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ABSTRACT Proton permeation rates across membranes of a synthetic branch-chained glycolipid, 1,3-di-O-phytanyl-2-O-(�-D-
maltotriosyl)glycerol (Mal3(Phyt)2) as well as a branch-chained phospholipid, diphytanoylphosphatidylcholine (DPhPC) were lower
than those of straight-chained lipids such as egg yolk phosphatidylcholine (EPC) by a factor of �4 at pH 7.0 and 25°C. To examine
whether degrees of water penetration and molecular motions in Mal3(Phyt)2 membranes can account for the lower permeability,
nanosecond time-resolved fluorescence spectroscopy was applied to various membranes of branch-chained lipids (Mal3(Phyt)2,
DPhPC, and a tetraether lipid from an extremely thermoacidophilic archaeon Thermoplasma acidophilum), as well as straight-
chained lipids (EPC, 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), and digalactosyldiacylglycerol (DGDG)) using several fluo-
rescent lipids. Degrees of hydration of glycolipids, Mal3(Phyt)2, and DGDG were lower than those of phospholipids, EPC, POPC,
and DPhPC at the membrane-water interfaces. DPhPC showed the highest hydration among the lipids examined. Meanwhile,
rotational and lateral diffusive motions of the fluorescent phospholipid in branch-chained lipid membranes were more restricted
than those in straight-chained ones. The results suggest that the restricted motion of chain segments rather than the lower
hydration accounts for the lower proton permeability of branch-chained lipid membranes.

INTRODUCTION

Archaea inhabit under extreme conditions such as very high
temperature, low pH, or very high salt concentration; there-
fore, their lipid membranes are considered to be chemically
and physically stable. These lipids are characterized by their
molecular structure: ether links between glyceryl and highly
branched hydrophobic chain (isopranyl chain) moieties and
have been classified into two types: diethers (monopolar
lipids) and tetraethers (bipolar lipids). The latter lipids are
found in extremely thermoacidophilic archaea, e.g., the
polar lipid of fraction E (PLFE) from Sulfolobus acidocal-
darius and the main polar lipid (MPL, see Fig. 1) from
Thermoplasma acidophilum, the membranes of which are
stable and show exceptionally low permeabilities to proton
and other ionic solutes (Elferink et al., 1992, 1994; Choquet
et al., 1994; Freisleben et al., 1995; Gambacorta et al., 1995;
Van de Vossenberg et al., 1998; Komatsu and Chong,
1998). The other lipids, diethers are found in methanogenic
archaea and halophilic archaea (Stewart et al., 1990; Cho-
quet et al., 1994; Gambacorta et al., 1995; Van de Vossen-
berg et al., 1998), the membranes of which are also consid-
ered to be stable and exhibit low permeability (Stewart et
al., 1990; Yamauchi et al., 1992, 1993; Dannenmuller et al.,
2000). Because the barrier function of membranes is critical
for the functioning of cell or intracellular organelles, where
a proton motive force is established (Van de Vossenberg et
al., 1998), archaeal lipid membranes are thought to be useful

in avoiding short circuiting of the proton gradient and
therefore to be promising for reconstitution matrices of
various functional proteins, which generate or consume the
proton motive force. It is of great interest to apply archaeal
lipids to biochemical or biotechnological materials, and
accordingly several trials have been made using tetraethers
(Elferink et al., 1992; Choquet et al., 1994; Freisleben et al.,
1995; Gambacorta et al., 1995), however, these lipids are
not readily available in sufficient amounts and are often
mixtures of heterogeneous lipids.

We recently proposed a series of 1,3-di-O-phytanyl-2-O-
(�-glycosyl)glycerols (Glc(Phyt)2, MalN(Phyt)2 (N � 2, 3,
5); N is the number of glucose residue in the headgroup) as
model archaeal monopolar lipids (Minamikawa and Hato,
1997; Hato et al., 1999). Among the synthetic glycolipids,
Mal3(Phyt)2 (Fig. 1) forms stable planar or vesicle mem-
branes suitable for functional reconstitution of labile mem-
brane protein complexes such as photosystem II (Baba et
al., 1999a,b). In addition, compared with planar lipid mem-
branes from soybean phospholipids, those from Mal3(Phyt)2

exhibited 4- to 6-fold lower conductance, i.e., lower ion
permeability. The conductance observed for Mal3(Phyt)2

was the same as that for a synthetic model archaeal phos-
pholipid diphytanoylphosphatidylcholine (DPhPC; Fig. 1)
(Baba et al., 1999b). Mal3(Phyt)2 therefore looks promising
for construction of an artificial energy-conversion mem-
brane system containing functional proteins involved in the
generation or consumption of the proton motive force.

In the present study, we intended to obtain insights into
the physicochemical properties of Mal3(Phyt)2 membranes
in connection with their low proton permeability. Up to
now, the factors governing proton permeability have been
extensively discussed: water penetration into membranes is
considered as the first step for proton permeation (Nagle,
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1987; Deamer and Nichols, 1989; Haines, 1994; Paula et al.,
1996; Marrink et al., 1996) and membrane packing as well
as motional freedom in membranes are considered to influ-
ence the permeability. In the case of tetraethers, low proton
permeability was ascribed to rigid and tight membrane
packing, preventing water penetration into membranes (Elf-
erink et al., 1992; Komatsu and Chong, 1998; Khan and
Chong, 2000; Gabriel and Chong, 2000). We applied nano-
second time-resolved fluorescence spectroscopy to
Mal3(Phyt)2 membranes using several fluorescent probes
and examined whether degrees of water penetration into
Mal3(Phyt)2 membranes or molecular motions in the mem-
branes can account for the lower proton permeability of
various membranes of branch-chained lipids as compared
with straight-chained lipids.

