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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 Q2° 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%2* and Q®?°). We have found that the addition of tetradecane to the MO
membrane induced a Q®?*-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 atially, elucidation of the mechanism of phase transitions
tention in both biological and physicochemical aspectdbetween different cubic phases and also between cubic
(Luzzati and Husson, 1962; Gruner et al., 1985; Lindblomphases and other phases, such as liquid—crystallieafid

and Rilfors, 1989; Seddon and Templer, 1995; Luzzati einverted hexagonal (}), is essential for various other re-
al., 1997). So far, many kinds of cubic phases, such’@§ Q searches of the dynamics of biomembranes, such as the
Q%%° Q7%°, @%%5 @*23, @*%", @**2 have been found in lipids membrane fusion and development of a new crystallization
extracted from cells and also pure lipids in water by x-raytechnique.

diffraction and freeze-fracture electron microscopy. They One family of cubic phases, i.e. €}, @*%° and G*° has
have been postulated to play several important biologicaan infinite periodic minimal surface (IPMS) consisting of
roles in biomembranes, such as membrane fusions, a contrbicontinuous regions of water and hydrocarbon (Seddon and
of functions of membrane proteins, and ultrastructural or-Templer, 1995; Andersson et al., 1988). In these cubic
ganizations inside cells (Luzzati, 1997; Colotto et al., 1996phase membranes, the minimal surface is located at the
Basdiez et al., 1996; de Kruijff, 1997; Colotto and Epand, bilayer midplane, which is the interface of two monolayer
1997). Recently, it was elegantly shown that the cubicmembranes (Gruner, 1989), and the minimal surface has a
phases are also very useful for crystallization of membran@egative Gaussian curvature and zero mean curvature at all
proteins (Landau and Rosenbush, 1996; Pebay-Peyroula pbints. Several physicochemical studies on these cubic
al., 1997; Rummel et al., 1998). Understanding of stabilityphases, such as determination of temperature—water concen-
of cubic phases has also been an important subject in theation phase diagrams and lateral diffusion of lipids, have
field of the lipid polymorphism, but the mechanism of the been done. Especially, the temperature—water concentration
stability is not well understood yet (Anderson et al., 1988;phase diagram of 1-monoolein (MO) (C18:1), a typical
Luzzati et al., 1997; Seddon and Templer, 1995). Espemonoacylglycerol, has been extensively investigated (Lon-
gley and Mcintosh, 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
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density of the membrane on the phase stability because of the
7/ N\ Pram d1a3a-Ne\ 1\ experimental difficulty that made the previous report incom-

Fi Pn3m + water . .

// \\ s \ \ plete. We also reported that these results could be explained in

AN

(o))
o]

terms of the spontaneous curvature of the monolayer mem-

o L\
53, o te i o brane, although we didn’'t have any experimental evidence on
“5’ 20 | —Letlo \L\ oyladd the effect of the surface charge of the membrane on the
I i Lo+ Prom spontaneous curvature.
& ! In this report, we have investigated in detail the effect of
E 0 Lotwaer electrostatic interactions due to the surface charges on struc-
Leb Lgice tures and phase stability of the cubic phase of the MO mem-
: brane by SAXS. To change the surface charge density in the
20 0 ' 10 20 30 40 50 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
FIGURE 1 Equilibrium temperature—composition (water concentration)increaseS* a phase transition frOﬁFQO Q229 phase occurred
diagram for the MO/water system. This figure is reprinted from Qiu andin DOPA/MO membrane, and, at higher DOPA concentration
Caffrey (2000) with permission from Elsevier Science and Dr. Caffrey. (=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 frdm L
solfataricius(Luzzati et al., 1987) form the B*phase. This  Q°**, then to H, phase in the DOPA/MO membranes. Next,
cubic phase has an IPMS consisting of bicontinuous regionge have found that the addition of tetradecane to the MO
of water and hydrocarbon, which corresponds to Schwartmembrane induced the cubic &)-to-H, phase transition,
D surface (sometimes denoted the F-surface) (Seddon arahd also to the 30% DOPA/70% MO membrane induced the
Templer, 1995; Hyde et al., 1984). Two interwoven tetra-L-t0-H, phase transition. By using these membranes, effects
hedral networks of rodlike water-channels are arranged on af the electrostatic interactions due to the membrane surface
double-diamond lattice. As shown in Fig. 1, in nonexcessharge on the spontaneous curvature of the monolayer mem-
water condition, as the water contents decrease, the M®rane has been investigated. Our results show that the absolute
membrane changes fron?¢J (Pn3m) to G3° phase (space Vvalue of the spontaneous curvature decreased with an increase
group la3d; Schwartz G surface), and then tpfdhase at in the electrostatic interactions. Based on these new results, we
wide temperature range (2B0°C). This effect of water have discussed the mechanism of these phase transitions and
contents on the phase stability of cubic phases of the MOhe phase stability of the cubic phase of the DOPA/MO mem-
membrane has been explained by the curvature elastic ehrane in terms of the spontaneous curvature of the monolayer
ergy (Chung and Caffrey, 1994b). In contrast, several submembrane and the curvature elastic energy of the membrane.
stances can change the stability of thétphase of the MO We can conclude that the electrostatic interactions and also
membrane. Cytochrome C (Mariani et al., 1988) and oleicsteric repulsion between the lipid headgroups play an impor-
acid (Aota-Nakano et al., 1999) can inducé?®phase tant role on the phase stability of cubic phases.
(space group Im3m; Schwartz P surface) in the MO mem-
brane in excess water. A nonionic detergentodecyls-
p-maltopyranoside, can inducé¥ (1a3d) phase in the MO MATERIALS AND METHODS
membrane (Ai and Caffrey, 2000). However, the phasqyaterials and sample preparation

