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Abstract

Model membranes in the form of freely suspended liposomes are widely used as biophysical tools
for studying lipid-lipid and protein-lipid interactions. Liposomes prepared by conventional
methods have bilayer leaflets that are chemically identical. In contrast, living cells actively
maintain a different lipid composition in the two leaflets of the plasma membrane, resulting in
asymmetric membrane properties that are crucial for normal cell function. Here, we present a
protocol for the preparation of unilamellar asymmetric phospholipid vesicles that better mimic
biological membranes. Asymmetry is generated by methyl-p-cyclodextrin catalyzed exchange of
the outer leaflet lipids between vesicle pools of differing lipid composition, followed by separation
of these pools by centrifugation. We further present two complementary assays for the
quantification of each leaflet’s lipid composition: the overall lipid composition is determined by
chromatography, while the lipid distribution between the two leaflets is determined by NMR using
the lanthanide shift reagent Pr3*. The preparation protocol and the chromatographic assay can be
applied to any type of phospholipid bilayer, while the NMR assay is specific to lipids with choline
headgroups, such as phosphatidylcholine and sphingomyelin. In approximately 12 hours, the
protocol can produce a large yield of asymmetric vesicles (up to 20 mg) suitable for a wide range
of biophysical studies. We discuss possible extensions of the protocol for the preparation of
asymmetric proteoliposomes and cholesterol-containing vesicles, as well as alternative assays for
quantifying the transbilayer lipid distribution of lipids that do not possess a choline headgroup.
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Introduction

The plasma membrane is a marvel of evolutionary nanoengineering. The physical properties
of this remarkable organelle are optimized for its dual roles as a cellular barrier and gateway.
In a sense, these roles are contradictory: the plasma membrane must be sturdy enough to
provide protection against an often harsh external environment, yet malleable enough to
allow for cell growth, division and motility, and the passage of water and nutrients. Nature
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solved this problem with a quasi- two-dimensional fluid formed from a complex mixture of
lipid, protein, and carbohydrate. Although its basic architecture is well established, there is
an emerging consensus that some critical processes occurring at and within the plasma
membrane cannot be adequately explained without invoking nanoscopic membrane structure
1-3. This realization has generated renewed interest in biophysical characterization of
membranes at the level of molecular interactions. However, teasing apart these interactions
is hardly feasible in a natural plasma membrane that might contain several thousand
chemically distinct lipids, and several hundred unique proteins. Instead, uncovering the
specific interactions that are responsible for functional phenotypes in vivo, requires the study
of simplified models in vitro, where their composition can be finely controlled.

Lipid bilayer vesicles are among the most widely used model systems for biophysical
studies of lipid-lipid and protein-lipid interactions. Conventional liposome preparations by
hydration of a dry lipid film (typically followed by sonication or extrusion to generate
unilamellar vesicles) produce bilayers in which the two leaflets have an identical
composition. Cellular plasma membranes, on the other hand, actively maintain a different
lipid composition in the exofacial (outer) and cytofacial (inner) leaflets 4,5.
Phosphatidylserine (PS), for instance, is located exclusively in the inner leaflet of the plasma
membrane (PM), and its exposure on the outer leaflet serves as a marker of impending cell
death in eukaryotes 6. Mounting evidence suggests that the lipid compositional asymmetry
of the PM not only confines certain lipids to their respective leaflets in order to facilitate
their direct interaction with other molecules, but also results in unique membrane properties
that, although currently poorly understood, are likely to be crucial for normal cellular
function 7. It follows that symmetric model membranes lack at least some key structural
characteristics of natural cell membranes that may critically affect membrane interactions
with proteins and small molecules. There is a widely recognized need to expand the
biophysical toolkit with model systems that more closely mimic the asymmetric cell
membrane environment, while still allowing for easily controlled variation of the inner and
outer leaflet lipid compositions.

Preparation of asymmetric vesicles

Several techniques exist for preparing asymmetric bilayers 8. In particular, asymmetry in
large unilamellar vesicles (LUVS) is desirable because their size is well-defined, and their
bilayer properties are not greatly affected by the high curvature found in small unilamellar
vesicles (SUVs), or by interactions with a substrate found in supported lipid bilayers (SLBS).
These problems are also absent in asymmetric giant unilamellar vesicles (GUVs) of micron
size that can be prepared by e.g. passing an inverted emulsion droplet through a lipid lined
oil-water interface 9. However, the size of the asymmetric GUVs is harder to control
precisely and, in the case of the inverted emulsion technique, the vesicles contain residual
organic solvent that could affect bilayer properties. The generation of asymmetric LUVs
(aLUVs) has been achieved by three different methods: (1) application of a pH differential to
vesicles that contain anionic lipids; (2) external addition of enzymes that selectively modify
outer leaflet lipid headgroups; and (3) external addition of lipid carrier molecules that
catalyze intervesicular exchange of outer leaflet lipids. The pH adjustment method exploits
the fact that certain anionic phospholipids (namely, phosphatidylglycerol and phosphatidic
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acid, PG and PA respectively) can rapidly diffuse between bilayer leaflets in their uncharged,
protonated form 10. Applying a pH differential across the bilayer thus induces a
redistribution of these lipids with an accumulation on the more alkaline side 11. Enzymatic
headgroup modification has been used to convert outer leaflet phosphatidylserine (PS) to
phosphatidylethanolamine (PE) using PS-decarboxylase 12, or outer leaflet
phosphatidylcholine (PC) to either PE or PS using phospholipase D 13. In contrast to these
methods—each of which acts by chemically modifying a single population of initially
symmetric vesicles—catalyzed lipid exchange requires mixing together fiwo symmetric
vesicle populations of different composition in the presence of a lipid carrier such as,
phospholipid exchange protein 14, bovine serum albumin 15, or certain classes of
cyclodextrins 16. The primary disadvantage of catalyzed exchange is that the two vesicle
populations must eventually be separated to recover the asymmetric liposomes; below, we
describe two different strategies to address this problem. Its primary advantage, however, is
its versatility. While pH adjustment and enzymatic modification are each specific for a
subset of phospholipids, catalyzed exchange is compatible with a wide variety of
phospholipids, and can be used to create asymmetric vesicles with diverse inner and outer
leaflet compositions.