MATERIALS AND METHODS

Materials

Mal3(Phyt)2 was prepared as previously described (Minamikawa and Hato,
1997). Egg yolk phosphatidylcholine (EPC, type V-E) and 1-palmitoyl-2-
oleoyl-PC (POPC) were obtained from Sigma (St. Louis, MO). DPhPC and
N-dansyl-phosphatidylethanolamine (DnsPE) were from Avanti Polar Lip-
ids (Alabaster, AL). MPL (�99%) was from Matreya (Pleasant Gap, PA).
Digalactosyldiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol
(SQDG) were from Lipid Products (South Nutfield, Surrey, UK). The
molar proportions of the fatty acids of DGDG and SQDG used in the
present study were determined by gas chromatography-mass spectrometry
technique. After the lipids dissolved in 14 wt % boron trifluoride3-meth-
anol solution were heated at 80°C for 15 min, the obtained methyl esters
were analyzed by a Shimadzu GC-17A gas chromatograph and QP-5050
mass spectrometer system using a DB-5 capillary column (0.25-mm inner
diameter � 30 m) (J&W Scientific, Folsom, CA). Isothermal runs were
performed at 180°C, and fatty acids were identified using authentic stan-
dards (Supelco, Bellefonte, PA). The molar proportions of the fatty acids
were as follows: DGDG, C18:3 (76.7%), C16:0 (12.5%), C16:3 (4.7%), C18:0

(1.8%), C18:1 (0.5%), C18:2 (3.7%); SQDG, C16:0 (34.9%), C18:1 (3.2%),
C18:0 (2.4%), C18:2 (12.3%), C18:3 (47.1%). The chemical structures of

several lipids are shown in Fig. 1. All of the lipids were stored as stock
solutions in chloroform/methanol (2:1, v/v) at �20°C, and the absence of
impurities in the solutions was checked by thin-layer chromatography. The
glycolipids, phospholipids, and SQDG were routinely assayed by the
methods of Dubois et al. (1956), Bartlett (1959), and Rosenberg (1963),
respectively. A series of n-(9-anthroyloxy)fatty acids (nAFs): n-(9-anthroy-
loxy)stearic acids (nAS, n � 2, 6, 9, 12) and 16-(9-anthroyloxy)palmitic
acid, 1-palmitoyl-2-(3-(diphenylhexatrienyl)propanoyl)-PC (DPHpPC),
and 1-palmitoyl-2-(10-pyrenedecanoyl)-PC (PyrPC) were from Molecular
Probes (Eugene, OR). Pyranine (trisodium salt) was from Lambda (Graz,
Austria). All of the fluorescent probes were used as received. Deuterium
oxide (D2O) was from Aldrich Chemical Co. (Milwaukee, WI). Organic
solvents were spectroscopic grade from Dojindo (Kumamoto, Japan). All
other chemicals were guaranteed reagent grade from Wako Pure Chemical
Industries (Osaka, Japan).

Vesicle preparation

Multilamellar vesicles (MLVs) were prepared by dispersing the dried lipid
thin film in an argon-purged 10 mM phosphate (NaH2PO4-Na2HPO4)
buffer solution (pH 7.0) containing 50 mM K2SO4 with vortexing and brief
sonication for 5 min in a USC-1 bath-type sonicator (Iuchi Seieido, Osaka,
Japan) at 65 W output. Because the vesicles composed of Mal3(Phyt)2

alone exhibit a significant aggregation in the presence of inorganic salts
(Baba et al., 2000), the anionic sulfoglycolipid SQDG was added (10 mol
%) to all the lipids used except for MPL (Baba et al., 1999a). Large
unilamellar vesicles (LUVs) with a uniform size were prepared by extru-
sion of frozen-thawed vesicles based on the method described previously
(Baba et al., 2000). For the preparation of LUVs entrapping pyranine, a
buffer solution containing 0.5 mM pyranine was used. The untrapped
pyranine was removed by two passages through a PD-10 column (Phar-
macia, Uppsala, Sweden). The average size and polydispersity of vesicles
were estimated by dynamic light scattering with an ELS-800TS electro-
phoretic light-scattering apparatus (Otsuka Electronics, Osaka, Japan).

For nAF labeling, vesicle suspensions were mixed with the probe
dissolved in dimethylsulfoxide to yield [lipid] � [SQDG] to [probe] molar
ratio of 500:1 while vortexing the suspensions. dimethylsulfoxide in sus-
pension was 0.6 vol % or less. The suspensions were incubated at room
temperature for at least 2 h before measurements. For phospholipid-type
probe labeling, the lipids were mixed with DnsPE, DPHpPC, or PyrPC at
[lipid] � [SQDG] to [probe] molar ratios of 200:1, 500:1, or 9:1, respec-

FIGURE 1 Chemical structures of mo-
nopolar lipids Mal3(Phyt)2, DPhPC, and
the proposed chemical structure of the bi-
polar lipid MPL derived from Thermo-
plasma acidophilum (adapted from Swaine
et al., 1997).
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tively, before the vesicle preparation. The final concentrations of total
lipids were 0.2 mM. PyrPC was assayed using the extinction coefficient at
343 nm of 5 � 104 cm�1 M�1 in methanol (Kao et al., 1992).

