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A B S T R A C T   

The plasma membranes of archaea are abundant in macrocyclic tetraether lipids that contain a single or double 
long transmembrane hydrocarbon chains connecting the two glycerol backbones at both ends. In this study, a 
novel amacrocyclic bisphosphatidylcholine lipid bearing a single membrane-spanning octacosamethylene chain, 
1,1’-O-octacosamethylene-2,2′-di-O-tetradecyl-bis-(sn-glycero)-3,3′-diphosphocholine (AC-(di-O-C14PC)2), was 
synthesized to elucidate effects of the interlayer cross-linkage on membrane properties based on comparison with 
its corresponding diether phosphatidylcholine, 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine (DTPC), that 
forms bilayer membrane. Several physicochemical techniques demonstrated that while AC-(di-O-C14PC)2 
monolayer, which adopts a particularly high-ordered structure in the gel phase, shows remarkably high ther
motropic transition temperature compared to DTPC bilayer, the fluidity of both phospholipids above the tran
sition temperature is comparable. Nonetheless, the fluorescent dye leakage from inside the AC-(di-O-C14PC)2 
vesicles in the fluid phase is highly suppressed. The origin of the membrane properties characteristic of AC-(di-O- 
C14PC)2 monolayer is discussed in terms of the single long transmembrane hydrophobic linkage and the 
diffusional motion of the lipid molecules.   

1. Introduction 

Biomembrane, a common fundamental structure in the cells of living 
organisms, is mainly composed of a phospholipid membrane and 
embedded integral or peripheral membrane proteins. Structural and 
physical properties of phospholipid membranes significantly vary be
tween the domains of organisms [1–6]. In eukaryotes and bacteria, sn- 
glycerol-3-phosphate-based ester-linked phospholipid molecules 
together assemble into a bilayer membrane of an inner leaflet and an 
outer leaflet. On the other hand, archaea, which thrive in various harsh 
environments, e.g., hot springs and salt lakes, typically utilize 

phospholipids with distinctive chemical structures. The principal dif
ference is that archaeal phospholipids are built on a backbone of sn- 
glycerol-1-phosphate bearing ether-linkages with a hydrocarbon chain. 

An additional striking structural feature reported for some archaeal 
lipids is that two double-chained ether-linked phospholipid molecules, 
which generally form bilayer membrane in the aqueous media, are cross- 
linked through a single or double interlayer bridge of a phytanyl chain to 
yield amacrocyclic or macrocyclic tetraether phospholipids, respectively 
[1–6]. Typically, cyclopentene rings of varying proportions are included 
in the phytanyl chains [1–6]. Such archaea-specific amacrocyclic and 
macrocyclic tetraether phospholipids have a single or double long 
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phytanyl chain with cyclopentene rings and the two polar head groups at 
its ends via the ether-linkage with the glycerol moiety. Therefore, it 
turns out that in the aqueous media, the archaea-specific amacrocyclic 
and macrocyclic tetraether phospholipids spontaneously form vesicles 
composed of a “eukaryotic naturally-occurring phospholipid bilayer-like 
monolayer” membrane. Thus, the transmembrane cross-linkage, the 
methyl branches, and the cyclopentene rings are the three structural 
segments characteristic of archaea-specific amacrocyclic and macrocy
clic tetraether phospholipids. 

In addition to be important targets in the various fields of basic 
research [7–22], such archaea-specific amacrocyclic and macrocyclic 
tetraether phospholipids have been attracting much attention as prom
ising materials for pharmaceutical and biomedical applications [23–34]. 
The highly advantageous properties of such archaea-specific phospho
lipids are high thermal and mechanical stability and low permeability of 
membranes. To reveal structural features responsible for the significant 
archaea phospholipid-specific membrane properties, not only native 
[15–18,30–34] but also synthetic [7–11,13–14,19–29] amacrocyclic 
and macrocyclic tetraether phospholipids have been extensively inves
tigated with the use of various biophysical techniques. However, the 
amacrocyclic and macrocyclic tetraether phospholipids studied in the 
previous studies are assembled of some of the archaea-specific structural 
segments such as the covalently cross-linked alkyl chain, the methyl 
branch, and the cyclopentene ring. Therefore, it is not straightforward to 
separately clarify effects of the membrane-spanning cross-linkage. 

