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Abstract

The mechanism of the effects of the lanthanum ion (La*t) and the gadolinium ion (Gd3*), which are lanthanides, on the
function of membrane proteins and the stability of the membrane structure is not well understood. We investigated the effects
of La*" on the stability of the hexagonal II (Hy;) phase of the phosphatidylethanolamine (PE) membrane at 20°C by small-
angle X-ray scattering. As PE membrane we used DPOPE (dipalmitoleoylphosphatidylethanolamine) membrane, which was
in the Ly, phase in 10 mM PIPES buffer (pH 7.4) at 20°C. An L,, to Hyy phase transition occurred in the DPOPE membrane at
1.4 mM La*" in 0 M KCl, and at 0.4 mM La3* in 0.5 M KCl and above the critical concentrations the membranes were in the
Hy; phase, indicating that La®* stabilizes the Hy; phase rather than the Ly, phase. The basis vector length, d, of DPOPE and
DOPE (dioleoylphosphatidylethanolamine) membranes containing 16 wt% tetradecane in excess water condition did not
change with an increase in La’* concentration, suggesting that La’* did not change the spontaneous curvature of these PE
monolayer membranes. The chain-melting transition temperature of the dielaidoylphosphatidylethanolamine membrane
increased with an increase in La>* concentration, indicating that the lateral compression pressure increased. To elucidate the
effects of a small percentage of ‘guest’ lipids with longer acyl chains than the average length of ‘host’ lipids on the stability of
the Hyy phase, we investigated the effects of the concentration of a guest lipid (DOPE) in a host lipid (DPOPE) membrane on
their phase behavior and structure. 12 mol% DOPE induced an L, to Hy phase transition in DOPE/DPOPE membrane,
without changing the spontaneous curvature of the monolayer membrane. We found that Ca>" also induced an L, to Hy
phase transition in the DPOPE membrane, and compared the effects of Ca?t on PE membranes with those of La3*. Based on
these results, we have proposed a new model for the mechanism of the L, to Hy; phase transition and the stabilization of the
Hy phase by La’**. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The lanthanum ion (La*") and the gadolinium ion
(Gd3**), which are lanthanides, are well known to
play important roles in the structure and function
of biomembranes or phospholipid membranes. In
the research field of ionic channel proteins, Gd** is
a well known blocker of the stretch-activated ionic
channels (mechanosensitive ionic channels) [1-4], and
La** can modulate the gating properties of the volt-
age-gated sodium channel [5,6]. These lanthanides
also have effects on the structure and stability of
phospholipid membranes. Interaction of La’*t with
the surface of a negatively charged phosphatidylser-
ine (PS) membrane induces effectively the membrane
fusion of PS vesicles [7-9]. Moreover, interaction of
La** with the electrical-neutral phosphatidylcholine
(PC) membrane induces a conformational change of
its head group moving the N end of the P— N vector
of the head group toward the water phase, while in
the absence of La*" the head group orients almost
parallel to the membrane surface, i.e. the P— N vec-
tor is extended almost parallel to the membrane sur-
face [10-12]. However, the effects of the interaction
of the lanthanides with the membrane interface on
the functions of membrane proteins and the stability
of the membrane structure are not well understood.

On the other hand, recent findings have renewed
the interest in non-bilayer membranes such as the
inverted hexagonal (Hy;) phase and several kinds of
cubic phases, since these non-bilayer structures have
been postulated to play an important biological role
in membrane fusion and in the control of the func-
tions of membrane proteins [13-15]. In most cases,
the stability of the Hy; phase of lipid membranes can
be explained by the spontaneous (or intrinsic) curva-
ture of a single monolayer membrane, H, [16-18].
According to the definition, inverted curved struc-
tures such as the Hy phase, where the spontaneous
curvature of the monolayer is toward the water re-
gion, have a large negative Hy values. On the other
hand, normal structures such as micelles, where the
spontaneous curvature of the monolayer is toward
the alkyl chain region, have a large positive H, values.
As the repulsive interaction between the head groups
decreases due to electrostatic or steric interaction, the
absolute value of Hj increases in order to decrease
the average area of the lipid head group, which

makes the Hy; phase more stable. Thereby, the phase
stability of the Hj; phase of lipid membranes has
been determined in most cases by the measurement
of the change in the spontaneous curvature of the
monolayer membrane due to perturbations such as
addition of other components of lipids, temperature,
and interaction of solvents with the membrane inter-
face [17-20].

