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Abstract The effect of lipid headgroup structure upon the
stability of lipid asymmetry was investigated. Using methyl-{3-
cyclodextrin -induced lipid exchange, sphingomyelin (SM)
was introduced into the outer leaflets of lipid vesicles com-
posed of phosphatidylglycerol, phosphatidylserine (PS),
phosphatidylinositol, or cardiolipin, in mixtures of all of
these lipids with phosphatidylethanolamine (PE), and in a
phosphatidylcholine /phosphatidic acid mixture. Efficient
SM exchange (>85% of that expected for complete replace-
ment of the outer leaflet) was obtained for every lipid compo-
sition studied. Vesicles containing PE mixed with anionic
lipids showed nearly complete asymmetry which did not de-
cay after 1 day of incubation. However, vesicles containing
anionic lipids without PE generally only exhibited partial
asymmetry, which further decayed after 1 day of incubation.
Vesicles containing the anionic lipid PS were an exception,
showing nearly complete and stable asymmetry. It is likely
that the combination of multiple charged groups on PE and
PS inhibit transverse diffusion of these lipids across mem-
branes relative to those lipids that only have one anionic
group. Possible explanations of this behavior are discussed El
The asymmetry properties of PE and PS may explain some
of their functions in plasma membranes.—Son, M., and E.
London. The dependence of lipid asymmetry upon polar
headgroup structure. J. Lipid Res. 2013. 54: 3385-3393.
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The inner and outer leaflet of many cellular membranes
exhibits a difference in lipid composition. This difference
is called lipid asymmetry. For example, in eukaryotic cells,
the choline-containing lipids sphingomyelin (SM) and
phosphatidylcholine (PC) are predominantly located in the
outer leaflet of the plasma membrane, while the amine-
containing phospholipids phosphatidylethanolamine (PE)
and phosphatidylserine (PS) are largely or fully confined to
the plasma membrane inner leaflet (1-4). Membrane asym-
metry is also observed in prokaryotic cells. Although it is
difficult to determine lipid distribution in the leaflets of the
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membrane surrounding the bacterial cytoplasm, it has been
reported that phosphatidylinositol (PI) is preferentially lo-
cated in the inner leaflet, phosphatidylglycerol (PG) is
mainly located in the outer leaflet, and cardiolipin (CL) is
distributed over both leaflets in gram-positive bacteria M;i-
crococcus lysodeikticus (5). Studies from Bacillus megaterium
suggested PE mainly resides in the inner leaflet (6). In the
outer membranes of gram-negative bacteria lipopolysaccha-
rides are predominantly localized in the outer leaflet, while
phospholipids are enriched in the inner leaflet (7-9). Sev-
eral important functional roles of cellular membrane are
closely associated with an asymmetrical lipid distribution.
For example, dissipation of membrane lipid asymmetry, re-
sulting in PS externalization on the outer leaflet of mem-
brane, facilitates cell recognition and phagocytosis by
macrophages during apoptosis (10-18). Exposure of PS on
the outer cell surface has also been known to be involved in
physiologically important phenomena including blood co-
agulation (19, 20), cell adhesion (21-23), and myotube for-
mation (24).

To emulate cell membranes more closely, a number
of methods have been developed to try to obtain asym-
metric lipid bilayers (model membranes) (25-45). How-
ever, methods to form asymmetric lipid vesicles with a wide
variety of lipid compositions and highly controlled lipid
distribution in each leaflet have been lacking. To tackle
this problem, our laboratory has developed methods to
prepare asymmetric vesicles using methyl-B-cyclodextrin
(MBCD)-induced lipid exchange (43-46). Vesicles prepared
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by MBCD-induced exchange have great potential for vari-
ous applications because the procedure is not unduly com-
plicated, they can be prepared with a variety of lipid
compositions, and they can be used to create asymmetric
vesicles with various sizes as well as reconstituted vesicles
with membrane-inserted peptides (43—-45) and proteins.
We recently extended this method by generating asymmet-
ric vesicles containing SMs as outer leaflet lipids and a
large variety of PCs with different acyl chain structures as
inner leaflet lipids (46). It was found that MBCD-induced
lipid exchange was always efficient. However, the stability
of asymmetry in the vesicles prepared by lipid exchange
was dependent on the acyl chain structure. This was found
to be due to the influence of acyl chain structure upon
transverse diffusion (flip-flop).

In this report, the exchange method has been extended
to investigate the effect of lipid headgroup structure upon
the efficiency of lipid exchange and the ability to form
asymmetric vesicles. Lipid exchange was carried out by
substituting SM into the outer leaflet of vesicles containing
PE, PS, PG, PI, CL, or phosphatidic acid (PA). The results
show that efficient exchange can always be obtained, but
that headgroup structure influences whether the resulting
vesicles are fully or only partially asymmetric. We propose
that the effect of lipid structure upon asymmetry provides
important clues as to the function of different phospholip-
ids in membranes.

