
Biochimica et Biophysica Acta 1838 (2014) 3069–3077

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem
A detailed analysis of partial molecular volumes in DPPC/cholesterol
binary bilayers
Tsubasa Miyoshi a,⁎, Max Lönnfors b, J. Peter Slotte b, Satoru Kato a

a Department of Physics, Graduate school of Science and Technology, Kwansei Gakuin University, 2-1 Gakuen, Sanda, Hyogo 669-1337, Japan
b Biochemistry, Department of Bioscience, Åbo Akademi University, Tykistökatu 6A, 20520 Turku, Finland
Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3
disordered; Lo, liquid-ordered; D2O, deuterium oxide; tPA
⁎ Corresponding author. Tel.: +81 79 565 9730.

E-mail address: t.miyoshi@kwansei.ac.jp (T. Miyoshi).

http://dx.doi.org/10.1016/j.bbamem.2014.07.004
0005-2736/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 22 January 2014
Received in revised form 27 June 2014
Accepted 2 July 2014
Available online 21 August 2014

Keywords:
DPPC/cholesterol binary bilayer
Buoyant density measurement
Fluorescence decay
Liquid-ordered phase
Partial molecular volume
Ld/Lo phase coexistence
We examined the volumetric behavior of the dipalmitoylphosphatidylcholine (DPPC)/cholesterol binary bilayer
system with high accuracy and more cholesterol concentrations to reveal the detailed molecular states in the
liquid-disordered (Ld) phase, the liquid-ordered (Lo) phase and the gel phase. Wemeasured the average specific
volume of the binary bilayer at several temperatures by the neutral flotation method and calculated the average
volumepermolecule to estimate the partialmolecular volumes of DPPC and cholesterol in eachphase. As a result,
we found that the region with intermediate cholesterol concentrations showed a more complicated behavior
than expected from simple coexistence of Ld and Lo domains. We also measured fluorescence decay of trans-
parinaric acid (tPA) added into the binary bilayer with more cholesterol concentrations to get further insight
into the cholesterol-induced formation of the Lo phase. On the basis of these results we discuss the molecular
interaction between DPPC and cholesterol molecule in the Lo phase and the manner of Ld/Lo phase coexistence.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cholesterol, one of the major components in biological membranes,
is known to be a modulator of their physicochemical properties, and its
membrane effects have been intensively studied using various
experimental techniques such as differential scanning calorimetry
[1–3], X-ray diffraction [4–8], nuclear magnetic resonance [9–12], fluo-
rescence spectroscopy [13–16] and computer simulations [17–21].
Since the recognition of the existence of cholesterol-containing
functional microdomains called ‘lipid rafts’ [22–24], lipid researchers
have focused on clarifying the role of cholesterol in the raft formation
using binary or ternary lipid systems [25–27]. In these artificial lipid
bilayer systems, addition of cholesterol induces formation of the
liquid-ordered (Lo) phase, which is thought to represent the physico-
chemical state of the lipid raft [28–30].

It has been reported that the Lo phase has intermediate properties
between the liquid-disordered (Ld) phase and the gel phase [31].
Phase diagrams of phospholipid/sterol binary systems, which give
fundamental information on the effect of cholesterol on the properties
of the Lo phase, have been proposed by several researchers [26,32–35].
However, the detailed mechanism of the cholesterol-induced Lo phase
formation in the molecular level is still unclear.
-phosphocholine; Ld, liquid-
, trans-parinaric acid
Simple volumetricmeasurements are useful because they are able to
give quantitative information on the volume of each molecule in a
binary lipid bilayer. Greenwood et al. [36] examined the effect of
cholesterol on the molecular packing in phospholipid/cholesterol
mixed bilayers by the neutral flotation method. They estimated the
partial molecular volumes of phospholipid and cholesterol in the Ld
and Lo phases on the basis of the dependence of the average molecular
volume on cholesterol mole fraction. However, perhaps due to not
measuring enough concentrations and temperatures, they did not
report an Ld/Lo coexistence region, which has been reported to exist
[26,32–35].

