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Abstract

Although lateral and interleaflet lipid-lipid interactions in cell membranes play roles in maintaining
asymmetric lipid bilayers, the molecular basis of these interactions is largely unknown. Here we
established a method to determine the distribution ratio of phospholipids between the outer and inner
leaflets of asymmetric large unilamellar vesicles (aLUVs). The trimethylammonium group, (CH3)3N¥,
in the choline headgroup of N-palmitoyl-sphingomyelin (PSM) and 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC) gave rise to a relatively sharp signal in magic angle spinning solid-state
'"H NMR (MAS-ss-'"H NMR). PSM and DOPC have the same headgroup structure, but one
phospholipid was selectively observed by deuterating the trimethylammonium group of the other
phospholipid. The addition of Pr** to the medium surrounding aLUVs selectively shifted the chemical
shift of the (CH3);N™ group in the outer leaflet from that in the inner leaflet, which allows the
estimation of the interleaflet distribution ratio of unlabeled lipid in aLUVs. Using this method, we
evaluated the translocation of PSM and DOPC between the outer and inner leaflets of the cholesterol-
containing aLUVs, with PSM and DOPC mostly distributed in the outer and inner leaflets, respectively,
immediately upon aLUV preparation, and flip and flop rates of approximately 2.7 and 6.4 x10°6 s,
respectively. During the passive symmetrization of the aLUVs, the lipid translocation rate was
decreased due to changes in the membrane order, probably through the formation of the registered
liquid-ordered domains. Comparison of the result with that of symmetric LUVs revealed that lipid
asymmetry may not significantly affect the lipid translocation rates while lateral lipid-lipid interaction
may be a dominant factor in lipid translocation under these conditions. These findings highlight the
importance of considering the effects of lateral lipid interactions within the same leaflet on lipid flip-

flop rates when evaluating the asymmetry of phospholipids in the cell membrane.

Introduction

The asymmetry of the cell membrane bilayer structure, in which the outer and inner leaflets exhibit
different lipid compositions, is maintained by homeostasis.! In the mammalian plasma membrane,
phosphatidylcholine (PC), sphingomyelin (SM), and glycosphingolipids that predominantly possess
saturated acyl chains are largely distributed in the exoplasmic-leaflet?>? By contrast,
phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylinositol (PI) with
unsaturated acyl chains are mostly present in the cytosolic leaflet.>*> The coupling of the outer and
inner leaflets is thought to play certain roles in cellular homeostasis and intercellular communication.
Membrane asymmetry, which is homeostatic in yeast cells, maintains normal membrane
concentrations of ergosterol.® In the presence of cholesterol (Cho), sphingolipids including SM in the
outer-leaflet of cell membranes form lipid rafts as a functional domain, whereas PI and
phosphatidylinositol phosphates (PIPs) are presumably localized on the inner-leaflet side of lipid

rafts.”®” Membrane asymmetry is essential for cell viability, as shown in the retention of sterols in
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yeast cell membranes.® Disturbance of this asymmetry such as the exposure of PS to the exoplasmic-
leaflet is known to be a signal of cell apoptosis'® and seen in exosomes produced by cancer cells.!!
PEs exposed in the outer leaflets are involved in membrane fusion by inducing negative curvatures.'?

Asymmetric distribution of phospholipids occurs during biosynthesis and transport from the
intracellular system to the plasma membrane. Lateral and trans-bilayer lipid interactions are key
factors controlling the thermodynamic equilibrium that reduces bilayer asymmetry.!!% The
membrane-associated enzymes, so-called flippases and flopases, translocate phospholipids to the
opposite leaflet to overcome the thermodynamic scrambling of bilayer asymmetry, whereas
scramblases promote scrambling.!>!6 Both thermodynamic equilibrium and ATP-driven mechanisms
are at work in the homeostatic asymmetric distribution of membrane lipids under physiological
conditions.

One of the drawbacks of artificial vesicles commonly used in biophysical studies is the symmetric
lipid distribution of each leaflet. Thus, several methods have been developed for preparing asymmetric
bilayers:!” overlaying the two different lipid monolayers together,'® the water-oil interface,'®!8 Ca?*-
induced flipping of phosphatidylserine,?>?! and the outer-leaflet selective enzymatic
transformation.???* Among them, the method based on methyl-cyclodextrin-mediated lipid exchange
has widely been used to prepare asymmetric unilamellar vesicles (aLUVs).2* The lipid composition of
each leaflet of aLUV is estimated indirectly using fluorescent probes? and chemical modifications.?

In model-membrane studies of leaflet-specific distribution and translocation of phospholipids, lipid-
type fluorescence probes are often used to observe the flip-flop?® although bulky hydrophobic
fluorophores sometimes alter the intrinsic behavior of lipids. Using non-labeled phospholipids,
therefore, Liu and Conboy?”-*® measured their flip-flop kinetics by vibrational spectroscopy for planar
supported bilayers. They reported rate constants of phospholipids (k), which is the number of flips or
flops of phospholipids that occur per second, are in the order of 10~ to 10 s in the symmetric
bilayers of saturated PCs in the liquid phase, and in the order of 10 s in the DSPC/Cho (85: 15)
bilayers; these rate constants correspond to the half-lives of a few minutes to several hours.?”> 2 By
contrast, molecular dynamics (MD) simulations reported that the flip-flop rate constant of DPPC at
50 °C is estimated to be much slower and ranges from 10 to 107 s*!, with half-lives corresponding to
tens of hours to several days.?’