stability and the structure determinant of th&€phase are
still not well understood MO (1-monooleoyl-rac-glycerol) and tetradecane were purchased from

In r previ r rt. membran f MO and olei i Sigma Chemical Co. (St. Louis, MO). DOPA sodium salt was purchased
our prévious report, me anes o and oleic ac dfrom Avanti Polar Lipid (Alabaster, AL). They were used without further

(OA) mixtures (OA/MO membrane) have been investigated by, rification.
small-angle x-ray scattering method (SAXS) (Aota-Nakano et Lipid dispersions were prepared as follows. Appropriate amounts of 10
al., 1999)_ We found that, as OA concentration in the OA/MOMM PIPES buffer (pH 7.0) containing a given concentration of NaCl were

membrane in neutral pH increased, a phase transition frorf{ided to dry lipids, i.e., mixture of MO and DOPA, in excess wateT (
Q2241‘ szg h rred. and. above 1.0 mol% OA (I wt% lipids) condition or at 30 wt% lipid concentration. Then, the suspen-
0 phase occurred, and, above L. 0% (esssions were vortexed for about 30 s at room temperatt25¢C) several

than 15 mol%), the OA/MO membrane§ were in th&Y  times. For measurements of x-ray diffraction, pellets after centrifugation
phase. Moreover, when NaCl concentration in the bulk phase3,000x g, 30 min at 20°C; Tomy, MR-150) of the lipid suspensions
was large, the €& phase was more stable than th&tphase ~ were used.

in the OA/MO membranes Containing high concentrations of To investigate structures of DOPA/MO membranes containing 16 wt%

- . . tetradecane, we used almost the same method of Chen and Rand (1997,
OA. These results indicate that the electrostatic |nteract|on§998) as follows. All procedures were done at room temperatugs(C).

9
make the & phasg more stable than théZ_Qphase- HOW  The appropriate amount of MO containing various concentrations of
ever, we could not investigate effects of high surface-charg@oPA in chloroform was dried by ) and then under vacuum by rotary

Composition, %(w/w) water

Biophysical Journal 81(2) 983-993
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pump for more than 12 hrs. Tetradecane was added to the dry lipid by T T T T T

weighing directly, and then vortexed for about 30 s several times. After 48 (110) A
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 /(111)
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 was0.2°C (Yamazaki et al., 1992).

1)  _en B
2 )

Intensity (arb. units)

Formation and observation of giant
unilamellar vesicle

DOPA/MO-giant unilamellar vesicles (GUVs) were prepared as follows.

200 wl 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 (abouti}10

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. L L 1 L L
A 10-ul GUV solution was diluted into 20l 10 mM PIPES buffer 0.0 02 0.4 0.6 0.8

(pH 7.0), and then the solution was put into a hand-made microchamber.

The chamber (X 1 cm wide and 3 mm high, internal volume0.3 ml) S (nm'l)

was formed on the slide glass by placing on it a U-shaped silicone-rubber

spacer. We observed GUVs under an inverted Hoffman modulation-congigurg 2 X-ray diffraction profile of &) 0.3% DOPA/99.7% MO

trast microscope (IX-70, Olympus, Tokyo, Japan). In most cases, GUV$,embrane andg) 2.0% DOPA /98% MO membrane in 10 mM PIPES

were observed at room temperature. Hoffman modulation-contrast images, ey (pH 7.0) at 20°C

of GUVs were recorded through a CCD camera (DXC-108, SONY, Tokyo,

Japan) on a video recorder (HR-VR108, Victor, Tokyo, Japan).

1985). The reflections of/10 and+/11 were very small,
RESULTS which is the same as that of thé®phase of the 100% MO
Effect of DOPA concentration on structures of membrane (C.affrey, 1987). The reciprocg | spacigf the
DOPA/MO membranes cubic phase is connected with the lattice constanthy