In this study, we re-examined the volumetric behavior of
dipalmitoylphosphatidylcholine (DPPC)/cholesterol binary membranes
with more cholesterol concentrations and temperatures and with simi-
lar accuracies of the measured density, the cholesterol concentration,
and the temperature to those in the previous work by Greenwood
et al. [36]. As a result, some regions were clearly discernible in the
average molecular volume vs. cholesterol mole fraction plot, especially
at temperatures above the main transition temperature of the pure
DPPC bilayer. The partial molecular volumes of DPPC and cholesterol
were obtained and found to be in agreement with those obtained for
fluid phases by Greenwood et al. [36], but in disagreement with
older gel phase data [37] that were also compiled [36]. In addition, the
dependence of the average molecular volume on cholesterol mole
fraction deviated from linearity expected from simple coexistence
of the Ld and Lo domains, giving a new insight into coexistence
properties.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2014.07.004&domain=pdf
http://dx.doi.org/10.1016/j.bbamem.2014.07.004
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2. Materials and methods

2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol
were purchased from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. Deuterium oxide (D2O) and trans-parinaric
acid (tPA)were obtained fromCambridge Isotope Laboratories (Andover,
MA) and Cayman Chemical (Ann Arbor, MI), respectively.

2.2. Buoyant density measurement

The specific volume of the DPPC/cholesterol binary bilayer v xcð Þwas
determined according to the neutral flotation method described by
Greenwood et al. [36], where xc is the cholesterol mole fraction. Briefly,
DPPC and cholesterol were separately dissolved in chloroform/
methanol (4 : 1, v/v) and mixed at an appropriate mole ratio. The ob-
tained solution was dried at 60 °C under nitrogen flow and in vacuum,
and the resulting lipid film was dissolved into an H2O/D2O solvent, the
density of whichwas adjusted to be as near as possible to that of the bi-
layer. After centrifugation (19, 800g × 10− 20 min) in a temperature-
controlled centrifuge (Kubota, Model 5922), an aliquot of an H2O/D2O
solvent with either higher or lower density than that of the solvent in
the centrifugation tube was added according to whether the bilayers
sedimented or floated. This procedure was repeated until the change in
density by the addition of the solvent became less than 5 × 10−4g/cm3.
As the bilayerswere distributed as a fairly narrowband after thefinal cen-
trifugation, the density difference between vesicles must be smaller than
5 × 10−4g/cm3. We repeated the measurement at least three times by
using the data obtained in the last measurement as an initial density in
the next measurement to eliminate the error caused by the difference in
solvent density between inside and outside of the multi-lamellar vesicle.

In order to obtain the data with high accuracy, we added more than
10μL of the solvent for the density adjustment and used the D2O solu-
tion as fresh as possible to prevent contamination of H2O. Moreover,
we checked the temperature of the sample solution after centrifugation
and adopted the data for the density analysis only when the measured
temperature was within ±0.5 °C of the desired temperature.

Fig. 1 shows how to estimate the partial molecular volume of each
molecule in the binary system. The procedure of the analysis is based
on that described by Greenwood et al. [36]. We calculated the average
volume per molecule V xcð Þ from the obtained specific volume of the
binary bilayer v xcð Þ by:

V xcð Þ ¼ v xcð Þ
NA

1−xcð ÞML þ xcMcf g; ð1Þ

where NA, ML andMc are Avogadro's number, the molecular weight of
DPPC and the molecular weight of cholesterol, respectively (Fig. 1B).
In order to make the deviation from linearity clearly visible, we
subtracted a straight line from V xcð Þ:

V� xcð Þ ¼ V xcð Þ−Cxc; ð2Þ

where C is the gradient of the straight line fitted to the data at lower xc
region (Fig. 1C). Assuming that the partial molecular volumes of DPPC
(VDPPC) and cholesterol (Vchol) are constant in a phase, V� xcð Þ gives a
straight line as