To distinguish the occurrence of lipid in the outer leaflet from those in the inner leaflet (and inside)
of vesicles, the paramagnetic lanthanide-induced chemical shift (LIS) of NMR signals has been used
to selectively observe the 'H signal originating from the trimethylammonium group of the headgroup
choline.?*3! The paramagnetic relaxation enhancement of phospholipids, which has been used for
estimating the depth of bound molecules in lipid bilayers,* is also adopted to evaluate the asymmetric
binding of peptides.} Because lanthanide ions do not permeate the lipid bilayers, the ions added to the

vesicle suspension are thought to selectively interact with the phospholipids distributed in the outer-
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most leaflet.3* When the 'H NMR spectrum of vesicles is measured on a solution NMR instrument,
the signal width is significantly broadened due to 'H-'H magnetic dipole-dipole coupling within an
LUV-bound phospholipid molecule with low mobility. Additionally, the presence of paramagnetic
lanthanide ions could further interfere with quantitative measurements of peak area.**3

In this study we examined the flip-flop kinetics of phospholipids bearing choline headgroups in
aLUV membranes using solid-state '"H NMR spectroscopy. Magic angle spinning (MAS) was
employed to enhance spectral resolution by reducing the chemical shift anisotropy and magnetic
dipolar interactions. Although the MAS technique has often been used to separate multiple *C NMR
signals of membrane-bound peptides®® and antibiotics,’’ its application for detecting 'H signals is
limited mainly due to the high dipolar interaction of 'H nuclei. In this aspect, the choline group is
suitable for 'TH NMR experiments because of its high mobility and low dipolar interaction with the
surrounding 'H nuclei. aLUVs composed of PSM in the outer leaflet (PSM°*) and DOPC in the inner
leaflet (DOPC™) were prepared as a model for biological membranes, where y-do-PSM or y-do-DOPC
(Fig 1) was introduced instead of unlabeled lipids to eliminate these signals and to highlight the
(CH3)3N* signal of the unlabeled lipids. Addition of Pr(NO3); to the surrounding medium induced LIS
that distinguished the (CH3);N* signals on the outer leaflet from those on the inner leaflet. The NMR
results demonstrated that the asymmetric distributions of PSM and DOPC were gradually disrupted at
40 °C with the initial rate constants of 2 to 7 x10 s (40 °C), reaching equilibrium in about 100 h.
Differences in the flip-flop rate constant of PSM and DOPC were examined under symmetric and
asymmetric membrane conditions. Whereas strong correlation of the flip-flop rate with lateral lipid—
lipid interactions was observed in both conditions, the composition of the interleaf lipids had only a

slight effect on the flip-flop kinetics.

A
Y ., a0 0 CH
(D4C)N Pl s
et \B/\o o CiaHyy
HNTC15H31
o)
B

T a0 p 7
(DBC)BN\/\O,P\O O/U\A/\/\/:\/\/\/\
A S OSSR

o

Figure 1. Chemical structures of y-do-PSM (A) and y-do-DOPC (B).

EXPERIMENTAL SECTION

General Materials. Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-
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sn-glycero-3-phosphocholine (DOPC) were purchased from Yuka Sangyo (Tokyo, Japan). The egg
SM was purchased from Nagara Science (Gifu, Japan). 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), cholesterol (Cho), and Pr(NO3)3 6H,O were purchased from Nacalai
Tesque (Kyoto, Japan). Methyl-a-cyclodextrin (MaCD) was purchased from AraChem (Netherlands).
Palmitoyl sphingomyelin (PSM) was isolated at 99% purity from egg SM by preparative reverse-phase
high-performance liquid chromatography (HPLC) (Discovery C18 column, Supelco, Bellefonte, PA)
using methanol as the eluent. y-do-PSM and y-do-DOPC were synthesized in our laboratory and

synthetic procedures are described in the Supporting Information section.

Preparation of symmetric LUVs. Symmetric LUVs (sLUVs) were prepared according to a
previously reported protocol.®* Briefly, appropriate amounts of lipids in CHCl; and MeOH were
dispensed into glass tubes. The organic solvent was evaporated under a stream of Ar, and the remaining
lipid films were exposed to a high vacuum overnight. Dried lipid films were hydrated with D>O (or
0.9% NaCl in D>0O) for POPC/Cho (7:3) LUVs or D,O for acceptor LUVs at 65 °C for 30 min and
vortexed vigorously. The solution was then subjected to five freeze-thaw cycles to obtain multilamellar
vesicles (MLVs). Finally, the resultant MLVs were filtered 11 times through a polycarbonate filter with
a pore size of 100 nm (Whatman) at 65 °C using a Mini-Extruder set (Avanti Polar Lipids, Alabaster,
AL). The resultant LUV suspensions were concentrated using Amicon Ultra-2 (100 kDa) (Merck
Millipore) at 4000 xg for 120 min at 4 °C. Appropriate amounts of Pr(NO3)3; *6H>0 dissolved in D>O
(or in D,O containing 0.9% NaCl) were added to the LUV's suspensions to obtain a final concentration
of 1 mM Pr*".!” The concentrated sLUVs suspensions, with or without Pr’*, were then carefully
transferred to Bruker BL4 HR-MAS Kel-F inserts. In the NMR spectra in Fig. 1, we used 0.9% NaCl
in D>0O to prepare sLUVs following usual physiological conditions. For measuring flip-flop rates with

aLLUVs (and sLUVs), we used D»O to obtain reproducible peak areas in NMR experiments.

