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Abstract

Lanthanides such as La®> " and Gd*>* are well known to have large effects on the function of membrane proteins such as mechanosensitive
ionic channels and voltage-gated sodium channels, and also on the structure of phospholipid membranes. In this report, we have investigated
effects of La®>* and Gd®>* on the shape of giant unilamellar vesicle (GUV) of dioleoylphosphatidylcholine (DOPC-GUV) and GUV of
DOPC/cholesterol by the phase-contrast microscopy. The addition of 10—100 uM La®* (or Gd* *) through a 10-um diameter micropipette
near the DOPC-GUV (or DOPC/cholesterol-GUV) triggered several kinds of shape changes. We have found that a very low concentration
(10 uM) of La** (or Gd® *) induced a shape change of GUV such as the discocyte via stomatocyte to inside budded shape transformation, the
two-spheres connected by a neck to prolate transformation, and the pearl on a string to cylinder (or tube) transformation. To understand the
effect of these lanthanides on the shape of the GUV, we have also investigated phase transitions of 30 uM dipalmitoylphosphatidylcholine-
multilamellar vesicle (DPPC-MLV) by the ultra-sensitive differential scanning calorimetry (DSC). The chain-melting phase transition
temperature and the L to Py phase transition temperature of DPPC-MLYV increased with an increase in La®" concentration. This result
indicates that the lateral compression pressure of the membrane increases with an increase in La® * concentration. Thereby, the interaction of
La®>* (or Gd®*) on the external monolayer membrane of the GUV induces a decrease in its area (4°*), whereas the area of the internal
monolayer membrane (4™) keeps constant. Therefore, the shape changes of the GUV induced by these lanthanides can be explained
reasonably by the decrease in the area difference between two monolayers (Ad=A* — 4™). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lanthanum ion (La’") and gadolinium ion (Gd>™),
which are lanthanides, are well known to play important
roles in the structure and function of biomembranes or
phospholipid membrane. In the research field of ionic
channel proteins, Gd*>" is well known as a blocker of
stretch-activated ionic channels (mechanosensitive ionic
channels) [1—4], and La®> * can modulate the gating proper-
ties of voltage-gated sodium channel [5,6]. The lanthanides

Abbreviations: GUV, giant unilamellar vesicle; MLV, multilamellar
vesicle; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine; L, phase,
liquid-crystalline phase; Ly phase, bilayer gel phase with tilted hydro-
carbon chains; Py phase, ripple phase
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also have effects on the structure and stability of phospho-
lipid membranes. Interaction of La®" with the surface of
negatively charged phosphatidylserine (PS) membrane
effectively induces membrane fusion of PS vesicles [7-9].
Moreover, interaction of La®” with the head groups of
electrical-neutral phosphatidylcholine (PC) membrane
moves the N end of P — N vector of the head groups toward
the water phase [10—12]. However, the effects of the
interaction of the lanthanides with the membrane interface
on stability of membrane structure and functions of mem-
brane proteins are not well understood.

Giant unilamellar vesicles (GUVs) of phospholipids,
with diameters in the range of 10—100 pm, can be used to
investigate elastic properties of the phospholipid membranes
[13—15] and shape change of vesicles [16—21]. These
studies have been considered helpful to understand dynam-
ics of biological membranes such as various structures of
membranes in the cell, endocytosis, and membrane fusions.
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In theoretical investigations, there are two approaches based
on the assumption that the shape of GUV at equilibrium is
determined by the minimization condition of membrane
bending energy [22-24]. Deuling and Helflich [22]
described the shape change by the spontaneous-curvature
model. In this model, the shape of GUV is determined by
the minimum bending energy for a given area 4 and a given
volume V. On the other hand, Svetina and Zeks [23], and
also Seifert et al. [24] have proposed a bilayer-couple
model; in this model, the shape of GUV is determined by
the minimum bending energy for a given area 4, a given
volume ¥, and also a given area difference between the two
monolayers in the bilayer membrane AA4. Recently, the area-
difference-elasticity (ADE) model has been proposed to
generalize the bilayer-couple model, where the effect of
the elastic energy due to the stretching of the monolayer
membrane is included [25-27]. On the other hand, in the
experimental approach, Sackmann et al. [17,18] have inves-
tigated temperature dependence of the shape of GUV of
dimyristoylphosphatidylcholine (DMPC). Assuming that
there is a small difference in the thermal expansivities of
the two monolayers, the bilayer-couple model can explain
the shape change of the GUV induced by the temperature
change reasonably. Devaux et al. [19,28] found that the
redistribution of less than 1% of the total phospholipid was
sufficient to induce the shape change in GUV, which can be
explained by the bilayer-couple model.