In this report, we investigated the effects of La’*
on the stability of the Hy; phase of the phosphatidyl-
ethanolamine (PE) membrane by small-angle X-ray
scattering (SAXS). As PE membrane we used
DPOPE  (1,2-dipalmitoleoyl-sn-glycero-3-phospha-
tidylethanolamine) membrane, which is in the L,
phase in water at 20°C [19]. We found that the L
to Hy; phase transition in the membranes occurred at
low concentration of La3t, and that La3*t stabilizes
the Hy; phase rather than the L, phase. To consider
its mechanism, we performed several kinds of experi-
ments. First, the effect of La’** on the spontaneous
curvature of the PE membrane was measured. It was
found that La’*™ did not change the spontaneous
curvature. Second, to elucidate the effects of a small
percentage of ‘guest’ lipids with longer acyl chains
than the average length of ‘host’ lipids on the stabil-
ity of the Hy; phase, we investigated the effects of the
concentration of a guest lipid, 1,2-dioleoyl-sn-glyc-
ero-3-phosphatidylethanolamine (DOPE) (C18:1),
in the host lipid, DPOPE (C16:1), membrane on
the phase behavior and structure of DOPE/DPOPE
membranes by SAXS. Third, the effect of La’* on
the chain-melting temperature of the 1,2-dielaid-
oyl-sn-glycero-3-phosphatidylethanolamine (DEPE)
membrane was investigated by differential scanning
calorimetry (DSC). Finally, we investigated the ef-
fects of Ca’* on the phase stability of DPOPE and
DEPE membranes, and compared the effects of Ca>*
on PE membranes with those of La**. Based on
these results, we have proposed a new model for
the mechanism of the L, to Hj phase transition
and the stabilization of the Hy; phase by La**.

2. Materials and methods
2.1. Materials and sample preparation

DPOPE, DOPE and DEPE were purchased from
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Avanti Polar Lipids. LaCl; and CaCl, were pur-
chased from Wako.

Several PE membranes were prepared as follows.
Appropriate amounts of phospholipids in chloro-
form were dried by Nj, and then under vacuum by
a rotary pump for more than 12 h. An appropriate
amount of 10 mM PIPES buffer (pH 7.4) containing
a given concentration of LaCl; (or CaCl,) was added
to these dry lipids in excess solvents (final concentra-
tion of lipid is 50 mM), and the suspension was vor-
texed for about 30 s at room temperature (~ 20°C)
(in the case of DEPE membrane, 50°C) several times.
Then, in the case of DEPE membrane, the membrane
suspension was sonicated in a bathtub-type sonicator
(SHARP, UT-105) for 15 s at room temperature sev-
eral times. For the measurement of X-ray diffraction,
pellets of the suspensions after centrifugation
(14000x g, 20 min at 20°C, Tomy, MR-150) were
used.

To investigate the structures of DPOPE and
DOPE membranes containing 16 wt% tetradecane,
we used almost the same method as Chen and
Rand [21,22] as follows. (1) To investigate effect of
La** (or Ca?") on the structures of DPOPE or
DOPE membrane, the appropriate amount of
DPOPE or DOPE in chloroform was dried by Nj,
and then under vacuum by a rotary pump for more
than 12 h. Tetradecane was added to the dry lipid by
weighing directly. After 48 h incubation at room
temperature (~20°C) for equilibration, the appro-
priate amount of 10 mM PIPES buffer (pH 7.4) con-
taining a given concentration of LaCl; (or CaCl,)
was added to this dry lipid/tetradecane mixture in
excess solvents (~7 wt% lipids), and the suspension
was vortexed for about 30 s at room temperature
(~20°C) several times, and then incubated for an-
other 48 h for equilibration. For the measurement of
X-ray diffraction, pellets (or precipitation) of the sus-
pensions after the vortex without centrifugation were
used. (2) To investigate the effect of DOPE on the
structures of DPOPE membrane, the appropriate
amount of the mixture of DPOPE and DOPE in
chloroform was dried by N,, and then under vacuum
by a rotary pump for more than 12 h. Tetradecane
was added to the dry lipid by weighing directly. After
48 h incubation at room temperature (~ 20°C) for
equilibration, the appropriate amount of 10 mM
PIPES buffer (pH 7.4) was added to this dry lipid/

tetradecane mixture in excess solvents (~7 wt% lip-
ids), and the suspension was vortexed for about 30 s
at room temperature (~20°C) several times, and
then incubated for another 48 h for equilibration.
For the measurement of X-ray diffraction, pellets
(or precipitation) of the suspensions after the vortex
without centrifugation were used.

2.2. X-Ray diffraction

X-Ray diffraction experiments were performed us-
ing nickel filtered Cu Ky X-rays (1=0.154 nm) from
a rotating anode type X-ray generator (Rigaku, Ro-
taflex, RU-300, 50 kV X300 mA). SAXS data were
recorded using a linear (one-dimensional) position
sensitive proportional counter (Rigaku, PSPC-5)
with a camera length of 350 mm [23,24]. Wide-angle
X-ray scattering (WAXS) patterns were recorded by
a flat plate film cassette loaded with a highly sensitive
X-ray film (Fuji Medical X-ray Film) with a camera
length of 45.1 mm. Samples were sealed in a thin-
walled glass capillary tube (outer diameter 1.0 mm)
and mounted in a thermostatable holder whose
stability was *0.2°C.

2.3. DSC

DSC experiments were performed using a Rigaku
DSC-8230B instrument. 50 mM DEPE membrane
dispersion was heated at a rate of 2.0°C/min. The
chain-melting transition temperatures, Ty,, were de-
termined as the onset of the endothermic transition
extrapolated to the baseline and also as the maxi-
mum of the endothermic transition peak. The details
have been described in our previous paper [24].