In the present study, a novel amacrocyclic tetraether phospholipid 
bearing a single transmembrane polymethylene chain that connects two 
phosphatidylcholine (PC) groups, 1,1’-O-octacosamethylene-2,2′-di-O- 
tetradecyl-bis-(sn-glycero)-3,3′-diphosphocholine (Fig. 1, AC-(di-O- 
C14PC)2), is developed to elucidate effects of a simple membrane- 
spanning cross-linkage on membrane properties. The amacrocyclic tet
raether phospholipid used corresponds to a dimer of a diether phos
pholipid 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine (di-O-C14PC) 
connected through the cross-linkage between the two PC groups in both 
inner and outer leaflets of the di-O-C14PC bilayer membrane. Therefore, 
based on detailed comparisons between AC-(di-O-C14PC)2 monolayer 
membrane and di-O-C14PC bilayer membrane, it is expected that the 
effects of a single transmembrane cross-linkage on physical properties 
are unraveled. The comparative analyses between di-O-C14PC bilayer 
vesicle and AC-(di-O-C14PC)2 monolayer vesicle demonstrated that 
compared to the di-O-C14PC vesicle, the leakage of fluorescent com
pounds inside the AC-(di-O-C14PC)2 vesicle is highly suppressed even in 
the liquid crystalline phase despite high fluidity comparable to the di-O- 
C14PC bilayer. 

2. Materials and methods 

2.1. Materials 

All the reagents for organic synthesis of AC-(di-O-C14PC)2 were 
commercially available and were used without further purification. Di- 
O-C14PC (1,2-Di-o-ditetradecyl-sn-glycero-3-phosphocholine) was 

purchased from Avanti Polar Lipids, Inc. Laurdan (6-Dodecanoyl-2- 
dimethylaminonaphthalene) and DPH (Diphenylhexatriene) were from 
Molecular Probes, Inc. 6-CF (6-Carboxyfluorescein) was obtained from 
Tokyo Chemical Industry Co., Ltd. All other chemical reagents used were 
of research-grade. For efficient preparations of samples for several 
physicochemical measurements, stock solutions of the phospholipids 
and the fluorescent dyes except for 6-CF were prepared by dissolving 
them into chloroform. Methanol was used for the stock solution of 6-CF. 

2.2. Organic synthesis of AC-(di-O-C14PC)2 

AC-(di-O-C14PC)2 (1) was synthesized by the following procedures 
(Scheme 1). Propargyl alcohol protected as THP ether was reacted with 
1-bromoundecane by treated with n-BuLi in THF-HMPA, and the THP 
ether was removed to give 2-tetradecyn-1-ol. The isomerization of the 
alcohol bearing internal triple bond was treated with NaH in 1,3-prop
andiamine to yield 13-tetradecyn-1-ol having terminal triple bond. 
The alcohol was mesylated to obtain compound 2 [35–36]. 

Compound 3 was prepared from (S)-(+)-2,2-dimethyl-1,3-dioxolane- 
4-methanol according to the method described in the literature [37]. 
Compound 3 was reacted with 1-bromotetradecane in the presence of 
NaH, the trityl group was deprotected by treated with cat. pTsOH, 
compound 2 was reacted, and the PMB group was removed by DDQ 
oxidation to provide compound 4 [8,38]. Diol compound having diac
etylene group obtained by homo-coupling reaction of compound 4 in the 
presence of Cu(OAc)2 in pyridine was reduced by treated with Pd(OH)2/ 
C in H2 atmosphere to obtain compound 5, and the two hydroxyl groups 
were converted to phosphocholine groups to get compound 1 [39–40]. 

2-Bromoethyl phosphorodichloride was prepared from phosphoryl 
dichloride according to the method of W. J. Hansen et al. [41]. Com
pound 5 (1.17 g/ 1.21 mmol) was treated with 2-bromoethyl phos
phorodichloride (0.90 g/ 3.73 mmol) in benzene containing 
triethylamine (0.85 mL/6.10 mmol) at room temperature for 18 h, and 
then the reaction mixture was evaporated. The residue was extracted 
with CHCl3 after being treated with water at room temperature for 4 h. 
The solvent was removed under reduce pressure to afford the phos
phoryl intermediate. Trimethylamine 30% solution was added to the 
intermediate in a mixture of [CH3CN]/[iPrOH]/[CHCl3] (5/5/3). The 
reaction mixture was stirred for 18 h at 60 ◦C. After the removal of the 
solvent under reduce pressure, the residue was purified by column 
chromatography (SiO2, [CHCl3]:[MeOH]:[H2O] = 65:35:4 to 65:35:8), 
Sephadex LH20 (MeOH), and ODS (MeOH)), to give compound 1 (1.08 
g/68%). 

1: MS (FAB+) m/z: 1298 (M + H)+. HRMS (FAB+) calcd for 
C72H151N2O12P2 (M + H)+ 1298.0737: Found 1298.0747. 1H NMR 
(CD3OD-CDCl3, TMS): 4.21–4.34 (m, 4H), 3.87 (t, J = 5.5 Hz, 4H), 
3.65–3.75 (m, 4H), 3.50–3.64 (m, 8H), 3.49–3.37 (m, 6H), 3.29 (s, 18H), 
1.46–1.61 (m, 8H), 1.20–1.38 (m, 92H), 0.88 (t, J = 6.8 Hz, 6H). 