Here, we focus on the preparation of aLUVs using catalyzed exchange, with methyl-f-
cyclodextrin (mBCD) as the lipid carrier. mpCD is a water-soluble, ring-shaped
oligosaccharide possessing a hydrophilic outer surface and a central hydrophobic cavity that
is large enough to accommodate a lipid chain (Fig. 1a). The reversible formation of an
mpBCD/lipid complex effectively displaces water from the cavity, replacing unfavorable
interactions with favorable ones 17. At high concentrations, mBCD will completely dissolve
a lipid vesicle suspension, but at lower concentrations, a dynamic equilibrium exists between
intact vesicles, mpCD/lipid complexes, and free mpCD 18. This “exchange-competent”
solution of mBCD and doror lipid is the starting point for preparing aLUVS, as shown in
Step 1 of Fig. 1b and c. Addition of acceptor LUVs to the mBCD/donor solution results in
mPBCD-catalyzed exchange of the acceptor vesicles’ exposed outer leaflet lipids with the
donor lipid pool, while leaving the inner leaflet of the acceptor vesicles relatively
unperturbed, as shown in Step 2 16.

Two strategies have been used to separate the original acceptor pool (which contains the
aLUVs) from the donor/acceptor/mBCD exchange slurry, each exploits density and/or size
differences between the donor and acceptor vesicle pools. The Aeavy acceptor strategy (Fig.
1b) makes use of a dense sucrose solution (typically 25% w/v) trapped in the acceptor
vesicle lumen. Following exchange, separation is achieved by layering the exchange slurry
onto a sucrose solution of intermediate density (typically 10% w/v) followed by
ultracentrifugation at 190,000 x g. The lighter solution composed primarily of undissolved
donor multilamellar vesicles (MLVs) and mpCD remains at the top of the centrifuge tube,
while the heavy acceptor LUVSs sink through the sucrose cushion and are recovered in the
pellet, as shown in Fig. 1b Step 3. The Aeavy donor protocol (Fig. 1¢) essentially reverses
this strategy: the donor lipid film is hydrated in a sucrose solution (typically 20% w/w) to
create large, dense MLVs, while the acceptor lipid is hydrated in pure water or buffer.
Following exchange, the donor MLVs are separated from the lighter, smaller acceptor LUVs
by low-speed centrifugation (20,000 x g), with the now-asymmetric acceptors recovered in
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the supernatant, as shown in Fig. 1c Step 3. Residual mpCD is then removed with a
centrifugal ultrafiltration device (Fig. 1c Step 4).

The dense sucrose core of aLUVs prepared using the heavy acceptor strategy, though
acceptable for many applications, may present problems for some experiments. One
potential consequence of entrapped sucrose is the introduction of an osmotic stress that can
cause bilayer thinning and lipid area expansion 19. Extruded vesicles are often non-spherical
and can easily accommodate small osmotic gradients without accumulating stress by
“rounding up”, effectively diluting the internal solution by increasing their volume 20. Even
accounting for such volume changes, typical experimental conditions—for example, vesicles
with a 25% (w/v) sucrose core, suspended in PBS buffer—result in a residual osmotic
differential of ~ 300 mOsm/kg in aLUVs prepared using the heavy acceptor strategy. For
100 nm diameter vesicles, the corresponding tension calculated from Laplace’s law is ~ 20
mN/m, a value that can exceed the rupture tension of some lipid bilayers 21. In cases where
it is desirable to minimize or eliminate this tension, the buffer osmolality can be adjusted,
but the osmolyte should be carefully chosen to maintain compatibility with the chosen
experimental techniques, as well as to avoid direct interactions with lipids that might alter
membrane properties. The heavy donor strategy—described in detail in the PROCEDURE
below— circumvents these issues and eliminates the need for ultracentrifugation.

Quantifying leaflet composition

Both exchange efficiency and spontaneous lipid flip-flop rate depend on lipid structure and
possibly other factors 22. It is therefore critical to determine the composition of each bilayer
leaflet after the asymmetric liposomes are prepared; it is not safe to assume that the outer
leaflet contains only donor lipid, or that the inner leaflet contains only acceptor lipid.
Quantifying the leaflet composition requires a separate determination of the overall vesicle
composition and the asymmetric distribution of each lipid species. The former is generally
accomplished with chromatography, for example thin layer chromatography (TLC) 16, gas
chromatography (GC) 19, or ultra-high performance liquid chromatography (UHPLC) 23.
Asymmetry assays generally involve the selective madification, extraction, or interaction of
outer leaflet lipids with reagents added externally to the aL UV suspension, followed by
detection and quantification; these assays are usually specific for lipid headgroups. Among
the methods that have been used to quantify asymmetry are: labeling of exposed
aminophospholipids (i.e., PS or PE) with trinitrobenzenesulfonic acid (TNBS), followed by
thin layer chromatography 24; periodate oxidation of exposed PG, followed by detection of
oxidation byproducts 10; selective outer leaflet extraction of radiolabeled lipids with bovine
serum albumin or phospholipid exchange protein 10; binding of a cationic peptide to
exposed negatively charged lipids (e.g., PS or PG) 25; zeta potential measurements of
asymmetric bilayers containing charged lipids 26; and hydrolysis of PC by phospholipase D,
followed by detection of free choline 13.