Preparation of aLUVs. al.LUVs were prepared according to previously reported protocols with
some modifications.”* aLUVs composed of PSM°" and DOPC™ with Cho in both leaflets were
prepared from donor MLVs composed of PSM and acceptor LUVs composed of DOPC and Cho. For
preparation of donor MLVs, 12 umol of unlabeled PSM or y-do-PSM in MeOH was dispensed into
glass tubes. The organic solvent was evaporated under a stream of Ar, and the remaining lipid films
were exposed to high vacuum for at least 1 h. The dried film was then hydrated with 400 puL of a 25%
sucrose solution by vigorous vortexing and incubated at 65 °C in a water bath for 20 min. To this donor
MLV suspension, 100 puL of 0.6 M MaCD in 25% (w/w) sucrose solution was added, and the mixture
was incubated at 65 °C for 2 h. For acceptor LUVs, 6 umol of a lipid mixture composed of 2:1
DOPC/Cho (mol/mol) or 2:1 y-do-DOPC/Cho (mol/mol) in CHCI3 was dispensed into glass tubes. The
samples were dried as described above and then hydrated with D,O (500 pL) at 65 °C in a water bath
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for 20 min; D>O was used for MAS-ss-"H NMR measurements. The suspension was then subjected to
five freeze-thaw cycles to obtain MLVs. Finally, to prepare LUVs, the resulting MLVs were filtered
11 times through a polycarbonate filter with a pore size of 100 nm (Whatman) at 65 °C using a Mini-
Extruder set (Avanti Polar Lipids, Alabaster, AL). The resultant acceptor LUVs were concentrated
with Amicon Ultra-2 (100 kDa) (Merck Millipore) at 4000 xg for 40 min at 20 °C and diluted with
D0 (12 mM lipid conc.). The acceptor LUV suspension with the lipid concentration of 12 mM (500
pL) was mixed with 24 mM donor MLV suspension (500 pL) that contained Ma.CD and incubated at
30 °C for 50 min. The mixtures were then carefully added to an 8% (w/w) sucrose solution (2 mL)
and subjected to ultracentrifugation at 233,000 xg for 30 min at 20 °C using Optima MAX
ultracentrifuge (Beckman Coulter) and MLA-55 rotor (Beckman Coulter). After removing the donor
mixtures in the underlayer (approximately 1 mL), the suspension was subjected to ultracentrifugation
at 233,000 xg for 30 min at 20 °C, and the supernatant containing aLUVs was separated from the
donor MLV pellets. The lipid compositions of aLUV's were separately confirmed by solution 'H NMR
spectroscopy, as described in Supporting Information.

The LUVs used as ‘symmetric’ vesicles were prepared with the configuration of PSM°%/y-do-PSMi®
or y-do-DOPC°"/DOPC™ (see Graphic Abstract) by a similar protocol to that used for asymmetric
vesicles. The Cho contents in both of the symmetric vesicles ranged from 18 to 28 mol% were
estimated by solution '"H NMR as described in Supporting Information.

For MAS-ss-'"H NMR samples, aLUVs present in the supernatant after the ultracentrifugation were
concentrated, and then washed with D>O (2 mL) by using Amicon Ultra-2 (100 kDa) at 4000 xg for
40 min at 4 °C. For a flip-flop experiment, the obtained aLUV's were aliquoted and incubated for 0—
180 h at 40 °C. Then, a solution of Pr(NOs);-6H,O in D,O was added (1 mM Pr** in final
concentration). To reduce sample volume suitable for NMR measurements, the aLUV's suspension was
concentrated with Amicon Ultra-0.5 (100 kDa) (Merck Millipore) at 14,000 xg for 40 min at 4 °C, and
retained LUV suspension was transferred carefully to Bruker BL4 HR-MAS Kel-F inserts (4 mm).
The total concentration of lipids in the NMR experiments was estimated by ultra-performance liquid
chromatography coupled to electrospray ionization (UPLC-ESI-MS) analysis (see Supporting
Information). For TMA-DPH (and DPH) anisotropy measurements,-MilliQ water was used instead of

D,0. Details of the anisotropy measurements is described in Supporting Information.

