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Figure S1. Characterization of fluorescent probes in 1,4-dioxane/water systems: (a) TMA-DPH,
(b) ANS, (c) Prodan, (d) Laurdan, and (e) DPH. The estimated dielectric environment around each
probe in DOPC liposome is summarized in Table (f). The dielectric constants of solvents were
controlled by mixing 1,4-dioxane and water with different volume ratio (g).* Fluorescent probes
such as TMA-DPH, ANS, Prodan, Laurdan, and DPH are sensitive to their surrounding
environments, and are used as the probes for liposome membranes. Liposome membranes have a
hydrophobicity gradient in the vertical direction of membrane,? which is reflected by binding
depths of fluorescent probes. In 1,4-dioxane/water systems, each probe showed different emission
wavelength and fluorescent intensity.®® Thus, the emission wavelength and intensity in liposome
membranes were also depended on the surrounding environment. By analyzing the emission
property of each probe in 1,4-dioxane/water systems, the location of probe in the liposome was
estimated on the basis of (i) emission wavelength and (ii) intensity.

0] Laurdan, ANS, Prodan: These probes showed the emission peak shifts depending on the
solvent hydrophobicity. Thus, their locations can be estimated by analyzing the emission
peak wavelength in liposomes. For ANS, only one emission peak could be seen at 484 nm,
which means that ANS bound to the similar location in membrane with different amounts,
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(i)

thus the surface hydrophobicity (i.e. the exposure of hydrophobic core to water) can be
investigated by lsgs. For Laurdan and Prodan, the appearance of two peaks (also see Figures
S3 and S6) indicate that the location of probe altered up on the membrane properties. The
GPa40 values can be used to understand the polarity of the membrane (see supporting
information Figure S2).

DPH, TMA-DPH: These probes have the emission peaks at 430 nm, independent to the
surrounding hydrophobicity. In the liposome systems, both DPH and TMA-DPH showed
similar emission peak wavelength a 430 nm, indicating that DPH and TMA-DPH located
at €<43 and €<60, respectively. The fluorescence intensity increased in proportion to the
hydrophobicity of solvent. In the case of DPH inserted into liposome membranes, the
emission peak at 428 nm and its fluorescence intensity is ca. 70% as compared to 1,4-
dioxane 100% as solvent, indicating that DPH is inserted into hydrophobic regions (e~6).
In the same manner, TMA-DPH can be located at ~60.

Considering our experimental results®® and literatures,”° the location of each probe in DOPC
liposome can be estimated (). No peak shifts of ANS or TMA-DPH were observed in DOPC/sterol

liposomes, it was assumed that the binding location of probes did not change, and that the in situ

environment around probes could be altered depending on the type and amount of sterols. Hence,

the variation in the membrane properties could be provided by the different interaction between

DOPC and sterol. The location of Chl, Lan, Erg might be similar. The hydration in the membrane

surface would be sensitive to the chemical structure of sterol and its interaction with DOPC.
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Figure S2. GP340,Laurdan (2) and GPa40,prodan (D) Values for 1,4-dioxane/water systems, as function

of ¢ values. In 1,4-dioxane/water systems, the GP3ao,Laurdan and GPasoprodan Values were

monotonically decreased by increasing ¢ values. Thus, the GPz40 value analysis can be applied to

monitor the surrounding of Laurdan or Prodan depending on the polar environments in the

membrane. Considering the peak shift of Laurdan or Prodan, its actual location is flexible and

depends on the membrane phase state, while it surely settles down in the inner membrane because

it showed much higher intensity as compared to water system.
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Figure S3. Fluorescent spectra of Laurdan for DOPC and DPPC liposomes (a), for DOPC/Chl
liposomes (b), DOPC/Lan liposomes (c), and DOPC/Erg liposomes (d). The results indicated that
fluorescent intensity of DOPC/Chl from 0 to 50 mol% changed with peak shifts from 490 into 440
nm. It means that Chl at 10 mol% remained membrane in liquid disordered phase, while 30 mol%
of Chl expressing both peaks at these wavelengths fixed membrane in heterogeneous phase, and
50 mol% of Chl changed membrane into ordered phase. In the cases of Lan and Erg, all of them
showed the peaks at 490 nm, suggesting that they were in homogeneous disordered phases similar
to DOPC.
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Figure S4. Cartesian diagram for homogeneous liposome systems (a) and for heterogeneous
liposome systems (b). Membrane fluidities (1/Ppph, X axis) and membrane polarities (GP340,Laurdan,
y axis) were plotted for various liposomes as shown in Table S1. Based on our previous reports, 12
it was found that by using DPH fluorescent probe, the 1/P value for DPPC liposome between lq
and so phases is estimated to be 1/Pppn = 6, While its membrane polarity determined by Laurdan
shown that the threshold between disorder and order phases is GP340,Laurdan = -0.2. Therefore, the
threshold point in the Cartesian diagram is considered with 1/Pppr = 6.0 and GP340,aurdan = -0.2.2°
Obviously, the lg-phase liposomes appeared in the 1%t and 4" quadrant (1/Pppr>6), while the so-
phase liposomes appeared in the 2" quadrant (1/Pppr<6). The GPs40,1aurdan Values were >0 under
Tm, and <0 above Tm. When a liposome shows similar properties to that in l4 phase, it could be in
la phase (disordered). In similar manner, a liposome possessing similar properties to that in so
phase, it could be in s, phase (ordered). For heterogeneous liposome systems (green symbols
plotted in (b)), some liposomes appeared between l4-phase and so-phase clusters, indicating that
they were in heterogeneous phases (la+lo, la+So, €tc.). It is notable that 1/Pppx and GP340,Laurdan
values could be insensitive to lipid/probe molar ratio (at least the range between 20/1 to 1000/1),
indicating that the membrane properties evaluated by DPH and Laurdan can reflect each phase

behavior.



