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Conspectus
The lipid bilayer, together with embedded proteins, is the central structure in biomembranes.

While artificial lipid bilayers are useful to model natural membranes, they are generally symmetric, with
the same membrane lipid composition in each lipid monolayer (leaflet). In contrast, natural membranes
are often asymmetric, with different lipids in each leaflet. To prepare asymmetric lipid vesicles, we
developed cyclodextrin-catalyzed phospholipid exchange procedures. The basic method is that an
excess of vesicles with one set of lipids (the donor vesicles) is mixed with a second set of vesicles
(acceptor vesicles) with a different set of lipids. Cyclodextrin is introduced into the external aqueous
solution, so that lipids in the outer leaflet of the vesicles bind to it and are shuttled between the
vesicles. At equilibrium the lipids in the outer leaflet of the acceptor vesicles are replaced by those
from the donor vesicles. The exchanged acceptor vesicles are then isolated. Asymmetric vesicles are
versatile in terms of vesicle sizes and lipid compositions that can be prepared. Measuring asymmetry is
often difficult. A variety of assays can be used to measure the extent of asymmetry, but most are
specific for one particular membrane lipid type or class, and there are none that can be used in all
situations. Studies using asymmetric vesicles have begun to explore how asymmetry influences lipid
movement across the bilayer, the formation of ordered lipid domains, coupling between the physical
properties in each leaflet, and membrane protein conformation. Lipid domain formation stands out as
of the most important properties in which asymmetry is likely to be crucial. Lipid bilayers can exist in
both liquid-like and solid/ordered-like states depending on lipid structure, and in lipid vesicles with a
mixture of lipids highly ordered and disordered domains can co-exist. However, until very recently such
studies only had been carried out in symmetric artificial membranes. Whether ordered domains (often
called lipid rafts) and disordered lipid domains co-exist in asymmetric cell membranes remains
controversial partly because lipids favoring formation of an ordered state are largely restricted in the
leaflet facing the external environment. Studies using asymmetric vesicles have recently shown that
each leaflet can influence the physical behavior of the other, i.e. that the domain forming properties in
each leaflet tend to be coupled, with consequences highly dependent upon the details of lipid structure.
Future studies investigating the dependence of coupling and properties upon the details of lipid
composition should clarify the potential of natural membranes to form lipid domains. In addition, we
recently extended the exchange method to living mammalian cells, using exchange to efficiently replace
virtually the entire phospholipid and sphingolipid population of the plasma membrane outer leaflet with
exogenous lipids without harming cells. This should allow detailed studies of the functional impact of
lipid structure, asymmetry, domain organization, and interactions with membrane proteins in living
cells.



1. Introduction:
1.1 Lipid Asymmetry
Artificial lipid bilayers that self-assemble when phospholipids are dispersed in aqueous solution

have been invaluable for studying the physical properties and function of lipids within biomembranes.
In addition, incorporation (reconstitution) of membrane proteins into artificial bilayers has provided
insights into membrane protein function and interaction with lipid. The most widely used artificial
membranes are freely floating vesicles, often called liposomes. They contain a lipid bilayer and
entrapped aqueous solution. However, a long-standing issue limiting the value of artificial lipid vesicles
has been that they generally lack lipid asymmetry. Many biological membranes, including the plasma
membrane surrounding eukaryotic cells, are asymmetric, with different lipids in the two lipid
monolayers (leaflets) that form the lipid bilayer. Inner and outer leaflet lipids can differ in chemical
structure, electrostatic charge and physical properties. How these properties differ in asymmetric and
symmetric bilayers is poorly understood.

1.2 Lipid Physical State
One critical property likely to be influenced by asymmetry is lipid physical state. The physical

behavior of lipids and lipid mixtures is shown schematically in the phase diagram of Figure 1. At higher
temperatures, pure phospholipids and sphingolipids form lipid bilayers in the liquid disordered (Ld) state
(formerly called liquid crystalline state). It has loose lateral lipid packing, acyl chains with gauche kinks,
and fast lateral diffusion.?