3. Results

3.1. Lgy to Hy phase transition in the
DPOPE membrane induced by La’™*

We investigated the effects of La’t on the phase
behavior and structure of DPOPE membranes by X-
ray diffraction. SAXS data of the DPOPE membrane
in 10 mM PIPES buffer (pH 7.4) at 20°C showed
that a set of SAXS peaks had spacings in the ratio
of 1:2:3 and the spacing was 4.9 nm (Fig. 1a), in-
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dicating that it is in the L, phase as reported previ-
ously [19,25]. At 1.4 mM La’**, a new set of SAXS
peaks with a larger spacing was superimposed on the
L, peaks; the new set had spacings in the ratio of
1:/3:2:/7, which is consistent with a two-dimension-
al hexagonal (Hy) phase (@ in Fig. 2). Above 2.0
mM La’*", the L, peaks disappeared, and the
DPOPE membranes were completely in the Hy; phase
(Fig. 1c). At the intermediate concentrations of La’*
(1.4-2.0 mM), the two phases coexisted (Fig. 1Db).

Intensity (arb. units)
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Fig. 1. X-Ray diffraction profile of the DPOPE membrane in

various La’* concentrations in 10 mM PIPES buffer (pH 7.4)
at 20°C. (a) 0 mM, (b) 1.6 mM, and (c) 3.0 mM La**.
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Fig. 2. Spacing or basis vector length, d, of DPOPE membrane
in various La’" concentrations at 20°C. @, in 10 mM PIPES
buffer (pH 7.4); O, in 0.5 M KCl in 10 mM PIPES buffer (pH
7.4). Data with d=5 nm correspond to the L, phase, and those
with d=7.5 nm correspond to the Hy; phase.

The basis vector length of the Hj; phase (center to
center distance of adjacent cylinders), d, calculated
by d=(2/y3)x (x is the spacing in the SAXS), was
almost constant (d=7.6 nm) with an increase in
La** concentration from 1.4 to 3.5 mM (@ in Fig.
2). Hence, La’* induced a transition from L, to Hy
phase in the DPOPE membrane at 1.4 mM.

To consider the effects of ionic strength in the bulk
phase on this phase transition, we investigated the
effects of La’* on the phase behavior and structure
of the DPOPE membranes in 10 mM PIPES buffer
(pH 7.4) containing 0.5 M KCI (O in Fig. 2). At 0.4
mM La**, a new set of SAXS peaks with a larger
spacing was superimposed on the L, peaks; the new
set had spacings in the ratio of 1:/3:2:/7, which is
consistent with the Hy; phase. At and above 1.0 mM
La**, the L, peaks disappeared, and the DPOPE
membranes were completely in the Hy; phase. Hence,
La** induced a transition from L, to Hy phase in
the DPOPE dispersion in 0.5 M KCI at 0.4 mM,
which is lower than the critical concentration at
which the L, to Hj phase transition occurred in
the DPOPE membrane in the absence of KCI.

3.2. Interaction of La®* with DOPEltetradecane and
DPOPE/tetradecane membranes

To allow lipid membranes in the Hy; phase to ex-
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Fig. 3. Basis vector length, d, of DPOPE/tetradecane (O) and
DOPE/tetradecane (®) membranes in various La’* concentra-
tions in 10 mM PIPES buffer (pH 7.4) at 20°C. All the mem-
branes were in the Hy phase.

press the spontaneous curvature, Hy, addition of al-
kanes such as decane and tetradecane to the mem-
branes is required because they fill the interstitial
region of the Hy phase and relax the acyl chain
packing stress [16,22,26]. Thereby, to get information
on the dependence of the spontancous curvature of
the DOPE membrane on La’* concentration, we in-
vestigated the structure of DOPE membrane contain-
ing 16 wt% tetradecane in excess water condition [21]
in the presence of various concentrations of La’* (@
in Fig. 3). The basis vector length, d, of the DOPE/
tetradecane membrane in excess water did not
change with an increase in La** concentration.

We also investigated the effect of La’t on the
spontaneous curvature of DPOPE membrane con-
taining 16 wt% tetradecane in excess water condition
(O in Fig. 3). In 10 mM PIPES (pH 7.4), the DPOPE
membrane was in the L, phase (Fig. 1a), but the
DPOPE membrane containing 16 wt% tetradecane
was in the Hyy phase [19]. As shown in Fig. 3, the
basis vector length, d, of the DPOPE/tetradecane
membrane in excess water did not change with an
increase in La’* concentration.

3.3. Effect of DOPE concentration on
DOPE/DPOPE membrane

To elucidate the effects of a small percentage of

‘guest’ lipids with longer acyl chains than the average
length of ‘host’ lipids on the stability of the Hy
phase, we investigated the effects of the concentra-
tion of a guest lipid (DOPE) in host lipid (DPOPE)
membrane on their phase behavior and structure by
SAXS. The number of carbons in the acyl chain of
DOPE (n=18) is a little larger than that of DPOPE
(n=16), and both lipids have a double bond per acyl
chain. Hence, the length of the acyl chain of DOPE
is a little longer than that of DPOPE.

