
 

   
SSStttooonnnyyy   BBBrrrooooookkk   UUUnnniiivvveeerrrsssiiitttyyy   

 
 
 

 
 
 
 

   
   
   
   
   

The official electronic file of this thesis or dissertation is maintained by the University 
Libraries on behalf of The Graduate School at Stony Brook University. 

   
   

©©©   AAAllllll    RRRiiiggghhhtttsss   RRReeessseeerrrvvveeeddd   bbbyyy   AAAuuuttthhhooorrr...    



 

 

Domain Formation in Asymmetric Model Membranes 

 

A Dissertation Presented 

by 

Hui-Ting Cheng 

 

to 

The Graduate School 

in Partial Fulfillment of the  

Requirements 

for the Degree of 

 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

 

 

Stony Brook University 

December 2010 



ii 

 

Stony Brook University 

The Graduate School 

Hui-Ting Cheng 

We, the dissertation committee for the above candidate for the                       

Doctor in Philosophy degree,                                                                           

hereby recommend acceptance of this dissertation. 

 

Erwin London, Ph.D. – Dissertation Advisor 

Professor, Department of Biochemistry and Cell Biology 

 

Deborah A. Brown, Ph.D. – Chairperson of Defense 

Professor, Department of Biochemistry and Cell Biology 

 

James Konopka, Ph.D. 

Professor, Department of Molecular Genetics and Microbiology 

 

Suzanne Scarlata, Ph.D. 

Professor, Department of Physiology and Biophysics 

 

Nicole S. Sampson, Ph.D. 

Professor, Department of Chemistry 

 

This dissertation is accepted by the Graduate School 

Lawrence Martin 

Dean of the Graduate School 



iii 

 

Abstract of the Dissertation 

 

Domain Formation in Asymmetric Model Membranes 

by 

Hui-Ting Cheng 
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in 
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Stony Brook University 

2010 

 

 The plasma membrane of eukaryotic cells contains a lipid bilayer which acts as a 

physical barrier and is the site for many cellular signaling events. The lipid molecules in 

the plasma membrane are non-randomly distributed within the bilayer. Both their lateral 

organization (lipid domains) and transverse distribution (lipid asymmetry) are important 

in membrane function. Since the function and structure of the plasma membrane are 

difficult to study due to its complex and dynamic nature, a good model membrane is 

needed. However, commonly used procedures for liposome preparation cannot truly 

mimic plasma membranes because they do not provide control over lipid asymmetry, i.e. 

differences between lipid composition in the inner and outer leaflets. To prepare 

biological-like asymmetric vesicles with a sphingolipid-rich outer leaflet and an 

unsaturated phospholipid-rich inner leaflet, a methyl-beta-cyclodextrin (MCD)-induced 

lipid exchange technique was devised. Moreover, cholesterol can be introduced into the 

vesicles without destroying lipid asymmetry (by a second exchange step). Lipid 

asymmetry was confirmed by several assays. 

Lipid domain formation behavior in asymmetrical small unilamellar vesicles 

(SUVs) were characterized and compared to those in symmetric SUVs. Model membrane 

studies using symmetric model membranes have demonstrated that sphingolipids and 
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cholesterol can form ordered domains that co-exist with liquid disordered domains 

formed by unsaturated phospholipids. Results from asymmetric SUVs showed that the 

sphingomyelin-rich outer leaflet formed ordered domains that were not affected by the 

presence of inner leaflet unsaturated phospholipids. This indicates that asymmetric lipid 

distribution can be conducive to ordered domain formation and thus support the possible 

existence of raft in eukaryotic plasma membranes. It was also found that the ordered 

domains in the outer leaflet can induce a certain amount of ordered domain formation in 

the inner leaflet, implying the existence of leaflets coupling behavior. Furthermore, it was 

discovered that asymmetric SUVs containing about 25mol% cholesterol formed ordered 

domains more thermally stable than those in asymmetric vesicles lacking cholesterol, 

showing that the crucial ability of cholesterol to stabilize ordered domain formation is 

likely to contribute to ordered domain formation in cell membranes.  

To mimic plasma membrane more closely, it is necessary to avoid use of SUVs 

which have very high curvature. To do this, the MCD-induced lipid exchange method 

was extended to prepare asymmetric large unilamellar vesicles (LUVs). Domain-forming 

properties in asymmetric LUVs are analogous to those in asymmetric SUVs, exhibiting 

that ordered domain formation and leaflet-coupling behavior observed in asymmetric 

SUVs did not result from membrane curvature. The ability to prepare asymmetric 

vesicles represents an important improvement in model membrane preparation, and 

should aid in many future studies of lipid asymmetry in membrane structure and 

functions. 
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Lipid Composition of Plasma Membranes  

The lipid molecules in the plasma membrane form a lipid bilayer, providing the 

basic structure of the membrane and the location for many cellular events. Eukaryotic 

membranes are mainly formed by three types of lipids: glycerophospholipids, 

sphingolipids and sterols (Fig. 1.1). They together form the lipid bilayer of the 

membranes, with their polar head groups interfacing with the aqueous environment and 

their hydrophobic tails sandwiched in between.   

Glycerophospholipids are the major structural lipids in plasma membranes. They 

consist of a polar head group connected to two fatty acid tails (acyl chains) by glycerol. 

Based on the modification of their head groups, there are various kinds of 

glycerophospholipids commonly found in plasma membrane, such as 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and 

phosphatidylinositol (PI). Their fatty acyl chains can also vary in degree of unsaturation 

(i.e. number of double bonds) and length (in terms of number of carbon atoms), thus 

creating a diverse variety of glycerophospholipids.  

Sphingolipids are another major type of structural lipids. They contain a polar 

head group and two mainly saturated hydrocarbon chains (a long sphingoid chain and a 

long fatty acid tail). In mammalian cells, the most abundant sphingolipids are 

sphingomyelin (SM) and glycosphingolipids (GSL) (containing phosphocholine and 

sugar headgroups, respectively). In yeast, inositol sphingolipids (ISL) are the commonly 

found sphingolipids.  

The third major lipid component of plasma membranes is sterol. Cholesterol 

predominates in mammals, whereas ergosterol predominates in yeasts. The content of 

cholesterol in mammalian plasma membrane is high — up to one molecule for every 

phospholipid molecule (1-2). Sterols consist of a small polar head group, rigid steroid 

rings and hydrocarbon tail. Since their head groups are too small to shield their bulky 

steroid groups, they prefer to mix with glycerophospholipids and sphingolipids and hide 

their hydrophobic portion under the large head groups of those lipids (the umbrella 

model) (3-4).  

The lipid composition in prokaryotes is simpler than that in eukaryotes (5). 

Bacterial plasma membranes usually consist of one or two major type(s) of phospholipids 

and no cholesterol (6-7). The phospholipid compositions of several biological membranes 

are compared in Fig. 1.2. It has to be noted that the composition of bacterial membranes 

are very flexible. They can respond to their environments by varying their phospholipid 

composition both in changing lipid headgroup species and by altering hydrocarbon chain 

structure (5, 8). 
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Lipid Domains in Model and Plasma Membranes 

Depending on their structures and temperature, the lipids in a membrane bilayer 

can exist in several phase states which differ in lipid packing (Fig. 1.3). The variation in 

their headgroups and hydrocarbon chains leads different lipid species to have different 

abilities to pack against one another, and thus different melting temperatures (Tm). Lipids 

can exist in an ordered, solid-like gel phase (L state) with a low lateral motion when 

their acyl chains are tightly packed at low temperature. However, at temperatures above 

their Tm, lipid acyl chains become loosely packed and the lipids take on a disordered 

fluid phase (L or Ld state) with a high degree of lateral motion.  

Saturated lipids, such as sphingolipids, which have no double bonds in their 

hydrocarbon tails generally have high Tm and can pack tightly in membrane bilayers at a 

physiologically relevant temperature. On the other hand, unsaturated lipids, such as most 

natural glycerophospholipids, which contain one or more double bonds in their acyl 

chains, usually have low Tm and are loosely packed in membrane bilayers. Therefore, 

sphingolipids have a higher tendency to form ordered domains than 

glycerophospholipids. The differential packing ability of sphingolipids and 

glycerophospholipids may result in phase separation in membranes that contain these 

types of lipids (9). Indeed, model membrane studies showed that in mixtures of 

sphingolipids and glyerophospholipids the sphingolipids form gel phase and are separated 

from the fluid Ld domains formed by glycerophospholipids (10-11).  

In the presence of cholesterol, lipids with saturated acyl chains (e.g. 

sphingolipids) are tightly packed (like gel state), but have high lateral mobility (similar to 

disordered fluid phase). This cholesterol-containing ordered state is called the liquid 

ordered (Lo) state (12). It is now known from model membrane studies that cholesterol 

promotes separation of lipid mixtures into co-existing sphingolipid/cholesterol-rich Lo 

domains and unsaturated glycerophospholipids-rich Ld domains (11, 13). 

 The discovery of selective sorting of glycosphingolipids to the apical membrane 

in polarized epithelial cells (14-16) and the differential membrane solubility in Triton X-

100 (17) raised the idea that lipid domains may exist in cell membranes. Studies on 

detergent resistant membranes (DRMs) isolated from cells have shown that they are 

cholesterol and sphingolipid rich membranes and are in Lo state (18). Moreover, 

detergent insolubility appeared when model membrane samples contained Lo domains 

(19). The co-relationship between DRMs and Lo phase domains lead to the postulate that 

DRMs might derive from Lo phase bilayers in cell membranes (20) and thereby 

indirectly indicating the existence of lipid domains in cell membranes. The conceptual 
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cellular Lo phase domains were named ‖lipid rafts‖ referring to their presumed function 

in transporting apically-directed proteins from Golgi to specific sites of plasma 

membrane(21). Since then, the lipid raft concept has become a general principle for 

membrane organization rather than just a mechanism for apical sorting in epithelial cells 

(22).  

Lipid rafts have been implied in many cellular processes, such as endocytosis, 

signal transduction, and viral/bacterial pathogenesis (23-27). This is primarily based on 

the results obtained from DRM isolation, cholesterol removal or co-localization of raft 

markers (such as the ganglioside GM1 or glycophosphatidylinositol (GPI)-anchored 

proteins) with a potential raft associated-protein. However, the existence of lipid rafts in 

resting cells remains controversial because, unlike Lo domains in model membranes 

could be visualized by microscopy, the direct observation of lipid rafts in resting cells is 

still lacking in most cases (28-29).  

One explanation for this is that the Lo domains might exist in the resting 

condition but could be too small to detect their co-existence with Ld domains (30). They 

can only be seen after clustering into larger domains upon the occurrence of some cellular 

events, such as the addition of raft binding proteins (29, 31). Another possibility is that, 

although domains might not be regularly present, the lipid molecules in plasma 

membranes might be sufficient to form transient clusters. The lipid molecules within the 

same phase can form transient clusters of up to ~100 molecules, which appear and 

disappear based on diffusion (1). In this case, large scale phase separation can be induced 

by some biological events, like temperature changes or lipid composition changes during 

cellular signaling (1). Thus, although the exact nature of lipid rafts in cells is still under 

debate, the most likely model is as described in 2006 Keystone Symposium on Lipid 

Rafts and Cell Function, ― they are small (10 to 200nm), heterogeneous, and highly 

dynamic sterol/sphingolipid-riched domains which compartmentalize cellular processes‖ 

(32). 

  

Lipid Asymmetry in Cell Membranes 

 Besides lateral heterogeneity, the different species of membrane lipids are non-

randomly distributed over the outer and inner leaflets of the cellular membranes. This 

transbilayer asymmetry can be found in most of eukaryotic membranes (1, 33) and some 

prokaryotic membranes (6-7, 34-35). Lipid asymmetry creates a difference of biophysical 

properties of the bilayer and is likely to couple to many cellular events, such as structural 

functions or signal transduction.  
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In eukaryotic cells, an asymmetrical lipid distribution has been found in Golgi, 

plasma and endosomal membranes with aminophospholipids ( PE and PS) in the 

cytosolic leaflet and choline-containing phospholipids (PC and sphingolipids) in the non-

cytosolic leaflet (36). Fig. 1.4A shows the asymmetric distribution of phospholipids in the 

plasma membrane of human erythrocytes. In bacteria, an asymmetric lipid distribution 

has found in the outer membrane of Gram-negative bacteria with lipopolysacchrides 

(LPS) in the outer leaflet and phospholipids in the inner leaflet. The LPS in the outer 

leaflet serves as a barrier for hydrophobic components to prevent the de-stabilization of 

the cells (6). To our knowledge, the transbilayer asymmetry of phospholipid in 

prokaryotic plasma membrane remains uncertain due to various approaches yielding 

different results (6, 8). However, recent studies from Staphylococcus aureus showed that 

lysyl-phosphatidylglycerol (lysyl-PG) is asymmetrically distributed with more in the 

outer leaflet than in the inner leaflet (7, 35).  

Lipid asymmetry is maintained by several factors, including the physical 

properties of the membrane lipid molecules and the presence of transporters to actively 

transport lipid molecules across the bilayer (1, 33). In model membranes, without the 

help of proteins, the transbilayer movement of a lipid is slow since it has to transfer its 

polar head group across the hydrophobic core of the bilayer. The ability of phospholipids 

to spontaneously flip-flop between the leaflets is governed by the size, charge and 

polarity of the head group of the lipid molecules (37-38) as well as the physical phases 

that the lipid molecules exist (39-40). The neutral lipids (such as diacylglycerol) and 

protonated form of charged lipids (such as free fatty acid, phosphatidic acid and 

phosphatidylglycerol) can move between bilayer in seconds to minutes.  In contrast, PC, 

PS, PE, SM, and a glycolipid have polar head groups cross model membranes slowly, 

with a half-time from hours to days (37-38, 41-42).  

In biological membranes, the discovery of the adenosine triphosphate (ATP)-

dependent aminophospholipid translocation between inner and outer leaflets of 

erythrocytes revealed the existence of mechanisms which generate and maintain 

membrane asymmetry (43-44). Three classes of proteins have been found to function in 

the regulation of lipid asymmetry (Fig. 1.4B). Aminophospholipid translocases 

(belonging to the P4 subfamily of P-type ATPase) are flippases which catalyze ATP-

dependent movement of PE and PS from the non-cytosolic leaflet to cytosolic leaflet 

(45), whereas ATP-binding cassette (ABC) transporters work in the opposite direction. 

Unlike the well characterized substrates of aminophospholipid translocases, the specific 

substrates of ABC transporters remain disputed (1, 33). Plasma membrane scramblases 

are the third type of enzymes that determine lipid asymmetry. In contrast to lipid 

transporters consuming ATP to generate and maintain asymmetry, scramblases function 
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in an ATP-independent manner to non-specifically and bi-directionally randomize the 

phospholipid distribution across the plasma membranes (1, 33).  

It is interesting to note that although the lipid movement stops when one inhibits 

the activities of aminophospholipid translocases and ABC transporters, membrane 

asymmetry does not disappear at least for several days in vitro (44). Activation of 

scramblases by apoptotic stimuli or the influx of Ca
2+

 in cytoplasm, on the other hand, 

results in rapid transbilayer phospholipid mixing and the collapse of lipid asymmetry (44, 

46-47). The well known consequence is the exposure of PS to the outer leaflet of the 

plasma membrane, which induces phagocytosis of apoptotic cells.  

 

Cyclodextrin 

 One of the common methods used for relating a specific cellular event to lipid 

rafts is its sensitivity to cholesterol removal by cyclodextrin (CD). Cyclodextrins are -

1,4 linked cyclic oligosaccharides consisting of six (CD), seven (CD), or eight (CD) 

glucopyranose units. These compounds form a truncated cone-shaped structure with a 

hydrophilic outer surface and a hydrophobic inner cavity (Fig. 1.5) (48-49). This unique 

structure allows these compounds to be potent carriers for cholesterol or lipophilic drug 

molecules. The cavity size is different between each type of cyclodextrin depending upon 

how many glucose units they possess. The cavity size is the major decisive factor when 

choosing a cyclodextrin for a guest molecule to properly fit (49). For instance, CD has 

the cavity size that is well-suited for cholesterol.  

The compound that is most widely used in manipulating cholesterol content is 

methyl--cyclodextrin (MCD), a CD derivative with random methylated 

modification(s) on the exterior hydroxyl group(s). Numerous studies have shown MCD 

is efficient in extracting or delivering cholesterol in both cellular and model membranes 

(50). Accordingly, it has become a common tool for studying lipid rafts. However, the 

effects of MCD on lipid membranes are not yet well-characterized. First, different 

experimental conditions yield different degrees of change in cholesterol levels. The 

degree of cholesterol depletion or enrichment (if cholesterol-loaded MCD is added to 

cells) is related to the MCD concentration, incubation time, temperature, and cell types 

used in the experiments (50). Second, some reports showed that MCD seems to alter 

cholesterol distribution between different cellular compartments (51-52) and to deplete 

both raft and non-raft cholesterol (53-55). Last but not least, MCD may not only interact 

with cholesterol but also with membrane phospholipids (54, 56-59). In addition, there is a 

difference between cholesterol-dependent and lipid raft-dependent cellular processes (50, 
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60). All of these suggest that one should use caution when interpreting MCD effects on 

cell and model membranes. 

By using right-angle light scattering and isothermal titration calorimetry, 

Anderson et al. found that, at high concentrations (above 20 mM), MCD can bind to 1-

palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and solubilize POPC membranes (56). 

Furthermore, by considering the dimensions of MCD cavity (0.8 nm) and POPC acyl 

chains (about 2 nm in length), they suggested that each acyl chain needs two MCD 

molecules to form a POPC/MCD inclusion complex with a 1:4 (POPC:MCD) 

stoichiometry. Accordingly, they proposed the stepwise model for POPC- MCD 

interaction. In their model, a single MCD molecule first comes to contact with the lipid 

bilayer and extract a phospholipid molecule to form a 1:1 complex. After that, additional 

three cyclodextrin molecules then attach to the complex and form a larger complex. Since 

the formation of MCD inclusion complexes is reversible, it is likely that MCD can 

function as a carrier to transfer POPC monomers from one vesicle to another. This 

finding extends the possible applications of CD in membrane biology beyond its well-

known function in cholesterol manipulation. In fact, CD has been used to deliver 

fluorescent-labeled phospholipids between vesicles or from vesicles to cultured cells 

(61). 