In the PROCEDURE section, we describe a two-part assay for determining leaflet
composition that follows the general outline given above. In the first step, GC coupled to
mass spectrometry is used to quantify the total mole fraction of each lipid species. As shown
in Fig. 2c, GC is extremely sensitive to even small differences in fatty acid composition (i.e.,
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length and degree of unsaturation) or isotopic content (i.e., protiated vs. deuterated chains),
and is easily quantified. As mentioned below, an alternative technique, UHPLC, can be used
instead to determine the overall composition of lipids with the same acyl chains but different
headgroups 23. In the second step, *H NMR coupled with a shift reagent is used to
determine the asymmetric distribution of lipids with protiated choline headgroups (Fig. 3).
This assay can distinguish choline headgroups located in the inner and outer leaflets because
the shift reagent (e.g., a lanthanide ion such as Pr3*) is added externally and selectively
interacts with outer leaflet lipids 19. Compared to the other asymmetry assays mentioned
above, NMR is the most straightforward to implement because the signals from the inner
and outer leaflet populations are resolved in a single measurement. The primary limitations
of NMR are: (1) it requires that at least one of the lipid components of the aLUV has a
choline headgroup (i.e., PC or sphingomyelin (SM)); and (2) it often fails when aLUVs
contain charged lipid in the outer leaflet (in our hands, more than 10 mol% PG, or 2 mol%
PS). The latter limitation results from interactions between Pr3* and exposed anionic lipid,
which can cause liposome aggregation that degrades the NMR signal.

Experimental design

In the PROCEDURE section below we describe the preparation of aLUVs composed of a
DPPC-enriched outer leaflet and a POPC-enriched inner leaflet 19,23. In principle, the
variety of compositions that can be prepared is limited only by the nature of the interaction
between mpCD and the different types of lipids. In our own work (summarized in Table 1),
we have used the protocol to prepare chemically asymmetric vesicles composed of POPC
and POPE 27, DPPC and POPE, egg sphingomyelin and POPE, and DMPC and POPC, as
well as isotopically labelled aLUVs composed of deuterated variants of POPC 19,27 or
DPPC 28.

Some basic sample characterization is an integral part of the protocol. Essential analyses
include measuring the vesicle size distribution with dynamic light scattering (DLS), and
quantifying the inner and outer leaflet lipid composition (the example described here uses
GC and NMR for this purpose, although other assays may be necessary depending on the
choice of lipids). There are a few important considerations when modifying the described
protocol for a different lipid composition:

1) Exchange conditions. The mBCD concentration is carefully chosen to ensure
membrane integrity at each step of the protocol and should not be changed
without performing appropriate control experiments. In order to ensure that
acceptor vesicles are not osmatically stressed during the exchange of lipid
between the donors and acceptors, the acceptor LUVS are prepared in a dilute
salt solution (e.g., 20-30 mM NaCl) to balance the osmolarity of the mpCD
solution. If it is necessary to prepare aLUVs in a higher molarity buffer,
appropriate tests should be performed to ensure vesicle integrity.

2) Overall composition assay. The GC assay for quantifying liposome composition
is sensitive to differences in the acyl chains (including isotopic differences) of
the acceptor and donor lipids, as shown in Fig. 2c. If lipids with identical acyl
chains are desired (e.g, POPC and POPE), TLC 16 or UHPLC 23 can be used
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instead of GC, as these techniques separate lipids based on chemical differences
in their headgroups rather than their chains.

Asymmetry assay. Asymmetry assays are specific for lipid headgroups, and the
1H NMR assay described below quantifies the inner/outer distribution of lipids
with protiated choline headgroups (i.e., PC and SM). If an asymmetric bilayer
composed of two different PC lipids is desired, it is possible to determine the
transhilayer distribution of the lipids using NMR, provided that one of the lipids
has a deuterated choline (as in the example used in the PROCEDURE below).
Other assays have been described to quantify the asymmetry of mixtures that do
not contain any PC lipids or that have a high concentration of charged lipids, as
mentioned previously.

Preparation of asymmetric proteoliposomes. If incorporation of a
transmembrane protein into the asymmetric liposomes is desired, the protein
should be reconstituted into the acceptor vesicles. Additional control
experiments should be performed to ensure that the presence of the protein does
not interfere with the composition assays.

Preparation of cholesterol-containing aL UVs. If cholesterol-containing aLUVs
are desired, the protocol should be modified by either: (1) adding cholesterol to
both the donor and acceptor vesicles; (2) introducing cholesterol after
preparation of phospholipid-only aLUVSs, using cholesterol-loaded mpCD 29; or
(3) adding cholesterol only to the acceptor vesicles and optimizing the exchange
conditions for the use of either hydroxypropyl-a-cyclodextrin 30 or methyl-a-
cyclodextrin 31 (a-CDs can transport phospholipids but not cholesterol due to
their smaller hydrophobic cavity). We note that determining the transbilayer
distribution of cholesterol is not straightforward.