At low temperature, the solid-like gel state usually predominates. It contains tightly packed lipids with
extended and ordered acyl chains and has very slow lateral diffusion of lipids. The gel state, at least at
sufficiently low temperatures, is relatively detergent insoluble, i.e. lipid-lipid interactions are stronger
than lipid-detergent interactions.? The thermal transition between gel and Ld states in a bilayer of a
pure lipid occurs at a melting/freezing temperature (Tm) specific to each lipid. The presence of cis
double bonds (unsaturation) in acyl chains strongly influences Tm. Sphingolipids tend to have acyl
chains without double bonds and high Tm, while most phospholipids have at least one unsaturated acyl
chain and low Tm. This raises the possibility that biomembranes containing a mixture of both of these
lipid classes, such as plasma membranes, could contain co-existing gel and Ld domains, as shown in
Figure 1.2 Complicating this, in the presence of cholesterol an intermediate state can form, the liquid
ordered (Lo) state. The Lo state is characterized by tight lipid packing and a high degree of order, but
fast lateral diffusion *. Based on studies showing that sphingolipid and cholesterol rich detergent
insoluble membranes can be isolated from eukaryotic plasma membranes?, that the Lo state was
detergent-insoluble, and that detergent insolubility is linked with the appearance of Lo domains in
artificial lipid vesicles, our group together with that of Dr. Deborah Brown proposed Lo domain/Ld
domain co-existence in biological membranes.>®. This is the working model for the origin of sphingolipid
and cholesterol rich rafts.”?

However, sphingolipids are most highly enriched in the outer leaflet of the plasma membrane, while
ordered domains are thought to span the bilayer.! An obvious possibility is that Lo domains in one
leaflet induce them in the opposite leaflet via interactions that couple their physical properties. This
could induce transmembrane signal transduction directly via the lipid bilayer, as suggested long ago.’
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Figure 1: Schematic illustration of membrane lipid phase behavior on a temperature/composition phase
diagram. At low temperature, the solid-like gel state predominates (for example in lipid mixture of
about equal amounts of Lipid “a” and Lipid “b”at point 1, lipids shown in black at right). At high
temperature the liquid disordered (Ld) state predominates (for example at point 3, lipids shown in gray
at right). For pure membrane lipids there is a distinct melting temperature (Tm) in which the lipid
bilayer switches between these states. Tm depends on lipid structure. Notice that Lipid “a” has a lower
Tm than Lipid “b” in the example shown. In a mixture of lipids there is can be a region of phase co-
existence at intermediate temperature (for example at point 2) in which two phases/domains with
different properties, and lipid compositions, co-exist.



This raises the question: under what conditions does this interleaflet coupling occur? This cannot be
answered using symmetric lipid bilayers. Asymmetric bilayers are needed. This is what triggered the
studies our lab has carried out on asymmetric vesicles. However, as described below, the ability to
control lipid asymmetry can impact additional aspects of our understanding of lipid structure and
function.

1.3 Preparing Asymmetric Membranes Via Monolayer Assembly or Bilayer Modification

Progress preparing asymmetric lipid bilayers has been slow. One approach has been to bring two
lipid monolayers of different lipid compositions together. For supported planar bilayers prepared this
way, a cushion between the bilayer and the substrate can minimize perturbation by the support, and
some studies of interleaflet interaction have used this approach.’® Methods to prepare asymmetric
planar bilayers and vesicles involving use of lipids dispersed in oils have also been described.'*?
Perturbed membrane properties due to residual oil is a concern, although there have been attempts to
minimize this.? Methods avoiding solvent include use of pH gradients, which achieve some asymmetry
due to translocation of anionic lipids to the side of the membrane exposed to high pH?!. Outer leaflet
headgroup exchange via phospholipase D %, or decarboxylation of phosphatidylserine (PS) to produce
phosphatidylethanolamine (PE)? are also promising and have important advantages, but are limited in
what combinations of acyl chains and headgroups can be studied.

2. Preparation, Analysis and Properties of Vesicles Prepared by Lipid Exchange

2.1 Lipid Exchange
Lipid exchange is probably the most versatile method to prepare asymmetric lipid vesicles. In this

approach a population of acceptor vesicles composed of the desired inner leaflet lipids, and a donor
vesicle population (in excess), which donates what becomes the outer leaflet of the asymmetric vesicles
are mixed. In the presence of a water-soluble, membrane-impermeable, lipid-carrying agent outer
leaflet lipids between the two populations are exchanged and equilibrate (Figure 1). The exchanged
acceptor vesicles are then isolated. In some cases, exchange agent preloaded with lipid is added to the
acceptor vesicles. In early studies phospholipid exchange proteins were used.?*2® However, lipid
specificity was an obstacle to wide use, and high extents of exchange were generally not the goal, and so
not achieved.

