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Abstract

We have investigated the effects of anionic dioleoylphosphatidic acid(DOPA) on the structure and phase behavior
of dipalmitoleoylphosphatidylethanolamine(DPOPE) membranes by small-angle X-ray scattering. The results of X-
ray diffraction experiments indicate that an L to H phase transition in DPOPE membranes occurred at 2.5 mol%a II

DOPA, and above 4.0 mol% they were completely in the H phase. And in the presence of 0.5 M KCl, the criticalII

concentration of DOPA was decreased to 0.6 mol%. These results show that low concentrations of DOPA stabilize
the H phase rather than the L phase in DPOPE membranes. The absolute spontaneous curvature of DPOPEII a

membrane was gradually decreased with an increase in DOPA concentrations. On the basis of these results, the HII

phase stability in DPOPE membranes due to low DOPA concentrations is discussed by the spontaneous curvature of
monolayer membrane, the packing energy of alkyl chains of the membrane and lipid packing parameter.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Biological membranes containing complex mix-
ture of lipids investigated up to date adopt exclu-
sively the liquid-crystalline lamellar phase under
the physiological conditions. However, some iso-

Abbreviations: DOPA, dioleoylphosphatidic acid; DPOPE,
dipalmitoleoylphosphatidylethanolamine; SAXS, small-angle
X-ray scattering;H , spontaneous curvature0
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lated lipids from biological membranes have strong
tendencies to form the nonbilayer structures in
water such as inverted hexagonal(H ) phase andII

cubic phases. Recently, the H phase has beenII

attracted a great deal of attention in both biological
and physicochemical aspects. Because this struc-
ture has been postulated to play an important
biological role in membrane fusion and a control
of functions of membrane proteinsw1–5x. The
structures and phase stability of the H phase ofII

various kinds of phosphatidylethanolamine(PE)
have been extensively studiedw6–9x. As tempera-
ture increases, they undergo a gel(L ) to L phaseb a
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transition, and after that an L to H phasea II

transition. Several substances have been shown to
stabilize the H phase in PE membranes such asII

sucrose and trehalosew10x and alkanesw11x, which
decrease the temperature of the L to H phasea II

transition. On the contrary, short-chain alcohols
such as methanol increase the L to H phasea II

transition temperature, and stabilize the L phasea

in PE membranesw12x.
On the other hand, the effects of anionic phos-

pholipids, such as phosphatidylinositol(PI), phos-
phatidylserine(PS) and phosphatidic acid(PA),
on the phase behaviors of PE membranes have
also been investigated. Cullis and coworkers
showed that PI favorably stabilizes the lipidic
structure at its low(-10 mol%) concentrations
and the bilayer structure at its higher levels in
soya PE membrane employing P-NMR and31

freeze-fracture techniquesw13x. Janes et al.w14,15x
found that PS induces the increase of the temp-
erature of the L to H phase transition in palm-a II

itoyloleoylphosphatidylethanolamine (POPE)
membranes from P-NMR spectra; whereas, PA31

induces a small reduction in the temperature of
the L to H phase transition despite the negativea II

charge of the PA. More recently, the electrostatic
control of phospholipid polymorphism has been
investigated by P-NMR, freeze-fracture tech-31

niques, X-ray diffraction and differential scanning
calorimetry. Studies showed that mixture of several
cationic lipids with zwitterionic phospholipids such
as strongly lamellar-preferring phosphatidylcholine
and strongly nonlamellar-preferring PE form only
the liquid-crystalline phasew16x. However, when
mixed these cationic lipids with anionic lipids,
such as PS, phosphatidylglycerol(PG), PA, a
marked enhancement of the stability of nonbilayer
structures occurs at the approach of the neutrality
of the mean surface charge of the membrane
surface. Furthermore, the nonbilayer phases of the
mixture membranes can be directly regulated by
changing the ratios of positive and negative charge
in the membrane surfacew16–18x. And the for-
mation of the H phase is more sensitive to theII

surface charge effectw17,18x.
PA has been reported to remarkably enhance the

activity of diacylglycerolgalactosyltransferase at
less than 5 mol% in the chloroplast thylakoid