Preparation of ss-NMR and anisotropy samples. For MAS-ss-'H NMR samples, aLUVs
present in the supernatant after the ultracentrifugation were concentrated, and then washed with D,O
(2 mL) using Amicon Ultra-2 (100 kDa) at 4000 xg for 40 min at 4 °C. For a flip-flop experiment, the
obtained aLUVs were aliquoted and incubated for 0—180 h at 40 °C. A solution of Pr(NO3)3-6H,0 in
D,0O was then added (1 mM Pr*" as final concentration in NMR measurement). To reduce sample

volume suitable for NMR measurements, the aLUV's suspension was concentrated with Amicon Ultra-
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0.5 (100 kDa) (Merck Millipore) at 14,000 xg for 40 min at 4 °C, and retained LUV suspension was
transferred carefully to Bruker BL4 HR-MAS Kel-F inserts (4 mm). The translocation of lipid during
preparation of NMR samples and NMR measurement was considered negligible, since the
temperatures of these steps were significantly lower than the incubation temperature. Therefore, the
effect of lanthanide ions on the lipid translocation reported by Cheng and Conboy was not taken into
account in these experiments since lanthanide ions exhibit slower lipid exchange.** The total
concentration of lipids in the NMR experiments was estimated by ultra-performance liquid
chromatography coupled to electrospray ionization (UPLC-ESI-MS) analysis (see Supporting
Information).

For trimethylammonium-diphenylhexatriene (TMA-DPH) and diphenylhexatriene (DPH)
anisotropy measurements, MilliQ water was used instead of D»O. Details of the anisotropy

measurements is described in Supporting Information.

MAS-solid-state 'TH NMR. Solid-state "H-NMR spectra under MAS conditions were acquired on
a Bruker AVANCE400 spectrometer at 400 MHz and a Bruker AVANCE600 spectrometer at 600 MHz
for the 'H frequency. A Bruker standard pulse program zg30 was used with a 90° pulse width of 4 ps
and recycle delay of 5 s. The MAS rate was set to 12 kHz, unless otherwise specified. Spectra were

collected at 30 °C, and the number of scans ranged from 500 to 3,000.

Distribution and flip-flop rate of PSM and DOPC. The flip-flop rates of phospholipids were
estimated according to previous reports,?’ with slight modifications. The fractions of PSM in the outer-
leaflet (f 245" (t)) and DOPC in the inner-leaflet (fARR(t)) of aLUVs upon incubation for time ¢
were determined for the samples composed of PSM°"/y-do-DOPC™ and y-do-PSM°"/DOPC™ bilayers,

respectively, based on equations (1) and (2).

Outer Rshifted
t) =—mm— 1
fPSM ( ) RshiftedtRunshifted ( )

Inner Runshifted
£) = —Runshijted 2
fDOPC ( ) RshiftedtRunshifted ( )

where Ryhified and Runshisiea are the relative areas of the shifted and unshifted (CH3);N* peaks in the MAS
IH-NMR spectra, respectively, in the presence of Pr**. The peak areas were estimated by fitting
Lorentz functions upon spectral deconvolution using an in-house Excel program (Microsoft
Corporation, WA, USA).
as estimated by fitting with Lorentz functions upon spectral deconvolution by in house program using
Excel (Microsoft Corporation, WA, USA).

The lipid flip-flop rates (kpsy and kporc) were determined directly from the time dependent decay

of fractions f;{%4e" (t) and fIBRer (t), the time-dependent decay of f%4e™ (t) and fARRET (t) (entire
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data are shown in Supporting Information).? f;%4€" (¢) and fARRE" (t) were fitted with the following

equations (Eq. 3 and 4) using OriginPro9.1 (OriginLab Corporation, MA, USA).

Afpsu®(8) =
fOuter(t) _fOuter(tmax)
f;}ggr(o)_fz%er(tmax) = €xp (_ZkPSMt) (3)
Afpopg (t) =
fInner(t) _fmner(tmax)
e e = exp (—2kpopct) “)

flg—r(l)rlge(.‘r(o) _fDITgIBe(,‘r(tmax)

OULer (0) and fARRET(0) are the initial distribution ratio of PSM and DOPC, obtained from
equation (1) and (2). f24E" (tmax) and fIBREr (¢, ..) are the limit values (t — o), corresponding to
the minimum experimental values.

The half-lives of the asymmetry (#1/2) were obtained using Eq. 5.

n2
b2 = Zn_k Q)

Further details are provided in Supporting Information.

B RESULTS AND DISCUSSION

Optimization of MAS-ss-'H NMR conditions. To optimize the experimental setup, MAS 'H-
ss-NMR was performed on symmetric LUVs (sLUVs) composed of POPC/Cho (7:3) (Fig.2). The
spectrum measured at the MAS rate of 12 kHz showed a sharper (CH3);N" peak at 3.21 ppm (Fig.2A)
than that when spinning at 4 kHz. Hereafter, the MAS rate was set to 12 kHz unless otherwise specified.
Upon addition of 1 mM Pr** (final concentration), a part of the (CH3)sN* peak of POPC shifted to a
lower field (up to 3.25-3.30 ppm), while nearly half of the "H NMR signal originating from the inner
leaflets did not change because Pr** did not approach the phospholipids in the inner leaflet (Fig. 2B).3°
Furthermore, the ratio of the two peak areas was 1:1, and their relaxation times were almost equal
(Fig.S1). MAS 'H-ss-NMR with 1 mM Pr3* led to clear separation of the (CH3)3;N" signal of POPC in
the outer leaflet from that in the inner leaflet. Moreover, the peak-area ratios of these separated signals
simply correspond to the outer/inner molar ratio of POPC because the effect of this paramagnetic
reagent on the peak area was negligible under these conditions. Lanthanide ions are often reported to
affect membrane properties. Pr’" was added at each incubation time just prior to the NMR
measurements, which were performed over a relatively short time period of 2—4 hours. Therefore, at
the concentrations in this study, it is unlikely that the behavior of phospholipids would be significantly

affected by Pr’*. MAS during NMR measurements sometimes affect the properties of the membrane.
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However, it would not significantly affect the NMR results for the same reason.