2.2 Preparing Asymmetric Vesicles With Cyclodextrin-Catalyzed Lipid Exchange

Cyclodextrins (CDs) have turned out to be the most versatile agents for lipid exchange. CDs are
cyclic oligomers of glucose, and have a hydrophobic cavity that binds diverse hydrophobic molecules.
CDs are often highly water soluble. The three commonly used classes of CD have six (alpha), seven
(beta), or eight (gamma) glucose. Methyl beta CD (MBCD) is widely used to exchange sterols in and out
of cells or artificial lipid membranes.?” Studies showed that MBCD and other CDs could also bind to
phospholipids, presumably by binding their acyl chains, and introduce them into membranes, or
exchange them between membranes.?83°
We first exploited exchange with MBCD to prepare highly asymmetric vesicles, with efficient (75-

100%) replacement of acceptor vesicle outer leaflet lipid with donor lipid (Figure 2).3' This requires very
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high CD concentrations, and excess donor lipid. Since high concentrations of MBCD can dissolve
vesicles, the protocol involves premixing MBCD with excess donor vesicles, to saturate the MBCD with
lipid and prevent any further vesicle solubilization. Then acceptor vesicles are added. In the first study
using this approach, we produced asymmetric small unilamellar vesicles (SUV). These were separated
from larger vesicles and small soluble molecules by size.

It is desirable to prepare asymmetric vesicles with less curvature than SUV because most natural
membrane are not as highly curved as SUV. To do this, acceptor large unilamellar vesicles (LUV) were
prepared containing entrapped sucrose to increase their density. After exchange, asymmetric vesicles
could be isolated by centrifugation.3? A variant avoiding entrapping sucrose in acceptor vesicles is to
entrap sucrose within the donor vesicles.3*** After exchange, donor lipid vesicles are removed by
pelleting, and soluble components are removed by filtration. Exchange has also been extended by us to
giant unilamellar vesicles (GUV)*, and by others to planar bilayers.?® In these cases the exchange
solution with donor is removed by washing. Removal of excess donor vesicles from the donor vesicle-
MPBCD mixture prior to donor addition to acceptor prevents artifacts arising from sticking of donor
vesicles to acceptor, but decreases exchange efficiency. It should be noted that GUV are sensitive to
osmotic pressure. Even a small osmotic gradient can lead to transient pore formation®’, which might
degrade the lipid asymmetry.

Exchange can be carried out with various lipids. We found phosphatidylcholine (PC) or
sphingomyelin (SM) containing donor lipid vesicles can be used to efficiently exchange many types of PC
and SM in the outer leaflet of acceptor lipid vesicles composed of almost any type of phospholipid.3*3®
Exchange efficiency tends to increase as acyl chain length decreases.®®*° Few studies have looked at
exchanging donor lipids with other headgroups**3, and do so with high efficiency remains a challenge.

Controlling membrane cholesterol content is often desired. We first introduced cholesterol after
phospholipid exchange by adding cholesterol-loaded MBCD to vesicles at an MBCD concentration too
low to bind phospholipids. We subsequently switched to using a.CDs, which have a cavity large enough
to bind an acyl chain but which does not bind cholesterol.***¢ We found they catalyze efficient
phospholipid exchange***’, and devised a method using hydroxypropyl alpha CD (HPa.CD), and later
using methyl alpha cyclodextrin (Ma.CD) to exchange lipids using cholesterol-containing acceptor lipid
vesicles.*** In these protocols cholesterol concentration in the asymmetric vesicles is virtually the same
as in the acceptor vesicles from which they are prepared. This allows preparation of asymmetric
vesicles with any cholesterol concentration up to its solubility limit in the lipid bilayer.*®
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Figure 2: General protocol for preparing asymmetric vesicles by exchange. Exchange agent, here CDs,
shown as trapezoids. Excess donor lipid and CD are removed by size chromatography, centrifugation, or
filtration. Note: a CD molecule likely accommodates a single acyl chain in its cavity.



