
 

 

 

 

 

 

 

University of Southern Denmark

C24 Sphingolipids Govern the Transbilayer Asymmetry of Cholesterol and Lateral
Organization of Model and Live-Cell Plasma Membranes

Courtney, K C; Pezeshkian, W; Raghupathy, R; Zhang, C; Darbyson, A; Ipsen, J H; Ford, D
A; Khandelia, H; Presley, J F; Zha, X

Published in:
Cell Reports

DOI:
10.1016/j.celrep.2018.06.104

Publication date:
2018

Document version:
Final published version

Document license:
CC BY-NC-ND

Citation for pulished version (APA):
Courtney, K. C., Pezeshkian, W., Raghupathy, R., Zhang, C., Darbyson, A., Ipsen, J. H., Ford, D. A., Khandelia,
H., Presley, J. F., & Zha, X. (2018). C24 Sphingolipids Govern the Transbilayer Asymmetry of Cholesterol and
Lateral Organization of Model and Live-Cell Plasma Membranes. Cell Reports, 24(4), 1037-1049.
https://doi.org/10.1016/j.celrep.2018.06.104

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:

            • You may download this work for personal use only.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 23. May. 2023

https://doi.org/10.1016/j.celrep.2018.06.104
https://doi.org/10.1016/j.celrep.2018.06.104
https://portal.findresearcher.sdu.dk/en/publications/1a071136-d5df-46ad-8eb7-52771af0499d


Article
C24 Sphingolipids Govern
 the Transbilayer
Asymmetry of Cholesterol and Lateral Organization
of Model and Live-Cell Plasma Membranes
Graphical Abstract
Highlights
d C24 SM functions distinctly from C16 or C18 SM in

asymmetric membrane

d C24 SM dictates cholesterol partition between the leaflets of

the membrane

d C24 SM suppresses formation of microdomains in

asymmetric membranes
Courtney et al., 2018, Cell Reports 24, 1037–1049
July 24, 2018 ª 2018 The Author(s).
https://doi.org/10.1016/j.celrep.2018.06.104
Authors

K.C. Courtney, W. Pezeshkian,

R. Raghupathy, ..., H. Khandelia,

J.F. Presley, X. Zha

Correspondence
xzha@ohri.ca

In Brief

Sphingolipids, mostly C24, reside in the

exoplasmic leaflet of the plasma

membrane in mammalian cells. Courtney

et al. find that C24 sphingomyelin (SM),

unlike C16 or C18 SM, dictates

cholesterol partitioning between leaflets

and, consequently, controls the formation

of microdomains in membranes.

mailto:xzha@ohri.ca
https://doi.org/10.1016/j.celrep.2018.06.104
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.06.104&domain=pdf


Cell Reports

Article
C24 Sphingolipids Govern the Transbilayer
Asymmetry of Cholesterol and Lateral Organization
of Model and Live-Cell Plasma Membranes
K.C. Courtney,1 W. Pezeshkian,2 R. Raghupathy,3 C. Zhang,3 A. Darbyson,3 J.H. Ipsen,2 D.A. Ford,4 H. Khandelia,2

J.F. Presley,5 and X. Zha1,3,6,*
1Department of Biochemistry, Microbiology and Immunology, University of Ottawa, 501 Smyth Road, Ottawa, ON K1H 8L6, Canada
2MEMPHYS, Center for Biomembrane Physics, University of Southern Denmark, Campusvej 55, Odense 5230, Denmark
3Chronic Disease Program, Ottawa Hospital Research Institute, 501 Smyth Road, Ottawa, ON K1H 8L6, Canada
4Edward A. Doisy Department of Biochemistry and Molecular Biology, Saint Louis University School of Medicine,
1100 South Grand Boulevard, St. Louis, MO 63104, USA
5Department of Anatomy and Cell Biology, McGill University, 3640 rue University, Montreal, QC H3A 0C7, Canada
6Lead Contact
*Correspondence: xzha@ohri.ca

https://doi.org/10.1016/j.celrep.2018.06.104
SUMMARY

Mammalian sphingolipids, primarily with C24 or C16
acyl chains, reside in the outer leaflet of the plasma
membrane. Curiously, little is known how C24 sphin-
golipids impact cholesterol and membrane microdo-
mains. Here, we present evidence that C24 sphingo-
myelin, when placed in the outer leaflet, suppresses
microdomains in giant unilamellar vesicles and also
suppresses submicron domains in the plasma mem-
brane of HeLa cells. Free energy calculations sug-
gested that cholesterol has a preference for the inner
leaflet if C24 sphingomyelin is in the outer leaflet. We
indeed observe that cholesterol enriches in the inner
leaflet (80%) if C24 sphingomyelin is in the outer
leaflet. Similarly, cholesterol primarily resides in the
cytoplasmic leaflet (80%) in the plasma membrane
of human erythrocytes where C24 sphingolipids are
naturally abundant in the outer leaflet. We conclude
that C24 sphingomyelin uniquely interacts with
cholesterol and regulates the lateral organization in
asymmetric membranes, potentially by generating
cholesterol asymmetry.

INTRODUCTION

Lateral membrane microdomains, or lipid rafts, have long been

regarded as a fundamental feature of the plasma membrane in

mammalian cells (Simons and Gerl, 2010). These domains are

thought to be phase separated from the more fluid environment

of the bilayer membrane, primarily through spontaneous side-

by-side associations of sphingolipids and cholesterol. In support

of this hypothesis, micron-sized domains have been observed in

giant unilamellar vesicles (GUVs) and giant plasma membrane

vesicles (GPMVs) (Baumgart et al., 2003, 2007; Veatch and

Keller, 2003). Nevertheless, with the exception of transient nano-

domains (Sharma et al., 2004; Varma and Mayor, 1998), micron-
Cell
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sized domains have not been visualized in live mammalian cells.

This has been attributed to protein/lipid interactions with the

cytoskeleton and/or the complex membrane heterogeneity (Edi-

din, 2003). Nevertheless, in contrast to most model membranes,

a distinct feature of the plasma membrane of live mammalian

cells is their phospholipid asymmetry. One notable example

is the asymmetrical distribution of sphingolipids, which reside

almost exclusively in the outer leaflet (Boegheim Jr et al., 1983;

Verkleij et al., 1973). In addition, physiological sphingolipids pri-

marily have two acyl chains, C16 and C24 (Gerl et al., 2012). Our

current understanding of cholesterol-sphingolipid interactions

are primarily derived from model membranes with C16 or C18

sphingomyelin (SM) in both leaflets, in contrast to physiological

membranes (Leventis and Silvius, 2001; Quinn, 2013; Veatch

and Keller, 2003). With their very long acyl chains, C24 sphingo-

lipids have been observed to interact with cholesterol distinctly

from C16 sphingolipids (Jaikishan and Slotte, 2011), perhaps

even more so in asymmetric membranes. Indeed, replacing

C24 with C16 sphingolipids due to a mutation in ceramide syn-

thase 2 (CerS2) was recently shown to result inmetabolic defects

in mouse models. In humans, genome-wide associations be-

tween similar mutations and metabolic syndrome have also

been reported (Raichur et al., 2014; Turpin et al., 2014). The pre-

cise mechanism for these physiological defects is not known

presently. Nevertheless, it does suggest the critical importance

of C24 sphingolipids. In contrast to C16 sphingolipids, C24

sphingolipids have a tendency for transbilayer interdigitation in

bilayer membranes, due to the significant mismatch in length be-

tween the acyl chain and sphingosine backbone (Guyomarc’h

et al., 2014). Here, we investigated how C24 SM interacts with

cholesterol in asymmetric membranes and its impact on the

lateral organization of GUVs and also on the plasma membrane

in live mammalian cells.