In this study, we added Cho to the aLUVs to mimic mammalian membranes, which also prevented
gel-phase formation; the peak intensity of (CH3);N* group was markedly reduced when the
phospholipids are in the gel phase.*! Formation of the fluid phase in aLUVs was confirmed by the
temperature dependence of DPH anisotropy, with no abrupt change in anisotropy due to phase

transition (Fig. S2).

MAS-ss-'H NMR of aLUVs. NMR conditions optimized with the symmetric membranes were
applied to determine the distribution ratio of phosphocholine lipids in each leaflet of the aLUVs. Prior
to measurement, we determined the total lipid composition of aLUV's using solution '"H NMR (See
Supporting Information) of four separately prepared aLUV samples (PSM/DOPC/Cho =38 £2: 37 =
2: 26 + 1, the mean + standard error (SE) in mol %). However, 14~17 % of PSM turned out to be
derived from donor MLVs that was contaminated during aLUV preparation; this fraction of PSM in
the MLV was quantified by another experiment using nitrobenzoxadiazole(NBD)-Cho premixed in
MLVs.!742 The remaining NBD fluorescence in the aLUV preparation revealed that most of unshifted
PSM signal observed at 3.22 ppm in the presence of Pr** was due to MLV contamination (see Table
S1 for details). On the other hand, PSM in the outermost leaflet of the residual MLV, which shows a
peak shifted to 3.4 ppm, contributed only a small fraction of the peak area. Thus, we subtracted this
fraction of PSM in the MLVs from the lipid composition ratio above. The modified lipid ratio of
aLUVs thus obtained is as follows:

PSM/DOPC/Cho=34+1:39+2:27+1 (mol %)

Since a certain fraction of DOPC was oppositely transferred from LUV to donor multilamellar vesicles
(MLVs), this DOPC fraction might affect the lipid composition. The percentage of transferred DOPC
in the total aLUV lipids was estimated to be 2.6 mol% (see the legend for Table S1). Therefore, the
effect of DOPC in the residual MLVs on the lipid composition of aLUVs can be considered within the
margin of error. Furthermore, PSM in the outermost leaflet of the MLV contributed only a small
fraction of the peak area which shows a peak shifted to 3.4 ppm (see Supporting Information for
details). The aLUVs of y-do-PSM°“/DOPC™/Cho, where y-do-PSM and DOPC were mostly present in
the outer and inner leaflets of the vesicles, respectively (Table S1), were added with Pr? * to selectively
induce LIS on the outer leaflet (Fig.3). Superscripts ‘in’ and ‘out’ indicate the phospholipids present
in the inner and outer leaflets of the vesicles, respectively. As shown in Fig.3A, the (CH3)3N™ signal
of DOPC was observed only at 3.21 ppm immediately after aLUVs preparation. After 10 h of
incubation, however, an additional peak at 3.36 ppm appeared, and the peak intensity increased as the

incubation time increased (Fig.3A, C, E, G). These data indicate that DOPC in the outer leaflet of the
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acceptor LUVs was completely exchanged with PSM during the aLUV preparation, and during the
incubation period, a portion of the DOPC was flopped from the inner leaflet to the outer leaflet.

The (CH3)3N* signal of PSM in aLUVs composed of PSM®“/y-do-DOPC/Cho was observed in the
presence of Pr** at 3.37 ppm and 3.22 ppm at the beginning of incubation (Fig.3B). As described above,
this fraction of PSM was mostly due to the contamination of the remaining donor MLV's composed of
PSM. The peak intensity at 3.22 ppm increased after incubation for 10 h and 40 h, indicating that PSM
was partially flipped into the inner leaflet (Fig.3D, F), and it became almost the same as that at 3.37
ppm after incubation for 120 h, representing that PSM were equally present between the inner and

outer leaflet (Fig.3H).

A

3.5 34 33 3.2 31 3.0
Chemical shift /ppm

B

3.5 34 33 32 31 3.0

Chemical shift / ppm

Figure 2. Trimethylammonium ((CH3)3-N¥) signals of POPC vesicles (0.9% NaCl in D>O, 30 °C) in
MAS-ss-'H NMR spectra. A, MAS-ss-'H NMR spectra of symmetric POPC/Cho (7:3) LUVs at the
MAS rates of 4 kHz (gray trace) and 12 kHz (black trace), respectively. B, MAS 'H-ss-NMR spectra
of POPC/Cho (7:3) LUVs at 12 kHz MAS with 1 mM Pr3* (black trace), and fitting curves (red traces).
Spectra were recorded on an instrument with 'H resonance frequency of 600 MHz. The lipid