Proton permeation measurements

Rates of the proton permeation across membranes were estimated by
measuring rates of changes in fluorescence intensity of pyranine (Grzesiek
and Dencher, 1986) on a JASCO FP-777 spectrofluorometer (Tokyo,
Japan) equipped with a thermostated cell holder set at 25 � 0.1°C. After
the removal of carbon dioxide by bubbling of nitrogen gas, small pH
gradients (0.14 pH unit) were applied across membranes by injecting a
small amount of sulfuric acid under continuous stirring. To abolish a
diffusion potential, valinomycin (Sigma) was added into the vesicles before
measurements, and the molar ratio of valinomycin to lipid did not exceed
3 � 10�3. Exciting light (slit bandwidth (SBW) � 3 nm) was changed at
a frequency of 1 Hz between 416 nm (isosbestic point) and 450 nm (pH
sensitive), and the emission was monitored at 510 nm (SBW � 5 nm). The
internal pH was calculated from the ratio of these emission intensities. The pH
was calibrated with an HM-30S pH meter (Toa Electronics, Tokyo, Japan).

The net proton/hydroxyl ion permeability coefficients PH/OH were cal-
culated from the decay time of pH gradient �H expressed by (Grzesiek and
Dencher, 1986):

	pH
t� � 	pH0 exp(�t/�H) (1)

in which 	pH(t) and 	pH0 are pH differences across a membrane at the
time t after the addition of an acid and at t � 0, respectively. �H can be
related with PH/OH as follows:

�H � 
VmB/Am�
1/PH/OH�H�
0ln 10� (2)

in which Vm, Am, and B are the volume and surface area of a vesicle and
the buffer capacity, respectively. [H�]0 is the initial proton concentration
of the external phase. As the observed average diameters of all LUVs were
100 � 10 nm and the size distribution was narrow, the ratio Vm/Am could
be expressed in terms of the vesicle average radius rm as Vm/Am � rm/3.

Fluorescence measurements

Fluorescence emission spectra and steady-state fluorescence anisotropy
were measured on a Jasco FP-777 spectrofluorometer equipped with a

thermostated cell holder (with an accuracy of �0.1°C). The samples
labeled with DnsPE were excited at 340 nm (SBW � 5 nm) and the
emission was measured at 528 nm (SBW � 5 nm). For the fluorescence
anisotropy measurements of DPHpPC, samples were excited at 366 nm
(SBW � 5 nm) and the emission was detected at 430 nm (SBW � 5 nm)
using polarizers. The samples labeled with PyrPC were excited at 340 nm
(SBW � 3 nm), and the corrected emission intensities for the monomer
(398 nm) and the excimer (478 nm) were measured through a slit of 3-nm
bandwidth.

Fluorescence lifetimes and anisotropy decays were measured on a
Horiba NAES-550 spectrofluorometer (Kyoto, Japan) with a pulsed
hydrogen lamp (full width at half maximum: � 2 ns) and a thermostated
cell holder (with an accuracy of �0.2°C). The decay curves (resolution:
0.2 or 0.4 ns) were analyzed as double exponentials by using a reiter-
ative deconvolution with the lamp pulse on a Horiba NAES-5�0
nonlinear least square fitting program (see Appendix). The fitness was
judged by a reduced �2. The samples labeled with nAFs were excited
through Toshiba UV34 and Hoya U360 filters, and the lifetimes were
measured through a Hoya L42 filter. The samples labeled with DnsPE
were excited through a Hoya U350 filter, and the lifetimes were
measured through a Hoya Y48 filter. For DPHpPC, samples were
excited through Toshiba UV31 and Hoya U360 filters, and the lifetimes
were measured through a Hoya L42 filter. In the case of anisotropy
decay measurements, polarizers were also used. For lifetime measure-
ments of PyrPC excimer, lights of the excitation and emission were
passed through MIF-UW345 and MIF-UW479 interference filters (Ni-
hon Sinku Kogaku, Osaka, Japan), respectively. Samples were purged
with argon or nitrogen to remove dissolved oxygen before measure-
ments. No corrections for light scattering by vesicles were required.

RESULTS

Proton permeation

The observed decay times of pH gradient �H for LUVs of
various lipid/SQDG (9:1) at pH 7.0 and 25°C are shown
in Table 1. By considering the proton enrichment factor
exp(�e0�0/kT) at the surface due to the negative surface
potential �0 (�15 to �20 mV calculated from 10 mol %
of SQDG), the proton concentration at the membrane
surface is estimated to be approximately twice that in the

TABLE 1 Net proton/hydroxyl ion permeability of various lipid LUV membranes

Lipid �H/s* PH/OH/10�4 cm s�1 Conditions References

Linear chained
EPC/SQDG (9:1) 20 � 4 17 � 3 pH 7.0, 	pH: 0.14, 25°C This work
EPC† — 9.6% min�1‡ pH 7.4, 	pH: 2.4 Foley et al., 1988

— 1 � 10�1 pH 7.2, 	�: 186 mV§ Freisleben et al., 1995
DC16:1PC¶ — 18.2 pH 7.0, 	pH: 0.5, 30°C Paula et al., 1996
DGDG/SQDG (9:1) �15 �23 pH 7.0, 	pH: 0.14, 25°C This work
DGDG† — 15.6 � 6.3% min�1‡ pH 7.4, 	pH: 2.4 Foley et al., 1988
SBPL — 27 pH 7.2, 	pH: 0.2, 25°C Grzesiek and Dencher, 1986

