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Abstract

The thermotropic phase behavior of the cholesterol (Chol)-containing binary membrane of dihexadecylphosphatidylcholine
(DHPC) was investigated as a function of the mole fraction of Chol X, by DSC and fluorescence spectroscopy using 6-
propionyl-2-(N,N-dimethylamino)naphthalene (Prodan). The main-transition enthalpy AH,, was almost constant at X, < ca.
0.05, but it decreased almost linearly with increasing X, above 0.05 until it reached 0 at X, =ca. 0.50, suggesting that the
interaction between DHPC and Chol is relatively weaker than that between dipalmitoylphosphatidylcholine (DPPC) and Chol.
The Prodan fluorescence spectra changed depending on the phase state, which was characterized by the wavelength at the
emission maximum. Particularly, the two-phase state of the interdigitated (LgI) and non-interdigitated (Lg) gel was sensitively
detected as the superposition of the two elementary spectra corresponding to each phase state, allowing us to explain the X,
dependent non-linear behavior of the Chol-induced Lg phase by introducing a proportionality factor £(X;,) and by assuming a
simple probabilistic process. By comparing the phase diagram constructed for the DHPC—Chol binary membrane with that for the
DPPC-Chol binary bilayer, a difference was observed in the minimum X, value for the entire formation of the liquid ordered
(L) phase. This difference could be explained in terms of the hydrophobic mismatch at the bilayer midplane by taking into
account the difference in the capability of hydrogen bonding with the 3(3-OH group of Chol due to the presence or absence of the
carbonyl oxygens at the glycerol backbone.

Keywords Cholesterol - Dihexadecylphosphatidylcholine - Interdigitation - Liquid ordered phase - Phase diagram - Peritectic
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Introduction

One of the phospholipid species that have been most often used
in model membrane studies is dipalmitoylphosphatidylcholine
(DPPC), which consists of a polar headgroup of
phosphocholine (PC) and two palmitoyl chains attached to the
glycerol backbone by ester linkages. The DPPC bilayer mem-
brane exhibits several types of phase transitions with variations
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in the surroundings: it undergoes the pretransition at ca. 34 °C
and the main transition at ca. 42 °C under the atmospheric
pressure [1, 2]. The former and latter transitions correspond to
the conversion from a lamellar gel (Lg’) phase to a ripple gel
(Pg") phase and the conversion from the P’ phase to a liquid
crystalline (L) phase, respectively. On the other hand,
some kinds of phospholipids are known to be capable
of forming molecular aggregates with non-bilayer structures.
Dihexadecylphosphatidylcholine (DHPC) is one of those
phospholipids. DHPC has the same chemical structure as
DPPC except that the two hydrocarbon chains of the DHPC
molecule are attached to the glycerol backbone by ether link-
ages (Fig. 1). Hence, DHPC is often categorized as an ether-
linked PC lipid while DPPC is an ester-linked PC lipid.
Seemingly, the DHPC membrane shows similar thermotropic
phase behavior to that of the DPPC bilayer membrane: it un-
dergoes the pretransition at ca. 35 °C and the main transition at
ca. 44 °C under atmospheric pressure [3—6]. However, the
pretransition of the DHPC membrane is not the Lg'/Pp’
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Fig. 1 Chemical structures of (a) DHPC, (b) DPPC, and (c) Chol

transition but the transition from a so-called interdigitated gel
(LgD) phase to the Py’ phase. In the Ll phase, the hydrocarbon
chains of the DHPC molecules in the two opposing mono-
layers of a bilayer alternately interpenetrate beyond the bilayer
midplane [4, 7]. Several previous studies [8, 9] have shown
that a notable difference between the DPPC and the DHPC
bilayer membrane can be seen in the structure of water in
hydration shells and that the interaction between adjacent po-
lar headgroups is weaker in the DHPC membrane than in the
DPPC bilayer. In general, therefore, it is thought that weaker
interaction in the hydrophilic region of the bilayer membrane
is related to the propensity of DHPC to form the interdigitated
structure.

In recent model-membrane studies, binary and ternary
phospholipid bilayer membranes containing cholesterol
(Chol) have often been used. Chol is a major component of
the plasma membrane and is also thought to be essentially
relevant to the formation of functional microdomains called
lipid rafts [10]. Ipsen et al. [11] predicted the phase behavior of
the DPPC—Chol binary bilayer membrane by constructing the
compositional phase diagram on the basis of theoretical cal-
culations. Their phase diagram suggested several significant
features: a third phase that is distinguished from a solid or-
dered (S,) phase like L' and Py’ phase and a liquid disordered
(Ly) phase like L, phase occurs in a higher Chol composition
region (> ca. 30 mol%) and two-phase regions of the L4 (or S,)
and the third phase appear in an intermediate Chol composi-
tion region. The third phase was termed liquid ordered (L,)
phase, where constituent lipids have higher conformational
order of the acyl chains than in the Ly phase and relatively
faster lateral diffusion than in the S, phase. These theoretical
predictions were experimentally confirmed by Vist and Davis
[12]. We also have recently reported the temperature (7)—Chol
mole fraction (X,,) phase diagrams for the Chol-containing
binary bilayer membranes of a series of linear saturated
diacylphosphatidylcholines with different acyl chain length n
(i.e., CnPC, n=14-18) [13—15]. Our phase diagrams
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suggested several interesting features about the phase behav-
ior of these binary bilayer membranes. One is that the phase
behavior of those binary bilayer membranes was quite similar
to typical peritectic melting behavior, suggesting that Chol
tends to form molecular complexes with its surrounding phos-
pholipids within the binary bilayer membranes. Another is
that biphasic n-dependence was observed for the X, values
at which the pretransition is abolished. These features can be
reasonably explained by applying the so-called superlattice
view (i.e., regular distribution of Chol within the binary bilay-
er membrane) [16].

On the other hand, very few studies have been conducted
on the phase behavior of Chol-containing binary membrane of
ether-linked PC lipids like DHPC [17] despite the fact that
they are peculiar in their capability of forming the interdigitat-
ed structure without any inducer. In this study, we investigated
the phase transitions of the DHPC—Chol binary membrane by
means of differential scanning calorimetry (DSC) and fluores-
cence spectroscopy using 6-propionyl-2-(N,N-
dimethylamino)naphthalene (Prodan) as a membrane probe
[18, 19] to construct the 7—X,, phase diagram for the
DHPC—Chol binary membrane. Since different structures of
lipid membranes are generally dealt with as different phases,
constructing a compositional phase diagram is a suitable way
to examine the overall effect of Chol on the lateral organiza-
tion of lipid membranes. The first aim of this study is to clarify
similarities and differences in the phase behavior of the
cholesterol-containing binary membranes of DHPC and
DPPC and to discuss how those similarities and differences
are associated with the difference in the chemical structure
between DHPC and DPPC. As described above, the differ-
ence in the chemical structure between DHPC and DPPC is
very small, but it can be a non-trivial factor when considering
the interaction with Chol, because the carbonyl group in
DPPC can function as a hydrogen bond acceptor. In fact, an
MD simulation study [20] has shown that the formation of
hydrogen bonding networks in the headgroup region via the
33-OH groups of Chol plays a crucial role in the formation of
1:1 or 1:2 complexes of Chol and DPPC, which leads to the
occurrence of membrane domains.

