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Abstract

The formability, current^voltage characteristics and stability of the planar lipid bilayer membranes from the synthetic
phytanyl-chained glycolipids, 1,3-di-O-phytanyl-2-O-(L-glycosyl)glycerols (Glc(Phyt)2, MalN (Phyt)2) were studied. The
single bilayer membranes were successfully formed from the glycolipid bearing a maltotriosyl group (Mal3(Phyt)2) by the
folding method among the synthetic glycolipids examined. The membrane conductance of Mal3(Phyt)2 bilayers in 100 mM
KCl solution was significantly lower than that of natural phospholipid, soybean phospholipids (SBPL) bilayers, and
comparable to that of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) bilayers. From the permeation measurements
of lipophilic ions through Mal3(Phyt)2 and DPhPC bilayers, it could be presumed that the carbonyl groups in glycerol
backbone of the lipid molecule are not necessarily required for the total dipole potential barrier against cations in
Mal3(Phyt)2 bilayer. The stability of Mal3(Phyt)2 bilayers against long-term standing and external electric field change was
rather high, compared with SBPL bilayers. Furthermore, a preliminary experiment over the functional incorporation of
membrane proteins was demonstrated employing the channel proteins derived from octopus retina microvilli vesicles. The
channel proteins were functionally incorporated into Mal3(Phyt)2 bilayers in the presence of a negatively charged glycolipid.
From these observations, synthetic phytanyl-chained glycolipid bilayers are promising materials for reconstitution and
transport studies of membrane proteins. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Planar lipid bilayer membranes have been widely
investigated in ion permeation studies via ion car-
riers, ion channels or ion pumps, and in studies of
other membrane-associated processes [1^4]. In these
studies, natural lipids with unsaturated fatty acids,
e.g., soybean phospholipids (SBPL) or egg yolk
phosphatidylcholine (PC) are mostly used. The mem-
branes formed from these types of lipids, however,
are not very stable to oxidation, hydrolysis or me-
chanical stress.

In order to overcome these problems and improve
the mechanical stability of planar lipid bilayer mem-
brane, several approaches have been proposed: a
blending method with hydrophobic polymers [5], a
coating method with polysaccharide derivatives [6],
use of polymerizable lipids [7,8], or use of the phos-
pholipids with highly branched hydrophobic chains,
phytanic acid, e.g., 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC, Fig. 1) [9]. In connection
to the last approach, diether or tetraether type of
lipids with highly branched hydrophobic chains,
which are derived from archaeal plasma membranes
[10^13], appear also to be interesting lipids for the
construction of the stable bilayer (diether lipid) or
monolayer (tetraether lipid) membranes [12^25].
These archaeal lipid membranes are thought to be
more e¡ective than DPhPC membranes in certain
cases in which the pH of the aqueous phase is ex-
tremely low or high. Although DPhPC bilayers are
very stable under mechanical stress [9], the ester link-
ages between acyl chains and glycerol backbone as
well as between headgroup and glycerol backbone in
DPhPC molecule are relatively susceptible to hydrol-
ysis under acidic or alkaline conditions.

Unfortunately, archaeal lipids are limited in avail-
able amount and purity, therefore relatively few
studies concerning membrane properties have been
performed from the viewpoint of chemical structures
of this type of lipid molecules. Thus, if possible, syn-
thetic model archaeal lipids seem attractive materials
in the preparation and investigation of planar lipid
bilayer membranes.

In the previous paper, we synthesized a series
of diether type phytanyl-chained glycolipids, 1,3-di-
O-phytanyl-2-O-(L-glycosyl)glycerols (Glc(Phyt)2,
MalN(Phyt)2 (N = 2, 3, 5; see Fig. 1)), as model arch-

aeal glycolipids, and investigated the phase behavior
of lipid/water dispersion systems in terms of the size
and geometry of the saccharide headgroup [26,27].

In this paper, we investigated the formability of
the planar lipid bilayer membranes from the syn-
thetic phytanyl-chained glycolipids, their current^
voltage characteristics, and the membrane stability
against long-term standing and an external electric
¢eld change. By comparing the results with other
lipids, SBPL and DPhPC, we discussed the e¡ect of
molecular structures on membrane properties. Fur-
thermore, we performed a preliminary experiment to
assess applicability of the phytanyl-chained glycolip-
id bilayers to the functional incorporation of mem-
brane proteins, employing the channel proteins de-
rived from octopus retina microvilli vesicles.