Cholesterol flips across the bilayer rapidly in the Ld state, and these protocols do not achieve
cholesterol asymmetry.?® At present, this is not a crucial issue because the extent of cholesterol
asymmetry in cell membranes is highly controversial.**->2 Thus, it is not clear what cholesterol
asymmetry would mimic natural membranes.

2.3 Exchange Efficiency and the Extent of Asymmetry

The level of exchange partly depends on the binding of CD to different lipids, which is highly
cooperative in CD concentration.?® Even when lipid is in excess, only a small fraction of total CD is bound
to lipid.3®*! In only few cases have any binding parameters been measured.3%415354 Binding to CD, and
thus exchange, should also be a function of the lipid composition of the donor and acceptor vesicles,
and lipid packing density within the bilayer. Some information about lipid-CD interactions comes from
studies of what concentrations of CDs dissolve lipid vesicles. We found methyl CDs can dissolve
vesicles, while hydroxypropyl CDs do not*, perhaps indicative of stronger lipid binding by methyl CDs.
There are differences in the concentration of CDs that dissolve vesicles as a function of lipid type,
generally within a factor of two when headgroup is varied.***” Lipids with relatively short acyl chains
dissolve at lower concentrations than lipid with longer ones.***” Variability in lipid interactions may
arise from batch-to-batch differences in CDs which are randomly modified with either methyl or
hydroxypropyl groups.

Exchange appears to involve nearly a 1:1 replacement of acceptor with donor lipid molecules, as
suggested by unaltered acceptor vesicle size after exchange.3** A possible explanation for this balance
is if the relative affinity of lipids for the bilayer vs. for CD increases when the outer leaflet has a lipid
deficit (exchange is less than 1:1) relative to the inner leaflet, and decreases if there is a lipid excess
(exchange is more than 1:1). This would set up a feedback loop maintaining lipid balance. (If the lipid
exchanged into the outer leaflet occupies a different cross-sectional area than that being removed, then
to balance inner and outer leaflet surface area exchange should not be exactly 1:1.) Changes in vesicle
shape or flow of cholesterol between leaflets could also help maintain lipid balance.

The level of lipid asymmetry achieved after lipid exchange reflects two distinct parameters. The
first is partial vs. full replacement of outer leaflet lipids, i.e. exchange efficiency. The second is
scrambling of inner and outer leaflet lipids. In many studies, partial replacement is the goal, so a
moderate exchange efficiency is desired. Scrambling is often more problematic, but a difference
between the behavior of a partly scrambled and symmetric (fully scrambled) vesicle can still be used to
evaluate effects of asymmetry.

When the level of exchange is that expected for replacement of the entire outer leaflet of the
acceptor vesicles with donor lipid, it likely reflects efficient, complete exchange of just the outer leaflet.
Even so proving such vesicles are asymmetric is difficult. Different asymmetry assays are often needed
for different lipids. When one lipid is anionic, one approach is to assay electric charge on the vesicle
313244 and others by
measuring vesicle outer surface zeta potential.*! In both cases, a standard curve derived from

outer surface. We determined this from the extent of binding of cationic species

symmetric vesicles of mixed lipid composition, at the appropriate lipid concentration, is used to
calibrate response vs. outer leaflet composition.

In SUV with SM or PC we used the difference in NMR chemical shift of choline methyl protons in the
outer and inner leaflets to assay asymmetry.3® This can also be done in LUV, but shift reagents must be
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added to the external solution to resolve outer and inner leaflet choline protons chemical shifts.>* The
presence of multiple choline-containing species with overlapping signals can be alleviated by use of one
species with a deuterated choline. Incompatibility of cationic shift reagents with anionic vesicles due to
vesicle aggregation and fusion is a complication.

Chemical labeling, such as of outer leaflet PE with TNBS can be used to define PE asymmetry.**
However, incomplete labeling or permeability resulting in labeling of inner leaflet PE can complicate this
approach. Careful control experiments are needed. Similarly, although not widely used for
asymmetric vesicles to date, digestion of outer leaflet lipids with water soluble phospholipases could be
used to define asymmetry. The degree to which reaction goes to completion and digestion-induced
perturbation of asymmetry would be concerns.