Branch chained
DPhPC/SQDG (9:1) 101 � 30 3.6 � 1.1 pH 7.0, 	pH: 0.14, 25°C This work
DPhPC — 1.4 pH 7.2, 	pH: 0.2, 25°C Grzesiek and Dencher, 1986
Mal3(Phyt)2/SQDG (9:1) 81 � 25 4.5 � 1.4 pH 7.0, 	pH: 0.14, 25°C This work
MPL — 4.5 � 10�2 pH 7.2, 	�: 186 mV§ Freisleben et al., 1995

*Values are the means � SD (n � 3).
†MLV membranes.
‡Only a relative rate has been described.
§Applied diffusion potential with K�-valinomycin.
¶Dipalmitoleoyl-PC.
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bulk phase. The values of PH/OH for various LUVs were
obtained as shown in Table 1. Thus proton permeation
rates across membranes of branch-chained lipids are
lower than those of straight-chained lipids such as EPC
by a factor of �4.

Degrees of hydration in membranes

Fig. 2 shows the average fluorescence lifetimes ��� of
nAFs in various lipid/SQDG membranes at 25°C. Gradi-
ents of hydration in membranes can be estimated from
the ��� values of nAFs because the fluorophore of nAFs
is considered to be located in membranes depending on
the position number n. The location ranges from the
membrane-water interface, most probably the glycerol
backbone region for 2-(9-anthroyloxy)stearic acid (2AS),
to the center of membranes for 16-(9-anthroyloxy)p-
almitic acid (Abrams et al., 1992), and their ��� values are
more dependent on the concentration of water surround-
ing the fluorophore than solvent viscosity or dielectric
constant (Maçanita et al., 1989; Melo et al., 1991). For
POPC, EPC (data not shown but superimposable on the
POPC data), DPhPC, and DGDG, the steeper increases in
the ��� value, suggesting decreases in hydration, were
observed from the position n � 2 to 12. The ��� values
leveled off at n � 12 in most cases. Interestingly, nAFs
in DPhPC/SQDG membrane showed the shortest life-
times at all depths in the membranes among the lipids
examined, suggesting that DPhPC/SQDG membrane has
the highest water content among the lipids. Mal3(Phyt)2/
SQDG membrane, however, yielded the longest lifetimes
of nAFs from the position n � 2 to 9. Moreover, the
increase in the ��� value from n � 2 to 16 was much less
marked than that for other lipids. This result suggests that
degrees of hydration and water penetration in

Mal3(Phyt)2/SQDG membrane are the lowest in most
parts of the membranes.

Fig. 3 shows the relationship between the ��� values for 2AS
and those for DnsPE in various membranes at 25°C. As the
fluorophore of DnsPE is considered to be located near the
headgroup region or at the membrane-water interface (Asun-
cion-Punzalan et al., 1998), its location may be close to that of
2AS. The ���2AS value was positively correlated with the
���DnsPE value, suggesting that both probes similarly sense the
amount of water. Both probes showed the shortest lifetimes for
DPhPC/SQDG membrane and conversely the longest lifetimes
for Mal3(Phyt)2/SQDG membrane. The former result can be
attributed to more hydration and the latter to less hydration at
the membrane-water interfaces.

In addition to the fluorescence lifetime measurements,
the deuterium isotope effect on DnsPE fluorescence was
also measured as an alternative index (Ho et al., 1995). Fig.
4 shows a plot of the fluorescence intensity ratio (ID/IH) of
DnsPE in various lipid/SQDG LUVs measured in D2O or
H2O as a function of the average fluorescence lifetime ratio
(���D/���H) of DnsPE at 25°C. The intensity ratio obtained
from each lipid system varied in proportion to its lifetime
ratio. DGDG and Mal3(Phyt)2 showed the lowest ratios;
POPC and EPC showed intermediate ratios; DPhPC showed
the highest. These results suggest that DnsPE senses the
lowest hydration for glycolipid membranes and the highest
hydration for DPhPC membrane.

Rotational diffusive motions of DPHpPC
in membranes

The rotational diffusive motions of DPHpPC in various
lipid/SQDG membranes as well as in MPL membrane were
estimated. The parameters are summarized in Table 2.

FIGURE 2 Dependence of the average fluorescence lifetime ��� for
nAFs on the position of an anthroyloxy fluorophore in various lipid/SQDG
(9:1, mol/mol) LUV membranes at 25°C. Data are the means for two
experiments (n � 2).

FIGURE 3 Relationship between the average fluorescence lifetimes of
DnsPE ���DnsPE and 2AS ���2AS in various lipid/SQDG (9:1, mol/mol)
membranes at 25°C. DnsPE and 2AS were incorporated into MLV and
LUV membranes, respectively. Data are the means for two experiments
(n � 2).
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The values of the average fluorescence lifetime of DPHpPC
���DPHpPC were compared with estimate degrees of hydration
near the hydrophobic center of membranes, because the
���DPHpPC value depends on the polarity at the deeper region in
membranes (Parente and Lentz, 1985). DPhPC/SQDG mem-
brane showed the shortest lifetime indicative of the highest
hydration, and conversely MPL membrane showed the longest
indicative of the least hydration.