Sh, k1) = (1/a) - (h? + kK + 192 whereh, k, and| are
We have investigated effects of DOPA concentrationMiller indices (Seddon and Templer, 1995). The lattice
(mol%) in DOPA/MO membranes on their structures in 10constanta, (here, we call it the structure parameter to use
mM PIPES buffer (pH 7.0) in excess water condition atthis word for different kinds of phases) of this 0.3% DOPA/
20°C by the SAXS method. It is well known that the MO 99.7% MO membrane, determined by the gradient of the
membrane in excess water at 20°C is in th&‘Qhase. plotin Fig. 3, was 10.7 nm. It was a little larger than that of
Addition of small amounts of DOPA into the MO mem- the 100% MO membrane (Fig. 4). In contrast, in the SAXS
brane changed this cubic structure. The SAXS pattern opattern of 2.0% DOPA/98% MO membrane, several peaks
0.3% DOPA/99.7% MO membrane was similar to that ofhad spacings in the ratio of/2:\/4:\/6:\/8:\/10:\/12:
100% MO membrane (Fig.a2. Several peaks had spacings \/14:\/16:\/18:/20:\/22:\/24 (Fig. 2b). They were in-
in the ratio of \/2:4/3:\/4\/6:\/8:\/9:\/10:\/11\/12,  dexed as (110), (200), (211), (220), (310), (222), (321),
indexed as (110), (111), (200), (211), (220), (221), (310),400), (411), (420), (332), and (422) reflections on a body-
(311), and (222) reflections (Fig. 3). This corresponds to aentered cubic phase of space group Im3mM?8Q(cubic
primitive cubic phase of space group Pn3n?i® (cubic  aspect #8) (International Tables for X-ray Crystallography,
aspect #4) (International Tables for X-ray Crystallography,1985). The reflection ofy/16 was very small. The lattice

Biophysical Journal 81(2) 983-993



986

S (nm™)
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FIGURE 3

Indexing of the x-ray diffraction (SAXS) data of the 0
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 symbabs [(J)

show reflections, which, although allowed by the space group, were nophasej:l,

2 3 4
(h2+k2+12)”2

clearly observed due to weak intensities.
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305 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, Q***
@?% ¢, L, phase.

DOPA/MO membranes were in the??y phase. At 0.5%

constant of this &° phase was 15.7 nm (Fig. 3). Figure 4 DOPA, both the &* and 2° phases coexisted, and the
shows the dependence of the lattice constant and kind déttice constant for the 8% and &2° phase were 10.9 and
cubic phase on the contents of DOPA in DOPA/MO mem-13.6 nm, respectively. The ratio of the lattice constant
branes. Less than 0.5% DOPA, DOPA/MO membranegQ??9Q?*% was 1.25, which is close to the theoretical value
were in the G%* phase. At 0.5% DOPA, a phase transition (1.28) determined by the analysis of the coexisting cubic
from Q***to Q*?° phase occurred, and, above 0.5% DOPA,phases based on the Bonnet transformation (Hyde et al.,

Structure Parameter (nm)

FIGURE 4 The structure parameter, i.e., the lattice constasftcubic
phases of DOPA/MO membranes containing various concentrations

25

[
S

[a—
W

b
(=]

|
g 0 |
L n " 4
n
Y 4 |
0 5 10 15
DOPA (mol%)

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 @??° phase occurred, and both the phases coexisted,
where the ratio of the lattice constant®f%Q*?%) was 1.27.
The lattice constant of the DOPA/MO membrane in tHé*Q
phase gradually increased from 14.6 to 20.5 nm with an in-
crease in DOPA concentration from 1.0 to 15%. At1Bl%
DOPA, it was difficult to specify the phase. At and above 25%
DOPA, a new set of SAXS peaks appeared with a large
spacing (11.3t 0.5 nm) in the ratio of 1:2:3 (Fig. 6), which is
Jfonsistent with an . phase. The spacing (i.e., the structure

DOPA (mol%) in 10 mM PIPES buffer (pH 7.0) in excess water condition Parameter) of the | phase was almost constant with an in

at 20°C determined by SAX®, Q24 phase M, Q°?° phase.

Biophysical Journal 81(2) 983-993
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Intensity (arb. units)

d 1 1 1 1

0.0 0.2 04 0.6 0.8
S (nm™)

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.

FIGURE 7 Hoffman modulation contrast image of a GUV of 30%

. . . DOPA/70% MO GUV prepared in 10 mM PIPES buffer (pH 7.0). Scale
condition of these membranes in thg phase was not in  par: 20um.