Empirical differences in asymmetric and symmetric vesicle properties are also signatures of
asymmetry. In vesicles with ordered membrane domains we found Tm differs in asymmetric and
symmetric vesicles of identical overall lipid composition.3323855 This may not reveal the absolute level
of asymmetry, but the rate at which Tm decays to the symmetric vesicle value can reveal the rate at
which asymmetry decays.® Others have shown measuring time-dependent changes in domain
size/number can be used for this purpose.®® The level of asymmetry can also be estimated by
comparing outer leaflet order in asymmetric and symmetric vesicles in cases in which the outer leaflet
forms ordered domains independently of inner leaflet lipid composition. To do so we added an order-
sensitive probe that binds only to the outer leaflet, and the level of membrane order in asymmetric
vesicles was compared to that in symmetric vesicles with different amounts of the order-favoring
lipid.3¥>> This method cannot be used when the inner leaflet affects ordered domain formation in the
outer leaflet.*

2.4 Asymmetry and Transverse Diffusion

Because asymmetry is degraded, i.e. lipids are scrambled, when lipids undergo transverse
diffusion across the bilayer (flip-flop, see Figure 3), understanding spontaneous lipid flip is important. It
is also of interest to know how asymmetry influences flip. Lipid flip is controlled by both the chemical
structure of a lipid and the physical properties of the hydrophobic core and polar regions of the vesicle
across which it flips. For any pure lipid vesicle, lipid chemical structure controls both properties.
However, with a mixture of lipids, the lipid that flips does not by itself determine bilayer properties.
The situation is even more complex in an asymmetric bilayer, in which each leaflet can have different
properties, and in membranes with lipid domains, as flip across Ld and Lo domains will have different
rates. By lateral diffusion lipids could gain access to the domain with the fastest flip rate.

Studies in symmetric vesicles composed of commonly used PCs revealed that phospholipid flip in
the Ld state is usually extremely slow, many hours to days.?#?>°%57 This is likely to reflect the low ability
of the charged lipid headgroups to dissolve in the hydrophobic core of the bilayer.3®>® Interruption of
van der Waals interactions between acyl chains as a lipid crosses the bilayer might also slow flip. Acyl
unsaturation can accelerate flip in Ld state PC vesicles.>® In the case of a PC having two polyunsaturated
chains (which are rare in nature), lipid flip was as fast as minutes. This might result from loose packing
in the hydrophobic core, or increased hydrophilicity of the bilayer core due to the presence of double
bonds.>> Another study suggested lipid flip in symmetric PC vesicles is faster in thinner bilayers.>® In



symmetric vesicles with both ordered and Ld domains we found flip consistent with the rate limiting
step being flip in the Ld domains.>®

In asymmetric vesicles we found asymmetry is stable for days, i.e. flip is slow, in SUV and LUV
containing SM outer leaflets and PC, PE/PS or PS inner leaflets, both in the absence and presence of
cholesterol.3324 We carried out more detailed studies in asymmetric SUV with SM in the outer leaflet
and various PCs in the inner leaflet.>> (Controls in symmetric vesicles indicated flip in SUV and LUV do
not differ greatly.) Results were largely consistent with observations in symmetric vesicles. As
measured by the loss of asymmetry, lipid flip rate increased with increasing PC unsaturation, and little or
no asymmetry was present if PC had two polyunsaturated chains. Lipid flip was also faster with shorter
acyl chain PCs, likely reflecting faster flip in thinner bilayers.

We also studied the effect of headgroup structure on flip in asymmetric SUV composed of SM in
their outer leaflet and phospholipids with various headgroups in their inner leaflet.3® Asymmetry
decayed somewhat over hours for anionic inner leaflets composed of phosphatidylglycerol (PG),
phosphatidylinositol (PI) or cardiolipin (CL), Headgroup-dependent lipid packing differences may control
flip in these vesicles. Alternately, repulsions between anionic groups could raise the ground state free
energy, and so may decrease the difference between energy of the transition state (a lipid with its
headgroup buried in the hydrophobic core of the bilayer) vs. the unflipped state. In contrast,
asymmetry was stable for days in vesicles in which the inner leaflet was formed from PS or formed from
PE mixed with PG, PI, CL or PS.

While cholesterol flips quickly in the Ld state at room temperature or 37°C, cholesterol slows both
spontaneous and peptide-enhanced phospholipid flip.>>%° This presumably reflects tighter packing of the
hydrophobic core of the bilayer when cholesterol is present. It should be noted that at very low
temperatures in the gel or Lo state cholesterol flip can be very slow.5!