V� xcð Þ ¼ 1−xcð ÞVDPPC þ xcVchol−Cxc
¼ − VDPPC−Vchol þ Cð Þxc þ VDPPC: ð3Þ

Therefore, we can estimate the partial molecular volumes in the
phase as

VDPPC ¼ V� 0ð Þ ð4Þ
and

Vchol ¼ V� 1ð Þ þ C: ð5Þ

2.3. Fluorescence experiment

DPPC and cholesterol were dissolved in methanol and in hexane/2-
propanol (3 : 2, v/v), respectively and mixed at an appropriate mole
ratio. The fluorescence probe tPA in methanol was added at the DPPC/
tPA mole ratio of 200:1 [16]. The obtained solution was dried under ni-
trogen flow and in vacuum, and the resulting lipid film was dissolved
into distilled and deionized water. The final concentration of DPPC
was 200 μM. The fluorescence experiments were performed with a
FluoTime 200 spectrometer (PicoQuant). The excitation and emission
wavelengths were 298 nm and 405 nm, respectively, and the tempera-
ture was adjusted to be 45 °C. The fluorescence decay curve I(t) of tPA
was analyzed by using a stretched exponential function derived based
on a continuous distribution of lifetimes [38–40] as follows:

I tð Þ ¼
Zt
−∞

IRF tð Þ
Xn
i¼1

Ai exp − t−t
0

τi

 !( )1=hi

dt
0
; ð6Þ

where IRF(t) and τi are the impulse response function and the charac-
teristic time scale of the decay, respectively. When the heterogeneity
parameter hi is 1, the decay is a simple exponential process.

When two stretched exponential functions (n=2)were used to an-
alyze the decay profile in the Ld/Lo coexistence region, the fractional
fluorescence intensity of component 1 (domain fraction R1) was
numerically calculated by the following equation:

R1 ¼

Z ∞

0
A1 exp − t=τ1ð Þf g

1=h1 dtZ ∞

0
A1 exp − t=τ1ð Þf g

1=h1 dt þ
Z ∞

0
A2 exp − t=τ2ð Þf g

1=h2 dt
: ð7Þ

3. Results

3.1. Detailed volumetric behavior of DPPC/cholesterol binary bilayers

In order to examine the molecular interaction in DPPC/cholesterol
binary bilayers, we scrutinized the dependence of their specific volume
on cholesterol mole fraction xc at constant temperature by the neutral
flotationmethod (Fig. 2).Wemeasured the specific volume of the bina-
ry bilayer v xcð Þwith more cholesterol concentrations (the xc interval of
about 0.03) than in previous studies to quantitatively analyze the mo-
lecular volume behavior (Fig. 2A and B), and calculated the molecular
volume deviating from an appropriate straight line V

�
xcð Þ as described

in Materials and methods (Fig. 2C and D). Although in principle, we
had better use the molecular volume for the analysis of the phase
behavior rather than the specific volume of the bilayer, the latter can
be helpful especially in the assignment of the phase boundary. We
divided the obtained specific volume profiles into three regions based
on the break points and the linearity.

At temperatures above the main transition temperature of the pure
DPPC bilayer (Tm=41.5 °C [1–3]), regions I (xc b x1) and III (xc N x2) are
the regions where V

�
xcð Þ showed linearity at the lower and higher xc

ends, respectively (Fig. 2) and region II is in between (x1 b xc b x2).
These three regions correspond to the Ld phase, the Ld to Lo transition
region and the Lo phase, respectively [26,32–35]. The volumetric behav-
iors shared the fundamental characteristics, irrespective of the temper-
ature; (1) v xcð Þ in the region I (the Ld phase) decreased with increasing
xc, (2) v xcð Þ in the region III (Lo phase) increased with increasing xc and
(3)V

�
xcð Þ in the region II was located below the straight line connecting

the data points at x1 and x2, indicating the volumetric behavior in the
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Fig. 1. Analysis procedure for buoyant density measurements. (A) Dependence of the specific volume of DPPC/cholesterol binary bilayers v on cholesterol mole fraction xc. Temperature
was kept at 45 ± 0.5 °C. Breakpoints corresponding to the boundaries between the regions I, II and III (see text for details) are indicated by arrows. (B) The average specific volume per
molecule v xcð Þ and (C) v � xcð Þ ¼ V xcð Þ−Cxc were calculated, where C is the gradient of v xcð Þ in the low xc region (indicated by a straight line in (B)), so as to make the deviation from
linearity clear. The partial molecular volume of DPPC in the region III was estimated by fitting the v � xcð Þ data to a straight line and extrapolating the line to xc = 0 (closed circle in (C)).
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region II cannot be explained by simple coexistence of the Ld and Lo
domains (see Discussion for details).

