neutral plane (or
pivotal plane or neutral surface), R,,, and the distance
between the bilayer midplane and the neutral plane, &, i.e.,
d = 2R, + & (Gruner 1989; Rand et al., 1990; Turner et
al., 1992; Templer et al., 1994). The neutral plane is the
appropriate surface to define the curvature of the membrane,
because the area of this plane keeps constant as the mono-
layer is bent. Experimentally, it is determined as the surface
whose area does not change while water content varies, and
is located at the alkyl chain region near the polar-apolar
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interface (Rand et al., 1990; Chung and Caffrey, 1994a;
Rand and Fuller, 1994). In excess water, the DOPA/MO
membrane containing 16 wt% tetradecane in the H;; phase
has the spontaneous curvature, H,, and thereby, R, ~ R,.
The increase in d of the DOPA/MO/tetradecane membrane
induced by the increase in content of DOPA is attributed to
the increase in R, because the change in § is assumed to be
small. Thus, the result of Fig. 11 shows that R, of the
DOPA/MO membranes increases with an increase in DOPA
concentration. It indicates that the increase in electrostatic
interactions reduces the absolute value of spontaneous cur-
vature, H,, of the membrane to increase the average area of
the lipid headgroup of the membrane. From this analysis
and the result of Fig. 5, we can indicate that as the absolute
value of spontaneous curvature, |H,|, of the membrane de-
creases, the phase transition from Q*** to Q**° phase occurs,
and then the Q**° to L,, phase transition occurs. Hence, the
phase stability of these three phases is deeply correlated
with the spontaneous curvature of the monolayer mem-
brane. Similarly, the result of Fig. 12 shows that R, of the
30% DOPA/70% MO membranes decreased with an in-
crease in NaCl concentration, indicating that, with a de-
crease in the electrostatic interactions, the absolute value of
spontaneous curvature, |H,|, of the membrane increases.
Therefore, this result and Fig. 6 support the above hypoth-
esis; as the absolute value of spontaneous curvature of the
membrane decreases, the most stable phase changes from
the Q*** to the L,, phase.

Moreover, at higher NaCl concentration, the H;; phase
becomes most stable in the 30% DOPA/70% MO mem-
branes. This result can be considered as follows. Other
reports show that high concentration of NaCl stabilizes the
H,; phase in the 100% MO membrane. However, at 20°C, it
was in the Q*** phase in the presence of 0~5 M NaCl
(Caffrey, 1987). In contrast, in the 10% DOPA/90% MO
membrane and the 30% DOPA/70% MO membrane, rela-
tively low concentration of NaCl induced the Hy; phase (i.e.,
1.2 M and 0.65 M NaCl, respectively). Therefore, the effect
of NaCl on the DOPA is larger than that on the MO, and the
role of DOPA is more important for the phase stability of
these DOPA/MO membranes at relatively low concentra-
tions of NaCl. Fig. 11 also shows that R of the DOPA/MO
membranes in 1.0 M NaCl decreased with an increase in
DOPA concentration. It indicates that the presence of 1.0 M
NaCl reduces the electrostatic interactions due to the surface
charge of the membrane by the screening the electric po-
tential, and the packing parameter of the DOPA (V/Al)
under this condition is larger than that of MO. Thereby, |H,)|
of the DOPA/MO membrane in 1.0 M NaCl increases with
an increase in DOPA concentration. Therefore, above the
critical concentration of DOPA, the cubic-to-H;; phase tran-
sition occurs.

As described above, when the surface charge density of
the membrane due to DOPA is high and the salt concentra-
tion in the bulk phase is low, |H,| is low. This is mainly due
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to two kinds of electrostatic interactions. One is the repul-
sive electrostatic interaction between the headgroups, which
may reduce |H,| to increase the distance between the head-
groups. The other is the attractive electrostatic interaction
between negative charge of the headgroup of DOPA and a
dipole moment of water molecule. It attracts more water
molecules near the headgroup, and thereby the effective
volume of the headgroup increases, which may reduce |H,|.
Li and Schick (2000) showed that the latter electrostatic
interaction induces a phase transition from Hy; to L, phase
by theoretical calculation. We have also indicated by ex-
periments that the latter electrostatic interaction is the pre-
vailing one for the stability of the gel-phase dihexade-
cylphosphatidylcholine (DHPC) membrane in the presence
of 0.5 M KCl (Furuike et al., 1999). The analysis of several
experiments clearly show that the repulsive interaction be-
tween the headgroups of DHPC in the membrane at low pH,
which have a net positive charge, is smaller than that of
DHPC at neutral pH, where it does not have a net charge.
This is due to the decrease in the steric repulsive interaction
at low pH, because the protonation of the phosphate group
(i.e., the loss of the negative charge) induces the decrease of
water molecules near the phosphate group in the membrane
interface (Furuike et al., 1999).

However, at present, we do not have enough experimen-
tal evidence to determine which electrostatic interaction is a
dominant one to reduce |H,| of these liquid-crystalline
DOPA/MO membranes at low ionic strength. Further study
to elucidate this mechanism is necessary.