RESULTS

C24 SM Suppresses Microdomains in GUVs
We first examined the effect of C24 or C16 SM (milk or egg SM)

on microdomain formation in three-component GUVs, a widely
Reports 24, 1037–1049, July 24, 2018 ª 2018 The Author(s). 1037
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Figure 1. Very Long Acyl Chain SM Abol-

ishes Optically Resolvable Microdomains

when Placed Exclusively in the Outer Leaflet

of GUVs

(A) Symmetric GUVs composed of DPPC/DOPC,

C16 SM/DOPC, or C24 SM/DOPC with and

without 30% cholesterol. Symmetric vesicles were

visualized by incorporation of 0.05% rhodamine-

DPPE and NBD-DPPE during electroformation.

(B) Pictogram of outer leaflet phospholipid ex-

change. Symmetric GUVs are converted to

asymmetric GUVs by incubation with HP-aCD and

excess donor lipid. After exchange of outer leaflet

lipids, the acceptor GUVs are isolated from the

donors and HP-aCD by filtration, resulting in

asymmetric GUVs.

(C) (a) Asymmetric GUVs with C24 SM introduced

into the outer leaflet of DPPC/DOPC/cholesterol

vesicles. (b) Asymmetric vesicles with C16 SM

introduced into the outer leaflet of DPPC/DOPC/

cholesterol vesicles are shown. (c) Symmetric C24

SM/DPPC/DOPC/cholesterol (scrambled) GUVs

are shown.

(D) Asymmetric GUVs containing 30% cholesterol

with pure synthetic C16 or C24 SM in the outer

leaflet and DPPC/DOPC in the inner leaflet.

(E) (a) Prior to incorporation of C24 SM, DPPC/

DOPC/cholesterol GUVs display microdomains

and lack NBD-DPPE. (b) Microdomains in DPPC/

DOPC/cholesterol GUVs disappeared after incor-

poration of C24 SM and NBD-DPPE into the outer

leaflet during outer leaflet exchange.

Images were captured at 12�C and were repre-

sentative of a homogeneous population of 50–100

vesicles for symmetric and asymmetric vesicles. Experiments were independently verified at least 3 times. Asymmetric vesicles were visualized by initially la-

beling acceptor vesicles with 0.05% rhodamine-DPPE, followed by incorporation of NBD-DPPE during outer leaflet lipid exchange. The scale bars represent

5 mm. See also Figures S1 and S2.
used model of the plasma membrane (Veatch and Keller,

2003). Until recently, GUVs were only made of symmetric

membranes (Veatch and Keller, 2003). GUVs composed of

dioleoyl-phosphatidylcholine (DOPC)/dipalmitoyl-phosphatidyl-

choline (DPPC)/cholesterol or DOPC/SM/cholesterol (35:35:30)

exhibit liquid ordered (Lo) and liquid disordered (Ld) micron-

sized phase separation, which can be visualized by the dipalmi-

toyl-phospatidylethanolamine (DPPE) probes, with nitrobenzox-

adiazole (NBD)-DPPE (green) in the Lo and rhodamine-DPPE

(red) in the Ld (Figures 1A and S1A). Cholesterol-containing

symmetric GUVs with either C24 SM or C16 SM formed similar

micron-sized domains (Figure 1A, e and f). Thus, C24 and C16

SM behaved similarly in symmetric membranes in terms of mi-

crodomain formation.

We next produced asymmetric GUVs by an exchange protocol

(Figure 1B; Cheng and London, 2011; Chiantia et al., 2011; Lin

and London, 2014), taking advantage of the fact that phospho-

lipids flip-flop slowly (t1/2 is usually days). This method can place

either C24 or C16 SMexclusively in the outer leaflet (Boegheim Jr

et al., 1983) with similar efficiency (Figure S1B). Remarkably,

introducing C24 SM into the outer leaflet of GUVs completely

abolished the microdomains (Figure 1C, a) at a wide range of

temperatures (3�C–37�C) and cholesterol concentrations (0%–

50%) (Figures S2A and S2B). C16 SM, when similarly placed
1038 Cell Reports 24, 1037–1049, July 24, 2018
into the outer leaflet, persistently promoted microdomains

(Figure 1C, b), as in the symmetric membranes above (Fig-

ure 1A, e). Moreover, in GUVs with equivalent lipid compositions

as in Figure 1C, a, except C24 SM was now in both leaflets, mi-

crodomains were formed again (Figure 1C, c). Furthermore, pure

synthetic C24 SM in the outer leaflet abolished micron-sized

domains in asymmetric GUVs, but not synthetic C16 SM

(Figure 1D), clarifying that impurities in the natural C16 (egg)

and C24 (milk) SM played no significant role. Thus, C24 and

C16 SM functions distinctively when placed asymmetrically in

GUVs.

To further confirm that C24 SM in the outer leaflet is necessary

to abolish the micron-sized domains, we documented the

following events. Prior to outer leaflet lipid exchange, all symmet-

ric acceptor GUVs (DPPC/DOPC/cholesterol) with rhodamine-

DPPE (red) presented visible micron-sized domains and donor-

associated NBD-DPPE (green) was absent (Figure 1E, a). Upon

exchange, acceptor GUVs acquired NBD-DPPE along with

C24 SM from donors to the outer leaflet and, simultaneously,

visible microdomains disappeared (Figure 1E, b). GUVs occa-

sionally had smaller unilamellar vesicles inside (Figure S2C).

These encapsulated unilamellar vesicles did not have direct

access to donor lipids and thus could not acquire NBD-DPPE

(no green) or C24 SM. They retained their visible microdomains



Figure 2. FRET Efficiency Increases with Increasing Molecular

Density of Fluorescent Proteins, which Can Monitor Relative

Recruitment of GPI-APs into Membrane Domains

(A) Density-dependent FRET efficiency simulation: the black circles represent

simulated density-dependent FRET predicted from density of YFP protein.

Blue squares represent experimentally obtained FRET efficiencies from the

cells treated with saponin. Notice that the simulated line is linear within the

range of the experimental YFP density.

(B) Pictogram of how the presence of membrane domains would affect den-

sity-dependent FRET between mCFP and mYFP GPI-APs. GPI-APs prefer Lo
(submicron domains), which increases the fluorescent protein density within

the submicron domains and enhances the FRET.
after exchange, even though their envelope GUV no longer had

micron-sized domains. Together, our data demonstrated a sur-

prising role of C24 SM: it abolishes micron-sized domains but

only when placed exclusively in the outer leaflet of GUVs. SM

with shorter acyl chains, such as C16 SM, continued to promote

domains even when similarly present only in the outer leaflet of

GUVs.