concentration was approximately 75 mM.
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Figure 3. MAS-ss-'H NMR spectra of the (CHs3)sN* signals of aLUVs composed of
PSM°*/DOPC"/Cho in the presence of 1 mM Pr** in D>O at 600 MHz (30 °C). A, C, E, G: The spectra
of aLUVs composed of y-do-PSM°"/DOPC™/Cho were collected after incubation at 40 °C for 0 h (A),
10 h (C), 20 h (E) and 80 h (G). B, D, F, H: Spectra of aLUVs composed of PSM®“/y-do-DOPC"/Cho
were recorded after incubation at 40 °C for 0 h (B), 10 h (D), 40 h (F) and 120 h (H). LIS by Pr3'-
induced down-field shifts of the (CH3)3N™ signals (3.33-3.39 ppm) originated from the outer leaflet
lipid. The slight differences in the down-fielded chemical shifts depended on the sample preparation
including the molecular ratio of lipid and Pr**. The chemical shifts of the signal from inner leaf lipids,
which were less affected by Pr**, were almost constant. The lipid concentrations of samples in the
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NMR insert was estimated to be 10 mM to 50 mM. The additional peak at 3.55 ppm is from residual
sucrose originating from aL UV preparation.

Lifetime of membrane asymmetry of aLUVs and sLUVs. The effect of membrane
asymmetry on the flip-flop rate of lipids was estimated by comparing the aLUVs and sLUVs, the latter
of which were actually asymmetric in terms of deuterated/not-deuterated lipids, even though they are
symmetric in terms of lipid composition. The half-life (#1,2) of the asymmetric lipid distribution, which
approximately corresponds to the time required for 25 mol% lipid to translocate from one leaflet to
the other, was measured based on time-dependent changes in the relative ratio of the (CH3);N* peak
areas from the inner and outer leaflets (Figure S2). To measure the flip-flop rate of phospholipids in
symmetric lipid composition, we prepared the sSLUVs consisting of PSM®"/y-do-PSM™/Cho and y-do-
DOPC*/DOPC™™/Cho, which allowed the selective observation of the flip-flop of the outer and inner
lipid signals, respectively. Time-dependent changes in the lipid contents in these sLUVs were
measured by the same method as that for aLUVs.

As a result, a difference in the #1» values of DOPC and PSM in the sSLUVs (Fig.4B) indicated that
DOPC more rapidly flops into the opposite leaflet compared to PSM. The similar difference was
observed in aLUVs composed of PSM°*/DOPC™/Cho (Fig.4A). These differences in flip-flop kinetics
are assumed to correlate with the area per lipid. '**** Namely, the lateral lipid-lipid interactions
occurring within each leaflet predominantly govern the lipid flip-flop rates, whereas the effect of
asymmetry was considered relatively small. Additionally, a significant increase in the membrane order
was observed in aLUVs after 120 h of incubation (Fig.5). Thus, gradual symmetrization of aLUVs
probably resulted in the lateral segregation into the Ld and Lo phases in both leaflets,**¢ which
somehow affected the 71> values*’*® Actually, the apparent & values for DOPC and PSM obtained from
the whole incubation period were 3.8 x 10 s' and 1.7 x 10 57!, respectively, which are somewhat
smaller than those obtained from translocation rates in the first half of translocation (Table 1). As
described below, we also obtained the same flip-flop rates for the first quarter, which were slightly
larger than the values for the first half (Fig. S5C). However, since the error was large in these values,
we used the kinetic parameters obtained from the first half of the incubation period in subsequent
analyses to examine the effect of asymmetry on the flip-flop rate of aLUVs. The apparent & values of
aLUVs were obtained for a longer period (1.7 x 10 s”! for PSM and 3.8 x 107 s”! for DOPC up to 120
h).
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Figure 4. Half-lives of DOPC (open bars) and PSM (gray bars) in aLUVs (A) and sLUVs (B). aLUVs
contained 27 mol% Cho. The Cho contents in PSM°%/y-do-PSM"/Cho and y-do-DOPC**/DOPC/Cho
were 28 mol% and 21 mol%, respectively. Error bars represent the mean + standard error (SE) of a set

of n=8-22. Statistical significance was determined from student t-test. *p<0.1, **p<0.05, ***p<0.01.

Table 1. Flip-flop rates of aLUVs and sLUVs. The flip-flop rates of aLUVs were deduced from the
first half of the symmetrization process (until 50% of the PSM or DOPC was translocated). Errors in

the mean values were obtained from the 95 % confidence interval calculated from SE x 1.96.

Asymmetric LUVs Symmetric LUVs
(PSM/DOPC/Cho) (PSM/Cho or DOPC/Cho)
Lipid DOPC PSM DOPC PSM
Flip-flop rat
'p-top rate 64415 27408 77429 2.040.3
k(x10°s")
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Figure 5. Fluorescence anisotropies of TMA-DPH in aLUVs and sLUVs (A), and time-course of
change in DPH anisotropy in aLUVs (B). A, TMA-DPH anisotropy in sSLUVs consisting of PSM/Cho
2:1 and DOPC/Cho 2:1 (open bars), and aLUVs (filled bars) at 40 °C. B, Time-dependent changes in
DPH anisotropy at 40 °C in aLUVs, where DPH was present in both leaflets. The anisotropy values
were normalized using the value at 0 h. Errors in the mean values were obtained from the 95%
confidence interval calculated from SE x 1.96- Mean and SE values were obtained from triplicate
preparations. The lipid concentration of the aLUV suspensions was approximately 100 uM based on
fluorescence anisotropy measurements.