The x1 value was about 0.15, depending little on temperature in the
range we examined (45–55 °C) though the variation of V

�
xcð Þ in the

vicinity of x1 seemed to become less discrete and more ambiguous as
the temperature increased. On the other hand, the x2 value was shifted
toward higher xc with increasing temperature.

Below Tm, we selected the temperatures below the pretransition
temperature of the pure DPPC bilayer (~35 °C [2,3]) for measure-
ments of v xcð Þ as the volumetric behavior was expected to be some-
what complicated near Tm because of the existence of the ripple
phase. The v xcð Þ increased with increasing xc in contrast to the effect
of cholesterol at temperatures above Tm, whereas there appeared to
be linear regions at the lower and higher xc ends in the temperature
range of 25–35 °C as at temperatures above Tm (Fig. 2B and D).
Therefore, the specific volume profiles can be divided into three
regions IV, V and VI as previously described using different methods
[36,37,41], although it was difficult to accurately determine the
boundary because of the small variation in the gradient at the
breakpoints x3 and x4. The regions IV, V and VI correspond to the
gel phase, the gel to Lo transition region and the Lo phase, respective-
ly. The x3 value was estimated to be about 0.05 below 30 °C and
about 0.1 at 35 °C. In the region IV at 35 °C, the linearity of v xcð Þ
was somewhat ambiguous and its gradient seemed to change gradu-
ally probably because the temperature is near the pretransition tem-
perature and the ripple phase may coexist with the gel phase. The x4
value seemed to shift gradually toward higher xc as the temperature
decreased, although the number of data points belonging to the
region VI at 25 °C was too few to be unequivocally conclusive. As
for the region V, the deviation from linearity was small except for
the profile at 30 °C, which seemed to cross a phase boundary possi-
bly between the gel /Lo and ripple /Lo coexistence regions at xc ~ 0.3.

Based on the results described above, we made a rough phase
diagram for the DPPC/cholesterol binary bilayer system (Fig. 3).
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Fig. 2.Dependence of the specific volume of the DPPC/cholesterol binary bilayer v xcð Þ on cholesterolmole fraction xc at the temperatures (A) above themain transition and (B) below the
pretransition. The v � xcð Þ profiles corresponding to (A) and (B) are shown in (C) and (D), respectively. The straight lines fitted to the data in the high-xc region are to make clear the de-
viation from linearity. Breakpoints corresponding to phase boundaries are indicated by arrows (see text for details). The profile at 45 °C seems to have discontinuity at xc ~ 0.15. However,
this may be caused by inaccuracy of the measurement because of the fairly sharp gradient in this xc range. Raw data will be supplied to interested readers upon request.
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3.2. Estimation of partial molecular volumes of DPPC and cholesterol
The partial molecular volumes of DPPC (VDPPC) and cholesterol

(Vchol) in the regions I (the Ld phase), IV (the gel phase), III and VI
(the Lo phase) were estimated (Fig. 4). The partial molecular volumes
were almost linearly dependent on temperature with roughly the
same gradient, irrespective of the molecular species and the phase.
The partial molecular volume of DPPC in the regions III and VI seem to
depend linearly on temperature from 25 °C to 55 °C and lie just in the
middle between those in the Ld phase (VDPPC

Ld ) and the gel phase (VDPPC
gel

),
which is consistent with the continuity of these regions as a single
Lo phase. It should be mentioned that the change of VDPPC in the
cholesterol-induced Ld to Lo phase transition was only about 3 %,
whereas the change in the partial lipid area induced by cholesterol has
been reported to bemuch larger (N 20 % in the DMPC/cholesterol binary
bilayer system) [42]. In contrast to VDPPC, Vchol was larger in the order of
Vchol
gel

N Vchol
Lo N Vchol

Ld , and Vchol
Lo lay nearer to Vchol

Ld than to Vchol
gel

.
The obtained partial molecular volumes are summarized in Tables 1

and 2 together with the xc values at the phase boundaries.