—1

Intensity (arb. units)
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Fig. 4. X-Ray diffraction profile of the DOPE/DPOPE mem-
brane with various DOPE concentrations in 10 mM PIPES
buffer (pH 7.4) at 20°C. (a) 8.0 mol%, (b) 20 mol%, and (c) 28
mol% DOPE.
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As described in the previous section, the DPOPE
membrane in 10 mM PIPES buffer (pH 7.4) at 20°C
is in the L, phase. Addition of small amount of
DOPE did not change the phase of the membrane
(Fig. 4a). At 12 mol% DOPE, a new set of SAXS
peaks with larger spacings was superimposed on the
Lo, peaks; the new set had spacings in the ratio of
1:y3:2:y7, which is consistent with the Hjy phase
(Fig. 5). Above 26 mol% DOPE, the L, peaks dis-
appeared, and the DOPE/DPOPE membranes were
completely in the Hy phase (Figs. 4c and 5). At the
intermediate concentrations of DOPE (12-26 mol%),
the two phases coexisted (Fig. 4b). Hence, DOPE
induced a phase transition from L, to Hyp in the
DPOPE membrane at 12 mol%. The basis vector
length of the Hy phase, d, was almost constant
(d=17.6 nm) with an increase in DOPE concentration
from 12 to 36 mol% (Fig. 5).

To get information on the dependence of the spon-
taneous curvature of the DOPE/DPOPE membrane
on DOPE concentration, we investigated the struc-
ture of DOPE/DPOPE membranes containing 16
wt% tetradecane in the presence of various concen-
trations of DOPE (Fig. 6). The basis vector length, d,
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10 20 30 40

DOPE concentration (mol%)

Fig. 5. Spacing or basis vector length, d, of DOPE/DPOPE
membranes with various DOPE concentrations in 10 mM
PIPES buffer (pH 7.4) at 20°C. @ corresponds to the L, phase,
and A corresponds to the Hyy phase.
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Fig. 6. Basis vector length, d, of the DOPE/DPOPE/tetradecane
membranes with various DOPE concentrations in 10 mM
PIPES buffer (pH 7.4) at 20°C. All the membranes were in the
Hy; phase.
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Fig. 7. DSC heating curves of DEPE membrane at various
La** concentrations in 10 mM PIPES buffer (pH 7.4). (a) 0
mM La**, (b) 4 mM La**, and (c) 20 mM La**. Heating rates
were 2.0°C/min.
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of the DOPE/DPOPE/tetradecane membrane in ex-
cess water did not change with an increase in DOPE
concentration.

3.4. Effect of La®” on chain-melting transition
temperature of DEPE membrane

We investigated the effect of La*" on the chain-
melting phase transition (Lg to L, phase transition)
of DEPE membrane by DSC. Fig. 7 shows DSC
heating curves of 50 mM DEPE membrane in the
presence of various concentrations of La’* in 10
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Fig. 8. Dependence of chain-melting transition temperature
(Tm) of DEPE membrane on La’* concentration. (a) Ty, of
DEPE membrane in 10 mM PIPES buffer (pH 7.4). O repre-
sents the transition onset temperature and @ represents the tem-
perature of the maximum of the endothermic transition peak.
(b) T, of DEPE membrane determined by the temperature of
the maximum of the endothermic transition peak in 10 mM
PIPES buffer (pH 7.4) (®) and in 10 mM PIPES buffer (pH
7.4) containing 0.5 M KCI (a) at low concentrations of La’*.

mM PIPES buffer (pH 7.4). In the temperature range
in Fig. 7, there was one endothermic peak in each
sample, which corresponds to the chain-melting
phase transition. As shown in Fig. 8a, the chain-
melting phase transition temperature (7y,) increased
with an increase in La*" concentration. Figs. 7 and
8a show that broadening of the endothermic peak
occurred in the presence of a high concentration of
La**. As shown in Fig. 8b, the increment of T}, in
the presence of 0.5 M KCI (a) at the same La’*
concentrations was larger than that in the absence
of KCl (@).

3.5. Ly to Hy phase transition in the DPOPE
membrane induced by Ca®” and the effect of Ca®*
on the chain-melting transition temperature of
DEPE membrane

To compare the effect of La’* with that of another
ion on the phase stability of PE membranes, we in-
vestigated the effects of Ca’" on the phase behavior
and structure of DPOPE membranes in 10 mM
PIPES buffer (pH 7.4) by X-ray diffraction. At low
concentrations of Ca?t, the DPOPE membranes
were in the L, phase (@ in Fig. 9). At 48 mM
Ca’", a new set of SAXS peaks with larger spacings
(A in Fig. 9) was superimposed on the L, peaks; the
new set had spacings in the ratio of 1:/3:2:/7, which
is consistent with the Hy; phase. Above 70 mM Ca’*,
the L, peaks disappeared, and the DPOPE mem-
branes were completely in the Hy phase (Fig. 9).
At the intermediate concentrations of Ca’t (48-70
mM), the two phases coexisted. The basis vector
length of the Hy phase, d, was almost constant
(d=17.5 nm) with an increase in La’* concentration
from 48 to 100 mM. Hence, Ca’* induced a phase
transition from L, to Hy in the DPOPE membrane
in 0 M KCI at 48 mM.