 

Model membranes 

 Due to their complex and dynamic nature, the function and structure of cell 

membranes are often difficult to study. In this regard, model membranes, which mimic 

natural cell membranes in their arrangement of lipid molecules, are widely used. Since 

they are easy to prepare and their lipid composition can be well controlled, they have 

become a powerful tool in understanding many membrane-related events. Two types of 

model membrane systems have been widely used: supported planar lipid bilayers and 

liposomes.  

Supported lipid bilayers are lipid bilayers formed on smooth solid supports (such 

as silicon or quartz) or on polymers linked-solid supports. They can be prepared by 

vesicle adsorption to the surface of these supports, by Langmuir-Blodgett (LB) technique, 

by Langmuir-Blodgett/Langmuir-Schafer (LB/LS) technique, or by Langmuir-

Blodgett/vesicle fusion (LB/VF). When using the last three methods, a Langmuir 

monolayer has to be prepared by lifting a chip (the solid support, immersed in water 

initially) vertically through the Langmuir monolayer formed at air/water interface 

(prepared by spreading the lipid molecules at the air-water interface) to allow the 

Langmuir monolayer coating onto the chip. In LB technique, the other monolayer can be 
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added onto the chip by vertically passing the chip through (downward) the air/water 

interface again (62). In LB/LS technique, the LB monolayer-coated chip horizontally 

contacts the air/water interface to form the bilayer (63). For the LB/VF method, the lipid 

bilayer is formed by incubating vesicles with the LB monolayer-coated chip. The planar 

bilayers so-prepared are suitable for characterizing the lateral lipid heterogeneities or 

observing membrane integrity during different treatments (64-65). 

  Liposomes are spherical vesicles with a small aqueous solution enclosed within a 

lipid bilayer. They can vary in size from about 30 nm to several m in diameter, 

depending on how they are prepared. Multi-lamellar vesicles (MLV; size of tens of 

nanometers to several micrometers) are formed when dried lipid films are rehydrated in a 

desired buffer while simultaneously shaking. MLVs can be sonicated to create small 

unilamellar vesicles (SUV; below 50 nm). To prepare large unilamellar vesicles (LUV; 

size around 100 nm), MLVs are subjected to 3-5 cycles of freeze/thawing to make the 

sizes of vesicles uniform and then the samples are passed through extruders containing 

filters with a defined pore size to create vesicles with the desired size. Another commonly 

used method to prepare LUVs is octyl glucoside dialysis (66). By combining with 

fluorescence spectrometry or differential scanning calorimetry, these type of liposomes 

are frequently used to study the properties of lipid bilayers, such as phase separation or 

phase transitions (67-72). However, because of their small size, it is difficult to do 

imaging using SUVs or LUVs. To overcome this problem, methods to prepare giant 

unilamellar vesicles (GUV), which are cell-sized vesicles (1-100 m), have been 

developed. They are prepared by slow and gentle re-hydration of dried lipid films. Since 

they can be directly seen by traditional fluorescence microscopy and their lipid 

compositions can be controlled, they are particularly helpful in determining 

compositional phase diagrams (37, 73-74) and lipid diffusion (75).  

 Each type of model membrane has its own advantages and disadvantages. GUVs 

represent a self-closed lipid matrix similar to the plasma membrane (76) and are in a 

more ―natural‖ environment compared to supported lipid bilayers (since there is no solid 

surface to stabilize or disturb membrane bilayers) or smaller vesicles. Nevertheless, they 

are relatively unstable, time consuming to make and can only be prepared in small yield. 

On the other hand, MLVs, SUVs and LUVs are easy to make and can be made in large 

quantities more suitable for many spectroscopic experiments.  Although MLVs have 

multiple layers that limit some of their applications, they are an easy tool when one needs 

to separate membrane bound and un-bound components by centrifugation. There are 

other applications for model membranes, for example LUVs have been used for drug 

delivery (77).  

Pautot et al. published a method to prepare asymmetric vesicles with PC and PS 

in each monolayer using a similar concept to LB techniques (78). To prepare such 
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vesicles, three components were placed in a centrifuge tube. The upper layer contained 

inner leaflet lipid-saturated oil in which small amount of aqueous solution was added to 

produce an inverted emulsion with the acyl chains of lipids facing outside and the 

headgroups interacting with water molecules. The intermediate layer consisted of another 

kind of oil solution saturated with the lipid molecules for the outer leaflet and the bottom 

layer composed of aqueous solution to allow the formation of a lipid monolayer 

containing outer leaflet lipids at the oil/water interface. After centrifugation to transfer 

the water droplets through the outer leaflet lipid monolayer, the asymmetric vesicles were 

created and collected to the aqueous solution.  However, it is not clear how widely this 

method can be used, or to what extent oil remains in the final vesicles.  

 

Domain formation in the outer and inner leaflet 

Model membrane studies showed that Lo domains co-exist with Ld domains in a 

symmetric lipid composition crudely mimicking plasma membrane outer leaflet (11, 19). 

However, the lipid composition of the plasma membrane is asymmetrical as described 

above. The outer leaflet contains sufficient components (saturated SM, unsaturated PC 

and cholesterol) for lipid raft formation, whereas the sphingolipid-poor/ PE-PS-rich inner 

leaflet does not. Nevertheless, the recovery of PE (an inner leaflet lipid) (17) and inner 

leaflet-associated proteins in DRMs (79-80) seems to suggest that rafts are present in the 

inner leaflet.  

Forming Lo domains with inner leaflet type lipids in model membranes has not 

been successful (81). Additional factors, such as the rafts in outer leaflet or saturated acyl 

chain-linked proteins, may be needed to induce the domain formations in the inner 

leaflet. The abilities of PE and PS to form ordered domains in the presence of cholesterol 

are moderate, i.e., not good as sphingomyelin but better than corresponding PC. This 

suggests that the lipid composition of inner leaflets (PE, PS, and cholesterol) maybe close 

to the borderline of forming ordered domains (68). Thus, the inter-leaflet interaction or 

changes in lipid composition due to some cellular response (such as the generation of 

ceramide upon Fas ligand-induced cell death) may be sufficient for the domain formation 

in the inner leaflet.  

 By observing planar supported lipid bilayers with asymmetric transbilayer lipid 

distributions, Tamm’s group found the existence of transbilayer lipid domain coupling 

behavior. From their results, Lo phase domains in one monolayer can induce domain 

formation in an opposite leaflet composed of at least one high Tm lipid, one low Tm 

lipid, and cholesterol (64-65, 82). By tuning lipid composition of one leaflet, Collins and 

Keller further showed that domains either induced or suppressed across asymmetric un-
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supported planar bilayers (83). Therefore, the domain formation in one leaflet can be 

induced by form in registration with that in the opposite leaflet in planar bilayer. 

 

Goal of this work: prepare asymmetric model membranes that mimic plasma 

membranes 

 Since many cellular signaling events occur in the plasma membrane, a good 

model plasma membrane is needed. Current studies on liposomes have yielded many 

important insights into the architecture of cell membranes. However, commonly used 

procedures for liposome preparation cannot truly mimic plasma membranes since they do 

not provide lipid asymmetry. To mimic plasma membrane more closely, a MCD-

induced lipid exchange method was devised to create biological-like asymmetric vesicles 

having a sphingomyelin-riched outer leaflet and an unsaturated phospholipid-riched inner 

leaflet. Moreover, cholesterol was introduced into the vesicles (by a second exchange 

step) without destroying lipid asymmetry. Lipid asymmetry was confirmed by several 

assays and domain formation behavior in asymmetric membranes was characterized. 
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Figure 1.1.  Three major types of plasma membrane lipids in mammalian cells. (A) 

glycerophospholipid; (B) spingolipid; (C) sterol. Moiety X can be choline in PC, 

ethanolamine in PE, serine in PS, and inositol in PI. Moiety Y can be hydrogen in 

ceramide, phosphorylcholine in SM, and sugars in glycolipids. Cholesterol is shown as an 

example of a sterol.  Hydrophilic parts are indicated by blue clouds. This figure is taken 

and modified from Pohl et al. (84), with permission from Elsevier.  
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Figure 1.2. The phospholipid composition of cell membranes. (A) The lipid 

composition of mammals (blue) and yeast (light blue) are shown as a percentage of total 

phospholipids. The insert shows sterol content as the molar ratio of cholesterol (CHOL; 

in mammals) and ergosterol (ERG; in yeast) to phospholipid. This figure was adapted by 

permission from Macmillan Publishers Ltd: [Nat. Rev. Mol. Cell. Biol.] (1). (B) The 

phospholipid composition in one typical Gram-negative bacterium (Eschericha coli; 

blue) and two Gram-positive bacteria (Bacillus meggaterium; red and Staphylococcus 

aureus; green). PG: phosphatidylglycerol; CL: cardiolipin; R: remaining lipids. 
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Figure 1.3. Lipid phases in membrane bilayers. (A) Gel (L) phase is a solid-like 

phase in which the lipid molecules are tightly packed and the lateral movement is slow. 

(B) Liquid disordered (Ld) phase is a loosely packed state with a fast lateral movement. 

(C) Liquid ordered (Lo) phase exists in the presence of cholesterol. The lipid molecules 

are packed in a high order like L phase, but their lateral mobility is almost as fast as in 

the Ld phase. 

sphingolipids cholesterol glycerophospholipids 
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Figure 1.4.  Phospholipid asymmetry and related lipid-translocating enzymes. (A) The 

transbilayer distribution of phospholipids in human erythrocyte membrane. The majority 

of the SM and PC exists in the outer leaflets, while most of PE and PI are in the inner 

leaflet. PS is almost confined exclusively in the inner leaflet. (B) Three types of lipid 

transporters that regulate membrane asymmetry.  This figure is taken and adapted by 

permission from Informa Healthcare: [Critical Reviews in Biochemistry and Molecular 

Biology] (33), copyright 2009. 
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Figure 1.5. The structure of -cyclodextrin. Upper panel: CD contains 7 

glucopyranose units linked by 1-4 glycosidic bonds into a macrocycle. Lower panel: 

schematic structure of cyclodextrin to show the truncated cone-shape. This figure is taken 

and adapted with permission from ref (49), copyright 1998 American Chemical Society. 
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Chapter 2 

Materials and Methods 
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Materials:       1,2-Dipalmitoylphosphatidylcholine (DPPC), porcine brain SM, 1,2-

dioleoylphosphatidylcholine (DOPC), 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), 

1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE), 1,2-

dioleoylphosphatidylethanolamine (DOPE), 1-palmitoyl-2-oleoyl-phosphatidyl-L-serine 

(POPS), 1,2-[9,10-dibromo] stearoylphosphatidylcholine (BrPC), and cholesterol were 

purchased from Avanti Polar Lipids (Alabaster, AL). 1,6-Diphenyl-1,3,5-hexatriene 

(DPH), MβCD, and alamethicin were purchased from Sigma-Aldrich. 1-(4-

Trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMADPH), 

N-(Rhodamine Red-X)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 

(rhodamine-PE), and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine (NBD-PE) were purchased from the Molecular Probes 

division of Invitrogen. [
3
H]cholesterol was purchased from PerkinElmer Life Sciences. 

Lipids were dissolved in chloroform and stored at –20 °C. DPH and TMADPH were 

dissolved in ethanol. Concentrations were determined by dry weight or, in the case of 

DPH and TMADPH, by absorbance using ϵ = 84,800 cm
–1

 M
–1

 at 353 nm in ethanol (85). 

LW peptide (acetyl-K2W2L8AL8W2K2-amide) and pL4A18 peptide (acetyl-

K2LA9LWLA9LK2-amide) were purchased from Anaspec (San Jose, CA). LW peptide 

was used without further purification, and pL4A18 was purified via reverse-phase HPLC 

(see below). Sephacryl S-200 and Sepharose CL-4B were purchased from Amersham 

Biosciences. High performance thin layer chromatography (HP-TLC) plates (Silica Gel 

60) were purchased from VWR International. (Batavia, IL).  

 

Ordinary Vesicle Preparation Procedures:       All steps in this and the following 

procedures were carried out at room temperature except where otherwise noted. 

Multilamellar vesicles (MLVs), small unilamellar vesicles (SUVs) and large unilamellar 

vesicles (LUVs) were prepared in glass tubes as described previously (86-87).  

For MLVs, lipid mixtures were mixed and dried under nitrogen followed by high 

vacuum for at least 1 h, dispersed at 70 °C in PBS (1.8 mM KH2PO4, 10 mM Na2HPO4, 

137 mM NaCl, and 2.7 mM KCl at pH 7.4), and vortexed in a multitube vortexer (VWR 

International) at 55 °C for 15 min. In the case of SM MLVs, to remove any small vesicles 

present prior to lipid exchange, the preparation was centrifuged at 11,000 × g for 5 min at 

room temperature. The supernatant was discarded, and the pellet obtained was 

resuspended to the original volume with PBS and used for further experiments. In some 

cases, MLVs were prepared with 0.01 mol % rhodamine-PE.  

http://www.jbc.org.ezproxy.hsclib.sunysb.edu/cgi/redirect-inline?ad=Avanti%20Polar%20Lipids
http://www.jbc.org.ezproxy.hsclib.sunysb.edu/cgi/redirect-inline?ad=Molecular%20Probes
http://www.jbc.org.ezproxy.hsclib.sunysb.edu/cgi/redirect-inline?ad=Invitrogen
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To prepare sonicated SUVs, MLVs containing 8 or 16 mM unsaturated 

glycerophospholipids dispersed in PBS (unless otherwise noted) were sonicated in a bath 

sonicator (Special Ultrasonic Cleaner Model G1112SP1, Laboratory Supplies Co., 

Hicksville, NY) at room temperature for at least 45 min (until the solution became nearly 

transparent) and then diluted to the desired concentration with PBS. As judged by their 

elution position on Sepharose CL-4B chromatography (see below) we found that the 

small size of the sonicated vesicles was stable for days. In some cases, the sonicated 

SUVs contained 0.5 mol % LW peptide and/or 0.01 mol % NBD-PE. For pL4A18-

containing samples, the peptide was added to the lipid mixtures (at 1 mol % of total lipid 

concentration) and dried under nitrogen. The lipid films were re-resuspended in 

chloroform and dried under nitrogen followed by high vacuum for at least 1 h, dispersed 

at 70 °C in PBS, and then sonicated to SUVs as described above. For SUVs prepared by 

ethanol dilution, the desired lipid mixtures were dried, dissolved in 20 μl of ethanol, 

dispersed in 980 μl of PBS at 70 °C, and then cooled to room temperature.  

For LUVs preparation, MLVs containing 8mM lipids were prepared in 1 ml of 25 

w/v % sucrose solution. MLVs were freeze/thawed for 5 cycles and then passed through 

a 100nm or 200 nm polycarbonate filter 11 times to obtain LUV of a uniform vesicle 

size. To wash away the un-trapped sucrose molecules, the resulting LUV solution were 

mixed with 3ml PBS and subjected to ultracentrifugation at 190,000 x g for 45 min using 

a Beckman L8-55M ultracentrifuge. After discarding the supernatant, the LUV pellet was 

resuspended to the original volume with PBS. LUV suspensions were diluted to the 

desired concentration by PBS for further experiments. 

 

Cholesterol-loaded MβCD (CLC) Preparation:       Generally 100 μmol of MβCD were 

dissolved in 600 μl of methanol and mixed with 30.8 μmol of cholesterol while vortexing 

at room temperature. The mixture was dried by nitrogen followed by high vacuum for at 

least 1 h and then dispersed in 2 ml of PBS. The resulting solution (which is turbid due to 

excess cholesterol) was sonicated in the bath sonicator for 3 min and then incubated in a 

shaker at 37 °C overnight. The CLC-containing solution was then filtered with a 0.22-

μm-pore size syringe filter, and the filtrate was used in subsequent experiments.  

 

Exchange (Asymmetric) SUVs Preparation:       First 500 μl of the resuspended pellet 

from a 16 mM SM MLV preparation (see above) and 95 μl of 625 mM MβCD dissolved 

in PBS were vortexed in the multitube vortexer at 55 °C for 2 h. Then 500 μl of 4 mM 

sonicated SUVs containing unsaturated glycerophospholipid were added to the MLV-

MβCD mixture and vortexed at 55 °C for 30 min. After cooling for 5 min, samples were 
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centrifuged at 11,000 × g for 5 min, and the resulting supernatant was centrifuged at 

49,000 × g for another 5 min using an air-driven microultracentrifuge (Beckman 

Airfuge). For asymmetric SUV preparations without cholesterol, the supernatant was 

chromatographed on a Sepharose CL-4B column (dimensions, 25-cm length and 1-cm 

diameter). Fractions of 1 ml were collected with asymmetric SUVs mainly eluting in 

fractions 10–14. Unless otherwise noted, fraction 12 was used for further analysis. 

Generally the approximate lipid concentration in the peak SUV fractions was about or 

somewhat greater than 200 μM as estimated by the recovery of peptide using 

fluorescence (by comparing it with that in the vesicles prior to exchange) or the recovery 

of lipid using HP-TLC. In cases in which lipid concentration was not explicitly measured, 

200 μM was assumed unless otherwise noted.  

To prepare SM/POPC outside and POPE/POPS inside SUVs 

(SM:POPCo/POPE:POPSi SUVs), exchange vesicles were prepared using mixed MLVs. 