3.3. Detection of phase boundaries by using a fluorescent probe tPA
We measured the fluorescence decay of tPA added into DPPC/

cholesterol binary bilayers with more cholesterol concentrations.
The fluorescence decay profile at 45 °C was fitted to a stretched ex-
ponential function as described in the Materials and methods, and



Fig. 3. The phase diagram of the DPPC/cholesterol binary bilayer system constructed on
the basis of v xcð Þ and v � xcð Þ in Fig. 2. Since it is difficult to definitely determine the
phase boundary, the ranges of likely boundaries are indicated by horizontal bars. Particu-
larly the value of x3 was ambiguous because of small change in gradient of v xcð Þ at the
boundary and existence of the ripple phase.
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the dependence of the fitting parameters on xc is shown in Fig. 5.
Both the characteristic time scale τ (Fig. 5A) and the heterogeneity
parameter h (Fig. 5B) indicated that their xc dependences were consis-
tent with that of the specific volume shown in Fig. 2, indicating the ex-
istence of the phase boundaries at xc≈ 0.12 and 0.34 (45 °C). The value
of τwas nearly constant in the Ld phase (0≤ xc≤ 0.12) and the Lo phase
(xc≥ 0.34), whereas it increased in the region between Ld and Lo phases
(0.12 ≤ xc ≤ 0.34) probably because fluorescence decays of tPA mole-
cules in the two phases were superposed (see Discussion for details).
The heterogeneity parameter tended to decrease, approaching to 1.0
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4. Discussion

4.1. Partial molecular volume of DPPC and cholesterol
We carefully measured specific volumes of DPPC/cholesterol binary

bilayers with more cholesterol concentrations, and consequently
obtained the partial molecular volumes of DPPC and cholesterol in the
Ld, Lo and gel phases with high accuracy (Fig. 4). We found that the
partial molecular volume of DPPC in the Lo phase VDPPC

Lo is just in the
middle between VDPPC

Ld and VDPPC
gel

and the differences between the
values in these three phases were fairly small as the volume change of
a DPPC molecule in the cholesterol-induced Ld/Lo phase transition is
only a few percent.

The question iswhat is the origin of themolecular volumedifference
between the phases. Cevc [43] and Marsh [26] discussed the origin of
the specific volume difference of pure phospholipid bilayers between
the Ld/Lo and gel phases, and pointed out that the trans-gauche chain
isomerization is the likely candidate to result in the specific volume dif-
ference. More recent detailed analysis of themolecular volumes [4] sug-
gested that contribution of the headgroup volume is negligible and the
molecular volumedifference between the gel and Ld phases is attributed
to the change in the hydrocarbon chain volume: the hydrocarbon
chain volume in a DPPC molecule was estimated to be 0.825 nm3 at
20 °C and 0.913 nm3 at 50 °C, which almost fully explains the differ-
ence VDPPC

Ld − VDPPC
gel

shown in Fig. 4. If it is also the case for in the mo-
lecular volume in the Lo phase, then the hydrocarbon chain state in
the Lo phase is just intermediate between those in the Ld and gel phases.
Although highly speculative, it is interesting to interpret that in the Lo
phase one of the DPPC hydrocarbon chains is in the gel state and the
other in the Ld state.

Another possibility is the difference in hydration state [44,45]. We
analyzed the data assuming that the density of water in the inside of
the bilayer vesicle is equal to that of the bulk water. If the density of
hydrated water located between bilayers is different from that of
bulk water, the density difference is involved in the measured data
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Table 1
Summary of the data obtained above Tm.

Temperature (°C) x1 x2 VDPPC
Ld (nm3) VDPPC

Lo (nm3) V chol
Ld (nm3) V chol

Lo (nm3) Ref

45 0.125 0.341 1.223 1.198 0.600 0.640
50 0.126 0.417 1.228

1.229
1.200
1.208

0.606
0.574

0.647
0.637 [36]