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. Therefor@1), and (20) reflections on a 2-dimensional inverted hex-
the spacing did not change as the DOPA concentration inagonal (H,) phase. The basis vector length of thig phase
creased. (center-to-center distance of adjacent cylinders; here we call
To confirm the formation of the }.phase in DOPA/MO it the structure parameter), calculated byd = (2A/3)x
membranes containing high concentration of DOPA in ex-{wherex is the spacing in the SAXS pattern), was 6.7 nm.
cess water, we have tried to make a GUV of these memFigure 9 shows a detailed dependence of the structure
branes. Figure 7 shows a Hoffman modulation contrasparameter and kinds of phase of this membrane on NacCl
image of 30% DOPA/70% MO GUV prepared in 10 mM concentration. At less than 60 mM NaCl, they were in the
PIPES buffer (pH 7.0). In most cases, these GUVs wer&)??° phase. At 60 mM NaCl, a phase transition frorf?®
spherical vesicles with 2050 um diameter. This result to Q?**phase occurred, and at 60 and 70 mM NacCl, both the
indicates that the DOPA/MO membranes containing highphases coexisted, where the ratio of the lattice constant
concentration of DOPA in excess water were in the L (Q*9Q%**) was 1.31, which is close to the theoretical value.
phase, and thereby they can form the GUVs. It supports th&he lattice constant of the € phase gradually decreased
above conclusion based on the SAXS experiments. with an increase in NaCl concentration. At 1.2 M NacCl, a
phase transition from $*to H, phase occurred, and, above
Effect of salt concentration on the lattice 1.5 M NacCl, the 10% DOPA/90% MO membrane was in the
- . . H, phase.
constants and kinds of cubic phase in . .
DOPA/MO membranes Next, we have investigated dependence of NaCl concen-
tration on structures of 30% DOPA/70% MO membrane in
To elucidate effects of the electrostatic interactions on thexcess water. As the previous data shawpQiM NacCl, it
phase stability and the lattice constant of DOPA/MO mem-was in the L, phase (Fig. 6 and Fig. 7). In the presence of
branes, we have investigated dependence of NaCl concetew NaCl concentration below 0.37 M, after the centrifu-
tration in the bulk phase on structures of these membraneagation of the samples, pellets were not observed, and the
in excess water. As shown in Fig. 4, 10% DOPA/90% MO SAXS measurement of the suspension gave a broad peak
membrane in 10 mM PIPES buffer (pH 7.0) was in tféQ  that was difficult to analyze. However, judging from the
phase, and the same membrane in the same buffer contaianalysis of the membrana i0 M NacCl in the previous
ing 0.1 M NaCl was in the &“phase (Fig. &). Figure 8b  section, we consider that these membranes were in the L
shows that, in the 10% DOPA/90% MO membrane in thephase. At and above 0.50 M NaCl (less than 0.75 M NacCl),
presence of 1.6 M NacCl, several peaks in the SAXS patterthe SAXS pattern showed that the membranes were in the
had spacing in the ratio of4/3:2, corresponded to the (10), Q??* phase and that the lattice constant of tH&{Q@hase

Biophysical Journal 81(2) 983-993
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FIGURE 9 The structural parameter (i.e., the lattice consaaftcubic
phases and the basis vector lendtaf 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.Q??* phase;

[, @**° phaseA, H,, phase.

@n
U&. 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,
00 02 04 06 08 the MO membranes were in the, fbhase (data not shown).
S (nm™) Therefore, to get information of the dependence of the spon-

FIGURE 8 X-ray diffraction profile of 10% DOPA/90% MO membrane
in (A) 10 mM PIPES buffer (pH 7.0) containing 0.1 M NaCl ar®) (0 T T T T T T T T
mM PIPES buffer (pH 7.0) containing 1.6 M NaCl at 20°C.

14 L ® i

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

Structure Parameter (nm)
=

AAAA,,
Spontaneous curvature of DOPA/MO membranes 6 ,

1 1 1 1 1 1 i i 1

To consider the mechanism of these phase transitions, we have 0 0.2 0.4 0.6 0.8 1
investigated effects of DOPA concentration and NaCl concen-

tration in the bulk phase on the spontaneous curvature of MO NaCl (M)

membrane. To allow the lipid membranes in thg phase to

express the spontaneous curvattig,the addition of alkgnes .phases and the basis vector lendtbf the H, phase) of the 30% DOPA/
such as decane and tetradecane to the membranes is requ'E%a:MO membranes in 10 mM PIPES buffer (pH 7.0) containing various

because they fill the interstitial region of the, hbhase and  concentrations of NaCl (M) at 20°C determined by SAE.Q??* phase:
relax the alkyl chain packing stress (Gruner, 1985; Rand et aland A, H, phase.

FIGURE 10 The structural parameter (i.e., the lattice constaricubic

Biophysical Journal 81(2) 983-993
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FIGURE 11 The basis vector length, of H, phases of DOPA/MO FIGURE 12 The basis vector lengttl, of H,, phases of 30% DOPA/
membrane containing 16 wt% tetradecane versus DOPA (mol%) concerf0% MO membrane containing 16wt% tetradecane in 10 mM PIPES buffer
tration in 10 mM PIPES buffer (pH 7.0) in excess water at 20°C determinedpH 7.0) versus NaCl concentration (M) in excess water at 20°C deter-
by SAXS. A, in 0 M NaCl; A, in 1.0 M NaCl. mined by SAXS.

the surface charge density due to the DOPA is relatively
taneous curvature of the MO membrane on DOPA Concentrahigh and salt concentration in the bulk phase is low. Under

tion, we investigated the structure of the DOPA/MO mem- , : . L .
S . Jfhis condition, the electrostatic interactions due to the sur-
brane containing 16 wt% tetradecane in excess water at 20
ace charges of these membranes are large. Therefore, we

(Fig. 11). The basis vector lengtl, of the DOPA/MO/tetra- can say that these electrostatic interactions in the membrane

decane membrane in 10 mM PIPES buffer (pH 7.0) graduall . . .
increased from 6.5 to 9.4 nm with an increase in Dopﬁnterfacemcrease the stability of thé¥phase with respect

24 e .
concentration from 0 to 40 mol%. In contrast, the basis vectoF0 that of the (3 phase. This is the same conclusion as that

length,d, of the DOPA/MO/tetradecane membrane in 10 mM(1){3)856)\/m;etwsrggesglgﬁggifr;%ﬁrié'?](i)t?]—el\rliﬁjn?hi:tl).,
PIPES buffer (pH 7.0) containing 1.0 M NaCl gradually de- ’ 9 y

creased from 6.7 to 6.2 nm with an increase in DOPA con:[he electrostatic interactions Eecome larger, taeplgase
. becomes more stable than th&’€phase. The formation of
centration from 0 to 30 mol%.