First 300 μl of 16 mM SM MLVs were mixed with 57 μl of 625 mM MβCD and 200 μl 

of 16 mM POPC MLVs were mixed with 38 μl of 625 mM MβCD. Each was vortexed 

using a multitube vortexer at 55 °C for 2 h, and then the two MLV-MβCD mixtures were 

combined in one glass tube. Next 500 μl of 4 mM 1:1 POPE: POPS SUVs containing 1 

mol % pL4A18 peptide were added to the tube with the MLV-MβCD mixtures and 

vortexed at 55 °C for 30 min. The exchange SUVs were then isolated as described above.  

For asymmetric SUVs containing about 25 mol % cholesterol, the supernatant 

from the centrifugation at 49,000 × g was chromatographed on a Sephacryl S-200 column 

(dimensions, 7-cm length and 1-cm diameter), and 1-ml fractions were collected 

(although we later realized 0.5 ml fractions would be better to avoid dilution of lipid). To 

prepare cholesterol-containing SM outside, DOPC inside SUVs (SMo/DOPCi/CHOL 

SUVs), 950 μl of fraction 4 from this column were transferred to a new glass tube and 

mixed with 50 μl of a CLC preparation at 55 °C for 30 min. To prepare SMo/2:1 

POPE:POPSi/CHOL SUVs, 850 μl of fraction 4 were transferred to a new glass tube and 

mixed with 150 μl of the CLC preparation at 55 °C for 30 min. The samples were then 

chromatographed on Sepharose CL-4B as described above. Fractions 12 and 13 from the 

Sepharose CL-4B column were used for further analysis of cholesterol-containing 

asymmetric vesicles. Because of losses during this procedure, lipid concentration in the 

Sepharose CL-4B fractions was lower than that without cholesterol with fractions 12 and 

13 each having about 100 μM lipid as estimated by the recovery of peptide using 

fluorescence or lipid using HP-TLC. Although lipid recovery was occasionally even 

lower a 100 μM concentration in these fractions was assumed when the lipid 

concentration was not explicitly measured.  
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Asymmetric LUVs preparation:       First 500 μl of the resuspended pellet from a 16 mM 

SM MLV preparation (see above) and 95 μl of 625 mM MβCD were mixed and vortexed 

in the multitube vortexer at 55 °C for 2 h. Then 500 μl of 4 mM  2:1 DOPE:POPS LUVs 

(with trapped 25% sucrose, see above) were added to the MLV-MβCD mixture.  After 

vortexing at 55 °C for 30 min. and then cooling for 10 min, the mixture was overlaid onto 

3ml of 10 w/v % sucrose solution and subjected to ultracentrifugation at 190,000 x g for 

45 min. After the removal of the supernatant, the resulting pellet was resuspended with 

1ml of 10% sucrose solution, overlaid onto a 3ml of 10% sucrose solution and subjected 

to ultracentrifugation again. The final pellet was resuspended in 1ml PBS and ready for 

further experiments.  

 

Fluorescence Measurements:       Fluorescence was measured by a SPEX FluoroLog 3 

spectrofluorometer (Jobin-Yvon, Edison, NJ) using quartz semimicrocuvettes (excitation 

pathlength, 10 mm; emission, 4 mm). DPH and TMADPH fluorescence was measured at 

an excitation wavelength of 364 nm and emission wavelength of 426 nm. Trp 

fluorescence was measured at an excitation wavelength of 280 nm and emission 

wavelength of 340 nm. Rhodamine-PE fluorescence was measured at an excitation 

wavelength of 560 nm and emission wavelength of 580 nm. NBD-PE fluorescence was 

measured at an excitation wavelength of 465 nm and emission wavelength of 534 nm. 

The slit bandwidths for fluorescence measurements were generally set to 4.2 nm (2-mm 

physical size) for excitation and 4.2 nm (2-mm physical size) for emission. Background 

intensities in samples lacking fluorescent probe were negligible (<1–2%) and were 

generally not subtracted from the reported values. An exception to this was for 

measurements of TMADPH fluorescence anisotropy (see below).  

 

Steady-state Fluorescence Anisotropy Measurements:        Anisotropy measurements, 

unless otherwise noted, were made at room temperature using a SPEX automated Glan-

Thompson polarizer accessory. DPH and TMADPH anisotropy values were calculated 

from the fluorescence intensities with polarizing filters set at all combinations of 

horizontal and vertical orientations. For TMADPH experiments anisotropy was 

calculated after subtraction of fluorescence intensity in background samples lacking 

fluorophore. Anisotropy was calculated from the following equation: A = [((Ivv × 

Ihh)/(Ivh × Ihv)) – 1]/[((Ivv × Ihh)/(Ivh × Ihv)) + 2] where A is anisotropy and Ivv, Ihh, 

Ivh, and Ihv are the fluorescence intensities with the excitation and emission polarization 

filters, respectively, set in the vertical (v) and horizontal (h) orientations (88). For these 

and all the following experiments in which DPH and TMADPH were used, the 

fluorescence probe was added (from an about 100 μM stock solution dissolved in 
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ethanol) to preformed ordinary or preformed exchange vesicles to a concentration of 

about 0.1 mol % of the total lipid concentration, and the samples were incubated for at 

least 5 min before fluorescence was measured. This was sufficient time for the 

fluorescence of the probe, which increases upon binding to lipid vesicles, to reach nearly 

maximal intensity (Ref. (89)and data not shown). For samples containing alamethicin, 

vesicles were incubated with alamethicin for 15 min at room temperature before the 

addition of DPH or TMADPH. 

 

Measurement of the Temperature Dependence of Fluorescence Anisotropy:       To 

measure the temperature dependence of DPH anisotropy, samples containing (unless 

otherwise noted) about 50 μM lipid and 0.1 mol % DPH added as described above were 

cooled to about 16 °C, and anisotropy was measured. Samples were then heated in steps 

of about 4 °C, measuring anisotropy at each step once temperature stabilized (as 

measured with a probe thermometer placed in the cuvette (Fisherbrand traceable digital 

thermometer with a YSI microprobe, Fisher Scientific)). This process was repeated up to 

60–70 °C. For samples containing alamethicin, vesicles were incubated with alamethicin 

for 15 min at room temperature before measurements were made. The ordered domain 

melting temperature was defined by the midpoint of a sigmoid fit to the anisotropy versus 

temperature curve using SlideWrite Plus software (Advanced Graphics Software, Inc., 

Encinitas, CA).  

 

Re-reconstitution Experiments:       Fraction 12 of a preparation of SMo/DOPCi SUVs, 

SMo/2:1 POPE:POPSi SUVs, or DPPCo/DOPCi SUVs was divided into four tubes (250 

μl/tube), and then 750 μl of PBS were added to each aliquot. To two aliquots, either DPH 

(0.5 μl of 100 μM dissolved in ethanol) or TMADPH (0.57 μl of 87.7 μM dissolved in 

ethanol) was added to give a final membrane composition containing about 0.1 mol % 

fluorescent probe. The other two aliquots were subjected to re-reconstitution. They were 

dried by a N2 stream, dissolved in 20 μl of ethanol, and then dispersed at 70 °C in 980 μl 

of distilled water (which should reconstitute the PBS as well as the lipid vesicles). After 

cooling to room temperature, DPH or TMADPH was added as described above. Ordinary 

vesicles were dried and then re-reconstituted by an analogous procedure.   

For cholesterol-containing asymmetric SUVs fractions 12 and 13 were combined, 

and then the same procedure was used except that 500 μl of the combined fractions were 

used per tube so that the lipid concentration would be similar to that in the samples 

lacking cholesterol. 
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For asymmetric LUV samples, the LUV suspension was divided into 4 tubes (250 

μl/tube), and then 750 μl of PBS were added to each aliquot. Two aliquots were used to 

measure DPH and TMADPH anisotropy as described above and the other two aliquots 

were subjected to re-reconstitution. To do this, the samples were first dried by a N2 

stream. Next 500 l of ethanol was added to each tube to dissolve the dried lipids. After 

drying ethanol by a N2 stream and 1 h of high vacuum, 1 ml of 70 °C pre-warmed 

distilled water was added to rehydrate the dried lipids. Samples were mixed by vortexing 

for at least 15 min in a 55 °C shaker, followed by freeze/thawing for 5 cycles. Samples 

were then allowed to reach room temperature and DPH or TMADPH was added as 

described above. In control experiments, ordinary (symmetric) vesicles were dried and 

then re-reconstituted in the same manner. 

 

Extraction of TMADPH from vesicles by MβCD:       To measure the MβCD 

concentration dependence of TMADPH extraction from the outer leaflet of vesicles at 

room temperature, TMADPH was added to preformed vesicles at a concentration of 

about 0.1 mol % of the lipid concentration. After a 5-min incubation, the initial 

TMADPH fluorescence of each sample was measured. Next an aliquot of MβCD from a 

625 mM stock solution dissolved in PBS was added, and after incubation for 5 min 

TMADPH fluorescence intensity was remeasured. This was repeated for a series of 

aliquots of MβCD. Controls at both 0.5 and 1 mM MβCD showed that extraction by 

MβCD reached equilibrium within 3 min for vesicles of various lipid compositions.  

 

Extraction of TMADPH from SM MLV by MCD:       TMADPH (0.05mol% of total lipid 

concentration) was added to each of 2 tubes of 200M SM MLV. After incubating at 

room temperature for 5 min, the initial TMADPH fluorescence of each sample was 

measured. Then, 10mM MCD (16l from 625mM stock solution dissolved in PBS) was 

added into one of the SM MLV tubes. In the control sample, an equivalent volume of 

PBS was added. After 5 min incubation at room temperature TMADPH fluorescence 

intensity was re-measured.  Both samples were then centrifuged at 49,000 x g for 5 min 

using an air-driven microultracentrifuge. For each sample, the supernatant was 

transferred to a new glass tube and the pellet was then re-suspended with PBS. Optical 

density at 450nm and TMADPH fluorescence of the supernatants and pellets were 

measured as described above.  
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Ca
2+

-induced vesicle aggregation:       To measure Ca
2+

-induced vesicle aggregation 

ordinary SUV and exchange SUV were made as described above except that 137 mM 

NaCl, 20 mM Tris-Cl pH 7.4 (Tris buffer) was substituted for PBS. Optical density at 

450 nm was measured and then the samples were titrated with aliquots from a 200 mM 

solution of CaCl2 dissolved in water. Samples were mixed by pipetting immediately after 

adding CaCl2 and (to avoid vesicle settling) again immediately before optical density 

measurements. One minute after the addition of each aliquot optical density was 

measured on a Beckman 640 spectrophotometer. The change in optical density was 

calculated after correcting for the Tris buffer background by subtracting the value of 

optical density in the absence of CaCl2. Ordinary vesicles containing SM and/or 

cholesterol were prepared by ethanol dilution, while ordinary vesicles lacking both SM 

and cholesterol were prepared by sonication. Control experiments in which ethanol was 

added to sonicated preparations showed ethanol had no significant effect upon Ca
2+

-

induced aggregation (data not shown).   

 

High Performance Thin Layer Chromatography:       HP-TLC plates were preheated at 

100 °C for 30 min and cooled to room temperature, and samples were then loaded. For 

asymmetric SUV samples, 200–500 μl of fraction 12 from the Sepharose CL-4B column 

were dried by an N2 stream and dissolved in 20 μl of 1:1 chloroform:methanol (v/v) 

(excess salt was present as a solid). Then 5 μl of the dissolved lipid were loaded onto the 

plate. For each lipid standard, the desired lipid was first dried by an N2 stream, dissolved 

in 20 μl of ethanol, and then dispersed in the same volume of PBS as present in the 

asymmetric SUV sample (so that the stock solution of the standards would have the same 

concentration of salt as the vesicle samples). The lipid standards were redried in N2 and 

dissolved in 50–100 μl of 1:1 chloroform:methanol, and then desired amounts of each 

lipid were spotted onto the plates (generally loading a total of 8–9 μl for each spot).  

 For asymmetric LUV samples, lipids were extracted with 2.5 ml of 2:2:1 (v/v) 

chloroform:methanol:(water + sample solution). After 5 min of low speed centrifugation 

the upper aqueous phase was discarded and the lower phase (containing the lipid extract) 

was dried with N2. The dried lipid film was redissolved in 20 μl of 1:1 (v/v) 

chloroform:methanol. Five microliters were spotted on an HP-TLC plate. Lipid standards 

were prepared and extracted by analogous procedures before loading on HP-TLC. 

For samples without cholesterol, 65:25:4 chloroform:methanol:water (v/v) was 

used to separate each lipid. Samples with cholesterol were generally chromatographed in 

two solvents. The first solvent system was 50:38:8:4 chloroform:methanol: water:acetic 

acid (v/v). After the solvent front migrated about halfway up the plate, the plate was air-

dried for 5 min. Then the plate was rechromatographed in 1:1 hexane:ethyl acetate (v/v) 
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until the solvent front migrated to near the top of the plate. After air drying for 10 min, 

the plate was evenly sprayed with a 3% (w/v) cupric acetate, 8% (v/v) phosphoric acid 

solution, dried for 45 min, and charred at 180 °C for 2–5 min.  

Charred HP-TLC plates were scanned using an Epson 1640XL scanner (Epson 

America Inc., Long Beach, CA), and charred band intensity was measured by Scion 

Image software (Scion Corp., Frederick, MD). Lipid in samples was quantitated by 

comparing band intensity with that of the standards fit to an exponential intensity versus 

concentration curve (SlideWrite Plus software).  

 

Sucrose Density Gradient Centrifugation:       Sucrose gradient centrifugation was carried 

out in a Beckman L8-55M ultracentrifuge using an SW-60 rotor. Gradients for samples 

lacking cholesterol were prepared by freeze-thawing 3.4 ml of 25% (w/v) sucrose 

overnight at –20 °C in the (Beckman ultraclear) tubes used for centrifugation. Gradients 

for samples containing cholesterol were prepared by freeze-thawing 3.4 ml of 20% (w/v) 

sucrose. Next 400 μl of vesicle samples were loaded on top of the gradients, and the 

gradients were then centrifuged for 17 h at 38,000 rpm (average g, 148,305). After 

centrifugation the gradients were fractionated by pipetting into 200-μl aliquots. (The 

bottom, highest density fraction (fraction 18) contained 200–400 μl.) Lipids were 

extracted from each fraction with 2.5 ml of 2:2:1 (v/v) chloroform:methanol:water. After 

5 min of low speed centrifugation the upper aqueous phase was discarded. Comparison of 

a control sample before and after extraction indicated that lipid was nearly fully 

recovered in the lower phase. The extract in the lower phase was then dried with N2 and 

redissolved in 15 μl of 1:1 (v/v) chloroform:methanol. Five microliters were spotted on 

an HP-TLC plate and chromatographed in 50:38:8:4 (v/v) 

chloroform:methanol:water:glacial acetic acid. The amount of SM or 

glycerophospholipid in the extracts was then quantified by HP-TLC as described above. 

For cholesterol-containing samples, cholesterol with trace [
3
H]cholesterol was used, and 

the amount of cholesterol in one-fifth of each fraction was measured by scintillation 

counting. The amount of SM or phospholipid in the remainder of the fractions was 

quantified by analysis of lipid extracts using HP-TLC and charring as described above. 

(For cholesterol-containing samples the silica gel on the upper portion of the plate, which 

contained radiolabeled cholesterol, was scraped off and discarded prior to charring!) 

Sucrose concentrations in the fractions were estimated using a refractometer (Abbe 

Precision Refractometer, Bausch & Lomb, Rochester, NY).  
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Peptide Topography Experiments:       pL4A18 peptide was purified via reverse-phase 

HPLC using a C18 column as described previously (90). Purified peptide was dried under 

a nitrogen stream, redissolved in 1:1 (v/v) water:2-propanol, and stored at 4 °C. Trp 

fluorescence emission spectra measurements were taken by a SPEX 2 FluoroLog 

spectrofluorometer (Jobin-Yvon) using quartz semimicrocuvettes (excitation pathlength, 

10 mm; emission, 4 mm) at room temperature as described previously (90). The slit 

bandwidths for this measurement were set to 4.5 nm (2.5-mm physical size) for excitation 

and 9 nm (5 mm) for emission. Trp fluorescence emission spectra were measured at an 

excitation wavelength of 280 nm and emission wavelength over the range of 300–400 nm 

and subjected to 21-point Savitsky-Golay smoothing (91). Fluorescence from background 

samples (containing lipids but lacking peptide) was subtracted from reported values.  

 

Dynamic Light Scattering (DLS) Measurement:        The sizes of LUV were determined 

dynamic light scattering using a ProteinSolution DynaPro instrument (Wyatt Technology 

Corp., Santa Barbara, CA) at 20 
o
C. To avoid the interference from impurities in the 

buffer, 5 M of symmetric LUV or 1000-fold diluted asymmetric LUV were prepared 

using 0.22 μm filter-filtered PBS. Vesicle sizes were estimated by the Dynamics 

V5.25.44 program. For samples containing alamethicin, vesicles were incubated with 

alamethicin for 15 min at room temperature before light scattering measurements were 

made. 
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Chapter 3 

Preparation and properties of asymmetric vesicles that mimic cell 

membranes: effect upon lipid raft formation and transmembrane helix 

orientation 
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Introduction 

Over the last few decades artificial lipid bilayers of various types have been 

successfully used as models for biological membranes, yielding many important insights 

into the architecture of cell membranes. Vesicle dispersions (liposomes) have perhaps 

been the most useful model membrane system. However, commonly used preparation 

procedures do not provide control over differences in lipid composition between inner 

and outer leaflets (lipid asymmetry). This is a troubling limitation because biological 

membranes are highly asymmetric. In mammalian cells the plasma membrane outer 

leaflet (exofacial monolayer) is enriched in sphingolipids and phosphatidylcholines (PC), 

while the inner leaflet (cytofacial monolayer) is enriched in phosphatidylethanolamine 

(PE) and phosphatidylserine (PS) (92).        

The subject of lipid asymmetry has become all the more important because of its 

potential role in the structure and function of lipid rafts. Lipid rafts are defined as 

sphingolipid and sterol-rich lipid domains that exist in the liquid ordered (Lo) state. Rafts 

are thought to co-exist in many eukaryotic cell membranes with liquid disordered (Ld) 

state domains rich in lipids having unsaturated acyl chains (11, 93), and have been 

proposed to be important for numerous cellular processes.  