2. Materials and methods

2.1. Materials

Glc(Phyt)2, MalN(Phyt)2 (N = 2, 3, 5; Fig. 1 shows
the chemical structures of Glc(Phyt)2 and
Mal3(Phyt)2) were synthesized as described [26,27].
SBPL was purchased from Associated Concentrates
(Woodside, NY, USA) and used after partial puri¢-
cation by the method of Kagawa and Racker [28].
The puri¢ed SBPL comprised 40 mol% PC, 30 mol%
PE, 5 mol% CL, 5 mol% PI, 5 mol% PS and 15 mol%
PA, determined by an Iatroscan MK-5 TLC/FID
analyzer (Iatron Laboratories, Tokyo, Japan). No
free fatty acid was detected in the stock solution.
DPhPC was purchased from Avanti Polar Lipids
(Birmingham, AL, USA) and sulfoquinovosyldiacyl-
glycerol (SQDG) was purchased from Lipid Products
(South Nut¢eld, Surrey, UK). They were used as
received and no free fatty acids were detected in
both stock solutions. All of the lipid stock solutions
were kept in the freezer at 320³C. n-Octyl-L-D-gluco-
side (OG), tetraphenylphosphonium (TPP�) chloride
and tetraphenylborate (TPB3) sodium salt were pur-
chased from Dojindo (Kumamoto, Japan). All other
reagents were of analytical reagent grade and ob-
tained from Wako Pure Chemical Industries (Osaka,
Japan). Microvilli vesicles prepared from octopus
retina [29] were kindly provided by Dr. H. Hirata,
Himeji Institute of Technology, Hyogo, Japan.
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Water was puri¢ed with a Milli-Q SP UF system
(Millipore Corp., Tokyo, Japan) and its conductivity
was around 18 M6/cm.

2.2. Surface pressure^area isotherm measurements

Surface pressure^area isotherm measurements
were carried out by using a Te£on Langmuir trough
(surface area: 225.6 cm2 ; volume: 260 cm3) with a
Model HBM surface ¢lm balance (Kyowa Kaimen
Kagaku, Tokyo, Japan) at 23 þ 0.1³C. Surface pres-
sure was measured by a Wilhelmy technique using a
sandblasted platinum plate. Lipid monolayers were
prepared by spreading a chloroformic solution of
lipids onto the subphase of 100 mM KCl unbu¡ered
solution. Molecular occupied area was varied by
means of the successive addition method [30]. Accu-
racy for surface pressure was determined to be
þ 0.05 mN/m.

2.3. Preparation of planar lipid bilayer membranes

Planar lipid bilayer membranes were formed by
the folding method [31,32] in the aperture (diameter:
100^250 Wm) located in a Te£on thin sheet (25 Wm
thick, Yellow Springs Instruments, Yellow Springs,
OH, USA). The apertures were made by electrical
discharge and their sizes were measured with an op-
tical microscope. The estimated error of the aperture
area was of the order of 5%. Two Te£on chambers

(internal volume: approx. 2.0 ml) separated by the
Te£on sheet were ¢lled with 100 mM KCl unbu¡ered
(pH around 6) or 100^250 mM KCl/10 mM Hepes^
Tris (pH 7.4) bu¡er solution. For TPP� and TPB3

permeation measurements, 100 mM NaCl unbu¡ered
solution was used instead of KCl solution. Before the
formation of bilayer membranes, the aperture in the
Te£on thin sheet was treated with 1% v/v of hexadec-
ane dissolved in hexane or in chloroform/methanol
(2:1 v/v). Appropriate amount of lipid dissolved in
chloroform/methanol (2:1 v/v) or hexane was placed
onto the surface of an aqueous solution, and allowed
to stand for at least 15 min and subsequently, water
level was raised to form the planar lipid bilayer mem-
brane in the aperture. Prior to the electric measure-
ments, the formed bilayer was allowed to stand for at
least 10 min.