2.3. DSC measurements 

A comparison of thermotropic behaviors of phospholipid suspension 

Fig. 1. Chemical structures of (A) di-O-C14PC and (B) AC-(di-O-C14PC)2. For comparison, di-O-C14PC is depicted as a piece of bilayer membrane.  
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of AC-(di-O-C14PC)2 and di-O-C14PC was performed by using DSC 
measurements. For the measurements, dried films of AC-(di-O-C14PC)2 
and di-O-C14PC were obtained by evaporating the stock solutions under 
a stream of dry nitrogen and were kept in vacuum for 16 h to remove 
residual solvents. Multilamellar liposome samples were prepared by 
suspending the dried phospholipid films in Milli-Q water and sonicating 
at 55 ◦C for 1 h. The concentrations of AC-(di-O-C14PC)2 and di-O- 
C14PC were 50 and 100 mM, respectively. The thermotropic transition 
of the phospholipid suspensions was investigated with a SEIKO DSC 
6100-Exstar6000 differential scanning calorimeter (Chiba, Japan). The 
heating rate was 1.0 K min− 1. The melting transition of indium was used 
as a reference for calibration for the instrument. 

2.4. WAXD measurements 

X-ray diffraction measurements were performed at the bending- 
magnet beamline BL-6A [42] and BL-10C [43] of the Photon Factory 
(PF) using synchrotron radiation beams from the PF storage ring at High 
Energy Accelerator Research Organization, KEK (Tsukuba, Japan). The 
wavelength of X-ray beam was 0.15 nm (BL-6A) or 0.10 nm (BL-10C). 
Typical detector-to-sample distances were ~300 mm and ~500 mm for 
BL-6A and BL-10C, respectively. The distance was determined by 
analyzing the diffraction patterns of standard sample, silver behenate 
[44]. The temperature of samples was controlled by a modified differ
ential scanning calorimeter (FP 84, Mettler-Toledo International Inc.) 
[45]. For X-ray diffraction studies, the samples were pelleted by 
centrifugation at 18,000g for 30 min at 2 ◦C with a temperature- 
controlled centrifuge (MX-150, TOMY SEIKO Co. Ltd.). Two- 
dimensional X-ray diffraction patterns were recorded with an X-ray 
photon counting pixel array detector PILATUS100K or PILATUS1M 
(DECTRIS, Switzerland) [42]. Typical exposure time was 20 s. 

By using a FIT2D software [46–47], circular integrations were car
ried out to transform into one-dimensional intensity data from the two- 
dimensional diffraction image data. In this paper, we used the reciprocal 
spacing (S), S = 1/d = 2 sinθ/λ (where d is the real spacing, 2θ is the 
scattering angle, and λ is the wavelength of X-ray) for the horizontal axis 
to display X-ray diffraction data. 

2.5. DPH fluorescence depolarization measurements 

Steady-state fluorescence depolarization measurements of DPH in 
the phospholipid membrane [48–51] was employed to probe differences 
in the membrane fluidity between AC-(di-O-C14PC)2 and di-O-C14PC. 

For measurements of fluorescent dyes of DPH in the phospholipid 
membrane, the stock solutions of AC-(di-O-C14PC)2 and di-O-C14PC 
were mixed with that of the fluorescent dye at the molar ratio of 250:1 
and 500:1, respectively, and films of the phospholipid/fluorescent dye 
mixture were prepared by evaporating the solvent at 40 ◦C and then 
drying under the reduced pressure for 3 h. The dried films were sus
pended with Milli-Q water and vortexed at 60 ◦C to obtain the suspen
sions samples for the steady-state fluorescence measurements. The final 
phospholipid concentrations of the samples are 0.25 and 0.5 mM for AC- 
(di-O-C14PC)2 and di-O-C14PC, respectively. 

An Edinburgh FS 900 CDT fluorometer (Edinburgh Analytical In
struments) was utilized for fluorescence depolarization measurements of 
DPH in the phospholipid membrane. The excitation wavelength was 
360 nm, and the fluorescence spectra in the wavelength region of 
420–440 nm were obtained in the temperature range of 20–70 ◦C. The 
anisotropy (r) values were obtained from intensity measurements of 
vertically and horizontally polarized emissions with vertically polarized 
excitation (IVV and IVH) and a grating factor G that derives from in
tensities of vertically and horizontally polarized emissions with hori
zontally polarized excitation (IHV and IHH). The temperature control was 
performed with the use of a temperature-controlled water bath (Thermo 
Scientific NESLAB RTE-7 Circulating Bath). 

