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ABSTRACT 

One of the popular approaches to study cell membranes is to study lipid mixtures 

phase behaviors. Although the structure of compositionally simple binary and ternary 

lipid systems have been extensively studied in the last three decades, the effects of 

proteins on compositional complexity of biological membranes have not been studied in 

details. Since in some biological membranes, the majority of membrane area is covered 

by proteins (up to 60–70%), it is reasonable to suppose that membrane proteins would 

have large effects on bilayer phase behavior. To the best of our knowledge, previously, 

no 4-component phase diagram, with protein as one of the components, has been 

reported. This work is the first study of this kind which investigate the effect of 

polypeptide gramicidin-A on Lo+Ld

In recent years, many studies have focused on the study of lipid rafts, a type of 

domain structure thought to form spontaneously by lateral phase separation in 

membranes.

 phase boundaries.  

 Lipid rafts provide domains for self-assembly and transport of specific 

proteins involved in signaling and trafficking of the cells. To understand the properties of 

lipid rafts, model lipid bilayers of ternary or quaternary lipid mixtures have been used 

extensively in the past decade. Model membrane studies have developed the raft 

hypothesis by providing a picture of plasma membrane domains as coexisting liquid-

ordered (Lo) and liquid-disordered (Ld

In this work, the effects of adding 1 mol% of gramicidin-A to L

) phases.  

o+Ld

 

 phase 

boundary of DOPC/DSPC/cholesterol, PLPC/DSPC/Cholesterol and PLPC/DPPC/ 

Cholesterol ternary lipid mixtures were investigated. 
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Background 

Cell Membrane. A cell membrane is a biological membrane that separates the 

contents of the cell from its outside environment. Cell membranes surround the 

cytoplasm of animal and plant cells. Cell membranes have many functions. In order for 

the cell to survive, many different materials must be able to cross the cell membranes. 

The cell membrane controls the movement of substances in and out of the cell and it is 

selectively permeable to ions and organic molecules. This means that the cell membrane 

prevents some materials passing through the cell and it keeps some materials in. The 

permeability is determined by both lipid and protein components of membranes.1,2

The earliest model of cell membrane is the fluid mosaic model developed by S. J. 

Singer and G. L. Nicolson at the University of California, San Diego in 1972.

 A cell 

membrane contains several types of organic molecules, mainly phospholipids and 

proteins. The composition of membranes (in mass) varies from 80% lipid and 20% 

protein to 75% protein and 25% lipid, depending on the type of cell. Proteins in the 

membrane make channels and transporters for ions and hydrophilic substances.  

3

 

 Figure 1.1 

shows structure of the cell membrane in the fluid mosaic model. The plasma membrane is 

like a sea of phospholipids which proteins are embedded in it. The membrane is very 

flexible and has a fluid motion. Membrane is a very dynamic structure with constant 

activity on the surface as well as constant movements in the bilayer. The fluid nature of 

the membrane comes from the lateral movement. This movement enables interactions 

among proteins and between proteins and lipids to provide temporal associations that are 

important to membrane functions. 
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Figure  1.1 The fluid mosaic model developed by Singer and Nicolson.

Phospholipids. Lipids found in biomembranes are divided into three main 

classes, which are glycerophospholipids (or phospholipids), sphingolipids, and sterols 

and linear isoprennoids. Phospholipids are a class of lipids and they are a major structural 

component of most biological membranes.  The backbone of a membrane phospholipid is 

the isomer called sn-glycerol-3-phosphate. With fatty acyl chains in ester linkage on 

carbons 1 and 2, it becomes phosphatidic acid, unlike storage lipid (fats) which consist of 

a glycerol and three fatty acid chains. The estrification of phosphatidic acid with another 

alcohol creates the following phospholipids: phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphadidylserine (PS), phosphatidylglycerol (PG), 

and phosphatidylinositol (PI). These abbreviations are coupled with the abbreviated 

common names for acyl chains; for example, DOPC is dioleoylphosphatidylcholine, 

DPPC is dipalmitoylphosphatidyl-choline, POPC is 1-palmitoyl-2-oleoyl-

phosphatidylcholine, and DSPC is distearoyl-phosphatidylcholine.

2 

2  
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The fatty chains usually contain an even number of carbon atoms between 14 and 

24, where 16 and 18 are most common. Depending on the chain length and its degree of 

saturation, the properties of a phospholipid can be very different. Figure 1.2 shows the 

general structure of a phospholipid. 

 

Figure 1.2 General structure of a phospholipid. (A): space-filling model of a 

phospholipid, phosphatidylcholine (PC); (B): phospholipid in the bilayer.

A phospholipid molecule generally is an amphipathic compound in a way that the 

head is hydrophilic and the tail is hydrophobic. When placed in water, the headgroup is 

attracted to water, while the hydrophobic tails are repelled by water. The hydrophilic 

headgroup contains phosphate group and may contain other polar groups as well. The 

hydrophobic tails consists of long fatty acid hydrocarbon chains. In water, phospholipids 

form a variety of structures depending on the specific properties of the phospholipid. 

These specific properties allow phospholipids to play an important role in the lipid 

bilayer. In water, a phospholipid self-assembles into micelles or bilayers to protect their 

hydrophobic tails from water. Lipid bilayers form when the hydrophobic tails line up 

against one another, and hydrophilic heads are on both sides facing the water.  

4 
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The most abundant types of phospholipids are PC, PE, and PS. PC is generally the 

most abundant lipid in animal cell membranes providing structural framework. PC is 

more common in the outer leaflet of a membrane where it functions as part of the 

permeability barrier. Approximately 50 mol% of the outer leaflet of mammalian plasma 

membrane is PC which POPC and SOPC are predominant species.26

 

 Figure 1.3 shows the 

chemical structures of DOPC, DSPC, POPC, and DPPC which have been used in this 

thesis study. The phosphate groups and headgroups are the polar portions, and the acyl 

chains are the nonpolar parts of these amphiphilic molecules.  

Figure  1.3 Chemical structures of DOPC, DSPC, POPC, and DPPC. 

Cholesterol. Sterols and linear isopernoids are the third major type of lipids, 

which are compounds derived from five-carbon units called isoprene (2-methyl-1,3-

butadiene). The dominant sterol in animal membranes is cholesterol. Cholesterol is an 

essential component of cell membranes in mammalian cells. Depending on the type of 

membrane, the amount of cholesterol can vary from 0 to ~25 mol%. Cholesterol is 

composed of a hydrophilic group, which is the hydroxyl group, and it has a relatively 
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large body of hydrophobic carbon ring structure and a small tail. Pure cholesterol cannot 

form a bilayer, and excess cholesterol (beyond 50-67 mol%) precipitates out of 

phospholipids bilayers. X-ray diffraction detection of the crystalline precipitate 

establishes precise cholesterol solubility limits of 66 mol% in PC and 51 mol% in PE 

bilayers.1

 

  Cholesterol regulates permeability and fluidity of cell membranes, and also 

membrane-protein interaction. It adjusts the fluidity of cell membrane when temperature 

changes. Cholesterol is an amphipathic molecule as well, the polar hydroxyl group of 

cholesterol interacts with the head group of phospholipids and the bulky nonpolar steroid 

of the cholesterol is embedded in membranes, alongside the nonpolar acyl chains of the 

other phospholipids. Cholesterol increases membrane packing order and reduces 

membrane fluidity through the interaction with the acyl chain of the phospholipids. 

Figure 1.4 shows the chemical structure of cholesterol molecule. 

 

 

Figure 1.4 Chemical structure of cholesterol molecule.

Membrane proteins. Proteins are other essential components of cell membranes. 

Associated with each membrane is a set of membrane proteins that enable the cell to do 

some characteristic activities. Membrane proteins have different functions, which are 

extremely important to cells. Based on their functions, proteins can be categorized as 

receptors, transporters, and enzymes. A receptor is a protein that mediates a cellular 

response upon binding of a ligand. Receptors relay signals between the internal and 

external of the cell. Transporters perform the movement of a substance across membranes 

by utilizing electrochemical gradients or energy from chemical reactions. Enzymes are 

1 
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proteins with the ability to catalyze a chemical reaction. Enzymes are highly selective 

catalysts which accelerate both the rate and specificity of metabolic reactions needed for 

cell. There are families of proteins which do not fit into any of these three major classes 

like cell adhesion molecules that allow cells to identify each other and interact. An 

example of this type of protein is proteins involved in immune response. The protein to 

lipid ratio varies depending on the type of membrane, averaging around 1:1 by mass, 

which corresponds to about 1:50 by number. A membrane protein is either embedded 

with the membrane or attached to it. Membrane proteins can be categorized into three 

types: integral membrane proteins (permanently bound to lipid bilayers), peripheral 

membrane proteins (temporarily associated with lipid bilayers or with integral membrane 

proteins), and lipid-anchored proteins (bound to lipid bilayers through lipidated amino 

acid residues).

 In this research, we use gramicidin-A, a trans-membrane protein mainly known 

as ion channel. Gramicidin-A is an excellent model system for lipid-protein interactions, 

conformational studies of membrane ion channels, and mechanisms of ion permeation. 

Gramicidin-D is a heterogeneous mixture of 3 antibiotic compounds, gramicidin A, B and 

C, making up 80%, 6%, and 14% respectively. Gramicidin is obtained from the soil 

bacterial species Bacillus brevis. Gramicidin-A can be purified from gramicidin-D. 

Gramicidin-A is a short antibiotic peptide which is able to form a 2.8 nm long 

transmembrane β-helix with an aqueous pore diameter of 0.4 nm in lipid bilayer. 

Gramicidin-A is a hydrophobic linear polypeptide (consisting of 15 amino acids) which 

forms channels in phospholipid membranes that are selective for monovalent cations, 

such as K

1 

+. The channel has no measureable permeability for anions or polyvalent 

cations.5 The cation conducting conformation is the result of an N- to N-terminal 

dimerization of two gramicidin-A monomers.31 Gramicidins are a type of antibiotics 

which apply antibacterial activity by increasing the cation permeability of the target 

bacterial membrane.23 Water molecule and ions pass through a pore which is formed by 

poly-peptide backbone. When amino acid sequence changes, conductance and ion 

selectivity of channel varies. Figure 1.5 shows the structure of two gramicidin-A 
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molecules when they form an ion channel in a lipid bilayer, and Figure 1.6 shows the 

space-filling model of gramicidin-A dimer. 

 

Figure 1.5 Chemical structure of two gramicidin-A molecules as an ion channel.

 

5 

Figure 1.6 Space-filling model of gramicidin-A dimer. (Left): side view; (Right):  top 

view. Two molecules of gramicidin are showed in different color. The oxygen is red, and 

Ns are blue. A water molecule is shown for size comparision.

Lipid rafts. The fluid mosaic model, by Singer and Nicholson, was the textbook 

model to explain the structure of the cell membrane for many years. The fluid mosaic 

model proposes that lipid bilayer acts as a solvent for proteins and has a little effect on 

protein function. There are strong evidences that plasma membrane of many cells is 

inhomogeneous. In plasma membranes there are specific regions which are more ordered, 

24 
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tightly packed, and thicker than the surrounding bilayer. These compositionally distinct 

membrane domains are called lipid rafts. Lipid rafts are sub-domains of the plasma 

membrane and they exist as distinct liquid-ordered regions of the membrane which are 

resistant to extraction with nonionic detergents. Rafts appear to be small in size, but may 

constitute a relatively large fraction of the plasma membranes. These regions are enriched 

in cholesterol, saturated lipids and sphingolipids. While rafts have a distinctive protein 

and lipid composition, all rafts do not appear to be identical in terms of either the proteins 

or the lipids that they contain.  In many cell types, lipid rafts can be found in the plasma 

membrane and also in other parts of the cell such as Golgi and lysosomes. Lipid rafts are 

also enriched in lipid-anchored proteins and certain transmembrane protein.6,7 Lipid rafts 

play an important role in physiological functions of cell including signaling, membrane 

fusion, membrane transport, protein sorting, and virus pathogenesis.8 Experiments in 

cells, have estimated the size of lipid rafts to be between a few to hundreds of 

nanometer.9

 

 Figure 1.7 shows the proposed structure of lipid raft. In Figure 1.8, atomic 

force microscope (AFM) reveals the structure of lipid rafts in a supported lipid bilayer on 

a solid surface. 

Figure 1.7 Lipid rafts are subdomains of the plasma membrane and they exist as distinct 

liquid-ordered regions of the membrane.

 

10 
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Figure 1.8 (Top): sphingomyelin rafts (orange) protruding from a DOPC background 

(black) in a mica supported lipid bilayer. The height of the rafts is ~7 Å. Yellow pick is a 

raft associated anchored protein, glycosylphosphatidylinositol-anchored protein (PLAP). 

(Bottom): an interpretation of the image at top; DOPC is shown by grey headgroups, and 

sphingomyelin is shown by orange headgroups with PLAP associated. Cholesterol is 

incorporated in both lipid domains and is shown by blue.

1.2 Thermodynamics 

11 

Phase diagram. An important property of any thermodynamic system is its 

phase. A phase is a part of a system that is homogeneous in its thermodynamic 

parameters. A phase diagram in the study of model cell membrane is a diagram used to 

show lipid compositions at which thermodynamically distinct or coexisting phases can 

occur at equilibrium. Common components of a phase diagram are phase boundaries and 

tie-lines. Phase boundaries refer to lines that show conditions under which multiple 

phases can coexist at equilibrium. Phase diagram of model membranes have been used to 

understand the phase behavior of biological membrane. Model lipid membranes, with at 
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least 3 lipid components, exhibit complex phase behavior. These systems are consisted of 

cholesterol, a high-melting chain lipid, and a low-melting chain lipid. These lipid 

mixtures are the minimum systems that mimic the outer leaflet of cell membrane. They 

have phase regions of coexisting domains of (Lo+Ld), (Lo+Ld+Lβ), (Lo+Lβ), and 

(Ld+Lβ). Mixtures with nanoscopic domains in (Lo+Ld), (Lo+Ld+Lβ) are called type I 

and are likely to be better models to explain biological membrane. Mixtures with 

macroscopic domains in these regions are called type II (Figure 1.9).

 

30 

 
Figure 1.9 Type I and type II of 3-component lipid mixtures. Images beside the phase 

diagram are fluorescence microscope images of GUVs.