In this report, we have investigated the effects of La® * (or
Gd* ™) on the shape of GUV of dioleoylphosphatidylcholine
(DOPC-GUV) by the phase-contrast microscopy. We have
found a very low concentration (10 uM) of La®>* (or Gd* )
induced several kinds of shape changes of GUV. Major ones
are a discocyte (i.e., biconcave disc shape) via stomatocyte
(i.e., cupped form) to inside budded shape transformation, a
two-spheres connected by a neck to prolate transformation,
and a pearl on a string (i.e., several spherical vesicles
connected by a narrow tube) to cylinder (or tube) trans-
formation. To understand the effects of these lanthanides on
the phosphatidylcholine (PC) membranes, we also investi-
gated phase transitions of a low concentration (30 pM) of
dipalmitoylphosphatidylcholine-multilamellar vesicle
(DPPC-MLYV) by the ultra-sensitive differential scanning
calorimetry (DSC). This concentration of the DPPC-MLV
is almost the same as that of the DOPC-GUV used in the
experiment of the shape change. The chain-melting phase
transition temperature and the L, to P, phase transition
(pre-transition) temperature of DPPC-MLYV also increased
with an increase in La® * concentration. This result indicates
that the lateral compression pressure of the membrane
increases with an increase in La®>* concentration. Moreover,
effect of La’>" on the spontaneous curvature of DOPC/
cholesterol monolayer membrane was investigated using a
small-angle X-ray scattering (SAXS), which indicates that
La®* induces a decrease in the surface area of this mem-
brane. Based on these results, we discuss the mechanism of
the La®> " (or Gd® ")-induced shape change of DOPC-GUV.

2. Materials and methods
2.1. Materials and sample preparation

1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC)
and 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC) were purchased from Avanti Polar Lipids LaCl;
(=99.9%), GdCl; (=99.9%), and cholesterol were pur-
chased from Wako Chemical Co. 2-[12-(7-nitrobenz-2-oxa-
1, 3-diazol-4-yl) amino] dodecanoyl-1-hexadecanoyl-sn-
glycero-3-phosphocholine (NBD-PC) was purchased from
Molecular Probes Inc.

2.2. Formation of GUV

GUVs of phospholipid were prepared as follows: 100 pl
of 1 mM phospholipid (DOPC or DOPC/cholesterol mix-
ture) in chloroform in a small glass vessel was dried by N,
gas, and then the solvent was completely removed by
placing the sample in a vacuum desiccator connected to a
rotary vacuum pump for more than 12 h. Ten microliters of
water was added into this vessel, and it was incubated at 45
°C for a few minutes (pre-hydration). Then, 3 ml of 0.1 M
sucrose in water was added, and incubated at 37 °C for 2 h.

2.3. Observation of GUVs under a phase-contrast micro-
scope and a fluorescent microscope

Ten microliters of GUV solution (0.1 M sucrose solution;
internal solution) was diluted into 290 ul of 0.1 M glucose
aqueous solution (external solution), and then injected into a
hand-made microchamber. This chamber (1 X 1 cm wide and
3 mm high, internal volume is ~ 0.3 ml) was formed on a
slide glass by inserting a U-shaped silicone-rubber spacer
between a cover glass and the slide glass. We observed GUV's
by an inverted phase-contrast microscope (IX-70, Olympus,
Tokyo, Japan) at 20 £ 2 °C. Phase-contrast images of GUVs
were recorded through a charge-coupled-device (CCD) cam-
era (DXC-108, SONY) on a video recorder.

As GUVs, we selected the vesicles of which the contrast
of the membrane was very low and undulation motion of the
membrane was large. When we observed these vesicles
containing a small percentage (0.5 mol%) of long-chain
fluorescent phospholipid, NBD-PC, by the fluorescence
microscope (IX-70, Olympus), the intensities of fluores-
cence from these vesicles were much lower than those from
multilamellar vesicles.

2.4. Shape change of GUV

Various kinds of concentrations of La** (or Gd**) in 0.1
M glucose aqueous solution were added into the neighbor-
hood of a GUV through a 10-um diameter glass micro-
pipette, whose position was controlled by a micromanipu-
lator (MMW-23, Narishige, Tokyo, Japan). For this purpose,
we used a hand-made apparatus for the micropipette aspira-
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tion method [13] to measure the isothermal area compressi-
bility modulus of the membrane of GUV. The glass micro-
pipette was pulled from 1.0 mm glass tubing (G-1, Narish-
ige) to a needlepoint by a puller (PP-83, Narishige), and then
broken by quick fracture to the desired tip diameter. The
micropipette filled with 0.1 M glucose aqueous solution
containing several kinds of concentrations of La®* (or
Gd*> ") by aspiration using a vacuum pump. We controlled
the injection pressure by changing the height of vertical
column of water in a U-shaped glass tube to which the
micropipette was hydraulically connected.