To consider the effects of ionic strength in the bulk
phase on this phase transition, we investigated the
effects of Ca’>" on the phase behavior and structure
of the DPOPE membranes in 10 mM PIPES buffer
(pH 7.4) containing 0.5 M KCI (O and A in Fig. 9).
At less than 8 mM Ca?*, the membranes were in the
L, phase (O in Fig. 9). At 8 mM Ca’*, a new set of
SAXS peaks with a larger spacing was superimposed
on the L, peaks (A in Fig. 9); the new set had
spacings in the ratio of 1:y3:2:/7, which is consistent
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Fig. 9. Spacing or basis vector length, d, of DPOPE membrane
in various Ca?t concentrations at 20°C. @, a, in 10 mM PIPES
buffer (pH 7.4); O,a, in 0.5 M KCI in 10 mM PIPES buffer

(pH 7.4). @ and O correspond to the L, phase, while a and
A correspond to the Hy phase.

with the Hy phase. Above 20 mM Ca’*, the L,
peaks disappeared, and the DPOPE membranes
were completely in the Hy phase. Hence, Ca’t in-
duced a phase transition from L, to Hjp in the

10} 4
— 8_ i
£ © o o
5 L o |

e 6 06 00O
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Ca?* concentration (mM)

Fig. 10. Basis vector length, d, of the DPOPE/tetradecane mem-
branes in various Ca’* concentrations in 10 mM PIPES buffer
(pH 7.4) (O) and in 0.5 M KCI in 10 mM PIPES buffer (pH
7.4) (@) at 20°C. All the membranes were in the Hy; phase.

DPOPE membrane in 0.5 M KCI at 8 mM, which
is lower than the critical concentration of the L, to
Hy phase transition in the DPOPE membrane in
0 M KCl.

To get information on the dependence of the spon-
taneous curvature of the DPOPE membrane on Ca’*
concentration, we investigated the structure of
DPOPE membranes containing 16 wt% tetradecane
in the presence of various concentrations of Ca’*
near the critical concentrations of the L, to Hy
phase transitions (Fig. 10). The basis vector length,
d, of the DPOPE/tetradecane membrane in excess
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Fig. 11. Dependence of chain-melting phase transition tempera-
ture (Tyy) of DEPE membrane on Ca?* concentration. (a) Tp,
of DEPE membrane in 10 mM PIPES buffer (pH 7.4). O repre-
sents the transition onset temperature and @ represents the tem-
perature of the maximum of the endothermic transition peak.
(b) T,y of DEPE membrane determined by the temperature of
the maximum of the endothermic transition peak in 10 mM
PIPES buffer (pH 7.4) (®) and in 10 mM PIPES buffer (pH
7.4) containing 0.5 M KCI (a) at low concentrations of Ca’*.
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water did not change with an increase in Ca®* con-
centration near the critical concentration of the L, to
Hj; phase transition in the presence of 0.5 M KCl (@
in Fig. 10), but in the absence of KCl it decreased a
little with an increase in Ca’* concentration (O in
Fig. 10).

We also investigated the effect of Ca®>* on the
chain-melting phase transition of DEPE membrane
by DSC. As shown in Fig. 1la, the chain-melting
phase transition temperature (7y,) of 50 mM DEPE
membrane in 10 mM PIPES buffer (pH 7.4) in-
creased with an increase in Ca’' concentration.
Fig. 11b shows that the increase in Ty, in the pres-
ence of 0.5 M KCI at the same Ca’>" concentrations
was larger than that in the absence of KCI.

4. Discussion

4.1. L&’ stabilizes the Hy phase rather than the
Ly phase

The results in Fig. 2 clearly indicate that the L, to
Hy; phase transitions occurred in the DPOPE mem-
brane at 20°C at low concentrations of La’*, and
that the presence of 0.5 M KCI decreases the critical
concentration of La’* for the L, to Hyy phase tran-
sition. Thereby, La’* stabilizes the Hy; phase rather
than the L, phase. What is the mechanism of this
phase transition?

Generally, the difference of the chemical potential
of the phospholipid membrane in the Hjp phase
(u")y and the bilayer liquid—crystalline (L) phase
(M), Au, is expressed as follows [27,28]:

Apt = M bl
= (Méun—Heur) + (Heit —HE) (1)
= A.ucurv + A,Uch

where Ay 18 @ term due to the curvature elastic
energy (or curvature energy), and Ay, is a term due
to interstitial chain packing of the Hy phase. The
spontaneous (or intrinsic) curvature of a single
monolayer membrane, Hy, is a useful parameter
characterizing non-bilayer membranes, which is ex-
pressed as Hy=1/Ry, where R, is the radius of the
spontaneous curvature [16-18]. Using Ry, the curva-
ture energy of the Hy phase, teury, in Eq. 1 is ex-

pressed as [18,29]:

e = H(NaKA) (1%‘%0)2 @
where N is Avogadro’s number, k is the elastic
bending modulus of the monolayer membrane, 4,
is the equilibrium surface area per lipid molecule in
the membrane, R,, is the radius of curvature of the
lipid monolayer. In excess water, the membrane in
the Hy; phase has a curvature close to the spontane-
ous curvature to minimize the curvature energy,
whereby R, = Ry. For convenience, we assume

HII —_ . . — .
v = 0 1n excess water. Since 1/R,, =0 in L, phase,

bil
HI_pbil ) _ I Nax4]

A‘Ucurv = (nucurv_:ucurv - 2 R2 <<0> (3)
0

where 4% is the optimal surface area per lipid mol-
ecule of the L, phase. Eq. 3 shows that Aty is
always negative (Alleyry <0), thereby it is an impor-
tant factor stabilizing the Hj phase. On the other
hand, in the Hy phase, acyl chains of lipids have
to extend to different lengths to fill the interstitial
hydrocarbon region, which decreases the entropy of
chains and increases the free energy of the membrane
[27]. Therefore, this packing energy of the acyl chains
unstabilizes the Hy phase, and thus Ay, is always
positive (Auc, >0). The addition of alkanes such as
decane and tetradecane to the membrane decreases
Alcn, because the alkanes fill the interstitial region of
the Hy; phase and relax the acyl chain packing stress
[16,22,26]. In most cases, phase transitions between
the Hy; and the L, phases are determined by the
interplay of these two factors, Aty and Apch.