Phospholipid flip in PC vesicles labeled asymmetrically by lipid exchange was found by NMR to be
much slower in the gel state than in the Ld state, and accelerated when temperature was increased in
the Ld state.”” Nevertheless, at the gel to Ld transition temperature, at which packing defects exist at
Ld/gel boundaries®?, flip was somewhat accelerated relative to higher temperatures. In supported
planar bilayer studies flip rates much faster than in vesicles have been reported.®*%> It was proposed
that this might be explained by bilayer defects in planar bilayers.>” It should also be noted that lipid flip
might be accelerated by CDs>, especially if they bind to vesicles, or perturb lipid balance by net
extraction or delivery of outer leaflet lipid. For some lipid compositions some asymmetry might be lost
during the lipid exchange step.

Hydrophobic peptides are known to accelerate lipid flip between leaflets.>%%6669 Thjs property of
the peptide alamethicin was used to destroy lipid asymmetry.3? Recent studies have found that the
peptide gramicidin can also accelerate lipid flip in asymmetric vesicles.”® In other studies, the loss of
asymmetry due to lipid flip was used to create asymmetric vesicles that gradually expose PS on their
outer leaflet, and become susceptible to engulfment by macrophages.” Such vesicles would be
targeted to first bind virus, and then allow the virus to be engulfed by a macrophage
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Figure 3: Section of lipid bilayer showing the distinction between lateral diffusion and transverse
diffusion (flip-flop). The diffusion events shown by solid arrows. Notice that the latter degrades lipid
asymmetry in the absence of other processes.
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2.5 Asymmetry and Interleaflet Coupling

An important question is: to what degree are physical properties in one leaflet of the bilayer coupled
to those in the opposite leaflet? As noted above, if ordered domains in one leaflet induce them in the
opposite leaflet, they could trigger lipid-induced signal transduction across the bilayer, a very different
process than the familiar signal transduction mediated by transmembrane proteins. There are many
ways in which interleaflet coupling might be manifest in a bilayer in which one leaflet contains lipid
preferring to form an ordered state.3>%° As shown in Figure 4, the bilayer could have uncoupled leaflets,
with each leaflet in the same physical state as in a symmetric bilayer formed by pure outer or inner
leaflet lipids. At the other extreme is strong coupling in which an ordered leaflet could induce order in
the opposite leaflet (outer leaflet dominates), or in which a disordered leaflet could induce disorder in
the opposite leaflet (inner leaflet dominates). There could also be strong coupling in which neither
leaflet dominates and the bilayer forms a uniform intermediate physical state, or in which an order
gradient forms such that intermediate properties exist near the bilayer midplane. Not illustrated, is
partial coupling in which an ordered state or disordered state leaflet imposes a partly ordered or
disordered state upon the opposite leaflet.

Coupling can also be temperature dependent. Consider asymmetric vesicles at a temperature at
which the two leaflets would have domains in different physical states in symmetric vesicles. At lower
temperatures, the leaflet with ordered lipids might dominate bilayer properties while at higher
temperatures the disordered lipid leaflet might dominate. Alternately, there could be strong coupling
as some temperatures and a lack of coupling at other temperatures.

Measuring interleaflet coupling is difficult. Partly this reflects experimental limitations.
Disappearance of domains at the level of light microscopy might only represent their conversion to a
submicroscopic size. If the asymmetric bilayer preparation has residual oil between leaflets, interleaflet
coupling could be disrupted. Finally, if domains are detected by a fluorescent probe concentrating in Lo
or Ld domains, a change in bilayer properties such that a probe partitions close to equally between
domains would lead to a loss of contrast which could be mistaken for loss of domains.

The amount of the bilayer in the form of different domains might also alter coupling. For example,
when the outer leaflet has a mixture of Lo and Ld domains, and coupling induces the formation of an Lo
domain in the inner leaflet, inner leaflet lipids would rearrange laterally, and lipid leaflet lipids in contact
with the outer leaflet Lo domain will not be identical to the overall inner leaflet composition.”> The
physical properties can then depend on the extent of lipid rearrangement. This lateral rearrangement
cannot occur in the inner leaflet when the entire outer leaflet is composed of a single physical state, e.g.
all Lo. Another complication is that different physical parameters (domain formation, diffusion,
membrane order) may be coupled to different extents, which can lead to different conclusions
depending on the parameter being measured.