Table S1. Summary of the phase state and membrane properties for liposomes.

composition
(homogeneous system, lq phase)
1 DOPC
2 DOPC
3 DOPC
4  DOPC
5 POPC
6 POPC
7 POPC
8 POPC
9 DMPC
10 DMPC
11 DMPC
12 DPPC
13  bSM
(homogeneous system. s, phase)
14  DMPC
15 DPPC
16 DPPC
17 DPPC
18 DSPC
19 bSM
(heterogeneous system)
20 DOPC/DPPC=(75/25)
21 DOPC/DPPC=(75/25)
22 DOPC/DPPC=(50/50)
23  DOPC/DPPC=(50/50)
24  DOPC/DPPC=(25/75)
25 DOPC/DPPC=(25/75)
26  DOPC/Ch=(90/10)
27  DOPC/Ch=(90/10)
28  DOPC/Ch=(70/30)
29 DOPC/Ch=(70/30)
30 DOPC/Ch=(50/50)
31 DOPC/Ch=(50/50)
32 DOPC/DPPC/Ch=(4/4/2)
33 DOPC/DPPC/Ch=(4/4/2)
34  DOPC/SM/Ch=(6/2/2)
35 DOPC/SM/Ch=(6/2/2)

22
30
40
50
19
30
40
50
30
40
50
50
50

19
22
30
40
25
25

30
50
30
50
30
50
30
50
30
50
30
50
30
50
30
50

T [*C]

(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)
(>Tm)

(<Tm)
(<Tm)
(<Tm)
(<Tm)
(<Tm)
(<Tm)

"2 Phase states are referred based on the literatures

phase state™

11,13-15

la
la
la
la
la
la
la
la
la
la
la
la
la

So
So
So
So
So
So

(la)
(la)
(la)

1/PppH

7.84
8.30
8.39
9.29
6.88
7.52
8.05
8.62
6.82
9.17
9.44
7.53
9.04

3.10
2.82
2.79
2.97
2.95
3.11

7.32
8.59
6.01
8.59
3.51
9.83
8.64
10.72
6.47
8.04
4.66
5.34
3.88
5.45
6.29
7.70

G P34O,Laurdan

-0.22
-0.29
-0.34
-0.37
-0.11
-0.19
-0.25
-0.30
-0.04
-0.13
-0.21
-0.05
-0.24

0.29
0.42
0.41
0.40
0.43
0.40

-0.28
-0.35
-0.09
-0.30
0.25
-0.22
-0.26
-0.33
-0.07
-0.17
0.14
0.004
0.19
-0.06
-0.02
-0.11
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Figure S5. Relative fluorescence spectra of ANS for different liposomes at 37 °C. Because the
fluorescence emission peak of ANS depends on the surrounding hydrophobicity, the ANS
emission peak wavelength can be used as indicator to monitor the microscopic environment around
ANS in the lipid membrane. Figure S5 shows the fluorescent spectra of ANS 37 °C, for the
liposomes in lq phases (DOPC, POPC) and in s, phases (DPPC, DSPC), where the emission
intensity at 484 nm for DOPC liposome was defined as 100 [a.u.]. The results showed that all
liposomes had the similar emission wavelengths (at 484 nm) but differences in intensities. It means

that the same location of ANS but the different amount of bound ANS in the membrane.

Actually, the ANS probes bound to liposomes in l4 phases showed higher intensities than those in
So phases. The ANS intensity in water was negligible. The liposomes in l4 phases have lower lipid
packing densities (mean headgroup area: 0.72 nm?/molecule; more hydrophobic cavities), while
the liposomes s, phases have higher lipid packing densities (mean headgroup area: 0.48
nm?/molecule).t**® Thus, the lipid packing is critical factor for the degree in the exposure of
hydrophobic core to water, where ANS can be distributed to such hydrophobic sites. Consequently,

the amount of bound ANS will be higher and leads to the higher fluorescence intensity.

It has been reported that the quantum yield ¢ of ANS in DPPC membrane!® and in water'’ are

¢ =0.27 and ¢ <0.01, respectively. Considering the different binding amount of ANS in DOPC and
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DPPC liposomes, the quantum vyield ¢ of ANS would be dependent on the membrane
hydrophobicicty, lsgs. According to Uchiyama et al., the fluorescence quantum yields ¢ can be

determined with the following equation:*®
$= ¢gr x (FIA)I(FrIAR) % (N/NR)?,

where ¢r is the fluorescence quantum yield of a reference compound (anthracene, ¢r =0.297 in
ethanol®). F and Fr are the integrated values of fluorescence spectra for ANS and reference, A
and Ar are the absorbance at the excitation wavelength, n and nr are refractive indices of solvents.
The estimated ¢ values of ANS in DOPC, in DPPC, and in PBS buffer were 0.285+0.008,
0.260+0.005, and 0.006+0.001, respectively (at 37 °C). It is therefore investigated that the
(apparent) quantum yield of ANS in DOPC was higher than that in DPPC liposome.
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Figure S6. Fluorescent spectra of Prodan in DOPC, DPPC liposomes and water (a), in DOPC/Chl
liposomes (b), DOPC/Lan liposomes (c), and DOPC/Erg liposomes (d). The fluorescent intensity
of Prodan in water was lower enough, as compared to that in liposome systems. Thus, the
partitioning of probe in water hardly influences on the Prodan spectra in the presence of
liposomes.®1°
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Figure S7. The raw data for membrane fluidity investigated by TMA-DPH (a), fluorescent
intensity of ANS at lss4 (b) and membrane polarity analyzed by Prodan (d).
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Figure S8. Modified biosynthesis pathway of sterols in membrane.?
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