1,2-Dipalmitoyl-d62-sr+glycero-3-phosphocholine [di-16:0 PC-d62, DPPC-d62,
chain perdeuterated DPPC, 796.4 g/mol] (Avanti Polar Lipids cat. no. 860355)

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-
d9 [16:0/18:1 PC(d13), POPC-d13, headgroup deuterated POPC, 773.08 g/mol]
(Avanti Polar Lipids cat. no. 790433)

1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt)
[16:0/18:1 PG, POPG, 771.0 g/mol] (Avanti Polar Lipids cat. no. 840457)

Methyl-B-cyclodextrin (mpCD, 1310 g/mol) (Fisher Scientific cat. no.
AC377110000)

Sucrose (342.3 g/mol) (Fisher Scientific cat. no. BP2201)
HPLC-grade chloroform (Fisher Scientific cat. no. AA43685)
HPLC-grade methanol (Fisher Scientific cat. no. AA22909)
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. CAUTION Hydrochloric acid HCI (Fisher Scientific cat. no. SA48).

Harmful if inhaled, ingested, or comes in contact with the skin. Proper goggles
and gloves should be worn during handling and manipulation.

. Praseodymium(l11) nitrate hexahydrate {Pr(NO3)3 6H,0} (Pr3*, 435.0 g/mol)
(Fisher Scientific cat. no. AA11240)

. Ultrapure H,O
. 99.9% D,0 (Cambridge Isotopes cat. no. DLM-4).

. Avance 111 400 MHz spectrometer (Bruker, Billerica, MA) using Bruker TopSpin
acquisition software, and analyzed with TopSpin 3.2.

. Wilmad LabGlass 5 mm NMR tubes (Fisher Scientific cat. no. 1680008).

. Agilent 5890A gas chromatograph (Santa Clara, CA) with a 5975C mass-
sensitive detector operating in electron-impact mode.

. An HP-5MS capillary column (30 m x 0.25 mm, 0.25 um film thickness)
(Agilent cat. no. 19091S-433E)

. Centrifugal filter devices: Amicon Ultra-15, 100,000 Da molecular weight cutoff
(Fisher Scientific cat. no. UFC910024)

. Sorvall LYNX 4000 Superspeed Centrifuge (Thermo Fisher Scientific cat. no.
75006580)

. B1-200SM Research Goniometer and Laser Light Scattering system (Brookhaven
Instruments cat. no. BI-200SM).

. Hand-held miniextruder with a 100 nm pore-diameter polycarbonate filter
(Avanti Polar Lipids cat. no. 610026)

. 250 pL glass syringe (Hamilton cat. no. 81175)

Reagent Setup

Solutions: Prepare the following solutions using H,O unless specified: sucrose (20% w/w,
0.632 M, 1.08 g/mL), NaCl (25 mM), Pr(NOs)3 (20 mM in D,0). Prepare the following
lipid stock solutions in glass vials with Teflon-lined caps: DPPC-d62 (30 mM in CHCly);
POPC-d13 (30 mM in CHCI3); POPG (2 mM in CHCI3). In a fume hood, prepare
methanolic HCI (1 M) by adding 3.04 mL concentrated HCI to 30 mL methanol in a beaker,
then stir to mix. Transfer the solution to a graduated cylinder, then add methanol to a total
volume to 37 mL. Store the solution in a glass vial with a Teflon-lined cap.

Prepare methyl-p-cyclodextrin (35 mM) as follows. Weigh the cyclodextrin powder in a
volumetric flask (for 25 mL of solution, 1.1463 g mpCD is needed). Add water until the
flask is about half full, then cover the opening with foil and incubate at room temperature for
1-2 hours, or until the powder is fully dissolved. Then bring the solution to the appropriate
volume with water and mix by inverting the flask 20 times. The density of the solution
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should be 1.0114 g/cm3. The solution can be safely kept for a few days on the bench, but
freezing at -20 °C is recommended for longer term storage to prevent bacterial growth 23.
Allow frozen solution to warm to room temperature, and gently mix before use.

Centrifugal filters: Amicon filters contain trace amounts of glycerol that can interfere with
NMR analysis. Prior to use, rinse the filters 7 times by filling with 10 mL ultrapure water
and centrifuging at 5000 x g for 2-5 min. Fill pre-rinsed filters with water and store at 4 °C
until use.

Procedure

Preparation of donor and acceptor films

TIMING ~14 h

1. Transfer 647 pL (15.46 mg, 19.4 umol) of the DPPC-d62 stock solution to a glass
scintillation vial (“donor”) using a glass syringe.

2. Transfer 205 L (4.75 mg, 6.15 umol) of the POPC-d13 stock solution and 162 L (0.25
mg, 0.324 pumol) of the POPG stock solution to a glass scintillation vial (“acceptor”) using a
glass syringe.

CRITICAL STEP Acceptor films are doped with 5 mol % POPG (negatively charged lipid)
to prevent formation of paucilamellar vesicles.

3. Remove the organic solvent from the scintillation vials from Steps 1 and 2 with an inert
gas stream and gentle heating, followed by overnight drying under high vacuum (~12 h).

PAUSE POINT Lipid films can be stored frozen for several months prior to hydration.

Preparation of acceptor unilamellar vesicles

TIMING ~2.5h

4. Preheat the acceptor film from Step 2 to 40 °C and hydrate it with 500 pL of preheated 25
mM NaCl solution to a lipid concentration of 10 mg/mL, followed by vigorous vortexing to
disperse the lipid and create an MLV suspension.