For incorporation of the octopus retina channels
into planar lipid bilayer membranes, the fusion meth-
od [1,3,4] was adopted. The microvilli vesicles solu-
bilized with 2% w/v OG solution were added to one
(cis side and this side was grounded) of the gently
stirred aqueous phases (250 mM KCl/10 mM Hepes^
Tris (pH 7.4) bu¡er solution or 400 mM gluconate
(pH 7.4) bu¡er solution) after formation of the pla-
nar lipid bilayer membrane. In order to enhance the
fusion, osmotic gradient that leads to the swelling of
the microvilli vesicles and the external voltage of
+150 mV (cis side) was applied. In certain cases, a
negatively charged lipid, SQDG was added into bi-

Fig. 1. Chemical structures of 1,3-di-O-phytanyl-2-O-(L-D-glucosyl)glycerol (Glc(Phyt)2), 1,3-di-O-phytanyl-2-O-(L-D-maltotriosyl)glycer-
ol (Mal3(Phyt)2) and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC).
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layer as much as 5 mol% and hexane was used as a
solvent for this membrane preparation. The added
OG induced some baseline noises in the time course
of current and a non-speci¢c increase in conductance
in bilayers at the ¢nal OG concentration of less than
0.02% w/v. After perfusion of bu¡er, OG-induced
noises were reduced, indicating the removal of the
OG molecules in the bilayer as well as the removal
of free microvilli vesicles.

2.4. Electrical measurements

Te£on chambers and preampli¢er were put in the
grounded shield box on a vibration absorbing base.
A couple of Ag/AgCl electrodes via KCl salt bridges
was used to apply external voltages and to monitor
current changes. For TPP� and TPB3 permeation
measurements, the use of the KCl salt bridges was
omitted. Electrical signals were preampli¢ed with a
current to voltage converter equipped with a 50 G6
feed-back resistor. The converted signals were ampli-
¢ed with a CEZ-2300 patch/whole cell clamp ampli-
¢er (Nihon Koden, Tokyo, Japan), displayed on a
VC-6045 digital storage oscilloscope (Hitachi, To-
kyo, Japan) via a low-pass ¢lter, and recorded on a
videotape recorder or a chart recorder. Membrane
capacitance, Cm, was measured by applying a trian-
gular wave (usually 20 Hz and 4^25 mV peak to
peak) with an Iwatsu SG-4101 or an HP 33120A
function generator. Membrane conductance, Gm,
was determined by applying a rectangular wave
and then eliminating the capacitive currents. Electri-
cal rupture of the membranes was induced by apply-
ing the linearly elevating electric ¢elds at the rate of
8.0 mV/s (aperture diameter: 220^250 Wm). Mem-
brane rupture potential, Vr, was de¢ned as the volt-
age at which the current abruptly increases and no
longer recovers the original membrane conductance.
All measurements were performed at ambient tem-
peratures (22^25³C).

3. Results and discussion

3.1. Formability of planar lipid bilayer membranes

All of the phytanyl-chained glycolipids as well as
DPhPC gave liquid-expanded monolayers at the air^

100 mM KCl aqueous solution interface at 23³C, as
shown in Fig. 2. These results indicate that all of the
monolayers examined are in a £uid state under the
present conditions. Since such a state is preferable
for the formation of stable planar lipid bilayer mem-
branes [33], the formability of planar lipid bilayers
was examined under the same conditions and the
monolayers were always set at their highest surface
pressures (collapse state). Among the phytanyl-
chained glycolipids examined, it was found that
Mal3(Phyt)2 easily formed planar lipid bilayer mem-
branes. From the measurements of the capacitive
current passing through the Mal3(Phyt)2 bilayer,
the membrane capacitance, Cm, was evaluated as
0.6^0.7 WF/cm2, indicating the existence of a sol-
vent-free single bilayer in the aperture. Since the con-
tribution of the electrical double layer at the mem-
brane surface to Cm is negligibly small under the
higher salt concentration (100 mM KCl) conditions
[1], the geometric thickness of the bilayer, d, can be
estimated from Eq. 1 to a fairly good approxima-
tion:

d � O 0 Om=Cm �1�
where A0 is the permittivity of free space 8.854 pF/m
and Am is the dielectric constant of hydrophobic
chain region. For Am, the average value of a long
chain hydrocarbon, Am = 2.1 [34] was used. The geo-
metric thickness for Mal3(Phyt)2 bilayer was 2.9 þ 0.2
nm, in moderate accordance with the previously esti-
mated thickness (2.55 nm) of hydrophobic chain re-
gion of Mal3(Phyt)2 bilayer determined by small-an-
gle X-ray scattering measurements [26].