. : the DOPA/MO-GUV supports this fact. In the case of
0, 0,
We also investigaied the struciure of 30% DOPA/70 /OOA/MO membrane in excess water, this situation would be

o o :
MO membrane containing 16 wt% tetradecane in 10 thhe same, but we could not identify the phase of the OA/MO

PIPES buffer (pH 7.0) containing various NaCl Concentra_membranes containing a high concentration of OA because

1 I 0, 0,
:Loer]rit)(gr?.e ivzit)ﬁohutote'\t/lraE:cC;’nteh\?vzfsoif tg,e%l;ggo(ﬁi Mg of experimental difficulty (Aota-Nakano et al., 1999). This
9: effect of the electrostatic interactions on the phase stability

1 0, 0, -
and. Fig. 7), but the 30% DOPA/.KM) MO membrane con of the DOPA/MO membrane can be considered as follows.
taining 16 wt% tetradecane was in thg 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 6.8pontaneous curvature of DOPA/MO membranes

nm with an increase in NaCl concentrationrfr® M to 1.0 S .
M The spontaneous (or intrinsic) curvature of a single monolayer

membrane,, is a useful parameter characterizing nonbilayer

membranes, and expressedHys = 1/R,, whereR, is the
DISCUSSION radius of spontaneous curvature (Gruner, 1985; 1989; Marsh,
1996). Inverted curved structures such as thehbse, where
the spontaneous curvature of the monolayer is toward the water
region, have large negativd, values. In contrast, normal
The results of x-ray diffraction experiments clearly show structures such as micelles, where the spontaneous curvature of
that, in DOPA/MO membranes in excess water at neutrathe monolayer is toward the alkyl chain region, have large
pH, the G?° phase is more stable than thé&’Gphase when positive H, values. The spontaneous curvature of a single