MATERIALS AND METHODS

Materials

Porcine brain SM, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoe-
thanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1"-rac-glycerol) (POPG), 1,2-dioleoyl-sn-glycero-3-phospho-
(1™-rac-glycerol) (DOPG), soy L-a-phosphatidylinositol (soy PI),
1”,3"bis[1,2-dioleoyl-sn-glycero-3-phospho] sn-glycerol [tetraoleoyl
cardiolipin (TOCL) ], 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-i-serine (POPS), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were
purchased from Avanti Polar Lipids (Alabaster, AL). 1,6-Diphe-
nyl-1,3,5-hexatriene (DPH) and MBCD were from Sigma-Aldrich
(St. Louis, MO). All lipids were dissolved in chloroform and
stored at —20°C. DPH was dissolved in ethanol and stored at
—20°C. Concentrations of lipids were measured by dry weight.
Concentrations of DPH were determined by absorbance as de-
scribed previously (45). Sepharose CL-2B and CL-4B were pur-
chased from Amersham Biosciences (Piscataway, NJ). High-
performance thin layer chromatography (HP-TLC) plates (Silica
Gel 60) were purchased from VWR International (Batavia, IL).
The digital thermometer was purchased from Fisher Scientific
(Pittsburgh, PA).

Formation of exchange (or asymmetric) small
unilamellar vesicles

Exchange (asymmetric) small unilamellar vesicles (SUVs) were
prepared as described previously (46). First, donor multilamellar
vesicles (MLVs), the population from which SM was to be ex-
changed with the outer leaflet of the acceptor SUVs, were pre-
pared. We prepared donor MLVs composed of 16 mM SM by
drying the lipid in a film under nitrogen gas stream followed by
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high vacuum for at least 1 h, and then this was hydrated at 70°C
with 500 pl of PBS (1.8 mM KH,PO,, 10 mM Na,HPO,, 137 mM
NaCl, and 2.7 mM KCl, pH 7.4). This sample was vortexed in a
multitube vortexer (VWR International) at 55°C for 15 min and
then centrifuged at 11,000 g for 5 min at room temperature to
remove any remaining small vesicles. We removed the superna-
tant, and the pellet was resuspended using 500 wl PBS. Then
95 pl of 390 mM MBCD, which was dissolved in PBS buffer, was
added to the resuspended pellet. This SM MLV/MBCD mixture
was vortexed in the multitube vortexer at 55°C for 2 h.

Then, we prepared acceptor vesicles which form the inner
leaflet lipids of the asymmetric vesicles. Six hundred microli-
ters of 8 mM MLV was prepared, just like SM MLVs (see above),
and vortexed for 15 min at 55°C after the lipids were hydrated.
To form SUVs, the MLVs were sonicated in a bath sonicator (Spe-
cial Ultrasonic Cleaner Model G1112SP1; Laboratory Supplies Co.,
Hicksville, NY) at room temperature for at least 15 min until the
solution became transparent and then diluted to 4 mM with PBS.

In the next step, the 500 pl of 4 mM sonicated SUVs con-
taining lipids with different headgroups were added to the final
595 pwl SM MLV/MBCD mixture above and vortexed at 55°C for
30 min. The samples were cooled down to room temperature
and then centrifuged at 49,000 g for 5 min using an air-driven
microultracentrifuge (Beckman Airfuge). The supernatant was
added to a Sepharose CL2B or CL4B column (dimensions: 25 cm
length and 1 cm diameter) and eluted with PBS. (We later found
that CL2B fractions were contaminated with MBCD, so we rec-
ommend using CL4B where possible. However, CL2B does mini-
mize contamination of SUVs with MLVs.) Fractions of 1 ml each
were collected, with SUVs mainly eluting into fractions 16-19
(or 12-14 for CL4B). These fractions were combined for further
analysis. The lipid concentration in the combined fractions was
normally ~150 uM as assayed by HP-TLC relative to standards
with known amounts of lipid. The lipid was detected by charring
and quantified spot intensity (see below). In cases in which the
amount of lipid was not explicitly measured, we assumed a con-
centration of exchange vesicles of ~150 uM lipid.

Fluorescence measurements

Fluorescence measurements were carried out using a SPEX
FluoroLog 3 spectrofluorimeter (Jobin-Yvon, Edison, NJ) with
quartz semi-micro cuvettes (path length: excitation 10 mm, emis-
sion 4 mm) as previously described (45). DPH fluorescence was
measured at 358 nm (excitation) and 427 nm (emission). The slit
bandwidths for fluorescence measurements were set to 4.2 nm
for both excitation and emission. The backgrounds from samples
prepared without fluorescent probes were negligible (less than
1% of fluorescence in experimental samples), and so were not
subtracted.

Steady-state fluorescence anisotropy measurements

Anisotropy measurements were carried out using a SPEX auto-
mated Glan-Thompson polarizer accessory according to previ-
ously described protocols (45). The bandwidths of slit for DPH
anisotropy were set to 4.2 nm (2 mm physical size) for both exci-
tation and emission. The steady-state DPH anisotropy within the
lipid bilayer was determined using the following equation: A =
(L x B/ iy x )] = DAL % hy) / (B, x b)) + 2, where A rep-
resents anisotropy, / represents the fluorescence emission inten-
sity, with the vertical (v) and horizontal (h) orientation of the
excitation and emission polarization filters (47). For the temper-
ature-dependent DPH fluorescence anisotropy measurements,
DPH dissolved in ethanol was added to the cuvette, with 5 min
incubation in the dark. The DPH/lipid molar ratio was 0.1:100.
Samples were scanned stepwise with 4°C steps, between 16°C and



60°C. A digital thermometer was placed in the cuvette to measure
the temperature and each anisotropy measurement was carried
out once temperature stabilized. The DPH anisotropy was plot-
ted as a function of temperature and the melting temperature
(Tm) was defined by the midpoint of a sigmoidal fit with the
curve-fitting option of SlideWrite Plus software (Advanced Graphics
Software, Inc., Rancho Santa Fe, CA).