In contrast to Mal3(Phyt)2, Mal2(Phyt)2 and
Glc(Phyt)2 did not successfully form the stable single
bilayers, while they gave more condensed monolayers
than Mal3(Phyt)2 and their isotherms were analogous
to that of DPhPC, as can be seen in Fig. 2. Our
previous data showed that Mal2(Phyt)2 and
Glc(Phyt)2 cannot form lamellar phase in aqueous
dispersions but form inverted hexagonal liquid^crys-
talline phase [26] or inverted cubic phase [27] as a
stable phase at ambient temperatures. According to
the `lipid packing concept' [35,36], the phytanyl-
chained lipids bearing the smaller headgroups are
thought to prefer negative-curvature aggregates
(e.g., inverted hexagonal liquid^crystalline) to almost
zero-curvature (planar bilayer) or positive curvature
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ones (e.g., normal hexagonal liquid^crystalline).
Consequently, these phytanyl-chained lipids cannot
be expected to pack into planar lipid bilayer mem-
branes under the present conditions. Stern et al. [20]
reported that the planar lipid bilayer membranes
from synthetic 1,2-di-O-phytanyl-3-O-glucosylglycer-
ol (DPhGG), of which structure is very close to that
of Glc(Phyt)2, are less stable compared to DPhPC
membranes. This result can be also understood in
terms of the molecular shape of lipid. Since the head-
group size of DPhGG is rather small compared to
that of Mal3(Phyt)2 and there is unbalanced lateral
constraints between the headgroup region and the
hydrophobic central one in a zero-curvature bilayer,
the stability of DPhGG bilayers is expected to be
reduced.

Mal5(Phyt)2 can form the lamellar phase in aque-
ous dispersion as a stable phase at ambient temper-
atures [26]; however, this glycolipid also failed to
form stable planar lipid bilayer membranes. This un-
expected result might be attributed to the fact that
the Mal5(Phyt)2 molecule prefers gentle positive cur-
vature (curved bilayer) to almost zero-curvature (pla-
nar bilayer) due to the larger headgroup of the
Mal5(Phyt)2 molecule. The isotherm for Mal5(Phyt)2

in Fig. 2 shows that the more expanded monolayer
was formed at the air^water interface as compared to
the Mal3(Phyt)2 monolayer, suggesting that the
cross-sectional area of a headgroup of Mal5(Phyt)2

is larger than that of hydrophobic chains.

Fig. 2. Surface pressure^area (Z^A) isotherms for phytanyl-
chained glycolipids and DPhPC at the air^water interface. Sub-
phase was 100 mM KCl unbu¡ered solution (pH around 6).
Temperature was 23 þ 0.1³C. (b) Glc(Phyt)2 ; (a) Mal2(Phyt)2 ;
(O) Mal3(Phyt)2 ; (R) Mal5(Phyt)2 ; (E) DPhPC.

Fig. 3. Current^voltage relationships for various lipid bilayer
membranes. (A) Mal3(Phyt)2 ; (B) DPhPC; (C) SBPL. Planar
lipid bilayer membranes were formed in 100 mM KCl unbu¡-
ered solution (pH around 6). Temperature was 23³C. Surface
areas of the membranes were 4.0^4.9U1032 cm2. The ¢tting
curves were calculated from Eq. 2 changing the value of b. The
membrane conductance at 0 mV, Gm(0), was practically eval-
uated from the conductance at þ 40 mV.
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In any event, these results indicate that the head-
group geometry as well as hydrophobic chains in the
£uid state are considerably important in preparing
stable planar lipid bilayer structures.