The second aim of this study is to examine the effect of
Chol incorporation on the formation of the interdigitated
structure in the DHPC membrane. A previous X-ray scattering
and calorimetric study [21] has revealed that Chol incorporat-
ed into the DHPC membrane has a perturbing effect on the
chain interdigitation and induces non-interdigitated (i.e., bi-
layer) gel structure, and also that the interdigitated and non-
interdigitated gel state can coexist until the chain interdigita-
tion is completely abolished at the Chol concentration of
5 mol% (X, =0.05). However, this Chol concentration is
not consistent with their own DSC result, which shows that
the pretransition persists up to 10 mol% (X, = 0.10). Then we
re-examined the Chol effect on the chain interdigitation by
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applying Prodan fluorescence technique to consider the pro-
cess of the conversion from the interdigitated gel to the non-
interdigitated gel induced by the incorporation of increasing
amount of Chol. The Prodan fluorescence technique can sen-
sitively detect the conversion from the interdigitated gel to the
non-interdigitated gel phase as a clear shift of the wave-
length at the emission maximum (Ayay) [22].

Experimental

A synthetic phosphatidylcholine, DHPC (1,2-di-O-
hexadecanoyl-sn-glycero-3-phosphocholine, purity >99%),
was purchased from Avanti Polar Lipids (Alabaster, AL) and
cholesterol (5-cholesten-33-ol, purity >99%) was from
Sigma-Aldrich Co. (St. Louis, MO). The chemical structures
of DHPC and Chol, along with that of DPPC, are shown in
Fig. 1. The fluorescent probe of Prodan (6-propionyl-2-(N,N-
dimethylamino)naphthalene) was purchased from Molecular
Probes Inc. (Eugene, OR). All the materials were used without
further purification. Water was distilled twice from dilute al-
kaline permanganate solution to prepare all sample solutions.
Aqueous dispersions of multilamellar vesicles containing
Chol were prepared by the following procedure. First, appro-
priate amounts of stock solutions of Chol/chloroform and
Prodan/ethanol were added to a weighed amount of phospho-
lipid powder. Second, the mixed solution was dried in vacuum
to remove all residual solvents. Finally, a given amount of
distilled water was added to the resulting dry film, and subse-
quently, the heterogeneous aqueous mixture was vortexed and
sonicated for a few minutes at about 50 °C to obtain a homo-
geneously translucent aqueous dispersion. The concentrations
of the phospholipid and Prodan were fixed at 1 mmol kg ' and
2 umol kg ' (i.e., the molar ratio of Prodan to phospholipids is
1:500), respectively [19]. We have confirmed that such a slight
amount of Prodan has no significant effect on the thermotropic
phase behavior of phospholipid membranes [19]. The mole
fraction of Chol X, in a binary membrane defined as

Xen = men/(men + mpupc) = nen/ (Meh + Nprpc) (1)

was varied in the range from 0 to 0.50. Here, mcp,, mpppcs #chs
and npppc denote the molalities of Chol and DHPC and the
number of moles of Chol and DHPC, respectively.
Fluorescence spectroscopic measurements were performed
using an F-3010 fluorescence spectrophotometer (Hitachi
High-Technology Corp., Tokyo) at constant temperatures
ranging from 5 to 80 °C. The temperature was controlled
within an accuracy of 0.1 °C by circulating thermostated water
from a temperature-regulated water bath. A light with the
wavelength of 361 nm was used for the excitation of the
membrane probe Prodan and the emission spectra were ac-
quired in the range of 400—600 nm. Data analyses were carried

out by using Excel 2013 (Microsoft) and Kaleida graph ver.
4.0 (Synergy software).

DSC measurements were carried out using a high-
sensitivity differential scanning calorimeter MCS (MicroCal,
Northampton, MA). DSC thermograms were recorded in the
temperature range of 10-80 °C at the heating rate of 0.33 °C
min "' by using water as a reference solution. Each DSC mea-
surement was composed of two heating scans, namely a first
heating scan and a second heating scan performed immediate-
ly after the first scan was completed, and at least two indepen-
dent DSC measurements were applied to each sample solu-
tion. A transition temperature was determined as the temper-
ature at the top of an endothermic peak and an enthalpy
change with a transition AH was estimated by integrating an
endothermic peak using Excel 2013 as well as data-analyzing
software ORIGIN ver. 7.0. In the analysis of DSC data using
Excel 2013, baseline subtraction was done to obtain a AH
value by producing a baseline by least-squares regression with
a polynomial function.

Results
DSC measurements

Figure 2(a) shows the overall DSC thermograms for the
DHPC-Chol binary membranes with different Chol concen-
trations (X, = 0-0.45) to see the rough tendency of how the
endothermic peak of the main transition changed with increas-
ing X,;,. For the pure DHPC membrane (i.e., X, =0, curve a-
1), a small endothermic peak, arising from the pretransition,
and a large sharp endothermic peak, from the main transition,
were clearly observed at 34 and at 44 °C, respectively, which
is consistent with previous studies [3—7]. As X, increased, the
main-transition peak gradually increased in width but mark-
edly decreased in height, and as a result, it became smaller as a
whole. At X, =0.20, only a very broad peak was observed
(curves a-5 and a-6). This broad peak also became broader and
smaller with further increases in X, and eventually became
completely undetectable at X.;, = 0.50. The peak-top tempera-
ture was also changed slightly with X;: it shifted slightly to
lower temperatures with increasing X, up to ca 0.15, whereas
it shifted gradually to higher temperatures with increasing Xy,
above 0.15. Figure 2(b) shows the magnified view of the DSC
thermograms in the vicinity of the pretransitions at every 0.02
up to X, =0.10. The endothermic peak of the pretransition
also became smaller and broader with increasing X, and fi-
nally it became undetectable at X, >0.10. This X, value is
slightly higher than that for the DPPC—Chol binary bilayer
(i.e., 0.07-0.08 [15]) and much higher than that for the
DSPC—Chol binary bilayer (i.e., 0.035-0.04 [13]). Parallel to
this change in the peak shape, the peak top progressively
shifted to lower temperatures with increasing Xy,
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Fig. 2 Overall (a, ¢) and a
magnified (b, d) view of DSC
thermograms for a series of
DHPC—-Chol binary membranes )
with different Chol
concentrations (X,). Schematic
illustration represents the
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In Fig. 2(c, d), the magnified view of the main-transition
peaks at several specific Xy, in the intermediate X, region
(0.05 <X, <0.20) is shown to see in more detail how the line
shape of the main-transition peak changes with the variation in
Xen. An obviously asymmetric peak was observed at X, =
0.06 (curve c-2), though the main-transition peak observed
at X, =0.05 (curve c-1) was almost symmetric. This peak
asymmetry is apparently attributable to the presence of anoth-
er non-negligible peak at a slightly higher temperature than
that of the original main-transition peak. The heights of both
original and second peak decreased with an increase in Xy,
The second peak could be comparatively more clearly ob-
served in the DSC thermogram at X, =0.12 (curve c-3).
From its line shape, the second peak seems almost as sharp
as the original main-transition peak. In addition, this
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thermogram also shows that there is a slight mismatch be-
tween the heights of the baseline before and after the peaks,
which suggests that there is a very broad peak as a third com-
ponent that has a maximum at a temperature slightly higher
than that of the second peak. This mismatch can be more
clearly seen in the thermogram further magnified in the verti-
cal direction (curve d-4 in Fig. 2(d)). This broad peak was
relatively less affected by the increase in the X, whereas
the other two sharp peaks became noticeably smaller with an
increase in X, (curve d-5). The two sharp peaks eventually
became almost undetectable at X, = 0.20, and as a result, only
the third broad peak remained as a detectable component
(curve d-6). The DPPC—Chol binary bilayer membrane also
exhibited similar behavior in almost the same X, range except
that only two component peaks (i.e., a sharp and a broad
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component peak) were observed [15]. As will be described
later, this X ;-dependent complicated change in the DSC en-
dothermic peaks is probably related to the heterogeneous dis-
tribution of Chol within the binary membrane due to two-
phase coexistence.