CRITICAL STEP The temperature for hydration should always be above the melting
temperature of the lipids.

5. Incubate the acceptor MLV suspension at 40 °C for 1 h with occasional vortexing.

6. Transfer the acceptor MLV suspension to a -80 °C freezer for ~ 10 min or until
completely frozen. Thaw at 40 °C for 5-10 min and then vortex. Repeat the freeze-thaw
cycle five times.

PAUSE POINT MLV suspensions can be stored frozen for several months. Prior to use a
few freeze/thaw cycles should be performed.
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7. To obtain unilamellar vesicles, pass the acceptor MLV suspension 31 times through a
miniextruder assembled with a 100 nm pore-diameter polycarbonate filter.

CRITICAL STEP The extrusion should always be carried out at a temperature higher than
the melting temperature of the lipids. Use a hot plate if needed, and preheat the extruder
before loading the lipid suspension. Then incubate for at least 10 min on the hot plate to
equilibrate the temperature before extrusion.

CRITICAL STEP Measure the size distribution of the acceptor LUVs with DLS. Checking
the size of the acceptors at this point is useful for diagnosing problems in the final aLUVs.

?Troubleshooting

Preparation of donor multilamellar vesicles

TIMING ~3 h

8. Preheat the donor film from Step 1 to 50 °C and hydrate it with 775 pL of preheated 20%
(w/w) sucrose to a lipid concentration of 20 mg/mL, followed by vortexing to disperse the
lipid and create an MLV suspension.

CRITICAL STEP The temperature for hydration should always be above the melting
temperature of the lipids.

9. Incubate the donor MLV suspension at 50 °C for 1 h with occasional vortexing.

10. Transfer the donor MLV suspension to a -80 °C freezer for ~ 10 min or until completely
frozen. Thaw at 50 °C for 5-10 min and then vortex. Repeat the freeze-thaw cycle five times.

11. Dilute the donor suspension 20-fold by adding 14.7 mL H,0, and immediately
centrifuge at 20,000 x g for 30 min at 20 °C. Discard the supernatant by tipping the
centrifuge tube.

CRITICAL STEP Perform this step immediately before proceeding to the next step.

?Troubleshooting

Incubation of donor vesicles with mpCD

TIMING ~2 h

12. Suspend the donor pellet with 4.43 mL of the 35 mM mBCD solution for a mpCD:lipid
molar ratio of ~ 8:1. Transfer the suspension to a 20 mL glass scintillation vial with a
magnetic stir bar.

CRITICAL STEP Calculate the mpCD:lipid ratio assuming that no lipid is lost during
centrifugation in Step 11.

CRITICAL STEP To minimize the formation of bubbles and foam, gently pipet the mpCD
solution onto the pellet, then triturate slowly until the pellet is dissolved.
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CRITICAL STEP To ensure efficient mixing during the next step, check that the level of
the mpCD/donor solution is not much higher than the level of the stir bar. If the level is
much higher, a beaker or other flat bottom glass container can be used instead of the
scintillation vial.

13. Incubate the mpCD/donor solution at room temperature with gentle stirring (~ 250 rpm)
for 2 h.

CRITICAL STEP Vigorous stirring can create foam, which may reduce the exchange
efficiency.

CRITICAL STEP For optimal exchange efficiency, the incubation should be performed at
a temperature higher than the melting temperature of the acceptor lipids.

CRITICAL STEP Perform this step immediately before proceeding to the next step.

Incubation of acceptor vesicles with mpCD/donor solution

TIMING ~0.5h

14. Add the acceptor LUVs from Step 7 to the mBCD/donor solution, and then incubate at
room temperature with gentle stirring (~ 250 rpm) for 30 min.

CRITICAL STEP We find little gain in exchange efficiency beyond 30 min for this lipid
composition (unpublished).

CRITICAL STEP For optimal exchange efficiency, the incubation should be performed at
a temperature higher than the melting temperature of the acceptor lipids.

Purification of aLUVs

TIMING ~4 h

15. Measure the volume of the mpCD/donor/acceptor slurry and dilute it 8-fold by adding ~
36 mL of ultrapure H,0. Transfer the mixture to a 50 mL conical tube and centrifuge at
20,000 x g for 30 min at 20 °C.

16. Without disturbing the pellet, carefully remove the supernatant with a glass Pasteur pipet
and transfer to a clean 50 mL container. Discard the pellet.

CRITICAL STEP When a fixed angle centrifuge rotor is used in Step 15, the pellet will
form on the side wall of the centrifuge tube. Do not be overly aggressive when removing the
supernatant. Keep the centrifuge tube immobilized on the bench, and stop when ~ 1 mL of
supernatant remains above the topmost point of the pellet.

17. Transfer the supernatant to two 15 mL centrifugal filter devices. Centrifuge at 5000 x g
until the volume has been reduced below 500 L in each filter (~ 30 min).

CRITICAL STEP This step proceeds more quickly when using a swinging bucket rotor
even at a lower speed (e.g., 2500 x g).
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CRITICAL STEP For larger scale preps, use additional centrifugal filters to reduce the
time required to concentrate the supernatant.

18. Discard the filtrate (which contains mBCD and mpCD/lipid complexes) from each
centrifugal filter device, and then add D,O to the maximum volume (~ 15 mL). Centrifuge at
5000 x g until the volume has again been reduced below 500 pL in each filter (~ 30 min).
Repeat this step three times to remove mpCD, and to replace H,O with D,0.