2.5. Ultra-sensitive DSC

The microcalorimeter (VP-DSC, Microcal Inc., North-
ampton, USA) was used. We set the feedback mode high,
and the filtering period at 5 s. DPPC-MLV dispersion in
water containing various kinds of concentrations of La®*
(for the raw sample data) and the same aqueous solution
without DPPC-MLYV (for the reference data) were heated at
a rate of 1.0 K/min from 20 to 60 °C. The genuine sample
data was obtained by subtracting the reference data from the
raw sample data. Under these conditions, the noise level of
the DSC curve was in the range of 2—3 pcal/°C. Phase
transition temperatures were determined by the peak of the
endothermic curve.

DPPC-MLYV was prepared by adding appropriate amounts
of water or 0.5 M KCI aqueous solution containing various
kinds of concentrations of La® * to the dry lipids in excess
water condition, and the suspension was vortexed for 30 s
several times at around 50 °C. The concentration of phos-
pholipid in the sample for the measurement of the DSC was
determined by the standard phosphate analysis [29].

2.6. X-ray diffraction

X-ray diffraction experiments were performed by using
Nickel filtered Cu K, X-ray (4=0.154 nm) from rotating
anode type X-ray generator (40 kV X 200 mA) (Rotaflex,
RU-300, Rigaku, Tokyo, Japan). SAXS data were recorded
using a linear (one-dimensional) position sensitive propor-
tional counter (PSPC-5, Rigaku) with a camera length of 350
mm and analyzed by the multichannel analyzer (Rigaku) and
the computer. 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 °C [30].

We investigated spontaneous curvature of 60 mol%
DOPC/40 mol% cholesterol monolayer membrane contain-
ing 16 wt.% tetradecane (Fig. 7) as follows [31,32]. The
appropriate amount of DOPC and cholesterol mixture in
chloroform was dried by N, gas, and then under vacuum by
rotary pump for more than 12 h. Tetradecane was added to the
dry lipid by weighing directly. After 24 h incubation at room
temperature ( ~ 25 °C) for equilibration, the appropriate
amount of a given concentration of La®* in 10 mM PIPES
buffer (pH 7.0) was added to this dry-lipids/tetradecane

mixture in excess solvents ( ~ 7 wt.% lipids), and the
suspension was vortexed for 30 s at room temperature
( ~ 25 °C) several times, and then incubated for another 48
h for equilibration. For measurement of X-ray diffraction,
pellets of the suspensions after centrifugation (13,000 X g,
30 min at 20 °C) (MR-150, Tomy, Tokyo, Japan) were used.

3. Results
3.1. Shape changes of GUV induced by La®" and Gd**
Fig. 1a shows a shape change of a DOPC-GUYV induced

by addition of 100 uM LaCl; through a 10-um diameter
micropipette near the GUV. At first (in the absence of La* *),

() (b)

Fig. 1. Shape change of DOPC-GUYV induced by the addition of (a) 100 pM
La*" and (b) 10 uM Gd>* at 20 °C. The discocyte via stomatocyte to
inside budded shape transition occurred. The time after starting injection of
La*>" (or Gd* ") solution through the micropipette is (1) 0's, (2) 2's, (3) 4 s,
(4) 65, and (5) 12 s for the pictures of (a), and (1) 0s, (2) 3s,(3)45s,(4) 65,
and (5) 7 s for the pictures of (b). The bar in the picture corresponds to 10
pm.
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the GUV was a discocyte. After the addition of La® ", the
shape changed into the stomatocyte (Fig. la, (3)). Further
addition of La’>", the stomatocyte invagination became
unstable and a small vesicle budded into the inside of the
GUV (Fig. 1a, (5)). We observed this shape change in 14
GUVs among 14 examined GUVs (n=14). When 10 pM
La®" was added to the neighborhood of a GUV instead of
100 uM La®* in this experiment, a similar shape change
(the discocyte via stomatocyte to inside budded shape
transition) was observed in 46 GUVs among 46 examined
GUVs (n=46). When 1 uM La’® * was added near the GUV
for 5 min, this type of shape change was not observed. We
can call this shape change the discocyte via stomatocyte to
inside budded shape transformation. As a control experi-
ment, ]| mM NaCl was added near the GUV for 15 min, but
no shape change of the GUV was observed.