Critical point. A critical point occurs under conditions (such as specific values of 

temperature or composition) at which no phase boundaries exist. A critical point in the 

phase diagram of a 3-component mixture (at constant temperature) occurs at the point at 

which the length of the tie line finally reduces to zero and merges with the outer phase 

30 
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boundary. When composition of lipid mixture changes from the composition of two 

phase region (e.g., Lo+Ld

Gibbs’ phase rule. In the presence of water, a lamellar lipid bilayer may exhibit 

coexisting phases depending on composition, temperature and pressure. The maximum 

number of coexisting phases can be derived by the Gibbs’ rule.

) to the composition of critical point, line tension approaches to 

zero and critical fluctuations occur. At a critical point, the fractions of two coexisting 

phases are equal. 

12,13

For a lipid mixture with K different components (e.g., K different lipids) and J different 

phases, Gibbs’ rule is, 

   

F= K+1-J                                                                                                                        (1.1) 

where temperature is also a variables of the system (with pressure being a constant), so in 

total there are K+1 variables. F is the number of degrees of freedom which is the number 

of parameters that can be changed externally to influence the state of the system. For 

example in a single lipid system, K=1 and J=2 (one phase below the transition 

temperature and one phase above the transition temperature), the number of degrees of 

freedom is zero. In other word no degree of freedom for temperature. In a binary lipid 

system, K=2 and J=2 (liquid and solid phase), the number of degrees of freedom is one 

which means liquid-solid phase coexistence is maintained as the temperature is varied. 

Tie-line and the lever rule. A tie-line is a line drawn at a constant temperature 

within a two-phase region of a phase diagram. For all overall compositions which lie on 

the tie-line, the compositions of the two coexisting phases remain the same and only their 

relative amounts (phase fraction) changes. The lever rule gives the fraction of two 

coexisting phases. The tie-line is used as a lever arm, with the fulcrum at the overall 

composition. In Figure 1.10 we have shown the application of lever rule for a binary lipid 

system consists of lipid A and lipid B with melting points, 𝑇𝑚𝐴 and 𝑇𝑚𝐵 .  

 

 

 



Texas Tech University, Ebrahim Hassan-Zadeh, May 2014 
 

12 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Using lever rule to obtain the relative phase fraction of gel phase, 𝑥𝑔, and 

fluid phase, 𝑥𝑓,  for a given temperature.

This binary system has fluid and gel phases together with a fluid-gel coexisting 

phase. The phase fraction of the gel phase, 𝑥𝑔, and the phase fraction of the fluid phase, 

𝑥𝑓, depend on the relative amounts of the lipid A,  𝑥𝐴, and lipid B, 𝑥𝐵. The relative phase 

fraction of gel phase, 𝑥𝑔, and fluid phase, 𝑥𝑓,  for given temperature and 𝑥𝐵 can be 

calculated by using the lever rule which gives, 

14 

  𝑥
𝑓

𝑥𝑔
= 𝑥𝐵

𝑔−𝑥𝐵
𝑥𝐵−𝑥𝐵

𝑓                                                                                                                   (1.2) 

which by using 𝑥𝑔 = 1 − 𝑥𝑓 can be written as 𝑥𝑓 = 𝑥𝐵
𝑔−𝑥𝐵

𝑥𝐵
𝑔−𝑥𝐵

𝑓 .                                    (1.3)  

In binary and ternary lipid mixtures, tie-lines provide some useful information about the 

system. The compositions of coexisting phases can be well-defined, and the phase 

fractions can be obtained by the lever rule. Also, tie-line can be a very useful tool 

provides data for partitioning of protein and lipid between two coexisting phases.  
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1.3 Partition Coefficient Measurement by Spectroscopic Method 

 Lipid rafts have special biophysical and functional properties in biological cell 

membranes. These properties are hypothesized to be related in part to partitioning of 

various membrane components between liquid-ordered and liquid-disordered phases. In 

different studies, lipid phase behavior is used to understand the lipid rafts. In lipid phase 

studies, proteins can be considered as solutes that partition between different phases of 

binary or ternary lipid mixtures.  

Partition coefficient is the ratio of concentrations of a membrane component in 

two coexisting immiscible phases (e.g., Ld+Lo phases) of a lipid mixture at equilibrium. 

For example, for partitioning of a molecule (e.g., protein) between Lo and Ld phases, we 

define partition coefficient as,

Kp(Lo
Ld

) = protein concentration in Lo phase
protein concentration in Ld  phase

                                                                     (1.4)                          

16 

Feigenson and his colleagues first used a fluorescent method over 30 years ago to 

measure partition coefficient of a fluorescent molecule between coexisting fluid+gel 

phases in binary lipid mixtures.16,23 For ternary lipid mixtures, when phase boundaries and 

thermodynamic tie-lines are known, this approach can also be used in the regions where 

two phase coexist. In this method, a series of samples of lipid mixture labeled with tiny 

amount of fluorescent molecule (e.g., gramicidin-A) are prepared along a tie line, and the 

fluorescence intensity of emission spectrum for all samples is measured at the peak of 

spectrum. Then, normalized fluorescence intensities are drawn versus composition (for 

binary mixture versus mole fraction of one of the lipids; and for ternary mixtures versus 

fraction of one of the coexisting phases, Lo or Ld

FN(x) =
Kp FN(Ld) �xLo−x� + FN(Lo) �x−xLd�

Kp �xLo−x� + �x−xLd�
                                                                   (1.5) 

). The normalized fluorescence 

intensities can be fitted to an equation of the form,  
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where Kp �
Ld
Lo
�, is the partition coefficient for gramicidin-A, FN(Ld) and FN(Lo) 

represent the normalized fluorescence intensity values for gramicidin-A present in the Ld 

and Lo 

 

phases, respectively. xLo and xLd are two end points of the tie-line. The principle 

of this method is shown in Figure 1.11.           

 

Figure 1.11 Illustration of partition coefficient measurement. (A) and (B): for a binary 

lipid mixture; dashed curve is fitted curve with Kp=0.5 for the shown experimental data; 

solid curves are theoretical fitting curves for fixed values of  FN(Ld) and  FN(Lo) and 

different Kp values. (C) and (D): for a ternary lipid mixture.20 
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In Chapter 3 we have measured partitioning of gramicidin-A in Lo+Ld

1.4 Protein-Lipid Bilayer Interaction 

   

coexisting phases for ternary mixture of DOPC/DSPC/cholesterol. 

 The properties and functions of a membrane protein can be explained best by its 

interaction with its lipid environment. Experiments have shown that specific lipids are 

needed for many membrane proteins to function and thus for many cell functions. 

Properties of lipid bilayer also determine the organization and distribution of proteins in 

different membrane compartments. Membrane proteins are regulated by both specific 

protein-lipid interactions and general protein-lipid bilayer interactions. Specific 

regulation arises from chemical properties of phospholipids, like interaction of proteins 

with phospholipids head groups. General interactions explain collective physical 

properties of lipid bilayers like thickness, curvature, or elastic properties. Often, the 

difference between specific and general interactions is not clear. Protein-lipid bilayer 

interaction changes the free energy and kinetics of protein conformations and also 

determines the distribution of protein between different areas of the membrane.   

The lipid compositions of biological membrane are very diverse. For example just 

red blood cell membranes have been estimated to have more than 200 lipid species that 

differ in head group and acyl chain conformation.16

Hydrophobic mismatch. When the nonpolar region of a bilayer is thinner or 

thicker than the hydrophobic length of an integral protein, it causes a hydrophobic 

mismatch. The energetic penalty for exposing hydrophobic surfaces to water is 

 The sum of distinct lipid species of 

all different cells is likely to be in the thousands. As we mentioned in this chapter, lipids 

have a nonrandom distribution in the membrane. By considering the diversity of lipids 

and complexity of their distribution, there are different views to interpret lipid bilayer-

protein interactions. One of the useful descriptions to study lipid-protein interaction is an 

energetic view. In this view, the bilayer and aqueous environment is considered as a 

solvent for the protein.  
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approximately 5 𝐾 𝐶𝑎𝑙
𝑚𝑜𝑙 𝑛𝑚2 .

17

 

 So, in order to avoid unfavorable exposure of hydrophobic 

surfaces to a hydrophilic environment, either the lipid bilayer must stretch or compress to 

match the hydrophobic length of the protein, or the protein must change by tilting helices 

or rotating side chains to match to the bilayer. Although, both the bilayer and the protein 

may deform in response to a hydrophobic mismatch, but since lipid bilayers are 100 to 

1000-fold softer than the imbedded proteins, in principle, hydrophobic matching mainly 

implies that the bilayer adjusts to the protein. Figure 1.12 represents hydrophobic 

mismatch between a membrane protein and the lipid bilayer. 

Figure 1.12 Bilayer-protein hydrophobic mismatch. The hydrophobic length of protein is 

shorter (top) or longer (bottom) than the hydrophobic thickness of the unperturbed 

bilayer. The lipid bilayer adjusts itself to the hydrophobic length of protein which causes 

a local compression or stretching in the bilayer. The effect of the protein extends over a 

certain distance and progressively vanishes, so that the bilayer recovers its unperturbed 

thickness.

Theory of elastic bilayer deformations due to hydrophobic mismatch.

18 

21 The 

energetic cost of adapting the bilayer hydrophobic thickness to match the hydrophobic 

length of a protein has been analyzed using theory of elastic bilayer deformations in 
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which the bilayer deformation is decomposed as the sum of two major contributions; 

bilayer compression/stretching and monolayer bending (Figure 1.13). Lipid bilayer 

compression/stretching is associated with a compression energy density (CED): 

𝐶𝐸𝐷 = 1
2

 𝐾𝑎 (𝑑−𝑑0
𝑑0

)2                                                                                                      (1.6) 

where 𝐾𝑎 is the bilayer compression modulus (Figure 1.13),  𝑑0 the equilibrium thickness 

of the unperturbed bilayer and d the thickness of the perturbed bilayer. Monolayer 

bending is similarly associated with a bending energy density (BED), which can be 

approximated as: 

𝐵𝐸𝐷 = 1
2

 𝐾𝑐,𝑚 (𝑐1+𝑐2
2

− 𝑐0)2                                                                                          (1.7) 

where 𝐾𝑐,𝑚 is the monolayer bending modulus, 𝑐1 and 𝑐2 are the principal curvatures and  

𝑐0 the intrinsic monolayer curvature (Figure 1.13). 

 

Figure 1.13 Bilayer and monolayer deformations. (a) bilayer compression, (b) monolayer 

bending. 

The energetic cost of the bilayer deformation needed to match the local thickness of a 

lipid bilayer to the length of a cylindrical bilayer-spanning protein of radius 𝑟0, thus 

becomes,  

∆𝐺𝑑𝑒𝑓 = ∫ �𝐾𝑎
2

 (𝑑−𝑑0
𝑑0

)2 + 𝐾𝑐
2

 (𝑐1+𝑐2
2

− 𝑐0)2�∞
𝑟0

2𝜋𝑟𝑑𝑟 −  ∫ 𝐾𝑐
2

 𝑐02 ∞
𝑟0

2𝜋𝑟𝑑𝑟                  (1.8) 

where d denotes the bilayer thickness as a function of r (d = l, the protein hydrophobic 

length, at 𝑟0), and 𝐾𝑐 the bilayer bending modulus (=2 𝐾𝑐,𝑚). The second integral denotes 
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the curvature frustration energy of the unperturbed (flat) bilayer. Equation (7) can be 

solved analytically and can be expressed as a biquadratic function of the channel–bilayer 

mismatch (𝑙 − 𝑑0) and 𝑐0: 

∆𝐺𝑑𝑒𝑓 = 𝐻𝐵 (𝑙 − 𝑑0)2 +  𝐻𝑋 (𝑙 − 𝑑0) 𝑐0 −  𝐻𝐶  𝑐02                                                      (1.9) 

where 𝐻𝐵, 𝐻𝑋 and 𝐻𝐶 are elastic coefficients that are functions of 𝐾𝑎, 𝐾𝑐, 𝑑0 and 𝑟0. 𝐻𝐵, 

𝐻𝑋 and 𝐻𝐶 increase with increasing elastic moduli (and vice versa). 

Mutual effects of lipid bilayer-protein interaction. When there is a 

hydrophobic mismatch between lipid bilayer and protein, both protein and lipid bilayer 

undergo deformation. Although the lipid bilayer is softer than protein, the lipid bilayer 

deformation energy, ∆𝐺𝑑𝑒𝑓, causes conformations of protein to adjust in favor of less 

hydrophobic mismatch. In case of insertion of some proteins like gramicidin, the 

thickness of lipid bilayer changes to match with protein. In other hand, when there is a α-

helical transmembrane protein, protein can tilt respect to the bilayer normal to match the 

hydrophobic thickness of the bilayer (see Figure 1.14). The change in protein most likely 

involves small ratchet-like rotation and sliding movements of domains and helices 

relative to each other. So, even when there is a small hydrophobic mismatch between 

lipid bilayer and protein, the mutual interaction of them causes restrictions to the protein. 

In other word, lipid bilayer immobilizes the protein to stabilize the conformations of the 

protein.  

 

 

 

 

Figure 1.14 The effects of hydrophobic mismatch. E: extension of the lipid bilayer; C: 

compression of the lipid bilayer; T: tilting of the transmembrane protein helices.22 
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In general, hydrophobic mismatching causes a local lipid bilayer deformation and 

also different protein conformations. Some proteins (e.g, an ion channel) function based 

on these different conformations, or in other word, lipid bilayer properties can influence 

function of protein (see Figure 1.15).  

 

 

 

 

 

 

 

Figure 1.15 Hydrophobic matching between lipid bilayer-protein (ion channel) causes 

local deformation of the bilayer as well as protein conformational changes. (top): channel 

is closed; (bottom) channel is open.

Gramicidin channel as a model system to test hydrophobic matching. The 

theory of elastic bilayer deformations can be tested by using gramicidin channel. Since 

1972 when Hladky and Haydon reported that gramicidin-A forms channels in lipid 

bilayers,

21 

32 a considerable amount of work has been done to characterize the properties of 

gramicidin channel. Gramicidin-A is one of the best characterized ion channels to date, to 

study electrophysiological activity of ion channels.21,24 Gramicidin channel forms by 

dimerization of two nonconducting gramicidin molecules by hydrogen bonding of two 

monomers opposite each other to form the dimerized channel. This can be tested by 

gramicidin single-channel experiment (Figure 1.16). A Teflon chamber separated into 

two halves. The bilayer is formed across a hole in the partition. Gramicidin-A is added to 
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the electrolyte solution on both sides of the membrane and adsorbs to the bilayer–solution 

interface, as illustrated in the expanded view to the right.

 

21 

  

 

 

 

 

Figure 1.16 Experimental setup for gramicidin single-channel experiment. 