C24 SM Also Suppresses Submicron Domains in the
Plasma Membrane of HeLa Cells
We next asked whether C24 sphingolipids can similarly influ-

ence lateral organization in the plasma membrane of mamma-
lian cells. For this, we performed fluorescence resonance

energy transfer (FRET) between CFP- and yellow fluorescent

protein (YFP)-glycophosphatidylinositol (GPI)-anchored pro-

teins (APs) in live HeLa cells. These CFP- and YFP-GPI-APs

do not form specific molecular-molecular interactions, i.e.,

dimerization or oligomerization (Sharma et al., 2004). However,

they both prefer Lo domains in model membranes and the live-

cell plasma membrane (Mayor and Riezman, 2004). Therefore, if

Lo domains formed in the plasma membrane, both CFP- and

YFP-GPI-APs should become enriched in these micro- or sub-

micron domains. Under this scenario, FRET efficiency would

be increased, relative to randomly distributed proteins. We first

performed a theoretical simulation of FRET between randomly

distributed CFP and YFP, which indicated to us that FRET could

be detected in the range of protein density achievable in

cultured cells and that FRET efficiency increases linearly with

the density of acceptors in this density range (Figure 2A). To

experimentally test this, we co-expressed CFP- and YFP-GPI-

APs in HeLa cells, followed by cholesterol depletion to generate

a condition where the GPI-APs were known to be randomly

distributed (Raghupathy et al., 2015). We found that the exper-

imental FRET data fit well with the simulation and was mostly

linear within this range of protein densities (Figure 2A, inset,

blue squares).

Our current understanding is that plasma membrane do-

mains are too small to be optically resolved (Lingwood and Si-

mons, 2010). However, the recruitment of CFP- and YFP-GPI-

APs into submicron domains would increase the local density

of the GPI-APs and, therefore, enhance the FRET efficiency

between CFP- and YFP-GPI-APs, regardless of the size of

the domains. Thus, we envisioned that (1), in the absence

of domains, proteins are randomly distributed in the plasma

membrane (Figure 2B, a). The dependence of FRET on

acceptor concentration (YFP) would be similar to the simula-

tion (Figure 2B, c, random), which is insensitive to any treat-

ment that abolishes microdomains (i.e., cholesterol depletion);

(2) in the case where submicron domains are present, CFP-

and YFP-GPI APs become concentrated within Lo domains

(Figure 2B, b). This enhanced recruitment into Lo domains

causes CFP- and YFP-GPI-APs to be in closer proximity

and, therefore, increases FRET efficiency (Figure 2B, c, do-

mains), relative to randomly distributed proteins. Also, the

enhanced FRET should be highly sensitive to cholesterol

depletion, as it will abolish Lo domains and put the GPI-

anchored proteins into a random distribution.

To understand how sphingolipid acyl chain length influences

microdomains, we generated HeLa cells with C16 SM or C24

SM in the outer leaflet of the plasma membrane. This was

achieved by first depleting all sphingolipids with myriocin and

fumonisin b1 (M+F), which inhibits SM biosynthesis and cer-

amide synthase activity, respectively (Merrill et al., 1993; Wads-

worth et al., 2013). This dual inhibition prevents the accumula-

tion of ceramide and sphingosine, as well as sphingolipid

acyl chain remodeling, and has been widely used without

obvious toxicity (Jiang et al., 2004; Lasserre et al., 2008; Ta-

fesse et al., 2015). We indeed observed that cell density and

morphology were unaffected by sphingolipid depletion (M+F)

throughout the experiments. Also, no toxicity was detected
Cell Reports 24, 1037–1049, July 24, 2018 1039



Figure 3. Outer Leaflet C24 SM Suppresses

Membrane Submicron Domains in the Live-

Cell Plasma Membrane

(A) Quantification of sphingolipid acyl chain lengths

determined by thin-layer chromatography (TLC).

Quantities of sphingolipids were determined rela-

tive to total cell phospholipid levels by densitom-

etry. Untreated cells (DMSO) were compared to

sphingolipid deletion by myriocin and fumonisin b1

(M+F) and subsequent supplementation with C16

or C24 SM. Error bars represent the SDs of the

average of three experiments.

(B) The effect of cholesterol depletion by saponin

on FRET between mCFP- and mYFP-GPI-

anchored proteins in live HeLa cells from sphin-

golipid depletion and subsequent supplementa-

tion with C16 or C24 SM. Error bars represent

the SDs of the average of 100–200 data points.

****p < 0.0001.

(C) FRET efficiency, E (%), between mCFP- and

mYFP-GPI-anchored proteins in live HeLa cells

with sphingolipid depletion and subsequent sup-

plementation with C16 or C24 SM. Error bars

represent the SDs of the average of each binning of

YFP (molecules/mm2).

See also Figure S3.
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) test (Figure S3A). The cells that were depleted of sphingo-

lipids were then replenished with C16 or C24 SM using

SM/g-CD complexes. As shown in Figure 3A, native HeLa cells

(DMSO) have both C16 and C24 sphingolipids with C24 sphin-

golipids being the most abundant. M+F depleted nearly all

sphingolipids; subsequent supplementation successfully re-

plenished the plasma membrane with C16 SM or C24 SM (Fig-

ure S3B). Importantly, the replenished sphingolipids were

indeed correctly inserted into the outer leaflet of the plasma

membrane, which is verified by sphingomyelinase (SMase)-

induced endocytosis. Exogenously added SMase is known to

hydrolyze sphingolipids in the outer leaflet of the plasma mem-

brane and hence creates an imbalance in the surface area be-

tween two leaflets, leading to spontaneous endocytosis (Zha

et al., 1998), as shown in control cells (Figure S3C). As ex-

pected, in cells-depleted sphingolipids (M+F), SMase was

unable to induce endocytosis. Critically, C16 or C24 SM supple-

ments to cells treated with M+F were able to restore SMase-
1040 Cell Reports 24, 1037–1049, July 24, 2018
induced endocytosis (Figure S3D), an ev-

idence of supplement SM in the outer

leaflet of the plasma membrane. We

thus concluded that we successfully pro-

duced live HeLa cells with C16 or C24

SM in the outer leaflet of the plasma

membrane, analogous to the asymmetric

GUVs in Figure 1B.