3.2. Current^voltage characteristics of planar lipid
bilayer membranes

The steady-state transmembrane currents were re-
corded for each 20 mV increment of the applied
voltage. The membrane conductance at 0 mV,
Gm(0), was practically evaluated from the conduc-

tance at þ 40 mV where the current^voltage relation-
ship can be considered linear [37], and the data
points were ¢tted by simulation curves calculated
from Eq. 2 as described below. Fig. 3 and Table 1
show the current^voltage characteristics for three
kinds of lipid bilayer membranes, which were formed
in 100 mM KCl unbu¡ered solution (pH around 6)
at 23³C. Obviously, Mal3(Phyt)2 (Fig. 3A) and
DPhPC (Fig. 3B) bilayers showed comparable con-
ductances as well, which are rather low compared
with the SBPL (Fig. 3C) bilayer. Although the re-
ported conductance data for various planar lipid bi-

Table 1
Electric characteristics of various planar lipid bilayer membranes

Lipid Methoda Aqueous
phase

Conductance,
nS/cm2

bb Capacitance, WF/cm2

(thickness)
Membrane rupture
potential, mV

Ref.

Diethers
Mal3(Phyt)2 F 0.1 M KCl

(pH 6)
2.8 (23³C) 0.7 0.6^0.7 (2.7^3.1 nm) 344 þ 63 (n = 20)c This

work
DPhGG P (squalene) 1 M KCl Unstable ^ 0.7 (2.6^3.0 nm) ^ [20]

Tetraethers
GDNT P (squalene) KCl 6 10 (65³C) ^ 0.7 (2.5^3.0 nm) ^ [18]

P (squalene) 0.1 M KCl
(pH 6)

33^100 (46³C) ^ 0.70 ^ [19]

MGL P (decane) 1 M KCl ^ ^ 0.744 (2.5^3.0 nm) ^ [20]

Phospholipids
SBPL F 0.1 M KCl

(pH 6)
12 (23³C) 0.95 0.6^0.7 293 þ 44 (n = 15) This

work
F 0.5 M KCl

(pH 6.2)e
(5^12)U103

(21³C)
^ 0.74 ^ [8]

Egg yolk PC F 0.1 M KCl
(pH 7)g

^ ^ 0.6 Vc = 280 þ 70d [49]

DOPC P (decane) 0.1 M NaCl
(pH 7)f

40 þ 10 (24³C) ^ ^ 210 þ 10 [38]

DPhPC F 0.1 M KCl
(pH 6)

3.2 (23³C) 0.6 0.6^0.7 411 þ 42 (n = 6) This
work

F 0.1 M KCl

(pH 7)g

^ ^ ^ Vc = 390 þ 70d [49]

F 0.5 M KCl
(pH 6.2)e

70^100 (21³C) ^ 0.78 ^ [8]

P (decane) 1 M KCl 10 (25³C) ^ 0.35 ^ [6]
aF, folding method; P, painting method (solvent used).
bFraction of the membrane spanned by the minor base of the trapezoid (see Eq. 2).
cMean values of n membranes.
dMeasured under current-clamp conditions.
eContaining 1 mM Pipes.
f Containing 1 mM CaCl2.
gContaining Tris^HCl.
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layer membranes (Table 1) are signi¢cantly scattered
due to the di¡erences in the membrane preparation
method and/or measurement conditions, the bilayer
membranes from the lipids with branched chains (di-
ethers, tetraethers, DPhPC) tend to exhibit the lower
conductances; this implies that the bilayer mem-
branes from the lipids with branched chains show
lower permeability and higher barrier property com-
pared with the membranes from conventional phos-
pholipids. It has been reported that liposome mem-
branes composed of archaeal lipids show much lower
permeability against solutes, such as H� or hydro-
philic dyes [12,13,21^23,25]. The present ¢nding is in
accord with the conclusions drawn from the earlier
studies on liposome membranes. These results can be
explained by the characteristic structure of the
branched chain, in which bulky methyl branches
may prevent the formation of transient permeation
paths for the small ions or the formation of hydro-
gen-bonded water chains in the hydrophobic chain
region of the bilayer. Therefore, it can be considered
that the rate-limiting step for small ion permeation is
the translocation of the ions through a hydrophobic
chain region rather than a headgroup region, as sup-
ported by the comparable conductances of
Mal3(Phyt)2 and DPhPC bilayers.