2.6. Laurdan fluorescence measurements 

A polarity-sensitive fluorescent Laurdan was used to reveal the po
larity around the hydrophilic/hydrophobic interface region of the 
phospholipid membrane [52–54]. A film was obtained by evaporation of 
the mixture of a phospholipid and Laurdan stock solutions with a 
phospholipid/Laurdan molar ratio of 500:1 under a stream of oxygen- 
free dry nitrogen. For Laurdan fluorescence measurements, the film of 
phospholipid and Laurdan was hydrated with Milli-Q water at around 
55 ◦C for about 10 min and was vortexed after the incubation at the final 
lipid concentration of about 0.5 mM. 

A Hitachi F-4500 fluorescence spectrophotometer was employed for 
measurements of steady-state fluorescence emission spectra in the re
gion of 380 to 650 nm. The excitation wavelength was 361 nm. The 
temperature was controlled with an accuracy of ~0.01 ◦C by using a 
Julabo F25 recirculating chiller. The fluorescence spectral shift was 
quantitatively evaluated by calculating the generalized polarization 
(GP) function proposed by Parasassi et al. [52–54]. 

Scheme 1. Synthesis of Amacrocyclic Bisphosphatidylcholine lipid 1  
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2.7. Fluorescent dye leakage assay 

The dye leakage assay based on an anionic fluorophore 6-CF self- 
quenching properties [15,55–56] was tested to investigate differences 
in the permeability of the phospholipid liposomes between AC-(di-O- 
C14PC)2 and di-O-C14PC. A previous study by Komatsu and Chong [15] 
demonstrated that the tight and rigid lipid packing is responsible for the 
leakage rate of 6-CF. For the preparation of 6-CF-loaded liposomes, 
phospholipid/dye film samples were prepared by evaporating the 
mixture of the stock solution of AC-(di-O-C14PC)2/di-O-C14PC and 6-CF 
at the molar ratio of 10/5 to 1, respectively, at 40 ◦C, under a stream of 
oxygen-free dry nitrogen and were dried under a reduced-pressure for 3 
h. Furthermore, dried films were suspended with 10 mM HEPES buffer 
(pH 7.4) above the phase transition temperatures. After the overnight 
incubation for hydration at room temperature, the obtained suspension 
samples were subject to the freeze-thaw cycles several times and 
centrifugation (4000 g, 15 min) twice at 4 ◦C to obtain 6-CF-loaded 
unilamellar vesicle and remove residual unloaded fluorescent dyes. 
The final phospholipid/dye suspension samples used for the dye leakage 
assay were obtained by suspending the pellet with 10 mM HEPES buffer 
(pH 7.4) at the final phospholipid concentrations of 2.25 mM for AC-(di- 
O-C14PC)2 and 4.5 mM for di-O-C14PC, respectively. 

Fluorescence of liposomes loaded with 6-CF was monitored at 520 
nm (excitation at 495 nm) with a Hitachi F-4500 spectrofluorometer. 
The extent of 6-CF efflux was calculated as (Ft-F0)/(F100-F0), where F0 
and Ft represent the initial fluorescence intensity and the fluorescence 
intensity at the time t, respectively, and F100 is the fluorescence intensity 
after complete disruption of liposomes by addition of 0.1% Triton X-100. 
The temperature was controlled by using a Julabo F25 recirculating 
chiller. 

3. Results and discussion 

3.1. Thermotropic characterization 

DSC measurements were carried out for phospholipid suspensions to 
reveal differences in thermotropic behaviors of phospholipid membrane 
between AC-(di-O-C14PC)2 and di-O-C14PC. As shown in Fig. 2, a 
remarkably sharp endothermic peak is observed for di-O-C14PC at 26.4 
± 0.1 ◦C, which is in good agreement with the previous report [57]. 
According to the previous work [57], the DSC peak is attributable to the 
gel-to-liquid crystalline phase transition (Pβ’ → Lα), which is also sup
ported by the temperature-dependent changes of the WAXD patterns of 
di-O-C14PC shown in Fig. 3A. The transition enthalpy ΔH and entropy 
ΔS obtained from the DSC data are 22.4 ± 0.9 kJ mol− 1 and 74.7 ± 3.1 J 

K− 1 mol− 1, respectively. The thermodynamic values are also very 
similar to those in the previous work [57]. 

