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Recent genome sequence analyses showed that membrane proteins are encoded by ~25% of
the total open reading frames (ORFs) and are attracting much more attention in the fields of
pharmaceutical and biomedical sciences as well as fundamental bioscience. Due to serious
difficulties in experiments in vitro with conventional surfactants and lipids, however, a limited
number of experimental data of membrane proteins at the molecular level are available to date.
To overcome the difficulties and establish a new elemental technology for in vitro studies of
membrane proteins, a novel partially fluorinated phospholipid,
1,2-dinonafluorotetradecanoyl-sn-glycero-3-phosphocholine (F4-DMPC), which is an analog of a
common 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with the perfluorinated butyl
segment in the myristoyl group, was employed for structural and functional analyses of
membrane proteins embedded in phospholipid bilayer.

In Chapter 2, membrane properties of F4-DMPC were investigated by using several
physicochemical techniques. Differential scanning calorimetry (DSC) and temperature-dependent
wide-angle X-ray diffraction(XRD) measurements of hydrated F4-DMPC bilayer demonstrated
that the thermotropic transition from the gel phase to the liquid-crystalline phase occurred at
5.4 °C. It was shown from the comparison of the surface pressure-molecular area isotherms for
monolayer on water surface between F4-DMPC and DMPC, F4-DMPC monolayer is physically
more stable than DMPC at 30 °C. Furthermore, the polarity around the hydrophilic/hydrophobic
interface region of bilayer lipid membrane was probed by a polarity-sensitive fluorescent
LAURDAN, which revealed that in the gel phase, the hydrophilic/hydrophobic interface region
of FA-DMPC is more hydrophilic than DMPC, while the polarity in the interface of F4-DMPC
bilayer is comparable to that of DMPC.

In Chapter 3, the mixing behavior of hydrated F4-DMPC and DMPC bilayer was studied with
DSC and XRD techniques. The analysis of the DSC data by using the regular solution theory
revealed that the phase diagram of the binary mixtures is a eutectic type with a miscibility gap.
The large non-ideality parameters of the gel and liquid-crystalline phases, which are estimated
from the phase diagram, indicate that in the binary bilayer, a phase separation to the DMPC-rich
and F4-DMPC-rich domains occurs. The phase separation in the binary systems was strongly
supported by the comparison of the XRD patterns between the binary mixtures and the pure
bilayer.

In Chapter 4, reconstitution of a membrane protein bacteriorhodopsin (bR) into F4-DMPC
liposome was attempted, in order to examine effects of partial fluorination of phospholipids on
structure and function of membrane proteins. Successful preparation of bR/F4-DMPC
proteoliposome was accomplished with high yields. Visible circular dichroism (CD) and XRD
diffraction patterns of bR/F4-DMPC proteoliposome demonstrated that in the gel phase, the
reconstituted bR molecules adopt the two-dimensional lattice structure of trimers as the structural



unit like the native purple membrane. Laser flush-induced transient absorption changes of the
proteoliposome showed that the reconstituted bR has a photocycle very similar to bR in the
native purple membrane. Even in the liquid-crystalline phase, bR embedded in F4-DMPC
liposome showed the native-like higher-order structure and higher stability against visible light,
which strikingly contrasts with lipid phase transition-induced disaggregation of protein molecules
and light-induced denaturation in DMPC liposome.

In Chapter 5, distribution behaviors of bR molecules in the phase-separated binary
F4-DMPC/DMPC bilayer, which is mentioned in Chapter 3, were investigated by UV-visible
absorption and visible CD, in order to address what is responsible for the native-like higher order
structure even in the liquid crystalline phase, which is stated in Chapter 4. Spectroscopic data
showed that in the binary systems, bR molecules were preferentially reconstituted into
DMPC-rich domains in the monomeric state, indicating that the partially fluorinated
phospholipid F4-DMPC has low miscibility with bR molecules. One of the most plausible
driving force for assembly of membrane proteins in the liquid crystalline phase is that bR
molecules have the tendency to be immiscible with F4-DMPC.

In summary, the novel partially fluorinated phospholipid F4-DMPC exhibited membrane
properties significantly different from the corresponding un-fluorinated one DMPC. The
structurally and functionally native-like and highly stable reconstitution of a membrane protein
bacteriorhodopsin into f4-DMPC liposome was accomplished not only in the gel phase but also
in the liquid crystalline phase. It is strongly expected that partially fluorinated phospholipids are
very powerful for studying membrane proteins in vitro.