The current^voltage ¢tting curves were found to
be symmetric and to deviate from linearity at higher
voltages depending on the type of lipid, as seen in
Fig. 3. This type of characteristic has been reported
in many cases, e.g., H�/OH3 voltage-driven perme-
ation [37], inorganic ion permeation [38], ion carrier-
mediated transport [39,40] and lipophilic ion trans-
port [41] through the planar lipid bilayer membranes,
which were often ascribed to the trapezoidal poten-
tial energy barrier in the membrane against the
charged solute permeation [37^39,42]. In this case,
the current density strongly depends on the height
of this potential energy barrier. The normalized con-
ductance for dielectrically symmetrical bilayer mem-
branes can be obtained by Eq. 2 [37^39]:

Gm�V�=Gm�0� � bsinh�eV=2kT�=sinh�beV=2kT�
�2�

where Gm(V)/Gm(0) is the ratio of the conductance at
voltage V to the conductance at 0 mV, b is the frac-
tion of the membrane spanned by the minor base of

the trapezoid. e, k and T have their usual meanings.
For Mal3(Phyt)2 and DPhPC bilayers, a value of
b = 0.6^0.7 gives the best ¢t, as shown in Fig. 3A
and B. For SBPL bilayer, the ¢tting curve is almost
linear (b = 0.9^1.0) over the examined voltage region,
as shown in Fig. 3C. Since (13b)/2 is a measure of
displacement of the barrier corner toward the bilayer
center due to the reduction of the Born self-energy of
an ion by attraction of an ion to its image, the esti-
mated value b may give information concerning the
bilayer^water interface dielectric structure [39]. Judg-
ing from the b values for three kinds of membranes,
the bilayer^water interface dielectric structure of
Mal3(Phyt)2 membrane is analogous to that of
DPhPC, regardless of the di¡erent headgroup struc-
ture.

In addition to observations of small ion permea-
tion behavior through the branched-chain lipid bi-
layers, measurements of current^voltage characteris-
tics of lipophilic ions through the bilayers can also
give the additional information concerning the bi-
layer^water interface dielectric structure. By compar-
ing the permeation rates of the lipophilic cation,
TPP� and the lipophilic anion, TPB3, through the
bilayers, contribution of molecular structure of lipid
headgroup to a bilayer membrane dipole potential
[41^44] can be considered. In Fig. 4, variations of
Gm(0) of Mal3(Phyt)2 and DPhPC bilayer mem-

Fig. 4. E¡ects of lipophilic ions, TPP� and TPB3 on the mem-
brane conductances at 0 mV, Gm(0), of Mal3(Phyt)2 and
DPhPC bilayer membranes. triangles, Mal3(Phyt)2 ; circles,
DPhPC. Closed symbols, TPP� ; open symbols, TPB3. Planar
lipid bilayer membranes were formed in 100 mM NaCl unbu¡-
ered solution (pH around 6). Temperature was 22^25³C. Sur-
face areas of the membranes were 3.0^4.0U1032 cm2.
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branes are shown as a function of the concentration
of lipophilic ions. For TPP�, Gm(0) did not signi¢-
cantly change upon the addition of small amount of
lipophilic ion and was practically constant in the
examined concentration region in both bilayer mem-
branes. For TPB3, however, if only a slight amount
of ion was added, greater than 103-fold increases in
Gm(0) were observed in both bilayer membranes. It is
noted that the values of membrane conductance ob-
tained in the presence of TPB3 were not so accurate
due to the signi¢cant capacitive currents even at low-
er voltages and the instrumental limitation of current
detection.