Flip-flop rates of aLUVs and sLUVs. The kinetic parameters of phospholipid flip-flops in
bilayer membranes are important for gaining insights into homeostasis maintenance and the disruption
of the asymmetry of biological membranes. To reduce the influence of domain formation during lipid
flip-flop, the rate constants (k) for lipid translocation in aLUVs and sLUVs were measured from the
first half of the decay curves (0% to 50% flip) (Table 1 and Fig. 6). The difference between PSM and
DOPC in the flip-flop rate (Table 1, Fig. S3B) showed a similar trend to that in the #1,> values (Fig. 4).
The flip-flop rates of PSM in aLUVs tended to be slightly higher than those in the binary sLUVs
consisting of PSM/Cho. By contrast, the rates of DOPC showed a marginal difference between aLUV's
and the sLUVs (Fig S3B, Table 1). This result suggests that the tight chain packing of PSM is more
susceptible to the loose chain packing of DOPC on the other side as compared to the opposite case.

The reproducibility of the NMR experiments was rather low (Fig. S3A), mainly due to the intrinsic
difficulty in preparing aLUVs with a constant lipid composition and in preventing MLV
contamination; there were two cases of this contamination: coexisting donor MLVs and residual MLVs
(and multivesicular vesicles) in acceptor LUVs. The latter case was not included in the correction of

lipid composition because it is difficult to quantify. Therefore, the experiment was repeated at least
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eight times to test the significance of the differences in flip-flop rates under each condition (Fig. 4).

It is noteworthy that the difference in Cho concentration among the LUV preparations was unlikely
to influence the flip-flop kinetics in this experiment—Cho content of the vesicles consisting of
PSM°"/y-do-PSM™/Cho was approximately 28 mol%, and that of the vesicles consisting of y-do-
DOPC*/DOPC™/Cho was 21 mol% by the solution NMR method (Table S2). This reduction in Cho
content from the acceptor LUV before lipid exchanges (33 mol%) may be largely caused by the MLV
contamination, as discussed above. The difference in Cho content between PSM/DOPC/Cho and
PSM°Y/y-dy-PSM™™/Cho (or y-do-DOPC"/DOPC™/Cho) may be due to the larger amount of the
residual donor MLVs. However, since the Cho-induced ordering effect was not significant in this
concentration range (Fig. S4), differences in Cho content among these LUVs were not considered to
significantly affect the membrane properties that potentially affect the flip-flop rate. Therefore, we
assumed that the differences in the flip-flop kinetics of the LUV preparations were largely due to
factors other than Cho content.

As shown in Table 1, the flip-flop rates of DOPC were greater than those of PSM for both aLUVs
and sLUVs. Previous studies have shown that the activation free energy of phospholipid flip-flop is
strongly correlated with the molar compressive modulus and area per lipid.!*** Under the present
conditions, DOPC bearing two unsaturated acyl chains has a larger area per lipid and smaller molar
compressive modulus compared to PSM.#4%3%5! Therefore, the faster translocation rate of DOPC in
Table 1 can be attributed to its smaller molar compressive modulus, which decreases the energy barrier
for translocation. The similarity in the flip-flop rates of DOPC between aLUVs and sLUVs (Table 1)
implies that lateral lipid-lipid interactions within the leaflet are a key factor in determining the lipid
translocation rate. During flopping to the outer leaflet, DOPC invades the outer leaflet composed of
PSM and spreads the mesh of the hydrogen bond network of the ordered PSM leaflet. However, the
difference in the flip-flop rates of DOPC between the asymmetric and symmetric vesicles appears to
be marginal in the present experiment. Further, when tightly packed PSMs in the outer leaflet are
coupled with loosely packed DOPC in the inner leaflet, the PSM leaflet can be slightly relaxed while
the DOPC leaflet may be slightly compressed to reduce mismatch.’? This is also supported by the
results of TMA-DPH anisotropy shown in Fig.5A. Therefore, the small differences in lipid
translocation rates of PSM observed between aLUVs and sLUVs (Table 1) may be caused by certain
changes in lateral lipid-lipid packing due to inter-leaflet interactions, which may influence the

compressive modulus.

Cho effects on flip-flop rate. The present results showed that DOPC flip-flops faster than PSM,
resulting in a higher number of phospholipids in the outer leaflet than in the inner leaflet of aLUVs.
Since Cho flip-flops are much faster than phospholipids, their translocation to the opposite leaflet may

relax overcrowding of outer leaflet phospholipids. To examine this possibility, we measured the time-
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dependent change in the flip-flop rates over time (Fig. S3C). The results showed that the actual
decreases in flip-flop rates were greater than the rate constants deduced from first-order kinetics,
suggesting that Cho regulates the balance of lipid densities between the inner and outer leaflets under
these experimental conditions. However, it is difficult to discuss the mechanism by which Cho
regulates the flip-flop of phospholipids in detail, because the membrane leaflet distribution of Cho has
not been precisely determined, even for artificial membranes. Therefore, further studies are warranted.