CFP- and YFP-GPI-APs were then ex-

pressed in the HeLa cells. The CFP- and

YFP-GPI-APs were primarily localized

on the plasma membrane and unaf-

fected by treatments (Figure S3E), as re-
ported previously (Mayor and Riezman, 2004; Varma and

Mayor, 1998). We observed the highest FRET efficiency in cells

replenished with C16 SM (Figure 3B). Also, sphingolipid-

depleted cells (M+F) had similarly high FRET efficiency. This

is consistent with our earlier observation in asymmetric

GUVs: microdomains can form without SM or with C16 SM

(Figure 1A, d and e). In contrast, FRET efficiency is much

less in the control cells (DMSO), which naturally have abundant

C24 along with C16 sphingolipids (Figure 3A). Moreover, in

contrast to cells with C16 SM, cells replenished with C24 SM

had low FRET efficiency, identical to control cells. Importantly,

cholesterol depletion decreased FRET most dramatically in

C16 SM replenished cells and in sphingolipid-depleted cells

(M+F; Figure 3C, b and c), again in line with the existence of

cholesterol-rich Lo domains in these cells prior to cholesterol

depletion. At the same time, cholesterol depletion produced

little change in FRET in either C24-SM-replenished or control

cells (Figure 3C, a and d), indicative of limited domains in the

native plasma membrane or the plasma membrane with C24



Figure 4. Cholesterol Displays a Preference for the Inner Bilayer Leaflet when Very Long Acyl Chain SM Is in the Outer Leaflet

(A) (a) Free energy profile of transferring a cholesterol molecule from outer leaflet to the inner leaflet in a C24 SM asymmetric membrane shows cholesterol prefers

the inner leaflet. The Z axis refers to the z distance between the position of the pulled cholesterol molecule relative to the center of the bilayer, Z = 0 (see

Experimental Procedures). Errors in the free energy profile were determined using the bootstrap analysis method. (b) Normalized density profile for specific atoms

of C24 SM in the C24 SM membrane system is shown. Only the head group phosphate (green) and terminal acyl chain carbons (blue and red) are displayed to

demonstrate the depth of acyl chain penetration into the bilayer.

(B) (a) Free energy profile for transferring a cholesterol molecule from outer leaflet to the inner leaflet in a C16 SM asymmetric membrane shows cholesterol has a

slight preference for the outer leaflet. The Z axis and errors are the same as in (A). (b) Normalized density profile for specific atoms of C16 SM in the C16 SM

membrane system is shown. Only the head group phosphate (green) and terminal acyl chain carbons (blue and red) are displayed to demonstrate the depth of

acyl chain penetration into the bilayer.

See also Figures S4 and S5.
SM. Therefore, in the plasma membrane of untreated HeLa

cells, Lo domains are less prominent than in cells without

native sphingolipids or with C16 SM in the outer leaflet.

Conversely, replenishment of C24 SM into the outer leaflet

diminished the plasma membrane Lo domains and returned

the cells to their native state.

We found that we had to express the GPI-AP at a relatively

high density (�1,000/mm2) to achieve reliable density-dependent

FRET. Nevertheless, this density is less than 0.1% of membrane

molecules (Nagle and Tristram-Nagle, 2000), which is well within

the range for labeling model membranes with fluorescent phos-

pholipid analogs (Baumgart et al., 2003). Furthermore, only C24

SM, not C16 SM, returned FRET to the level of untreated cells

(Figure 3C, a and d). It is thusmost plausible that the FRET exper-

iments reported here reflect changes in Lo domains in the plasma

membrane.
MD Simulations and PMF Suggest Interdigitation of C24
SM and Potential Impact on Cholesterol
The interaction between cholesterol and SM is believed to be

essential formembranemicrodomain formation (Brown and Lon-

don, 1998; Edidin, 2003). However, asymmetrically placed C24,

but not C16, SM unexpectedly abolished microdomains in GUVs

(Figure 1) and suppressed submicron domains in the live-cell

plasma membrane (Figure 3). This led us to speculate that C24

SM may interact with cholesterol differently from C16 SM.

Indeed, all-atom molecular dynamics (MD) simulations and po-

tential of mean force (PMF) calculations on asymmetric bilayers

with either C16 or C24 SM in the outer leaflet demonstrated

several striking differences (Figures 3A, 3B, S4, and S5). First,

cholesterol favors the inner leaflet (5.5 kBT less free energy) if

C24 SM is in the outer leaflet (Figures 4A, a, S4C, and S4D),

whereas the SM-containing leaflet is preferred by cholesterol if
Cell Reports 24, 1037–1049, July 24, 2018 1041



C16 SM is in the outer leaflet (Figure 4B, a). Second, the energy

barrier for cholesterol to flip from the outer to the inner leaflet is

significantly smaller when C24 SM is in the outer leaflet (6 kBT)

compared to that of C16 SM (15 kBT). The effect of C24 SM

was equivalent when cholesterol was moving from the inner to

outer leaflet or outer to inner leaflet (Figure S4E). Thus, energet-

ically, cholesterol would favor the inner leaflet when C24 SM is in

the outer leaflet. Moreover, the atom density profile indicates

that the C24 SM acyl chain from the outer leaflet significantly

penetrates into the inner leaflet of the bilayer (Figure 4A, b, red

peak), and 16 SM is fully contained within the outer leaflet (Fig-

ure 4B, b; Figure S4 for other phospholipids). We initially hypoth-

esized that inner leaflet cholesterol would directly interact with

the interdigitated outer leaflet C24 SM acyl chain; however, we

found no evidence of transbilayer stacking of cholesterol and

C24 SM in opposing leaflets from an analysis of bilayer registry

and two-dimensional density maps of cholesterol and SM in

the bilayer plane (data not shown). Alternatively, we postulated

that C24 SM acyl chain interdigitation would increase the density

in the inner leaflet near the center of the bilayer and induce

mechanical instability by perturbing phospholipid packing. To

compensate, cholesterol could either move into the inner leaflet

to fill the gap and/or C24 SM would be pushed up toward the

aqueous phase, which weakens outer leaflet C24 SM-choles-

terol interactions. Consistent with this notion, theMD simulations

indicated that C24 SM engages in weaker H-bonding with

cholesterol in the outer leaflet than C16 SM (Figure S5). Weaker

H-bonding was strongly correlated with reduced electrostatic

interaction energy between C24 SM and cholesterol (�134 ±

8 kJ/mol) compared to C16 SM (�190 ± 15 kJ/mol). Outer leaflet

C24 SM also exhibited higher electrostatic and Lennard-Jones

interaction energies with the solvent molecules compared to

C16 SM, confirming that the C24 SM was indeed pushed up to-

ward the aqueous phase in the asymmetric membranes (Fig-

ure S5H). Therefore, when C24 SM is in the outer leaflet, reduced

H-bond capacity in the outer leaflet could further favor choles-

terol in the inner leaflet, although other factors may also be

contributing.

Development of a Protocol to Quantify Cholesterol in
Each Leaflet of Large Unilamellar Vesicles
Wenextproceeded toexperimentally test theeffect ofC24SMon

the transbilayer asymmetry of cholesterol in a bilayer membrane.

Unlike phospholipids, cholesterol flip-flops rapidly between leaf-

lets (t1/2 < s; Leventis and Silvius, 2001), which has greatly hin-

dered the analysis of cholesterol partitioning between leaflets

of the plasma membrane. In order to quantify how cholesterol

partitions between leaflets, it was necessary to develop an

experimental protocol to prevent cholesterol flip-flopping. We

hypothesized that lowering temperature could be a strategy to

substantially slow down or even stop cholesterol flip-flopping.