The steady-state fluorescence anisotropies rss of DPH-
pPC in branch-chained lipid membranes (DPhPC,
Mal3(Phyt)2, MPL) were higher than those in straight-
chained lipid membranes (DGDG, POPC, EPC), indicating
greater decreased rotational freedom of the fluorophore in
the branch-chained lipid membranes. To obtain the static
parameter, i.e., the order parameter of DPHpPC in mem-

branes S and the dynamic parameter, i.e., the rotational
diffusion coefficient of DPHpPC in membranes Dw, the
fluorescence anisotropy decay data were analyzed in terms
of ��� and r� with average fluorescence lifetimes ���DPHpPC

by Eqs. A3 and A4 as the first approximation. The S values
for Mal3(Phyt)2/SQDG and MPL membranes are higher
than those for straight-chained membranes, however, that
for DPhPC/SQDG is comparable with those for POPC/
SQDG and EPC/SQDG as seen in Table 2. By comparing
the Dw values estimated from Eq. A5, the rotational diffu-
sive motions of DPHpPC in branch-chained lipid mem-
branes were found to be lower than those in straight-chained
ones.

Lateral diffusive motions of PyrPC in membranes

Fig. 5 shows the fluorescence intensity ratio of excimer to
monomer Ie/Im of PyrPC as a function of temperature for

FIGURE 4 Relationship between the fluorescence intensity ratio ID/IH of
DnsPE in various lipid/SQDG (9:1, mol/mol) MLV membranes prepared in
D2O or H2O (�ex, 340 nm; �em, 528 nm) and the average fluorescence
lifetime ratio ���D/���H of DnsPE in MLV membranes prepared in D2O or
H2O at 25°C. Data for the intensity ratio are the means � SD for 10-times
repeated measurements for a set of suspensions (n � 2). Data for the
lifetime ratio are the means of two experiments.

TABLE 2 Static and dynamic parameters of DPHpPC and PyrPC in various lipid/SQDG (9:1, mol/mol) LUV membranes

Lipid*

DPHpPC† PyrPC

rSS r� S ���DPHpPC/ns ���/ns DW/GHz
A/103

	m2K�1 s�1 Ea/kJ mol�1

Straight
chained
DGDG 0.147 � 0.009 0.069 � 0.028 0.42 � 0.09 6.97 � 0.07 2.15 � 1.07 0.094 � 0.047 0.65 � 0.10 25.0 � 0.3
EPC 0.158 � 0.003 0.098 � 0.024 0.49 � 0.06 7.20 � 0.12 1.79 � 0.91 0.102 � 0.052 1.6 � 0.1 27.2 � 0.2
POPC 0.167 � 0.006 0.106 � 0.022 0.51 � 0.05 7.23 � 0.02 1.89 � 0.92 0.105 � 0.045 3.6 � 0.1 29.1 � 0.0

Branch chained
DPhPC 0.178 � 0.006 0.104 � 0.026 0.51 � 0.06 6.82 � 0.03 2.27 � 1.14 0.077 � 0.039 6.2 � 1.0 31.2 � 0.4
Mal3(Phyt)2 0.225 � 0.007 0.157 � 0.023 0.63 � 0.05 7.06 � 0.04 2.74 � 1.39 0.050 � 0.025 4.6 � 0.9 32.2 � 0.6
MPL‡ 0.250 � 0.008 0.172 � 0.035 0.66 � 0.07 8.01 � 0.04 4.17 � 3.07 0.031 � 0.022 3.3 � 0.2 32.6 � 0.0

*[Lipid] � [SQDG] � 0.2 mM; [DPHpPC]/{[Lipid] � [SQDG]} � 1/500 (mol/mol); [PyrPC]/{[Lipid] � [SQDG]} � 1/9 (mol/mol).
†Parameters were obtained at 25°C.
‡In the absence of SQDG.

FIGURE 5 Temperature dependence of the intensity ratio of excimer to
monomer Ie/Im of PyrPC in various lipid/SQDG (9:1, mol/mol) LUV
membranes. Data are the means of two experiments (n � 2).
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various lipids. As all the membranes in the present study are
in fluid states at the temperatures examined, PyrPC are
considered to be well miscible with the matrix lipids. The
Ie/Im values for branch-chained lipid membranes were
found to be lower than those for straight-chained lipid ones.

To evaluate the lateral diffusion coefficients DL of PyrPC
in membranes by using the Ie/Im values and by Eqs. A6
through A8, the excimer fluorescence lifetimes �e of PyrPC
and lipid-lipid spacing L need to be estimated. The �e values
were measured at various temperatures under the condition
that excimer emission intensity is higher than that of the
monomer and were found to be independent of the mem-
brane composition. The L values were assumed to be inde-
pendent of temperature and the following values for each
lipid were used: L2 � 1.0 nm2 at 25°C for Mal3(Phyt)2

(Minamikawa and Hato, 1997), L2 � 0.75 nm2 at 20°C for
DGDG (double bond index: �2.3, Shipley et al., 1973), L2

� 0.756 nm2 at 25°C for EPC (Lis et al., 1982), and the
same value assumed for POPC, L2 � 0.8 nm2 for DPhPC
(Hsieh et al., 1997), and L2 � 0.8 nm2 for MPL (De Rosa,
1996). The random mixing of the main lipid with SQDG (L2

� 0.7 nm2) and PyrPC as well as the symmetric distribution
of the probe on both sides of the membranes were assumed.
Further, although MPL is distributed asymmetrically in the
vesicle membrane with most of the PG headgroups facing
outside (Komatsu and Chong, 1998), random distribution of
PyrPC in MPL monolayer was also assumed. Fig. 6 shows
DL as a function of temperature for all of the lipids used.
The DL values for branch-chained lipid membranes were
lower than those for straight-chained lipid ones at the tem-
peratures examined. The DL values for DPhPC occurred,
however, intermediate between the DL values for straight-
chained lipids and those for Mal3(Phyt)2, and became closer
to those for straight-chained lipids at higher temperatures.