Fig. 2 shows another type of shape change of DOPC-
GUV induced by the addition of 10 uM La’*. When we
added 10 pM La® " near a two-spheres connected by a neck
(Fig. 2a, (1)), the shape of the GUV changed into the prolate
(Fig. 2a, (3)). We observed this shape change such as Fig. 2a
in 10 GUVs among 10 examined GUVs (n=10). When we
added 10 pM La® " near GUVs made of three or a series of
many spherical vesicles connected by a narrow tube (so-
called “pearl on a string”) (Fig. 2b, (1), c, (1)), their shapes
changed into a cylinder (or tube) (Fig. 2b, (3), c, (3)). We
observed this shape change such as Fig. 2b and ¢ in 20
GUVs among 20 examined GUVs (n=20). When 1 pM
La®* was added near the GUV for 5 min instead of 10 uM

() (b)

Fig. 2. Shape change of DOPC-GUYV induced by the addition of 10 uM
La®" at 20 °C. The two-spheres connected by a neck to prolate trans-
formation (a) and the pearl on a string to cylinder (or tube) transformation
((b) and (c)) occur. The time after starting injection of La®>" solution
through the micropipette is (1) 0's, (2) 2 s, and (3) 7 s for the pictures of (a),
and (1) 0s, (2) 10 s, and (3) 19 s for the pictures of (b), and (1) 0's, (2) 55,
and (3) 8 s for the pictures of (c). The bar in the picture (a) and (b)
corresponds to 10 um, and the bar in the picture (c) corresponds to 20 um.

(©
1

2

3)

Fig. 2 (continued).

La’ " in this experiment, this type of shape change was not
observed. We can call this shape change the two-spheres
connected by a neck to prolate transformation (Fig. 2a) and
the pearl on a string to cylinder (or tube) transformation
(Fig. 2b,c).

When 100 pM La** was added near a spherical GUV, at
first, the undulation motion of the membrane of the GUV
decreased, and finally, the GUV suddenly burst. We
observed this shape change in 20 GUVs among 20 exam-
ined GUVs (n=20). When 10 uM La** was added near the
GUV for 5 min instead of 100 pM La®*, spherical GUVs
did not burst.

Gd®>" had a similar effect on the DOPC-GUV as La® .
The shape change from the discocyte via stomatocyte to
inside budded shape (n=11) (Fig. 1b) and the shape change
from the pearl on a string to a cylinder (n=6) (data not
shown) was observed by addition of 10 uM Gd*>*. When 1
uM Gd* * was added near the GUV for 5 min, these types of
shape changes were not observed.

In order to determine the reversibility of the shape
change induced by La® ", the addition of these ions through
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(1 (©))

(2)

(6)

3

Q)

@) 1 (8)

Fig. 3. The reversibility of the shape change of DOPC-GUYV induced by the
addition of 10 uM La>* at 20 °C. During the addition of La®", the
discocyte via stomatocyte to inside budded shape transition occurred. The
time after starting injection of La> ™ solution through the micropipette is (1)
0s,(2)9s,(3) 10, and (4) 12 s for the pictures. After the addition of La® "
was stopped, the shape change was reversed. The time after stopping
injection of La®" solution through the micropipette is (5) 7 s, (6) 12 s, (7)
22 s, and (8) 33 s for the pictures. The bar in the picture corresponds to 20
pm.

the micropipette was stopped after the shape change of the
GUYV (the discocyte via stomatocyte to inside budded shape
transformation) completed. Fig. 3 ((4)—(8)) shows the time
course of the shape change of the GUV during the stop of
the addition of 10 uM La®*; the inside budded shape
became the stomatocyte, and then changed into the disco-
cyte. In this experiment, 10 uM La®> " was added to the
vicinity of the GUV through the micropipette, and thereby,
during the stop of the addition, La®* diffused away from the

vicinity of the GUV, inducing the decrease in La’ " con-
centration near the GUV. Therefore, the result of Fig. 3
indicates that the shape change induced by La’" was
reversible, indicating that no vesicle fission occurred. We
observed the reversibility of this shape change in 35 GUVs
among 36 examined GUVs (n=36). The other shape
changes of the GUV from the two-spheres connected by a
neck to prolate transformation and from the pearl on a string
to cylinder transformation induced by La’>" were also
reversible. Similar results were obtained in the shape change
of the GUVs induced by Gd® ", indicating that the Gd> " -
induced shape change of DOPC-GUVs were reversible.