Interestingly, methyl-b-cyclodextrin (MCD), a membrane-imper-

meable and high-affinity cholesterol chelator, was observed to

remove cholesterol from unilamellar vesicles at low temperature,

albeit at slower rate (Ohvo and Slotte, 1996). Also, in symmetric

large unilamellar vesicles, or LUVs (100 nm), cholesterol and

phospholipids are evenly distributed in each leaflet. We postu-

lated that, if cholesterol flip-flop was stopped, MCD should only
1042 Cell Reports 24, 1037–1049, July 24, 2018
be able to remove cholesterol from the outer leaflet, i.e., maximal

50% extraction from symmetric LUVs, independent of phospho-

lipid compositions. However, if cholesterol is allowed to freely

flip-flop, as occurs at 37�C, all cholesterol (100%) is accessible

to MCD (Figure 5A). We then developed a protocol, which sat-

isfies this criterion, in symmetric LUVs.

We found that an extremely stringently controlled 0�C protocol

can indeed stop cholesterol flip-flopping within bilayer mem-

branes. This was achieved by the following particulars: all exper-

imentswereperformed in thecold room inan ice-water bath (0�C).
In addition, all the utensils were pre-cooled in ice water so that no

temperaturechangeoccurredduringsamplehandling (seeExper-

imental Procedures for further detail). We first confirmed the uni-

lamellar nature of LUVs (100 nm; Figure S6A). Also, the LUVs

used here only contain a trace amount of cholesterol (0.01%),

so that the LUVs maintained their structural integrity after choles-

terol removal (Figure S6B). We observed that, under such strin-

gently controlled 0�C, MCD consistently removed 50% of the

cholesterol from symmetric LUVs, independent of phospholipid

compositions (Figures 5B–5E). Noticeably, 50% cholesterol was

removed by MCD from LUVs containing C24 SM in both leaflets

(Figure 5E). As expected, if cholesterol is allowed to freely flip-

flop, i.e., at 37�C, all cholesterol (100%) becomes accessible to

MCD. Furthermore, MCD also extracted 50% cholesterol from

symmetric LUVs at �5�C (with an ethylene glycol bath in cold

room; Figure 5F). Thus, we concluded that we established a valid

protocol to prevent cholesterol flip-flop, which can be used to

quantify the cholesterol distribution in asymmetric LUVs.

C24 SM in the Outer Leaflet Concentrates Cholesterol
into the Inner Leaflet in Large Unilamellar Vesicles
We next generated asymmetric LUVs with C24, C16, or C18 SM

in the outer leaflet, which were validated by mass spectrometry

and anisotropy (Figures S2B, S7C, and S7D). Remarkably, when

C24 SM was in the outer leaflet, MCD could maximally remove

only 20% cholesterol at stringently controlled 0�C (Figure 6A).

This suggests that 80% of the cholesterol is inaccessible to

MCD, i.e., in the inner leaflet. Moreover, if these asymmetric

LUVs were dissolved, lyophilized, and reformed into symmetric

vesicles (C24 SM in both leaflets or ‘‘scrambled’’), MCD again

removed 50% of the cholesterol (Figure 6A, inset). Thus, the

most plausible interpretation is that C24 SM in the outer leaflet

caused cholesterol to become partitioned 80/20 between the in-

ner and outer leaflet.

Asymmetric LUVs with C16 SM, C18 SM (brain SM), or phos-

phatidylcholine (PC) in the outer leaflet, however, maintained the

50/50 cholesterol distribution, as in symmetric LUVs (Figures

6B–6D). Furthermore, in LUVs with C24 SM in the outer leaflet,

inner leaflet phospatidylethanolamine (PE) or phospatidylserine

(PS) seemed to contribute little to the 80/20 cholesterol distribu-

tion in our experimental setting (Figure 6E). Perhaps most impor-

tantly, when a mixture of both C24 SM and C16 SM (50/50) was

placed in the outer leaflet, LUVs still exhibited the 80/20 choles-

terol distribution (Figure 6F), identical to the experiments with

only C24 SM in the outer leaflet. This suggests that C24 SMplays

a more dominant role than C16 SM in determining how choles-

terol partitions between leaflets, which could be of physiological

significance. In most mammalian cells, C24 sphingolipids are a



Figure 5. Cholesterol Flip-Flop Is Prevented

at 0�C and Evenly Partitioned between the

Inner and Outer Leaflet of Symmetric LUVs

(A) Pictogram of cholesterol extraction from

a symmetric membrane bilayer by MCD at 0�C
and 37�C. Membranes are labeled with trace

of 3H-cholesterol and allowed to equilibrate.

Lowering temperature to 0�C prevents cholesterol

flip-flop, which facilitates selective outer leaflet

cholesterol extraction and quantification by MCD.

At 37�C, cholesterol flip-flop is active and MCD

can extract 100% of the cholesterol due to inner

leaflet cholesterol flipping outward.

(B) Cholesterol extraction from symmetric POPC/

POPS/POPE (1:1:1) LUVs by 5 mM MCD at 0�C
and 37�C.
(C) Cholesterol extraction from symmetric C16 SM

LUVs at 0�C.
(D) Cholesterol extraction from symmetric C18

SM LUVs 0�C.
(E) Cholesterol extraction from symmetric C24 SM

LUVs 0�C.
(F) Cholesterol extraction from symmetric POPC/

POPS/POPE (1:1:1) LUVs at �5�C.
Error bars represent the SEM from at least three

independent experiments. See also Figure S6.
major species, with C16 sphingolipid being less abundant (Fig-

ures S7A and S7B).

C24 SM, when in the Outer Leaflet, Also Concentrates
Cholesterol in the Inner Leaflet in Cholesterol-Rich
LUVs
MammalianplasmamembranehasC24, alongwithC16, sphingo-

lipids naturally in the outer leaflet (Gerl et al., 2012) and is also

cholesterol rich (�30%–40%). The MCD extraction protocol

above, although sufficient to demonstrate that cholesterol flip-

flopping is prevented at stringently controlled 0�C, could not be

usedwith cholesterol-richmembranes.Removing large quantities

of cholesterol from cholesterol-rich LUVs (30%) would surely

compromise membrane integrity. We hence employed an ex-

change protocol between cholesterol-rich donor and acceptor

LUVs,whichare identical except thedonorLUVscontaineda trace

amount of 3H-cholesterol (Leventis and Silvius, 2001). A low con-

centrationofbCDwasusedasa shuttle to facilitate cholesterol ex-

change between donor and acceptor LUVs (100-fold in excess;

Figure 7A). This system allows cholesterol to exchange between

donor and acceptor LUVswithout netmass flow rather than direct
Cell R
extraction byMCD. Donor LUVs were also

biotinylated and bound to streptavidin-

coated beads to facilitate separation from

the acceptor LUVs in the supernatant.

The amount of 3H-cholesterol that is

accessible to exchange (i.e., in the outer

leaflet of the donor LUVs at stringently

controlled 0�C) will be transferred to

acceptor LUVs and quantified.