Cho is also known to exert the ordering effect either on the saturated and unsaturated acyl chains

33,54 although this effect varies depending on the unsaturation of acyl groups. Thus,

of phospholipids
the Cho content in bilayers should affect the flip-flop rate of phospholipids by changing the molar
compressive modulus and area per lipid.>> The distribution ratio of Cho in each leaflet of aLUVs is
still under discussion. If content of Cho is significantly different between the inner and outer leaflets,
it could influence the phospholipid flip-flop rate differently on PSM and DOPC. It is assumed that
Cho possibly disrupts the SM hydrogen-bonding network and promotes fragmentation of SM gel-like
domains in Lo domains,’®*” which may promote the flip-flop of SM. By contrast, Cho residing in the
liquid-disordered (Ld) phase increases the compressive modulus, thus potentially reducing the flip-
flop rate of lipids in the Ld phase as seen for NBD-labeled lipid.>® The present results indicate that
aLUVs and sLUVs containing similar concentrations of total Cho have similar translocation rates of

DOPC, which may imply that the distribution of Cho in the DOPC dominant inner leaflet of aLUVs
may not be markedly different from that of sSLUVs.

,-m il s ﬂgﬁ mne
“ULLALL Sui i

DOPC DOPC

Figure 6. Schematic representation of the flip-flop kinetics of PSM and DOPC during symmetrization.
The left (red) and right (blue) arrows represent the translocation of PSM and DOPC, respectively, with
thick and thin arrows indicating higher and lower flip-flop rates, respectively. See Graphical Abstract
for the symbol of lipid.

Flip-flop rates of PSM and DOPC compared with previous reports. The flip-flop rates
of PSM and DOPC obtained in the present study are in the order of 10 to 10 s’!, which are
comparable with those of DPPC in LUVs observed by solution '"H NMR,3® but significantly slower
than that obtained with phosphatidylcholine with an NBD-substituted acyl chain in vesicles (in the
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order of 10 s! to 107 s'at 41 °C.5 Substitution of an acyl chain with a hydrophobic and bulky
fluorophore, which potentially disturbs the lateral chain packing, thus facilitating the flip-flop of the
NBD lipid.

The flip-flop rates obtained in this study are slower than those of DPPC in supported bilayers (ca.
10-°s71).27-28 Previous Monte-Carlo simulations show that supported bilayers contain many submicron-
sized defects, which may greatly accelerate the translocation of phospholipids between the leaflets.>
Further, the compressive moduli of the planar bilayer are known to differ from those in the LUV
bilayers.®® Therefore, our study using LUVs may provide useful insights into the translocation rates

for bilayer phospholipids in liposome environments.

Relevance to biological membranes. The asymmetric lipid distribution is highly conserved
in the cell membranes of diverse organisms.?> The lipid bilayers wrapping extracellular vesicles, such
as exosomes, also exhibit asymmetry.®!%2 In addition to active lipid translocation by membrane
proteins, the extremely slow rates via a thermodynamic process observed in this study may also be a
key factor in maintaining asymmetric bilayers in cell membranes. For example, exposure of the PS to
the cell surface, an important signal for phagocytosis and exosome markers,'*!! likely takes very long
time in spontaneous translocation and thus requires scramblases such as the chloride channel
TMEMI16.%' The slow flip-flop of SM may also be important for the localization of diacylglycerol
(DAG), which is involved in the immune function and the cell signal transduction.®3¢* It is reported
that SM in the outer-leaflet decreases the trans-bilayer movement of DAG, which potentially
suppresses DAG-induced activation of protein kinase C (PKC).®*% The cooperative regulation of
membrane asymmetry via the passive process and enzyme-induced active transportation could help
maintain basic functions of biological membranes. In particular, since it has been reported that changes
in the local concentration of Cho may be involved in various biological phenomena®®” and amyloid-
related diseases,®® quantitative studies using model membranes on the distribution of Cho induced by
asymmetric distribution of lipids are highly desirable. Although the effect of interleaflet interactions
on PSM and DOPC translocation was not prominent under the present experimental conditions, further

studies with other lipids and under other conditions are warranted.

H CONCLUSION

Passive lipid translocation between bilayer leaflets is a fundamental process for scrambling
asymmetric bilayers. Lipid translocation parameters such as the flip-flop rate have been used to
evaluate the mechanisms that maintain cell membrane asymmetry; however, they are mostly obtained
using lipid-type fluorescent probes, which sometimes behave differently from natural lipids. In the
present study, the flip-flop rates of PSM and DOPC in aLUV's were estimated using MAS-ss-'H NMR,

with deuterated lipid probes bearing a (CD3);N™ group, since site-selective deuterium labeling has
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little effect on the intrinsic membrane properties of phospholipids. The lateral lipid-lipid interactions
dominantly governed the rate of phospholipid flip-flops (in the order of 10 s*'), whereas the lipid
composition of the opposite leaflet slightly affected the rate. Following previous studies using solution
NMR, %3 the present study also revealed that MAS-ss-'H NMR is a powerful tool for elucidating the
asymmetric distribution and flip-flop events of phospholipids in asymmetric lipid bilayers. This
method may lead to a better understanding of phospholipid behavior implicated in biological
phenomena. The growing body of experimental data on alLUVs paves the way for a better
understanding of the dynamic lipid properties of asymmetric bilayers. Some of the data can provide
essential information for fine-tuning the molecular dynamics parameters to reproduce biomembrane

dynamics.
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