Current traces are recorded from bilayer patches. Formation of a channel is observable as 

two different discrete values of current. Zero value of current indicates no conducting 

channel, and value 1 indicates conducting channel (Figure 1.17). 

 

Figure 1.17 (top): Formation of a gramicidin-A channel and (bottom): current transition 

amplitude histogram. 
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Channel formation causes a local bilayer deformation (thinning) and bilayer reacts 

to the deformation by imposing a force on the channel. The magnitude of force depends 

on the channel-bilayer hydrophobic mismatch, and as a consequence the average channel 

life time varies as a function of the hydrophobic mismatch (Figure 1.18). 

 

Figure 1.18 Gramicidin channel life time as function of the hydrophobic mismatch. 𝑁𝑐 is 

the number of carbon atoms in the acyl chain of monosaturated phosphatidylcholine and 

𝑁𝐴𝐴 is the number of amino acids in the sequence. (left): channel life time vs. 𝑁𝑐 − 𝑁𝐴𝐴 

(𝑁𝐴𝐴 is fixed); (right):  channel life time vs. 𝑁𝑐 − 𝑁𝐴𝐴 (𝑁𝑐 is fixed).

Effect of partitioning of gramicidin-A between L

25 

o and Ld on the conductance of the 

bilayer.33 Gramicidin-A in molar ratio of 1:10000 was added to a horizontal lipid bilayer 

of DOPC/DSPC/CHOL (1:1:1) to investigate the effect of partitioning of gramicidin-A 

on channel activity. Concentration of gramicidin in the bilayer was determined by 

fluorescence correlation spectroscopy (FCS). Active dimer concentration was determined 

by measuring the conductance of the bilayer. When membrane was cooled from 39 ℃ 

(above the transition temperature) to 23 ℃, phase separation happens. Gramicidin 

partitions favorably into Ld phase and was excluded from Lo. Simultaneously after phase 

separation, the surface density of gramicidin in the Ld increases 2.2-fold at 23 ℃, and 

consequently the number of active dimmers increases 3.3-fold in Ld phase (Figure 1.19). 
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Figure 1.19 Electrical activity of gramicidin-A. (top): conductance of the bilayer versus 

temperature; as can be seen below the transition temperature, due to phase separation of 

the bilayer, gramicidin partitions into the Ld phase and consequently the surface density 

of gramicidin increase. Increase in gramicidin surface density causes the increase in 

conductivity of the bilayer. (bottom): Scheme of gramicidin monomers and dimmers in  

Ld phase; bilayer is shorter in Ld phase respect to Lo phase.

1.5 Model Lipid Membrane  

33 

Plasma membranes generally contain proteins and a large variety of lipids 

differing in head group, chain length, and degree of chain unsaturation. Model lipid 

bilayers simplify the mechanisms that govern the cell membrane. Model lipid bilayers 

can be chemically well defined and systemically studied within the framework of 

equilibrium thermodynamics. Model studies have developed the raft hypothesis by 

providing a picture of plasma membrane domains as coexisting liquid-ordered (Lo) and 

liquid-disordered (Ld) phases. There are different types of model bilayers, each having 

experimental advantages and disadvantages. In this research, we have used giant 

unilamellar vesicles (GUVs). GUVs are cell size model bilayers. Because of the 

similarity of GUVs to the cell membranes, they have been used extensively to study the 

properties of lipid bilayers.  
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1.6 Techniques for The Study of Membrane Phase Behavior 

Fluorescence resonance energy transfer (FRET). The applications of Forster 

resonance energy transfer (FRET) have expanded tremendously in the last 29 years, and 

the technique has become a very useful technique in many biological fields. FRET is a 

spectroscopic research tool in biology and biophysics. FRET is the nonradiative long-

range dipole-dipole coupling transfer of energy from a donor fluorescence dye to an 

acceptor fluorescence dye. Since, the efficiency of energy transfer depends inversely to 

the sixth power of the distance between donor and acceptor, FRET is extremely sensitive 

to small distances, and measurements of FRET efficiency can be used to determine if two 

fluorophores are within a certain distance of each other. FRET efficiency is given by 

following equation, 

𝐸 = 1
1+(𝑟 𝑅0� )6

                                                                                                                (1.10) 

Where E is efficiency, 𝑅0 is the Forster distance (a distance which 50% of energy is 

transferred).  

FRET can be used specifically for the study of phase behavior in multi- 

component lipid bilayers.26,27

𝐸 = 1 − 𝐹𝐷
´

𝐹𝐷
= 1 − 𝜏𝐷

´

𝜏𝐷
                                                                                                  (1.11) 

Where 𝐹𝐷 is the intensity of donor fluorescence in the absence of acceptor, 𝐹𝐷´  is donor 

fluorescence in the presence of acceptor, and 𝜏𝐷 and 𝜏𝐷´  are the associated excited-state 

lifetimes.

 Partitioning of fluorescent molecule between coexisting 

phases is the key point in FRET measurement (Figure 1.20). FRET can detect the 

presence or absence of phase domains which yield to determination of phase boundary, 

partition coefficient, and also tie-lines. The transfer energy efficiency or fractional 

decrease in donor fluorescence due to acceptor quenching is: 

29 
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Figure 1.20 Lipid bilayer is labeled with fluorescent donor molecule (green) and 

fluorescent acceptor molecule (red). If the presence of coexisting phases, depending on 

partitioning behavior of the probes, FRET intensity rise (right) or fall (left). If they prefer 

different phases, they are effectively separated and FRET decreases. In single phase 

composition (middle), an intermediate FRET signal is obsereved.

 E has a range between zero and one, and to find it, two measurement is needed at any 

given membrane composition; donor fluorescence in both the presence and absence of 

acceptor. 

27 

Electron spin resonance (ESR) 

Electron spin resonance spectroscopy is a technique for studying materials with 

unpaired electrons. The absence of unpaired electron in most chemical can be fixed by 

spin labeling of selected molecules with a spin-labeled molecule that has a simple ESR 

signal. One important application of ESR is to study the molecular dynamics of a spin-

labeled molecule in biological membranes.28,34,35 ESR is a technique similar to nuclear 

magnetic resonance (NMR). Since electron has a much greater magnetic moment than a 
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nucleus, ESR is much more sensitive technique. In two-dimensional ESR spectroscopy 

time scale is nanoseconds versus NMR time scale of milliseconds, so ESR is suited for 

study of faster dynamics. ESR spectra change dramatically as the tumbling motion of the 

probe slows which provides great sensitivity to fluidity in the neighborhood of the spin 

probe.35

The tie-line determination using ESR is based on linear superposition of 

experimental ESR spectra. Partition coefficient, K

  

p, is invariant along the tie-line, as 

required by thermodynamics. The normalized two-component EPR spectrum, �̂�, in a 

region of Lo+Ld region can be expressed as,34

�̂� = 𝛼�̂�𝐿𝑜 + (1 − 𝛼)�̂�𝐿𝑑                                                                                                (1.12) 

  

Where 𝛼 is the fraction of spin-labeled lipid probe in the Lo phase. The carets indicate 

that the individual spectral components �̂�𝐿𝑜 and �̂�𝐿𝑑 are also normalized to their second 

integral. The values of 𝛼 can be obtained by intersubtractions between normalized 

spectral line shapes, �̂�𝐴 and �̂�𝐵 , for two compositions XA and XB that lie along the same 

tie-line. The (unnormalized) spectral line shapes 𝑆𝐿𝑜 and 𝑆𝐿𝑑 of the pure Lo and Ld

𝑆𝐿𝑑 = �̂�𝐴 − 𝑘�̂�𝐵                                                                                                            (1.13) 

 phases 

are given by: 

𝑆𝐿𝑜 = �̂�𝐵 − 𝑘´�̂�𝐴                                                                                                           (1.14) 

Where k and k´ are the subtraction factors corresponding to the Ld and Lo

𝑘 = 𝛼𝐴
𝛼𝐵

                                                                                                                           (1.15) 

 endpoints, 

respectively. From equations 1.12-1.14, the experimental intersubtraction endpoints, k 

and 𝑘´, are given by: 

𝑘´ = 1−𝛼𝐵
1−𝛼𝐴

                                                                                                                      (1.16) 
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From which the two values of 𝛼, viz., 𝛼𝐴 and 𝛼𝐵, can be determined. The partition 

coefficient, Kp, of the spin label between Ld and Lo

𝐾𝑝 =
�𝛼
𝑓
�

�1−𝛼
1−𝑓

�
�                                                                                                            (1.17) 

 phases is defined by: 

Where 𝑓 is the fraction of total lipid in the Lo

𝑓 =
𝑿−𝑋𝐿𝑑
𝑿𝐿𝑜−𝑿𝐿𝑑

          𝑿 ≡ (𝑥1, 𝑥2, 𝑥3)                                                                              (1.18) 

 phase. The latter is given by the lever rule: 

where 𝑥1, 𝑥2 𝑜𝑟 𝑥3 are the mole fractions of three lipid components, respectively. 

The vectors 𝑿𝐿𝑜 and 𝑿𝐿𝑑 specify the coordinates of the ends of the tie line at the 

boundaries with the Lo and Ld phases, respectively. From equations 1.17 and 1.18, the 

fraction of spin-labelled lipid in the Lo

𝛼 =
𝐾𝑝(𝑿−𝑋𝐿𝑑)

𝑿𝐿𝑜−𝑿𝐿𝑑+�𝐾𝑝−1�(𝑿−𝑋𝐿𝑑)
                                                                                          (1.19) 

 phase is therefore: 

Note that equation 1.19 gives three independent expressions for α , in terms of the 𝑥1, 𝑥2, 

or 𝑥3 compositional coordinates, from which the vectors 𝑿𝐿𝑜 and 𝑿𝐿𝑑, and the single 

value of 𝐾𝑝 can be determined. 
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CHAPTER TWO 

2. PREPARATION OF GIANT UNILAMELLAR VESICLES 

(GUVS) FROM DAMP-FILM METHOD 

*** The purpose of this project is to develop a better method of 
making GUVs, which will yield more compositionally uniform GUVs. This is 
a joint project completed by Eda Baykal-Caglar and me.31

2.1 Abstract 

 The results have 
been published in BBA-Biomembrane. My main contributions are parts: 2.3.1, 
2.3.4, 2.3.5, and 2.4.2.  

Giant unilamellar vesicles (GUVs) containing cholesterol often have a wide 

distribution in lipid composition. In this study, GUVs of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC)/1,2-distearoyl-sn-glycero-3-phosphocholine(DSPC)/cholesterol 

and 1,2-diphytanoyl-sn-glycero-3-phosphocholine(diPhyPC)/1,2-dipalmitoylsn-glycero3- 

phosphocholine(DPPC)/cholesterol were prepared from dry lipid films using the standard 

electroformation method as well as a modified method from damp lipid films, which are 

made from compositional uniform liposomes prepared using the Rapid Solvent Exchange 

(RSE) method. We quantified the lipid compositional distributions of GUV by measuring 

the miscibility transition temperature of GUVs using fluorescence microscopy, since a 

narrower distribution in the transition temperature should correspond to a more uniform 

distribution in GUV lipid composition. Cholesterol molecules can demix from other 

lipids in dry state and form cholesterol crystals. Using optical microscopy, micron-sized 

crystals were observed in some dry lipid films. Thus, a major cause of GUV lipid 

compositional heterogeneity is the demixing of lipids in the dry film state. By avoiding 

the dry film state, GUVs prepared from damp lipid films have a better uniformity in lipid 

composition, and the standard deviations of miscibility transition temperature are about 

2.5 times smaller than that of GUVs prepared from dry lipid films. Comparing the two 

ternary systems, diPhyPC/DPPC/cholesterol GUVs has a larger cholesterol compositional 

heterogeneity, which directly correlates with the low maximum solubility of cholesterol 
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in diPhyPC lipid bilayers (40.2±0.5 mol%) measured by light scattering. Our data 

indicate that cholesterol interacts far less favorably with diPhyPC than it does with other 

PCs. The damp lipid film method also has a potential of preparing GUVs from cell 

membranes containing native proteins without going through a dry state. 

2.2 Introduction 

Understanding the organization and dynamics of lipid bilayers is important to the 

understanding of processes taking place in cell membranes. Since giant unilamellar 

vesicles (GUVs) were produced for the first time, they have become an indispensable tool 

for membrane biophysics research. GUVs are cell-sized model membrane systems that 

allow direct visualization of membrane-related phenomena using optical microscopy. 

GUVs have been widely used for various investigations, including mapping phase 

diagrams,1,2 investigating protein–lipid interactions,3-5 investigating 2D phase 

transitions1,6,7 and determining line tension between lipid domains.8-10 Previous studies 

showed that micron-scale domains in GUVs can be observed in some ternary lipid 

mixtures composed of a high melting temperature lipid, a low melting temperature lipid 

and cholesterol.10-12 Fluorescent dyes can partition preferentially into different lipid 

phases in GUVs, which allows visualization of these phases using fluorescence 

microscopy.13 The electroformation method has become the most widely used GUV 

preparation method ever since it was developed by Angelova and Dimitrov.14 Various 

modifications have been made to the original method to expand its capabilities. For 

example, GUVs can be made in ionic solution15-17 and charged lipids can also be 

included.18 One important issue about GUVs is the large variation in transition 

temperature and lipid composition within the same preparation.1,7,9 Since membrane 

properties are often sensitive to lipid composition, this drawback can cause large 

uncertainties in transition temperature measurement and phase diagram determination. In 

this study, we investigate lipid compositional heterogeneity in DOPC/DSPC/cholesterol 

and diPhyPC/DPPC/cholesterol ternary mixtures, which have been extensively studied by 

other groups.2,7,9 The chemical structures of these lipid molecules are graphed in Figure 

2.1. 
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Figure 2.1 Chemical structures of DOPC, DSPC, DPPC, diPhyPC and cholesterol. 