This modified protocol was first vali-

dated by the criterion above with sym-
metric LUVs containing 30% cholesterol. We indeed found that

maximally 50% of the 3H-cholesterol was exchangeable at strin-

gently controlled 0�C but 100% at 37�C (Figure 7B). Consistent

with observations in Figure 6, if C24 SM was only in the outer

leaflet, cholesterol-rich LUVs also had only 20% of the
3H-cholesterol accessible for exchange at stringently controlled

0�C (Figure 7C). This again suggests that 80% of the cholesterol

was shielded from exchange and partitioned into the inner

leaflet. This is correlated with the disappearance of micron-sized

domains in GUVs with C24 SM only in the outer leaflet (Fig-

ure 1C, a). Taken together, our observations from both choles-

terol-poor and -rich LUVs are consistent with the notion that

C24 SM, when only in the outer leaflet, is sufficient to favor the

partitioning of cholesterol into the inner leaflet of LUVs.

Live Human Erythrocytes Have Substantial Amounts of
C24 Sphingolipids, and Cholesterol Is Partitioned 80/20
in the Plasma Membrane
We next applied the validated cholesterol exchange protocol to

human erythrocytes. Erythrocytes lack internal membranous or-

ganelles and are essentially mammalian plasma membranes
eports 24, 1037–1049, July 24, 2018 1043



Figure 6. Outer Leaflet Very Long Acyl Chain SM Concentrates Cholesterol into the Inner Leaflet

Asymmetric LUVs were generated by outer leaflet lipid exchange, and cholesterol was extracted by 5 mM MCD at 0�C.
(A) Cholesterol extraction from asymmetric LUVs with PC/PE/PS in the inner leaflet and C24 SM in the outer leaflet. Abolishing asymmetry by scrambling the

asymmetric C24 SM LUVs into symmetric LUVs with an identical composition recovered 50/50 cholesterol partitioning (inset).

(B) Cholesterol extraction from asymmetric C16 SM LUVs at 0�C.
(C) Cholesterol extraction from asymmetric C18 SM LUVs at 0�C.
(D) Cholesterol extraction from asymmetric POPC LUVs at 0�C.
(E) Cholesterol extraction at 0�C from asymmetric C24 SM LUVs with PC/PE/PS, PC/PE, or PC/PS in the inner leaflet.

(F) Cholesterol extraction at 0�C from asymmetric LUVs with both C16 and C24 SM in the outer leaflet. Error bars represent SEM from at least 3 independent

experiments.

See also Figure S6.
with predominately C24 sphingolipids (Figures S7C and S7D). In

fact, erythrocytes were instrumental for studies that established

phospholipid asymmetry of the plasma membrane, including

that of sphingolipids (Boegheim Jr et al., 1983; Kahlenberg

et al., 1974; Verkleij et al., 1973). As in LUVs above, we labeled

donor erythrocytes with 3H-cholesterol. Cells were also bio-

tinylated to be adhered to streptavidin-coated dishes. 100-fold

unlabeled erythrocytes were then added to the dish as accep-

tors, again in the presence of bCD as cholesterol shuttle. This

donor-acceptor system is preferred to direct cholesterol extrac-
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tion (Steck et al., 2002) to minimize perturbing the native choles-

terol concentration and avoid hemolysis. We observed that only

20% of the erythrocyte cholesterol was exchangeable at strin-

gently controlled 0�C but 100% at 37�C (Figure 7D). The erythro-

cytes remained intact during the cholesterol exchange (Fig-

ure S7E). Thus, in the plasma membrane of erythrocytes,

approximately 80% of the cholesterol is shielded from ex-

change, consistent with enriched partitioning into the cyto-

plasmic leaflet. It should be noted that this 80/20 cholesterol

distribution at 0�C may not reflect the precise cholesterol



Figure 7. Outer Leaflet Very Long Acyl Chain SM Concentrates Cholesterol into the Inner Leaflet of Cholesterol-Rich LUVs, and Cholesterol

Is Primarily Located in the Cytoplasmic Leaflet of Human Erythrocytes

(A) Pictogram of intermembrane cholesterol exchange facilitated by bCD as shuttle, between donor and acceptor membranes with 30% cholesterol.
3H-cholesterol is transferred from the donor membrane to acceptor membrane (100-fold excess) by bCD and replaced with unlabeled cholesterol. During ex-

change, the accessible 3H-cholesterol is depleted from the donors, and the total cholesterol content in the donor and acceptor membranes remains unchanged.

After exchange, the donor and acceptor populations are separated by brief centrifugation and quantified.

(B) Outer leaflet cholesterol exchange from symmetric POPE/POPS/POPC (1:1:1) LUVs containing 30% cholesterol at 0�C and 37�C.
(C) Outer leaflet cholesterol exchange from asymmetric LUVs containing 30%cholesterol composed of POPE/POPS/POPC (1:1:1) in the inner leaflet and C24 SM

in the outer leaflet at 0�C and 37�C.
(D) Cholesterol exchange from 3H-cholesterol-labeled human erythrocytes to 100-fold excess and unlabeled erythrocytes at 0�C and 37�C. Error bars represent
SEM from at least 3 independent experiments.

See also Figure S7.
distribution at physiological temperatures. Nevertheless, only

C24 SM in the outer leaflet of asymmetric LUVs produced the

80/20 distribution at 0�C (Figures 6A and 7C), which is correlated

with disappearance of micron-sized domains in GUVs at physi-

ological temperature. The shorter acyl chain SM (C16 or C18)

did not produce anything other than a 50/50 cholesterol distribu-

tion at 0�C and did not suppress micron-sized domains in GUVs

at physiological temperature. Furthermore, the MD simulations

suggest a preferential partitioning of cholesterol into the inner

leaflet at 37�C, if C24 SM is in the outer leaflet. Intriguingly,

studies using fluorescent cholesterol analogs on nucleated

mammalian cells similarly found 80/20 partitioning in the plasma

membrane at physiological temperature (Mondal et al., 2009;

Schroeder et al., 1991).

DISCUSSION

The current study is aimed to investigate a fundamental aspect

of the plasma membrane of mammalian cells: very long acyl

chain (C24) SM in asymmetric membranes. C16 or C18 SM
has been widely studied and understood. However, C24 SM,

as we show here, is different from C16 or C18 SM in asymmetric

membranes. With the observations above, we propose that C24

sphingolipids, one of the major species of sphingolipids in

mammalian cells, have two functions on asymmetric mem-

branes, including the plasma membrane. First, when present

exclusively in the outer leaflet, C24 sphingolipids most likely

enrich cholesterol in the inner or cytoplasmic leaflet (Figures

6A and 7C). A strong interdigitation into the inner leaflet by the

outer leaflet C24 sphingolipids is a potential mechanism (Fig-

ures 4, S4C, and S4D; Jaikishan and Slotte, 2011). Such interdig-

itation would reduce H-bonding between C24 SM and choles-

terol in the outer leaflet and also perturb phospholipid packing

in the inner leaflet, generating instability in the membrane (Fig-

ure S5). By localizing into the inner leaflet, cholesterol not only

fills the potential hydrophobic cavity and thus stabilizes the

membrane but also avoids reduced H-bonding with C24 sphin-

golipids in the outer leaflet, both of which lead to a more stable

state for cholesterol in the inner leaflet (lower energy as shown

in Figure 4A, a). Importantly, we observed that, even with equal
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amounts of C24 SM and C16 SM in the outer leaflet, cholesterol

continues to prefer the inner leaflet (Figure 6F), the state that is

energetically more favorable (Figure 4A, a and b).