It is well known that the increase in content of cholesterol
in phospholipid membranes induces an increase in the area
expansibility modulus [33]. The addition of cholesterol into
the DOPC membrane in the GUV up to 40 mol% did not
change the effects of La’ * (or Gd*> ) on the shape of the
GUYV; i.e., the discocyte via stomatocyte to inside budded
shape transformation, the two-spheres connected by a neck
to prolate transformation, and the pearl on a string to
cylinder transformation were observed by addition of 10
puM La** (or Gd* ). The shape change of the GUVs was
reversible, indicating that no vesicle fission occurred. We
observed the reversibility of this shape change in 45 GUVs
among 47 examined GUVs (n=47).

3.2. Effect of La®" on phase transition temperatures of
DPPC-MLV

We have investigated the dependence of the phase
transition temperatures of DPPC-MLV in water on La® "
concentration using the ultra-sensitive DSC. Fig. 4 shows
DSC heating curves of 30 uM DPPC-MLV in water (0 mM

‘ 0.05 mcal / °C

Endothermic

Temperature [ °C ]

Fig. 4. DSC heating curves of 30 uM DPPC-MLV in various La®*
concentrations: (curve a) 0 mM, (curve b) 5 mM, (curve c) 50 mM La>*.
Heating rate was 1.0 °C/min.
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KCI) in the presence of various concentrations of La® *. As
shown in Fig. 5, the chain-melting phase transition temper-
ature (7,) of 30 pM DPPC-MLV in 0 M KCI aqueous
solution increased with an increase in La® * concentration.
The Ly to Py phase transition temperature of 30 uM
DPPC-MLYV also increased with an increase in La® " con-
centration. The dependence of these phase transition tem-
peratures of 5.0 mM DPPC-MLV was almost the same as
that of 30 uM DPPC-MLYV (Fig. 5b). On the other hand, in
the presence of 0.5 M KCl, the increments of the chain-
melting temperature of 30 uM DPPC-MLV at the same
La’* concentrations were larger than those in the absence
of KCI (Fig. 6).

(a)

O
0o ©
40} .
©
-
A
36} A .
A
0.0 05 1.0
La* Conc. (mM)
(b)
45 - ®
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35} e. i
0 100 200
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Fig. 5. Dependence of phase transition temperatures of DPPC-MLV on
La®* concentration. (a) 0—1 mM La® " concentration range. Chain-melting
transition temperature (O) and the Ly to Py phase transition temperature
(A) of 30 pM DPPC-MLYV; (b) 0-200 mM La>* concentration range.
Chain-melting transition temperature of 30 uM DPPC-MLV (O) and of
5.0 mM DPPC-MLYV (#), and the Ly to Py phase transition temperature of
30 uM DPPC-MLV (A) and of 5.0 mM DPPC-MLYV (). Heating rate was
1.0 °C/min.
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Fig. 6. Dependence of chain-melting temperature of DPPC-MLV on La® "
concentration in the absence of KCl and in the presence of 0.5 M KCl.
Chain-melting transition temperature of 30 pM DPPC-MLYV in the presence
of 0 M KCI1 (O) and 0.5 M KCI (@). (a) 0—-1 mM La>" concentration
range, and (b) 0—200 mM La> " concentration range. Heating rate was 1.0
°C/min.

3.3. Effect of La’" on spontaneous curvature of DOPC/
cholesterol monolayer membrane

To consider the mechanism of the shape changes of
DOPC-GUV or DOPC/cholesterol-GUV induced by La®*
(or Gd> "), we have investigated the effects of La® " on the
spontaneous curvature of DOPC/cholesterol monolayer
membrane. To allow the lipid membranes in the hexagonal
IT (Hy) phase to express the spontaneous curvature, H,, the
addition of alkanes such as tetradecane to the membranes is
required because they fill the interstitial region of the Hy
phase and relax the alkyl chain packing stress [31,32]. As
reported previously, 60 mol% DOPC/40 mol% cholesterol
membrane containing 16 wt.% tetradecane in excess water
condition at 20 °C in 10 mM PIPES buffer (pH 7.0) was in
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the Hy phase [31]. Thereby, to get information on the
dependence of the spontaneous curvature of the DOPC/
cholesterol membrane on La® ™" concentration, we have
investigated the structure of 60 mol% DOPC/40 mol%
cholesterol membrane containing 16 wt.% tetradecane in
excess water condition at 20 °C in various concentrations of
La’ " (Fig. 7a). The basis vector length of the Hy; phase of
the DOPC/cholesterol/tetradecane membrane (center to cen-
ter distance of adjacent cylinders), d, calculated by d=(2/1 3)
x (x is the spacing in the SAXS) gradually decreased from
12.4 to 10.6 nm with an increase in La® * concentration from
0 tol0 mM. In the presence of 0.5 M KClI, the basis vector
length, d, of the same DOPC/cholesterol/tetradecane mem-
brane largely decreased with an increase in La®* concen-
tration compared with that in the absence of KCI (Fig. 7b).