It has been reported that TPB3 has much greater
permeability than TPP� [42^44]. The di¡erence in
permeation rate of TPB3 and TPP�, that is, anion-
selective permeation, has been explained in terms of
a bilayer membrane dipole potential model [42^44].
On the basis of this proposed model, the source of
dipole potential is ascribed to the dipole organization
of molecules at the bilayer^water interface, with the
most signi¢cant contribution coming from the car-
bonyl groups in glycerol backbone, lipid headgroup,
and surface water molecules [42^44]. The observation
in this study showed that the permeation character-
istics of lipophilic ions through the bilayers of
branched-chain type lipid appear to be analogous
to each other in both cases of Mal3(Phyt)2 as well
as DPhPC, suggesting there is no signi¢cant di¡er-
ence in the dipole potential barrier between the two
types of branched-chain lipids. On the basis of the
present result, it can be presumed that the carbonyl
groups in the glycerol backbone of the lipid molecule
are not necessarily required for the total dipole po-
tential barrier against cations in the Mal3(Phyt)2 bi-
layer. The anion-selective permeation through the
Mal3(Phyt)2 bilayer may be accounted for by the
saccharide headgroup bearing many hydroxyl di-
poles, making up the lack of the carbonyl groups
and contributing to the total dipole potential barrier.
Therefore, it can be considered that the bilayer^water
interface dielectric structure of Mal3(Phyt)2 mem-
brane is analogous to that of DPhPC, regardless of
the headgroup structure.

3.3. Stability of planar lipid bilayer membranes

For the stability measurements, we selected the

bilayers which had higher capacities (s 0.6 WF/cm2)
and showed reasonable currents without £uctuations
at the applied voltage of 100 mV. The long-term
stability of the planar lipid bilayer membranes was
checked at the applied voltage of 0 mV. Mal3(Phyt)2

bilayers were considerably stable, in the best prepa-
ration case, for at least 3 days, whereas SBPL bi-
layers were usually stable only for less than 8 h under
the same conditions.

Next, the membrane stability against the external
electric ¢eld change was evaluated with the applied
voltage at which the membrane rupture occurs, Vr.
As summarized in Table 1, the values of Vr for
DPhPC (411 þ 42 mV) and Mal3(Phyt)2 (344 þ 63
mV) bilayers are higher than that for SBPL
(293 þ 44 mV). This result implies that DPhPC and
Mal3(Phyt)2 bilayers are considered to be more sta-
ble than the SBPL bilayer against the external elec-
tric ¢eld change.

It has been reported that a signi¢cant increase in
conductance of pure lipid bilayer membranes is often
observed due to reversible or irreversible electrical
membrane breakdown at higher applied potentials
[45,46]. According to the data reported by Shchipu-
nov and Drachev [47], the voltage scanning rate of
8.0 mV/s as an external electric ¢eld change in this
study is slow enough that the membrane rupture is
mainly caused by the transient pores or defects in a
bilayer. At such low voltage scanning rates, mem-
branes from many types of lipids have been reported
to break down irreversibly at 100^300 mV [38,47,48].
In addition, Robello and Gliozzi [49] have reported
the critical potential at which conductance transition
occurs due to the formation of aqueous pores, Vc,
under current-clamp conditions. The Vc values re-
ported are listed in Table 1. The value of Vc for
the DPhPC bilayer is very close to the value of Vr

for this lipid. Similarly, the value of Vc for the egg
yolk PC bilayer is very close to the value of Vr for
SBPL. From these comparisons, the present electric
behavior of the bilayers is presumed to be the aque-
ous pore formation in the bilayers. In this context,
the aqueous pore formation in the bilayers seems to
be much suppressed for Mal3(Phyt)2 and DPhPC,
compared with SBPL. According to the energetic
theory that explains the aqueous pore-induced mem-
brane breakdown [46,50,51], the pores with an over-
critical radius are responsible for the irreversible
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membrane breakdown, and the energy barrier height
of pore formation can be related to the pore edge
line tension and the surface tension of a bilayer.
Thus, the bilayers with higher pore edge line tension
may require a higher applied voltage to induce mem-
brane rupture [46,50,51]. Although we cannot evalu-
ate the pore edge line tension and surface tension for
lipid bilayers at the present stage, it seems likely that
the higher stability of phytanyl- or phytanoyl-
chained lipid bilayer membrane to the external elec-
trical ¢eld change may be ascribed to the higher pore
edge tension, that is, the higher lateral cohesion in
this type of membrane.

These ¢ndings are consistent with the previously
reported results showing that liposome membranes
composed of archaeal lipids are very stable over a
broad range of conditions, including temperature
and pH [12,13,21^24].