Analysis of lipid composition by HP-TLC

Lipids were extracted with chloroform/methanol (1:1 v/v)
from ordinary and exchange vesicles as described in (43). The
extracted lipids or pure lipid standards were applied to HP-TLC
(Silica Gel 60) plates which were heated at 100°C for 30 min and
cooled down to room temperature. For separating SM from PG,
CL, PI, or PA, the solvent system 65:25:4 chloroform:methanol:water
(v/v/v) was used. When the solvent reached the upper line of
TLC plate, the plate was removed from the chamber and dried
in the fume hood. The lipids loaded onto the TLC plate were vi-
sualized after spraying 3% (w/v) cupric acetate, 8% (v/v) phos-
phoric acid solution, followed by drying and charring at 180°C
for 2-10 min. The lipids in the vesicles were quantified by mea-
suring TLC spot intensity versus a standard curve for each lipid
generated on the same TLC plate as described previously (45).

Scrambling experiments

The scrambling process, in which vesicles are destroyed and
then reformed as symmetric vesicles, was carried out similarly to
previously described protocols (45). Fractions 16-19 from the
CL2B column were combined and then divided into four tubes
(1 ml each). Two of the samples were subjected to scrambling
and two were used without scrambling. The samples to be scram-
bled were dried by a nitrogen gas. The dried lipid film with salt
was dissolved in 20 pl of ethanol, and then dispersed at 70°C with
980 wl of distilled water to create scrambled vesicles. These
scrambled vesicles were cooled down to room temperature. DPH
dissolved in ethanol was added to the scrambled vesicles at 0.1
mol% of total lipid concentration.

Proton NMR spectroscopy

The asymmetry of exchange SUVs with SM was studied using a
Bruker Avance 700 MHz proton NMR spectrometer (Bruker Bio-
spin, Billerica, MA). The NMR sample tubes used were Wilmad
LabGlass tubes (WG-5MM Economy, 7 inch length; Wilmad Glass
Co, Buena, NJ). We used the signal of the choline N-methyl groups
of SM in vesicles as the indicator of lipid asymmetry. The samples
were preincubated 5-10 min at 55°C and NMR measurements
made at 55°C in order to keep the SM in the liquid disordered
(Ld) state, in which its signal is most readily detected and linewidth
minimized. [Asymmetry may be partly lost if sam]l;)les are incubated
for too long at elevated temperatures (45).] Two "H choline methyl
resonances were observed in SUVs at 55°C: one corresponded to
the outer membrane leaflet SM at a chemical shift of 3.47-3.49
ppm, while the inner membrane leaflet choline had a chemical
shift 0.02-0.04 ppm upfield. For exchange vesicles, the SUV frac-
tions from the Sepharose column were combined, and then 500 pl
were removed and transferred to the NMR tube followed by addi-
tion of 100 pl DyO. For ordinary symmetric vesicles, 1 ml of 200
M SUVs was prepared by ethanol dilution. The desired lipid mix-
tures were dried, dissolved in 20 pl of ethanol, and then dispersed
at 70°C in 980 pl of PBS. Ethanol was removed by dialysis using a
membrane (Thomas Scientific, Swedesboro, NJ) with 6,000-8,000 Da
molecular weight cut-off against PBS while constantly stirring at
room temperature for 24 h. Then, 500 pl of ordinary symmetric
vesicles were taken from the dialysis bag and transferred to the
NMR tube. Next, 100 pl of D;O was added. The samples were

incubated in the 55°C water bath for 10 min before proton NMR
spectra were recorded. All spectra were acquired at 55°C. One
hundred and twenty-eight scans were acquired for each sample,
with an acquisition time of 2.3 s (digitized into 64 K data points)
and a relaxation delay of 2 s between scans. Each acquisition re-
quired around 10 min per sample. Water suppression was achieved
using a standard presaturation sequence.

Percent SM in exchange vesicles

The percent of SM in exchange vesicles was calculated from
HP-TLC as described previously (46). The samples for HP-TLC
were from the exchange SUV-containing fractions from the Sep-
harose CL-2B column. The percent of SM by TLC was evaluated
after calculating the intensity of SM bands. The lipids in the vesi-
cles were quantified by measuring TLC spot intensity versus a
standard curve for each lipid generated on the same TLC plate as
described previously (46).