We quantified the lipid compositional distributions of GUV by measuring the 

miscibility transition temperature of GUVs using fluorescence microscopy, since a 

narrower distribution in the transition temperature should correspond to a more uniform 

distribution in GUV lipid composition. We found that the distributions of transition 

temperature are wide and a major cause of lipid compositional heterogeneity is the 

demixing of lipids in the dry film state. Comparing the two ternary systems, 

diPhyPC/DPPC/cholesterol GUVs have far larger cholesterol compositional 

heterogeneity. Using optical microscopy, micron-sized cholesterol crystals were observed 

in some dry lipid films. Our light scattering experiment showed that cholesterol has a low 

maximum solubility in diPhyPC lipid bilayers (40.2±0.5 mol%), which indicates that 

cholesterol interacts far less favorably with diPhyPC than it does with other PCs. This 

unfavorable interaction between cholesterol and diPhyPC worsens the demixing of lipids 

in dry film state and results in a large compositional heterogeneity for 

diPhyPC/DPPC/cholesterol GUVs. In order to reduce the lipid compositional 

heterogeneity, we developed a modified procedure that forms GUVs from damp lipid 
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films, which are made from compositionally uniform liposomes prepared using the Rapid 

Solvent Exchange (RSE) method.19,20

2.3  Experimental Methods  

 The new procedure avoids the dry film state, and 

GUVs prepared from damp lipid films have more uniform lipid composition. Our data 

shows that the standard deviations of miscibility transition temperature are about 2.5 

times smaller than those of GUVs prepared from dry lipid films. The damp lipid film 

method also has the potential to form GUVs from cell membranes containing native 

proteins without going through a dry state. 

2.3.1  Phosphate Assay 

We use phosphate assay for the determination of concentrations of phospholipid 

stock solutions.21

2.3.2 Preparation of  Liposomes From RSE Method 

 Phospholipids are satisfactorily estimated by phosphorus determination 

through an acidic digestion. The released inorganic phosphate reacts with ammonium 

molybdate. The complex has a strong blue color.  The absorbance of cool samples 

(including the standards) is read at 818-820 nm. The amount of phospholipids is 

calculated directly on a molar basis from the amount of Phosphate.  

The lipid compositions of ternary mixtures were selected according to the phase 

diagrams of DOPC/DSPC/cholesterol12 and diPhyPC/DPPC/cholesterol19 to ensure that 

both mixtures contain coexisting liquid-ordered and liquid-disordered (Lo+Ld) lipid 

domains at room temperature. The 1:1:1 DOPC/DSPC/cholesterol mixture was labeled 

with 1 mol% DiIC12(3), and the 3:3:4 diPhyPC/DPPC/cholesterol mixture was labeled 

with 1 mol% Rhodamine-PE. It has been shown that liposomes made by the RSE method 

are homogeneous in lipid composition and free of demixing artifacts.14 300 μM RSE 

liposomes in water were prepared using the updated RSE procedure. First, lipids were 

dissolved in 70 μl of chloroform. The lipid solution was then heated to 50 °C briefly in a 

glass tube and 1.3 ml of water was added. While keeping the mixture vigorously vortexed 

in the glass tube, the bulk solvent was removed by gradually reducing the pressure to 
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about 3 cm of Hg using a home-built vacuum attachment. The remaining trace 

chloroform was removed by an additional minute of vortexing at the same pressure.15

2.3.3 Preparation of GUVs by Electroformation From Damp-Lipid Film 

 The 

liposomes prepared by the above procedures were then sealed under argon. 

20 μl of the RSE liposome suspension in water is spread on ITO coated slides to 

cover an area about 1 cm in diameter. Then the slides were placed inside a sealed 

constant humidity chamber for 24–30 hours (see Figure 2.2). Wet potassium carbonate 

(K2CO3

 

) is used to keep the humidity of the chamber at 55%. The resulting damp-lipid 

films on ITO coated slides appeared smooth and translucent. After drying, we do 

electroformation. The ITO coated slides are placed with their conducting sides facing 

each other and separated by Buna o-rings which form a chamber over the dry lipid films, 

and 400 μl of 150 mM sucrose solution is added to the chamber. Two slides are held 

together by a small metal clip and electric connections are made through two mini-

alligator clips. The sample is then placed on a dry heating block and a 10 Hz sinusoidal 

voltage of amplitude of 1 V is applied through a function generator for 3 hours.  

 
Figure 2.2 The damp lipid film method. 
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Temperature for DOPC/DSPC/cholesterol and DiPhyPC/DPPC/cholesterol 

mixture is kept at 55 °C and 60 °C, respectively. The GUV suspension in 150 mM 

sucrose solution was then slowly cooled to room temperature in a period of 8–10 h. It has 

been shown that non-equilibrium phase behavior can result if GUVs are cooled too 

quickly.

2.3.4 Preparation of GUVs by Electroformation From Dry Lipid Film 

16 

Our method of GUV preparation from dry lipid films is similar to that used by 

other groups.12

2.3.5 GUV Miscibility Transition Temperature Measurement 

 Lipid mixtures were first dissolved either in chloroform or 2:1 

chloroform:methanol solvent to reach a concentration of 8–10 mM. 10 μl of lipid mixture 

were then spread on the conducting surfaces of two ITO coated glass slides. The slides 

were then kept in a vacuum chamber for about 5 h to remove solvent residue. The final 

pressure of the vacuum chamber was around 20 mTorr. After drying, GUVs were then 

produced using the same electroformation procedure described above. 

Fluorescence images of GUVs were captured using a Cooke SensiCam CCD 

camera (Auburn Hills, MI) on an Olympus IX70 inverted microscope (Melville, NY) 

with either a 40× or a 20× Olympus objective. The samples were placed on a home-built 

temperature controlled sample stage made of copper and aluminum, with sample in direct 

contact with the copper part. Heating and cooling of samples were achieved by two 

thermoelectric Peltier modules (06311-5L31-02CFL, Custom Thermoelectric, 

Bishopville, MD) controlled by a thermoelectric temperature controller and a 10 kΩ 

thermistor (WTC3293- 4001-A and TCS10K5, Wavelength Electronics, Bozeman, MT). 

The thermistor was embedded inside the copper sample stage less than 1 mm from the 

sample. To ensure good thermal contact, a thin layer of thermal compound was used to 

attach microscope slide to the sample stage. GUVs with bulged domains or with small 

vesicles attached were not selected for measurement. The uniformity of lipid composition 

of GUVs is judged based on the uniformity of transition temperature measured on 50 

GUVs from 5 independent preparations. The selected GUVs had circular lipid domains at 
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room temperature and were heated until domains disappeared. In order to measure the 

transition temperature, those homogeneous GUVs were slowly cooled down 0.5 °C at a 

time, and allowed to reach equilibrium at each temperature step (3-5 min/step). This 

process was continued until tiny dark domains appeared and the temperature was 

recorded as the miscibility transition temperature. Figure 2.3 shows some images of a 

GUV from our experiment. 

 
Figure 2.3 Rhodamine-PE fluorescence images of a 1:1:1 DOPC/DSPC/cholesterol GUV 

prepared from damp-lipid film. (A) At 38 °C, the GUV appeared homogeneous. (B) As 

temperature decreased to 34.5 °C, which is about 1 °C below the transition temperature, 

dark (i.e., liquid ordered) lipid domains became visible. (C) After staying at 34.5 °C for 

1h, the dark domains became larger through coalescing. 

2.4 Results and Discussion 

2.4.1 The Issue of Light-Induced Domains 

It has been reported that exposure to light for a long period of time can cause 

photo oxidation of fluorescence dyes, and this may lead to artifactual domain formation 

(i.e., light-induced domains).16-18 The severity of the problem depends on a number of 

factors, including the nature of lipid mixture, the intensity of light, the type and the 

concentration of fluorescence molecule, and the total exposure time. In order to reduce 

unnecessary light exposure, we adjusted the microscope illumination diaphragm to 

reduce the area of illumination, so that GUVs outside of the small viewing area would not 

be illuminated. Also, a light shutter was used to cut illumination off whenever it was not 
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necessary to monitor the fluorescence image continuously. We also directly measured the 

time for light-induced domains to occur under our experimental condition. We prepared 

GUVs with a lipid composition just outside the two-phase region (i.e., 28:28:46 

DOPC/DSPC/cholesterol), and placed the GUVs in full illumination and waited form 

light-induced domains to appear. We found that it took about 15 and 25 min for light-

induced domains to appear, for GUVs labeled with Rhodamine-PE and DiI12(3), 

respectively. For GUVs with a lipid composition further away from the phase boundary, 

the time should be even longer.18

2.4.2 Distribution of Transition Temperature 

 The cumulative exposure time for us to measure the 

miscibility transition temperature of an individual GUV is shorter (about 7 min). 

Furthermore, for some GUVs, we measured the transition temperature twice on the same 

GUV and found that the two measured transition temperatures were essentially the same. 

Thus, we concluded that under our experimental condition, our transition temperature 

measurements were not affected by the light-induced domain problem.  

GUVs of two ternary lipid mixtures (i.e., 1:1:1 DOPC/DSPC/cholesterol and 

3:3:4 diPhyPC/ DPPC/cholesterol) were produced by the electroformation method from 

dry lipid films as well as from damp lipid films. For each preparation method, 5 

independent batches of GUVs were prepared, and 10 GUVs from each batch were 

selected for the transition temperature measurement. For each ternary mixture and 

preparation method, the average transition temperature and its standard deviation were 

calculated. As shown in Table 2.1, GUVs prepared from dry lipid film had wider 

distributions of transition temperature; The standard deviations were roughly ~2 °C for 

1:1:1 DOPC/DSPC/cholesterol mixture and ~4 °C for 3:3:4 diPhyPC/DPPC/cholesterol 

mixture. The type of solvent that was used to dissolve lipids, chloroform or 2:1 

chloroform:methanol, did not make a significant difference to the standard deviation. On 

the other hand, GUVs prepared from damp-lipid films using the 55% humidity chamber 

had standard deviations of Tc roughly 2.5 times smaller than those of GUVs prepared 

from dry lipid films. 
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Table 2.1 Average miscibility transition temperatures (Tc) and the standard deviations for 

DOPC/ DSPC/ cholesterol and diPhyPC/DPPC/cholesterol GUVs 

 
A smaller standard deviation in miscibility transition temperature should 

correspond to a more uniform distribution in GUV lipid composition. The transition 

temperatures and standard deviations we measured for GUVs prepared from dry lipid 

film were in line with those reported by other groups. For example, it has been reported 

that the standard deviations of measured miscibility transition temperature for 

diPhyPC/DPPC/cholesterol mixtures ranged 2 to 10 °C.19 Interestingly, GUVs made from 

RSE liposomes dried in room humidity (around 40%) also had large standard deviations 

in transition temperature, only slightly smaller than that of dry film. Our data indicate that 

if lipid films become sufficiently dry, independent of prior history, demixing of lipids 

occurs, which results in a wider distribution in GUV lipid composition. However, if the 

drying process takes place in a higher humidity environment, such as 55%, lipid films do 

not dry completely and the demixing of lipids is significantly reduced. In order to have 

good quality damp lipid films, the drying process needs to take place slowly. We tried to 

place a mini-fan inside the humidity chamber to speed up the process; however, the 

drying became very uneven. We also tested different types of salt for the chamber, 

including sodium chloride (75% humidity) and potassium chloride (84% humidity). 
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However, using these salts as constant humidity sources increased the drying time 

enormously (>48 h) and the majority of GUVs also had small vesicles attached.  

2.4.3 Heterogeneity in Lipid Composition 

It is more meaningful to estimate the lipid compositional heterogeneity of GUVs. 

Veatch et al.20 constructed a temperature-composition phase diagram of DOPC/DPPC-

d62/cholesterol mixture with temperature as the fourth axis. That phase diagram shows 

that the transition temperature decreases as cholesterol content increases, and the 

transition temperature is not sensitive to the ratio of DOPC to DPPC in the middle of the 

2-phase region. Since the phase diagrams of DOPC/DSPC/cholesterol and DOPC/DPPC-

d62/cholesterol have similar shape, we expect that the primary cause of heterogeneity in 

transition temperature of 1:1:1 DOPC/DSPC/cholesterol GUVs is the variation in 

cholesterol content. On the other hand, the temperature-composition phase diagram of 

diPhyPC/DPPC/cholesterol by Veatch et al. shows that the transition temperature is 

sensitive to both PC and cholesterol contents.19 While experimental evidence of demixing 

of PCs in GUVs is still lacking, X-ray diffraction and optical microscopy both provided 

clear evidences of formation of cholesterol crystals in dry lipid films. Here, we make an 

attempt to estimate cholesterol compositional heterogeneity in GUVs with the assumption 

that the wide distributions of GUV transition temperature are primarily caused by 

cholesterol compositional heterogeneity. In order to translate the measured distribution in 

transition temperature into heterogeneity in GUV lipid composition, the transition 

temperatures of two additional ternary lipid mixtures, 32.5:32.5:35 

DOPC/DSPC/cholesterol and 29:29:42 diPhyPC/DPPC/cholesterol, were measured for 

the calibration purpose; each of these mixtures contains 2 mol% more of cholesterol than 

their counterparts. As shown in Table 2.1, the average transition temperature of a 

32.5:32.5:35 DOPC/DSPC/cholesterol mixture is 1.0 °C lower than that of a 1:1:1 

DOPC/DSPC/cholesterol mixture, and the average transition temperature of a 29:29:42 

diPhyPC/DPPC/cholesterol mixture is 0.6 °C lower than that of a 3:3:4 diPhyPC/ 

DPPC/cholesterol mixture. Based on these results, we estimate that 1 °C variation in 

transition temperature in DOPC/DSPC/cholesterol mixture is roughly equivalent to 2 
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mol% variations in cholesterol content, and 0.6 degree variation in transition temperature 

of diPhyPC/DPPC/cholesterol mixture is equivalent to 2 mol% variation in cholesterol 

content. Thus, the standard deviation in cholesterol content for 1:1:1 DOPC/DSPC/ 

cholesterol GUVs made from a dry film is estimated to be ~4 mol%, and for 3:3:4 

diPhyPC/DPPC/cholesterol GUVs made from a dry film is about ~13 mol%. Thus, the 

variation in GUV lipid composition is quite significant. The damp lipid film method 

developed in this study can effectively reduce lipid composition heterogeneity and 

improve the accuracy of measurements. 