55 0.125 0.432 1.233 1.206 0.612 0.649
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depending on the number of the hydrated water. Even if the density
difference is small, it could contribute to the specific volume difference
between phases shown in Fig. 4, considering that the difference in the
number of hydrated water molecules between the Ld and gel phases is
in the order of 10 per molecule [43]. When the density of H2O/D2O sol-
vent is balancedwith that of the bilayer vesicle, which consists of bilayer
membrane and hydrated water, the difference of the bilayermembrane
density from the solvent density Δρb (N 0) is related to the difference of
the hydratedwater density from the solvent densityΔρw (b 0) asΔρb=
− (ΔnVw/Vb)Δρw, where Vw, Vb and n are the volume of a hydrated
water molecule, the average volume of the bilayer membrane and the
number of hydrated waters per lipid molecule, respectively. If Vw =
0.03 nm3 (the volume of a bulk water molecule), Vb = 1 nm3 (Fig. 4)
and Δρw = −0.03 g/cm3 (the density difference estimated by Wiener
et al. [45]),Δρb is calculated to be 0.0009 n g/cm3. Therefore, the density
difference between the bilayer membranes in the Ld and gel phases
resulting from change in the number of hydrated water molecules is
estimated to be 0.009 g/cm3, which can explain only a little part of the
molecular volume difference between these two phases shown in
Fig. 4A. Therefore, the contribution of hydration to the molecular
volume difference between the phases must be small.

In contrast to VDPPC, Vchol seemed to change to a greater degree
(Fig. 4B). The relative volume difference between the Ld and gel phases
(V chol

gel − V chol
Ld )/V chol

Ld was about 20%, which is much larger than previ-
ously described by Greenwood et al. [36]; using data obtained by
Melchior et al. [37] they estimated both V chol

gel and V chol
Lo to be about

0.65 nm3 at 25 °C. We estimated the V chol
Lo to be about 0.63 nm3,

which agrees well with their value whereas the V chol
gel is larger by

~0.1 nm3 (Fig. 4B and Table 1). This disagreementmay be caused by in-
accurate estimation of V chol

Lo due to the insufficient number of data
points and the low trustworthiness of far extrapolation. We think
that our data are more reliable because the V chol

gel
values at different

temperatures fall in a narrow range (Fig. 4B).
The partial molecular volume in the Ld phase Vchol

Ld was estimated to
be about 0.6 nm3, which is a little less than the molecular volume
(0.628 nm3) in an anhydrous cholesterol crystal calculated from the lat-
tice parameters [46,47]. Therefore, it is likely that sparsely distributed
cholesterol molecules are surrounded closely by DPPC molecules in
the fluid state without an interaction volume (interstitial void volume).
On the other hand, mismatch in shape between neighboring DPPC and
cholesterol molecules may bring forth a fairly large interaction volume
in the gel phase.

Since the interaction volume comes from the interaction between
neighboring molecules, we should take into account how it is divided
between VDPPC and Vchol as explained by Greenwood et al. [36]. This
problem was quantitatively discussed by Edholm and Nagle [18] for
Table 2
Summary of the data obtained below Tm.

Temperature (°C) x3 x4 VDPPC
gel

(nm3)

15 0.058 – 1.136
25 0.053 0.465 1.146

1.148
30 0.063 0.445 1.152
35 0.057 0.430 1.162
analyzing simulation data. Here, we used a simplermodel to understand
the extent of incorporation of the interaction volume in VDPPC and Vchol
(Appendix A). Simple calculation reveals that in the Ld and gel phases,
where xc is small, the interaction volume is incorporated mostly into
Vchol and little into VDPPC. Therefore, it is likely that in the gel to Ld
transition the change in Vchol (ΔVchol ~ −0.13 nm3) is larger than that
in VDPPC (ΔVDPPC ~ +0.08 nm3) due to fairly large interaction volume
formed in the gel phase.

We have probably underestimated the effect of the interaction
volume on the partial molecular volume in the Lo phase (see Appendix
A). If the difference between cholesterol molecules in the Ld and Lo
phases is mostly attributed to the interaction volume and the calcu-
lation described in Appendix A is a good estimate, the actual size of
the interaction volume is significantly larger than the difference
V chol
Lo − V chol

Ld obtained from Fig. 4B. Thus, the molecular state of
cholesterol in the Lo phase may be closer to that in the gel phase
than expected from Fig. 4B.

McMullen et al. [48,49] proposed that hydrophobic mismatch be-
tween phospholipid and cholesterol molecules, which is the smallest
for diheptadecanoylphosphatidylcholine, causes the difference in the
transition behavior. Since the hydrophobic mismatch is closely related
to the interaction volume, it is interesting to investigate the effect of
the phospholipid hydrocarbon chain length on the partial molecular
volumes.