From the DSC results, we were able to determine several
typical thermodynamic properties that characterize the main
transition of a series of DHPC—Chol binary membranes with
different Chol concentrations. Figure 3(a—c) shows the X,
dependence of the main-transition enthalpy (AH,,), the
main-transition temperature (7,,,), and the peak width at half
height of the main-transition peak (AT ), respectively. For
comparison, the same kinds of data obtained in our previous
studies for the binary bilayers of DPPC—Chol [15] and DSPC—
Chol [13] are also plotted together in each of Fig. 3(a—c). As
seen from Fig. 3a, the AH,, value of the DHPC—Chol binary
membrane was almost constant at X, <0.05, which is evi-
dently different from the behavior for the binary bilayers of
the other two ester-linked PCs in the same X, range. It is well
known that the main transition is associated with the trans—
gauche conformational change of the hydrocarbon chains of
the constituent lipid molecule [23] and also that Chol incor-
porated into a phospholipid membrane has an inhibitory effect
on this conformational change of its surrounding lipid mole-
cules [24]. Taking this into account, this invariance of the
AH,, value observed at X, <0.05 can be interpreted as indi-
cating that virtually no DHPC molecules are restricted from
the trans—gauche conformational change at the main transi-
tion in the presence of such a small amount of Chol. The
difference in the behavior of AH,, in this X, region between

DHPC and the other ester-linked PCs may suggest that the
phospholipid—Chol interaction is weaker within the Chol-
containing binary membrane of DHPC than within those of
ester-linked PCs.

With a further increase in X, the AH,, value decreased
almost linearly and became 0 finally at an X, between 0.45
and 0.50. Taking the above inhibitory effect of Chol into ac-
count, this almost linear decrease in AH,, with X, can be
considered to imply that the population of the DHPC mole-
cules capable of causing the thermotropic trans—gauche con-
formational change decreases nearly in proportion to the num-
ber of the Chol molecules incorporated into the binary mem-
brane. In addition, this linearity may suggest that Chol tends to
be scattered uniformly over the entire membrane rather than to
be localized to form a distinct region with extremely high
concentration of Chol. Finally, the main transition is
completely abolished when the trans—gauche conformational
change of all the DHPC molecules within the binary mem-
brane is completely suppressed by Chol incorporated into the
membrane. The X, value of the abolition of the main transi-
tion (X, *™™) can be estimated from F ig. 3(a) at ca. 0.50 for
the DHPC. This value is obviously higher than that for the
DPPC—Chol binary bilayer (i.e., X.,*™%"~0.33) but is close to
that for the DSPC—Chol binary bilayer (i.e., Xo,*™"~0.50).
This difference may also be due to the fact that the DHPC—
Chol interaction is weaker than the DPPC—Chol interaction.

T, of the DHPC—Chol binary membrane, as shown in
Fig. 3(b), decreased slightly with increasing X, in the
low X, region. This seems to be similar to the X, dependence
of T}, for the DPPC— and the DSPC—Chol binary bilayers. In
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Fig. 3 Chol concentration (X,,) dependence of (a) enthalpy change with
main transition (AH,,), (b) main-transition temperature (7},,), and (c) peak
width at half height (AT},,) for DHPC—Chol binary membrane (square).
The same results for the Chol-containing binary bilayer of DPPC (circle)

and DSPC (triangle) obtained in the previous studies [13, 15] are also
plotted for comparison. In (b), solid lines represent the calculated curve
based on the general thermodynamic relation (Eq. (2))
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this figure, the theoretical curve based on the following ther-
modynamic relation is also shown as a solid line for each
binary membrane:

AHp (1 1
ln(l_Xch) = R <T _T 0> (2)

Here, R is the gas constant, and AH,,,° and T},,° represent the
enthalpy change and temperature of the main transition for the
pure membrane (i.e., the values of AH,, and T, at Xy, =0),
respectively. This equation predicts the extent of the depression
of the main-transition temperature when the binary membrane
can be regarded as an ideal mixture, where phospholipid and
Chol molecules are completely miscible in a liquid crystalline
state but are perfectly immiscible in a gel state. For the DHPC—
Chol binary membrane, agreement between the experimental
results and the theoretical prediction can be seen in the very
dilute region (i.e., X, < ca. 0.02). The DPPC—Chol binary bi-
layer also exhibited similar behavior (i.e., X, <ca. 0.02),
whereas the agreement was observed in a comparatively wider
X region (i.e., Xy, <ca. 0.04) for the DSPC—Chol binary bi-
layer. This indicates that these binary membranes can be
regarded as ideal binary mixtures in these very limited X,
regions; that is, these kinds of phospholipids and Chol are al-
most completely immiscible in the gel state but ideally miscible
in the liquid crystalline state. In the higher X, region, on the
other hand, the experimental values of 7;,, became gradually
higher than the theoretical prediction for each binary membrane
with increasing X, In general, the positive deviation from the
theoretical prediction can be caused by either non-ideal mixing
in the liquid crystalline state or imperfect immiscibility in the
gel state, or both. Although it is quite difficult to accurately
identify which effect is dominant, the deviation observed here
seems to be attributable mainly to the latter reason, because, as
will be described later, the distribution of Chol within the binary
membrane in the gel state is expected to be rather heteroge-
neous, suggesting that the Chol and the DHPC molecules are
partially miscible even in the gel state.