The physical properties of Lo domains and the lipid structure dependence of 

domain formation have been extensively characterized in model membranes bilayers with 

a symmetric lipid distribution (11, 18, 20, 30, 70-73, 81, 87, 94-110). The ability to 

prepare asymmetric vesicles would allow more direct comparison of raft-forming model 

membranes to cell membranes. Some important progress has been made in preparing 

asymmetric planar bilayers (64, 83, 111). However, asymmetric lipid vesicles would be 

of wider utility. Ordinary vesicle preparation procedures (e.g. sonication) can yield some 

degree of asymmetry in some cases (112-113), but it can be hard to control. Using pH 

gradients, asymmetry of small amounts of anionic lipids has been achieved (114-115). 

The ability to exchange lipids in one leaflet of the bilayer can provide a method to 

prepare asymmetric vesicles with controlled asymmetry (116-117). In one study, a 

phospholipid exchange protein was used to effectively deliver labeled 

phosphatidylcholines to the outer leaflet of model membranes (117). In addition, a 

monolayer-by-monolayer assembly method for preparation of asymmetric vesicles has 

been reported (78). Gamma-cyclodextrins have been used to deliver small amounts of 

labeled phospholipids into the outer leaflet of membranes (61).    

Nevertheless, a facile and widely applicable method to prepare asymmetric 

vesicles with a wide variety of lipid compositions, including compositions that mimic cell 
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membranes, has not been described. In this report, we introduce such a method. This 

procedure is based on the observation that methyl-beta-cyclodextrin (MCD) binds 

phospholipids at very high MCD concentrations (54, 56). Using this method asymmetric 

vesicles were prepared with an external leaflet rich in SM and an internal leaflet rich in 

PE and PS, similar to eukaryotic plasma membranes. Furthermore, cholesterol was 

introduced into the asymmetric vesicles by exposure of the asymmetric vesicles to 

cholesterol-loaded MCD (using lower MCD concentrations). 

The physical properties of these vesicles reveal some important differences and 

similarities between symmetric and asymmetric bilayers. Overall, it appears that the type 

of asymmetry found in eukaryotic cell membranes is not a barrier to raft formation, and 

even more importantly, that the stabilizing effects of cholesterol upon raft formation are 

not restricted to symmetric membranes. Furthermore, we find lipid asymmetry influences 

hydrophobic helix topography. Asymmetric vesicles prepared by this method should aid 

many studies of the role of lipid asymmetry in membrane structure and function. 

 

Results 

Exchange (Asymmetric) vesicle preparation― Our aim was to prepare 

asymmetric vesicles with SM in the outer leaflet and glycerophospholipids containing at 

least one unsaturated acyl chain in the inner leaflet. To accomplish this, SM MLV were 

incubated with 100 mM MCD to allow the formation of MCD-SM complexes (Fig. 3.1 

A). This high concentration of MCD was necessary to load the SM onto the MCD, and 

dissolved a significant fraction of the SM MLV (about 25% solubilization as judged by 

the decrease in optical density at 450 nm, not shown). An elevated temperature was used 

(55 
o
C) so that the SM would be in a disordered fluid state, and a high SM concentration 

was used (16 mM prior to centrifugation) in order to saturate the MCD so that it would 

not dissolve the SUV added in the following step, and so that exchange would result in an 

SUV population with an outer leaflet predominantly composed of SM. SUV composed of 

unsaturated glycerophospholipids (4 mM of DOPC, POPC, POPS or a 1:1 or 2:1 

POPS:POPE (mol:mol) mixture) was then added, and the MLV removed by 

centrifugation. To separate the exchanged SUV from both MCD and residual MLV the 

supernatant was then chromatographed on Sepharose CL4B.   

Fig. 3.2A shows the Sepharose 4BCL chromatographic profile for a control 

sample in which POPC SUV (labeled with NBD-PE and a transmembrane peptide, LW 

peptide) and SM MLV were mixed in the absence of MCD. NBD and peptide 

fluorescence exhibited nearly identical profiles and recoveries (~85%), mainly eluting in 

fractions containing SUV, and a chromatography profile of the SUV characteristic of that 
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for SUV having a 250±30 Å diameter (118). As judged by the fluorescence of 

rhodamine-PE incorporated into the MLV, a small amount (<1%) of residual MLV was 

present, and mainly eluted in void volume fractions, which contain vesicles too large to 

enter the beads. HP-TLC analysis detected only a trace SM (SM:POPC ratio 0.02) in 

SUV-containing fractions.     

In contrast, when a SM MLV-MCD mixture was co-incubated with POPC SUV, 

HP-TLC analysis showed considerable SM transfer into SUV fractions within minutes 

(Fig. 3.2 B and 3.2 C).  The Sepharose 4BCL elution profile for fluorescence markers 

(Fig. 3.2 B) showed some of the NBD-PE was transferred to the fractions containing 

large vesicles, presumably indicative of partial exchange of NBD-PE into (residual) MLV 

present, while the elution profile of LW peptide, which should not be extracted from 

membranes by MCD, was largely unaltered from that in the absence of MCD, i.e. the 

peptide remained SUV-associated. Consistent with these observations ~68% of the NBD-

PE was recovered in the eluted fractions (the decrease in recovery likely being due to 

NBD-PE transfer to MLV which were removed by pelleting), while ~80% of the non-

exchangable LW peptide was recovered in the eluted fractions, an amount similar to that 

recovered in the absence of MCD. Thus, it appears that the SUV remained intact during 

exchange. In the presence of MCD there was also an increase in rhodamine-PE 

fluorescence in void volume fractions, to almost 5% of the original amount in the MLV 

(not shown). This may be due to the presence of some SM vesicles slightly too small to 

pellet, and which form either when MCD is added to SM MLV or when the SM-MCD 

mixture is diluted with SUV. Vesicles in these fractions are also observed when the SM 

MLV-MCD mixtures by themselves (i.e. without incubation with SUV) are applied to 

the Sepharose 4BCL column.  

Similar column profiles were observed in preparations in which SM was 

exchanged into DOPC SUV or 2:1 (mol:mol) POPE:POPS SUV. 

We refer to the SUV present after the lipid exchange step as exchange vesicles. 

Based on HP-TLC the exchange of lipids results in SM:POPC ratios of 1-1.2:1 mol:mol. 

If 66% of the total lipid resides in the outer leaflet of SUV, this is equivalent to exchange 

of up to 82% of the outer leaflet.   

 

Preparation of cholesterol-containing exchange vesicles― To more closely 

imitate eukaryotic membranes, cholesterol was introduced into the exchange vesicles. As 

illustrated in Fig. 3.1B, in the first step SM was exchanged into the SUV. Then samples 

were subjected to centrifugation to remove MLV, followed by chromatography on a 

Sephacryl S-200 column to remove MCD with minimal dilution of the vesicles. Void 
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volume fractions contained the lipid vesicles (SUV and residual MLV) (not shown). To 

incorporate cholesterol the exchange vesicles were then incubated with cholesterol-

loaded MCD (CLC), using a lower MCD concentration (generally 2.5 mM for PC 

SUV and 7.5 mM for POPE:POPS SUV) so that the MCD would not bind phospholipid 

(56). In the final step, the cholesterol-containing asymmetric SUVs were separated from 

other components on a Sepharose CL4B column. HP-TLC analysis of lipid composition 

of SUV fractions showed incorporation of ~25% cholesterol (not shown) and that 

introduction of cholesterol did not appreciably alter vesicle phospholipid composition 

(Fig. 3.2 D).   

 

Comparison of ordinary and exchange SUV using fluorescence anisotropy― To 

test for asymmetry, ordered domain formation by ordinary and exchange vesicles were 

compared by measuring the steady state fluorescence anisotropy of diphenylhexatriene 

(DPH) and trimethylaminodiphenylhexatriene (TMADPH) added to the vesicles. DPH 

dissolves throughout the lipid bilayer, while TMADPH, which anchors to the polar 

interface by a charged quaternary amino group and does not flip rapidly between inner 

and outer leaflets, was restricted to the outer leaflet (see below) (119-120). High 

anisotropy is observed for these probes in gel (L) and liquid ordered (Lo) state bilayers 

(referred to collectively as ordered states), while low anisotropy is observed in the liquid 

disordered (called Ld or L) state. Thus, at room temperature both DPH and TMADPH 

exhibit much higher anisotropy in gel phase SM vesicles than in Ld phase vesicles 

containing unsaturated glycerophospholipids (DOPC, POPC, or POPE:POPS) (Table 3.1) 

(121-122). However, the anchoring of TMADPH restricts its motional range so its 

anisotropy is higher than that of DPH in Ld state vesicles.   

Table 3.1 also shows that intermediate anisotropy values are observed in ordinary 

SUV containing a 2:1 mol:mol ratio of SM to total unsaturated glycerophospholipids. 

These values reflect the presence of co-existing SM-rich gel domains and 

glycerophospholipid rich Ld domains in such vesicles at room temperature (123-124). 

From DPH anisotropy, which should report the average of inner and outer leaflet fluidity, 

43-54% of the DPH fluorescence originated from the (SM-rich) ordered state domains for 

SM mixtures with DOPC, POPC, or 2:1 mol:mol POPE:POPS. Because DPH usually 

partitions equally between ordered and disordered domains (125-126), this should be 

close to the % of the bilayer that is in the ordered (here gel) state. (Differences in DPH 

intensity when it is located within an ordered and disordered state environment have little 

influence upon this conclusion. For the lipids used in this study, both in the absence and 

presence of cholesterol, we found the intensity of DPH in ordered state vesicles was only 

5-20% larger than in vesicles in the Ld state.) TMADPH anisotropy indicated a smaller 
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fraction of TMADPH fluorescence originating from the ordered domains (17-36% 

depending on the identity of the unsaturated glycerophospholipid), consistent with the 

tendency of TMADPH to partition somewhat more favorably into disordered domains 

(127). 

The anisotropy of exchange SUV containing SM and either DOPC, POPC or 2:1 

POPE:POPS exhibited a striking contrast with that of ordinary vesicles of similar overall 

lipid composition. The anisotropy and calculated % of DPH fluorescence originating 

from ordered domains (66-77% depending on the identity of the unsaturated 

glycerophospholipid) was higher than for ordinary vesicles. Furthermore, no matter what 

unsaturated glycerophospholipid was used, high anisotropy values were observed for 

TMADPH, indicating that the fluorescence of TMADPH incorporated into the outer 

leaflet arose almost totally from ordered domains. This means that the outer leaflet of 

these vesicles was more ordered than the bilayer as a whole, and thus much more ordered 

than the inner leaflet. This is the expectation if there is an asymmetric distribution of 

lipids such that the outer leaflet is predominantly composed of SM in the ordered gel 

state.   

The difference between the % ordered domains sensed in the entire vesicle by 

DPH, and in the outer leaflet in TMADPH, can be used to estimate the % ordered 

domains in the inner leaflet. 

Assuming that the DPH anisotropy reflects a combination of that in the inner and 

outer leaflet; 2/3 of the total lipid (and DPH) in the exchange SUV is in the outer leaflet 

(128); ~17-31% of the inner leaflet lipid in exchange vesicles would be in an ordered 

state (in samples lacking peptide). This is consistent with an inner leaflet composed 

predominantly of the unsaturated lipids, which tend to form disordered domains. In other 

words, the fluorescence data indicated that the exchange vesicles had a highly 

asymmetric lipid distribution with a SM-rich outer leaflet and unsaturated 

glycerophospholipid-rich inner leaflet. It also indicated that ordered domain formation in 

the outer leaflet did not require ordered domain formation in the inner leaflet.   

Anisotropy in exchange vesicles containing LW peptide were similar to those in 

its absence, suggesting asymmetry of the exchange vesicles was maintained. However, 

there was a small decrease in TMADPH anisotropy hinting that peptide may alter domain 

organization (see Discussion). 

The results above imply the vesicles made by the exchange procedure have an 

asymmetric lipid composition, as confirmed by the experiments described in the 

following sections. To describe the lipid composition and asymmetry of such vesicles we 

propose the designations “o‖ = outer leaflet lipid; ―i‖ = inner leaflet lipid.  We use ―/‖ to 
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separate the names of lipids in different leaflets, ―:‖ to separate lipid names when the 

lipids are in the same leaflet or in ordinary vesicles, and  ―-‖ to separate lipid names when 

referring to both asymmetric and ordinary vesicles. Thus, a vesicle composed of SM, PE, 

and PS, would be designated SMo/PE:PSi when the SM is in the outer leaflet and PE and 

PS are in the inner leaflet, designated SM:PE:PS in ordinary symmetric vesicles and SM-

PE-PS when asymmetry is undefined when talking about symmetric and asymmetric 

vesicles at the same time.   

Cholesterol-containing vesicles were also studied. Ordinary vesicles containing 

2:1 SM:unsaturated glycerophospholipids plus 25mol% cholesterol gave DPH and 

TMADPH anisotropy values consistent with a mixture of ordered (Lo) and disordered 

fluid (Ld) domains, with a higher overall level of ordered domain formation than without 

cholesterol (Table 3.1). Indeed, ordered/disordered domain co-existence in these mixtures 

has been found previously using fluorescence quenching (68). The apparent % ordered 

domains forming in the presence of cholesterol was higher than in its absence as noted 

previously (11, 87, 110).   

Exchange vesicles containing cholesterol showed a significant degree of ordered 

domain formation as judged by DPH anisotropy, and fully ordered outer leaflets as 

judged by TMADPH anisotropy. Again, this indicates an asymmetric lipid distribution 

with a SM-rich outer leaflet and unsaturated glycerophospholipid-rich inner leaflet. As in 

the case of ordinary vesicles, exchange vesicles containing cholesterol showed a higher 

overall level of ordered domain formation than exchange vesicles lacking cholesterol (80-

83%). Based on comparison of DPH and TMADPH anisotropy, we estimate that ~40-

50% of the inner leaflet was in an ordered state in cholesterol-containing exchange 

vesicles. (In SMo/2:1 POPE:POPSi/CHOL vesicle inner leaflet order may be as higher if 

ordinary POPE:POPS:CHOL vesicles  are already partly in an ordered state (Table 3.1 

and (68)). This suggests that the SM-rich outer leaflet induces a greater level of ordering 

within the inner leaflet in the presence of cholesterol than in its absence.   

Asymmetry was relatively stable. Anisotropy of both DPH and TMADPH (added 

to exchange vesicles right before measuring anisotropy) did not change significantly for 

at least 1-2 days after sample preparation both for SMo/POPCi or for SMo/2:1 

POPE:POPS/CHOL vesicles [in each case the vesicles also contained LW peptide] (data 

not shown). Additional controls confirmed TMADPH flips slowly from the outer to the 

inner leaflet. In exchange vesicles movement of TMADPH to the inner leaflet should 

have been accompanied by a decrease in anisotropy, but we found only a very small drop 

in anisotropy over a period of a few hours. In addition, accessibility of TMADPH to 

extraction by externally added MCD (see below) only decreased slightly over several 

hours (not shown).   
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Comparison of the thermal stability of ordered domains in ordinary and exchange 

SUV― To further characterize differences between ordinary and exchange vesicles the 

thermal stability of ordered domains was determined via the temperature dependence of 

DPH fluorescence anisotropy. As temperature is increased ordered state lipids melt and 

anisotropy shows a distinct transition from high to low values. The melting temperature 

(Tm) can be defined as the midpoint of this transition, the temperature at which the 

decrease in anisotropy per 
o
C is a maximum (125, 129). 

Fig. 3 shows the temperature dependence of DPH anisotropy and Tm values 

derived from these curves. SUV composed of SM showed high DPH anisotropy at low 

temperature (~16
o
C) (Fig. 3.3 A) and a Tm slightly above 35 

o
C (Fig. 3.3 B), as expected 

(130-131). DOPC vesicles exhibited a low anisotropy that decreased slowly as 

temperature increased, characteristic of the Ld state. Ordinary vesicles composed of 

SM:DOPC mixtures exhibited intermediate anisotropy at low temperature due to the co-

existence of Ld and gel domains (Fig. 3.3 A, left panel), as noted above. As expected, 

they exhibited a lower Tm than that of pure SM vesicles, 27
o
C for 2:1 SM:DOPC and 24 

o
C for 1:1 SM:DOPC (Fig. 3.3 B, left panel). This behavior contrasts with that of 

SMo/DOPCi exchange vesicles with an overall lipid composition similar to that of the 

ordinary vesicles. As in the case of ordinary vesicles, these vesicles had an intermediate 

anisotropy at low temperature (Fig. 3.3 A), but their melting transition occurred at about 

as high a temperature as that of pure SM vesicles (Fig. 3.3 B), indicating that the 

unsaturated glycerophospholipid-rich, largely Ld state inner leaflet did not have a 

deleterious effect on the stability of ordered domain formation by the SM-rich outer 

leaflet.  

Ordered domain thermal stability was also measured for vesicles containing ~25 

mol% cholesterol (Fig. 3.3, A and B, right panels.). The pattern of Tm values vs. vesicle 

composition mirrored that in vesicles without cholesterol, with higher and nearly 

equivalent Tm observed for SM:CHOL and exchange vesicles, and lower Tm for 

ordinary vesicles with an overall lipid composition similar to that of the exchange 

vesicles.  

A very similar anisotropy and Tm pattern was observed for SMo/POPE:POPSi,  

SMo/POPE:POPSi/CHOL exchange vesicles, and the corresponding ordinary vesicles 

(see Fig. 3.4). The Tm of DPPCo/DOPCi exchange vesicles was also higher (by ~5
o
C) 

than that of ordinary 2:1 DPPC:DOPC vesicles, but not as high as in pure DPPC vesicles 

(Fig. 3.4). This may reflect a lower level of DPPC exchange into SUV (relative to that of 

SM). Nevertheless, the observation that ordered domains in DPPC-containing exchange 

vesicles had a higher Tm than in ordinary vesicles suggests that the higher stability of 
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ordered domains in asymmetric vesicles is not restricted to ordered domains composed of 

SM. 