RESULTS

Preparation of exchange (asymmetric) SUVs by
MBCD-induced lipid exchange

In the lipid exchange method, the lipids in the outer leaf-
let from an excess of donor vesicles are transferred to the
outer leaflet of acceptor SUVs using MBCD, which functions
as a carrier that exchanges lipids between two different vesi-
cle populations (43-46). After exchange and isolation of the
acceptor vesicles (exchange vesicles), they should have a dif-
ferent lipid composition in their inner and outer leaflets if
asymmetric. In this study, the method has been extended to
determine whether the headgroup structure of lipids has an
effect on the ability to generate an asymmetric lipid distri-
bution and the ability of lipid to maintain lipid asymmetry.
The donor lipid (desired outer leaflet lipid) was mammalian
brain SM. The acceptor lipid (desired inner leaflet lipid) had
various headgroup structures, including those of the most
common anionic lipids: phosphatidylglycerol (POPG and
DOPG), phosphatidylinositol [soy PI and 1,2-dioleoyl-
sn-glycero-3-phospho-(1"-myo-inositol) ], phosphatidic acid
(DOPA), cardiolipin (TOCL), and phosphatidylserine
(POPS), as well as mixtures of anionic lipids and the zwitteri-
onic lipid phosphatidylethanolamine (POPE). DOPA was
only studied in a mixed composition with POPC, which was
found to be necessary to prepare DOPA-containing SUVs.

First, the amount of SM exchanged into acceptor vesi-
cles was assayed as a function of acceptor lipid structure.
Table 1 shows the average SM content in exchange vesicles
was ~60% of total lipids. Because the outer leaflet percent
of total surface area in SUVs is ~67%, this indicates that
MBCD-induced lipid exchange is efficient, corresponding
to roughly 90% exchange of outer leaflet lipids, consistent
with our prior studies (46). This demonstrates that the ex-
change method can be successfully used with a wide vari-
ety of lipid headgroups.

Determination of asymmetry by comparison of ordered
(gel) phase thermal stability in exchange vesicles and
scrambled vesicles

To determine whether SM is asymmetrically distributed
in the bilayer of the exchange vesicles (i.e., with SM in the
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TABLE 1. Percent SM in exchange vesicles

Sample Composition SM Percent by TLC
SMo/POPG i 57.9+4.3 (4)
SMo/DOPG i 57.5+2.1(2)
SMo/soy PIi 59.9 + 1.7 (5)
SMo/TOCL i 67.8+4.1 (2)
SMo/POPC:DOPA 2:1 i 62.2+ 2.1 (2)
SMo/POPS i 59.1 +4.5 (2)
SMo/POPE:POPG 2:1 i 63.2 + 3.8 (2)
SMo/POPE:DOPG 2:1 i 59.1 £ 2.4 (2)
SMo/POPE:soy PI 2:1 i 60.5 + 2.6 (2)
SMo/POPE:TOCL 2:1 i 58.6 £ 3.5 (2)

SMo/POPE:POPS 2:1 i 57.6 +2.6 (2)

Percent of SM in exchange vesicles was calculated from HP-TLC
analysis of Sepharose CL2B fractions (details in Materials and Methods).
Average (mean) and range derived from duplicate experiments or
SD when n > 2 is shown. The number of experiments is shown in
parentheses. o, outer leaflet lipid; i, inner leaflet lipid.

outer leaflet and the lipids with other headgroups in the
inner leaflet), the thermal stability of SM-rich ordered (gel
state) domains in the exchange vesicles was compared
with that in symmetric vesicles. We previously observed
that when asymmetric vesicles have SM in the outer leaflet,
they have a higher Tm for the gel to Ld transition than do
symmetric vesicles of the same lipid composition (5°C <
ATM g mmewic—symmeuic < 10°C) (43, 45, 46). This reflects an
increased thermal stability of the gel state in the asymmet-
ric vesicles. (It should be noted that the Tm detected in
the asymmetric vesicles mainly reflects the melting of the
outer leaflet. The melting of the inner leaflet is generally
not detected in these vesicles because it is composed of
unsaturated lipids with much lower Tms.) In fact, the melt-
ing transition of the SM-rich outer leaflet in fully asymmet-
ric vesicles occurs at a similar temperature as in pure SM
vesicles, evidently because the thermal stability of the gel
state of the SM-rich outer leaflet is not affected by Ld state
lipids in the inner leaflet (43, 45, 46). To insure that the
symmetric vesicles had identical lipid compositions as the
exchange vesicles, we prepared “scrambled” vesicles in
which the exchange vesicles were dissolved in organic sol-
vents and then reconstituted to produce symmetric vesi-
cles. When exchange vesicles are symmetric, the Tm before
and after scrambling is identical (46).

Gel state thermal stability was determined from the
steady-state DPH anisotropy measurements as a function
of temperature (48). Anisotropy is high in tightly packed
gel state and low in loosely packed Ld state (49-51). The
phase transition is detected as a sigmoidal decrease in
DPH anisotropy as temperature is increased, with Tm de-
fined as the midpoint of the sigmoidal curve (52, 53).