The effect of electrostatic interactions on phase
stability and structure of DOPA/MO membranes
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monolayer membrane is defined as its radius of curvature toterface (Rand et al., 1990; Chung and Caffrey, 1994a;
minimize the curvature elastic energy of the monolayer memRand and Fuller, 1994). In excess water, the DOPA/MO
brane, which is determined by physical properties of the monomembrane containing 16 wt% tetradecane in thepHase
layer by itself without the interaction of other monolayer has the spontaneous curvaturg, and therebyR,, ~ R,.
membrane (Gruner, 1985; 1989; Marsh, 1996). Therefore, it ihe increase inl of the DOPA/MO/tetradecane membrane
a kind of an ideal curvature of the monolayer membrane. Irinduced by the increase in content of DOPA is attributed to
most cases, it is difficult for the lipid membrane to have thethe increase iRR,, because the changedris assumed to be
spontaneous curvature, because the interaction between twmall. Thus, the result of Fig. 11 shows thgj of the
monolayer membranes also plays an important role in th® OPA/MO membranes increases with an increase in DOPA
determination of its curvature. The determinant of the spontaconcentration. It indicates that the increase in electrostatic
neous curvature of the single monolayer membrane is a gednteractions reduces the absolute value of spontaneous cur-
metric packing of the constituent lipids. It is characterized byvature,H,, of the membrane to increase the average area of
a packing parametev/Al, whereV is the volume of the entire  the lipid headgroup of the membrane. From this analysis
lipid molecule,A the area of the lipid headgroup at the lipid— and the result of Fig. 5, we can indicate that as the absolute
water interface, antdts length (Marsh, 1996). Values for these value of spontaneous curvatufely|, of the membrane de
parameters\(, A, 1) depend not only on the molecular structure creases, the phase transition froffo Q°?° phase occurs,
of lipids but also on external conditions such as temperaturand then the €7°to L, phase transition occurs. Hence, the
and solvents (including salts), because these external congihase stability of these three phases is deeply correlated
tions largely change the optimal values of these parametessith the spontaneous curvature of the monolayer mem-
(Marsh, 1996; Kinoshita et al., 2001). Therefore, the spontabrane. Similarly, the result of Fig. 12 shows tlitof the
neous curvature of the monolayer membrane depends on baB©% DOPA/70% MO membranes decreased with an in-
the molecular structure of the constituent lipids and variousrease in NaCl concentration, indicating that, with a de-
external conditions, which has been verified by experimentgrease in the electrostatic interactions, the absolute value of
(Marsh, 1996; Kinoshita et al., 2001). spontaneous curvaturély|, of the membrane increases.
We have a useful method to get information of the Therefore, this result and Fig. 6 support the above hypoth-
spontaneous curvature of the lipid membrane. To allow thesis; as the absolute value of spontaneous curvature of the
lipid monolayer membranes in thg,kbhase in excess water membrane decreases, the most stable phase changes from
to express the spontaneous curvature, the addition of athe &**to the L, phase.
kanes such as decane and tetradecane to the membranes iMoreover, at higher NaCl concentration, thg idhase
required, because they fill the interstitial region of thg H becomes most stable in the 30% DOPA/70% MO mem-
phase and relax the alkyl chain packing stress (Grunehranes. This result can be considered as follows. Other
1985, 1989; Rand et al., 1990; Chen and Rand, 1998)eports show that high concentration of NaCl stabilizes the
Under this condition, the curvature of the monolayer mem-H,, phase in the 100% MO membrane. However, at 20°C, it
brane in the H phase is very close to the spontaneouswas in the 3** phase in the presence o8 M NaCl
curvature. We have found that the addition of tetradecane t¢Caffrey, 1987). In contrast, in the 10% DOPA/90% MO
the MO membrane induced the cubic?f®-to-H, phase membrane and the 30% DOPA/70% MO membrane, rela-
transition, and to the 30% DOPA/70% MO membrane in-tively low concentration of NaCl induced thg,hphase (i.e.,
duced the | -to-H,, phase transition. By using these mem 1.2 M and 0.65 M NaCl, respectively). Therefore, the effect
branes, we have investigated the effect of the electrostatiof NaCl on the DOPA is larger than that on the MO, and the
interactions due to the membrane surface charge (DOPAple of DOPA is more important for the phase stability of
on the spontaneous curvaturg of the single monolayer these DOPA/MO membranes at relatively low concentra-
membrane. The result of Fig. 11 gives information on thetions of NaCl. Fig. 11 also shows thf, of the DOPA/MO
change of the radius of spontaneous curvafgeof the  membranes in 1.0 M NaCl decreased with an increase in
DOPA/MO/tetradecane membrane in 10 mM PIPES buffeDOPA concentration. It indicates that the presence of 1.0 M
(pH 7.0). The basis vector length of thg, hbhase,d, is  NaCl reduces the electrostatic interactions due to the surface
expressed as a sum of the radius to the neutral plane (@harge of the membrane by the screening the electric po-
pivotal plane or neutral surfaceR,, and the distance tential, and the packing parameter of the DOPWA()
between the bilayer midplane and the neutral pl@née.,  under this condition is larger than that of MO. Therelbi)|
d = 2(R,, + §) (Gruner 1989; Rand et al., 1990; Turner et of the DOPA/MO membrane in 1.0 M NaCl increases with
al., 1992; Templer et al., 1994). The neutral plane is thean increase in DOPA concentration. Therefore, above the
appropriate surface to define the curvature of the membraneyitical concentration of DOPA, the cubic-to;Hbhase tran
because the area of this plane keeps constant as the morsition occurs.
layer is bent. Experimentally, it is determined as the surface As described above, when the surface charge density of
whose area does not change while water content varies, aitde membrane due to DOPA is high and the salt concentra-
is located at the alkyl chain region near the polar-apolation in the bulk phase is lowWH,| is low. This is mainly due
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to two kinds of electrostatic interactions. One is the repulthe G?°phase, has a negative Gaussian curvatureKi.e,
sive electrostatic interaction between the headgroups, whicB. It has zero mean curvature at all points in the bilayer
may reduceH,| to increase the distance between the headmidplane (i.e., the minimal surface), but the neutral plane of
groups. The other is the attractive electrostatic interactiothe membrane has a constant nonzero mean curvature be-
between negative charge of the headgroup of DOPA and eause it has a fixed distance from the minimal surface
dipole moment of water molecule. It attracts more water(Anderson et al., 1988; Gruner, 1989). BecaHse K = 0
molecules near the headgroup, and thereby the effectivia the L, phase,

volume of the headgroup increases, which may redidge

Li and Schick (2000) showed that the latter electrostatic A, = 2x{(H — Hg)?> — H3} + ka(K). 3)
interaction induces a phase transition from ta L, phase

by theoretical calculation. We have also indicated by exBecauseH, < H < 0 for these nonbilayer membranes, Eq.
periments that the latter electrostatic interaction is the pre3 shows thatAu,,,, is always negativeu.,, < 0), and
vailing one for the stability of the gel-phase dihexade-therefore, is an important factor stabilizing the nonbilayer
cylphosphatidylcholine (DHPC) membrane in the presencehases. In contrast, in the,Hphase, alkyl chains of lipids

of 0.5 M KClI (Furuike et al., 1999). The analysis of severalhave to extend to different lengths to fill the interstitial
experiments clearly show that the repulsive interaction behydrocarbon region, which reduces the entropy of chains,
tween the headgroups of DHPC in the membrane at low pHand thereby, the free energy of the membrane increases
which have a net positive charge, is smaller than that o{Anderson et al., 1988). This situation is almost the same in
DHPC at neutral pH, where it does not have a net chargethe cubic phases. Therefore, this packing energy of the alkyl
This is due to the decrease in the steric repulsive interactiobhains unstabilizes the nonbilayer phases, and Mg, is

at low pH, because the protonation of the phosphate grouglways positive 4 1., > 0). In most cases, phase transitions
(i.e., the loss of the negative charge) induces the decrease bétween the nonbilayer phases and thephases are deter
water molecules near the phosphate group in the membramgined by the interplay of these two factosu,,,,, and

interface (Furuike et al., 1999). Apen EQ. 3 shows that\ | decreases with a decrease in
However, at present, we do not have enough experimerH|.