For AC-(di-O-C14PC)2, on the other hand, an endothermic peak ap
pears at 53.4 ± 0.1 ◦C, which is as high as ~27 ◦C compared to di-O- 
C14PC. In order to investigate what is responsible for the endothermic 
peak, WAXD measurements were performed for the AC-(di-O-C14PC)2 
membrane in the temperature range of 20–60 ◦C. The WAXD pattern of 
AC-(di-O-C14PC)2 at 20 ◦C is composed of a remarkably sharp peak at S 
= 2.31 nm− 1 with a broad one centered at S = 2.45 nm− 1 (Fig. 3B). Upon 
heating to 50–55 ◦C, the characteristic WAXD peak dramatically 
changes to a broad featureless one, indicating that the endothermic peak 
at 53.4 ± 0.1 ◦C in the DSC thermogram (Fig. 2B) is due to the chain- 
melting transition. The transition enthalpy and entropy of the AC-(di- 
O-C14PC)2 membrane were estimated from the DSC data and are shown 
in Table 1. Because AC-(di-O-C14PC)2 molecules assemble into a 
monolayer membrane, the thermodynamic values per molecule ob
tained for the AC-(di-O-C14PC)2 membrane are approximately doubled 
compared to those obtained for bilayer membranes of usual phospho
lipids (e.g., dimyristoylphosphatidylcholine). Therefore, halves of the 
thermodynamic values for the AC-(di-O-C14PC)2 membrane are also 
listed as converted values for comparison. The converted ΔH and en
tropy ΔS for AC-(di-O-C14PC)2 are 30.8 ± 0.8 kJ mol− 1 and 94.2 ± 2.7 J 
K− 1 mol− 1, respectively, that are higher than di-O-C14PC. 

Of particular note is that the marked sharp peak at S = 2.31 nm− 1 

appears for AC-(di-O-C14PC)2 in the gel phase. The full width at half 
maximum for the sharp peak of AC-(di-O-C14PC)2 at 20 ◦C is roughly 
estimated to be ~0.016 nm− 1 from the diffraction peak, which is 
approximately an order of magnitude smaller than that for the central 
peak at S = 2.34 nm− 1 for di-O-C14PC at 20 ◦C (~0.14 nm− 1, Fig. 3A). 
The remarkable difference in the width of the dominant endothermic 
peak at 20 ◦C strongly suggests that in the AC-(di-O-C14PC)2 membrane, 

Fig. 2. Differential scanning calorimetric curves of (A) di-O-C14PC and (B) AC- 
(di-O-C14PC)2. Thermograms are offset vertically for clarity. 

Fig. 3. Wide-angel X-ray diffraction patterns of (A) di-O-C14PC and (B) AC-(di- 
O-C14PC)2. Peaks are offset vertically for clarity. 

Table 1 
Thermodynamic properties for the phase transition of di-O-C14PC and AC-(di-O- 
C14PC)2. Parenthesized values of ΔH and ΔS for AC-(di-O-C14PC)2 are the 
values reduced to half for comparison with di-O-C14PC.  

Lipid Tm 
(◦C) 

ΔH 
(kJ mol− 1) 

ΔS 
(J K− 1 mol− 1) 

di-O-C14PC 26.6 ± 0.1 22.4 ± 0.9 74.7 ± 3.1 

AC-(di-O-C14PC)2 53.4 ± 0.1 
61.5 ± 1.5 
(30.8 ± 0.8) 

188.3 ± 5.5 
(94.2 ± 2.7)  
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a much more highly ordered structure is formed in the hydrophobic 
region compared to di-O-C14PC. It is reasonable to conclude that the 
highly ordered structure formed in the AC-(di-O-C14PC)2 membrane is 
attributable to a single membrane-spanning linkage of a long methylene 
chain of (CH2)28 between the phosphatidylcholine groups in the inner 
and the outer sides of the membrane and contributes to the above- 
mentioned significant difference of ~27 ◦C in Tm between AC-(di-O- 
C14PC)2 and di-O-C14PC. Preliminary small-angle X-ray diffraction 
analyses of AC-(di-O-C14PC)2 membrane at 2 ◦C demonstrated that the 
membrane thickness is ~3.8 nm. The value of the thickness is very 
similar to that of the AC-(di-O-C14PC)2 monolayer membrane expected 
from its chemical structure, strongly suggesting that AC-(di-O-C14PC)2 
membrane in the gel phase does not adopt the interdigitated structure, 
unlike di-O-C14PC bilayer (Tsuchida et al., unpublished results). 
Therefore, it is plausible that the long transmembrane hydrocarbon 
segments are in the all-trans planar zigzag conformation, which could 
induce the ordering of the AC-(di-O-C14PC)2 membrane. The tentative 
picture of the AC-(di-O-C14PC)2 will be addressed by vibrational spec
troscopy in the near future. On the other hand, the less ordered structure 
and lower Tm of di-O-C14PC bilayer membrane may be attributable to 
weaker interlayer interaction, compared to the covalently bonded long 
hydrophobic segment of AC-(di-O-C14PC)2. 