membrane, but not PGw19x. It may imply that PA
has an important role on the activity of some
proteins. Our previous studies showed that
dioleoylphosphatidic acid(DOPA) induces a Q224

to Q and then to L phase transitions with an229
a

increase in DOPA concentration in the monoolein
membranes, due to the electrostatic repulsive inter-
actions in head groupsw20x. However, the effects
of PA on the structures and the phase stability of
the H phase in PE membrane are not wellII

understood. In this report, we have investigated
effects of PA on the phase behaviors and the phase
stability of PE membranes by small-angle X-ray
scattering(SAXS). As the PE membrane, we used
dipalmitoleoylphosphatidylethanolamine(DPOPE)
(C 16:1) membrane, which is known to be in the
L phase in excess water at 208C w21x. We founda

that an L to H phase transition occurred in thisa II

membrane at very low concentrations of DOPA
(C 18:1). To elucidate the mechanism of the HII

phase stability in the DPOPE membrane due to
low DOPA concentrations, we also measured the
structures of the DPOPEyDOPA membranes con-
taining 16% tetradecane to gain the information of
the spontaneous curvature of DPOPEyDOPA mix-
ture membranes. On the basis of these results and
our previous resultsw22x, we have discussed the
mechanism of the H phase stability of the DPOPEII

membranes containing low concentrations of
DOPA.

2. Materials and methods

1,2-Dipalmitoleoyl-sn-glycero-3-phosphatidyle-
thanolamine (DPOPE) and 1,2-dioleoyl-sn-gly-
cero-3-phosphatidic acid(DOPA) sodium salt were
purchased from Avanti Polar Lipids. Tetradecane
was purchased from Sigma Chemical Co.(St.
Louis, MO). They were used without further puri-
fication. Lipid dispersions were prepared as fol-
lows: appropriate amounts of phospholipids
dissolved in chloroform were dried by nitrogen
stream, and then under vacuum by a rotary pump
for more than 12 h. An appropriate amount of 10
mM PIPES buffer(pH 7.0) containing 0 or 0.5 M
concentration of KCl was added to these dry lipids
in excess water condition(final concentration of
lipids was 50 mM), and the suspensions were
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Fig. 1. X-ray diffraction profiles of DPOPE membranes con-
taining various DOPA concentrations in 10 mM PIPES buffer
(pH 7.0) at 208C. (a) 0 mol% DOPA;(b) 3 mol% DOPA and
(c) 5 mol% DOPA.

vortexed for approximately 30 s at room temper-
ature (;25 8C) several times. For measurements
of X-ray diffraction, pellets of the lipid suspensions
after centrifugation(13 000=g, 30 min at 208C;
Tomy, MR-150) were used.

To gain the information of the spontaneous
curvature of DPOPE monolayer membranes con-
taining various amounts of DOPA, we used almost
the same method of Chen and Randw23,24x. The
appropriate amount of mixture lipids in chloroform
was dried by nitrogen stream, and then under
vacuum by rotary pump for more than 12 h.
Sixteen weight percentage of tetradecane was add-
ed to the dry lipids. After 48 h incubation for
equilibration, the appropriate amount of 10 mM
PIPES buffer(pH 7.0) was added to this lipidsy
tetradecane mixture in excess solvent, and the
suspension was vortexed for approximately 30 s
several times. Then, it was incubated for another
48 h for equilibration. For measurement of X-ray
diffraction, the precipitation of the suspensions
without centrifugation was used.

X-ray diffraction experiments were performed
by using Nickel filtered Cu Ka X-ray (ls0.154
nm) from rotating anode type X-ray generator
(Rigaku, Rotaflex, RU-300) at the operating con-
dition (40 kV=200 mA). SAXS data were record-
ed using a linear (1D) position sensitive
proportional counter(Rigaku, PSPC-5) w25x with
camera length of 350 mm and associated with
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 thermostable holder whose stability
was"0.2 8C w26x.