tal evidence to determine which electrostatic interaction is a For the MO membrangH,| is large andApu,,,, has a
dominant one to reduc¢H,| of these liquid—crystalline large negative value. Therefor&y < 0, indicates that the
DOPA/MO membranes at low ionic strength. Further studycubic phase is stable. As the electrostatic interactions in-
to elucidate this mechanism is necessary. crease owing to the charged DOPA,| of the membrane
decreases, inducing the decreasfip.,.. At the critical
value of the electrostatic interactiomsyw = 0, and thereby
Phase stability of cubic phases the cubic-to-L, phase transition occurs. Above the critical

The difference of the chemical potential of the phospholipigv&lue of the electrostatic interactionsy. > 0 and thereby

membrane in the nonbilayer phase such as the cubi!i!1e L, phgse is stable. Hence, the Qecrgaﬁdolnmith an
(Q?%* Q?29) phase and the Hphase (Lnonbil) and in the increase in the electrostatic interactions induces the cubic-

bilayer quuid—crysta”ine (Ia) phase &Lbil)’ AM1 is ex tO'La phase transition in the DOPA/MO membrane.

pressed as (see e.g., Anderson et al., 1988; Gruner, 1989) Cubic phases are considered to play important roles in
biological membranes in cells (Luzzati, 1997; Landh, 1995;

Ap = pronel — i Hyde et al., 1997). Three-dimensional regular structures of
biomembranes similar to cubic phases have been often
= (ool — 0l ) (pionbil — o (1) observed in various cells by transmission electron micros-
copy (TEM) (Hyde et al., 1997). The prolamellar body
= Apteuny T Apten, (PLB) in plant cells is one of the most famous examples.

. . When plants are grown in the dark, etioplasts are formed in
whereApu,,,, iS a term due to the curvature elastic energy,, . . .
. : ... 2’their leaf cells. These etioplasts change their structures and
(or curvature energy), antlu,, is a term due to interstitial . )
) . . transform into chloroplasts after they are exposed to light.
chain packing of the nonbilayer phase. The curvature elastul: .
. herefore, they are considered to be at a pre-stage to form
energy of the membrang,,,, in Eg. 1 can be expressed as hl | . | devel Stachelin. 1988
(Helfich, 1973: Gruner, 1989) chloroplasts in normal development (' taehelin, zL.u
' ' ' 1986). The characteristic structure in the etioplasts is a
e = 2k(H — Ho)? + ke(K), (2) Pparacrystalline-like structure or a three-dimensional tubular
lattice, called as PLB. It is often observed by TEM that the
wherek is the elastic bending modululd, the mean curva- PLB is connected (or associated) with prothylakoids. After
ture, K the Gaussian curvatureg the Gaussian curvature adsorbing light, the PLB transforms into the lamellae of
modulus, and ) means the average value over the area othylakoids, which membranes are in thg phase. Imme
the unit cell. The bicontinuous IPMS, such as th&@tand  diately after the transformation, the membranes of the thy-
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lakoids are not stacked and swelled in the chloroplast, thefnderson, D. M., S. M. Gruner, and S. Leibler. 1988. Geometrical aspects
gradually stacked each other to form granas (Nishimura, ,C\’lfattrl‘eAfé‘;ztrﬁg'c?”dnSt:g sclléggfh%seeg of lyotropic liquid cryst&lsoc.

; 2 . - Sci. U.S.A85: — .
12297) The PLB structures have be_en considered éﬁ@ . Andersson, S., S. T. Hyde, K. Larsson, and S. Lidin. 1988. Minimal
Q°“" phase based on the analysis of TEM, however itS surfaces and structures: from inorganic and metal crystals to cell mem-
detailed structure remains unresolved (Hyde et al., 1997). branes and biopolymer€hem. Rev88:221-242.

What is the mechanism of biogenesis of the thylakoid fromAota-Nakano, Y., S. J. Li, and M. Yamazaki. 1999. Effects of electrostatic

L . interaction on the phase stability and structures of cubic phases of
the PLB? The thylak0|d is made of membranes in tt;e L monoolein/oleic acid mixture membraneBiochim. Biophys. Acta.

phase, but the membrane of the PLB is in the cubic phase, 1461:96-102.
and thereby this transformation is considered as a kind oBasdez, G., J. L. Nieva, E. Rivas, A. Alonso, and F. M. Goh996.

phase transition from the cubic phase to th§ phase Diacylglycerol and the promotion of lamellar-hexagonal and lamellar-
; isotropic phase transitions in lipids: implications for membrane fusion.