A notable feature of the X, dependence of ATy, (Fig.
3(c)) is that the dependence drastically changes in the vicinity
of X, =0.15: the ATy, value varied very slightly with X,
below that Chol concentration, while it increased steeply with
increasing X, above that concentration. As described above,
the drastic change in the X, dependence of AT}, is due to the
fact that the broad component peak becomes relatively dom-
inant as compared to the sharp component peaks at X, > ca.
0.15. Since AT, is inversely related to the cooperativity of
the transition in general [23, 25], the steep increase in AT}, at
Xen > ca. 0.15 indicates that the intermolecular cooperativity at
the chain-melting transition is markedly reduced with increas-
ing Xy, in the higher X, region. As seen from Fig. 3(c), this is
a common feature to the binary membranes of DHPC—,
DPPC—, and DSPC—-Chol. In our previous studies [14, 15], it
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has been demonstrated that similar behavior is also observed
for the other Chol-containing binary bilayers of CnPCs (n=
14, 15, and 17) in addition to DPPC (i.e., C16PC) and DSPC
(i.e., C18PC), and we found that the L, phase begins to be
formed within the binary bilayer as one of coexisting two
phases at this common X, value of ca. 0.15 on the 7-X;, phase
diagrams. This is also the case for the DHPC—Chol binary
membrane, as will be confirmed later on the phase diagram.

In contrast to the qualitative similarity, an obvious differ-
ence in the values of AT}, can be seen in the higher X,
region: the AT, value increased to more than 25 °C for the
DHPC-Chol binary membrane, while the main transition was
abolished in the DPPC— and the DSPC—Chol binary bilayer
before it reached 15 °C. This indicates that the incorporation
of Chol produces much greater degree of reduction in the
cooperativity of the main transition in the DHPC membrane
than in the DPPC and the DSPC bilayers. The cooperativity of
the main transition is a measure of how fast or how far the
effect of the trans—gauche conformational change will propa-
gate within the membrane when one constituent phospholipid
molecule underwent the conformational change. In the case of
binary membranes in a two-phase state, therefore, it would
depend on long-range order of the lateral organization of the
binary membrane rather than short-range molecular interac-
tions including interactions between the same species.
Therefore, the difference in the AT}, value may suggest that
there is some difference in the size or morphology of the
individual phase regions within the binary membrane in the
two-phase state.

Prodan fluorescence

Figure 4(a) shows the Prodan fluorescence spectra F(\) (A:
wavelength) obtained for the DHPC membrane at different
temperatures ranging from 5 to 50 °C. Each spectrum had a
unique local maximum in the A-range of 400-600 nm and the
wavelength at the emission maximum (\,,,) slightly varied
depending on the temperature. In our previous studies [19,
26-30], it has been shown for bilayer membranes of several
ester-linked saturated PCs that there is a good correlation be-
tween the A\ . value and the membrane phase state: \;.x =
480—490 nm for the L,, phase, 430—440 nm for the L' (or Lg),
and the P’ phase and 500-510 nm for the Lgl phase. As seen
from Fig. 4(a), Prodan in the DHPC membrane exhibited sim-
ilar fluorescence behavior: the emission maximum can be seen
at 500 nm (i.e., Lgl phase) below the pretransition temperature
(ca. 34 °C) while that can be seen at 490 nm (i.e., L, phase)
above the main-transition temperature (ca. 44 °C). On the
other hand, the A, value for the Pg’ phase (488 nm) was
much higher compared to the case for the ester-linked saturat-
ed PC bilayers. This is presumably due to the difference in the
location of the Prodan molecule along the depth of the bilayer
membrane: it is located around the phosphate group in the
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DHPC membrane, while it exists around the glycerol back-
bone in the bilayer membranes of ester-linked PCs [22].

To clarify the relationship between the variation in Apax
and the phase state of the DHPC membrane, the temperature
dependence of A, is shown in Fig. 4(b). The A, value
steeply decreased from ~500 to ~490 nm around the
pretransition temperature and very slightly increased at the
main-transition temperature, which means that these transition
temperatures can be determined from the variation in A, for
the DHPC membrane. In our previous studies, the intensity
ratio of F(430)/F(490) was also used for the observation of the
bilayer phase transitions of ester-linked saturated PCs [15].
Similarly, the temperature dependence of this ratio for the
DHPC membrane is shown in Fig. 4(c). The ratio increased
at the pretransition temperature and decreased at the main-
transition temperature, indicating that this ratio is also appli-
cable to the detection of the phase transitions of the DHPC
membrane. Although the characteristic Ay,ax value of the Lgl
phase is ca. 500 nm, we used the ratio F(430)/F(490), and not
F(500)/F(490), as an index for the detection of the bilayer
transition, because the two wavelengths of 490 nm and
500 nm are too close as compared to the width of each fluo-
rescence peak.

Figure 5 shows the Prodan fluorescence spectra obtained at
different temperatures for the DHPC—Chol binary membranes
with various Chol concentrations. At X, =0.028, the binary
membrane exhibited relatively complicated spectral change
with increasing temperature (Fig. 5(a)). The spectrum obtain-
ed at 5 °C showed two local maxima at ca. 430 and ca.
500 nm, suggesting that this spectrum consists of two elemen-
tary spectra superposed, each of which has a maximum in the
vicinity of 430 or 500 nm (curve 1 in Fig. 5(a)). It is known
that Chol tends to induce an Lg-like phase, in which the hy-
drocarbon chains of the constituent phospholipids are oriented
almost parallel to the bilayer normal [31]. Considering that the
characteristic Apax value of the L phase is 430—440 nm, the
appearance of the local maximum at ca. 430 nm indicates that
the L phase was partially formed in the binary membrane.

Temperature / °C

The intensities at 430 and 500 nm increased and decreased
with increasing temperature, respectively (curves 2—5), and
eventually, at 30 °C the component peak at ca. 500 nm was
detected as a shoulder peak (curve 6). At 31 °C, the shape of
the spectrum changed very slightly (curve 7). This spectral
change appears to be brought about by the shift of the
component peak at ca. 500 nm to slightly lower wave-
lengths. Taking into account the fact that the A, shift
from 500 to 488 nm occurs at the pretransition in the
pure DHPC membrane, this slight spectral change is
presumably due to the pretransition of the binary mem-
brane. The subsequent increase in the temperature up to
35 °C produced almost no change in the shape of the
spectra, but above that temperature the intensities at
430 nm and 490 nm gradually decreased and increased
with increasing temperature, respectively. The A, val-
ue abruptly shifted from ca. 430 to ca. 490 nm into the
temperature range of 39-43 °C, and finally, the spectra
with a single peak at ca. 490 nm were observed above
43 °C. Since the A\, value of 490 nm is characteristic
of a disordered phase like the L, phase, this spectral
change is attributable to the fact that the binary mem-
brane underwent the main transition in this temperature
range. On the other hand, there was no obvious varia-
tion in Ay, during the spectral change due to the
pretransition, and so, the pretransition temperature could
not be determined from the temperature dependence of
Amax- However, it can be estimated from the temperature
dependence of the ratio of F(430)/F(490), where the
ratio reaches maximum in the vicinity of the temperature at
which the spectral change due to the pretransition was
observed.