In the Stokes-Einstein model, the temperature depen-
dence of DL can be described by the activation energy Ea

associated with the effective viscosity,

DL � AT exp(�Ea/RT) (3)

in which A is a temperature-independent constant and R is
the gas constant. Fig. 7 shows that the Arrhenius plots of
DL/T display straight lines with correlation coefficients of
larger than 0.998. From the slope of these plots, the Ea

values of PyrPC diffusion in various lipid membranes were
determined to be 25 to 33 kJ/mol as shown in Table 2.

DISCUSSION

Proton permeability

PH/OH values obtained in the present study are in moderate
accordance with the reported data of 10�3 to 10�4 cm/s for
several lipid vesicle membranes as shown in Table 1. It should
be noted that a small amount of SQDG is considered to have
little effect on permeability because it has little influenced
membrane conductance (Baba et al., 1999b). The thickness of
the hydrophobic region of membranes can be one of the
important factors governing proton permeation rates, and this
is true when acyl chains are straight and shorter than C20 (Paula
et al., 1996). Considering the chain lengths of the monopolar
lipids examined in the present study are almost the same
(mainly saturated C16 or unsaturated C18), one would expect
that the permeation rates should be almost the same. The
previous experiments using planar lipid membranes (Baba et
al., 1999b) as well as the present results, however, show that
membranes of branch-chained lipids Mal3(Phyt)2 and DPhPC
exhibit lower permeability than those of straight-chained lipids
such as EPC and soybean phospholipids by a factor of �4 to
6. Further, membranes of tetraethers (MPL, PLFE) were found

FIGURE 6 Temperature dependence of the lateral diffusion coefficient
DL of PyrPC in various lipid/SQDG (9:1, mol/mol) LUV membranes. The
fitting curves were obtained from Eq. 3 by using the values for parameters
listed in Table 2. Data are the means of two experiments.

FIGURE 7 Arrhenius plot of ln(DL/T) for PyrPC in various lipid/SQDG
(9:1, mol/mol) LUV membranes. The fitting curves were obtained from Eq.
3 by using the values for parameters listed in Table 2. Data are the means
of two experiments.
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to exhibit exceptionally low proton permeability, which cannot
be accounted for solely by the thickness of hydrophobic region
(Elferink et al., 1994; Freisleben et al., 1995; Komatsu and
Chong, 1998).

It has been reported that proton permeability across lipid
membranes is considerably higher than the permeabilities to
other monovalent ions and is almost in the range of water
permeability: 10�2 to 10�3 cm/s (Deamer and Nichols,
1989; Paula et al., 1996). Although the coupling between
proton and water permeation is less clear, two kinds of
water-mediated proton transport mechanisms have been
proposed: transient hydrogen-bonded chains of water mol-
ecules (Nagle, 1987; Deamer and Nichols, 1989; Marrink et
al., 1996; Paula et al., 1996) and passive diffusion of hy-
drated proton (Paula et al., 1996). The former mechanism
assumes the transient formation of strands of water mole-
cules so-called “proton wires,” which are connected through
the membrane to the opposing water phases and rapidly
transport protons from one side to the other (Nagle, 1987;
Deamer and Nichols, 1989; Marrink et al., 1996). Accord-
ing to molecular dynamics calculations (Pomès and Roux,
1998), the proton conduction along a proton wire in non-
polar medium includes two complementary steps: the rapid
proton translocation along a water chain by way of a proton
hopping mechanism and the reorientation of water mole-
cules in the chain. The latter step involves an activation
energy of �33 kJ/mol and is a rate-limiting step for the
passage of several protons along the wire. Based on this
model, water penetration from membrane-water interface
into membranes and molecular motions in membranes seem
to govern the formation frequency of the proton wire span-
ning membranes. Actually, both proton permeability data
for the thinner phospholipid membranes and nearly pH-
independent conductance data can be explained not by
passive diffusion mechanism but by the proton wire mech-
anism (Nagle, 1987; Paula et al., 1996).

Water penetration (hydration) and molecular motions in
membranes, required for the proton wire formation, are
considered to be possibly mediated by lipid headgroup
fluctuations, lateral diffusive motions, and the migration of
gauche-trans-gauche conformations along lipid chains
(Haines, 1994). As these conformational changes occur on
the time scale of nanoseconds (Yeagle, 1985), nanosecond
time-resolved fluorescence spectroscopy is a suitable
method to obtain information on molecular motions in-
volved in permeation behavior.