Eq. 3 shows that the absolute value of Aleyry in-
creases with a decrease in Ry and the change in the
spontaneous curvature induces a change in the stabil-
ity of the Hy phase. The result of Fig. 3 gives in-
formation on the change of the radius of the sponta-
neous curvature Ry of the DOPE and DPOPE
membranes. The basis vector length of the Hy phase,
d, is expressed as the sum of the radius of the water
tube, Ry, and the thickness of the monolayer mem-
brane, d, i.e. d=2(Ry+d) [16,17]. In excess water,
the DOPE or DPOPE membrane containing 16 wt%
tetradecane in the Hyy phase has a curvature of Hj to
minimize the curvature free energy, and thereby,
Ry =Ry. No change in d of the DOPE/tetradecane
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and DPOPE/tetradecane membranes induced by
La’** is attributed to no change in Ry, since the
change in dj is assumed to be small. Thus, the result
of Fig. 3 indicates that the spontaneous curvature of
these PE membranes did not change with an increase
in La*" concentration, and thereby, the La’*-in-
duced L, to Hy phase transition is not due to the
change in the spontaneous curvature.

4.2. The mechanism of the Ly to Hj phase transition
induced by La’*

The effect of La** on the physical properties of PC
membranes has been investigated by several tech-
niques. The solid NMR method (*H-NMR) revealed
that La’" can bind with the head groups of electri-
cal-neutral PC membranes near the phosphate group
of the head groups and induce a conformational
change of the head group moving the N end of the
P— N vector of the head groups toward the water
phase, while in water in the absence of these ions the
head groups orient almost parallel to the membrane
surface, i.e. the P— N vector of the head groups is
extended almost parallel to the membrane surface
[10,11,30]. For PE membranes in water, their head
groups orient almost parallel to the membrane sur-
face, i.e. the P— N vector of the head groups is ex-
tended almost parallel to the membrane surface [31].
We can reasonably assume that a similar conforma-
tional change of the head group of the electrical-neu-
tral PE membrane is induced by La’*. This confor-
mational change decreases the steric repulsive
interaction between the head groups in the phospho-
lipid membrane, IT.q. The binding of La** with the
head groups of the PE membranes may also induce
an electrostatic attraction between the negative
charges of the phosphate groups (O™) of neighboring
phospholipids. Otherwise, the conformational change
of the head group is difficult, because its conforma-
tion in the absence of La’* is more energetically
favorable than that in the presence of La** from
the point of the electrostatic interaction energy be-
tween the dipole moments of neighboring phospho-
lipid head groups. This attraction also decreases the
repulsive interaction between the head groups. In
equilibrium, three kinds of lateral pressures in the
membrane have to balance, i.e. IheaqtILpan=7%
where [T, 1S the repulsive chain pressure, and yis

the attractive interfacial pressure due to the hydro-
phobic interaction between the acyl chains and water
at the membrane surface [32]. We can assume that
y is almost constant in the presence of low concen-
trations of La’". Therefore, the lateral compression
pressure of the membrane, y— .4, at the local place
of the membrane near the binding site of La*" be-
comes larger than that of the original DPOPE mem-
brane in the absence of La’*. This can reasonably
explain the increase in the chain-melting transition
temperature, Ty,, of the DEPE membrane and the
decrease of cooperativity in the phase transition
(Figs. 7 and 8). Similar situations that the increase
in the lateral compression pressure induces an in-
crease in Ty, were observed in other systems
[25,33,34]. However, the binding of La** on the
membrane surface of the DEPE membrane increases
the surface charge density, which has an effect of
decreasing Ty, due to the electrostatic repulsive inter-
action [35,36]. Therefore, in this case, the effect of the
lateral pressure on Ty, (i.e. the increase in Ty,) is a
prevailing effect over that of the electrostatic inter-
action due to the surface charge on 7y, (i.e. the de-
crease in Ty,). This is the same situation as the low
pH-induced increase in Ty, of the dihexadecylphos-
phatidylcholine (DHPC) membrane [34].

The local lateral compression pressure due to the
binding of La** on the PE membrane can induce the
ordering of the conformation of the acyl chains and
thereby extend the chains of the PE molecules of that
local place. The percentage of PE lipids with longer
acyl chains than the original average length of these
lipids in the membranes increases with an increase in
La** concentration.