Figure 1 shows representative DPH anisotropy versus
temperature curves for exchange and symmetric vesicles.
In the symmetric vesicles, the highest Tm values are ob-
served for pure SM vesicles (36.5°C), with intermediate
Tm values for vesicles composed of a mixture of 6:2:1
(mol:mol:mol) SM:PE:PG (32.2°C), and lowest Tm (16.3°C)
for 2:1 PE:PG. The exchange vesicles, which have an
overall lipid composition (with 63.2 + 3.8% SM) similar
to that of symmetric 6:2:1 SM:PE:PG vesicles, had a Tm
of 37.1°C. The observation that the Tm of the exchange
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Fig. 1. Representative steady-state DPH anisotropy as a function

of temperature in symmetric, scrambled, and exchange SUVs. Sam-
ples contained 0.1 mol% DPH in SM (O); 6:2:1 SM:POPE:POPG
(+); 2:1 POPE:POPG (A); SMo/2:1 POPG:POPEi (B); and scram-
bled SMo/2:1 POPG:POPEi ([J).

vesicles was 5°C higher than in the symmetric 6:2:1
SM:PE:PG vesicles and than in the scrambled vesicles in-
dicates that the exchange vesicles were asymmetric. The
fact that the asymmetric vesicle Tm was about as high as
pure SM vesicles is also indicative of asymmetry, as noted
above. This result (Fig. 1) shows that the thermal stabil-
ity of ordered domains in the exchange vesicles was not
destabilized by the presence of unsaturated PE/PG lip-
ids, in agreement with previous results as noted above
(43, 45, 46).

These experiments were repeated for all of the lipids
studied. Figure 2 shows the Tm of exchange vesicles (black
bars) and the corresponding scrambled vesicles (white
bars). In most cases, Tm of the exchange vesicles before
scrambling was close to that of pure SM. In addition, a
substantial Tm decrease after lipid scrambling (3-6°C)
was observed for all the different headgroup lipids tested.
Thus, lipids with different headgroup structures form ves-
icles with at least some degree of lipid asymmetry. How-
ever, Tm in the asymmetric vesicles was lowest for the
vesicles with inner leaflets composed of DOPG, POPG, CL,
or soy PI, which might suggest a lower extent of asymmetry
(see below). (Notice that we are using the nomenclature
previously established for asymmetric vesicles, in this case
SMo/Xi, where X is the name of the lipid(s), o is the outer
leaflet lipid after exchange, and i is the inner leaflet lipid
after exchange, if asymmetry is achieved. This nomencla-
ture is used both when exchange vesicles are completely
and just partly asymmetric.)

Estimating the stability and extent of asymmetry

Previously we found that the extent of lipid asymmetry in
exchange vesicles was linked to the rate of spontaneous lipid
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Fig. 2. The gel to fluid melting midpoint (Tm) of exchange and
scrambled SUVs. A: SMo/Xi vesicles. B: SMo/2:1 POPE:Xi vesicles.
The (X) indicates a lipid other than SM. Exchange vesicles (black
bars); exchange vesicles 1 day after preparation (gray bars); and
exchange vesicles after scrambling (white bars). Lipid composition
of exchange vesicles is shown on the x axis. The steady-state DPH
anisotropy measurements as a function of temperature were made
on exchange vesicles both immediately after preparation and after
1 day of incubation at room temperature. The average (mean) and
range (if n = 2) or SD are shown. The number of samples is the
same as shown in Table 2.

movement across the bilayer (lipid transverse diffusion =
flip-flop) (46), such that vesicles with lipid asymmetry were
formed when flip-flop was slow. To see which exchange
vesicles showed fast flip-flop, and thus had destabilized lipid
asymmetry, their Tm immediately after preparation (Fig. 2,
black bars) was compared with their Tm 1 day later (Fig. 2,
gray bars). If asymmetry is not stable due to fast flip-flop,
then Tm values after 1 day should decrease and approach
that in scrambled symmetric vesicles (Fig. 2, white bars).
Figure 2 shows there was a measurable decrease of Tm 1
day after vesicle preparation for exchange vesicles in which
the inner leaflet contained PG, CL, soy PI, or PA without
PE. (However, the decrease in Tm was very small for PG
and CL.) This suggests their asymmetry is not stable, and
may have been incomplete even when measured right af-
ter preparation. This is in agreement with the low Tm val-
ues observed for PG, CL, and Pl-containing vesicles right
after preparation, as noted above. However, when these
lipids were mixed with PE, the Tm of exchange vesicles did
not decrease 1 day after vesicle preparation, and in the

case of PS, the Tm of exchange vesicles was stable after 1
day, both with or without PE. This suggests these lipids
have stable asymmetry, and agrees with their high Tm val-
ues right after preparation.

To see if the behavior of soy PI [which is rich in polyun-
saturated (18:2) acyl chains in its 2-position] reflected a dif-
ference in acyl chain structure from the other lipids, which
had either one or two oleoyl chains (18:1), we performed a
few experiments using dioleoyl PI. Exchange vesicles pre-
pared with dioleoyl PI appeared to exhibit behavior similar
to that of soy PI, suggesting the behavior of soy PI does not
simply reflect its acyl chains (supplementary Fig. II).