Hydration in membranes

Gradients of hydration in membranes were estimated by use
of fluorescent probes: a series of nAFs (Maçanita et al.,
1989; Melo et al., 1991) and DnsPE (Ho et al., 1995;
Asuncion-Punzalan et al., 1998). The lifetime measure-
ments of nAFs and DnsPE suggest that Mal3(Phyt)2/SQDG
membrane seems the least hydrated even near the mem-

brane-water interface; in contrast, DPhPC/SQDG mem-
brane seems the most hydrated at all the depths in the
membrane. According to Melo et al. (1991), concentrations
of water surrounding the fluorophore of nAFs [H2O] can be
directly estimated from the relation: [H2O] � (�0 � �)/ka��0

in which �0 (�13.5 ns) is the lifetime in the absence of
water and ka is the quenching rate constant. By adopting the
ka value of 5.5 � 106 M�1 s�1 in dioxane at 25°C (Melo et
al., 1991), water concentration could be roughly evaluated
as [H2O] � 2.5 M for Mal3(Phyt)2/SQDG membrane-water
interface and �10 M for DPhPC/SQDG. Straight-chained
lipid membrane-water interfaces showed [H2O] � 8.8 M for
POPC/SQDG and EPC/SQDG and �6.4 M for DGDG/
SQDG. Meanwhile, the center of all membranes except
DPhPC/SQDG was found to be practically water free. The
results from lifetime measurements of DnsPE were consis-
tent with hydration evaluated by 2AS as seen in Fig. 3.
Further, because the fluorophore of DnsPE exhibits a deu-
terium isotope effect on its emission property (Stryer,
1966), degrees of hydration at membrane-water interfaces
can be also estimated from the ratios of the fluorescence
intensities or lifetimes measured in D2O and H2O (Ho et al.,
1995). Based on both parameters, Mal3(Phyt)2/SQDG and
DGDG/SQDG membrane-water interfaces seem less hy-
drated, and conversely DPhPC/SQDG membrane seems
much more hydrated as seen in Fig. 4. It is most likely that
the difference in headgroup structure largely affects the
extent of water penetration into membranes of Mal3(Phyt)2

and DPhPC because the chain structures of these lipids are
similar. These observations are consistent with the struc-
tural views on DGDG-water and DPhPC-water systems
already reported. DGDG membrane surface from which
water tends to be excluded yields a “dry surface” (relatively
less hydrated surface), owing to the tightly packed saccha-
ride moieties at the membrane-water interface (McDaniel,
1988). On the contrary, DPhPC membrane surface requires
more water molecules than those of straight-chained PCs
such as POPC to adopt a “normal” liquid-crystalline lamel-
lar structure, because of the relatively large cross-sectional
area in DPhPC (Hsieh et al., 1997). If the former is the case,
the low hydration at Mal3(Phyt)2/SQDG membrane-water
interface can be ascribed to the tight packing of saccharide
moieties. The extent of water penetration into the deeper
region likely reflects the higher density of the interchain
free volume into which water molecules can be accommo-
dated. If this is the case, such density in DPhPC/SQDG
membrane is the highest among the monopolar lipids ex-
amined. On the other hand, the density seems the lowest in
Mal3(Phyt)2/SQDG membrane, which is unlikely because
the chains of both lipids are similar, and the molecular
occupied area for DPhPC monolayer is smaller than that for
Mal3(Phyt)2 under a constant surface pressure (Baba et al.,
1999b). It is most likely that the bulkier saccharide moiety
may act as a barrier and lower the accessibility of water
molecules to the interchain free volume.

Phytanyl-Chained Glycolipid Membranes 3383

Biophysical Journal 81(6) 3377–3386



The order of decreasing hydration in membranes is ob-
viously inconsistent with the order of decreasing proton
permeability. Therefore, the lower proton permeability of
branch-chained lipid membranes cannot be ascribed solely
to hydration in membranes.

Lipid molecular motions in membranes

For straight-chained lipids, rotational diffusion coefficients
of DPHpPC and lateral diffusion coefficients of PyrPC were
relatively large as seen in Table 1 and Figs. 6 and 7. The
molecular motions in DGDG membrane seem somewhat
low compared with those of POPC and EPC, and this is
possibly due to the laterally forming hydrogen-bond net-
work among the headgroups. For branch-chained lipids, the
tetraether MPL membrane showed the most restricted mo-
lecular motions among the lipids examined. The DL values
for MPL were 2.4, 3.8, and 5.8 	m2/s at 30, 40, and 50°C,
respectively, whereas those for total lipids from Thermo-
plasma acidophilum containing MPL have been reported to
be 0.5 to 0.6, 0.99, and 2 	m2/s at 30, 40, and 50°C,
respectively, on the basis of 31P-NMR technique (Jarrel et
al., 1998). As the DL values estimated by PyrPC excimer
formation technique are usually about an order of magni-
tude larger than those estimated by other techniques (To-
canne et al., 1994), the present result for MPL is not
irrelevant to the 31P-NMR results. The very restricted mo-
tions of PyrPC were also reported in another tetraether lipid
PLFE membrane (Kao et al., 1992). Mal3(Phyt)2/SQDG
membrane also showed highly restricted motions. These
findings suggest that the higher intermolecular constraint is
imposed on lipid molecules in the branch-chained mem-
branes. 2H-NMR technique has provided important infor-
mation on dynamic properties of branch-chained lipid mem-
branes and showed that methyl branches in a phytanyl chain
reduce the segmental motion, e.g., gauche-trans-gauche
kink formation at the tertiary carbons and lower the rate of
the motion of the phytanyl chain itself (Degani et al., 1980;
Stewart et al., 1990). The Ea values for PyrPC in branch-
chained lipid membranes are somewhat higher than those in
straight-chained lipid ones as seen from Table 2. This may
be due to the steric hindrance of methyl branches against the
lateral diffusive motions of PyrPC. These restricted motions
in branch-chained membranes should lead to the reduction
of translocational and reorientational motions of water mol-
ecules responsible for proton permeation.