It should be noted that both ordinary and exchange vesicles exhibited significantly 

higher Tm values (by 5-10
o
C) in the presence of cholesterol. This thermal stabilization of 

ordered domains by cholesterol has been observed previously in the case of ordinary 

vesicles, and is one of the key in vitro observations suggesting Lo-like ordered domains 

might form in cell membranes under physiological temperatures (11, 20, 72). The fact 

that stabilization of ordered domains by cholesterol was observed in exchange vesicles 

indicates that this crucial property of cholesterol can be retained in asymmetric bilayers 

(see Discussion). 

Controls confirmed that the difference between the Tm values in ordinary and 

exchange vesicles was not due to residual ethanol in the ordinary vesicles. Addition of 

ethanol to exchange vesicles (or any vesicles containing ordered domains) only decreased 

Tm by 1-2
o
C (not shown). Also, the asymmetric arrangement of lipids in the exchange 

vesicles was largely maintained after heating to above Tm. Tm values remeasured after 

heating exchange vesicles to 60-70
o
C and cooling to 16

o
C were only generally 1-2

o
C 

lower than those of initial samples (not shown).  

       

Confirmation of asymmetry using TMADPH binding to vesicles―An alternate 

explanation of the high Tm values in exchange vesicles is that they contain separate 

populations of SM vesicles and unexchanged unsaturated glycerophospholipid vesicles. 

To rule this out, and further confirm asymmetry, several methods were used. The first 

asymmetry test was based on the observation that POPS (an anionic lipid) renders 

MCD-induced extraction of outer leaflet TMADPH (a cationic molecule) from vesicles 

more difficult. Fig. 3.5 shows that extraction of TMADPH from bilayers by MCD could 

be detected by a decrease in TMADPH fluorescence upon addition of MCD (Fig. 3.5 

A). That this fluorescence decrease was due to extraction was confirmed by 

centrifugation experiments measuring the amount of TMADPH bound to the outermost 

leaflet of SM MLV in the absence and presence of MCD.  Most of the TMADPH 

appeared in the MLV-containing pellet without MCD, but in the supernatant after 

addition of MCD (Fig. 3.6). 

Fig. 3.5 B quantifies the lipid composition-dependence of the ability of MCD to 

extract TMADPH from the outer leaflet of vesicles via the parameter C50%, defined as the 

MCD concentration resulting in half as much extraction as at 20 mM MCD. Extraction 

of the cationic TMADPH molecules from 2:1 mol:mol POPS:POPE vesicles, which are 

anionic, was much more difficult (C50% ~ 1.9 mM) than extraction from zwitterionic SM 
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vesicles (C50% ~ 0.29 mM).  Consistent with an asymmetric structure with little POPS in 

the outer leaflet, SMo/POPE:POPSi exchange vesicles exhibited a low C50% value (~ 0.5 

mM) close to that of pure SM vesicles, and less than that of ordinary vesicles containing 

75% SM (C50%~ 0.7 mM) or of TMADPH bound to a 1:1 mixture of SM vesicles and 2:1 

POPE:POPS vesicles (C50%~ 1.3 mM). It should be noted that the C50% values were 

affected by lipid concentration, such that the lower the concentration of lipid, the lower 

the C50% value (not shown). We confirmed that for the exchange vesicle preparations, the 

low C50% value observed was not due to a lower lipid concentration than in the ordinary 

vesicle preparations (data not shown). 

C50% values also showed that it was more difficult to extract TMADPH from 

DOPC vesicles (C50% ~ 0.64 mM) than from SM vesicles, as predicted by the slightly 

higher affinity of TMADPH for disordered domains than ordered domains (127). 

However, this difference was too small to use in evaluating lipid asymmetry in 

SMo/DOPCi vesicles. Complications arising from extraction of cholesterol by MCD 

precluded meaningful TMADPH extraction experiments on cholesterol-containing 

preparations. 

 

Confirming asymmetry using Ca
2+

-induced vesicle aggregation― A second 

asymmetry assay involved detection of the amount of PS on the outside of exchange 

vesicles via Ca
2+

-induced vesicle aggregation.  Vesicles containing the anionic lipid PS in 

their outer leaflet aggregate and fuse extensively in the presence of externally added Ca
2+

 

(132). This process can be detected by an increase in light scattering (optical density).  If 

PS is restricted to the inner leaflet of vesicles should be inaccessible to Ca
2+

, and should 

not contribute to Ca
2+

-induced vesicle aggregation. 

The behavior of ordinary and exchange vesicles containing POPS in the presence 

of Ca
2+

 was consistent with the predictions that the exchange vesicles were asymmetric.  

As shown in Fig. 3.7 A, SM vesicles did not aggregate in the presence of Ca
2+

, while 

ordinary 1:1 mol:mol POPE:POPS vesicles extensively aggregated.  POPE:POPS 

vesicles mixed with SM vesicles aggregated to a similar degree as POPE:POPS vesicles 

in the absence of SM vesicles, indicating that SM vesicles do not participate in, or 

interfere with, the aggregation of POPE:POPS vesicles.  In contrast SMo/POPE:POPSi 

exchange vesicles with a POPE and POPS content comparable to that in the mixture of 

separate SM and POPE:POPS vesicle populations showed very little aggregation, 

inconsistent with the hypothesis that the exchange preparation consisted of separate 

POPE:POPS SUV and SM SUV populations, but consistent with an asymmetric lipid 

distribution with POPS being largely restricted to the inner leaflet.  This conclusion was 

supported by the observation that ordinary vesicles composed of 2:1:1 or 6:1:1 
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SM:POPE:POPS aggregate to a greater degree (increase in optical density of 0.039 and 

0.009, respectively at 18 mM CaCl2, respectively)  than the MCD exchange vesicles 

(increase in optical density of 0.0008 at 18 mM CaCl2) even though the ordinary vesicles 

contained a lower amount of POPS than the exchange vesicles.   

The small degree of Ca
2+

-induced aggregation in the ordinary vesicles presumably 

reflects a strong dependence of aggregation upon POPS density in the outer leaflet, but 

the presence of POPE complicates interpretation.  To rule out complications due to 

POPE, analogous experiments were carried out upon SM-POPS vesicles (Fig. 3.7 B).  

Again, the level of aggregation in a mixture of SM and POPS vesicles was much higher 

than in SMo/POPSi exchange vesicles.  Furthermore, the differences between ordinary 

SM:POPS and SMo/POPSi exchange vesicles were analogous to those observed in the 

SM-POPE-POPS vesicles, but larger (Fig. 3.7, A and B).  This confirmed the exchange 

vesicles do not consist of a mixture of unexchanged vesicle populations and are 

asymmetric, with SM in the outer leaflet and the unsaturated glycerophospholipid in the 

inner leaflet.   

Similar results were found for analogous ordinary and exchange vesicles 

containing cholesterol (Fig. 3.7 C), indicating that the introduction of cholesterol did not 

disrupt asymmetry. 

 

Distinguishing asymmetric vesicles from mixtures of two types of ordinary 

vesicles using sucrose gradient centrifugation― The methods above were suitable for 

assaying asymmetry for vesicles containing anionic lipid. To confirm that separate SM 

and unsaturated lipid vesicles were not being formed by the exchange procedure in 

vesicles lacking anionic lipid, sucrose density gradient centrifugation was used. SMo/PCi 

exchange vesicles were prepared from SUV containing a 2:3 mol:mol mixture of DOPC 

with a tetrabrominated derivative of DOPC (BrPC).  The latter lipid has a high density, 

allowing BrPC-containing SUV to be distinguished from vesicles formed from unlabeled 

lipids on density gradients (133). Fig. 3.8 shows the density profile for 

SMo/2:3DOPC:BrPCi exchange vesicles.  As assayed by HP-TLC analysis SM and PC 

primarily both located in the fraction 4. [In a separate experiment both SM and BrPC in 

ordinary SUV composed of 5:2:3 SM:DOPC:BrPC were found to predominantly locate 

in fraction 5 (not shown).] In contrast, in the case of a mixture of SM vesicles and 3:2 

DOPC:BrPC vesicles, the SM vesicles mainly located in the lowest density fraction, 

while the PC vesicles were mainly in the highest density fractions. These results confirm 

that exchange procedure does not result in the formation of separate SM and PC vesicles.   
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When centrifuged under conditions with a shallower sucrose gradient, SMo/~2:3 

DOPC:BrPCi exchange vesicles containing ~25 mol% cholesterol located at a similar 

average sucrose density as vesicles without cholesterol, but with the lipids spread into a 

wider number of fractions (data not shown). There was a constant 

phospholipid/cholesterol ratio over these fractions, but some heterogeneity in SM/PC 

ratio such that the estimated SM content varied over the range 50%±15%(data not 

shown).    

 

Re-reconstitution confirms exchange induces the formation of asymmetric 

vesicles― The exact lipid composition of asymmetric vesicles was difficult to measure 

with very high accuracy. To compare the physical properties of ordinary and exchanged 

vesicles with identical lipid compositions, a re-reconstitution procedure was developed. 

Ordinary and exchange vesicle samples were dried, destroyed by solubilization in 

ethanol, and then re-reconstituted in vesicles by dispersion into aqueous buffer.   

Ideally, ordinary and exchange vesicles with identical lipid compositions should 

have different properties before re-reconstitution but identical properties after re-

reconstitution. Fig. 3.9 shows that this was to a large degree true. Before re-

reconstitution, SMo/POPE-POPSi vesicles (gray bars) showed an outer leaflet TMADPH 

anisotropy (panel A) and thermal melting temperature (panel B) similar to that of SM 

vesicles (black bars), and significantly higher than that of ordinary 6:2:1 SM:POPE:POPS 

vesicles (open bars). Overall ordered domain formation in the SMo/POPE-POPSi 

vesicles, as judged by DPH anisotropy (panel C), was intermediate between that of SM 

vesicles and 6:2:1 SM:POPE:POPS vesicles. After re-reconstitution the anisotropy and 

ordered domain melting temperatures of the exchange vesicles decreased, and reached 

levels almost identical to those of ordinary mixed lipid vesicles. (Notice, that there is a 

much smaller change in these properties for the ordinary vesicles, and that it is generally 

in the opposite direction of that in the exchange vesicles, which is inconsistent with the 

hypothesis that some property other than asymmetry explains the decrease in anisotropy 

and melting temperatures in the exchange vesicles.) Clearly, very little, if any, of the 

physical differences between the ordinary and exchange vesicles was due to a difference 

in lipid composition. Similar behavior upon re-reconstitution was observed for analogous 

vesicles containing cholesterol (Fig. 3.9, panels D-F). However, there was a small 

residual difference between ordinary and exchange vesicles after re-reconstitution, 

perhaps reflecting a small difference between their lipid composition.     

Analogous decreases in the level of outer leaflet ordered domains and ordered 

domain thermal stability upon re-reconstitution were also observed for SMo/DOPCi, 

SMo/DOPCi/CHOL and DPPCo/DOPCi exchange vesicles and the corresponding 
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ordinary vesicles (Fig. 3.10). (Notice that for SMo/DOPCi and SMo/DOPCi/CHOL SUV, 

the ordinary vesicles were 1:1 SM:DOPC rather than 2:1, and thus still have lower 

anisotropy and Tm values than the exchange vesicles after re-reconstitution.) 

To summarize, all of the methods described above show that the behavior and 

properties of the exchange vesicles are inconsistent with the hypothesis that they have a 

symmetric lipid distribution, or the hypothesis that they are composed of separate SM-

containing and unsaturated glycerophospholipid-containing populations.  Instead, the data 

all point to their having an asymmetric SMoutside/unsaturated glycerophospholipidinside 

lipid distribution. 

 

Lipid asymmetry affects the extent of transmembane insertion by hydrophobic 

helices― A long standing question in membrane structure is whether lipid asymmetry 

affects the topography of the hydrophobic helices found in membrane proteins. To test 

the hypothesis that asymmetry can affect topography, a hydrophobic helix (pL4A18: 

acetyl-K2LA9LWLA9LK2-amide) with a topography that is sensitive to lipid composition 

was used (134). Previous studies have shown that pL4A18 forms a TM helix in PS 

vesicles, but can only form a non-TM helix associated with the surface of the bilayer in 

zwitterionic vesicles composed of PC (134). pL4A18 has a Trp residue in the center of its 

hydrophobic sequence, and these helix configurations can be distinguished by the 

wavelength of  maximum Trp fluorescence emission (max) (Fig. 3.11 A). In the 

transmembrane (TM) state, our previous studies show pL4A18 Trp emission is 

significantly more blue shifted (max 325 nm) in PS vesicles than in the non-TM, surface 

bound state formed in PC vesicles (max 335 nm)(Fig. 3.11). [We have demonstrated a 

similar difference in Trp emission in TM and non-TM configurations for hydrophobic 

helices with many other sequences (134-137).] Therefore, fluorescence was used to 

define pL4A18 topography in symmetric and asymmetric vesicles composed of anionic 

and zwitterionic lipids. We found peptide behavior consistent with these results in 

ordinary vesicles (Fig. 3.11 B). In ordinary zwitterionic SM:POPC vesicles, max was 

333 nm, close to that in DOPC, while in ordinary 1:1 POPE:POPS vesicles (which have 

50% anionic lipid) , max was 329 nm, intermediate between that in fully zwitterionic 

(PC or SM:PC) and fully anionic (PS) vesicles. This indicates that in SM:POPC pL4A18 

is mainly non-TM, while it is in a mixture of TM and non-TM configurations in 1:1 

POPE:POPS. It should be noted that pL4A18 is membrane bound in both of these cases. 

When dissolved in aqueous solution pL4A18 had a much more red shifted fluorescence 

(max 359 nm) (Fig. 3.11 B). 

The behavior of pL4A18 inserted into asymmetric ~3:2 

SM:POPCo/1:1POPE:POPSi vesicles was distinctly different from that in ordinary 
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vesicles. As shown in Fig. 3.11, the Trp fluorescence of pL4A18 was about as highly 

blue shifted (max 326 nm) in asymmetric vesicles as in fully anionic PS vesicles. This 

blue shifted fluorescence indicates the formation of a fully TM topography in the 

asymmetric vesicles, even though they contain only a low % of PS (16 mol% based on 

HP-TLC). It is especially noteworthy that this max is more blue shifted than in either 

vesicles composed entirely of the outer leaflet (3:2 SM:POPC) or inner leaflet (1:1 

POPE:POPS) lipids, rather than an average of these values. That this blue shift is due to 

lipid asymmetry was confirmed by remeasuring max after destroying asymmetry by 

reconstitution. After rereconstitution of the vesicles, pL4A18 fluorescence red shifted 

significantly (max 331 nm). This value is between that of the 3:2 SM:POPC and 1:1 

POPE:POPS vesicles, as predicted if the vesicles become symmetric after 

rereconstitution. [It should be noted that in control TLC experiments we confirmed that 

there had been about the expected total amount of lipid exchanged into the asymmetric 

vesicles, although the amount of SM was slightly lower than expected, and that, as in the 

case of the other asymmetric vesicles studied, after exchange the ordered domains had a 

thermal stability higher than that measured after rereconstitution, confirming lipid 

asymmetry. Furthermore, sucrose gradient experiments confirmed that the PC and SM 

exchanged into the same set of vesicles (data not shown).] 

 

Discussion 

 Preparation of asymmetric vesicles― This report introduces a MCD-induced 

exchange method to prepare small unilamellar vesicles with a stable asymmetry in which 

the outer leaflets are composed largely of sphingomyelin or other lipids containing 

saturated acyl chains, and the inner leaflets contain various glycerophospholipids with 

unsaturated acyl chains. Cholesterol can be incorporated into these vesicles with 

maintenance of phospholipid asymmetry. In addition, mixtures of lipids can be 

introduced by exchange, which results in great flexibility in the lipid compositions that 

can be prepared. The procedure is relatively rapid, requires little special equipment or 

materials and produces ample amount of exchange vesicles. It works with many different 

lipids, can be used at elevated temperatures which might aid exchange for lipids with 

high Tm values. Introduction of cholesterol without disruption of the vesicles is possible 

because cholesterol-MCD complexes can be prepared at MCD concentrations too low 

to bind phospholipids (56), and is no doubt aided by rapid cholesterol equilibration 

between the inner and outer leaflets (58). Although the final cholesterol concentration in 

the inner and outer leaflets is unknown, the need to maintain mass balance between the 

leaflets requires a similar final mole fraction of cholesterol in the two leaflets.   
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The experimental conditions that give maximal lipid change are empirical and are 

likely affected by the concentration of MCD, MLV and SUV, and the identity of the 

lipids used. As noted in the results, the first step in the process involves solubilization of 

some of the MLV by the MCD. We choose an excess of MLV, i.e. an amount that is not 

totally dissolved by MCD, so that the MCD will be saturated with lipid and not 

dissolve the SUV. Since the amount of MLV that dissolves is not well defined, it is hard 

to say what the exact excess is present, but even if that were known it might not help 

define the best exchange conditions because the difference in the relative affinity of 

MCD for different types of lipids in MLV and SUV could also affect exchange. MCD 

affinity for lipids is complex to determine because of the cooperative nature of the 

MCD-lipid interaction, which only becomes strong enough to allow lipid binding at 

high MCD concentration (56). Both the affinity of MCD for lipid and its binding 

stoichiometry may to be dependent upon its concentration. However, it is important to 

note that the exchange method is practical without a full study of all of these variables. 

We find we can define optimal conditions for exchange by varying these parameters 

slightly when different lipid compositions are used. 

The lipid concentration of asymmetric vesicles obtained after chromatography can 

be variable.  The final lipid concentration was determined explicitly when desired, but it 

is important to note that in many cases the exact vesicle concentration is not important. It 

is the composition of the membrane that controls vesicle properties, not the number of 

vesicles in solution.   