CRITICAL STEP Washing with D,0 instead of H,0 enables the use of IH NMR without
the need for solvent suppression, as described in Steps 28-31.

19. Using a mechanical pipet with a 200 pL tip, transfer the retentate into a 1.5 mL snap-top
centrifuge tube.

CRITICAL STEP Measure the size distribution of the aLUVs with DLS and compare to
the acceptor LUV size measured in Step 7, to check vesicle integrity and test for the
presence of donor MLVs or other contaminants.

?Troubleshooting

Assessing exchange efficiency with gas chromatography (GC)

TIMING ~3 h

20. Transfer 5-10 pL of the aLUV suspension (50-100 ug of lipid) into a 13x100 mm screw
top glass culture tube for conversion to fatty acid methyl esters (FAMES) via acid catalyzed
methanolysis.

CRITICAL STEP The DLS count rates measured in Steps 7 and 19 can be used to estimate
the aLUV concentration, which is helpful for determining the amount of sample required for
the GC assay.

21. Add 1 mL methanolic HCI to the culture tube, vortex, flush with Ar, and seal tightly with
a Teflon-lined cap. Incubate in a dry block heater at 85 °C for 1 h, and then allow the tube to
cool for 5 min.

22. Add 1 mL H,0 and vortex to mix. Then, add 1 mL hexane and vortex vigorously to
extract the FAMEs.

23. Centrifuge at low speed (~ 400 x g) for 5 min to break the emulsion, then remove
500-800 pL of the upper (hexane) phase and transfer to a GC autosampler vial. Bring the
total volume to 1 mL with hexane.

24. Load the autosampler vial into the GC automatic liquid sampler. Using an inlet
temperature of 270 °C and helium carrier gas at a 1 mL/min flow rate, initiate the following
column temperature program for a 1 uL sample aliquot in splitless injection mode: 2 min at
60°C; 20 °C/min to 170 °C; 5 °C/min to 240 °C; 30 °C/min to 300 °C; 2 min at 300°C, for a
total run time of 25.5 min.
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25. GC/MSD ChemStation Enhanced Data Analysis software (Agilent Technologies, Santa
Clara, CA) will assign and integrate the total ion chromatogram peaks.

26.Calculate the donor mole fraction  p in the aLUVs:

B A416:0
Ag16:0 T A16:0 T A1s:1

D

where A0, A16:0, and Asg.1 are the integrated areas of the peaks corresponding to methyl
palmitate-d31, methyl palmitate, and methyl oleate, respectively.

Estimate the fraction of outer leaflet exchange (i.e., the exchange efficiency):

Eobs =2x D

Note that the previous equation assumes negligible donor flip-flop and equal lipid packing
density within the two leaflets.

CRITICAL STEP The accuracy of the determined composition can be increased with the
use of a standard curve for the specific lipid mixture as the area fractions may not vary
linearly with the component mole fractions.

27. Compare £, calculated in Step 26 with the maximum theoretical exchange efficiency
Emax= pl(p + 0.5) where p is the donor-to-acceptor ratio; for the 3:1 ratio used in this
protocol, £p;.x= 0.86.

CRITICAL STEP The equation for £,y assumes that all donor lipid is available for
exchange with the outer leaflet acceptor lipid, and that mpCD does not preferentially
interact with either the donor or acceptor lipid. £, therefore represents an upper limit of
the exchange efficiency. Assuming negligible donor flip-flop during the exchange step, £,ps
> Eaxmay indicate the presence of donor contamination.

?Troubleshooting

Assessing donor asymmetry with 1H NMR

TIMING ~1 h

28. In a plastic snap-cap centrifuge tube, bring ~ 50-100 uL of the aLUV suspension to 500
uL with D50 for a final lipid concentration of ~ 0.5 mg/mL, then transfer to a 5 mm NMR
tube.

29. Load the sample into the NMR spectrometer and collect a standard H pulse sequence
with a 30° flip angle and 1 s delay time at 50 °C. Collect 32—-256 transients, depending on
signal-to-noise. Locate the singlet resonance at ~ 3.1-3.6 ppm corresponding to the 9
equivalent protons of the donor choline moiety (Fig. 3a).
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CRITICAL STEP An asymmetric choline resonance may indicate contamination from
small unilamellar vesicles (SUVSs), as shown in Fig. 3d.

?Troubleshooting

30. Dispense 2 L of the 20 mM Pr3*/D,0 solution directly into the NMR tube. Cap the
tube and invert it a minimum of three times to mix the contents. Reload the sample in the
NMR and collect 32-256 transients. All or part of the choline resonance will shift downfield
(i.e., to higher ppm) and broaden, as in Fig. 3b; the shifted portion corresponds to protiated
choline lipid (here, the donor lipid) located in the outer leaflet. Repeat this procedure a
minimum of 2-3 times, or until a shift of at least 0.05 ppm is achieved.

31. Find the integrated areas R of the shifted and unshifted (if present) parts of the choline
resonance, and then determine the fraction of donor lipid located in the outer leaflet:

out _ Rshi fted
D Rshif ted t Runshi fted

CRITICAL STEP This analysis can be easily performed using the researcher’s preferred
data analysis software by first exporting the NMR spectrum as an ASCI| file, and then fitting
the resonances to Lorentz functions (Fig. 3). Two Lorentzians are used to model NMR data
in the absence of Pr3*: one for the choline and one for the CD (if multiple CD peaks are
present, each can be fit with a separate Lorentzian). In the presence of Pr3* a third
Lorentzian is applied to account for the second (outer leaflet) choline resonance. To assist
with the fitting routine, the peak area ratio between the choline and CD peaks in the absence
of Pr3* is used to constrain the area ratio of the total choline (i.e. the sum of the shifted and
unshifted choline peaks) and CD in the presence of Pr3* since neither choline nor CD are
being lost from or added to the system.