3. Results

The DPOPE membrane is known to be in the
liquid-crystalline phase(L phase) at 20 8C w21x.a

The SAXS data of the DPOPE membrane in 10
mM PIPES buffer(pH 7.0) at 20 8C showed that
a set of SAXS peaks had spacings(lamellar repeat
period) in the ratio of 1:2:3:«, and the spacing
was 4.9 nm(Fig. 1a). At 2.5 mol% DOPA, a new
set with spacings in the ratio of 1:63:2:67:«,
which is consistent with a 2D hexagonal(H )II

phase, appeared(Fig. 1b). Above 4.0 mol%

DOPA, the L peaks disappeared, and thisa

membrane was completely in the H phase(Fig.II

1c). The basis vector length of the H phaseII

(center to center distance of adjacent cylinders),
d, calculated byds(2y63)x (x is the spacing in
the SAXS), was almost constant(ds7.3 nm) from
2.5 to 8.0 mol% DOPA(Fig. 2). Above 8.0 mol%,
d gradually increased with an increase in DOPA
concentrations, and above 10 mol%(ds7.5 nm)
the peaks in SAXS pattern became broad, and
thereby it is difficult to determine it due to the
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Fig. 2. Spacing or basis vector length,d, of DPOPE membranes
containing various DOPA concentrations at 208C. s andn,
in 10 mM PIPES buffer(pH 7.0); d andm, in 10 mM PIPES
buffer (pH 7.0) containing 0.5 M KCl. n and m show
membrane in H phase,s andd in L phase.II a

Fig. 3. Dependence of basis vector length,d, of DPO-
PEyDOPAytetradecane membranes on various DOPA concen-
trations in 10 mM PIPES buffer(pH 7.0) at 20 8C. All
membranes were in H phase.II

electrostatic repulsive interactions in the membrane
interfacew20x.

To consider the effects of ionic strength in the
bulk phase on the structures and the phase transi-
tions of DPOPEyDOPA mixture membranes, we
have investigated effect of the presence of 0.5 M
KCl in the bulk phase on these mixture membranes
(Fig. 2). In the presence of 0.5 M KCl in 10 mM
PIPES buffer(pH 7.0), at 0.6 mol% DOPA, a new
set of SAXS peaks, which had spacings in the
ratio of 1:63:2:67:«, was superimposed on the
L peaks, showed that the H phase appeared ina II

DPOPE membranes. And above 1.0 mol%, the
L peaks disappeared, and the DPOPE membranesa

were completely in the H phase. The basis lengthII

of the H phase,d, almost did not change untilII

3.0 mol% DOPA, which was 7.3 nm. And from
3.0 to 10 mol% DOPA, thed gradually decreased
from 7.3 to 7.0 nm. The critical concentration of
DOPA at which the L to H phase transitiona II

occurs in presence of 0.5 M KCl is lower than
that in the absence of KCl(Fig. 2).

To allow lipid membrane in the H phase toII

express the spontaneous curvature,H , the addition0

of alkanes such as decane and tetradecane to the
membrane is required, because they fill the inter-

stitial region of the H phase and relax the alkylII

chain packing stressw24,27,28x. To get the infor-
mation of the dependence of the spontaneous
curvature of the DPOPE monolayer membranes on
DOPA concentrations, we added 16 wt.% tetrade-
cane into DPOPEyDOPA membranes. In this con-
dition, all DPOPEyDOPA mixture membranes
were in the H phase. As shown in Fig. 3, theII

basis vector length,d, of the DPOPEyDOPAy
tetradecane membranes in 10 mM PIPES buffer
(pH 7.0) in excess water condition almost did not
change until 4.0 mol% DOPA(ds7.8 nm), and
then gradually increased from 7.8 to 8.4 nm, with
an increase in DOPA concentration from 4.0 to 10
mol%.

4. Discussion

The results of X-ray diffraction experiments in
Fig. 2 clearly show that low DOPA concentration
stabilizes the H phase rather than the L phaseII a

in DPOPE membranes, and that the presence of
0.5 M KCl decreases the critical concentration of
DOPA for an L to H phase transition. Toa II

elucidate the mechanism, we consider the chemical
potential of the phospholipid membrane in the
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H phase(m ) and the bilayer liquid-crystallineHII
II

(L ) phase(m ).bil
a

The difference of the chemical potential of the
phospholipid membrane in the H phase and inII

the L phase,Dm, can be expressed as followsa

w29,30x:

H bil H bil H bilII II IIDmsm ym s m ym q m ymŽ . Ž .curv curv ch ch

sDm qDm (1)curv ch

whereDm is a term due to the curvature elasticcurv

energy of the membrane andDm is a term duech

to the energy of interstitial chain packing of the
membranes. In general, the curvature elastic energy
of membrane,m , in Eq. (1) can be expressedcurv

as w30,31x

2m s2kNHyH M qk NKM (2)curv 0 G

wherek is the elastic bending modulus,K is the
Gaussian curvature,k is the Gaussian curvatureG

modulus andN M means the average value,H is
the curvature of membrane.H is the spontaneous0

(intrinsic) curvature of a single monolayer
membranew8,27,30x. In excess water condition,
the membrane in the H phase has a curvatureII

that is close to the spontaneous curvature to min-
imize the curvature energy, thereby,HfH . In0

hexagonal phase,Ks0, and in bilayer phase,Hs
Ks0, since we can deduce that

2Dm fy2kH (-0) (3)curv 0

Eq. (3) indicates thatDm is always negativecurv

(Dm -0), and therefore, is an important factorcurv

stabilizing the H phase. In contrast, in the HII II

phase, alkyl chains of lipids have to fill the
interstitial hydrocarbon region, which reduces the
entropy of chains, and thereby, the free energy of
the membrane increasesw29x. Therefore, this pack-
ing energy of the alkyl chains unstabilizes the HII

phase, and thusDm is always positive(Dm )ch ch

0). The L to H phase transition is determineda II

by the interplay of these two factors,Dm andcurv

Dm .ch

To take the information of the spontaneous
curvature of lipid membrane, the addition of
alkanes such as decane and tetradecane to the

membrane is required. Because alkanes fill the
interstitial region of the H phase and relax theII

alkyl chain packing stressw24,27,28x. Under this
condition, the curvature of the monolayer
membrane in the H phase is very close to theII

spontaneous curvature. On the other hand, in the
H phase, the basis vector length,d, can beII

expressed as the sum of the radius of the water
tube, R , and the thickness of the monolayerw

membrane, d , i.e. ds2(R qd ) w27,32x. In1 w 1

excess water condition, DPOPE membrane con-
taining 16 wt.% tetradecane has a curvature of
H to minimize the curvature free energy, i.e.R s0 w

R , where R is the radius of the spontaneous0 0

curvature (H ). Becaused is assumed to be0 1

constant, the change ind in the H phase isII

attributed to the change inR . Therefore, thew

results in Fig. 3 indicate that the absolute sponta-
neous curvature of the DPOPEyDOPA monolayer
membranes almost does not change below 4.0
mol% DOPA, and then gradually decreased with
an increase in DOPA concentration. According to
Eq. (3), the curvature free energy of DPOPE
membrane was increased with an increase in
DOPA concentration, and thereby, the effect of
DOPA on the Dm unfavorably stabilizes thecurv

H phase in DPOPE membranes.II

As described above, the longer alkyl chains of
DOPA (C18) than that of DPOPE(C16) can fill
the interstitial hydrocarbon region, and then
decreases the packing energy of the alkyl chains
of the DPOPE membrane in the H phase. TheII

results in our previous paperw22x showed that
DOPE induces an L to H phase transition ina II

DPOPE membrane which occurred at 12 mol%
concentration in 10 mM PIPES buffer(pH 7.4) at
20 8C, between 12 and 26 mol%, the L phasea

and H phase are of coexistence, and above 26II

mol% the DPOPE membrane is completely in the
H phase. And the spontaneous curvature of DPO-II

PEyDOPE membrane almost does not change with
an increase in DOPE concentrations. These results
clearly indicate that the longer alkyl chains of
DOPA than that of DPOPE are not of dominant
factor to induce an L to H phase transition ina II

DPOPE membranes at low DOPA concentrations,
despite of it favorably stabilizes the H phase inII