We also investigated the effect of La® * on the structure
of DOPC membrane containing 16 wt.% tetradecane in

(a)

125}

120

d(nm)

105

(b)

13.5 b

13.0 -

12.5 d 1

120

d(nm)

0.0 0.1 0.2 0.3 0.4 0.5

La> Conc. (mM)

Fig. 7. Basis vector length, d, of the Hy; phase of the 60 mol% DOPC/40
mol% cholesterol/tetradecane membrane in various La®> * concentrations in
10 mM PIPES buffer (pH 7.0) (O) and, d of the same membrane in 10 mM
PIPES buffer (pH 7.0) containing 0.5 M KCI (@) at 20 °C. (a) 0-10 mM
La®" concentration range, and (b) 0—0.5 mM La®>* concentration range.

excess water condition at 20 °C in 10 mM PIPES buffer
(pH 7.0). In the absence of La® * and also in the presence of
La®>* (from 0 to 100 mM), the membranes were in the L,
phase. The presence of 0.5 M KCl did not change the result;
the membranes were in the L, phase irrespective of La®
concentration (from 0 to 100 mM).

4. Discussion

4.1. La®" and Gd®" induce several shape changes of
DOPC-GUVs

The experimental results clearly indicate that a very low
concentration (10 uM) of La’> " (or Gd**) could induce
several types of shape changes of the DOPC-GUYV. In the
observation, we continued to add a given concentration such
as 10 uM of La’> " (or Gd* ™) solution through the micro-
pipette near the GUV for less than 5 min. During the
addition of La®" (or Gd®"), the diffusion of La®" (or
Gd*") from the neighborhood of the GUV into the bulk
phase occurred. Thereby, we observed these events at the
steady state condition of the ion concentration near the
GUYV, not at the equilibrium condition. The ion concen-
tration near the GUV at the steady state condition is a little
lower than that of the solution which was added through the
micropipette. Moreover, during the addition of La®* (or
Gd* ™) for less than 5 min, the equilibrium of binding of the
ion on the membrane surface from the neighborhood of the
GUV may not be attained. Therefore, we have to keep in
mind that in this report, the effects of La®> * (or Gd* *) on the
shapes of GUVs were observed under this steady state
condition for less that 5 min. When we stopped the addition
of La** (or Gd*>™"), the ions near the GUV were diffused
into the bulk phase, and thereby, the ion concentration near
the GUV gradually decreased to 0 mM. During this dilution
of the ions near the GUV, we observed that the shapes of the
GUVs returned to the original ones in water, indicating that
at less than critical concentration of La® * (or Gd* *) shapes
of GUVs returned to the original ones, and thereby, these
shape changes of GUVs were reversible. What kind of
effects of these ions on the phospholipid membranes can
induce such shape changes of the GUV? La®* (or Gd* ")
(10 pM) induces a very low osmotic pressure, and thereby,
an effect of the osmotic pressure on the shape of the GUV is
negligible. To consider this problem, it is important to
analyze the effects of La’> " on the physical property of
PC membrane. At first, we consider the effect of La>* on
phase transition temperatures of DPPC-MLV.

4.2. The mechanism of the increase in phase transition
temperatures of DPPC-MLV induced by La®*

We could observe the effect of La® * on the chain-melting
temperature (7;,) of the very low concentration (30 uM) of
DPPC-MLYV for the first time. As shown in Fig. 5, T, of
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DPPC-MLV in water increased with an increase in La®*
concentration. This result is consistent with others’ data
using high concentrations of DPPC-MLV [34,35]. Our
results show that the dependence of 7, on La®* concen-
tration was independent of the phospholipid concentration,
indicating that T}, was not determined by the molar ratio of
DPPC to La® ", but by the La® " concentration only. The
larger increase in 7;,, of DPPC-MLYV in the presence of 0.5 M
KCI (Fig. 6) indicates that the binding of La’>" on the
membrane interface is a main cause of the increase in T},
because the binding of La® * is much enhanced because the
electric potential due to the positive surface charges of La® *
bound on the membrane surface is largely screened in the
presence of a high concentration of salts such as KCI [11].
What kind of factor is important for these phenomena?