3.4. Incorporation of octopus retina ion channels into
planar lipid bilayer membranes

Based on the above results, the phytanyl-chained
glycolipid bilayers are expected to be promising for
biochemical studies over functional reconstitution of
membrane proteins because of chemical stability as
well as membrane stability. Therefore, we performed
a preliminary experiment to assess applicability of
the phytanyl-chained glycolipid bilayers to the func-
tional incorporation of membrane proteins. In this
work, we employed the channel proteins derived
from octopus retina microvilli vesicles. It has been
reported that the ion channels of microvilli vesicles

are heterogeneous, showing speci¢c conductances
ranging from 10 pS to 200 pS [29].

In the case of the bilayer comprising Mal3(Phyt)2

alone, however, the fusion with vesicles did not oc-
cur, which was indicated by the fact that no current
£uctuation was observed even after the addition of
microvilli vesicles. In contrast to the glycolipid bi-
layer, the functional incorporation of ion channels
into SBPL bilayer proceeded successfully, as can be
seen in Fig. 5a. SBPL contains a certain amount of
negatively charged lipids and it may promote fusion
with vesicles [1,3,4]. Therefore, it was expected that
the use of negatively charged lipids might promote
the incorporation of membrane proteins. For this
reason, the natural sulfoglycolipid SQDG was used
as a negatively charged lipid. In the case of the
Mal3(Phyt)2 bilayer containing 5 mol% SQDG, the
current £uctuations were successfully observed under
voltage-clamp conditions even after the removal of
OG, as shown in Fig. 5b, suggesting the functional
incorporation of ion channels into the bilayer. It is
noted that the presence of SQDG in Mal3(Phyt)2

bilayer did not enhance the current £uctuations prior
to the addition of OG-solubilized microvilli vesicles.

This preliminary experiment demonstrated, to
some extent, applicability of the phytanyl-chained
glycolipid bilayer as matrix materials to the reconsti-
tution of membrane proteins, although further stud-
ies with these ion channels and other membrane pro-
teins should be required. We are now progressing on
a study involving functional reconstitution of mem-
brane proteins into our synthetic phytanyl-chained
glycolipid vesicles.

Fig. 5. Typical current £uctuations of the ion channels of octopus retina microvilli vesicles in planar lipid bilayer membranes. (a)
SBPL; (b) Mal3(Phyt)2/SQDG (95:5, mol/mol). Planar lipid bilayer membranes were formed in 250 mM KCl/10 mM Hepes^Tris (pH
7.4) bu¡er solution. The applied potential was +100 mV. Temperature was 23³C.
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3.5. Concluding remarks

The planar lipid bilayer membranes were success-
fully formed from the synthetic phytanyl-chained
glycolipid bearing a maltotriosyl group (Mal3(Phyt)2)
by the folding method. The membrane conductance
of Mal3(Phyt)2 bilayers in 100 mM KCl aqueous
solution was signi¢cantly lower than that of natural
phospholipid, SBPL bilayers and comparable to that
of DPhPC bilayers. Comparison of the current^volt-
age characteristics of Mal3(Phyt)2 bilayer membranes
with those of DPhPC ones supported the view that
the rate-limiting step for small ion permeation is the
translocation of ion across a hydrophobic chain re-
gion rather than a headgroup region. From the per-
meation measurements of lipophilic ions through
Mal3(Phyt)2 and DPhPC bilayers, it could be pre-
sumed that the carbonyl groups in glycerol backbone
of the lipid molecule are not necessarily required for
the total dipole potential barrier against cations in
Mal3(Phyt)2 bilayer. The stability of the phytanyl-
chained glycolipid bilayer membranes against long-
term standing and external electric ¢eld change was
rather higher than that of SBPL. In addition,
Mal3(Phyt)2 bilayer was considered to be more
chemically stable with respect of the linkages among
glycerol, hydrophobic chains and headgroup (ether
linkages versus ester linkages), compared with the
DPhPC bilayer. Furthermore, the channel proteins
derived from octopus retina microvilli vesicles were
successfully incorporated into Mal3(Phyt)2 bilayers in
the presence of the negatively charged glycolipid,
SQDG.

From these observations, it is concluded that syn-
thetic phytanyl-chained glycolipid bilayers are prom-
ising materials for reconstitution and transport stud-
ies of membrane proteins, as well as for application
to membrane protein-immobilized bilayer type bio-
reactors and/or biosensors, owing to membrane
stability.
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