DPOPE membranes. What is the mechanism of an
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L to H phase transition in DPOPE membranesa II

induced by low DOPA concentrations?
Geometric packing properties have been consid-

ered an important factor for polymorphism and
structures of phospholipid membranesw8,33,34x.
Israelachvili has determined the structure of phos-
pholipid aggregates in terms of a critical packing
parameter(vya l ) of the alkyl chains of the0 c

phospholipids, wherev represents the volume of
the alkyl chains per molecule,l the critical chainc

length, anda the optimal surface area per mole-0

cule at the hydrocarbonywater interface, where
‘optimal’ denotes that the area corresponds to the
local free energy minimum. Whenvya l f1,0 c

lamellar structures such as L and L phases area b

formed, whereas inverted curved structures such
as H phase and inverted micelle whilevya l )II 0 c

1. Marsh w8x proposed a new geometric packing
parameter(VyAl) of the whole phospholipid mol-
ecule, whereV represents the volume of the entire
lipid molecular, l its length andA is the area of
the lipid group at the lipid–water interface. This
theory showed that the spontaneous(intrinsic)
radius of curvature of lipid monolayer can be
expressed by this new packing parameter, and a
decrease in packing parameter may promote the
L –H phase transition temperature. Janes et al.a II

w14,15x found that introduction of 5 mol% DOPA
into 95 mol% POPE small decreases the tempera-
ture of L –H phase transition in POPE membranea II

from P-NMR spectra, and explained this result31

by the theory of Israelachvili’s lipid packing
parameter, i.e. DOPA with a small head group
decreases the average optimal surface area,a , and0

increases the packing parameter. Cullis et al.w18x
also found that the mixture of DOPA with a
cationic lipid forms the inverted nonbilayer struc-
tures when the surface charge of the mixture
membrane approaches zero by regulating pH. Lew-
is and McElhaneyw16x showed that palmitoylo-
leoylphosphatidic acid mixed with dioleoyloxy-
trimethylaminopropane(molar ratio of 1:1) stabi-
lizes the H phase in the mixture membrane. TheyII

have concluded that the tendency of several anion-
ic phospholipids to form nonbilayer phases
decreases in the order PA)CL (cardiolipin))
PG)PS. This order is also the order of increasing
phospholipid head group size.

In our case, Fig. 3 clearly showed that the radius
of spontaneous curvature increases with an
increase in DOPA concentrations in DPOPE mem-
branes. According to the theory of Marsh’s lipid
packing parameter, we can reasonably assume that
the introduction of DOPA into DPOPE membrane
decreases the critical packing parameter resulting
from the increase of the average optimal surface
area at lipid–water surface, due to the electrostatic
repulsive interaction between head groups. On the
other hand, DOPA has a relatively small head
group, and the inverted cone shape of alkyl chains,
i.e. vya l )1. When incorporation of DOPA into0 c

DPOPE membranes at its low concentrations, the
alkyl chains of the inverted cone shape of DOPA
can fill the interstitial hydrocarbon region in the
H phase membrane. This can decrease the pack-II

ing energy of alkyl chains in the H phase, andII

thereby decreasesDm . At critical concentrationch

of DOPA, an L to H phase transition occurs. Ina II

brief, DOPA induced L to H phase transitiona II

not by decreasing the elastic curvature energy of
monolayer membrane, but by the change in the
chain packing energy at the interstitial region of
the H phase. Addition of alkanes such as tetra-II

decane to the DPOPE membranes induced an La

to H phase transitionw21x, indicating that theII

decrease in packing energy of alkyl chains in the
interstitial region of the H phase induced thisII

transition. It also supports our explanation. The
addition of anionic lipids such as PA and PG to
PE bilayer membranes often induces the formation
of an inverted cubic phase at their higher concen-
trations. In our case, at higher concentrations of
DOPA, the inverted cubic phases may be formed.
However, the peaks in SAXS pattern became broad
at higher concentrations of DOPA, due to the
electrostatic repulsive interactions between head
groups, and we could not determine whether the
inverted cubic phases occurred.

In the presence of a high concentration of KCl,
the screening of the surface charges of the mem-
branes decreases the electrostatic repulsive inter-
actions between head groups of lipids. Hence, we
can reasonably postulate that this leads to a
decrease in the average optimal surface area, and
then increases the packing parameter. As analyzed
above, this should decrease the curvature elastic
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energy of the membrane(Dm ). Therefore, thecurv

critical concentration of DOPA for an L to Ha II

phase transition in the DPOPE membrane is
decreased obviously.
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