We propose a model for the mechanism of the L,
to Hy phase transition induced by La** in the
DPOPE membranes and the stabilization of the Hy
phase of PE membrane by La’*. As described above,
the packing energy of the acyl chains unstabilizes
the Hy phase, and thus Ay, is always positive
(At > 0). The small percentage of PE lipids with
longer acyl chains than the average length produced
by the small amount of La*" will be localized at the
region where their acyl chains can fill the interstitial
hydrocarbon region in the Hy; phase membrane. This
can decrease the packing energy of the acyl chains in
the Hy phase, and thereby decreases Auc,. At the
critical concentration of La3*, i.e. at the critical con-
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centration of the lipids with longer acyl chains, L to
Hy phase transition occurs. In brief, the La’*-in-
duced L, to Hy phase transition occurs not by the
change in the spontaneous curvature of the mono-
layer membrane, but by the change in the chain
packing energy at the interstitial region of the Hy
phase. Addition of alkanes such as tetradecane to
the DPOPE membrane induced the L, to Hy phase
transition (Fig. 3 and [19]), indicating that the de-
crease in packing energy of acyl chains in the inter-
stitial region of the Hj; phase induced this phase
transition. It also supports our new model.

In the presence of a high concentration of NaCl or
KClI, the binding of La’" on the PE membrane is
much enhanced due to the screening of the positive
surface charge of the membrane produced by the
binding of La’*. In the case of PC membrane, this
is proved by the solid NMR experiments [11]. This
increase in the amount of the bound La’* on the
membrane can reasonably explain two effects of the
presence of 0.5 M KCI; one is that it decreases the
critical concentration of La** for the L, to Hy; phase
transition of the DPOPE membrane (Fig. 2) and the
other is that it increases the increment of the chain-
melting transition temperature (7,) of the DEPE
membrane due to the La** (Fig. 8). As described
above, the L, to Hj; phase transition and the in-
crease in Ty, are induced by the lateral compression
pressure of the membrane due to the binding of La’*
on the membrane. Based on our new model, we can
reasonably conclude that the amount of the bound
La’t on the membrane determines the L, to Hp
phase transition and the increase in Ty,, and thereby,
the critical concentration of La** for the L, to Hy
phase transition induces almost the same increase in
T under various conditions. The validity of this
conclusion can be checked quantitatively as follows.
In 0 M KCl, Ty, of the DEPE membrane at the
critical concentration of La** inducing the L, to
Hj; phase transition of the DPOPE membrane (i.e.
1.4 mM La*") is higher than T}, in the absence of
La’* by 0.5+0.1°C (i.e. AT, =0.5£0.1°C). In 0.5 M
KCl, T, of the DEPE membrane at the critical con-
centration of La’*" inducing the L, to Hy phase
transition of the DPOPE membrane (i.e. 0.4 mM
La*") is higher than T, in the absence of La** by
0.3+0.1°C (i.e. AT, =0.3£0.1°C). Here we used val-
ues of T, which were determined by the maximum

of the endothermic transition peak. These results
support the above conclusion.

4.3. The mechanism of the Ly to Hjy phase transition
induced by the addition of DOPE to the
DPOPE membrane

To verify our model for the mechanism of the L,
to Hy phase transition described above, we investi-
gated the effects of a small percentage of ‘guest’ lip-
ids with longer acyl chains than the average length of
‘host’ lipids on the stability of the Hy; phase (Fig. 5).
The result of Fig. 5 clearly shows that the incorpo-
ration of the guest PE molecule (DOPE) with longer
acyl chains than that of the host PE molecule
(DPOPE) induces the L, to Hjp phase transition,
and thereby it stabilizes the Hy phase rather than
the L, phase. The DOPE membrane is in the Hy
phase at 20°C, and thereby, the incorporation of
DOPE into the DPOPE membrane may have anoth-
er effect on the structure and physical property of the
membrane than the variation of the acyl chain
length. For example, when the DOPE concentration
increased in the dioleoyl-PC (DOPC) membrane, L,
to Hy phase transition occurred at the critical con-
centration of DOPE [18,26]. In this case, the radius
of the spontaneous curvature of the DOPE/DOPC
membrane largely decreased with an increase in
DOPE concentration [18,26], which is the main
reason for the phase transition. On the other hand,
in the DOPE/DPOPE membrane the radius of the
spontaneous curvature did not change (Fig. 6). The
Lo to Hy phase transition induced by the incorpo-
ration of DOPE can be reasonably explained as fol-
lows. As described above, in the Hy phase, acyl
chains of a small fraction of lipids have to extend
to fill the interstitial hydrocarbon region, which in-
creases the free energy of the membrane. Therefore,
this packing energy of the acyl chains unstabilizes the
Hy phase, and thus Ay, is always positive
(Attch > 0). When lipid membrane contains a small
percentage of lipids with longer acyl chains than
the average length of host lipids, they will be local-
ized at the region where their acyl chains can fill the
interstitial hydrocarbon region in the Hj phase
membrane. This can decrease the packing energy of
the acyl chains in the Hy phase, thereby decreasing
Apeh. At the critical concentration of the lipids with
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longer acyl chains, Lo, to Hy phase transition occurs.
This result supports our model for the mechanism of
the La’*-induced L, to Hy phase transition in the
DPOPE membrane and the stabilization of the Hyy
phase by La’*.