Phase stability of cubic phases

The difference of the chemical potential of the phospholipid
membrane in the nonbilayer phase such as the cubic
(Q***, Q**°) phase and the Hy; phase (u""™") and in the
bilayer liquid—crystalline (L,) phase (u°'), Au, is ex-
pressed as (see e.g., Anderson et al., 1988; Gruner, 1989)

nonbil __ bil

Ap=p ®

- ) R ) O
= AMx‘urv + AIJ“cha

where Ap,,,, is a term due to the curvature elastic energy
(or curvature energy), and A, is a term due to interstitial
chain packing of the nonbilayer phase. The curvature elastic
energy of the membrane, u.,, in Eq. 1 can be expressed as
(Helfich, 1973; Gruner, 1989)

Meury = 2K<H - H0>2 + KG<K>5 (2)

where k is the elastic bending modulus, A the mean curva-
ture, K the Gaussian curvature, kg the Gaussian curvature
modulus, and ( ) means the average value over the area of
the unit cell. The bicontinuous IPMS, such as the Q*** and
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the Q**° phase, has a negative Gaussian curvature, i.e., K <
0. It has zero mean curvature at all points in the bilayer
midplane (i.e., the minimal surface), but the neutral plane of
the membrane has a constant nonzero mean curvature be-
cause it has a fixed distance from the minimal surface
(Anderson et al., 1988; Gruner, 1989). Because H = K = 0
in the L, phase,

AN’curv = 2K{<H - HO>2 - Hg} + KG<K>- (3)

Because H, < H < 0 for these nonbilayer membranes, Eq.
3 shows that Ap,,,, is always negative (Ap,,, < 0), and
therefore, is an important factor stabilizing the nonbilayer
phases. In contrast, in the H;; phase, alkyl chains of lipids
have to extend to different lengths to fill the interstitial
hydrocarbon region, which reduces the entropy of chains,
and thereby, the free energy of the membrane increases
(Anderson et al., 1988). This situation is almost the same in
the cubic phases. Therefore, this packing energy of the alkyl
chains unstabilizes the nonbilayer phases, and thus Au,, is
always positive (A, > 0). In most cases, phase transitions
between the nonbilayer phases and the L, phases are deter-
mined by the interplay of these two factors, Au,,., and
Ay, Eq. 3 shows that |Au.,,| decreases with a decrease in
|-

For the MO membrane, |H,| is large and Au,,,, has a
large negative value. Therefore, A < 0, indicates that the
cubic phase is stable. As the electrostatic interactions in-
crease owing to the charged DOPA, |H,| of the membrane
decreases, inducing the decrease in |[Ap,,,,|. At the critical
value of the electrostatic interactions, Apw = 0, and thereby
the cubic-to-L,, phase transition occurs. Above the critical
value of the electrostatic interactions, Ay > 0 and thereby
the L,, phase is stable. Hence, the decrease in|H | with an
increase in the electrostatic interactions induces the cubic-
to-L, phase transition in the DOPA/MO membrane.

Cubic phases are considered to play important roles in
biological membranes in cells (Luzzati, 1997; Landh, 1995;
Hyde et al., 1997). Three-dimensional regular structures of
biomembranes similar to cubic phases have been often
observed in various cells by transmission electron micros-
copy (TEM) (Hyde et al., 1997). The prolamellar body
(PLB) in plant cells is one of the most famous examples.
When plants are grown in the dark, etioplasts are formed in
their leaf cells. These etioplasts change their structures and
transform into chloroplasts after they are exposed to light.
Therefore, they are considered to be at a pre-stage to form
chloroplasts in normal development (Stachelin, 1986; Liitz,
1986). The characteristic structure in the etioplasts is a
paracrystalline-like structure or a three-dimensional tubular
lattice, called as PLB. It is often observed by TEM that the
PLB is connected (or associated) with prothylakoids. After
adsorbing light, the PLB transforms into the lamellae of
thylakoids, which membranes are in the L, phase. Imme-
diately after the transformation, the membranes of the thy-
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lakoids are not stacked and swelled in the chloroplast, then
gradually stacked each other to form granas (Nishimura,
1987). The PLB structures have been considered as Q*** or
Q** phase based on the analysis of TEM, however its
detailed structure remains unresolved (Hyde et al., 1997).
What is the mechanism of biogenesis of the thylakoid from
the PLB? The thylakoid is made of membranes in the L,
phase, but the membrane of the PLB is in the cubic phase,
and thereby this transformation is considered as a kind of
phase transition from the cubic phase to the L, phase.
Generally, the mechanism of the cubic-to-L, phase transi-
tion is not well understood. In this report, we have proposed
a new mechanism of the cubic-to-L,, phase transition, which
may play an important role in the biogenesis of the thyla-
koid membrane from the PLB.

The effects of water contents on the phase stability of
cubic phases have been vigorously investigated and reason-
ably explained by the curvature elastic energy (Turner et al.,
1992; Templer et al., 1994; Chung and Caffrey, 1994b).
However, the effects of electrostatic interactions due to the
surface charge on the structure and stability of cubic phase
membranes has never been investigated systematically. This
report and our previous report (Aota-Nakano et al., 1999)
have described the effects of the electrostatic interactions on
the stability of cubic phases of the MO membrane, and the
results can be reasonably explained qualitatively by the
spontaneous curvature of membrane and the curvature elas-
tic energy. Moreover, the experimental results in these
reports clearly show that, as the electrostatic interactions
decrease, |H,| increases, and the most stable phase of the
lipid membrane changes as follows: L, = Q¥ =>0Q0* >
H,;. In the dispersion of didodecyl phosphatidylethano-
lamine (DPPE) in excess water, the phase sequence L, =
Q**° = Q*** = H,, was observed as temperature increased
(Seddon et al., 1990). The molecular motion of the alkyl
chain increases with an increase in temperature, so |H, | may
increase. In the stability of cubic phases of lipid membrane,
the increase in the electrostatic interactions due to the sur-
face charge may have the similar effect as the decrease in
temperature has. Therefore, we can conclude that the elec-
trostatic interactions described in this report are another
important method to control the stability of cubic phases
and temperature. A more quantitative analysis of the effects
of the electrostatic interactions on the cubic phase stability
is necessary as a next step, and is in progress in our
laboratory.
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