Pioneering studies with asymmetric planar bilayers revealed that coupling can induce ordered
domains large enough to detect by light microscopy in a manner dependent on lipid composition, but
the issues noted above limit more detailed interpretation.®!! A number of studies have now been
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Figure 4: Schematic illustration of different degrees of physical state coupling. Top: Behavior of
symmetric lipid vesicles composed of single lipids. Middle: weak coupling (left), strong coupling with
ordered leaflet dominant (middle) and strong coupling with disordered leaflet dominant (right).
Bottom: strong coupling without a dominant leaflet. Not illustrated, an intermediate degree of
coupling, and scenarios for temperature dependence of coupling. For the latter see #°
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carried out using asymmetric vesicles prepared by CD exchange. In vesicles lacking cholesterol, we
found that in asymmetric SUV and LUV having fully ordered outer leaflets composed of SM, inner
leaflets composed of unsaturated PC were only weakly coupled to the outer leaflet in terms of
membrane order. This was true both in the absence and presence of cholesterol.3**2 However, our
study of lipid diffusion in asymmetric GUV with a mixed SM and unsaturated PC outer leaflet that should
be partly in a gel state detected coupling slowing inner leaflet lipid diffusion, for some, but not all,
unsaturated PC species.” Interestingly, overall inner leaflet order was not increased by substitution of
SM into the outer leaflet. However, this does not rule out more local changes in the inner leaflet. In
terms of the inner leaflet influence on the outer leaflet, small angle neutron scattering and X-ray studies
in asymmetric LUV prepared by MBCD-induced exchange have indicated that the level of order of
ordered domains in a leaflet containing saturated DPPC and unsaturated PC was decreased by contact
with an inner leaflet composed of unsaturated PC.3374

We carried out confocal light microscopy studies in cholesterol-containing asymmetric GUV having a
SM and an unsaturated PC outer leaflet forming co-existing Lo and Ld domains and an inner leaflet
composed of the same unsaturated PC. SM rich outer leaflet Lo domains induced Lo domain formation
in the inner leaflet.”? Under some conditions, there was a difference in fluorescent probe partition
between ordered and disordered domains in the inner and outer leaflet that suggested inner leaflet
ordered domains were less ordered than those in the outer leaflet. The low concentration of the
unsaturated lipid fluorescent probe in inner leaflet ordered domains (relative to that in disordered
domains) suggested ordered domains would also be relatively depleted in unsaturated PC, as thus would
have to be enriched in cholesterol.

Our recent studies in cholesterol-containing asymmetric LUV having an outer leaflet composition
favoring formation of co-existing Lo and Ld domains and an inner leaflet composed of unsaturated PC
have examined domains at the nanodomain size scale using FRET.*® We found that the thermal stability
of outer leaflet ordered domains was strongly dependent on the structure of the order-forming outer
leaflet lipid, saturated PC. As saturated PC acyl chain length was decreased, there was an increasing
loss of outer leaflet ordered domain formation relative to that in symmetric vesicles with the
composition of the corresponding outer leaflet. This implies that as saturated PC acyl chain length
decreased the disordered inner leaflet increasingly dominated physical properties of the outer leaflet.

Membrane curvature can influence coupling. With asymmetric vesicles with SM-rich outer leaflets
and unsaturated lipid rich inner leaflets we found little difference in the coupling of membrane order in
asymmetric LUV and SUV, which have different degrees of curvature.3? This was true both with and
without cholesterol. However, studies by others in LUV with mixtures of PE and PC found that coupling
is affected by the difference in inner and outer leaflet curvature. Pure PE vesicles formed gel state
domains at higher temperatures than the PC used.*? In asymmetric vesicles, when the outer leaflet had
a PE and PC mixture and the inner leaflet enriched in PC, two melting events were observed, as if each
leaflet melted independently, indicating weak coupling. However, when the compositions of the leaflets
were reversed, only a single melting event at an intermediate temperature was observed, indicating
strong coupling. Clearly, interleaflet coupling is a complex phenomenon.