At X, =0.077, as shown in Fig. 5(b), the component peak
at ca. 500 nm observed at lower temperatures was detected
only as a small shoulder peak even at 5 °C and became further
smaller with increasing temperature. However, the overall
spectral change with increasing temperature observed for this
binary membrane was qualitatively similar to that for the
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Fig. 5 Prodan emission spectra F(\) obtained at different temperatures
for DHPC—Chol binary membranes at various Chol concentrations (Xgp):
(a) Xer =0.028, (b) 0.077, (c) 0.15, (d) 0.24, (e) 0.40, (f) 0.54. Note that
curves 6 and 7 in (a) are shown twice to clarify the spectral change
accompanying the pretransition. The temperatures for curves in (c)—(f)
are as follows: (c): (1) 5.0 °C, (2) 20.0, (3) 30.1, (4) 41.0, (5) 42.0, (6)
43.1, (7) 44.1, (8) 45.0, (9) 46.0, (10) 48.0, (11) 50.0, (12) 55.1; (d): (1)

binary membrane of X, = 0.028, though the spectral change
by the pretransition could not be recognized. At X, =0.15,
the component peak at ca. 500 nm was no longer observed at
any temperature (Fig. 5(c)), suggesting that the pretransition
was completely abolished at this Chol concentration. In addi-
tion, the spectral change with increasing temperature became
relatively simple: a spectrum with a single peak at ca. 430 nm
was observed at 5 °C, the intensities at 430 and 490 nm de-
creased and increased gradually with increasing temperature,
respectively, Apax shifted to higher wavelengths in the tem-
perature range of ca. 41-48 °C, and finally spectra with a
single peak at ca. 490 nm were observed at temperatures
above that temperature range. Similar spectral changes were
observed for the binary membranes with higher Chol concen-
trations, as shown in Fig. 5(d, ¢), though the temperature range
in which A, shifts from ca. 430 to ca. 490 nm moved to
higher temperatures as X, increased. Finally, the A, shift to
490 nm was not observed at X, =0.54 in the temperature
range up to 80 °C (Fig. 5(f)), suggesting that the binary mem-
brane no longer exhibits a distinct phase transition from an
ordered state to a disordered state at that higher Chol
concentration.
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30.0 °C, (2) 35.1, (3) 40.0, (4) 43.0, (5) 45.1, (6) 47.0, (7) 50.0, (8) 52.0,
(9) 55.0, (10) 60.0, (11) 65.0, (12) 70.0; (e) and (f): each spectrum was
obtained at every 5+0.1 °C from (1) 30.0 °C to (11) 80.0 °C . In (c)—(f),
only the first and the last number are given to designate the respective
spectra because of the limited space, but the spectral change with temper-
ature is monotonic (i.e., from top (1) to bottom (11 or 12))

Figure 6 shows the temperature dependence of A, and
F(430)/F(490) in the temperature range of 20-80 °C for the
DHPC-Chol binary membranes with various Chol concentra-
tions. Although two local maxima were observed at ca. 430
and ca. 500 nm in the Prodan fluorescence spectra below
30 °C at X, =0.028, we determined the A, value as a
unique index according to the definition of A.,,. Therefore,
the Apax values for X, =0.028 are approximately 430 nm in
the temperature range between 20 and 30 °C in Fig. 6(a). After
the A.x value increased very slightly at 31 °C, it remained
almost constant up to 37 °C, and then, it started to increase and
reached almost 490 nm at 43 °C. The slight increase in A, at
31 °C corresponds to the slight spectral change due to the
pretransition (see Fig. 5(a), curves 6 and 7), but this A
change is not a typical behavior of the pretransition of this
binary membranes. In fact, no characteristic behavior of
Amax indicative of the pretransition was found in the tempera-
ture dependence of A, at any X, above 0.028, although it
was indicated by the DSC results that the pretransition persists
as high as X, =0.10. This means that it is impossible to de-
termine the pretransition temperature for the binary mem-
branes at X.,>0.028 on the basis of the temperature
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Fig. 6 Temperature dependence of (a) the wavelength at the maximum
emission (Apax) and (b) the intensity ratio F(430)/F(490) for
DHPC-Chol binary membranes at various Chol concentrations
(Xcn). In the inset in (b), the temperature dependence curves of
d(F(430)/F(490))/dT, i.e., the derivative of F(430)/F(490) with respect
to 7, are given for (4) X, =0.15, (5) 0.19, (6) 0.24, and (10) 0.54.
Curves 6 and 10 have been magnified in the y-axis direction to improve
visibility. The magnification factors are given on the right hand side

dependence curve of A, On the other hand, the steep in-
crease in A\, to ca. 490 nm is a characteristic change ob-
served commonly for many lipid bilayers when the main tran-
sition occurs. Therefore, this result indicates that the binary
membrane of X, =0.028 exists in a disordered state (i.e., Ly
phase) above 43 °C.

At X, =0.077, the abrupt A\, shift was also clearly ob-
served at 41 °C; subsequently, the A\, value increased grad-
ually with the temperature rise and finally reached the plateau
at 45 °C. Almost similar behavior was observed at X, =0.11,
but the gradual increase in the A, value subsequent to the
abrupt Apax shift became more obvious, which seems to

indicate that the conversion from an ordered state to a disor-
dered state is no longer a discontinuous change like a phase
transition but a more continuous process taking place in a
finite temperature range. At X, =0.15, this process-like
Amax behavior can be seen more clearly: the A, value started
to increase comparatively gradually at 42 °C and reached the
plateau at ca. 49 °C through the abrupt change at45 °C and the
subsequent gradual increase. As seen from Fig. 6(a), the initial
increase in A\ prior to the abrupt A, shift became mark-
edly more gradual with increasing X, and as a result, the
temperature at which the A, value reaches the plateau
shifted considerably to higher temperatures with increasing
Xen- This means that the temperature range where the binary
membrane can exist in a completely disordered state shifts to
higher temperatures as X, increases. Finally, at X;,, = 0.54, the
Amax Shift to ca. 490 nm was not observed in the temperature
range up to 80 °C, which suggests that the binary membrane
no longer exhibits the conversion from the ordered state to the
disordered state at that higher Chol concentration. This is con-
sistent with the DSC results which indicates that the DHPC—
Chol binary membrane no longer exhibits the main transition
above X, =0.50.