It should be noted that the small decrease in anisotropy that was detected in 

exchange vesicles in the presence of the LW peptide might be significant. The LW 

peptide used has a structure that strongly disfavors its insertion into ordered domains in 

ordinary vesicles, and it appears to nucleate disordered domains in ordinary vesicles 

(138). Thus, the decrease in TMADPH anisotropy in the presence LW peptide may 

suggest it induces formation of a small amount of disordered domains in outer leaflet of 

the exchange vesicles, and this property might be shared by transmembrane proteins in 

cell membranes.   

Further studies will be necessary to define conditions suitable to prepare 

additional types of exchange vesicles. Preliminary studies indicate that by changing 

experimental conditions unsaturated lipids can be exchanged into small unilamellar 

vesicles composed largely of SM (MiJin Son and Erwin London, unpublished 

observations). Other preliminary studies indicate the exchange procedure can be used to 

prepare asymmetric large unilamellar vesicles. Such vesicles would lack the curvature of 

SUV, and are more appropriate model membranes for many types of experiments. 

However, SUV themselves are likely to be very useful. It should be noted in this regard 
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that studies of membrane-inserted hydrophobic helices have found little difference 

between SUV and large unilamellar vesicles (139). 

 

Insights into the lipid behavior in eukaryotic plasma membranes from the 

physical properties of plasma membrane-mimicking asymmetric vesicles― The 

asymmetric vesicles we prepared mimic plasma membranes in having a sphingolipid rich 

outer leaflet and unsaturated glycerophospholipid-rich inner leaflet, and thus provide 

important insights into the relationship between lipid structure and biological membrane 

organization. Previous studies in supported planar bilayers showing that ordered domains 

inner and outer leaflets are not always in close register suggested that the formation of 

ordered domains in both leaflets is not an absolute requirement for ordered domain 

formation (140-141). The experiments in this report show that the thermal stability of 

SM-rich ordered state domains in the outer leaflet is not adversely affected by 

interactions with an inner leaflet composed of unsaturated lipids that (by themselves) 

should tend to form disordered domains, at least in small vesicles. It was also found that 

the significant increase in the stability of ordered domains in the presence of cholesterol, 

a crucial cholesterol property observed in symmetric model membrane vesicles, is 

maintained in asymmetric membranes, and thus should occur in cell membranes. It has 

been assumed cholesterol stabilizes ordered domains in cells based on detergent-

insolubility data, but complications can make it difficult to properly interpret detergent 

insolubility (142). Combined, these biophysical properties indicate that in the 

sphingolipid and cholesterol rich plasma membrane the sphingolipid-rich outer leaflet is 

very likely to exist in the Lo state.   

Furthermore, there seems to be some degree of ordering of the inner leaflet by an 

ordered outer leaflet. The effect of the outer leaflet upon the inner leaflet may partly 

explain why the overall level of membrane order is higher when the ordered state-

favoring and disordered state-favoring lipids are asymmetrically disposed than when they 

are symmetrically disposed. The induction of an ordered state in the inner leaflet by 

ordered domains in the outer leaflet is consistent with the coupling between ordered 

formation in inner and outer leaflets in SM vesicles that was detected in an early study 

(143), and with the very recent observations of Kiessling et al (64), which were made in 

planar bilayers insulated from the substrate, and in which it was found that a SM-rich 

outer leaflet could induce order in an inner leaflet composed of a physiological mixture of 

mammalian PC, PE and PS. It is also consistent with observations in unsupported planar 

bilayers and giant unilamellar vesicles indicating that ordered domains in opposite 

leaflets tend to exist in register with one another, indicating that there is some degree of 

coupling between ordered domains in opposite leaflets (18, 104). However, it is difficult 

to evaluate the behavior of the inner leaflet with the assays available at present. For 
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example, some of the order we estimate to exist in the inner leaflet of asymmetric 

vesicles may reflect a change in the dynamics of inner leaflet DPH molecules when they 

are trapped in a disordered environment that is only one leaflet wide. It should also be 

noted that we have not yet determined whether the inner leaflet undergoes segregation 

into separate ordered and disordered domains under the influence of the ordered domains 

in the outer leaflet. This will require additional methods for specifically evaluating the 

domain structure in the inner leaflet at the nano-domain level. In any case, further studies 

of interleaflet coupling will clearly be an important goal.   

 

The effect of lipid asymmetry upon the orientation of membrane-inserted 

hydrophobic helices― The observation that transmembrane polypeptides can be 

incorporated in exchange vesicles without disruption of asymmetry should allow the use 

of asymmetric vesicles to carry out more detailed studies of protein-lipid interaction than 

in symmetric vesicles. An important finding of this report in this regard is that lipid 

asymmetry, in which one membrane leaflet has more anionic lipids than the other, can 

stabilize the formation of transmembrane topography by hydrophobic helices. This could 

have important implications for membrane protein topography in vivo. A very recent 

investigation of the behavior of hydrophobic helices during co-translational membrane 

insertion in natural membranes by Lerch-Bader et al (144) has shown that the extent of 

translocon-dependent formation of a transmembrane state (relative to formation of a non-

transmembrane state) can be enhanced by cationic residues flanking the hydrophobic 

sequence. Our results show this might be explained by an asymmetric distribution of 

anionic lipid, as is believed to occur in natural membranes. Lipid asymmetry may also be 

important in controlling the extent of transmembrane insertion in cases of post-

translational membrane insertion (145-147). Whether this stabilization of transmembrane 

topography is exclusively electrostatic in origin, or involves other specific lipid-peptide 

interactions will be investigated in future studies. 

 

Other applications of asymmetric vesicles― Asymmetric vesicles should also be 

crucial for other applications. One is refining the interpretation and applications of 

detergent insolubility in cell membranes. Detergent insolubility (especially using Triton 

X-100) has been widely used to identify the presence of sphingolipid and cholesterol rich 

domains in cells, and to isolate detergent insoluble sphingolipid and cholesterol rich 

membranes (9, 17, 142). The latter property allows studies of the lipid and protein 

composition of these membranes, and how composition changes under different 

physiological conditions (93, 148-150)). Nevertheless, there are many cases in which 

detergent insolubility results are ambiguous (60, 108, 142, 151-154), and comparison of 
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the detergent insolubility properties of asymmetric model membrane vesicles to those of 

cell membranes should clarify the relationship between detergent insolubility and domain 

formation, and aid the development of improved detergent insolubility methods for 

detection of ordered domains in cells. 

Finally, asymmetric vesicles may find applications in drug encapsulation. The 

availability of asymmetric vesicles (especially large vesicles) would allow the design of 

vesicles in which the lipid composition of the inner leaflet is compatible with the 

encapsulated drug, while the composition of the outer leaflet is compatible with the 

surrounding biological milieu. 
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Table 3.1.  Fluorescence anisotropy in ordinary and exchange (asymmetric) vesicles 

at room temperature.  

SAMPLE COMPOSITION  ANISOTROPY (A) % ORDERED  

 DPH TMADPH DPH TMADPH 

SM  0.309±0.012 (10) 0.350±0.013 (7) ≡100 ≡100 

DOPC  0.115±0.005 (6) 0.261±0.010 (3) ≡0 ≡0 

POPC+LW  0.128±0.005 (4) 0.274±0.011 (4) ≡0 ≡0 

POPC  0.120±0.004 (5) 0.272±0.012 (5) ≡0 ≡0 

2:1 POPE:POPS+LW  0.152±0.002 (4) 0.264±0.005 (4) ≡0 ≡0 

2:1 POPE:POPS  0.143±0.003 (7) 0.259±0.009 (4) ≡0 ≡0 

     

2:1 SM:DOPC  0.209±0.016 (7) 0.293±0.013 (4) 49 36 

2:1 SM:POPC+LW  0.212±0.012 (3) 0.287±0.005 (3) 46 17 

2:1 SM:POPC  0.202±0.011 (3) 0.285±0.010 (3) 43 17 

6:2:1 SM:POPE:POPS+LW  0.237±0.013 (3) 0.292±0.008 (3) 54 33 

6:2:1 SM:POPE:POPS  0.233±0.018 (6) 0.290±0.015 (6) 54 34 

     

Ex SMo/DOPCi 0.255±0.011 (6) 0.350±0.007 (3) 72 100 

Ex SMo/POPCi+LW 0.248±0.014 (3) 0.337±0.007 (3) 66 83 

Ex SMo/POPCi 0.263±0.003 (3) 0.349±0.006 (3) 76 99 

Ex SMo/POPE:POPSi+LW 0.270±0.011 (3) 0.339±0.016 (3) 75 87 

Ex SMo/POPE:POPSi 0.271±0.004 (4) 0.352±0.013 (3) 77 102 

     

3:1 SM:CHOL  0.320±0.011 (10) 0.345±0.015 (8) ≡100 ≡100 

3:1 DOPC:CHOL  0.140±0.006 (6) 0.259±0.009 (4) ≡0 ≡0 

2:1:1 POPE:POPS:CHOL  0.200±0.011 (4) 0.267±0.005 (3) ≡0 ≡0 

     

2:1:1 SM:DOPC:CHOL  0.267±0.013 (6) 0.310±0.010 (3) 71 59 

6:2:1:3 SM:POPE:POPS:CHOL  0.277±0.010 (5) 0.314±0.005 (3) 64 60 

     

Ex SMo/DOPCi/CHOL 0.290±0.004 (3) 0.352±0.003 (3) 83 108 

Ex SMo/POPE:POPSi/CHOL 0.296±0.004 (4) 0.346±0.004 (5) 80 101 

 
Average anisotropy and standard deviation is shown. Sample number is shown in 

parentheses. Ordinary vesicles with SM and/or CHOL were formed by ethanol dilution; 

those without SM and/or CHOL were formed by sonication. Ex=exchange vesicles. Ratios 

are mol:mol. Samples contained ~50 µM lipid dispersed in PBS, except for POPC-

containing samples which had ~100 µM lipid. Fluorescence probe was 0.1mol% of total 

lipid. The % ordered state bilayer from (DPH A) or outer leaflet (from TMADPH A) was 

estimated from:  % ordered = (A -A 100%Ld)/(A 100% ordered-A 100%Ld).  Without CHOL, A is 

that in a SM/unsaturated lipid mixture, A 100% ordered is that in SM, and A 100% Ld  is that in 

the appropriate unsaturated lipid. In CHOL-containing samples CHOL was also present.  

This formula assumes that gel, Lo and Ld domains have A values similar to that in pure 

gel, Lo and Ld bilayers. Notice that if ordinary POPE:POPS:CHOL vesicles partly form 

ordered domains at 23
o
C(68), this formula underestimates inner leaflet % ordered in 

exchange vesicles with these lipids.  LW=LW peptide. 
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Figure 3.1.   Flow chart summary of methods for producing exchange (asymmetric) 

phospholipid vesicles. Procedures for preparing exchange vesicles without cholesterol 

(A), and with cholesterol (B).
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Figure 3.2.   Preparation of exchange vesicles. (A) Sepharose CL4B chromatographic 

profile of control sample without MCD. (B) Sepharose CL4B chromatographic profile 

of exchange vesicle preparation. X-axis gives fraction numbers. The % input = % of 

amount in the sample after exchange (i.e. prior to centrifugation and loading on the 

column). Symbols: (o) fluorescence of NBD-PE; (∆) Trp fluorescence of LW peptide; (+) 

MCD (intensity of MCD bands after charring HP-TLC plates). Charred HP-TLC plates 

containing selected fractions are shown below the column profiles. Upper band: POPC; 

Lower doublet: SM. [Natural SM migrates as a doublet (155).]    (C) HP-TLC profile of 

SUV fractions from Sepharose CL4B chromatography after (from left to right) 

incubation: of 4 mM POPC SUV for 5 min, 10 min, and 30 min with the resuspended 

pellet from 16 mM SM MLV (after preincubation at 55 
o
C for 2 h with 100 mM MCD), 

or for 30 min with the resuspended pellet from 16 mM SM MLV (preincubated at 55 
o
C 

for 2 h with PBS). (D) HP-TLC analysis of Sepharose CL4B SUV fraction from 

SMo/POPCi exchange vesicles incubated with (left lane) PBS or (right lane) CLC (5 mM 

MCD final concentration) [This CLC concentration results in higher cholesterol content 

(~45mol%) than in the samples used for all of the fluorescence studies (~25mol%).] 
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Figure 3.3.   Measurement of ordered domain thermal stability. (A) Temperature 

dependence of DPH anisotropy in ordinary and exchange vesicles. Left panel: (∆) SM 

vesicles; (o) ordinary 2:1 mol:mol SM:DOPC vesicles; (◊) ordinary 1:1 SM:DOPC 

vesicles; (■) SMo/DOPCi vesicles; (+) DOPC vesicles. Right panel:  (∆) 3:1 SM:CHOL 

vesicles; (o) ordinary 2:1:1 SM:DOPC:CHOL vesicles; (◊) ordinary 3:3:2 

SM:DOPC:CHOL vesicles; (■) SMo/DOPCi/CHOL vesicles with about 25mol% CHOL; 

(+) 3:1 DOPC:CHOL vesicles. PBS-dispersed samples contained ~50 µM total lipid with 

0.1% DPH. Lipid ratios given for exchange vesicles are approximate. Average anisotropy 

values from triplicate experiments and standard deviations are shown. (B) Tm values for 

curves shown in (A). The average derived from averaging Tm values from different 

samples and standard deviation in Tm values is shown. X-axis labels give vesicle lipid 

compositions.  
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Figure 3.4. Measurement of ordered domain thermal stability in SM-POPE-POPS, 

SM-POPE-POPS-cholesterol, and DPPC-DOPC vesicles. (A) Temperature dependence 

of DPH anisotropy in ordinary and exchange vesicles. Left panel: (∆) SM vesicles; (o) 

ordinary 6:2:1 SM:POPE:POPS vesicles; (◊) ordinary 3:2:1 SM:POPE:POPS vesicles; 

(■) SMo/2:1 POPE:POPSi vesicles; (+) 2:1 POPE:POPS vesicles. Middle panel: (∆) 3:1 

SM:CHOL vesicles; (o) ordinary 6:2:1:3 SM:POPE:POPS:CHOL vesicles; (◊) ordinary 

3:2:1:2 SM:POPE:POPS:CHOL vesicles; (■) SMo/2:1 POPE:POPSi/CHOL vesicles with 

~25 mol% CHOL; (+) 2:1:1 POPE:POPS:CHOL vesicles. Right panel: (∆) DPPC 

vesicles; (o) ordinary 2:1 DPPC:DOPC vesicles; (◊) ordinary 1:1 DPPC:DOPC vesicles; 

(■) DPPCo/DOPCi vesicles. PBS-dispersed samples contained ~50 µM total lipid with 

0.1% DPH. Lipid ratios given for exchange vesicles are approximate. Average anisotropy 

values from triplicate experiments and standard deviations are shown. (B) Tm values for 

curves shown in (A). The average Tm derived from each sample and the standard 

deviation in Tm values is shown. X-axis labels give vesicle lipid compositions. 
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Figure 3.5.  MCD-induced extraction of TMADPH from ordinary and exchange 

vesicles. (A) Dependence of TMADPH fluorescence upon MCD concentration for 

various vesicle compositions. Vesicles composed of: (□) 200 μM 2:1 mol:mol 

POPE:POPS; (▽)1:1 mixture of 100 μM SM vesicles and 100 μM 2:1 POPE:POPS 

vesicles; (o) 200 μM 9:2:1 SM:POPE:POPS; (■) ~200 μM SMo/2:1 POPE:POPSi; and 

 μM SM. F+ is TMADPH fluorescence intensity in the presence of MCD and F- 

is TMADPH fluorescence intensity in the absence of MCD. Representative curves for 

single samples are shown. (B) Comparison of C50% values for various vesicle 

compositions shown in Panel (A) plus for ordinary vesicles with a composition of 3:2:1 

SM:PE:PS and total lipid concentration 200 μM. C50% is the concentration of MCD at 

which the decrease of F+/F- is half as large as the decrease in F+/F- in the presence of 20 

mM MCD. In the presence of 20mM MCD, F+/F- of SM vesicles, 9:2:1 

SM:POPE:POPS vesicles, 3:2:1 SM:POPE:POPS vesicles, 1:1 mixture of SM vesicles 

and 2:1 POPE:POPS vesicles, 2:1 POPE:POPS vesicles, and SMo/2:1 POPE:POPSi 

vesicles are 0.13±0.01, 0.21±0.02, 0.37±0.02, 0.18±0.02, 0.34±0.03, and 0.13±0.02 

respectively. Lipid concentrations and composition are as in panel (A). X-axis labels give 

lipid compositions. The average of triplicate experiments and standard deviations are 

shown.
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Figure 3.6. MCD-induced extraction of TMADPH from SM MLV assayed by 

centrifugation.  Upper panel: Optical density at 450nm of supernatant (S) and pellet (P) 

from 200M SM MLV treated with or without 10mM MCD. Lower panel: TMADPH 

fluorescence of pellet from 200M SM MLV treated with or without 10mM MCD. 