CRITICAL STEP Values of f,?“close to 0.5 indicate a symmetric donor distribution, as
shown in Fig. 3c. While a gradualloss of asymmetry over several days will occur due to
spontaneous lipid flip-flop, this process is slow for the specific sample described here when
stored at room temperature (elevated temperatures will accelerate flip-flop 28). An /nitial
absence of asymmetry, though not expected here, may occur for different choices of donor
and acceptor lipids. The explanation may be trivial (i.e., an intrinsically fast flip-flop rate for
the chosen composition), or it may indicate experimental conditions that are incompatible
with aLUV preparation (i.e., an mpCD concentration that is too high for the chosen donor
and acceptor lipids).

Determining the composition of the inner and outer leaflets

TIMING ~ 1 min

32. Using the experimentally determined quantities of £7) from NMR (Step 31) and yp

from GC/MS (Step 26), calculate the donor mole fraction in each leaflet:
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out out
Xp =2plp

1322)(0(1 - 13")

The acceptor mole fraction in the outer and inner leaflets is then equal to 1 - /’D‘” and 1 - ;(i’;,

respectively.

?Troubleshooting

Acceptor LUVs size distribution is too large or too small (Step 7)

Vesicles prepared by extrusion through 100 nm pores typically have size distributions
centered at a 100-150 nm hydrodynamic diameter, as measured by DLS. If the acceptor
vesicles are larger than 150 nm, repeat Step 7. Diameters much smaller than 100 nm may
indicate that the extruder was accidentally assembled with a smaller pore size filter.

Donor pellet appears loose (Step 11)

A loose pellet is an indication that the donor MLVs are significantly heterogeneous in size
and/or density, which may result in donor contamination in the final aLUV sample. Remove
the diffuse parts of the pellet along with the supernatant, and retain only that part of the
pellet that adheres firmly to the wall of the centrifuge tube.

Recovered aLUV sample has visible aggregates and/or a large increase in average size

(Step 19)

Visible aggregates and/or a significant increase in the average vesicle size (i.e., more than
10% larger than the acceptor LUVS) is an indication of donor MLV contamination. Dilute
the sample 20-fold with H,O, vortex briefly and then spin at 20,000 x g for 10-20 min.
Carefully recover the supernatant with a glass transfer pipet, leaving the last ~ 5 mL even if
there is no visible pellet. Repeat Steps 17-19.

Recovered aLUV sample contains more donor lipid than acceptor lipid (Step 27)

More donor than acceptor lipid (as measured by GC) is an indication of donor MLV
contamination. Dilute the sample 20-fold with H,0O, vortex briefly and then spin at 20,000 x
g for 10-20 min. Carefully recover the supernatant with a glass transfer pipet, leaving the last
~5 mL even if there is no visible pellet. Repeat Steps 17-27.

NMR shows an asymmetric choline resonance before the addition of shift reagent (Step

29)

Fig. 3d demonstrates how the NMR line shape can reveal the presence of contaminating
SUVs that can be generated during incubation of mpCD and lipid. SUVs are diagnosed by
an asymmetric choline resonance (often appearing as two distinct peaks) in the absence of a
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shift reagent. The two peaks are the result of different packing constraints in the outer and
inner leaflets. If SUVs are present, it may be necessary to reduce the mpCD concentration.

Anticipated Results

Beginners will need to perform several practice runs to obtain consistent results. Of note,
factors that influence mixing of the exchange slurry (e.g., temperature and stirring speed) in
Steps 13-14 may influence the exchange efficiency, and careful removal of the supernatant in
Step 16 is critical for avoiding contamination. With time and experience, aLUV
compositional variation of < 10% and a yield of > 60% of the initial acceptor LUV mass can
be achieved. If contamination of donor vesicles is present and additional dilution-
concentration-wash steps are needed as outlined in the Troubleshooting section, the yield
may be smaller.

For the specific lipid composition described above, the exchange efficiency £, varies
between 0.35 and 0.45 in our hands. If greater outer leaflet replacement is desired, the
donor:acceptor ratio can be increased or multiple rounds of exchange can be performed
(keeping in mind that additional exchange steps will reduce the yield). Unsurprisingly, we
find that exchange efficiency depends on the identity of both the donor and acceptor lipids,
with some systems approaching the maximum theoretical efficiency 19,23,28. This is likely
due to preferential interactions between mpCD and certain types of lipids, that depend on
both chain and headgroup structure 18,32. We find nearly complete donor asymmetry for
this composition, with ~ 95% of DPPC-d62 residing in the outer leaflet, as determined by 1H
NMR. For other choices of donor and acceptor lipids, donor asymmetry measured
immediately post-preparation ranges from 65-95% 19,23,28. Table 1 summarizes the aLUVs
prepared in our laboratories.