2.4.4 Lipid Demixing and Cholesterol Maximum Solubility 

Although the same experimental procedure was used for both mixtures, the 

standard deviation in lipid composition is larger for diPhyPC/DPPC/cholesterol GUVs 

prepared from dry lipid films. A number of factors could contribute to the difference, 

such as the locations of mixtures in the corresponding phase diagrams and the budding 

tendencies of lipid domains.2,7,25 Another likely factor is the unfavorable interaction 

between diPhyPC and cholesterol, which is reflected by the low solubility limit of 

cholesterol in diPhyPC bilayers. Previously, it has been shown that the demixing of lipids 

in dry state becomes worse in a lipid mixture with cholesterol mole fraction close to the 

cholesterol maximum solubility limit in that bilayer.26 Using X-ray diffraction, light 

scattering, and a cholesterol oxidase (COD) assay, the maximum solubility of cholesterol 

in many phosphatidylcholine bilayers, including DOPC, POPC, DSPC, and DPPC, was 

found to be 66 mol%.26-28 Previously, it had been shown that the standard deviation of 

scattering intensity becomes significantly larger when cholesterol mole fraction of a lipid 

mixture is beyond the solubility limit of cholesterol, due to the scattering of light by 

cholesterol monohydrate crystals.28 The maximum solubility of cholesterol in diPhyPC 

lipid bilayers determined from three independent experiments was 40.2±0.5 mol%, which 

is far lower than that in other PC lipid bilayers. A recent study of cholesterol maximum 

solubility in POPE/POPC mixtures showed that the maximum solubility increases 

linearly with the ratio of POPC/(POPC+POPE), from 50 mol% for pure POPE to 66 

mol% for pure POPC.29 Assuming that the maximum solubility of cholesterol in 
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diPhyPC/DPPC mixtures also increases linearly with the ratio of 

DPPC/(DPPC+diPhyPC), the expected solubility value in 1:1 diPhyPC/DPPC mixture 

will be 52 mol%, which is significantly lower than that in DOPC/DSPC mixtures (66 mol 

%). The low cholesterol solubility in diPhyPC facilitates the demixing of lipid 

components in dry state, which results in a higher heterogeneity in lipid composition for 

diPhyPC/DPPC/cholesterol GUVs.  

Previously, we proposed the Umbrella Model to explain the key molecular 

interaction between cholesterol and phospholipids.27,30

2.4.5 Lipid Demixing Occurs in The Dry Film State                                                                                                                                              

 Cholesterol has a large nonpolar 

steroid ring body and a relatively small polar hydroxyl headgroup. When cholesterols are 

incorporated into a phospholipid bilayer, neighboring phospholipid headgroups provide 

cover to shield the nonpolar part of cholesterol from exposure to water in order to avoid 

the unfavorable free energy. Thus, phospholipid headgroups act like umbrellas and the 

space under the headgroups is shared by acyl chains and cholesterols. With the Umbrella 

Model, the maximum solubility limit of cholesterol in a lipid bilayer is interpreted as the 

cholesterol mole fraction at which the capability of phospholipid headgroups to cover 

cholesterol molecules from water has reached its maximum and any additional 

cholesterol would precipitate from the lipid bilayer and form cholesterol monohydrate 

crystals. DiPhyPC is a very unusual phosphatidylcholine: its acyl chains are bulky, 

because of the four additional methyl groups on each of its chains (see Figure 2.1). Thus, 

there is much less space under diPhyPC headgroups for cholesterol and interactions 

between two are quite unfavorable, compared to other PCs. 

Our results show that for GUVs prepared from dry lipid films, the solvent used 

(chloroform or 2:1 chloroform/methanol) to dissolve lipids did not make a noticeable 

difference in terms of composition heterogeneity of GUV. This is understandable, since 

solvent was all evaporated in the dry film state. Even with RSE liposomes, which are 

known to have good uniformity in lipid composition, the result was similar to dry film, if 

the liposomes become sufficient dry (see Table 2.1 and Figure 2.4). These results 
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strongly indicate that lipid demixing occurs in the dry film state. In a previous X-ray 

diffraction study, it was found that cholesterol molecules demix from phospholipids in 

dry lipid films, and form anhydrous cholesterol crystals.26 Once cholesterol crystals are 

formed in the dry state, not all crystals will be dissolved even after months of hydration.26

Figure 2.4 Distributions of transition temperature of GUVs prepared by different 

methods. For each lipid mixture and preparation method, 50 GUVs from 5 independent 

preparations were measured. 

 

We tried to visualize cholesterol crystals in dry lipid films using optical microscopy. We 

observed micron-sized crystals in some dry lipid films containing cholesterol, and the 

sizes of crystals grow with time. The general pattern is that the higher the cholesterol 

content, the more the crystals; the lower the cholesterol content, the longer the incubation 

period required. 
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For example, large quantity of crystals was seen in dry lipid film of 15:15:70 

DOPC/DSPC/cholesterol mixture, as soon as the sample was prepared. For dry film of 

4:6 DOPC/cholesterol, crystals can only be observed after 3 days of incubation at room 

temperature (Figure 2.5D). After 2 weeks of incubation, crystals were observed in the dry 

film of 25:25:50 DOPC/DSPC/cholesterol mixture (Figure 2.5B), but not in 3:3:4 

DOPC/DSPC/cholesterol mixture. Interestingly, crystals were detected in the dry film of 

3:3:4 diPhyPC/DPPC/cholesterol mixture (Figure 2.5C) after two weeks of incubation. 

This result is significant, because the same mixture was used for the GUV transition 

temperature measurement (Table 2.1). Combining these results with the result from 

previous X-ray diffraction experiment, those observed crystals should be anhydrous 

cholesterol crystals. It should be pointed out that unlike X-ray diffraction, optical 

microscopy couldn't detect crystals if the size of the crystals is below the resolution limit 

of optical microscopy.  
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Figure 2.5 DIC images show cholesterol demixing from other lipids and forming 

cholesterol crystals in dry lipid films. The length of the black bar is 50 μm. (A) 2-week-

old dry lipid film of DOPC, no crystal. (B) 2-week-old dry film of 25:25:50 

DOPC/DSPC/cholesterol. (C) 2-week-old dry film of 3:3:4 diPhyPC/DPPC/cholesterol. 

(D) 3-day-old dry film of 4:6 DOPC/cholesterol. 

Thus, even if optical microscopy detects no crystal, we cannot conclude that there 

is not crystal in the sample. In any case, the observation of cholesterol crystals in some 

dry lipid films supports our assessment that cholesterol demix from other lipids in dry 

state. In addition, since micron-sized cholesterol crystals were observed in 3:3:4 

diPhyPC/DPPC/cholesterol dry films, but not in 1:1:1 DOPC/DSPC/cholesterol dry film 

after 2 weeks incubation, demixing of lipids in dry state is more severe for 3:3:4 

diPhyPC/DPPC/cholesterol mixture. Another indication of cholesterol demixing can be 

found in the values of transition temperature. Since some cholesterol will stay as crystals 

even after months of hydration,26 the average cholesterol mole fraction of GUV will be 

less than the cholesterol mole fraction of the sample, which should result in a higher 

average miscibility transition temperature for GUVs. A careful inspection of 2.1 and 
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Figure 2.5 shows that this is indeed the case: for both ternary mixtures, the average GUV 

transition temperature is the highest for dry film preparations and the lowest for damp 

film preparations. In order to judge whether the differences in average transition 

temperature for dry and damp film preparations are statistically meaningful, we 

performed Student's t-test using the values in Table 2.1. For 1:1:1 DOPC/DSPC/ 

cholesterol mixture, the t value, degrees of freedom, and two-tailed test p-value are 6.19, 

63 and 0.000, respectively. Thus, the difference in transition temperature is definitely 

significant. For 3:3:4 diPhyPC/DPPC/cholesterol mixture, the calculated values are 1.65, 

65 and 0.052. Thus, the difference may or may not be significant due to large standard 

deviation of the data. Our results indicate that GUVs prepared by the damp film method 

contain more cholesterol than GUVs prepared by other methods. Thus, the demixing of 

lipids not only increases the standard deviation of GUV lipid composition, but also 

lowers the average cholesterol mole fraction of GUVs. 

2.4.6 Potential of The Damp Lipid Film Method 

With the damp lipid film method, wet liposomes are transformed into GUVs 

without going through a dry state. Thus, the method has a potential to directly prepare 

GUVs from proteo-liposomes or cell membranes containing native membrane proteins. 

Also, we have been successful in making GUVs with the damp film method in a buffer 

containing up to 50 mM KCl (5 mM PIPES, 50 mM KCl, 1 mM EDTA, 1 mM NaN3, pH 

7.0) following the electroformation method of Pottand Bouvrais.15

2.5 Conclusion 

 Preparing GUVs in 

ionic buffer is of course more biologically relevant. 

In this work, a new procedure to produce GUVs with better uniformity in lipid 

composition has been developed. Lipid compositional uniformity was measured through 

the distribution of GUV miscibility transition temperatures. This work shows that the 

deviation in GUV lipid composition prepared from a dry lipid film is high and a major 

cause is the demixing of lipid components in the dry film state. The problem becomes 

worse for a lipid mixture in which cholesterol has a low maximum solubility limit. 
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CHAPTER THREE 

3. GRAMICIDIN ALTERS THE LIPID COMPOSITIONS OF 

LQUID-ORDERED AND LIQUID-DISORDERED 

MEMBRANE DOMAIN  

3.1 Abstract 

The effects of adding 1 mol% of gramicidin-A to the well-studied di18:1PC 

(DOPC)/di18:0PC(DSPC)/cholesterol lipid mixtures were investigated. Quaternary giant 

unilamellar vesicles (GUV) were prepared using our recently developed Damp-Film 

method. The phase boundary of liquid-ordered and liquid-disordered (Lo+Ld) coexisting 

region was determined using video fluorescence microscopy. After testing several 

fluorescence dyes, we found that the emission spectrum of Nile Red is quite sensitive to 

membrane composition. By fitting the Nile Red emission spectra at the phase boundary to 

the spectra in the Lo+Ld

As an active component of lipid membranes, gramicidin alters the phase boundary 

and thermodynamic tie-lines. Even at as low as 1 mol%, gramicidin changes the lipid 

composition and relative amounts of L

 coexisting region, the thermodynamic tie-lines were determined. 

We found that if cares were not taken, light-induced domain artifacts could significantly 

distort the measured phase boundary.  

o and Ld lipid domains. For some lipid 

compositions, gramicidin abolishes the coexisting phases; for others, gramicidin induces 

the phase separation. By measuring gramicidin’s partition between coexisting Lo and Ld 

phases, we found that gramicidin partitions favorably into Ld phase and increases the 

amount of Ld lipid domains. We determined partition coefficient of gramicidin-A 

between Lo and Ld  phases for two different tie-lines. It is well established that lipid 

bilayers can influence membrane protein activities; our results demonstrate that 

membrane proteins can also induce physical and biochemical changes of lipid 

membranes in reciprocal fashion.   
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3.2 Introduction 

One of the popular approaches to study cell membranes is to study lipid mixtures 

phase behaviors. Although the structure of compositionally simple binary and ternary 

lipid systems have been extensively studied in the last three decades,1-4 the effects of 

proteins on compositional complexity of  biological membranes, have not been studied in 

details. Since in some biological membranes, the majority of membrane area is covered 

by proteins (up to 60–70%),20 it is reasonable to suppose that membrane proteins would 

have large effects on bilayer phase behavior. To the best of our knowledge, previously no 

4-component phase diagram, with protein as one of the components, has been reported. 

This work is the first study of this kind which investigate the effect of polypeptide 

gramicidin-A on Lo+Ld

In recent years, many studies have focused on the study of lipid rafts, a type of 

domain structure thought to form spontaneously by lateral phase separation in 

membranes. Lipid rafts are enriched in cholesterol, saturated lipids and sphingolipids, lipid-

anchored proteins and certain transmembrane proteins.

 phase boundaries.  

21,22 Lipid rafts provide domains for 

self-assembly and transport of specific proteins involved in signaling and trafficking of 

the cells.23-25 To understand the properties of lipid rafts, model lipid bilayers of ternary or 

quaternary lipid mixtures have been used extensively in the past decade. Model lipid 

bilayers can be chemically well defined and systematically studied within the framework 

of equilibrium thermodynamics. Model membrane studies have developed the raft 

hypothesis by providing a picture of plasma membrane domains as coexisting liquid-

ordered (Lo) and liquid-disordered (Ld) phases. Based on several studies,5-8 it is shown 

that the mixtures of 3 lipid components, with one being cholesterol, one a high -melting 

temperature lipid, and one a low-melting lipid, have the minimal number of components 

that yield rich phase behavior including a region of coexisting Lo+Ld phases. Some 

groups have published ternary phase diagrams for a variety of raft-like mixtures, using 

fluorescence microscopy on giant unilamellar vesicles.2-6 
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 In this work, the effects of adding 1 mol% of gramicidin-A to the well-known 

DOPC/DSPC/cholesterol lipid mixtures were investigated. The purpose of this work is to 

investigate the rules that describe how membrane proteins partition between lipid 

domains, and how protein controls domain properties. Gramicidin-A is a linear 

polypeptide that two monomers of gramicidin-A can span the bilayer. Gramicidin is a 

well studied model for the membrane-spanning domain of transmembane proteins.  

3.3 Experimental Methods 

3.3.1 Preparation of GUVs by Electroformation From Damp-Lipid Film 

Quaternary (DOPC/DSPC/cholesterol/gramicidin-A), giant unilamellar vesicles 

(GUVs) were prepared using our recently developed damp-film method.9 In this modified 

procedure, we avoid dry-lipid film state in order to reduce lipid demixing.  We first 

prepare liposomes using the updated Rapid Solvent Exchange (RSE) method,10 then we 

use RSE   liposomes to produce damp-lipid films, and finally we use the electroformation 

method11 to produce GUVs from the damp-lipid films.  For fluorescence microscopy 

experiments, all GUVs were labeled with 0.5 mol% of DiIC12 

3.3.2 Determining The Phase Boundary of Liquid-Ordered and Liquid- 

Disordered Coexisting Region 

(3) florescence dye.   

Fluorescence videos and images of GUVs were captured using a Cooke SensiCam 

CCD camera (Auburn Hills, MI) on an Olympus IX70 inverted microscope (Melville, 

NY) with a 40X Olympus objective. The samples were placed on a home-built sample 

stage made of copper and aluminum, with sample in direct contact with the copper part.  

Heating of samples were achieved by two thermoelectric Peltier modules (06311-5L31-

02CFL, Custom Thermoelectric, Bishopville, MD) controlled by a thermoelectric 

temperature controller and a 10 kΩ thermistor (WTC3293-14001-A and TCS10K5, 

Wavelength Electronics, Bozeman, MT). All images and videos were captured at 25 ℃.   

In order to determine the phase boundary, we used the published phase boundary 

of ternary mixture of DOPC/DSPC/cholesterol 8,12,19 as an initial estimation of the phase 
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boundary for the new quaternary mixtures (i.e., ternary mixture +1 mol% gramicidin-A). 