Exchange experiments were also carried out using large
unilamellar vesicles (LUVs) in place of SUVs (43). These
are shown in supplementary Fig. I. Exchange LUVs could
not be prepared in all cases because in some cases LUVs
aggregated severely after exchange, while in other cases
we could not find conditions to fully purify exchange LUVs
from donor vesicles. In addition, the data with LUVs also
tended to be a bit less reproducible than for SUVs. Never-
theless, the data shows that asymmetric vesicles can be pre-
pared with SM in the outer leaflet and TOCL, POPE/
TOCL 2:1, or POPS in the inner leaflet. The asymmetry is
stable after 1 day in the exchange LUVs containing POPE/
TOCL or POPS. For the case of exchange vesicles contain-
ing TOCL in the inner leaflet, variability in Tm is too large
to tell if the asymmetry is fully stable or only partly stable.
We also saw evidence for asymmetry in vesicles with POPG
in their inner leaflet, but vesicle aggregation reduced the
reliability of the data (not shown). In addition, it should
be noted that we previously found asymmetry was stable
in exchange LUVs with DOPE/POPS in their inner leaf-
let (43). Therefore, it is possible to prepare asymmetric
LUVs that maintain stable asymmetry with a wide variety of
headgroups.

Apparent lack of coupling between inner and
outer leaflet membrane state

Table 2 shows that, as estimated from the anisotropy of
DPH at 23°C, the level of membrane order in exchange
vesicles that appear to be fully asymmetric after introduc-
tion of SM is only ~70% that of pure SM vesicles, even
though Tm values were almost identical to those in pure
SM vesicles. Our previous studies have shown thatin SMo/
PCi asymmetric vesicles in which the PC has at least one
unsaturated acyl chain, 70% order reflects a relative lack
of coupling between the physical state in the outer leaflet
(gel state), which is nearly pure SM and composes about
67% of the total lipid, and the physical state of the inner
leaflet, which remains in the Ld state (43-46). Thus, it ap-
pears that the lack of coupling between inner and outer
leaflet physical states, such that the outer leaflet is in the
gel state and the inner leaflet is in the Ld state, is also true
for other asymmetric vesicles with SM outside and lipids
with at least one unsaturated acyl chain inside.

Asymmetry of exchange vesicles assayed by proton NMR
spectroscopy

The studies above provide a good indication of which
vesicles are fully asymmetric and which are only partly
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TABLE 2. DPH fluorescence anisotropy in symmetric and exchange

vesicles at 23°C

Sample Composition

DPH Anisotropy

Percent Ordered

SM 0.311 £ 0.002 (5) =100
POPG 0.115 £ 0.001 (2) =0
DOPG 0.098 £ 0.002 (2) =0
Soy PI 0.108 £ 0.002 (2) =0
TOCL 0.099 £ 0.002 (2) =0
2:1 POPC:DOPA 0.114 £ 0.004 (2) =0
POPS 0.105 £ 0.003 (2) =0
2:1 POPE:POPG 0.158 £ 0.005 (2) =0
2:1 POPE:DOPG 0.129 £ 0.003 (2) =0"
2:1 POPE:Soy PI 0.144 + 0.002 (2) =0
2:1 POPE:TOCL 0.132 £ 0.002 (2) =0"
2:1 POPE:POPS 0.143 + 0.002 (2) =0
SMo/POPG i 0.239 + 0.008 (7) 63.3 +5.2
SMo/DOPG i 0.223 £ 0.012 (2) 58.7 £ 6.4
SMo/Soy Pl 'i 0.224 + 0.005 (8) 57.1+3.9
SMo/TOCL i 0.210 + 0.007 (10) 524+ 4.3
SMo/POPC:DOPA 2:1 i 0.237 + 0.004 (6) 62.4 + 4.5
SMo/POPS i 0.252 + 0.004 (6) 714+ 4.4
SMo/POPE:POPG 2:1 i 0.274 + 0.003 (4) 75.8 £ 6.7
SMo/POPE:DOPG 2:1 i 0.243 £ 0.004 (4) 62.6 + 4.5
SMo/POPE:Soy PI 2:1 i 0.281 £ 0.003 (4) 82.0+5.5
SMo/POPE:TOCL 2:1 i 0.231 £ 0.005 (4) 55.3 +4.4
SMo/POPE:POPS 2:1 i 0.272 + 0.016 (5) 76.8 £10.7

The percent ordered state of the outer leaflet was estimated from the
following equation: Percent ordered = (A — Ayge 1.4)/ (A100% ordered —
Ajgos 1) A is anisotropy in the exchange vesicles, Ajg ordered 1S
anisotropy in SM, and Ajyq 14 is anisotropy in the appropriate un-
saturated lipid. This formula assumes that the gel domain and Ld
domains have A values similar to those in pure gel and Ld state vesicles,
respectively. DPH was added to preformed vesicles at a concentration
of 0.1 mol% of total lipid concentration. Symmetric vesicles were pre-
pared by ethanol dilution. Average (mean) and range derived from
duplicate experiments or SD when n > 2 is shown. The number of
samples is shown in parentheses.