Second, asymmetrically placed C24 SM suppresses micron-

sized domains in GUVs (Figure 1). This function is strictly corre-

lated with the preferential partitioning of cholesterol into the inner

leaflet of unilamellar vesicles, as shown by cholesterol transbi-

layer distribution experiments (Figure 6A) and MD simulations

(Figure 4). Our observations by FRET in live cells are also consis-

tent with the notion that C24 SM, naturally in the outer leaflet,

limits the formation of Lo domains in the plasma membrane (Fig-

ure 3). We speculate that this could be a consequence of more

cholesterol partitioning into the inner leaflet. In the absence of

C24 SM interdigitation (e.g., sphingolipid depletion or C16 SM

supplementation), cholesterol asymmetry may be altered in the

plasma membrane and potentially promote the formation of Lo
domains. Our FRET experiments were performed at a relative

low temperature, 12�C, to facilitate the comparison with data

from GUVs. This could exaggerate the membrane domain struc-

tures. However, the differences are clearly seen with or without

C24 SM and with C16 and C24 SM. It remains to be determined

how such observations relate to physiological functions of the

plasma membrane.

The distribution of cholesterol in the erythrocyte plasmamem-

brane, shown in Figure 7D, fully supports studies on the transbi-

layer distribution of fluorescent cholesterol analogs, dehydroer-

gosterol, and cholestatrienol in mammalian cells (Mondal et al.,

2009; Schroeder et al., 1991). These studies used a mem-

brane-impermeable reagent to collisionally quench the sterol

fluorescence from either side of themembrane, thereby fully pre-

serving the native distribution and flip-flopping dynamics of

cholesterol analogs. In addition, during the preparation of this

manuscript, a study was published that examined the transbi-

layer distribution of ergosterol in the yeast plasma membrane,

which contains high levels of very long acyl chain sphingolipids

(Dickson, 2008; Solanko et al., 2018). In line with our data and

the previous fluorescent sterol studies, it was determined that

80% of the yeast plasma membrane ergosterol was located in

the cytoplasmic leaflet (Solanko et al., 2018). Notably, most other

studies that characterized the cholesterol distribution relied

upon enzymatic reactions or protein probes that form com-

plexes with cholesterol. These approaches would invariably

take cholesterol out of their rapidly equilibrium pools and, there-

fore, perturb the native distribution of cholesterol (Infante and

Radhakrishnan, 2017; Liu et al., 2017).

It should also be emphasized here that a stringently controlled

0�C protocol was employed, which may explain the apparent

discrepancies from previous studies (Steck et al., 2002). For

example, Steck and Lange extracted cholesterol from erythro-

cytes in an ice bath, but not in a cold room with pre-cooled

utensils and a refrigerated centrifuge. Furthermore, our strategy

employed a gentle donor-acceptor system to quantify the

outer leaflet cholesterol, which ensured erythrocyte integrity,

compared to using direct extraction with a high concentration

of cyclodextrin (Steck et al., 2002). In our hands, even a slight

deviation from stringently controlled 0�C, MCD would extract

more than 50% from symmetric LUVs, a sure sign of failure to

stop cholesterol flip-flopping between leaflets. Also, cholesterol
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accessibility byMCD is not influenced by phospholipids. All sym-

metric LUVs with various phospholipid compositions, including

those made with C24 SM (Figure 5E), universally produce pre-

cisely 50% cholesterol extraction by MCD under stringently

controlled 0�C. Thus, the protocol is well validated. Any deviation

from a 50/50 distribution of cholesterol between leaflets would

represent the true bilayer asymmetry, such as 80/20 in LUVs

with C24 SM in the outer leaflet.

Perhaps most importantly, we are able to establish a correla-

tion between the cholesterol transbilayer distribution and the for-

mation of micron-sized domains in GUVs. It is tempting to spec-

ulate that the enrichment of cholesterol in the cytoplasmic leaflet

of the plasmamembrane, as seen in erythrocytes, could create a

cholesterol-poor outer leaflet. At the same time, the inner leaflet

could have a high concentration of cholesterol. Neither of these

cases would favor stable micron-sized domains in model mem-

branes (Veatch and Keller, 2003). This could potentially explain

why only transient and nano-scale domains have been reported

in live-cell plasma membranes. Our FRET study also could only

detect minimal Lo domains in native cells.

The precise degree of native cholesterol asymmetry in the

plasma membrane at physiological temperature remains to be

determined. It is possible that the interaction between phospho-

lipids and cholesterol could differ between 0�Cand physiological

temperature. For example, low temperature could potentially

cause cholesterol to associate more strongly with the inner

leaflet lipids, such as PE and PS, compared to outer leaflet SM

and PC. As such, cholesterol could become trapped in the inner

leaflet whenC24 SM is in the outer leaflet. However, only C24 SM

was found to disperse micron-sized domains in the asymmetric

GUVs and also the Lo domains in live mammalian cells at phys-

iological temperature. Conversely, C16 SM promoted GUV mi-

crodomains and submicron plasma membrane domains and,

at the same time, was unable to shift the transbilayer distribution

of cholesterol at 0�C. Thus, regardless of the precise degree of

cholesterol asymmetry, the distinct property of C24 SM on

micron-sized domains on GUVs at physiological temperature is

correlated with its influence on the cholesterol distribution at

0�C. Given the results from the MD simulations and quenching

of fluorescent cholesterol analogs, it is most likely that outer

leaflet C24 SM causes cholesterol to favor the inner leaflet,

even at physiological temperature.

Another issue here is the role of the major inner leaflet lipids,

PS and PE. PS was found to impact nano-domains in the plasma

membrane (Raghupathy et al., 2015), as well as the binding of D4

(a perfringolysin O sterol binding domain) to the cytoplasmic

leaflet (Maekawa and Fairn, 2015). PE was also speculated to in-

fluence the transbilayer distribution of cholesterol in a bilayer due

to effects on intrinsic membrane curvature (Giang and Schick,

2014). However, we did not observe a significant role of PS or

PE in LUV cholesterol partitioning (Figure 6E). Nevertheless,

removing these amino-phospholipids in asymmetric LUVs did

show a minor trend to reverse the C24 SM effect (Figure 6E),

though it failed to reach statistical significance in our experi-

mental system. If PS and PE also favor inner leaflet cholesterol

enrichment, this would provide another force to retain choles-

terol in the inner leaflet, in addition to the effect of outer leaflet

C24 sphingolipids.



Most mammalian cells have a significant amount of C24 along

with C16 sphingolipids (Figure S7). This suggests that our obser-

vations here may have broad physiological implications. Indeed,

switching C24 to C16 sphingolipids by changes in CerS2 expres-

sion was found to be associated with metabolic syndrome, can-

cer, and neurodegeneration in humans (Couttas et al., 2016; Fan

et al., 2013; Raichur et al., 2014; Turpin et al., 2014). One of the

potential consequences of altering the C16/C24 sphingolipid ra-

tio could impact on the native cholesterol distributions in the

plasma membrane, i.e., more cholesterol in the outer leaflet.