We prepared GUVs with various lipid compositions, characterized by two parameters; 

the R values (R = χDSPC
χDSPC+ χDOPC

) and cholesterol mole fraction (χC). We started initially 

with mixtures which have the same R value but different χC values at 5 mol% increment 

in χC. After checking these GUVs, and finding the phase boundary roughly, we prepared 

new samples at 2 mol% increment in χC.  By repeating this procedure for different R 

values with an accuracy of 2 mol% in χC, we found 16 points on phase boundary of 

Lo+Ld

 

 region. The phase boundary of entire liquid-ordered and liquid-disordered 

coexisting region is best fit to these 16 points. Figure 3.1 illustrates this procedure. 
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Figure 3.1 Procedure of determining the phase boundary of  Lo+Ld. For all data points 

𝑅 = 0.5 and  χC = 0.29,0.33,0.37,0.41,0.45,0.49  (respectively from the lowest point to 

the highest point); the number in each GUV image represents the diameter of GUV; as 

can be seen, GUVs with compositions below the phase boundary have two phases 

(Lo+Ld). Since DiIC12(12) fluorescent dye partitions favorably into Ld  phase, the dark 

domains is Lo phase and the bright background is Ld  

Several measures were taken in order to avoid the problem of light-induced 

domain.  First, an illumination diagram was used so that only the center portion of the 

field of view was illuminated.  Second, a manual light shutter was used to minimize 

unnecessary exposure of light to GUVs during experiments. Third, we also introduced a 

phase. 
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simple video microscopy technique; fluorescence images were continuously recorded in 

the video mode at a rate of 5 frame/second by the CCD camera during experiments. If 

lipid domains were observed on a GUV, we then examined the recorded video frame by 

frame to make sure that the domains were there right after the GUV was moved into the 

illuminated area.  If the domains only appeared after a period of time has passed after the 

GUV was moved into the illuminated area (for example, 0.5 seconds), then these lipid 

domains must be light-induced domains. This technique is based on the observation by us 

and others that light-induced domains usually take seconds to minutes to occur.

3.3.3 Measurement of The Emission Spectrum of Nile Red 

9,13 

After trying out several fluorescence dyes (DPH-PC, di-pyrene-PC, …), we found 

that the emission spectrum of Nile Red is quite sensitive to lipid composition of 

liposomes and this property can be used to determine the lipid compositions of coexisting 

lipid domains (Figure 3.2). Nile red is a water-soluble fluorescence dye which 

fluorescences extensively in the hydrophobic region of lipid bilayers.14,15

Nile Red emission spectra were measured using a T-mode PTI C61/2000 

spectrofluorimeter (Lawrenceville, NJ).  The excitation wavelength was set to 530 nm 

with a 4-nm slit width. The emission spectra were collected between 560 to 710 nm with 

a 2-nm slit width. The emission signals from both detector channels were collected in the 

photon counting mode with a step size of 0.5 nm and 1 second integration time. For 

fluorescence spectrum measurements, RSE liposomes are labeled with 0.1 mol% of Nile-

Red fluorescence dye. 2 ml of RSE liposomes (~75 µM) suspension in RSE buffer was 

added to a cuvette containing a Teflon coated magnetic stir bar. The cuvettes were kept at 

25 ℃, the same temperature which we performed GUV microscopy experiment. 

 Its spectrum 

shifts depending on lipid composition. Nile Red fluorescence is largely quenched in 

water, and is almost non-fluorescent in water and polar solvents. So, in the spectrum 

analysis, we have ignored the background emission of Nile Red in water.  
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Figure 3.2 Nile red emission spectra along the phase boundary and in the two phase 

(Lo+Ld) coexisting region. As composition of the lipid bilayer changes from point 1 (on 

the Ld boarder) to point 9 (on the Lo

3.3.4 Measurement of Partition Coefficient (𝐊𝐩) of Gramicidin-A Between 

L

 border), Nile red spectrum shows a blue-shift. In 

order to see the shift clearly, we fitted the spectra of Nile red by a polynomial function of 

degree 6. The Gibbs’ triangle and also 9 selected composition points are shown on the 

graph. 

o and Ld  

For measurement of partition coefficient, we prepared multilamellar vesicles by 

the dry-film method.

Phases 

16 We found that using RSE liposomes for partition coefficient 

measurement resulted in more noisy data, probably due to different conformations 

(channel, nonchannel and intermediate) of gramicidin-A in the lipid bilayer.18 Samples of 

DOPC/DSPC/cholesterol+1 mol% gramicidin-A and samples without gramicidin (for 

background subtraction) dissolved in chloroform were prepared. Samples were dried to a 
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thin film under a gentle stream of nitrogen while vortexing, then kept under vacuum for 

about 12 hours. The final pressure was 10 mTorr in the vacuum chamber. Each sample 

was hydrated with 2.2 ml RSE buffer for 1 hour under argon, and vortexed for 30 

seconds. The concentrations of suspension of multilamellar vesicles in RSE buffer were 

about 75 µM. Hydration was done at 61 ℃. At the end of hydration period, samples were 

cooled to room temperature at a rate less than 0.2℃ min� . Fluorescence measurements for 

all samples were made with a T-mode PTI C61/2000 spectrofluorimeter (Lawrenceville, 

NJ) at 25 ℃ using Quartz cuvettes. The excitation wavelength was 270 nm, and the peak 

of emission spectrum was 336 nm. The excitation and emission bandwidths were 2 and 8 

nm, respectively. Figure 3.3 shows the emission spectrum of 1 mol% gramicidin-A in 

74.4:10.6:15 DOPC/DSPC/Chol lipid mixture.  

Figure 3.3 Emission spectrum of gramicidin-A in lipid bilayer of 74.4:10.6:15 

DOPC/DSPC/Chol. The excitation wavelength was 270 nm. A 300 nm high-pass filter 

was used in the path of emission beam to minimize scattering of excitation beam. 

Excitation and emission bandwidths were 2 and 3 nm, respectively. Data were smoothed 

using a 3-point averaging.  
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3.4 Results and Discussion 

3.4.1 Coexisting Lo+Ld  

Figure 3.4 shows the coexisting L

Phase Boundary  

o+Ld phase boundary determined by video 

fluorescence microscopy, and the images of GUVs at some selected lipid composition. 

The boundary was determined at an accuracy of 2 mol% in χC. We estimate that the 

experimental accuracy of lipid compositions of our GUVs (i.e., the accuracy of each 

point in the phase diagram) is around 1 mol%. The accuracy depends on the syringes that 

we used to dispense lipids and also on the determination of lipids concentration 

(phosphate assay).27

 

  

Figure  3.4 Coexisting Lo+Ld  phase boundary and images of GUVs at some selected lipid 

compositions. The solid line is the phase boundary for DOPC/DSPC/cholesterol ternary 

mixture;19 the dashed line is phase boundary after adding 1 mol% gramicidin-A to the 

ternary mixture. The scale bar on each GUV image represents 10 µm. 
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As it can be seen, the phase boundary is tilted and shifted to the right after adding 

1 mol% of gramicidin-A. The shift indicates that gramicidin-A increases the area of Ld 

phase and reduces the area of Lo phase. In Region I, phase separation exists in the 

absence of gramicidin however, after adding gramicidin, it becomes a one phase region 

(Ld). In contrast, for region II, in the absence of gramicidin, it has only one phase (Lo); 

but after adding gramicidin it shows phase separation (Lo+Ld). From the new phase 

boundary, we can conclude that gramicidin-A partitions into the Ld phase, as previously 

reported by others.

3.4.2 Determining Thermodynamic Tie-lines  

16, 26 

For a complete description of coexisting Lo+Ld phases and their compositions, 

the orientations of thermodynamic tie-lines are needed. The compositions of coexisting 

Lo+Ld phases is important to understand the nature of lipid rafts-like domains, which are 

biologically important domains that mimic the behavior of lipid rafts. Our method in 

determining tie-lines is based on the fact that the spectrum of Nile Red in two-phase 

(Lo+Ld) coexisting region is a linear superposition of the two single-phase spectra (Lo 

and Ld)

We prepared RSE liposomes of quaternary (DOPC/DSPC/cholesterol/ 

gramicidin-A) mixtures labeled with 0.1 mol% of Nile Red (i.e., at the probe to lipid ratio 

of 1/1000). We selected 17 points on L

 at the two phase boundary points.  

d side of the boundary, and 15 points on the Lo 

side, as well as 3 points in the two-phase region on the R = 0.5 line. Emission spectra of 

Nile Red were measured for all 35 samples at 25 ℃. For a given point in the 2-phase 

region, all possible straight lines passing through the point in the coexisting Ld+Lo region 

were tested. According to the lever rule, the spectrum of a point (mixture) in the 

coexisting Ld+Lo region is a linear superposition of the spectra of two points on the phase 

boundary (i.e., two endpoints of the tie-line). Therefore, we define a fitting curve for the 

intensity of emission spectrum in the coexisting Ld+Lo 

 

region as,  

𝐼  𝑓𝑖𝑡𝑡. (λ) = α Id (λ) +  β Io(λ)                                                                                                             (3.1)                                                                                                                                    
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where, 𝛼 = AdWd Qd and β = AoWo Qo.  

A, W, and Q are, the partitioning fraction of Nile Red, lever rule coefficient, and quantum 

yield of Nile Red, respectively. We define a parameter, 𝛿, as follows, 

𝛿 =  ∑ (𝐼  𝑓𝑖𝑡𝑡. (λ) −  𝐼 (𝜆))2𝜆=710
𝜆=560                                                                                                         (3.2)    

Where I (𝜆) is the measured intensity of emission spectrum of Nile Red for a point on 

𝑅 = 0.5 line in the coexisting Ld+Lo region. In order to find the tie-line for a point on 

𝑅 = 0.5 line in coexisting Ld+Lo region, we search for the minimum value of 𝛿 by 

changing α and β numerically. Figure 3.5 shows all possible tie-lines tested and also the 

best-fit tie-line (red line) for point 3 on 𝑅 = 0.5 line in the coexisting Lo+Ld 

 

region. 

Figure 3.6 shows corresponding 𝛿 values.  

 

 

 

 

 

 

 

 

 

Figure  3.5 Dotted lines are all possible thermodynamic tie-lines passing through point 3; 

each line connects a point on the Ld side of the phase boundary to a point on the Lo side. 

The red line is the best-fit tie line for Point 3 which has the minimum δ value.  
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Figure 3.6 The fitting goodness of δ values for the possible tie-lines tested in Figure 3.5. 

Best-fit tie-line has the lowest δ value (shown in red). 

Figure  3.7 shows 3 thermodynamic tie-lines determined using the above method.  

 

 

 

 

 

 

 

 

 

 

 

Figure  3.7 Lo+Ld phase boundary and thermodynamic tie-lines for DOPC/DSPC/ 

cholesterol mixtures with 1 mol% gramicidin-A. 
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We also confirmed the above tie-line results using another fluorescent molecule, 

DPH-PE, and we got the same result. However, Nile Red spectra are more sensitive to the 

change of lipid composition. Figure 3.8 shows the spectra of Nile red for Point 3 (a two-

phase mixture), two phase boundary points, and also the fitting curve. As it can be seen, 

the spectra of the two-phase mixture (black) and the fitting curve (red) are almost 

overlapping, which indicates an excellent fit. 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 In order to show the accuracy of our fitting, we have drawn the spectra of Nile 

Red for Point 3 in Figure 3.7 (i.e., DOPC/DSPC/chol:32.5/32.5/35), in two-phase region, 

two boundary points (two endpoints of the tie-line) and also the fitting curve; 

 I3  �itt. (λ) = 0.301 Id (λ) +  0.790 Io(λ).   

To see the effect of adding gramicidin on the orientation of thermodynamic tie-

lines, in Figure 3.9, we have plotted two tie-lines (one for the ternary mixture without 

gramicidin8 and one after adding gramicidin) passing through point 2  in Figure 3.7 (i.e., 

DOPC/DSPC/chol:3:35:30). Before adding gramicidin, the tie-line has a small positive 

slope. As it can be seen in Figure 3.9, the tie-line after adding gramicidin is tilted and has 
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a larger positive slope in comparison to the tie-lie of the ternary mixture without 

gramicidin, indicating the effect of gramicidin on the orientation of tie-line. These tie 

lines allow us to make some quantitative analyses. For example, before adding 

gramicidin, the ratio of amount of cholesterol in Lo phase to Ld phase is ~1.6. After 

adding gramicidin this ratio becomes ~2.7. This indicates that gramicidin favors Ld  phase 

and after adding it to the mixture, cholesterol concentration decreases in Ld phase. 

Inversely, in the Lo 

 

phase the concentration of cholesterol increases.  

 

 

 

 

 

 

 

 

 

Figure 3.9 Comparison of tie-lines. Solid line: DOPC/DSPC/chol:35:35:30 ternary 

mixture ;8

In table 3.1 we have quantitatively compared the amounts of coexisting phases of 

Point 2 (i.e., DOPC/DSPC/chol:35:35:30), and lipid compositions of corresponding 

boundary points before and after adding 1 mol% of gramicidin.  

 dashed line: the same mixtures with 1 mol% gramicidin. The red squares 

represent error bars in determining tie-lines.  
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Table 3.1 Comparison of lipid compositions of coexisting domains and relative amounts 

of phases for Point 2 in Figure 3.7 before and after adding gramicidin 

 

3.4.3 Miscibility Critical Point and Critical Fluctuations 

The tie-line orientations were further confirmed with the direct observation of 

critical fluctuations in GUVs close to the critical point. Orientation of tie-lines in Ld+Lo 

 

region can be used to locate approximate position of the critical point on the phase 

boundary. A critical point (at constant temperature) occurs at the point at which the 

length of the tie line finally reduces to zero and merges with the outer phase boundary. 

We estimated critical point by direct observation of critical fluctuations in GUVs (Figure 

3.10 and Figure 3.11). 

 

 

 

 

 

Point in the phase diagram  
 

       Lipid composition 
(DOPC/DSPC/cholesterol) 

d1 (Ld (70.3/8.1/21.6)  domains without gramicidin) 
d2 (Ld (74.4/10.6/15)   domains with gramicidin) 
o1 (Lo (12.5/52.3/35.2)  domains without gramicidin) 
o2 (Lo (6.5/52.6/40.9)   domains with gramicidin) 
      Phase fraction (Lo/Ld) 
2 (without gramicidin)  (60.8/39.2) 
2 (with gramicidin)     (59/41) 
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Figure 3.10 Critical fluctuation of GUV for a mixture near the critical point in 

DSPC/DOPC/chol+1 mol% gA. The fluctuations have the unique irregular shape. The 

GUV has a nominal composition of DOPC/DSPC/Chol:(0.39, 0.305,0.305). Time 

interval between two snapshots is less that 1 minute. 