“These lipid mixtures may not be totally in Ld state at room
temperature.

asymmetric. To confirm these results, and to assay the
asymmetry of exchange vesicles more directly, NMR was
used. The difference in packing in inner and outer leaflets
of SUVs influences the proton NMR chemical shift of the
choline N-methyl groups of SM and PC such that the
methyl signal splits into separate inside and outside methyl
peaks, with the outer leaflet methyls having a more down-
field chemical shift (54, 55). The relative intensity of the
inside and outside choline methyl signal of SM can be
used to estimate the outer/inner leaflet distribution of SM
in SUVs. In order to eliminate complications due to differ-
ences in the physical state of lipids in the inner and outer
leaflet, all the proton NMR experiments were carried out
at b5°C, well above Tm in these vesicles.

Figure 3 shows the chemical shift of the choline N-
methyl groups of SM in symmetric and exchange SUVs.
For symmetric SUVs composed of pure SM or a SM/differ-
ent headgroup lipids mixture, two split 'H resonances
were observed, as expected, corresponding to the outer
membrane leaflet at a chemical shift of 3.47-3.49 ppm
and the inner membrane leaflet at a chemical shift about
0.04 ppm lower (with a somewhat smaller difference in
shift in some cases). This split signal confirmed SM is local-
ized both in the outer and inner leaflet (Fig. 3). For ex-
change SUVs, when lipids such as PG, CL, or PI were
used alone as the inner leaflet lipids, freshly prepared
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exchange vesicles also showed two '"H resonances of SM
choline N-methyl groups. This confirmed that SM was lo-
cated in both the outer leaflet and the inner leaflet, and
that these vesicles were not fully asymmetric. However, the
intensity of the inner leaflet peak relative to the outer leaf-
let peak was significantly less than in the corresponding
symmetric vesicles, indicative of some degree of asymme-
try. Vesicles containing PS exhibited only very weak inner
leaflet SM peaks, suggesting they were more asymmetric
than was the case for the other anionic lipids. Figure 3B
also shows that when the various anionic lipids were mixed
with PE, at most only a very small upfield choline methyl
group signal was detected. This indicated that in the pres-
ence of PE the vesicles were very highly asymmetric. These
results are fully in agreement with the conclusions of the
Tm studies described above, and an alternative explana-
tion for the single NMR signal, that the vesicles have fused
to form LUVs, is ruled out by measurements of vesicle size
(supplementary Fig. III).

DISCUSSION

Effect of headgroup structure upon asymmetric vesicle
formation and stability

This study has shown MBCD-induced lipid exchange
can be used to form asymmetric vesicles having a wide va-
riety of lipid headgroups. However, the extent and stability
of asymmetry are strongly affected by lipid headgroup
type. In the case of PS, or PE mixed with PS, PG, PI, or CL,
almost fully asymmetric vesicles with outer leaflets com-
posed of SM were obtained. In these cases, Tm values
matched those expected for fully asymmetric vesicles based
on prior studies (43, 45, 46); there was no change in Tm
after 1 day, which is indicative of stable asymmetry; and
NMR showed that SM was located in the outer leaflet to a
much higher extent than in symmetric vesicles with the
same composition. We estimate roughly that the asymme-
try is on the order of 90% in these vesicles. Our prior stud-
ies with PC having the same acyl chains as the lipids used
in this study (i.e., DOPC and POPC) found that stable
SM/PC vesicles with a similar degree of asymmetry can be
obtained (45).

In contrast, only partial asymmetry was obtained with
the other anionic lipids tested (DOPG, POPG, soy PI,
DOPC, and TOCL). In these cases, Tm was lower than in
fully asymmetric vesicles, and Tm was found to decrease
after 1 day, indicative of further loss of asymmetry, i.e.,
that asymmetry is unstable. In addition, NMR showed a
significant level of SM in the inner leaflet, although much
less than in symmetric vesicles. These observations raise
the question of why PS, PE, and PC allow/promote the
formation of stable asymmetry. One likely factor is that
these lipids have multiple charged groups, both anionic
and cationic, and rarely (or in the case of PC never) exist
in an uncharged state. In contrast, PG, PI, and CL have
only one anionic charge on the phosphate (which in the
case of CL means one anionic group per two acyl chains).
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Fig. 3. Proton NMR spectra at 55°C of SM choline N-CH;. NMR spectra near the chemical shift of choline
N-methyl groups of brain SM is shown with the outer leaflet signal at 8 3.47-3.49 ppm and the inner leaflet
at a lower 8 by 0.02-0.04 ppm. A: Spectra of symmetric pure SM vesicles. The arrows denote the SM distrib-
uted in the outer (out) and inner (in) leaflet of the membrane. B: Spectra of symmetric vesicles of 2:1
mol:mol SM:X and SM:PE:X mol:mol 6:2:1 (left columns), and spectra of exchange vesicles composed of
SMo/Xi and SMo/2:1PE:Xi (right columns). The (X) indicates POPG, TOCL, soy PI, or POPS with or with-

out POPE.