Relative TMADPH fluorescence of pellet or supernatant was normalized to the sum of 

TMADPH fluorescence from supernatant and pellet in each sample. Notice that due to 

the decrease in TMADPH fluorescence upon binding to MCD the fraction of TMADPH 

bound to MCD is much higher than the fraction of fluorescence of TMADPH bound to 

MCD. In both panels, samples contained 0.05 mol% TMADPH in the outer leaflet of 

the MLV. Average values from triplicate experiments and standard deviations are shown. 
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Figure 3.7. Comparison of the sensitivity of ordinary and exchange vesicles to Ca
2+

-

induced aggregation. The effect of aliquots of 200 mM CaCl2 titrated into the samples at 

room temperature upon optical density at 450 nm was measured for: (A) SM-POPE-

POPS vesicles: (∆) ordinary vesicles composed of  200 µM 1:1 mol:mol POPE:POPS; 

(+) mixture of ordinary vesicles composed of 200 µM 1:1 mol:mol POPE:POPS plus 

vesicles composed of 220 µM SM; (o) ordinary vesicles composed of 200 µM 2:1:1 

mol:mol SM:POPE:POPS; (  ) ordinary vesicles composed of 200 µM 6:1:1 mol:mol 

SM:POPE:POPS; (■) exchange vesicles composed of 333 µM SMo/113 µM POPE:130 

µM POPSi  (average of three preparations). Values shown are the average and standard 

deviation for 3-4 preparations. (B) SM-POPS vesicles:  (∆) ordinary vesicles composed 

of 150 µM POPS SUV; (+) mixture of ordinary vesicles composed of 150 µM POPS plus 

vesicles composed of 200 µM SM; (o) 200 µM ordinary vesicles composed of 1:1 

mol:mol SM:POPS; (◊) ordinary vesicles composed of 200 µM 3:1 mol:mol SM:POPS; 

and (■) exchange vesicles composed of 230 µM SMo/177 µM POPSi (average of two 

preparations). Values shown are the average and standard deviation for 2-4 preparations. 

(C) SM-POPE-POPS-CHOL vesicles: (∆) ordinary vesicles composed of 100 µM 3:3:2 

mol:mol POPE:POPS:CHOL; (+) mixture of ordinary vesicles composed of 100 µM 

3:3:2 mol:mol  POPE:POPS:CHOL plus vesicles composed of 100 µM 3:1 SM:CHOL; 

(o) ordinary vesicles composed of 200 µM 6:3:3:4 mol:mol SM:POPE:POPS:CHOL; (◊) 

ordinary vesicles composed of 200 µM 18:3:3:8 mol:mol SM:POPE:POPS:CHOL; (■) 

exchange vesicles composed of 142 µM SMo/44 µM POPE:60 µM POPSi/56 µM 

CHOL. Lipid concentrations in the exchange vesicles in these experiments were 

estimated by HP-TLC. Values shown are the average and range for two to three 

preparations, except in the case of the exchange vesicles where a single preparation was 

used. In all cases above vesicles were prepared in 137 mM NaCl/20 mM Tris-Cl buffer 

pH 7.4 instead of PBS.  The addition of CaCl2 to solution by itself has no effect upon 

optical density.  
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Figure 3.8. Sucrose density gradient centrifugation of SMo/PCi vesicles. (A)  Sucrose 

gradient profile of exchange SUV containing ~200 µM lipid composed of SMo/6:4 

(mol:mol) BrPC:DOPCi. (B) Sucrose gradient profile of a mixture of 100 µM SUV 

composed of SM and 100 µM SUV composed of 6:4 BrPC:DOPC. TLC band intensity is 

shown for: (■) SM; (□) total PC. Fractions from left to right are from low to high density. 

Band intensities for SM and PC should not be directly compared because the intensity of 

charred bands is dependent on lipid type. Sucrose concentrations, estimated from the 

index of refraction, in fractions with peak lipid concentrations were: fraction 1 (SM) 1%, 

fraction 4 (exchange SUV) 16%, and fraction 17-18 (PC) 26-28%.
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Figure 3.9.  Effect of re-reconstitution upon the level and thermal stability of ordered 

domains. Panels A-C:  SM-POPE-POPS vesicles. Panels D-F:  SM-POPE-POPS-CHOL 

vesicles. (A) and (D): TMADPH anisotropy at room temperature. (B) and (E):  Ordered 

domain Tm. (C) and (F): DPH anisotropy at room temperature. Black bars:  SM vesicles 

(panel A-C) or 3:1 SM:CHOL vesicles (panel D-F). Gray bars:  Exchange SMo/2:1 

POPE:POPSi vesicles (panels A-C) or SMo/2:1 POPE:POPSi vesicles with ~25 mol% 

cholesterol (panels D-F). Unfilled bars:  Ordinary 6:2:1 SM:POPE:POPS vesicles (panels 

A-C) or ordinary 6:2:1:3 SM:POPE:POPS:CHOL vesicles (panels D-F.)  Original SUV= 

SUV before re-reconstitution. Re-reconstituted SUV = SUV after re-reconstitution. 

Average values from triplicate experiments and standard deviations are shown.
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Figure 3.10.  Effect of re-reconstitution upon the level and thermal stability of ordered 

domains in SM-DOPC, SM-DOPC-cholesterol, and DPPC-DOPC vesicles. Panels A-C: 

SM-DOPC vesicles. Panels D-F: SM-DOPC-CHOL vesicles. Panel G-I: DPPC-DOPC 

vesicles.  (A), (D) and (G): TMADPH anisotropy at room temperature. (B), (E) and (H): 

Ordered domain Tm. (C), (F) and (I): DPH anisotropy at room temperature. Black bars: 

SM vesicles (panel A-C), 3:1 SM:CHOL vesicles (panel D-F), or DPPC vesicles (panel 

G-I). Gray bars: Exchange SMo/DOPCi vesicles (panels A-C), SMo/DOPCi vesicles with 

~25 mol% cholesterol (panels D-F), or DPPCo/DOPCi vesicles (panel G-I). Unfilled 

bars: Ordinary 1:1 SM:DOPC vesicles (panels A-C), ordinary 3:3:2 SM:DOPC:CHOL 

vesicles (panels D-F), or 2:1 DPPC:DOPC vesicles (panel G-I).  Original SUV= SUV 

before re-reconstitution. Re-reconstituted SUV = SUV after re-reconstitution. Average 

values from triplicate experiments and standard deviations are shown. 
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Figure 3.11. Effect of lipid asymmetry on the topography of membrane-associating 

hydrophobic helix pL4A18. (A) Trp fluorescence emission spectra of pL4A18 in (Δ) 

ordinary 3:2 SM:POPC vesicles; (◊) ordinary 1:1 POPE:POPS vesicles; (■) 

SM:POPCo/POPE:POPSi vesicles. Fluorescence intensities have been normalized to 1 at 

max. (B) max values for pL4A18 peptide in ordinary and exchange vesicles. Original 

vesicles = before re-reconstitution. Average max and standard deviation is shown for 

duplicate, or in the case of exchange vesicles and the original POPE:POPS vesicles prior 

to exchange, triplicate, preparations. DOPS = dioleoylphosphatidylserine. 
a
Data from 

reference (134).  
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Chapter 4 

Preparation of asymmetric large unilamellar vesicles 
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Introduction 

 One characteristic of eukaryotic plasma membranes is an asymmetrical lipid 

distribution across the bilayer with aminophospholipids (PE and PS) predominating in the 

inner leaflet and choline-containing phospholipids (PC and sphingolipids) predominating 

in the outer leaflet (92). The different lipid compositions in the inner and outer leaflet of 

the bilayer may alter bilayer properties. One such property involves lipid packing. Studies 

from symmetric model membranes have demonstrated that cholesterol molecules can 

tightly pack with saturated lipids (such as sphingolipids) and form liquid-ordered (Lo) 

state domains in the bilayer. These domains are resistant to solubilization by some 

detergents, such as Triton X-100. Sphingolipid/cholesterol-rich Lo domains which co-

exist with liquid-disordered (Ld) state domains formed by un-saturated phospholipids are 

also known as lipid rafts (25, 156). Ordered domain formation can be found in symmetric 

model membranes with lipid mixtures mimicking lipid compositions of the outer leaflet 

(11, 19) but not in membranes with lipid mixtures imitating inner leaflet lipid 

compositions (81). Nevertheless, the recovery of PE (17) and inner leaflet-associated 

proteins (79-80) in detergent resistant membranes from cells seems to suggest the 

presence of lipid rafts in the inner leaflets of plasma membranes. Thus, it is possible that 

the ordered domains in the outer leaflet can induce the ordered domain formation in the 

inner leaflet.  

Some efforts have been made to prepare asymmetric model membranes (61, 64, 

67, 78, 82-83, 111-117). In order to understand the inter-leaflet interactions of plasma 

membranes, Tamm’s group has prepared asymmetric planar bilayers mimicking the lipid 

asymmetry of the plasma membrane and found the formation of ordered domains in one 

leaflet can induce the occurrence of ordered domains in the other leaflet for some lipid 

compositions (64-65, 82). In our recent work, we prepared plasma membrane mimicking-

asymmetric SUVs containing saturated phospholipids (SM or DPPC) in the outer leaflet 

and un-saturated phospholipids (POPC, POPE, or POPS) in the inner leaflet using a 

MCD-induced lipid exchange method (67). We found that the formation of ordered 

domains formed by SM in the outer leaflet was not destabilized by the inner leaflet lipids. 

We also found that a significant degree of order in the inner leaflet can be induced by the 

ordered SM domains in the outer leaflet. Furthermore, our data also showed that, like in 

symmetric membranes, cholesterol can stabilize ordered domain formation in asymmetric 

membranes based on the observation that higher melting temperature can be found in 

cholesterol-containing asymmetric SUVs than asymmetric SUVs without cholesterol.  

To mimic plasma membrane more closely it would be best to avoid use of SUVs, 

which have very high curvature. To do this, the MCD-induced lipid exchange method 
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was extended to prepare asymmetric LUVs. Similar properties were found in terms of 

domain-forming behavior in asymmetric LUVs and asymmetric SUVs, indicating that 

ordered domain formation and leaflet coupling interactions found in asymmetric SUVs 

do not depend on membrane curvature.     

 

Results 

 Asymmetric LUVs preparation― The MCD-induced lipid exchange method (67) 

was modified to prepare asymmetric LUVs with SM in the outer leaflet and 2:1 mol:mol 

DOPE:POPS in the inner leaflet (designated as SMo/2:1 DOPE:POPSi LUVs). SM 

MLVs were used as donor vesicles. They were incubated with MCD first, and then 2:1 

mol:mol DOPE:POPS LUVs as acceptor vesicles were added into the mixture. Since 

LUVs are hard to separate from MLVs by size, we altered the density of DOPE:POPS 

LUVs by trapping of w/v 25% sucrose inside and separated the two vesicle populations 

according to their densities. As shown in Fig. 4.1, SM MLVs were too light to a form 

pellet when samples were overlaid onto a 10% sucrose solution and subjected to 

ultracentrifugation. This was true both in the presence and absence of MCD (lane 3 and 

4). DOPE:POPS LUVs, on the other hand, could form pellets after centrifugation (lane 

5). Comparing samples treated with or without MCD (lane 1 and 2), SM was only 

detected when MCD was present, indicating the lipid exchange was MCD-dependent. 

LUV size remained the same after exchange (Fig. 4.2), showing that vesicle-vesicle 

fusion did not occur during the preparation steps. HP-TLC analysis of the 1 ml final 

pellet showed this method yielded 291±174 M (n=8) and 715±190 M (n=6) lipid in 

LUVs initially prepared by 100 nm-pore size filters and 200 nm-size pore filters 

respectively. 

 

 Examination of lipid asymmetry by anisotropy― Dynamic light scattering 

analysis showed an average vesicle size around 120 nm in diameter when LUVs were 

prepared by 100 nm-size pore filters and around 160 nm in diameter when LUVs were 

prepared by 200 nm-size pore filters (Fig 4.2). The latter observation implies that most 

vesicles must be ≤ 200 nm in diameter after freeze/thawing. If assuming a membrane 

bilayer is 4 nm thick (157), the calculated outer leaflet area of LUVs was about 53% in 

SMo/DOPE:POPSi LUVs when we used actual vesicle sizes obtained from DLS results. 

HP-TLC analysis found the average SM content in asymmetric LUV samples prepared by 

100 nm-pore size filter and 200 nm-pore size filter was 56±3% (n =8) (Fig 4.3), implying 

nearly all of outer leaflet lipids of the LUVs were composed of SM. A similar result was 

observed for LUVs prepared using 200 nm-size pore filters (Fig 4.3). To confirm that the 
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outer leaflets were composed of SM, a pair of steady state fluorescence anisotropy probes 

was used. DPH is a small hydrophobic fluorescence probe that distributes throughout the 

bilayer. TMADPH contains a charged quaternary amino group so it is restricted to the 

outer leaflet if added to preformed vesicles. Low anisotropy indicates the bilayer is in the 

Ld state, while high anisotropy is observed when a membrane bilayer is in the gel or Lo 

states (referred to as ordered states in this chapter). Intermediate values can be found if 

both ordered states and Ld state co-exist in the bilayer. As shown in Table 4.1, pure SM 

LUVs, which exist in the gel phase at room temperature gave higher DPH and TMADPH 

anisotropy value than other symmetric vesicles containing DOPE and POPS (unsaturated 

lipids) which are in the Ld state at room temperature. It has to be noted that TMADPH 

has higher intrinsic anisotropy than DPH due to the restriction of its motional range by its 

anchoring to the membrane surface. Table 4.1 also shows that the outer leaflet TMADPH 

anisotropy in asymmetric LUVs was as high as that in pure SM vesicles, indicating that 

the outer leaflet of SMo/2:1 DOPE:POPSi LUVs was in the ordered state and probably 

mainly composed of SM. In contrast, DPH reported a value significantly lower than pure 

SM in the asymmetric vesicles, suggesting that the inner leaflet is less ordered than the 

outer leaflet. The difference between inner and outer leaflet indicates an asymmetrical 

lipid distribution across the membrane bilayer of SMo/2:1 DOPE:POPSi LUVs. This 

anisotropy difference is not observed in symmetric vesicles with a nearly identical lipid 

composition. Moreover, the DPH anisotropy of SMo/2:1 DOPE:POPSi LUVs was higher 

than that of the corresponding symmetric vesicles, indicating that the overall level of 

order is higher in asymmetric vesicles than symmetric vesicles of the same composition. 

Assuming DPH anisotropy reflects both leaflets and TMADPH reflects the outer leaflet 

order, the percentage of order in the inner leaflet can be calculated. Correcting for the fact 

that, in LUVs, about 53% of total lipids are in the outer leaflet, 38% of the inner leaflet 

lipid in asymmetric LUVs appears to be in an ordered state as calculated by the following 

equation: 

overall % order in bilayer = outer leaflet % ordered*0.53 + inner leaflet % ordered*0.47   

Where overall % order in bilayer was derived from the DPH anisotropy value and 

outer leaflet % ordered was derived from TMADPH anisotropy (see Table 4.1). After 

rearrangement, we get this equation. 

inner leaflet order = (overall % order in bilayer – outer leaflet % ordered*0.53) / 0.47 

 

 Properties of ordered domains in asymmetric LUVs― The thermal stability of 

ordered domains in asymmetric SMo/2:1 DOPE:POPSi LUVs was determined by melting 

transition, as measured by DPH anisotropy versus temperature. As mentioned above, 
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DPH anisotropy measures the order/fluidity of the bilayer. Thus, as temperature is 

increased, a decrease in DPH anisotropy should be found corresponding to the melting of 

ordered domains. The melting temperature (Tm) can be defined as the midpoint of the 

large change in anisotropy and used as an indicator of thermal stability. The higher Tm 

represents more stable ordered domains. As shown in Fig. 4.4A, at low temperature, 

asymmetric SMo/2:1 DOPE:POPSi LUVs had an intermediate DPH anisotropy falling 

between the fully ordered (SM LUVs) and fully disordered (2:1 DOPE:POPS LUVs) 

states. This suggests that part of the bilayer (most likely the outer leaflet) is in an ordered 

state and part of the bilayer (most likely the inner leaflet) is in a disordered state. 

However, it can also be seen in Fig. 4.4 that asymmetric SMo/2:1 DOPE:POPSi LUVs 

had a Tm as high as pure SM LUVs, indicating that ordered domains in the asymmetric 

LUVs were as thermally stable as in pure SM and the existence of unsaturated 

DOPE:POPS inner leaflet did not decrease to the stability of ordered domains formed in 

the outer leaflet by SM. Additionally, the ordered domains in asymmetric SMo/2:1 

DOPE:POPSi LUVs were stable for at least 3 days based on their Tm value, which 

decreases when asymmetry is lost (data not shown). 

  

 Confirmation of the formation of asymmetric LUVs by alamethicin― It has been 

reported that the peptide alamethicin can induce transverse movements of lipid molecules 

in the bilayer (158). We thus used alamethicin to examine the asymmetry of the SMo/2:1 

DOPE:POPSi LUV. As mentioned above and shown in Fig. 4.5, outer leaflet TMADPH 

anisotropy and Tm in asymmetric SMo/2:1 DOPE:POPSi LUVs were similar to pure SM 

and significantly higher than those in symmetric 3:2:1 SM:DOPE:POPS LUV which 

have a lipid composition nearly identical to that of the asymmetric vesicles. However, 

when alamethicin was added to samples, the DPH anisotropy, TMADPH anisotropy and 

melting temperature in asymmetric vesicles dropped and became close to those in the 

symmetric 3:2:1 SM:DOPE:POPS LUV, indicating the disappearance of asymmetry. 

This result rules out the hypothesis that the difference between the properties found in the 

symmetric and asymmetric LUVs were due to a small difference in lipid composition 

rather than the asymmetrical lipid distribution in asymmetric LUVs. A similar change in 

properties of the asymmetric vesicles was observed when asymmetric LUVs were dried, 

destroyed by solubilization in ethanol, and re-reconstituted to form symmetric LUVs in 

aqueous solution (data not shown).  