The temperature dependence of the intensity ratio F(430)/
F(490) and its derivative d(F(430)/F(490))/dT also provides
the information about the X;-dependent behavior of not only
the main-transition temperature but also the pretransition
temperature (Fig. 6(b)). At X, =0.028, initially, the
F(430)/F(490) value increased gradually with increasing
temperature and reached the maximum at 31 °C. This
temperature is equal to the temperature at which the
slight spectral change due to the pretransition was ob-
served, and also comparable to the pretransition temper-
ature determined from the DSC thermogram at X, =
0.03. This suggests that the pretransition temperature
can be estimated from the temperature dependence of
F(430)/F(490) though the pretransition could not be
clearly identified from the spectral change. As X, in-
creased, the temperature at the maximum intensity ratio
decreased, and finally, no maximum was found at an
intermediate temperature at X, above ca. 0.12, which
may suggest that the pretransition is abolished above
that Chol concentration. This also agrees well with the
DSC result which indicates that the pretransition is
abolished above X, =ca. 0.10.

On the other hand, the main transition was detected more
clearly as a steep decrease in the intensity ratio. At X, =
0.028, the intensity ratio started to decrease gradually with
increasing temperature after it reached the maximum, and a
relatively steep decrease in the ratio was observed at 42—
43 °C, which signifies that the binary membrane underwent
the main transition around this temperature. This temperature
was in agreement with the temperature determined from the
temperature dependence of A, and that from the DSC

@ Springer



706

Colloid Polym Sci (2018) 296:697-711

thermogram. The further increase in temperature above the
main-transition temperature produced only a very slight de-
crease in the intensity ratio. The temperature of the steep de-
crease in the intensity ratio shifted very slightly to lower
temperatures (at most 2 °C) with increasing X, up to
ca. 0.06, but the further increase in X, produced virtu-
ally no effect on the temperature until X., exceeded
0.20. In addition, the decrease in the intensity ratio
tended to be less steep progressively with increasing
Xen, and as a result, the intensity ratio decreased more
continuously over the whole temperature range at higher
Xen, especially above ca. 0.20, which made it difficult
or almost impossible to determine the transition temper-
ature definitely. Hence, we computed the derivative of
the intensity ratio with respect to the temperature,
d(F(430)/F(490))/dT, to determine the transition temper-
ature uniquely as a peak temperature, as shown in the
inset of Fig. 6(b). The temperature dependence curve of
the derivative exhibited a similar change in the line
shape with increasing X, to that observed for a series
of DSC thermograms.

Discussion

Effect of Chol incorporation on the formation
of interdigitated structure

On the basis of the above DSC and Prodan fluorescence re-
sults, we can discuss the X,,-dependent phase behavior of the
DHPC-Chol binary membrane. Figure 7(a) shows the Prodan
fluorescence spectra obtained at 20 °C (x 0.1 °C) for the bina-
ry membranes with different Chol concentrations within the
X, range from 0 to 0.107. Each spectrum shown in this figure
is the normalized spectrum F°(\) with respect to the integrated
intensity:

FN)

=__-\ 3
J600 (3)

r 400 F'(A)dA

It can be clearly seen that the peak intensity at 500 nm de-
creases and that at 430 nm increases with increasing X, Since
these wavelengths correspond to the A, value characteristic
of the membrane phase states of Lgl and Lg, this X,-depen-
dent spectral change can be considered to indicate that the
conversion from the LI phase to the Lg phase gradually pro-
ceeds with increasing X, and is almost completed at
Xen=0.107 and that the Lgl and the Lz phase coexist
within the binary membrane at intermediate Chol concentra-
tions within this X, range. The previous small-angle X-ray
scattering study [21] has also demonstrated that two different
regions with different thicknesses (i.e., interdigitated and non-
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Fig. 7 (a) Normalized spectra of Prodan fluorescence for a series of
DHPC—Chol binary membranes varying in Chol concentration (X,).
(b) Chol concentration (Xg,) dependence of proportionality factor &(Xq,)
(circles). Relative enthalpy change with the pretransition AH,/AH,, o,
obtained from DSC measurements, is also plotted as a function of X,
(crosses). The solid line represents the theoretical curve of Eq. (7) with
Kl =19 and Kz =22

interdigitated lamellar gel phase) coexist in the Chol-
containing binary membrane of DHPC at low Chol concen-
trations. With respect to this two-phase coexistence, this figure
shows another important feature: there is an isoemissive point
at ca. 468 nm, namely the point at which all the spectra cross
one another. This feature indicates the possibility that each
spectrum can be represented as the superposition of the spec-
tra at X, =0 and 0.107 with a proportionality factor &(Xcp,)
(0<EXen) < 1)

F*(A Xen) = §(Xen) F*(A, 0) + [1-€(Xe)] F*(A,0.107)  (4)
Considering this possibility, we compared the calculated spec-

tra based on this equation with the experimental spectra and
found that the relative difference between both spectra is less
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than ca. 5%. This agreement means that the observed Xg,-
dependent spectral change is due only to the variation in the
proportionality factor, which allows us to discuss the X,,-de-
pendent conversion from the LI phase to the Lg phase from a
quantitative aspect.

A similar X;,-dependent spectral change was observed at
any temperature measured in the range of 5-30 °C, and thus
we determined the &(X,,) value at each X, as the average
value of all the &(X,,) values obtained in this temperature
range. In Fig. 7(b), the £(X,;,) value thus determined are plot-
ted against X, In this figure, the error bars represent the full
range of the variation in the &(X;,) values within that temper-
ature range. The &(X,;,) value decreased monotonically with
increasing X, in such a manner that the slope of the decrease
in £(X.,) becomes smaller with increasing Xy, Assuming that
the distribution of the Prodan molecules within the binary
membrane is uniform regardless of the membrane phase state
[32], the &(Xp,) value can be regarded as equivalent to the ratio
occupied by the Lgl phase in the whole binary membrane.
Therefore, this behavior of £(X.,) indicates that the Lgl/Lg
conversion induced by the incorporation of Chol gradually
diminishes as X, increases. In Fig. 7(b), AH,/AH,, o, namely
enthalpy change of the pretransition (i.e., AH,) normalized by
that at X, = 0 (i.e., AH,, ), is also plotted against X, Similar
Xcn dependence was seen for AH/AH,,, though the plots
were somewhat scattered. Since AH,, is the enthalpy change
accompanying the transformation of the membrane state from
the Ll phase to the P’ phase, this X;, dependence of AH,/
AH,,  also supports that the region occupied by the LI phase
decreases with increasing X, in a similar non-linear manner.