4.2. The Ld to Lo transition region
We made a rough phase diagram of the DPPC/cholesterol binary

bilayer system based on our volumetric measurements (Fig. 3). The
obtained phase diagram shares basic features with those previously
summarized by Marsh [26]. The phase boundary at x4 in Fig. 3 is
evidently located at a higher value of xc than that seen in other phase di-
agrams. However, the positions of phase boundaries differ greatly from
diagram to diagram [26,32–35] and are mutually inconsistent. Hence,
we focus below on the features of the intermediate Ld to Lo transition
region (region II) rather than the phase diagram itself as we found a
new volumetric behavior in this region.

Fig. 2C shows that the values of V xcð Þ in the region II deviated from
linearity. Assuming that the Ld and Lo phases coexist withoutmutual in-
teraction in the region II and the ratio of their domains is kept constant
irrespective of xc, V xcð Þ must be linear in the region II. According to the
lever rule, proportions of coexisting Ld and Lo phases at the given tem-
perature are determined as (x2 − xc) : (xc − x1) [50] and the composi-
tion ratios (DPPC/cholesterol) in these two phases are fixed at the
values at x1 and x2, respectively. Therefore, the deviation from the
lever rule means that the composition ratio depends on xc. If we can
neglect the condition of the constant composition ratio, we can make
VDPPC
Lo (nm3) V chol

gel (nm3) V chol
Lo (nm3) Ref

– 0.723 –

1.175
1.160

0.737
0.647

0.634
0.649 [36]

1.176 0.717 0.638
1.181 0.711 0.637
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Fig. 5. Analysis of the fluorescence decay of tPA added to DPPC/cholesterol binary bilayers at 45°C. We fitted the decay curve to a stretched exponential function including a characteristic
time scale τ and a heterogeneity parameter h (see Materials and methods). Dependence of (A) τ and (B) h on xc is shown.
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amodel to explain the deviation: For example, simple simulation can fit
the nonlinear data, assuming that cholesterol molecules are randomly
distributed and the Lo phase forms in the region with an appropriate
size, where the local cholesterol mole ratio becomes higher than a
threshold mole ratio (data not shown). In this simulation, the composi-
tion ratio of DPPC and cholesterol molecules in each of the two
coexisting domains changes depending on xc. This implies that these
states must be nonequilibrium, considering that in equilibrium the
chemical potential of DPPC/cholesterol, which depends on the composi-
tion ratio, is kept constant irrespective of xc. We infer that the system is
A B

Fig. 6.Analysis of thefluorescencedecay of tPA using two stretched exponential functions. Curve
time scales were kept roughly constant irrespective of xc (A). We estimated the domain fract
integrated intensities of the two stretched functions (B).
in an equilibrium state and the lever rule is applicable in the Ld/Lo
coexistence region as the molecules are likely to be highly mobile in
these phases.

To obtain experimental evidence for the lever rule, we tried to ana-
lyze the fluorescence decay profile in the Ld/Lo coexistence region
using two characteristic time scales (Fig. 6A). As a result, the fitting
with two stretched exponential functions was converged properly
only at 0.1 b xc b 0.3 with keeping the two characteristic time scales
almost constant (τ1 ~ 4 ns, τ2 ~ 12 ns), suggesting the existence of two
definitely separated phases (Fig. 6A). Moreover, the domain fraction
fittingwasproperly converged only in the range of xc=0.1 ~ 0.3,where two characteristic
ion of the Ld phase (△) and the Lo phase (□) in their coexistence region as a ratio of the
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R1 seemed to follow the lever rule (Fig. 6B). However, these fittings
were little better than those obtained using a stretched exponential
and the coexistence region in Fig. 6B is slightly shifted toward lower
xc, in comparison with that expected from Fig. 4 B. It is unlikely that
this shift is caused by the addition of the fluorescent probe tPA because
it was reported to have little effect on the phase diagram of the DMPC/
cholesterol binary bilayers [51]. Thus, further study is needed to confirm
that the lever rule is applicable under these circumstances.

Finally, we would like to point out one more possibility that there
exists an intermediate phase between the Ld and Lo phases. It seemed
that the average molecular volume profile V xcð Þ may not be smooth in
the Ld/Lo coexistence region and have a turning point (see the region
of 0.25 b xc b 0.35 in Fig. 4B, which seemed to be on a straight line). If
it is the case, the coexistence region should be divided into two regions,
i.e., Ld/ intermediate and intermediate /Lo regions of phase coexistence.