Generally, the mechanism of the cubic-tg-phase transi Biophys. J.70:2299 —2306.

tion is not well understood. In this report, we have proposedsriggs, J., H. Chung, and M. Caffrey. 1996. The temperature-composition
a new mechanism of the cubic-tq;phase transition, which phase diagram and mesophase structure characterization of the

may play an important role in the biogenesis of the thyla- Moncolein/water systend. Phys. Il France6:723-751.
. Caffrey, M. 1987. Kinetics and mechanism of transitions involving the
koid membrane from the PLB.

o lamellar, cubic, inverted hexagonal, and fluid isotropic phases of hy-
The effects of water contents on the phase stability of drated monoacylglycerides monitored by time-resolved x-ray diffrac-

cubic phases have been vigorously investigated and reasondion. Biochemistry 26:6349-6363.

; ; Chen, Z., and R. P. Rand. 1997. The influence of cholesterol on phospho-
ably explained by the curvature elastic energy (Turner et al.; lipid membrane curvature and bending elasticiBiophys. J.73:

1992; Templer et al., 1994; Chung and Caffrey, 1994b). -57_276.

However, the effects of electrostatic interactions due to thehen, z., and R. P. Rand. 1998. Comparative study of the effects of several
surface charge on the structure and stability of cubic phase n-alkanes on phospholipid hexagonal phagssphys. J.74:944-952.
membranes has never been investigated systematically. TH§ung. H., and M. Caffrey. 1994a. The neutral area surface of the cubic

. mesophase: location and propertiB®phys. J.66:377-381.
report and our previous report (Aota-Nakano et al., 1999 hung, H., and M. Caffrey. 1994b. The curvature elastic-energy function

have described the effects of the electrostatic interactions 0N of he lipid-water cubic mesophaseature. 368:224—226.
the stability of cubic phases of the MO membrane, and theojotto, A, and R. P. Epand. 1997. Structural study of the relationship

results can be reasonably explained qualitatively by the between the rate of membrane fusion and the ability of the fusion peptide

spontaneous curvature of membrane and the curvature elaS-Of influenza virus to perturb bilayer&iochemistry 36:7644—-7651.

tic ener Moreover. the experimental results in theseColotto, A., I. Martin, J.-M. Ruysschaert, A. Sen, S. W. Hui, and R. P.
ay. ! p Epand. 1996. Structural study of the interaction between the SIV fusion

reports clearly show that, as the electrostatic interactions peptide and model membrandiochemistry 35:980-989.
decrease|H,| increases, and the most stable phase of th&zesli, C., R. Winter, G. Rapp, and K. Bartels. 1995. Temperature- and
ini . 229 224 pressure-dependent phase behavior of monoacylglycerides monoolein
|Ip|d membrane Cha_nges as .fOHOWS"‘ L Q™= Q = and monoelaidinBiophys. J.68:1423-1429

H,. In the dispersion of didodecyl phosphatidylethano

. . de Kruijff, B. 1997. Lipids beyond the bilayeNature 386:129-130.
lamine (DPPE) in excess water, the phase sequegcé L Glatter, O., and O. Kratky, 1982. Small Angle X-ray Scattering. Academic

Q**°= Q***= H,, was observed as temperature increased Press, New York.
(Seddon et al., 1990). The molecular motion of the alkylGruner, S. M. 1985. Intrinsic curvature hypothesis for biomembrane lipid
chain increases with an increase in temperaturtHg{cmay composition: a role for nonbilayer lipid®roc. Natl. Acad. Sci. U.S.A.

increase. In the stability of cubic phases of lipid membrane 82:3665-3669.
’ y P P Gruner, S. M. 1989. Stability of lyotropic phases with curved interfaces.

the increase in the electrostatic interactions due to the sur- 3. phys. chem3:7562-7570
face charge may have the similar effect as the decrease yuner, S. M., P. R. Cullis, M. J. Hope, and C. P. S. Tilcock. 1985. Lipid
temperature has. Therefore, we can conclude that the elec-polymorphism: the molecular basis of nonbilayer phagesu. Rev.

trostatic interactions described in this report are another B'(_)phys' Biophys. Chem4:211—238. )
. hod t trol th tabilit f bi h Fu_rmke, S, V G. ITe_vadny, S. J. I__|, and M. Yamazakl._ _199_9. L_ow pH
important method to control the stability of cubiC phases jngyces an interdigitated gel to bilayer gel phase transition in dihexade-

and temperature. A more quantitative analysis of the effects cylphosphatidylcholine membranBiophys. J.77:2015-2023.
of the electrostatic interactions on the cubic phase stabilityielfrich, W.1973. Elastic properties of lipid bilayers: theory and possible
is necessary as a next step, and is in progress in our &xPerimentsZ. Naturforsch28c:693-703. ,
laborator Hyde, S., S. Andersson, K. Larsson, Z. Blum, T. Landh, and B.W. Ninham.
Y 1997. The language of shape. Elsevier Science B.V., Amsterdam.
Hyde, S. T., S. Andersson, B. Ericsson, and K. Larsson. 1984. A cubic
This work was supported partly by a grant from the Asahi Glass founda- Structure consisting of a lipid bilayer forming an infinite periodic min-
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