4.4. Comparison of the effects of La’* and Ca®* on
phase stability of PE membranes

The results in Fig. 9 clearly indicate that the L, to
Hj; phase transitions occurred in the DPOPE mem-
brane at 20°C at low concentrations of Ca?*, and
that the presence of 0.5 M KCI decreases the critical
concentration of Ca>* for the L, to Hy; phase tran-
sition. Thereby, Ca’* also stabilizes the Hy; phase
rather than the L, phase. The critical concentrations
of Ca”* inducing the L, to Hy; phase transition were
more than 10 times the critical concentrations of
La** under the same condition. The result of Fig.
10 suggests that the spontaneous curvature of these
PE membranes did not change largely with an in-
crease in Ca’" concentration. The chain-melting
transition temperature (7y,) of the DEPE membrane
also increased with an increase in Ca®* concentra-
tion, but the effect of Ca?* on T}, was much smaller
than that of La’* (Fig. 11). Therefore, the main
mechanism of the Ca’*-induced L, to Hy phase
transition of the DPOPE membrane is almost the
same as that of the La’*-induced phase transition
described above: the lateral compression pressure
due to the binding of Ca?* on the membrane is
one of the main reasons for the L, to Hj phase
transition.

As described in the effects of La**, based on our
model, we can reasonably conclude that the amount
of the bound Ca’>" on the membrane determines the
Lo to Hy phase transition and the increase in Ty,.
We check its validity quantitatively. In 0 M KCl, T,
of the DEPE membrane at the Ca’* concentration
inducing the L, to Hj phase transition of the
DPOPE membrane (i.e. 50 mM Ca’") is higher
than T, in the absence of Ca** by 0.7£0.1°C (i.e.
AT, =0.7%0.1°C). In 0.5 M KCI, Ty, of the DEPE
membrane at the Ca®* concentration inducing the Ly,
to Hy phase transition of the DPOPE membrane (i.e.
8 mM Ca’") is higher than T}, in the absence of
Ca’" by 0.6+0.1°C (i.e. AT =0.6%0.1°C). These
results show that the critical concentrations of Ca>*

of the Ly, to Hy; phase transition induced almost the
same increase in 7, in both KCI concentrations.
This supports the above conclusion. The values of
ATy, in the case of Ca* are almost the same as those
in the case of La’*. This suggests that, irrespective of
the kinds of ions (La’* and Ca®"), there is a corre-
lation between the increase in 7, due to the binding
of ions and the ion-induced L, to Hy phase transi-
tion.

The experimental results in this report also show
that the efficiency of Ca’" in inducing the L, to Hy
phase transition and the increase in Ty, is much low-
er than that of La’*. We consider two reasons for
this. One is that the lateral compression pressure of
the membrane induced by a bound Ca’* is weaker
than that of a bound La’*. The other is that the
binding constant of Ca’>* on PE membrane is smaller
than that of La’", which is the same tendency as in
the interaction of these ions with PC membrane. In
the case of DPPC membrane in the L, phase (at
59°C), the apparent binding constants of K=120
M~! for La** and K=19 M~! for Ca’* were deter-
mined by the analysis of the deuterium quadrupole
splittings obtained by the solid NMR method [11].

To prove our model for the mechanism of the L,
to Hy phase transition, we need more experiments
and quantitative analysis in the future. It is necessary
to obtain more direct experimental evidence support-
ing the lengthening of the acyl chains of PE mem-
branes due to the binding of ions, such as the mea-
surement of an order parameter of the acyl chains.
In the interaction of Ca** with the DPOPE mem-
brane in 0 M KCl, the radius of the spontaneous
curvature of the membrane may decrease a little (O
in Fig. 10). Thereby, in this case, both effects, i.e. the
lengthening of the acyl chains and the increase of the
spontaneous curvature, may play an important role
in the L, to Hy phase transition. To compare the
roles of these two effects quantitatively, we have to
develop a method to calculate the interstitial chain
packing energy quantitatively by experimental data.

4.5. Biological implication

So far, the spontaneous curvature of the mono-
layer membrane has been considered to play an im-
portant role in the stability of the Hy phase [17-19]
and cubic phases [20,37]. However, the results of this
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report suggest that the distribution of the length of
lipid acyl chains would change the stability of non-
bilayer membranes. We can generalize the mecha-
nism of the La**-induced L, to Hy; phase transition;
the production of a small percentage of lipids with
longer acyl chains than the original average length of
the lipids in the membrane can induce an L, to Hy
phase transition, or at least produce a membrane
with high negative curvature. We expect that inter-
action of proteins or peptides with lipid membranes
can induce an L, to Hj phase transition by this
mechanism, and that in cells, the production (or syn-
thesis) of lipids with longer acyl chains than the orig-
inal average length of the lipids in the membrane
may play an important role in the production of a
membrane with high negative curvature. Siegel and
Epand recently reported that the influenza hemagglu-
tinin fusion peptide (20-mer) induced a cubic phase
in the DPOPE membrane without a change in the
spontaneous curvature, suggesting that a factor other
than the spontaneous curvature is important in the
formation of cubic phases of biomembranes [38].
Moreover, the increase in the lateral compression
pressure and the extension of the acyl chains at the
local place of the membrane play an important role
in the control of functions of membrane proteins
such as the stretch-activated ionic channels and the
voltage-gated ionic channels. Further research on our
new model is necessary.
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