3.2. Membrane fluidity 

The membrane fluidity was probed by steady-state fluorescence de
polarization measurements of DPH in the temperature range of 20–70 
◦C. In Fig. 4, thermal changes of the anisotropy (r) values for DPH in the 
AC-(di-O-C14PC)2 membrane are shown with those in the di-O-C14PC 
membrane for comparison. The r-value for di-O-C14PC in the tempera
ture range of the gel phase is almost constant at ~0.34, which is very 
similar to those for 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) in the gel phase, the ester-linked phosphatidylcholine corre
sponding to di-O-C14PC, indicating that in the gel phase, rotational 
depolarization of DPH molecules is significantly limited in the di-O- 
C14PC membrane like in the DMPC membrane [48–49]. Upon temper
ature elevation above Tm, however, the value of the fluorescence 
anisotropy dramatically decreases to ~0.15, which is at the same level 

as the DMPC membrane in the fluid phase [48–49], showing that fluidity 
of phospholipid membrane is mostly independent of whether the hy
drophobic chains are linked to the glycerol moiety through the ester or 
the ether bond. Moreover, the r-value of the AC-(di-O-C14PC)2 mem
brane changes in a very similar temperature-dependent manner; the 
anisotropy value, which is almost constant at ~0.32 in the gel phase, 
sharply decreases at the temperature of the endothermic peak and 
gradually diminishes to ~0.14 with further temperature elevation. 
These experimental results demonstrate that the monolayer membrane 
of the amacrocyclic tetraether phosphocholine AC-(di-O-C14PC)2 un
dergoes the thermotropic transition from the gel phase to the liquid 
crystalline phase, and the fluidity of AC-(di-O-C14PC)2 after the tran
sition is comparable to that of the bilayer membrane of the corre
sponding double-chained diether phosphocholine di-O-C14PC. 

As an essential membrane property closely related to membrane 
fluidity, the polarity around the hydrophilic/hydrophobic membrane 
interface region, which strongly reflects water penetration induced by 
the phase transition, was also probed by a polarity-sensitive fluorescent 
Laurdan. The GP parameters obtained from fluorescence spectral 
changes for Laurdan in the AC-(di-O-C14PC)2 and di-O-C14PC mem
brane are shown in Fig. 5. The GP values for di-O-C14PC are mostly 
constant at ca. 0.3 in the temperature range of the gel phase, which is 
significantly small compared to those for DMPC [58]. The significant 
differences in the GP values between di-O-C14PC and DMPC demon
strate that the polarity around the interface region of the di-O-C14PC 
bilayer is higher than that of DMPC. The origin of the polarity difference 
in the hydrophobic/hydrophilic interface is attributable to the chemical 
structural variations of the ester or the ether bond and/or the accessi
bility of water molecules [59], which would result in some perturbation 
to the molecular interaction between phospholipids. It should be noted 
that between di-O-C14PC and DMPC in the gel phase, the Laurdan 
fluorescence revealed very different properties in the hydrophilic/hy
drophobic membrane interface, while no significant variations in the 
transmembrane region were demonstrated by DPH fluorescence as 
mentioned above. These experimental results strongly suggest that the 
double-chained ester-linked and ether-linked PCs bearing the hydro
carbon segment with the same chain length exhibit similar structural 
and physical properties for the hydrophobic core region, but different 

Fig. 4. Anisotropy values of DPH in di-O-C14PC (red circles) and AC-(di-O- 
C14PC)2 (blue squares) as a function of temperature. 

Fig. 5. Generalized polarization (GP) values calculated form Laurdan fluores
cence intensities at 440 and 490 in di-O-C14PC (red circles) and AC-(di-O- 
C14PC)2 (blue squares) as a function of temperature. 
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polarity-related properties for the hydrophilic/hydrophobic interface. 
Furthermore, the GP values for AC-(di-O-C14PC)2 in the gel phase are 
very similar to those for di-O-C14PC. This indicates that irrespective of 
the single transmembrane alkyl linkage between the two glycer
ophosphate head groups, which induces more ordered chain packing 
inside the phospholipid membrane as indicated by the WAXD mea
surements, there are no significant differences in the polarity of the 
hydrophilic/hydrophobic membrane interface region between AC-(di- 
O-C14PC)2 and di-O-C14PC. 

In the temperature range of the phase transition, however, both di-O- 
C14PC and AC-(di-O-C14PC)2 showed a remarkable drop in the GP 
values, followed by a gradual decrease to ca. -0.4 at higher tempera
tures. The dramatic falls of GP to ca. -0.4 indicate that the polarity of the 
hydrophilic/hydrophobic interface region of the AC-(di-O-C14PC)2 
membrane becomes higher, which is attributable to enhancement of 
membrane fluidity by the gel-to-liquid crystalline phase transition. Of 
note is that compared to DMPC, the GP values for both AC-(di-O- 
C14PC)2 and di-O-C14PC in the fluid phase are much smaller, that is, the 
interface region of the AC-(di-O-C14PC)2 and di-O-C14PC membrane 
exhibit highly polar character, which is in the very similar situation to 
the gel phase as mentioned before. 