It should be noted that DPhPC/SQDG membrane showed
molecular motions as high as 70 to 80% of the motional
rates observed in straight-chained lipid membranes at 25°C.
DPhPC membranes were found to be loosely packed com-
pared with tetraether lipid ones by fluorescence measure-
ments (Khan and Chong, 2000) and molecular dynamics
calculations (Gabriel and Chong, 2000). These findings
support the view that molecular motions in DPhPC mem-
branes are higher than those in MPL ones. However, the

difference in motions between DPhPC and Mal3(Phyt)2

cannot be ascribed solely to interchain packing because the
chains of both lipids are similar as mentioned above. The
bulkier saccharide moiety of Mal3(Phyt)2 may partly reduce
motions, and this is probably due to the formation of hy-
drogen-bond network among headgroups.

If one assumes that water penetration into membranes is
governed by lateral diffusive motions of lipids (Haines,
1994) and a certain fraction of water permeability PH2O is
involved in a “proton wire” formation, the relative proton
permeability for various membranes at 25°C can be roughly
estimated from the relation: PH/OH � PH2O � DL/L4 (Haines,
1994) as 100 for EPC/SQDG, 105 for POPC/SQDG, 100 for
DGDG/SQDG, 70 for DPhPC/SQDG, and 20 for Mal3(Phyt)2/
SQDG, respectively. Obviously, the value for Mal3(Phyt)2 is
reasonable to explain the lower proton permeability compared
with that for EPC by a factor of �4, although the value for
DPhPC is too large because of its large lateral motion in
membranes. In addition to this dynamic view, it can be spec-
ulated that bulky methyl branches showing “lateral interdigi-
tation” (Dannenmuller et al., 2000) may prevent water mole-
cules from forming “proton wires” spanning a membrane,
resulting in a reduction of an efficient proton transport. Ac-
cording to molecular dynamics calculations (Marrink et al.,
1996), the energy barrier of the formation of a “proton wire”
spanning a membrane was estimated to be �100 kJ/mol,
indicating that a complete “proton wire” formation is a rare
phenomenon. The presence of bulky branches may lower
the formation frequency of such molecular assemblies.
Further molecular dynamics studies would provide more
information on the behavior of water assemblies in
branch-chained lipid membranes. At the present stage,
however, it can be concluded that the restricted motion of
chain segments rather than lower hydration accounts for
the lower proton permeability of branch-chained lipid
membranes.

APPENDIX

The total fluorescence decay I(t) is expressed with exponential decay
functions with the fractional amplitude 
i and the fluorescence lifetime �i

for the i-th component:

I
t� � �
i exp(�t/�i) (A1)

The average fluorescence lifetime ��� is calculated from Eq. A2:

��� � �
i �i
2/�
i �i (A2)

According to the wobbling-in-cone model as a hindered rotational motion
of a fluorophore, the fluorescence anisotropy decay r(t) is expressed as
(Kawato et al., 1977):

r
t� � 
r0 � r��exp(�t/���) � r� (A3)

in which r0 and r� are the anisotropies at t � 0 and at t3 �,
respectively. ��� is a single-component rotational correla-
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tion time. The value of r0 was assumed to be 0.40. The order
parameter S of the fluorophore is related to r� as follows:

S2 � r� /r0 � �x
1 � x�
2/4. (A4)

The rotational diffusion coefficient Dw can be estimated as follows (Lipari
and Szabo, 1980):

Dw���
1 � S2�

� �
x2
1 � x�2�ln�
1 � x�/2
 � 
1 � x�/2�

�2
1 � x�


� 
1 � x�
6 � 8x � x2 � 12x3 � 7x4�/24. (A5)

For PyrPC molecules which perform a random walk in a plane, by taking
steps of length L corresponding to the average lipid-lipid spacing in
membranes, and at PyrPC stepping frequency f, the lateral diffusion coef-
ficient of PyrPC DL is given by:

DL � fL2/4 (A6)

and

f � �N�
1/
�
Ie/Im�
km/ke�
1/�e� (A7)

in which 
 is a constant characteristic for the probe used, (Ie/Im) is the ratio
of the excimer emission intensity Ie to the monomer one Im, and (km/ke) is
the ratio of the radiative decay constant of the excited monomer km to that
of the excimer ke. The values of 
 and (km/ke) for PyrPC were assumed to
be 0.8 and 0.1, respectively (Galla and Sackmann, 1974). �e is the excimer
lifetime. �N� is the average step number between collisions of probe
molecules and expressed in terms of the molar fraction of the probe XPyrPC

as follows (Galla et al., 1979):

�N� � 
2/�XPyrPC�ln
2/XPyrPC�. (A8)
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The rotational diffusion coefficient Dw can be estimated as follows (Lipari and Szabo, 1980):
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For PyrPC molecules which perform a random walk in a plane, by taking steps of length L corresponding to the average lipid-lipid spacing in membranes, and at PyrPC stepping frequency f, the lateral diffusion coefficient of PyrPC DL is given by:
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and
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in which &kappa; is a constant characteristic for the probe used, (Ie/Im) is the ratio of the excimer emission intensity Ie to the monomer one Im, and (km/ke) is the ratio of the radiative decay constant of the excited monomer km to that of the excimer ke. The values of &kappa; and (km/ke) for PyrPC were assumed to be 0.8 and 0.1, respectively (Galla and Sackmann, 1974). &tau;e is the excimer lifetime. &lang;N&rang; is the average step number between collisions of probe molecules and expressed in terms of the molar fraction of the probe XPyrPC as follows (Galla et al., 1979):
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