This non-linear behavior of the Chol-induced Lgl/Lg con-
version can be roughly explained by a simple process of the
Chol incorporation based on the following three assumptions.
First, when a small amount of Chol is incorporated into the
binary membrane in a two-phase state at a certain X, the
additional Chol molecules are partitioned into either Lgl or
Lg region without any phase preference, and the amounts of
the Chol incorporated into the Lyl and the L region are pro-
portional to &(X,,) and (1 — (X)), respectively. Second, the
Chol molecules partitioned into the Lgl region induce the
conversion from the Lgl state to the Lg phase and the extent
of the Lgl/Lg conversion is in proportion to the amount of
Chol partitioned at any X,. Third, the Chol molecules
partitioned into the L region expand the L region in propor-
tion to the amount of Chol partitioned at any X,. According to
this simple probabilistic process for the Chol incorporation,
the variation in &(X;,) with a small increment in Chol mole-
cules (dngy,) can be described by the following equation:

_dg(Xch) = klg(Xch)dnch + kz[l_f(Xch)]dnch (5)

Here, k; and &, denote the proportional constants in the second
and the third assumption, respectively. Since the following
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relation is obtained by differentiating Eq. (1)
dngy = 2 _qx, (6)
( X ch)
&(Xen) can be expressed as a function of X, as follows:
K Xen K
Xen) = —(K1—K - 7
£(a) = e |- (KK | )

Here, Kl = nDHpckl and K2 = nDHPCkZ' Note that in this pro-
cess, npppc 1s constant and that the constants K; and K, are
dimensionless. The calculated curve of &(X.,) based on this
equation with K7 =19 and K, = 2.2 is shown by a solid line in
Fig. 7(b). The calculated curve agrees well with the experi-
mental data, which provides us with quantitative information
about the Chol-induced Lgl/Lg conversion. First, the tangent
line at X;, = 0 intersects with the X ,-axis at X, = 0.0526 (= 1/
K). This means that the first Chol molecule incorporated into
the DHPC membrane, which is entirely in the Lgl state, has
the Lgl/Lg conversion effect on 18 DHPC molecules around
the Chol molecule. Second, the calculated curve of &(Xg,)
becomes 0 at X, =0.114. This Chol concentration approxi-
mately corresponds to the average molar ratio of 1:8
(Chol/DHPC), and thus, the average molar ratio of Chol in
the overall Lg region increases continuously from 1:18 at
Xen~0 to ca. 1:8 at X, =0.114 as X, increases. If the process
of Chol incorporation we assumed is true, the distribution of
the Chol molecules in the overall L region will be heteroge-
neous at intermediate X;,. As expected from the K; and the K,
value, the Chol molecules incorporated into the Ly region
and those into the Lgl region make different contributions
to the expansion of the overall Ly region, and thus, there
can exist microregions or microdomains of the Lg phase
with different molar ratios of Chol within the whole binary
membrane. Finally, when the entire binary membrane is
occupied by the Ly region at X, = 0.114, the binary mem-
brane totally becomes a bilayer and no longer undergoes the
pretransition.

T-X phase diagram of DHPC-Chol binary membrane

We now discuss the overall phase behavior of the DHPC—
Chol binary membrane. Figure 8(a) shows the 7—X, phase
diagram of the DHPC—Chol binary membrane constructed on
the basis of the DSC data (i.e., peak temperature) and the
Prodan fluorescence data. For comparison, the 7-X,;, phase
diagram of DPPC—Chol binary bilayer reported in the previ-
ous study [15] is also shown in Fig. 8(b). In the previous study
[15], we interpreted the phase diagram of the DPPC—Chol
binary bilayer on the basis of the general thermodynamic
knowledge about the solid/liquid phase equilibria of peritectic
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Fig. 8 (a) Temperature (7)—Chol concentration (X,) phase diagram of
DHPC—Chol binary membrane. Phase assignment is as follows: (A) Ly
phase, (B) Lq + Pg’, (C) Pg' + Lg (1:8), (D) Lgl + L (1:8), (E) Lq + Lg
(1:6), (F) Lg (1:8) + Lg (1:6), (G) Ly + Ly, (H) Lg (1:6) + Lo, () L. Here,
the plus sign means the two-phase coexistence. (b) 7-X, phase diagram
of DPPC—Chol binary bilayer constructed in our previous study [15] is
also shown for comparison. Phase assignment is the same as above except
the followings: (C) Pg" + Lg (1:12), (D) Lg" + Lg (1:12), (F) Lg (1:12) +
Lg (1:6). Circle and square symbols represent the data from the DSC and
the Prodan fluorescence measurements, respectively

binary mixtures. We applied the same thermodynamic concept
to the phase diagram of the DHPC—Chol binary membrane to
perform the phase assignment: A, Lq phase; B, Lq+Pg"; C, Py’
+Lg (1:8); D, Lgl + Lg (1:8); E, Ly + Lg (1:6); F, Lg (1:8) +
Lg (1:6); G, Lg + Lo; H, Lg (1:6) + Lo; 1, L. Here, the plus
sign means two-phase coexistence. The ratio in parentheses
denotes the average molar ratio of Chol to DHPC, and the Ly
(1:8) phase and the L (1:6) phase are considered to be ther-
modynamically different phases.

As a common feature, the phase diagrams of these binary
membranes suggest the presence of a characteristic point like a
peritectic point at X, = ca. 0.15. In general, a peritectic point
occurs as a result of incongruent melting, and this type of
melting behavior is usually observed for binary systems where
the two components react to produce a solid compound with a
specific stoichiometry that is stable in a solid state but unstable
in a liquid state. It is therefore suggested that the Chol
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molecules tend to form complexes or molecular clusters with
surrounding DHPC molecules within the binary membrane. In
addition, the stoichiometry of the complex is estimated at 1:6
(Chol/DHPC) from the fact that the peculiar point like a
peritectic point was observed at X, =ca. 0.15 (the ratio of
1:6 is equivalent to X, =0.143). The same result has been
also found for the other Chol-containing binary bilayers of
CnPC (n=14, 15, 17, 18) [13—15]. This is very interesting
because it is expected that the strength or mode of the inter-
action between the Chol and constituent phospholipid mole-
cules should more or less change when the molecular structure
of the constituent phospholipid varies. It has been reported
that Chol molecules tend to be distributed regularly within
the binary bilayer of CnPCs [33-35] and the distribution is
well represented with the hexagonal lattice (i.e., superlattice
view [16]). Accordingly, the 1:6 complexes of Chol and phos-
pholipids would be a weak unit occurring as a result of the
regular distribution of Chol within the binary membrane rather
than a rigid complex resulting from some specific or more
direct Chol-phospholipid interaction.