3.3. Fluorescent dye leakage assay 

Dye leakage assay based on 6-CF self-quenching properties was 
employed to probe the entrapping capability of water-soluble substances 
inside phospholipid liposomes, which is directly related to the perme
ability of the phospholipid membrane. A previous study on the mem
brane permeability of macrocyclic bipolar tetraether lipids from 
Thermoacidophilic Archaebacterium Sulfolobus acidocaldarius revealed 
that the 6-CF low leakage rate is attributable to the tight and rigid lipid 
packing and the negative charges on the membrane surface [15]. The 
extents of 6-CF leakage for AC-(di-O-C14PC)2 and di-O-C14PC were 
investigated at 10, 35, and 60 ◦C to reveal differences between the phase 
behaviors of phospholipid membrane as well as the two kinds of ether- 
linked phospholipids. The results are shown in Fig. 5. 

At 10 ◦C in the gel phase for both AC-(di-O-C14PC)2 and di-O-C14PC, 
6-CF leakage is highly suppressed at the same level irrespective of the 
chemical structural difference between the two kinds of phospholipids, 
which is due to the limited lateral and rotational diffusion of phospho
lipid molecules. However, upon temperature elevation to 35 ◦C, the 
extent of the fluorescent dye leakage remarkably increases to nearly a 
half for di-O-C14PC in the liquid crystalline phase. In contrast, AC-(di-O- 
C14PC)2 shows no significant changes at the level of less than 10% even 
after the temperature elevation, which is readily explained by the 
experimental results that the AC-(di-O-C14PC)2 membrane adopts the 
gel phase at the temperature. 

As shown in Fig. 6, a further increase to 60 ◦C in temperature leads to 
a tremendous loss of 6-CF up to ~40% inside the AC-(di-O-C14PC)2 
vesicle, which is attributable to the membrane fluidity induced by the 
phase transition from the gel phase to the liquid crystalline phase. It is of 
significant note that the extent of the 6-CF leakage for the AC-(di-O- 
C14PC)2 membrane is highly suppressed compared to the di-O-C14PC 
membrane, where more than twice fluorescent dye molecules leak from 
the vesicle. These experimental results strongly suggest that even in the 
fluid phase, AC-(di-O-C14PC)2 phospholipid molecules do not diffuse 
freely, unlike di-O-C14PC, but interact with each other to some extent. 
The peculiar membrane properties of AC-(di-O-C14PC)2 in the liquid 
crystalline phase, which are reasonably ascribed to a single membrane- 
spanning linkage between the inner and the outer leaflets, are discussed 
in the next section. 

3.4. Effect of a single membrane-spanning linkage on membrane 
properties 

Remarkable physical properties of the AC-(di-O-C14PC)2 monolayer 

revealed by comparison with the di-O-C14PC bilayer are summarized as 
follows: (a) formation of significantly highly ordered structure in the gel 
phase, (b) dramatic temperature elevation of the thermotropic transi
tion, (c) fluidity in the liquid crystalline phase comparable to the di-O- 
C14PC bilayer and (d) remarkable leakage suppression of substances 
entrapped inside vesicles in the fluid phase. The very high transition 
temperature of the AC-(di-O-C14PC)2 monolayer membrane can be 
discussed in connection with the remarkably high order in its membrane 
structure. As stated in Section 3.1, the unusual sharp WAXD peak 
observed for AC-(di-O-C14PC)2 demonstrates that the highly ordered 
chain structure is formed in the transmembrane region, which is unique 
as phospholipid membrane bearing bulky polar head group like PC. It is 
reasonable to infer that the most plausible origin for the extraordinarily 
high structural order of AC-(di-O-C14PC)2 monolayer membrane is the 
transmembrane linkage via the extended octacosamethylene group be
tween the head groups on the opposite sides with each other. A single 
layer of AC-(di-O-C14PC)2 formed through the covalent interlayer 
linkage between di-O-C14PC molecules behaves in a unified manner, 
which leads to the high structural order in the transmembrane region. 
On the other hand, two independent layers of di-O-C14PC formed by the 
noncovalent intermolecular interaction in the lateral direction assemble 
to common lipid bilayer membranes through the vertical noncovalent 
interlayer interaction, which results in the less ordered di-O-C14PC 
membrane. 