 

 

 

 

 

 

 

 

 

Figure 3.11 Compositions of critical fluctuations observed in GUVs before (triangle) 9 

and after adding gramicidin-A (circle).  
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3.4.4 Partition Coefficient  (𝐊𝐩) of Gramicidin-A Between Lo and Ld  

We determined gramicidin partition coefficients for two tie-lines (passing through 

Point 2 and Point 3) in the L

Phases 

o+Ld coexisting region.  For each tie-line, eleven lipid 

mixtures (all with 1 mol% gramicidin-A) and eleven background samples (without 

gramicidin) were prepared with compositions spanning the full length of the tie-lines 

passing through Point 2 or Point 3 in Figure 3.7. The fluorescence intensities of all 

samples were carefully measured. The fluorescence intensity of emission spectrum was 

measured at the peak of the spectrum (Figure 3.3) by using a time-based measurement 

(Figure 3.12). Then, normalized fluorescencees, FN, for each tie-line were plotted as a 

function of Lo phase fraction (i.e., versus the length of tie-line from its Ld end point). 

Fluorescence intensity data were fitted to the equation (1.5). Data points and fitting curve 

have been shown in Figure 3.12. From these data, the partition coefficients, Kp (
Ld
Lo

),  are 

2.8 and 1.6 for tie-lines passing through Point 2 and 3, respectively. The result indicates 

that gramicidin has a net preference for Ld phase. Partition coefficient is not a constant 

number and it depends on the position of tie-line in the coexisting phase region. 

Theoretically, when a tie-line approaches to the critical point, the value of partition 

coefficient should approach to one because two phases become nearly indistinguishable. 

Away from the critical point, the coefficient is close to 2, indicating that gramicidin 

slightly prefers the disordered Ld

                                                                           

 lipid domains with smaller bilayer thickness.  However, 

the partition coefficient continuously changes with lipid composition. Near the critical 

point, the partition coefficient approaches to the theoretical value of 1. 
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Figure 3.12 (Top): tie-line passing through Point 2, and 11 data points spanning the full 

length of the tie-line used for the partition coefficient measurements. (Bottom): time-

based measurement of fluorescence intensities of emission spectra at the pick of gA 

spectrum (after subtraction of the background). The average values were used for the 

partition coefficient determination. 
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Figure 3.13  Normalized fluorescence peak intensities of gramicidin-A; the normalized 

data were fitted to the Equation (1.5) with Kp = 2.8 and 1.6 for tie-lines passing through 

Point 2 and Point 3, respectively. 

Feigenson and his colleagues measured partition coefficient of gramicidin in four 

binary phospholipid mixtures with fluid/gel phases coexistence.16 They used 

Ca(dioleoylphosphatidylserine)2 (Ca(di18:1PS)2), di18:0PC (DSPC), di:16:0PC (DPPC) 

and di14:0PC (DMPC) which all are in gel phase. They found that partition coefficient is 

~30 for (Ca(di18:1PS)2) and DSPC, ~10 for DPPC and ~ 1 for DMPC. They conclude 

that when the hydrophobic mismatch between the length of gramicidin and the length of 

the phospholipid acyl chain increases, partitioning of gramicidin in gel phase decreases 

(or Kp 

The partition coefficients we obtained are 2.8 and 1.6 which are significantly 

lower than the values obtained in fluid/gel mixtures by Feigenson et. al.. The partition 

increases).  
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coefficients measured here are between two fluid phases (Ld and Lo). By considering the 

difference in physical properties of Ld and Lo, we expect smaller value for partition 

coefficient of gramicidin in comparison to partition coefficient of gramicidin between 

coexisting fluid and gel phases. The reason is presence of cholesterol in Ld and Lo

3.5 Phase Changes Induced by Gramicidin-A in PLPC/DSPC/Cholesterol 

and PLPC/DPPC/Cholesterol Lipid Bilayers 

. 

Interaction of cholesterol with phospholipids changes the fluidity and packing of phases 

and difference in physical properties of these two phases is less than the fluid+gel case. 

3.5.1 Abstract  

What are the effects of proteins on lipid membrane domains?  In order to answer 

this question, we systematically investigated the phase changes induced by trans-

membrane peptide gramicidin-A in 16:0-18:2PC(PLPC)/di18:0PC(DSPC)/cholesterol 

and 16:0-18:2PC/di16:0PC(DPPC)/cholesterol lipid bilayers. Quaternary giant 

unilamellar vesicles (GUV) were prepared using our recently developed Damp-Film 

method. The phase boundaries of liquid-ordered and liquid-disordered (Lo+Ld) 

coexisting region as well as the critical points were determined using video fluorescence 

microscopy. Within the phase coexisting regions, thermodynamic tie-lines were 

determined using a fluorescence assay. Our results show that adding 1 mol% of 

gramicidin produces significant phase changes to the lipid bilayers; it completely 

abolishes the Lo and Ld

3.5.2 The Lo+Ld  Phase Boundary of 16:0-18:2PC(PLPC)/di18:0PC(DSPC) 

/Cholesterol Mixtures 

 phase separation.  

Figure 3.14 shows the coexisting Lo+Ld phase boundary determined by video 

fluorescence microscopy. Lo and Ld lipid domains in PLPC/DSPC/Cholesterol mixtures 

are micron-sized. 
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Figure 3.14 Coexisting Lo+Ld phase boundary for 16:0-18:2PC/di18:0PC(DSPC)/ 

Cholesterol ternary mixture. 

3.5.3 The Lo+Ld  phase boundary of 16:0-18:2PC(PLPC)/di16:0PC(DPPC)/ 

Cholesterol Mixture 

Figure 3.15 shows the coexisting Lo+Ld phase boundary determined by video 

fluorescence microscopy. The boundary was determined at an accuracy of 2 mol% in χC. 

We estimate that the experimental accuracy of lipid compositions of our GUVs (i.e., the 

accuracy of each point in the phase diagram) is around 1 mol%. GUVs have macroscopic 

coexisting Lo and Ld domains. As it can be seen, the phase boundary is much narrower 

than the phase boundary of DOPC/DSPC/Chol (Figure 3.4) and also PLPC/DSPC/Chol 

(Figure 3.14). Narrow boundary indicates that lipids thermodynamically mix well. 
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Figure 3.15 Coexisting Lo+Ld  phase boundary for 16:0-18:2PC/di16:0PC(DPPC)/ 

Cholesterol ternary mixture. 

3.5.4 Determining Thermodynamic Tie-lines for PLPC/DSPC/Cholesterol 

Ternary Mixture 

We used the method described in 3.4.2 to determine tie-lines. We only determined 

tie-lines for 16:0-18:2PC(PLPC)/di18:0PC(DSPC)/Cholesterol ternary mixture. 

Determining tie-lines for 16:0-18:2PC(PLPC)/di16:0PC(DPPC)/Cholesterol ternary 

mixture is difficult because phase boundary is too narrow. Figure 3.16 shows two 

thermodynamic tie-lines determined for PLPC/DSPC/Cholesterol.  
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Figure 3.16 Thermodynamic tie-lines determined for PLPC/DSPC/Cholesterol ternary 

mixture. 

3.5.5 Adding Gramicidin-A to PLPC/DSPC/Cholesterol and PLPC/DPPC/ 

Cholesterol Ternary Mixtures 

We found that adding 1 mol% gramicidin-A to 16:0-18:2PC/di18:0PC(DSPC)/ 

Cholesterol and 16:0-18:2PC/di16:0PC(DPPC)/Cholesterol ternary mixtures completely 

abolishes Lo+Ld phase separation. When gramicidin goes into the bilayer, it changes the 

thermodynamic free energies of the mixtures, and as a consequence, Lo+Ld phase 

separation region disappears and those mixtures now have only one phase. Since this 

effect is very different from the one observed for DOPC/DSPC/Cholesterol, we conclude 

that it can be due to the narrow 2-phase region of PLPC/DSPC/Cholesterol and 

PLPC/DPPC/Cholesterol (without gramicidin-A). A narrow 2-phase region means that 

properties of Lo and Ld phases are very close (in comparison to DOPC/DSPC/Cholesterol 

with a wide phase boundary). Such systems are more sensitive to perturbation. It is also 

possible that adding gramicidin reduces the lipid domain sizes, and coexisting domains 



Texas Tech University, Ebrahim Hassan-Zadeh, May 2014 
 

73 
 

become nanoscopic. The experimentally examined mixtures have been shown in Figure 

3.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 The examined mixtures to see the effect of adding 1 mol% gramicidin-A on 

Lo+Ld region of PLPC/DPPC/Cholesterol (top) and PLPC/DSPC/Cholesterol ternary 

mixture (bottom). Red line is phase boundary before adding gramicidin. 
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3.6 Conclusions 

In DOPC/DSPC/Cholesterol ternary mixture case, gramicidin as an active 

component of lipid membranes, not only partitions favorably into the liquid-disordered 

phase, it also alters the phase boundary and thermodynamic tie-lines.  Even at as low as 1 

mol%, gramicidin decreases the cholesterol mole fraction and increases the area of Ld 

phase. Moreover, thermodynamic tie-lines are tilted in comparison with the tie-lines of 

ternary phase diagram of DOPC/DSPC/Cholesterol. Thermodynamic tie-lines after 

adding gramicidin have more positive slope in comparison with the tie-lines of the 

ternary mixture. Our partition coefficient measurement indicates that gramicidin favors 

Ld phase and after adding it cholesterol concentration decrease in Ld phase. Inversely, in 

the Lo phase the concentration of cholesterol increases.  

Adding 1 mol% gramicidin-A to 16:0-18:2PC/di18:0PC(DSPC)/Cholesterol and 

16:0-18:2PC/di16:0PC(DPPC)/Cholesterol ternary mixtures completely abolishes Lo+Ld 

phase separation. When gramicidin goes into the bilayer, it changes the thermodynamic 

free energies of the mixtures, and as a consequence, Lo+Ld phase separation region 

disappears. This effect is very different from the one observed for DOPC/DSPC/ 

Cholesterol, we conclude that it can be due to the narrow 2-phase region of 

PLPC/DSPC/Cholesterol and PLPC/DPPC/Cholesterol. A narrow 2-phase region means 

that properties of Lo and Ld phases are very close. Such systems are more sensitive to 

perturbation. It is also possible that adding gramicidin reduces the lipid domain sizes, and 

coexisting domains become nanoscopic. 
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CHAPTER FOUR 

4. THE UNIQUE ROLES OF HYBRID LIPIDS IN LIPID 

MEMBRANE DOMAIN SIZE AND ORDER 

*** The purpose of this project is to study roles of hybrid lipids in the 
composition, order, and size of lipid membrane domains. This is a joint 
project completed by Me, Eda Baykal-Caglar, and Mohammad Alwarawrah. 
The results have been published in Langmuir.28

4.1 Abstract 

 My main contributions are 
parts: 4.3, 4.4.2, and 4.4.3.  

Hybrid lipids (HL) are phospholipids with one saturated and one unsaturated 

chains. Although it is believed that hybrid lipids can function as linactants (i.e., 2D 

surfactants) in cell membranes to reduce line tension of lipid domain sizes, as a group, 

their unique roles in determining membrane heterogeneity have not yet been 

systematically investigated.  In this study, three hybrid lipids of different degrees of chain 

unsaturation (i.e., 16:0-18:1PC (POPC), 16:0-18:2PC (PLPC), and 16:0-20:4PC (PAPC)) 

are compared in their abilities to alter the composition, line tension, order and 

compactness of lipid domains.  The liquid-ordered and liquid-disordered (Lo+Ld) phase 

boundaries of HL/di18:0PC(DSPC)/cholesterol systems were determined from giant 

unilamellar vesicles (GUV).  We found that the Lo and Ld lipid domains in 

PAPC/DSPC/CHOL and PLPC/DSPC/CHOL mixtures are micron-sized, and only 

POPC/DSPC/CHOL system has nanoscopic domains.  The results show that HLs with 

poly-unsaturated chains essentially behave like “Ld-phase” lipids such as di18:1PC 

(DOPC), and only the mono-unsaturated POPC clearly displays both properties of 

linactant and “Ld-phase” lipid.  The obtained phase boundaries indicate that both POPC 

and PLPC have significant partition in the Lo phases. Our MD simulations reveal that 

these hybrid lipids decrease the order and compactness of Lo domains.  Thus, hybrid 

lipids distinguish themselves from other lipids in this combined “partitioning and 

loosening” ability in Lo domains, and this unique ability contributes the partition of 



Texas Tech University, Ebrahim Hassan-Zadeh, May 2014 
 

79 
 

membrane proteins into lipid-raft-like domains in biomembranes. Our line tension 

measurement and Monte Carlo simulation both show that even in best cases, HLs are 

weak linactants with only modest ability in reducing line tension.  Furthermore, the 

reduction is through two separated mechanisms: one through reducing the compositional 

and property differences of Lo and Ld domains, and the other through weak linactant 

action.   

4.2 Introduction 

Hybrid lipids (HL) are phospholipids with one saturated acyl chain and one 

unsaturated chain, such as 16:0-18:1PC (POPC), 16:0-18:2PC (PLPC) or 16:0-20:4PC 

(PAPC). It has been suggested that HL can act as linactants (i.e., surfactants in 2D 

liquids)1-3 –decreasing line tension at membrane domain interfaces and reducing domains 

sizes.4-8 Recent experiments by Konyakhina et al. showed that the domain sizes of 

coexisting liquid-ordered and liquid-disordered (Lo+Ld) phases in a number of quaternary 

systems containing hybrid lipids, such as POPC/di18:1PC(DOPC)/di18:0PC(DSPC)/ 

cholesterol(CHOL), can undergo a transition from the micron scale to the nanometer 

scale. Lipid domains in giant unilamellar vesicles (GUVs) decrease in size as the mole 

fraction of POPC increases. When unsaturated DOPC is completely replaced by POPC, 

the domains in the ternary POPC/DSPC/CHOL mixtures become too small to be 

observed by fluorescence microscopy.  However, FRET and ESR measurements on 

multi-lamellar vesicles reveal well-defined boundaries of Lo+Ld  coexisting phases.9  

Szekely et al. also found that hybrid lipid POPC could reduce line tension in the gel-fluid 

mixtures of DOPC/di16:0PC(DPPC).7  These evidences suggest that hybrid lipids can 

strongly influence the size of lipid domains.  Although HL are quite common in cell 

plasma membranes,10 quantitatively, the mechanisms of controlling domain size by HL 

have just begun to be explored.  Brewster et al. recently proposed that HL occupy the 

entire lipid domains interface and reduce line tension by maintaining the “right 

orientation” (i.e., orienting their saturated chains to the Lo phase which is rich in saturated 

lipids and cholesterol, and their unsaturated chains to the Ld phase which is rich in 

unsaturated lipids) [4, 5]. Recently, Schafer and Marrink performed a coarse-grain MD 
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study of hybrid lipids at Lo+Ld domain interfaces in a quaternary 

hybrid/DPPC/di18:2PC/cholesterol mixture.6

In this study, the behaviors of three HLs of different degrees of chain unsaturation 

(i.e., PAPC, PLPC, and POPC, see Figure 4.1) are investigated using fluorescence 

microscopy, line tension measurement, Monte Carlo and Molecular Dynamics 

simulations. 