On the other hand, the phase behavior of the DHPC- and
the DPPC—Chol binary membrane is different in respect of the
minimum Chol concentration at which the L, phase is formed
as a single phase throughout the binary membrane: X, = ca.
0.5 for DHPC and X, =ca. 0.33 for DPPC. The L, phase is
often characterized as the membrane state where the chain-
melting transition no longer occurs and this is thought to be
due to the suppression of the trans—gauche conformational
change in the hydrocarbon chains of the constituent phospho-
lipids by the rigid Chol molecules existing adjacent to them.
Accordingly, the minimum X, value of the entire formation of
the L, phase is equivalent to X, *™ ™. In the previous study
[15], the same difference in the X, *™ " value was observed
between the binary bilayer of DSPC (i.e., C18PC) and those of
the other CnPCs (n = 14-17). We speculated that this differ-
ence is attributable to the mismatch in the effective length of
the hydrophobic region between Chol and the constituent
phospholipid in the binary membrane on the basis of the fact
that the hydrophobic mismatch is minimized at the chain
length of 17 [31, 36].

The difference in the X.,*™" value between the binary
membranes of DHPC and DPPC could also be explained in
terms of the hydrophobic mismatch at the bilayer midplane,
although the hydrocarbon-chain length of DHPC is equal to
that of DPPC. It has been reported that the Chol molecules
reside within the bilayer such that their hydrophobic part (i.e.,
the four sterol rings and the side chain) is buried into the
hydrophobic core of the bilayer with its 33-OH group pro-
truding into the hydrophilic region of the bilayer [37-39]. In
the case that the constituent phospholipid is DPPC, this posi-
tion of the Chol molecule in the depth direction within the
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bilayer is expected to be stabilized by hydrogen bonding be-
tween the 3(3-OH group and the carbonyl oxygen at the glyc-
erol backbone of an adjacent DPPC molecule. Meanwhile, in
the case of DHPC, it is expected that the Chol molecule could
alter its vertical position within the membrane relatively less
restrictedly as compared to the case of the DPPC bilayer,
because DHPC is not capable of hydrogen bonding with the
33-OH group of the neighboring Chol molecule at the glyc-
erol backbone owing to the absence of carbonyl oxygens.
Consequently, the effect of the hydrophobic mismatch at the
bilayer midplane is expected to be more or less reduced in the
DHPC membrane, which would result in the higher X,*™"
value. This would be supported by the DSC data suggesting
that the Chol-phospholipid interaction is weaker within the
binary membrane of DHPC than within that of DPPC (or
DSPC).

In the last place, we discuss the comparison with a phase
diagram of the same system given in the previous study by
Laggner et al. [21]. Their phase diagram was also constructed
on the basis of DSC data, but the phase boundary was deter-
mined as the onset and the completion temperatures of the
main-transition endothermic peaks. The loop-like boundary
thus obtained was explained from the viewpoint of a typical
liquid-liquid phase separation due to a miscibility gap. This
explanation logically implies that DHPC and Chol are misci-
ble within the binary membrane to form a homogeneous phase
even in the gel state (i.e., below the main-transition tempera-
ture). In fact, there is no indication about the phase states in
their phase diagram, although the phase boundaries of the
pretransition and even the subtransition (i.e., transition from
the lamellar crystal (L.) phase to the Lgl) are provided.
Therefore, our phase diagram, suggesting solid—liquid phase
equilibria, is utterly different from their phase diagram. In
other words, the major difference between their and our phase
diagram would arise from the difference in the thermodynam-
ic interpretation of the phase behavior of the binary membrane
rather than from the experimental results themselves.

This is evident from the fact that our phase diagram looks
more similar to the phase diagram re-constructed by Marsh
[17] in his comprehensive work, which is based on the same
data reported in the original study by Laggner et al. [21]. His
re-constructed phase diagram suggests that the DHPC—Chol
binary membrane basically exhibits eutectic melting behavior,
and then, there are several two-phase states in the gel state
depending on the Chol concentration, which is similar to our
phase diagram. The essential difference between his and our
phase diagram lies in the difference of whether the melting
behavior that the binary membrane exhibits is eutectic or
peritectic, as long as some quantitative differences are ig-
nored. In this regard, we need to perform further investigation
to obtain more direct or strong evidence for the presence of the

1:6 complex of Chol and DHPC within the binary membrane
that we propose on the basis of the present and our previous
studies on the Chol-containing binary membranes [13—-15].

Conclusions

In this study, we performed DSC and Prodan fluorescence spec-
troscopic measurements to investigate the thermotropic phase
behavior of the DHPC—Chol binary membrane as a function of
X The DSC measurements demonstrated that the thermal
behavior of the DHPC—Chol binary membrane is different in
several respects compared to that of the DPPC—Chol binary
bilayer. First, the main-transition enthalpy decreased to 0 at
Xen=ca. 0.50 for the DHPC—Chol binary membrane, while it
decreased almost linearly with increasing X, and reached 0 at
X, =ca. 0.33 for the DPPC—Chol binary bilayer. This X, de-
pendence of AH,,, for the DHPC—Chol binary membrane sug-
gests weaker interaction between DHPC and Chol as compared
to that between DPPC and Chol. Second, the increase in AT,
with increasing X, above ca. 0.15 was strikingly larger than
that observed for the DPPC—Chol binary bilayer. This differ-
ence would reflect the difference in the long-range order of the
membrane lateral organization between the DHPC— and the
DPPC—Chol binary membrane. Prodan fluorescence spectros-
copy was successfully applied to the observation of the phase
transitions of the DHPC—Chol binary membranes. The Prodan
fluorescence spectra changed depending on the membrane
phase states, and the spectral change was basically character-
ized by the .« value and the intensity ratio of F(430)/F(490).
Particularly, the two-phase state of the Lgl and the Chol-
induced Ly phase could be sensitively detected as the superpo-
sition of the two elementary spectra corresponding to the re-
spective phase states. By introducing a proportionality factor
&E(Xen), we could analyze the X-dependent spectral change
due to the Lgl/Lg conversion induced by the Chol incorpora-
tion, and we found that the incorporation of Chol into the binary
membrane in the two-phase state can be explained as a simple
probabilistic process. Our calculation revealed that in this pro-
cess, one Chol molecule incorporated into the Lgl region has
the effect of inducing the Lg region on its surrounding 18
DHPC molecules.

On the basis of the DSC and Prodan fluorescence data, we
constructed the 7-X, phase diagram for the DHPC—Chol bi-
nary membrane to compare it with that of the DPPC—Chol
binary membrane. A difference was observed in the minimum
X, value for the entire formation of the L, phase. This differ-
ence could be explained in terms of the hydrophobic mis-
match at the bilayer midplane. We can finally conclude that
the degree or extent of the Chol effect on the membrane phase
behavior is pronouncedly affected by the difference in the
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chemical structure between DHPC and DPPC, namely the
difference in the capability of hydrogen bonding with the
3(3-OH group of Chol due to the presence or absence of the
carbonyl oxygens at the glycerol backbone.
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