In equilibrium, three kinds of lateral pressures in the
membrane have to balance, i.e., lyeaq+ Hcpain=7, Where
I1c,q is the steric repulsive interaction between the head
groups in the phospholipid membrane, I, is the repul-
sive chain pressure, and y is the attractive interfacial
pressure due to the hydrophobic interaction between the
alkyl chains and water at the membrane interface [36]. The
experimental results of the increase in the chain-melting
transition temperature, 7}, (Figs. 5 and 6) of the DPPC-MLV
indicate that the lateral compression pressure of the mem-
brane, y—Il.q, increases with an increase in La* (or
Gd*™") concentration. We can assume that y is almost
constant in the presence of low concentrations of La® * (or
Gd*"). Therefore, IT;.,q decreases with an increase in La® *
(or Gd®>") concentration. Similar situations where the
increase in the lateral compression pressure induces an
increase in T, were observed in other systems [30,37,38].
On the other hand, the binding of La®>* (or Gd*>*) on the
membrane surface of the DPPC-MLYV increases the surface
charge density, which has an effect of decreasing T, due to
the electrostatic repulsive interaction [39,40]. Therefore, in
this case, the effect of the lateral compression pressure on
Ty (i.e., the increase in Ty,) is a prevailing effect over that of
the electrostatic interaction due to the surface charge on 7},
(i.e., the decrease in T},,). This is the same situation as the
low pH-induced increase in T, of dihexadecylphosphati-
dylcholine (DHPC) membrane [38]. In the interaction of
La®" on the structure and phase stability of phosphatidyle-
thanolamine (PE) membranes, similar effects were observed
[41]. Chain-melting transition temperature of dielaidoyl-PE
(DEPE) membrane increased with an increase in La®"
concentration, indicating that the lateral compression pres-
sure of the membrane increased with an increase in La® "
concentration. This can reasonably explain that La® " can
stabilize the Hj; phase rather than the L, phase [41].

What is the mechanism of the decrease in the repulsive
interaction between the head groups in the phospholipid
membrane, IT,e.q, With an increase in La®" (or Gd® )
concentration? Current physical investigations of phospho-
lipid membranes clearly show that their membrane inter-
faces have dynamic structures and consist of a complex and

thermally disordered mixture of hydrophilic segments of the
head group, hydrophobic segments of alkyl chains, and
water molecules [36,37]. The binding or interaction of
substances with the membrane interface largely changes
its structure, its surface area, and also intermolecular inter-
actions such as Il.,q in the membrane interface [32,38].
Hence, in the case of the membrane interface of phospho-
lipid membranes, the change in the surface free energy is not
determined only by the adsorption (i.e., the surface excess)
of substances on the membrane interface according to the
Gibbs surface-tension equation [42]. Therefore, we have to
consider the effect of the interaction of substances with the
membrane interface on its structure and physical property.
Solid NMR method (*H-NMR) revealed that La> * can bind
with the head groups of electrical-neutral PC membrane and
induce a conformational change of the head group moving
the N end of P— N vector of the head groups toward the
water phase at relatively high concentrations (5—500 mM),
while in the 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 group is extended almost
parallel to the membrane surface [10,11,43]. The degree of
the saturation of the binding of La’" in the membrane
interface of DPPC membrane in the L, phase, 0 (=n/n,,
where n and n, are the numbers of occupied and total
binding sites of the membrane, respectively), is 0.22 at 5
mM La®>" [11]. This conformational change decreases
IT}eaq. However, “H-NMR experimental data on the con-
formation of the head group of PC at less than 1 mM La**
have been never reported. Thereby, at present, we don’t
have an experimental evidence on the La® " -induced con-
formational change of the head group at less than 1 mM
La’". La’" may bind with the head group of the PC
membrane near the phosphate group, which induces an
electrostatic attraction between the negative charges of the
phosphate groups (O ) of neighboring phospholipids.
Moreover, this binding may induce a decrease in the number
of water molecules near the phosphate group, as reported in
the protonation of the phosphate group of PC membrane
[38]. Thereby, these may induce a decrease in I1},q Without
the large conformational change of the head group described
above. However, further investigation on the interaction of
low concentrations (I uM—1 mM) of La®* with the
membrane interface is necessary.

The increase in the lateral compression pressure of the
membrane can reasonably explain the decrease or the
disappearance of the undulation motion of the GUV mem-
branes in the presence of La® " (or Gd* *). Mathivet et al.
[28] have shown a similar phenomenon: the addition of fatty
acid-free bovine serum albumin (BSA) into the solution of
GUYV containing a small amount of lyso-phosphatidylcho-
line (lyso-PC) inhibited the undulations of the membrane of
GUYV, because BSA selectively depletes the lyso-PC in the
external membranes, inducing an increase in the lateral
compression pressure in the membrane. Their results sup-
port the above analysis.
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4.3. The effect of La®" on the spontaneous curvature of
DOPC/cholesterol monolayer membrane