It is not possible to conclude what is reasonable for the origin of the
deviation from linearity in V xcð Þ in the coexistence region. Further sys-
tematic study such as investigation on chain length dependence of V xcð Þ
and study using other methods with more cholesterol concentrations
are required to obtain a deeper insight into the domain structure.

5. Conclusion

We examined cholesterol-induced formation of the Lo phase in
DPPC/cholesterol binary bilayers by measuring their specific volume
using density-controlled H2O/D2O solvents and analyzing the fluores-
cence decay profile of a fluorescent probe (trans-parinaric acid).
Measurements with many cholesterol concentrations and careful ex-
perimental proceduremade it possible to obtain the detailed volumetric
behaviors, especially at temperatures higher than the main transition,
and to provide reliable basic data for discussion about phospholipid–
cholesterol interaction in the Lo phase. Based on the obtained data, we
drew a rough phase diagram. We found that the average molecular
volume in the Ld/Lo coexistence region deviates from linearity, indicat-
ing inapplicability of simple additivity of the volumes of two phase
domains. Moreover, on the basis of linear dependence of the average
molecular volume of the cholesterol mole fraction, we estimated partial
molecular volumes of DPPC and cholesterol in the Ld, Lo and gel phases.
The partial molecular volumes obtained in the Lo phase suggest that the
hydrocarbon chain state in the Lo phase is intermediate between those
of the gel and Ld phases.
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Appendix A. Effect of the interaction volume on the partial
molecular volume

The extra volume (interaction volume) resulting from intermolecu-
lar interaction should be incorporated into the average molecular vol-
ume as a function depending on the number of relevant molecular
pairs. Assuming for simplicity that cholesterol–DPPC interaction is the
major supplier of the interaction volume and one cholesterol molecule
randomly distributed in a bilayer is surrounded by 6 hydrocarbon
chains (cholesterol is counted as a hydrocarbon chain), the volume of
the bilayer containing N molecules is calculated as:

NV ¼ NCVC þ NDVD þ 2NDNC

2ND þ NC
Vv; ðA1Þ

where NC, ND, VC and VD are the number and the volume of cholesterol
and DPPCmolecules, respectively, and Vv is the sixfold of the interaction
volume resulting from a cholesterol–DPPC hydrocarbon chain pair, the
number of which is 12NDNC/(2ND+NC). Therefore, the average specific
volume per molecule V can be written as a function of cholesterol mole
fraction xc = NC/N.

V xcð Þ ¼ xcVC þ 1−xcð ÞVD þ 2x2
c−8xc þ 4
2−xcð Þ2 Vv: ðA2Þ

Since Vv is usually small, the nonlinearity resulting from the third
term is not prominent. Therefore, in this study, we estimated the partial
molecular volumes of DPPC and cholesterol by linear approximation.
Roughly speaking, the straight line to which we fitted the data may be
approximated to the tangent of V xcð Þ at the center of the xc range
used for analysis xa:

V xcð Þ ¼ VC−VD þ 2x2
a−8xa þ 4
2−xað Þ2 Vv

( )
xc þ VD þ 2x2

a

2−xað Þ2 Vv: ðA3Þ

If this is a good approximation, the interaction volume is incorporated
into the partial molecular volume we estimated as follows:

VDPPC ¼ V 0ð Þ ¼ VD þ 2x2
a

2−xað Þ2 Vv ðA4Þ

and

Vchol ¼ V 1ð Þ ¼ VC þ
4 1−xcð Þ2
2−xað Þ2 Vv: ðA5Þ

These equations imply that the interaction volume is includedmost-
ly in Vchol and little in VDPPC in the Ld and gel phases because xa ≪ 1 in
the analysis of these phases. On the other hand, the contribution of Vv

to VDPPC
Lo and V chol

Lo is estimated to be about 13% and 56%, respectively,
as xa ≈ 0.4 in the analysis of the Lo phase. Although the assumption of
6 hydrocarbon chains surrounding one cholesterol molecule is an
oversimplified assumption, it must be true that the effect of interaction
volume on the partial molecular volumes in the Lo phase is
underestimated.
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