2.6 Asymmetry Alters the Effects of Sterols Upon Membrane Domain Formation
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We found that the influence of sterol structure on Lo domain formation differs in symmetric and
asymmetric LUV.” In addition to sterol, the latter had a SM and DOPC containing outer leaflet, and a
DOPC containing inner leaflet. 7-dehydrocholesterol most strongly stabilized ordered domain
formation, cholesterol was the next most stabilizing, and 4-cholesten-3-one the least ordered domain
stabilizing in both symmetric and asymmetric LUV. However, in asymmetric vesicles desmosterol
stabilized ordered domains nearly as well as cholesterol, while epicholesterol stabilized ordered domain
much more weakly. This has biological implications, because the correlation between the ability to
support ordered domain formation and the ability of cells to carry out endocytosis (transport of
molecules from the plasma membrane to internal membranes)’® is stronger when assessed via the
ability of sterols to support ordered domain formation in asymmetric vesicles.

2.7 Deriving Other Insights into Membrane Structure and Function Via CD-Catalyzed Lipid Exchange

In addition to membrane domain formation, lipid asymmetry can influence membrane proteins.
We found asymmetry of charged lipid increased the fraction of a membrane-bound peptide in a
transmembrane orientation as opposed to a non-transmembrane “surface” state.3! Others found
asymmetry of PS influences configuration of other transmembrane helices.”” We also studied the
response of the protein perfringolysin O (PFO) to asymmetry.”® PFO binding to, and insertion into,
membranes involve a series of events: cholesterol binding, oligomerization, insertion of transmembrane
beta strands, and formation of a transmembrane beta barrel with a large internal pore. These
processes occur if membranes contain sufficient cholesterol. We found lipid asymmetry in cholesterol-
containing LUV that mimics plasma membrane asymmetry had a marked effect on these processes. In
symmetric vesicles the extent to which each step was triggered had a similar dependence on cholesterol
concentration, as if the insertion process was largely all or none. In the asymmetric vesicles, there were
two distinct steps. At intermediate cholesterol concentrations PFO bound, oligomerized and inserted,
but did not form pores. It should be noted that these studies were aided by the ability of PFO to insert
in membranes from the outside in a unidirectional orientation.

In studies of others using CD-induced lipid exchange it was found that lipid asymmetry alters
partitioning of a receptor protein between Lo and Ld domains.” Also, CD-induced lipid exchange was
used to demonstrate the ability of in situ changes in lipid composition to alter membrane protein
topography 88!

An exciting application for CD-induced lipid exchange is to replace the endogenous lipids in the outer
leaflet of the plasma membranes of cultured cells with exogenous lipids. Prior efforts introduced
exogenous lipids into cell membranes using MBCD3%#2 or carboxyethyl gamma CD.8 However, the
degree to which endogenous lipids were replaced was not measured. Removal of cholesterol by MBCD
was circumvented by mixing exogenous cholesterol with MBCD prior to add MBCD to cells.®

We reinvestigated lipid exchange using cells with Ma.CD, which has favorable properties for
phospholipid (and sphingolipid)-specific exchange: strong binding to many lipids and a lack of interaction
with cholesterol. Complete or nearly complete replacement of endogenous plasma membrane outer
leaflet lipids (other than cholesterol) with exogenous lipids (SM or PC) is achieved without harming
cells.®® Our published data and unpublished work shows alteration of cell lipid composition with SM and
PC persists for hours after exchange, and the exogenous lipids largely reside in the plasma membrane
outer leaflet (plus membrane compartments rapidly cycling to the plasma membrane). The
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composition of the endogenous lipids removed by exchange, PC and SM with a little PE, was consistent
with the asymmetry of mammalian plasma membranes.®*

3. Conclusions

The ability to prepare asymmetric vesicles with CD-catalyzed lipid exchange has opened up
important areas of membrane structure and function to detailed studies. It seems likely that they will
allow derivation of a detailed and realistic understanding of coupling between the leaflets of a lipid
bilayer. How lipid asymmetry affects membrane proteins is another area that has been widely ignored,
but can now be studied. Note that this will require improved methods to control the orientation of
proteins incorporated into artificial membranes.

Potential applications of the ability to change lipid composition in cells are particularly exciting. The
ability to introduce unnatural lipids, or lipids with defined combinations of lipid acyl chains and polar
head groups could allow studies at an unprecedented level of detail. How membrane organization and
lipid composition controls protein function can be investigated. By analyzing endogenous lipid
removed from the plasma membrane, plasma membrane asymmetry under different conditions could
be evaluated.
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