Much can be learned about the fundamental physical and chemical properties of cell
membranes using aLUVs. For example, it is possible to systematically study the nature and
mechanisms of interleaflet coupling in vesicles that mimic the asymmetric lipid distribution
found in the plasma membrane, including whether phase separation in one leaflet induces
demixing of lipid components in the other leaflet. Such basic insights are necessary for
understanding cellular processes such as transmembrane signaling. Using the procedure
described above, we prepared aLUVs having an outer leaflet composed of DPPC-d62/
POPC-d13 in a 34/66 molar ratio, and an inner leaflet composed of POPC-d13 19. Using
small-angle neutron scattering, we determined structural parameters for the inner and outer
leaflets, including thickness and area per lipid. At room temperature, phase coexistence was
observed in the outer leaflet of these aLUVSs. Interestingly, we found a relatively low
packing density for DPPC-d62 located in the outer leaflet compared to the typical tight
packing of gel phases, suggesting a disordering effect from interactions with the fluid inner
leaflet. This apparent strong interleaflet coupling was abolished at higher temperatures,
where both leaflets were in the disordered fluid phase 23.

Without question, asymmetric vesicles are better biological mimetics when compared to
their symmetric counterparts that have dominated membrane biophysical studies for nearly
50 years. The tradeoff is ease-of-preparation, although we expect significant improvements
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will come with more widespread use of the procedures presented here and elsewhere 16.
Studies using aLUVs are still in their relative infancy, but it is already clear that asymmetry
can significantly alter lipid lateral diffusion 33, packing density 19 and phase behavior 34,
and the conformation 25 and partitioning 7 of transmembrane proteins. Continued
investigation will provide a deeper understanding of the properties of asymmetric bilayers,
and shed new light on the functional significance of membrane asymmetry in living cells.
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Figure 1.

o ASYMMETRIC LUV

Ilustration of the different aLUV preparation protocols. (a) Chemical structure of methyl-f-
cyclodextrin (mpCD), and the size and shape of its hydrophobic pocket. (b) Heavy acceptor
strategy: (1) mpCD is incubated with donor lipid MLVs suspended in buffer; (2) mpCD
facilitates the exchange of the outer leaflet of acceptor LUVs (entrapped with sucrose) with
donor lipid; (3) the desired aLUVs are recovered from the pellet after ultracentrifugation
through a sucrose cushion. (¢) Heavy donor strategy: (1) mpCD is incubated with donor
lipid MLVs entrapped with sucrose. The donor lipid is composed of the desired outer leaflet
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lipid; (2) mpCD facilitates the exchange of the outer leaflet of acceptor LUVs with donor
lipid; (3) remaining sucrose loaded donor MLVs are removed by centrifugation; (4) the
aLUV sample is further purified through the removal of mBCD and mBCD-lipid complexes
with a centrifugal concentrator. The desired aLUVs are then recovered from the retentate
(figure adapted from ref. 19).
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Figure 2.

Gas chromatography (GC) assay for quantifying vesicle composition. To analyze the lipid
composition, the phospholipid must be derivatized into fatty acid methyl esters (FAMES). (a)
An illustration of a GC chromatograph from a typical aLUV preparation; (b) An illustration
of a GC chromatograph where more donor than acceptor is present, an example of donor
contamination. (c) A GC chromatograph of different fatty acids and their deuterated
variants. (d) Individual leaflet compositions, determined by combining results from GC and
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IH NMR assays, of an aLUV prepared from DPPC-d62 donor exchanged into POPC-d13
acceptor.
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Figure 3.

1I—? NMR assay for quantifying lipid asymmetry. (a) *H NMR of aLUVs using a deuterated-
choline acceptor lipid. The blue area represents the signal from the inner and outer leaflet
protiated cholines in the sample (the gray peak is residual mpCD). (b) After external
addition of Pr3*, inner leaflet (red) and outer leaflet (yellow) choline resonances are
resolved, and the area under each peak is proportional to the amount of protiated choline
present in each leaflet. (c) IH NMR of scrambled aLLUVs shows inner and outer leaflet peaks
of approximately equal area. (d) TH NMR of SUVs shows distinct inner and outer peaks in
the absence of shift reagent. SUVs can be generated by an imbalance in the mpCD:lipid
ratio. Figure adapted from refs. 19 and 28.
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Table 1

Two-component aLUVs prepared using the heavy donor strategy described in the PROCEDURE section.
Shown are: the donor lipid; the acceptor lipid; their ratio; the temperature during mpCD/donor and mpCD/
donor/acceptor incubation (Steps 13 and 14 in the PROCEDURE); the mole fractions of donor lipid in the
inner (' p innerer) @nd outer (x p outer) l€aflets of the aLUVs; the observed exchange efficiency (Eps); the

fraction of donor lipid in the outer leaftlet (D 4,7,); and the respective references.

Donor (D)  Acceptor (A) D:Aratio Exchange temp. [C]  Xpjimner XDouter Eobs Dasm Reference

syduosnuelA Joyiny sispun4 DA @doing ¢

POPC-d44 POPC 2 22 0.1 0.62 0.72 0.86 19
POPC POPC-d44 2 22 0.16 0.6 0.74 0.79 19
DMPC-d54 POPC-d13 2 22 0.05 0.51 055 091 this work
DPPC-d62 POPC-d13 3 22 0.02 0.34 0.36 0.95 19
POPE POPC 2 22 0 0.6 0.64 1.00 27
POPE POPC 3 22 0.19 0.76 1.04 0.8 27
DPPC-d62 DPPC-d13 3 22 0.3 0.59 0.89 0.66 28
POPC POPE 2 35 0.06 0.54 0.58 0.9 27
POPC POPE 3 35 0.11 0.64 0.72 0.85 27
eSM POPE 3 35 0.09 0.44 054 0.83 this work
DPPC POPE 3 35 0.08 0.8 0.88 091 this work

syduasnuel Joyiny sispund JINd adoin3 ¢
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