The increase in the lateral compression pressure of the
membrane induced by La® * induces a decrease in the surface
area of the membrane. However, it is difficult to measure a
small change of the surface area of lipid membranes less than
1% by SAXS [44] and micropipette aspiration method
[13,45]. Here, we could detect indirectly the decrease in the
surface area per lipid molecule of the DOPC/cholesterol
membrane by the measurement of the spontaneous curvature.
The result of Fig. 7 gives information on the change of the
radius of spontaneous curvature R, of the 60 mol% DOPC/40
mol% cholesterol monolayer membrane. The basis vector
length of the Hy; phase, d, is expressed as a sum of the radius
of water tube, Ry, and the thickness of the monolayer
membrane, d, i.e., d=2 (Ry,+d)) [32]. In excess water, the
DOPC/cholesterol membrane containing 16 wt.% tetrade-
cane in the Hy; phase has a curvature close to Hy (= 1/R,) to
minimize the curvature free energy, and thereby, R,, = R,
[31]. The decrease in d of the DOPC/cholesterol/tetradecane
membrane induced by La®* is attributed to the decrease in
Ry, since the change in d is assumed to be small. Thus, the
result of Fig. 7 indicates that R, of the DOPC/cholesterol
membrane decreased with an increase in La® * concentration.
The larger decrease in d, which means the larger decrease in
R, of the DOPC/cholesterol membrane in the presence of 0.5
M KCl indicates that the binding of La® © on the membrane is
the main cause of the decrease in R,. On the other hand, H,
can be expressed in terms of the packing parameter (V/al) of
the phospholipid molecule, where Vis the average volume of
the entire lipid molecule, / is its average length, and a is the
average area of the lipid head group at the lipid—water
interface, and that in the inverted curved structures, absolute
values of Hy increases (i.e., R, decreases) with an increase in
Vial [46]. Thereby, the packing parameter (V/al) of the
DOPC/cholesterol membrane increases with an increase in
La® " concentration, indicating that the area of the lipid head
group, a, decreases with an increase in La®* concentration
since V and / are almost constant. However, at present, we
don’t have any direct experimental evidence for the effect of
La®" on the area of the DOPC membrane.

4.4. The mechanism of the shape change of DOPC-GUV
induced by La®" or G&**

As discussed in the previous sections, La®* or Gd**
induces the increase in the lateral compression pressure of
the PC membranes, which induces a decrease in the surface
area of the membrane. In the experiments of the shape change
of GUVs, La®* (or Gd* ") was added into the neighborhood
of GUVs from the outside of the GUVs. Moreover, these ions
cannot pass through the bilayer membranes of the GUVs, and
thereby, don’t exist inside the GUVs. Therefore, only the area
of the external monolayer membrane of the DOPC-GUYV,
A%, decreases due to the interaction of La® * (or Gd* ") with

the external monolayer membrane, while the area of the
internal monolayer, 4™, does not change. Hence, the inter-
action of La®>* (or Gd® ") with the GUV induces a decrease in
the area difference between the two monolayers in the bilayer
membrane, A4 (=A* — A™), without the change of the
volume of the GUV. On the other hand, the analysis based
on the bilayer-couple model [23,24] shows that, under the
condition of the constant volume of the GUV, the shape
transformations such as the discocyte to stomatocyte to inside
budded shape and the two-spheres connected by a neck to
prolate transformation [23,24] and also the pearl on a string to
cylinder transformation [47] occur with a decrease in A4. The
ADE model also predicts a similar shape change [26,27].
Therefore, the several types of shape changes of the DOPC-
GUV induced by La** (or Gd* ") can be explained reason-
ably by the decrease in A4. To prove our model for the
mechanism of the shape change of the DOPC-GUYV, we need
more experiments and quantitative analysis in the future.

5. Conclusion

We have found that a very low concentration (10 pM) of
La®>* (or Gd®") induced a shape change of DOPC-GUV
such as the discocyte via stomatocyte to inside budded shape
transformation, the two-spheres connected by a neck to
prolate transformation, and the pearl on a string to cylinder
transformation. These ions also increase the chain-melting
phase transition temperature and the Ly to Py phase
transition temperature of DPPC-MLV, which can be
explained by the increase in the lateral compression pressure
of the membrane induced by the binding of these ions on the
membrane interface. Thereby, the interaction of La®* (or
Gd*>") on the external monolayer membranes of the GUV
induces the decrease in its area, and hence, A4 decreases.
The shape changes of the DOPC-GUYV induced by La®* (or
Gd* ") are consistent with the simulation results when A4
decreases based on the bilayer-couple model and also the
ADE model. The increase in the lateral compression pressure
of the membrane induced by these ions may play an impor-
tant role in the effects of these ions on the stability and
functions of membrane proteins such as ionic channel [41].
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