In addition, similar vesicle sizes were found by DLS in the presence or absence of 

alamethicin, indicating that alamethicin did not cause vesicle disruption or fusion. This 

result eliminates the possibility that the unique physical properties we found in 

asymmetric SMo/2:1 DOPE:POPSi LUV preparation was actually due to the co-existence 

of SM LUVs and 2:1 DOPE:POPS LUVs which fuse when alamethicin is added to them.  
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 Verification of lipid asymmetry by peptide topography― It has been found that 20 

to 30% anionic lipids can strongly stabilize the formation of transmembrane (TM) 

topography of the peptides containing positive charged residues flanking the hydrophobic 

sequence (90). By taking advantage of this finding, we further assayed the extent of lipid 

asymmetry of asymmetric LUVs using the Lys flanked peptide called pL4A18 (acetyl-

K2LA9LWLA9LK2-amide). The pL4A18 peptide contains a Trp residue in the middle of 

its sequence so its configuration can be monitored by its Trp fluorescence emission (the 

wavelength of maximum emission, max). In the TM state, max is more blue shifted 

(i.e. to a lower wavelength) than in the non-TM state. As shown in Fig. 4.6A, in 

agreement with previous findings the max of pL4A18 peptide gave most blue shifted 

fluorescence when about 20% or more POPS was present. Although at least 14% of 

POPS was found in asymmetric SMo/2:1 DOPE:POPSi LUV samples by HP-TLC, the 

max of asymmetric vesicles (346±6 nm, Fig. 4.6B) fell between pure SM LUVs (350±2 

nm) and  5% POPS-containing LUVs (342±5 nm) in the outer leaflet (Fig 4.6A). This 

result indicates only small amounts of POPS remained in the outer leaflet after exchange 

and thus further confirms the asymmetry of lipid distribution in the asymmetric LUVs. In 

the presence of alamethicin, the max of the sample initially containing asymmetric 

vesicles was significantly blue shifted to 326±4 nm (Fig. 4.6B), showing more POPS 

became exposed to the outer leaflet as expected. Control experiments showed a smaller 

blue shift in max for symmetric LUV samples with similar lipid composition in the 

presence of alamethicin (Fig. 4.6B). Control experiments also showed that a mixture 

contains co-existing SM LUVs and 2:1 DOPE:POPS LUVs behaved differently from 

asymmetric SMo/2:1 DOPE:POPSi LUVs (Fig. 4.6B). This further rules out the 

possibility that the asymmetric preparations are mixtures of SM vesicles and 

DOPE:POPS vesicles. 

 

Discussion 

 Preparation of asymmetric LUVs― The successful preparation of asymmetric 

SUVs by MCD-induced lipid exchange method could have important applications in 

membrane biology. However, the high membrane curvature of SUVs is a drawback. 

Here, we extended the method to the preparation of asymmetric LUVs. Asymmetric 

SMo/2:1 DOPE:POPSi LUVs were successful prepared. We found asymmetric LUVs 

with SM outside and 2:1 POPE:POPS inside can also be prepared by this method (data 

not shown). Asymmetric SMo/2:1 DOPE:POPSi LUVs prepared from 2:1 DOPE:POPS 

LUVs which made by passing through a 200 nm-pore size filter yielded a higher amount 

of asymmetric LUVs than when a 100 nm filter was used. This high yield helps overcome 
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limitations due to preparation of only a small amount of LUV. In addition, preliminary 

results show that, with a 2
nd 

exchange step, cholesterol-containing asymmetric LUVs can 

also be prepared (Fig. 4.7). 

 

Comparison of domain formation in asymmetric SUVs and LUVs― Some degree 

of ordering was found both in asymmetric SUVs and LUVs with SM in the outer leaflet. 

This can be an explanation for the higher DPH anisotropy found in asymmetric vesicles 

with SM outside and un-saturated phospholipids inside than that in symmetric vesicles 

having similar lipid composition. This result that the domain formation in the outer leaflet 

induced the domain formation in the inner leaflet agrees with the domain coupling 

behavior found by other groups using asymmetric planar bilayer (64-65, 82-83). 

Furthermore, analogous results were found in asymmetric SUVs and LUVs, indicating 

that membrane curvature probably does not play a big role in domain formation in 

asymmetric membranes. 

 

Applications of asymmetric LUVs― Since asymmetric LUVs mimic plasma 

membrane compositions, they should find applications in studying the effects of proteins 

on lipid raft formation and other lipid raft-related topics, such as the interpretation and 

applications of detergent insolubility in cell membranes. Additionally, several kinds of 

enzymes that regulate the asymmetry of plasma membrane have been found. However, 

not all of their substrates and properties are understood. If the MCD-induced lipid 

exchange method can be extended to prepare asymmetric vesicles with diverse types of 

lipids and these enzymes can be incorporated into the vesicles, they might be a tool to 

analyze their enzymatic function.  
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Table 4.1. Fluorescence anisotropy in symmetric and asymmetric LUVs. 

 

Sample composition 
Anisotropy (A) Percent ordered 

DPH TMADPH DPH TMADPH 

SM 0.322±0.010 (5) 0.327±0.025 (5) ≡ 100 ≡ 100 

3:2:1 SM:DOPE:POPS 0.189±0.011 (5) 0.265±0.017 (5) 38 34 

2:1 DOPE:POPS 0.107±0.005 (8) 0.234±0.009 (5) ≡ 0 ≡ 0 

SMo/2:1 DOPE:POPSi 0.259±0.009 (7) 0.331±0.014 (7) 71 104 

 

Average anisotropy and S.D. from 5 to 8 preparations (shown in parentheses) of LUVs 

prepared from 100 nm-pore size membrane are shown. DPH or TMADPH (0.1 M) was 

added into samples containing symmetric LUVs (100 M) or asymmetric SMo/2:1 

DOPE:POPSi LUVs (50 M to 135 M). Anisotropy was measured at room temperature. 

The percent ordered state bilayer (from DPH anisotropy) or ordered state outer leaflet 

(from TMADPH anisotropy) was estimated from anisotropy (A) by the following 

equation: Percent ordered = (Asample –A100% Ld)/(A100% ordered-A100% Ld). A100% ordered is that 

in SM LUVs and A100% Ld is that in 2:1 DOPE:POPS LUVs. 
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Figure 4.1 Preparation of asymmetric LUVs. (A) Flow chart of method for 

preparation of asymmetric SMo/2:1 DOPE:POPSi LUVs. (B) TLC analysis of final pellet 

from asymmetric LUV protocol. SM MLVs (lane 1 to 4) or PBS (lane 5) were incubated 

with (lane 1 and 3) or without (lane 2, 4, and 5) MCD for 2h and 2:1 DOPE:POPS LUV 

(lane 1, 2, and 5) or PBS (lane 3 and 4) were then added and incubated for 30 min 

following by centrifugation steps. HP-TLC analysis of resuspended pellets from 

asymmetric LUV preparation was performed as described in Materials and Methods. 

16mM SM MLV
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+ 100 mM MCD

2h incubation at 55 oC

SM MLV + SM/MCD complexes
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30m incubation at 55 oC
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overlay onto 10% sucrose solution

centrifugation at 190,000 x g for 45 min

supernatantpellet
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Figure 4.2. Comparison of vesicle sizes before and after MCD-induced lipid 

exchange. 2:1 DOPE:POPS LUV were prepared by extrusion through either a 100 nm-

pore size or a 200 nm-pore size polycarbonate filter. LUV vesicle sizes before (black bar: 

2:1 DOPE:POPS LUV) and after (white bar: SMo/2:1 DOPE:POPSi LUV) exchange 

were determined by dynamic light scattering. Average vesicle diameter and S.D. 

(represented by error bars) were obtained from 5 different preparations in samples 

prepared by 100 nm-pore size filter (labeled as 100 nm in the figure) and from 3 different 

preparations in samples prepared by 200 nm-pore size filter (labeled as 200 nm in the 

figure).   

100nm 200nm 
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Figure 4.3. Lipid composition of asymmetric SMo/2:1 DOPE:POPSi LUVs. Lipid 

composition of asymmetric SMo/2:1 DOPE:POPSi LUVs were analyzed by HP-TLC. 

Average values and S.D. from 8 different preparations in samples prepared by 100 nm-

pore size filter (labeled as 100 nm in the figure) and from 3 different preparations in 

samples prepared by 200 nm-pore size filter (labeled as 200 nm in the figure) are shown. 
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Figure 4.4. Thermal stability of ordered domains in symmetric and asymmetric LUVs 

prepared using 100 nm-pore size filters. (A) Temperature dependence of DPH anisotropy 

in symmetric and asymmetric LUVs. Symbols: ▲: SMo/2:1 DOPE:POPSi LUV, ◊: SM 

LUVs, ○: 3:2:1 SM:DOPE:POPS LUVs, and □: 2:1 DOPE:POPS LUVs. A representative 

result from n≥4 experiments is shown. (B) Average Tm values and S.D. derived from 

n≥4 experiments are shown.   
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Figure 4.5. Effect of alamethicin on the level and thermal stability of ordered domains 

in symmetric and asymmetric LUVs. (A) TMADPH anisotropy at room temperature; (B) 

Tm of ordered domains; (C) DPH anisotropy at room temperature were measured in the 

absence or presence of 0.5 M alamethicin. Black bars, SM LUVs. Gray bars, 

asymmetric SMo/2:1 DOPE:POPSi LUVs. Unfilled bars, 3:2:1 SM:DOPE:POPS LUVs. 

(-) Alamethicin, no alamethicin was added to samples. (+) Alamethicin, 0.5 M of 

alamethicin was added to each sample. LUVs were prepared using 100 nm-pore size 

filters. Average results from 4 to 7 samples and S.D. are shown. 
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Figure 4.6. Verification of lipid asymmetry of asymmetric SMo/2:1 DOPE:POPSi 

LUV by measurement of pL4A18 peptide binding to anionic lipid. (A) Standard curve of 

max of pL4A18 versus percentage of POPS in symmetric LUVs composed of 

SM:DOPE:POPS. DOPE:POPS molar ratio was always 2:1. Filled squares indicate max 

of symmetric LUV samples in the absence of alamethicin. Open squares indicate max of 

symmetric LUV samples in the presence of 0.5 M alamethicin. (B) max of pL4A18 in 

symmetric and asymmetric vesicles. Average max values and S.D. were obtained from 

3 different preparations except the sample containing SM LUV & 2:1 DOPE:POPS LUV 

mix which show range from 2 different preparations. The LUVs used in this experiment 

were prepared using 100 nm-pore size filters. Peptides (pL4A18) were added after 

vesicles formed. 

320

325

330

335

340

345

350

355

360

365

0% 10% 20% 30% 40%


m

ax

POPS %

(-) Alamethicin (+) Alamethicin

max max

PBS 358 ± 0.6 358 ± 0.6 

SM LUV 350 ± 2.1 358 ± 0.6

2:1 DOPE:POPS LUV 332 ± 1.0 329 ± 3.1

SM LUV & 2:1 DOPE:POPS LUV mix 333 ± 2.1 333 ± 2.1

SMo/DOPE:POPSi LUV 346 ± 6.4 326 ± 4.0

Lipid Composition



71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Preparation of SMo/2:1 DOPE:POPSi/CHOL LUVs. (A) Flow chart of 

method for preparation of asymmetric SMo/2:1 DOPE:POPSi/CHOL LUVs. (B) HP-

TLC analysis of combined LUV-containing fractions. In this preparation, total lipid 

concentration was 282M in 2 ml volume. The molar ratio of CHOL:DOPE:POPS:SM 

was 19:34:15:32. (C) Temperature dependence of DPH anisotropy in original and re-

reconstituted LUVs. Symbols: ■: original LUVs, □: re-reconstituted LUVs. (D) Melting 

temperature of original and re-reconstituted LUVs.  
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Chapter 5 

Summary and future directions 
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Summary 

 In this report we used a MCD-induced lipid exchange method to prepare 

asymmetric SUVs and LUVs with different lipid compositions in the inner and outer 

leaflets. Several different types of asymmetric vesicles, including SMo/DOPCi SUVs; 

SMo/POPCi SUVs; SMo/POPSi SUVs; SMo/POPE:POPSi SUVs, 

SM:POPCo/POPE:POPSi SUVs, DPPCo/DOPCi SUVs, SMo/POPE:POPSi LUVs, and 

SMo/DOPE:POPSi LUVs have been successfully made. Additionally, about 25 mol% of 

cholesterol can also be introduced into SMo/DOPCi and SMo/POPE:POPSi SUVs 

without destroying asymmetry. 

We tried to understand domain formation behaviors in plasma membranes by 

characterizing the physical properties of these biological membrane-like vesicles. Several 

important conclusions were made. First, outer leaflet ordered domain formation was not 

affected by the presence of inner unsaturated phospholipids. This was true in every kind 

of asymmetric vesicles we prepared. Second, as has been observed previously in 

symmetric membranes, cholesterol stabilized ordered domains in asymmetric 

membranes. Third, the ordered domains in the outer leaflet can induce a certain amount 

of ordered domain formation in the inner leaflet (about 16%, 31%, and 38% ordered 

bilayer formation in the inner leaflet of SMo/DOPCi SUVs, SMo/2:1 POPE-POPSi 

SUVs, and SMo/2:1 DOPE:POPSi LUVs, respectively, and in the presence of 

cholesterol, 49% and 40% ordered bilayer was found in the inner leaflet of 

SMo/DOPCi/CHOL and SMo/POPE:POPSi/CHOL SUVs, respectively). Last, the 

thermal stability of ordered domains in asymmetric vesicles (with or without cholesterol) 

was as stable as that of pure SM symmetric vesicles (with or without cholesterol), which 

indicates that (1) the inner leaflet unsaturated phospholipids do not destabilize the 

stability of ordered domains in the outer leaflet of asymmetric vesicles and (2) an 

asymmetric lipid distribution like that in eukaryotic plasma membranes can be conducive 

to ordered domain (raft) formation. Furthermore, it seems that membrane curvature is not 

important for ordered domain formation and leaflet coupling interaction in asymmetric 

membranes, since similar properties were found in asymmetric SUVs and LUVs. 

 

Future directions  

 Preparing asymmetric LUVs with natural lipids― The goal of preparing 

asymmetric membranes is to establish a study model for biological membranes. Thus, the 

next step to further imitate plasma membrane is to use natural extracted lipids (not 

synthetic lipids) and prepare 1:1 brain SM: brain PC outside/ 1:1:1 brain PC: brain PE: 
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brain PS inside LUVs with 25-40% cholesterol. This composition would be very close to 

that of mammalian plasma membranes (1). The domain forming ability of such vesicles 

should reveal the capability of lipid molecules to form ordered domains in plasma 

membranes.  

 

Studying the effect of membrane proteins on lipid domain formation― Membrane 

proteins may also have an influence upon lipid domain formation (159-160), thus it is 

important to incorporate membrane proteins to asymmetric membranes and study their 

effects on domain formation. In this report, without destroying asymmetry, we have 

successfully incorporated transmembrane peptides into asymmetric vesicles by co-mixing 

peptides with lipids when prepared initial symmetric vesicles, so it should be possible for 

us to explore the interaction between protein and lipids without breaking asymmetry.  

 

Investigating the possible mechanism of membrane protein positive-inside rule― 

The positive-inside rule states that the cytofacial end of a transmembrane segment 

contains more positive charges than its exofacial end (161). The existence of negative 

charged lipids in the inner leaflet of plasma membranes provides a possible explanation 

for this rule. However, whether lipid charge asymmetry can influence transmembrane 

helix orientation has never been studied.  The ability to prepare asymmetric vesicles with 

negative lipids inside should help to elucidate if the negative charge lipids contribute to 

the determination of the orientation of a transmembrane peptide or protein. Several kinds 

of peptides can be designed and used to answer this question. Peptides containing  

positive charges at one or both ends, with negative charges at one and both end, with 

positive charge at one end and negative charge at another, or peptides with charges that 

can be controlled by pH could all be studied. The results would be especially convincing 

if we can prepare reverse asymmetric vesicles, in which the lipids in the inner and outer 

leaflet are reversed, and opposite peptide orientations are observed.   Thus, development 

of methods to prepare vesicles with inner and outer leaflet lipid compositions would be 

another important goal.   

 

Clarifying the meaning of detergent resistance― Another important question that 

can be addressed by asymmetric membranes is that if the asymmetric lipid distribution 

affects the membrane insolubility upon detergent treatment. It is known that DRMs from 

cell membranes can only be found at low temperature (17), nonetheless, it is not the case 

in symmetric model membranes in which detergent resistance persists at elevated 

temperatures (11, 24, 162). Therefore, to test if lipid asymmetry plays a role in this 
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disagreement is a reasonable idea. It has shown in this report and by other groups (158) 

that alamethicin can break lipid asymmetry, so in addition to compare DRM results from 

asymmetric vesicles and symmetric vesicles, one can compare the results from 

asymmetric vesicles with or without the presence of alamethicin. 

 

Preparing asymmetric GUVs― In this report, we used fluorescence spectroscopic 

analysis to examine and characterize domain formation in asymmetric SUVs and LUVs. 

However, there was no direct image information to prove domain formation/separation in 

these vesicles due to their small sizes. Thus, to prepare asymmetric GUVs which are 

microns in size and are visible by fluorescence microscopy seems to be another important 

step. Combined with fluorescent probes, it should be possible to directly observe domain 

formation/separation in both inner and outer leaflets of asymmetric membranes, as has 

been the case in symmetric GUVs (163-164). The successful preparation of asymmetric 

GUVs will also provide us a powerful tool to visualize the co-localization of lipid rafts 

and raft-binding proteins in asymmetric membranes. Furthermore, this system should also 

allow us to test if raft-binding proteins induce larger domain formation in asymmetric 

membranes and allow us to examine if transmembrane proteins aid domain formation in 

the inner and outer leaflet of asymmetric membranes.  

 

Applications of asymmetric vesicles in drug delivery― Another possible 

application for asymmetric LUVs is in drug encapsulation. The inner leaflet negative 

charged lipids may prevent a leak of charged molecules by interacting with cationic 

molecules or by repelling anionic molecules from the membrane. This will become more 

important when the substance trapped inside of the vesicle is toxic.  The outer leaflet 

could then be designed to have a different lipid composition that might be more 

compatible with delivery to cells or prolonged circulation in the blood. 

The finding that asymmetric SM:POPCo/POPE:POPSi SUVs have the ability to 

stabilize the transmembrane topography of a cationic peptide better than symmetric 

SUVs with 50% POPS provides the possibility of  using asymmetric vesicles to deliver 

positive charged peptides to cells with better efficiency. This idea will be valuable if a 

non-water soluble peptide does not associate well with symmetric vesicles but can bind to 

asymmetric vesicles.       
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