This would change the dynamics of plasmamembrane microdo-

mains and, consequently, protein-protein interactions, contrib-

uting to the development of disease.

EXPERIMENTAL PROCEDURES

Asymmetric GUVs

Symmetric GUVs were initially generated and converted into asymmetric

GUVs by outer leaflet lipid exchange by adapting a previously published

protocol (Chiantia et al., 2011). 5 mM cholesterol-containing outer leaflet

donor LUV lipids plus 0.1% NBD-DPPE were generated in 30 mM sucrose

and incubated while vortexing for two hr at 55�C in 60 mM HPa-CD. DPPC/

DOPC/cholesterol (35:35:30) GUVs containing 0.05% rhodamine-DPPE

were then incubated in 20 mM of the HPa-CD/donor lipid complex at

70�C for 30 min. To remove excess donor lipid and HPa-CD, the samples

were washed in 30 mM glucose by passively filtering away the donor

LUVs through a membrane with 8 mm pores and retaining the asymmetric

GUVs. The resulting asymmetric GUVs were then transferred to a micro-

scope dish.

Asymmetric LUVs

Asymmetric LUVs with POPC, eSM, bSM, or mSM introduced into the outer

leaflet and POPC/POPS/POPE (1:1:1) in the inner leaflet were generated by

adapting a previously published protocol (Lin and London, 2014). Experiments

were also conducted using DOPE, POPS, and POPC (2:1:0.15) as the inner

leaflet. Briefly, 500 mL of 10 mM donor LUVs (POPC, eSM, bSM, or mSM) in

medium 1 were mixed with 100 mL 360 mM hydroxypropyl-a-cyclodextrin

(HPa-CD) and vortexed for 2 hr at 55�C. The donor-HPa-CD solution was

then mixed with 600 mL of 2 mM acceptor LUVs containing 25% sucrose for

30 min at 55�C to initiate outer leaflet lipid exchange. After the mixture had

cooled to room temperature, the 1-mL solution was overlaid onto 4 mL 10%

sucrose in medium 1 and centrifuged at 10�C in an NVT-100 rotor for 40 min

at 190,000 3 g. After centrifugation, the excess donor-HPa-CD complex re-

mains in suspension and the sucrose-containing acceptor vesicles are

collected as a pellet. Centrifugation of the resulting asymmetric vesicles was

repeated a second time followed by a final resuspension in 1 mL medium 1.

When examining the effect of transbilayer asymmetry on cholesterol distribu-

tion, the 10-mM LUV donor contained 1% biotinyl-PE, allowing for the final

asymmetric vesicles to be bound to streptavidin agarose beads. 3H-choles-

terol was introduced into the asymmetric vesicles by incubation with 1 mM
3H-cholesterol donor LUVs in the presence of 1 mM bCD at 37�C followed

by repeated washing to remove unincorporated 3H-cholesterol. The choles-

terol transbilayer distribution was determined by MCD-mediated extraction,

as described below.

Temperature-Controlled Cholesterol Extraction by MCD

Cholesterol flip-flop in symmetric and asymmetric LUVs was controlled by

reducing the temperature to 0�C. We developed a rigid protocol, which we

foundwas absolutely necessary, in order to successfully and reproducibly pre-

vent flip-flop. The temperature of the cholesterol extraction procedure was

stringently regulated by performing the experiments in a cold room and in an

ice water bath or 0�Cwater bath containing 50%ethylene glycol. Furthermore,

to prevent incidental hand warming of the samples, all manipulation of the

tubes was required to be carried out with utensils similarly maintained at
0�C. Samples, utensils, and MCD media were pre-incubated at 0�C at least

one hr prior to the cholesterol extraction. Without sufficient 0�C cooling,

even utensils used to rapidly transfer tubes, cholesterol flipping would occur

(>50% extraction). To initiate cholesterol extraction, 5 mM MCD was added

to the medium to selectively remove cholesterol from the outer leaflet of the

LUVs 0�C until cholesterol extraction reached a plateau. Similar experiments

were also conducted in a 37�C water bath. After incubation, the LUVs were

separated fromMCD containingmedium by a brief centrifugation in 0�Ccentri-

fuge within a cold room. The amounts of 3H-cholesterol in the medium and in

the LUVs are quantified by scintillation counting. Total 3H-cholesterol was

determined by lysing the same amount of 3H-cholesterol-labeled LUVs with

2% Triton X-100.

LUV Intermembrane Exchange

The assay was performed by mixing bead-bound 3H-cholesterol donor LUVs

with excess unlabeled acceptor LUVs (100-fold) at 37�C, 0�C, or �5�C in the

presence of 1 mM bCD as shuttle. Outer leaflet cholesterol is exchanged be-

tween populations, until equilibrium, at 0�C or �5�C. Donor and acceptor

LUVs are isolated by 60-s centrifugation at 1,000 3 g, and the amount of
3H-cholesterol in the acceptor LUVs is quantified.

Live-Cell FRET

FRET was performed on HeLa cells co-transfected with mCFP- and mYFP-

GPI-APs. Images were acquired with a Nikon TE2000-E inverted fluorescent

microscope using a 603 objective. Data were captured on a Cascade 512B

charge-coupled device (CCD) camera (Photometrics) and MetaMorph soft-

ware (Universal Imaging). To quantify the crosstalk between CFP and YFP

channels, cells were transfected with either mCFP or mYFP plasmids and

imaged identically as in FRET experiments. This generates crosstalk factors

from CFP or YFP to the sensitized YFP channel, GCFP and GYFP, respec-

tively. To measure the FRET, co-transfected cells were imaged with a

3-cube system: CFPex/CFPem (ICFP); CFPex/YFPem (IS); and YFPex/YFPem

(IYFP). The true FRET signal, IFRET, was calculated as follows (Zal and Gas-

coigne, 2004):

IFRET = IS--GCFP 3 ICFPGYFP 3 IYFP:

FRET efficiency, E (%), was derived as below:

Eð%Þ= IFRET=ðIFRET +Q� 3 ICFPÞ:

*Q is the ratio of sensitized emission, IFRET, to the corresponding amount of

donor (CFP) recovery in CFPex/CFPem channel after YFP photobleaching

measured in the same cell. Q was determined experimentally using co-trans-

fected HeLa cells. Images were acquired using the same 3-cube system and

imaging parameters as the experimental images, and FRET efficiency was

determined afterward for the same cells using the acceptor photobleach

method (Zal and Gascoigne, 2004).

The final E (%) data were presented after excluding outliers from the normal

distribution (mean ± 95% confidence interval).

Statistical Analysis

Statistical differences in cholesterol transbilayer distribution between different

asymmetric LUVs were determined by one-way ANOVA. Post hoc compari-

sons were conducted relative to the mSM asymmetric sample with * indicating

p < 0.05, ** indicating p < 0.01, and *** indicating p < 0.001. For comparisons of

erythrocyte number with and without cyclodextrin treatment, statistical differ-

ences were examined using an unpaired Student’s t test. Non-linear regres-

sions were performed in Graphpad Prism 5.0 and fit using the equation: Y =

top3 (1� exp[�K3 X]). Error bars throughout represent SEM from 3 indepen-

dent experiments.
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