These lipids may more readily cross the membrane in an
uncharged state, either due to protonation or complex-
ation with Na* or K' from the buffer, which should more
readily penetrate into and cross the hydrophobic core of
the bilayer (Fig. 4A). This tendency to flip would be exac-
erbated by repulsions between the anionic groups of
neighboring anionic lipids, which would raise the free en-
ergy of the lipids in the usual nontranslocating conforma-
tion relative to the transition state expected to form when
the lipids are crossing the most hydrophobic part of the
bilayer (Fig. 4B). This repulsion should be lessened signifi-
cantly by the presence of zwitterionic PE molecules. This
may explain why asymmetry is more stable in the presence
of PE. Another factor may be the small headgroup size of

PE, which would lessen steric clashes between headgroups.
Because the headgroup of PC is larger than PE, this factor
might explain why mixtures of PC and PA did not form
vesicles with very stable asymmetry. Alternatively, PA has
such a small headgroup that it may cross membranes faster
than other lipids.

It is also possible that lipids do not flip as monomers.
For example, lipid dimers might form such that their head-
groups interact to form H-bonds and/or salt bridges that
decrease their energy when moving across the core of the
bilayer. In this case, lipids that more readily form these
dimers may flip more quickly.

Another question is: if only one of the two lipids in a
bilayer tends to flip quickly, how can asymmetry break
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Fig. 4. Schematic illustration of factors affecting the stability of
asymmetry for lipids with different headgroups. A: Differences in
free energy in bilayer core during flipping. The (a) indicates lipids
with one charged group per two acyl chains (PG, PI, PA, CL) and
the (b) indicates lipids with multiple and oppositely charged
groups (SM, PE, PC, and PS). B: Differences in free energy in bi-
layer before flipping. The (c) indicates lipids with no net electro-
static repulsions (PC, SM, PE) and the (d) indicates lipids with net
electrostatic repulsions (PG, PIL, PA, CL, PS). G, free energy.

down? For example, PG may flip to the outer leaflet relatively
quickly but loss of asymmetry also requires that SM flip
back to the inner leaflet. If this later step was rate-limiting,
one would predict that asymmetry would remain stable,
but it does not. One possible explanation is that the bal-
ance between the number of inner and outer leaflet lipids
is lost when a lipid moves from one leaflet to another. The
loss of balance would increase the flipping of lipids in the
opposite direction to reestablish balance.

It should be noted that most of these experiments were
carried out with SUVs, which are highly curved. This al-
lowed us to use the NMR method to assess asymmetry.
However, we did find similar asymmetry for LUVs in those
lipid compositions for which exchange LUVs could be pre-
pared. In addition, previous studies have shown that lipid
flip-flop, which is the process that destroys asymmetry, is
similar in SUVs and LUVs (46). Furthermore, even if there
is a difference in flip-flop between SUVs and LUVs, we are
interested in the differences between the stability of asym-
metry for different lipids, which should largely reflect dif-
ferences in lipid structure when measured in the same
type of vesicles. Finally, the hydrophobic core of the bi-
layer, which is the barrier for transverse diffusion, would
be expected to be similar in SUVs and LUVs.

Nevertheless, it is possible that vesicle curvature could
affect flip-flop. The curvature of SUVs is expected to in-
crease spacing between headgroups in the outer leaflet,
while inducing crowding between headgroups in the in-
ner leaflet. If crowding increases the energy of a lipid in its
normal conformation in the bilayer, it should decrease the
relative height of the energy barrier for flipping in SUVs
relative to that in LUVs. On the other hand, the increased
spacing between headgroups in the outer leaflet and in
SUVs would be expected to decrease headgroup crowding
and might decrease the energy of a lipid in its normal con-
formation relative to that in LUVs. Because flip-flop must
have equal rates in both directions in order to maintain
lipid balance between the inner and outer leaflet, these
effects might cancel out. Based on the considerations
above, we feel that it is unlikely that the conclusions above
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concerning lipid asymmetry would be greatly affected by
vesicle curvature, but cannot rule out an effect of curva-
ture at this time.

Potential biological implications of the dependence of
asymmetry upon lipid headgroup composition

An enduring mystery is why different lipid headgroups
exist. The effect of lipid headgroup structure upon lipid
asymmetry may help explain some of the functions of dif-
ferent lipid headgroups. The observation that mammalian
membranes contain considerable amounts of PE mixed
with anionic lipids in the inner leaflet may reflect the
necessity to maintain lipid asymmetry without wasteful
expenditure of energy from ATP-consuming lipid translo-
cases/flippases (56). The case of PS is particularly interest-
ing as its appearance on the outer leaflet of the plasma
membrane is a signal that a cell may be undergoing pro-
grammed cell death (apoptosis), and an external signal to
macrophages that the damaged apoptotic cell needs to be
engulfed and consumed (10-18). We speculate that PS is
a particularly good choice for this functional role relative
to other anionic lipids because its tendency to spontane-
ously flip across the lipid bilayers is especially low, mini-
mizing the chance that healthy cells could be accidentally
targeted and destroyed.

As noted above, the differences in the stability of asym-
metry for the lipids studied should reflect differences in
lipid structure. Despite this, and studies suggesting that
spontaneous flip-flop is similar in SUVs and LUV, it would
be interesting if the absolute values of the stability of asym-
metry were affected by membrane curvature, because bio-
logical membranes in cells undergo undulations and bending
events, e.g., during endocytosis. Thus, an influence of curva-
ture on the stability of asymmetry in vivo should not yet be
ruled out. B
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