As stated in Sections 3.1 and 3.2, highly ordered AC-(di-O-C14PC)2 
monolayer membrane undergoes the thermotropic transition from the 
gel phase to the liquid crystalline phase like ordinary phospholipid 

Fig. 6. Time courses of 6-CF leakage from liposome of AC-(di-O-C14PC)2 (blue) 
and di-O-C14PC (red) at (A) 10 ◦C, (B) 35 ◦C and (C) 60 ◦C. 
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bilayer membrane, although the transition temperature is remarkably 
higher than its corresponding bilayer membrane of di-O-C14PC. Of 
significant note is that fluorescence-probed measurements with DPH 
and Laurdan demonstrated that the AC-(di-O-C14PC)2 monolayer shows 
fluidic characters comparable to the di-O-C14PC bilayer membrane. The 
fluidic property of phospholipid membrane fundamentally derives from 
spontaneous lateral and rotational diffusion of phospholipid molecules. 
In the bilayer membrane, while the lateral and rotational movements of 
phospholipid molecules are confined in either the inner or the outer 
leaflet, the spontaneous transverse diffusion between the different 
leaflets, i.e., the flip-flop, is restricted in a significant way in the absence 
of phospholipid-transporting membrane proteins. On the other hand, 
the AC-(di-O-C14PC)2 membrane comprises a single layer of the large 
transmembrane molecules. Although the diffusional behavior of the AC- 
(di-O-C14PC)2 molecules in the membrane is unknown, it can be 
deduced from the 6-CF leakage assay experimental results. 

It should be noted that in the liquid crystalline phase, the leakage of 
water-soluble fluorescent 6-CF molecules inside AC-(di-O-C14PC)2 
monolayer vesicles is much more highly suppressed compared to di-O- 
C14PC bilayer vesicles, even though DPH and Laurdan fluorescence 
measurements demonstrated that AC-(di-O-C14PC)2 molecules have 
high fluidic property comparable to di-O-C14PC. It is reasonably 
mentioned that the lateral diffusion of phospholipid molecules plays a 
central role in the leakage of the water-soluble dye molecules 6-CF from 
inside vesicles because temporal fractures in the membrane are required 
for the water-soluble molecules to transect the hydrophobic lipid layer. 
Therefore, while the lateral diffusion of AC-(di-O-C14PC)2 molecules is 
controlled at the moderately low level even in the liquid crystalline 
phase, which results in the remarkable suppression of the 6-CF leakage, 
their rotational diffusion is sufficiently activated above the transition 
temperature, which is the essential origin of the fluidic monolayer 
membrane comparable to the di-O-C14PC bilayer. The characteristic 
membrane properties of AC-(di-O-C14PC)2 are attributable to the 
extended transmembrane bridge via the octacosamethylene group be
tween the polar head groups on the opposite sides with each other. Our 
ongoing X-ray diffraction studies on the membrane structure of AC-(di- 
O-C14PC)2 strongly suggest that the decrease in the membrane thickness 
by the thermotropic phase transition is highly suppressed compared to 
common bilayer phospholipid membranes, which may indicate that the 
transmembrane cross-linkage props the monolayer membrane even in 
the liquid crystalline phase (Tsuchida et al., unpublished results). 

As mentioned above, the present study demonstrated that the single 
interlayer cross-linkage via the linear polymethylene chain induces the 
highly ordered membrane structure in the gel phase and the remarkable 
temperature elevation of the thermotropic transition to 53.4 ◦C 
compared to the corresponding bilayer membrane of di-O-C14PC. 
Supposing that double interlayer cross-linkages via the linear poly
methylene chain are introduced to provide macrocyclic tetraether 
phospholipid molecules, which is the general backbone structure of 
naturally occurring archaeal bipolar tetraether lipid, it is inferred that 
the phase transition temperature of the macrocyclic tetraether phos
pholipid membrane is further elevated from 53.4 ◦C. Such a high ther
motropic transition temperature leads to the highly rigid phospholipid 
membrane even at substantially high temperatures. Too much high ri
gidity would not be suitable for various biological functions on the 
membrane. As reported in the previous works [15–18,30–34], long 
transmembrane cross-linkages of native archaeal macrocyclic tetraether 
lipids contain the phytanyl chain and the cyclopentane ring moieties in 
some cases, which would moderately loosen the molecular packing, 
decrease in the phase transition temperature and yield well-suited 
functional fields for membrane proteins. 

4. Conclusions 

The monolayer formation of phospholipid membrane by introducing 
the long membrane-spanning linkage via the polymethylene chain 

induced some unique membrane properties that are not observed for 
typical phospholipid bilayer membranes. In particular, the high ability 
for entrapping water-soluble substances inside phospholipid vesicles 
even in the fluidic phase is a significant feature of the amacrocyclic 
tetraether bisphosphatidylcholine lipid, which is presumably the 
essential membrane property of archaea that can survive in the extreme 
environment. 
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