 They showed that hybrid lipid POPC does 

have a preference to the domain interface, but another hybrid lipid, PLPC, does not. 

  

 

 

 

 

 

 

 

Figure 4.1 Chemical structures of saturated lipid di18:0PC (DSPC), unsaturated lipid 

di18:1PC (DOPC), hybrid lipids 16:0-18:1PC (POPC), 16:0-18:2PC (PLPC), 16:0-

20:4PC (PAPC), and cholesterol. 

We found that the Lo and Ld lipid domains in PAPC/DSPC/CHOL and 

PLPC/DSPC/CHOL mixtures are micron-sized, which indicates that these HLs with 

poly-unsaturated chains behavior more like lipids with two unsaturated chains. Thus, 

Simply equating all HLs with linactants is not justified. On the other hand, 

POPC/DSPC/CHOL system also has coexisting Lo and Ld phases; however, the lipid 

domains are nanometer sized [9], which suggests that the mono-unsaturated POPC should 
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be characterized as both a “Ld-phase lipid” and as a linactant.  Here we use the phrase 

“Ld-phase lipid” to refer those lipids preferring the liquid-disordered domains but having 

no linactant capability, such as DOPC or diPhyPC.9-11

4.3 Experimental Methods 

 Our phase boundary measurements 

and MD simulations reveal an unusual property of HLs, PLPC and POPC both have 

significant partition in Lo domains, and they also decrease the order and compactness of 

the Lo domains. None of other common lipid groups, such as saturated lipids, unsaturated 

lipids, or cholesterol, have this combined property.  This combined “partitioning and 

loosening” ability of HL could facilitate membrane proteins to partition into raft-like 

domains in biomembranes.  Our line tension measurements show that even in the best 

cases, HLs are weak linactants with only modest ability to occupy lipid domain interfaces 

and reduce line tension.  Furthermore, the reduction is through two separated 

mechanisms. First, HL can reduce the compositional differences of Lo and Ld domains, 

which decrease the “natural” contacting free energy between two types of domains. 

Second, by serving as weak linactants, they can further reduce line tension and domain 

size.  

GUV Preparation. GUVs were prepared using our recently developed damp-film 

method.12 In this modified procedure, we avoid dry-lipid film state in order to reduce 

lipid demixing.  We first prepare liposomes using the updated RSE method,13 then use the 

RSE liposomes to produce damp-lipid films, and finally use the standard electroformation 

method to produce GUVs from the damp-lipid films.  To produce damp-lipid film, 20 μl 

of the RSE liposome suspension (~300 µM) is spread on two ITO coated slides. Then the 

slides were placed inside a sealed constant humidity chamber.  The chamber was filled 

with argon gas, and wet potassium carbonate (K2CO3) was used to keep the humidity of 

the chamber at 55%. After 24-30 hours, the resulting damp-lipid films on ITO coated 

slides appeared smooth and translucent.  We have shown that the deviation in GUV lipid 

composition prepared from a dry lipid film is high and a major cause is the demixing of 

lipid components in the dry film state.12 The problem becomes worse for a lipid mixture 

in which cholesterol has a low maximum solubility limit. By avoiding the dry film state, 
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GUVs prepared from damp lipid films have a better uniformity in lipid composition, and 

the standard deviations of miscibility transition temperature are about 2.5 times smaller 

than that of GUVs prepared from dry lipid films.

Determination of Lo+Ld coexisting region by fluorescence microscopy. All 

GUVs were labeled with 0.5 mol% of DiIC12(3) florescence dye. Fluorescence images 

and videos of GUVs were captured using a Cooke SensiCam HQ CCD camera (Auburn 

Hills, MI) on an Olympus IX70 inverted microscope (Melville, NY) with either a 40x 

Olympus objective. We prepared GUVs that cover the estimated boundary region and 

then used fluorescence microscopy to determine the 2-phase coexisting region.  In order 

to reach an accuracy of 2 mol% in lipid composition, a boundary point was measured 3-5 

times using 15-20 independent prepared GUVs.  For each Lo+Ld phase boundary, 15-20 

such points were measured. It has been reported that exposure to light for a long period of 

time can cause photo oxidation of fluorescence dyes, and this may lead to artifactual 

domain formation (i.e., light-induced domains).

12 

14

 

 The severity of the problem depends on 

a number of factors, including the nature of lipid mixture, the intensity of light, the type 

and the concentration of fluorescence molecule, and the total exposure time. Several 

measures were taken in order to avoid the problem of light-induced domain.  First, an 

illumination diagram was used so that only the center portion of the field of view was 

illuminated.  Second, a manual light shutter was used to minimize unnecessary exposure 

of light to GUVs during experiments. Third, we also introduced a simple video 

microscopy technique: fluorescence images were continuously recorded in the video 

mode at a rate of 5 frame/second by the CCD camera during experiments. If lipid 

domains were observed on a GUV, we then examined the recorded video frame by frame 

to make sure that the domains were present in the first video frame after the GUV was 

moved into the illuminated area.  If a domain was not there at first, but appeared later (for 

example, after 0.5 seconds), then the domain was light-induced. 
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4.4 Results and Discussion 

4.4.1 Mixing Behavior of Linactant/DSPC/CHOL Mixtures 

 In some previous theoretical studies, lipid membrane domain sizes were 

calculated based on the assumption that HLs are “perfect linactants”, i.e., they only 

occupy at domains interfaces and they always maintain the “right orientation”. Is such 

assumption justified? Should hybrid lipids be characterized as both linactants and Ld-

phase lipids?  In order to answer these essential questions, MC simulation is used to 

explore the possible mixing patterns of linactants in the ternary 30:45:25 

linactant/DSPC/CHOL mixtures.  The result will be used to interpret experimental phase 

boundaries in the next section. Previously, the Lo+Ld  phase boundary of 

DOPC/DSPC/CHOL mixtures was simulated using MC simulation, and the best-fit 

pairwise excess interaction energies ∆E UC and ∆E SC were found to be -1.3 kT and -1.0 

kT, respectively.22 The basic property of a linactant is formulated as following: A 

linactant is modeled as a physically linked dimer chains: one saturated and one 

unsaturated. The excess interaction energy ∆E US between an unsaturated chain of a 

linactant and a saturated chain of DSPC is unfavorable (positive).  This unfavorable 

energy causes the unsaturated chains of linactants to avoid contacts with DSPC.  For 

DOPC/DSPC/CHOL mixtures, the best-fit ∆E US (between unsaturated DOPC and 

saturated DSPC chains) was found to be +0.54 kT.  Here we will test a range of ∆E US 

values, from 0 to +3 kT.  For ∆E US = 0, the mixing of linactants with other lipids is close 

to random. For ∆E US = +0.54 kT, which represents a case of weak linactants, the 

simulation showed that linactants form small dynamic clusters, but the mixture has only 

one phase. In order to visualize the case of “perfect linactants”, we also performed 

simulations with an extreme large ∆E US (i.e., +3.0 kT).  Linactants form worm-shaped 2-

dimensional micelles, in which the saturated chains of linactants are all facing saturated 

lipids and the unsaturated chains of linactants are hided in the interior of 2D micelles.  

These types of 2D micelles are in nanometer scale and have been found experimentally in 
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other systems.1,2  This extreme case is similar to detergent molecules forming spherical-

shaped micelles in bulk water. Interestingly, in this extreme case, cholesterol has an 

elevated presence at the surfaces of 2D micelles, and this reduces the direct contacts 

between DSPC and the unsaturated chains of linactants.  This behavior of cholesterol is 

consistent with the MD simulation of cholesterol in lipid bilayers performed by Pundit 

and Scott.23 Our MC simulations show that in order to be a perfect linactant, ∆E US ≥ +2 

kT is needed. Previous MC simulations from various groups showed that unfavorable 

interaction energies between various lipids are generally found to be less than +0.7 

kT.22,24-27 

The linactant ability can be further measured by its effectiveness in reducing line 

tension and lipid domain size in quaternary HL/DOPC/DSPC/CHOL mixtures. On the 

other hand, if a HL behaves like a Ld-phase lipid, then the excess interaction energy 

between the saturated chain of HL and saturated chains of DSPC would also become 

positive.  In this case, the behavior of a HL/DSPC/CHOL mixture would be similar to 

that of a DOPC/DSPC/CHOL mixture: macroscopic coexisting phases (i.e., Ld phase rich 

in HL and Lo phase rich in DSPC and cholesterol) become possible.  Therefore, if a 

ternary HL/DSPC/CHOL mixture is experimentally found to have macroscopic lipid 

domains, the dominating behavior of the HL is that of Ld-phase lipids.           

Thus, a ternary linactant/DSPC/CHOL lipid mixture should only have one 

phase.  

4.4.2 Lo+Ld  Phase boundaries of HL/DSPC/Cholesterol mixtures    

GUVs of ternary HL/DSPC/Chol mixtures were examined using fluorescence 

microscopy.  Cares were taken to avoid the light-induced domain problem and to reduce 

the oxidation of lipids.14,15  Otherwise, a measured Lo+Ld region would appear to be 

larger than the actual one and to be not reproducible.  In addition to use our damp-film 

method, the boundaries were also confirmed from GUVs prepared using the gentle-

hydration method.16 The Lo+Ld phase boundaries of 16:0-20:4PC(PAPC)/DSPC/ 

cholesterol and 16:0-18:2PC(PLPC)/DSPC/cholesterol mixtures were determined at a 2 

mol% accuracy in lipid composition (see Figure 4.2). The boundary for PAPC/DSPC/ 
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CHOL system (red line in Figure 4.2) is almost identical to the boundary of 

DOPC/DSPC/CHOL system (dotted line)17. The lipid domains within the 2-phase 

coexisting region are circular, micron-sized, and quite stable (i.e., no visible edge 

fluctuation), except near the critical point.  Thus, the dominating character of hybrid lipid 

PAPC is essentially that of “Ld-phase” lipid DOPC with two unsaturated chains (Figure 

4.2), rather than that of a linactant. It appears that the four double bonds in the 

unsaturated chain of PAPC produce enough disorder in the acyl region and makes the 

entire molecule behaves like a “Ld-phase” lipid, despite of its saturated chain. The Lo+Ld 

coexisting region is very wide, which means that the Lo domains contain very little 

PAPC, i.e., PAPC does not fit well in the tightly packed Lo domains mainly consisting of 

DSPC and cholesterol.  For PLPC/DSPC/CHOL system, we found that the lipid domains 

in 2-phase GUVs are also round-shaped and micron-sized.  However, noticeable domain 

edge fluctuation has been observed on these GUVs, indicating a lower line tension in 

these GUVs. The Lo+Ld coexisting region of PLPC/DSPC/cholesterol mixtures (green 

line) is considerably narrower, indicating that significant amount of PLPC (~15 mol%) 

partition into the Lo domains and its Ld domains also contains about 15 mol% of DSPC.  

Konyakhina et al. found that ternary POPC/DSPC/cholesterol mixtures also have a Lo+Ld 

coexisting region. However, the lipid domains are all nanoscopic (i.e., below the 

resolution of optical microscope).18 For comparison, the black dashed line in Figure 4.2  

is the Lo+Ld phase boundary for  POPC/DSPC/CHOL. 
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Figure 4.2 (Top): a comparison of Lo+Ld  phase boundaries of PLPC/DSPC/cholesterol 

(green line), PAPC/DSPC/CHOL (red line), POPC/DSPC/CHOL (dashed line) and 

DOPC/ DSPC/CHOL (dotted line).  Phase boundaries of POPC/DSPC/CHOL and 

DOPC/DSPC/ CHOL are from reference;9,17,18  (bottom): DiIC12(3) fluorescence images 

of GUVs. The scale bar represents 5 μm. GUV a1 and b1 have one phase, and the others 

have Lo (dark) and Ld (bright) coexisting phases. Lipid compositions of a1, a2, and a3 are 

PAPC/DSPC/CHOL (27.5:27.5:45), (24:36:40), and (35:35:30), respectively; lipid 

compositions of b1, b2, and b3 are PLPC/DSPC/CHOL (32.5:32.5:35), (28.4:42.6:29), 

and (29.2:43.8:27), respectively. 
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Our MC simulation shows that if a HL only behaves like a linactant, there should 

be no phase separation in a HL/DSPC/CHOL mixture.  On the other hand, phase 

separation can occur if a HL behaves like a “Ld-phase” lipid, i.e., sufficient large 

unfavorable interactions energy for any contact between a HL and DSPC.  Since there are 

phase separated Lo+Ld regions in all three HL/DSPC/CHOL systems, all three HLs have 

certain degree of “Ld-phase” lipid character, and this character is strongest in PAPC and 

weakest in POPC.  Our results indicate that in general, a HL lipid should be characterized 

as both a “Ld-phase” lipid and a linactant.  With the increase of the number of double 

bonds in HL’s unsaturated chain, the “Ld-phase” lipid character gets stronger and the 

linactant character gets weak.  PAPC essentially behaves like DOPC with no linactant 

ability. Among the three HLs, only the hybrid lipid with a single double bond (POPC) is 

most linactant-like and produces nanometer-size lipid domains.  

4.4.3 Partitioning and loosening of HL in Lo domains  

The Lo+Ld phase boundaries of HL/DSPC/CHOL in Figure 4.2 reveal an 

interesting property of hybrid lipid. HL with 1 or 2 double-bonds (POPC or PLPC) can 

have significant partition in ordered Lo domains, and the partition increases with the 

decrease of number of double bonds.  For POPC/DSPC/CHOL mixtures, the ratio of 

POPC/DSPC in its Lo domains is roughly 3:7, much higher than the ration of 

PAPC/DSPC in the Lo domains of PAPC/DSPC/CHOL system (~1:9).  Since HLs are in 

the fluid-phase at room temperature, one expects that HLs decrease the order of Lo 

domains.  Our MD simulations (in a later section) show that HLs indeed decrease the 

order and compactness of Lo domains.  In general, unsaturated lipids, such as DOPC, 

don’t partition well in Lo domains.  On the other hand, saturated lipids and cholesterol 

increase the order and compactness of Lo domain.  This combined ability of “partitioning 

and loosening” in Lo domains appears to be a unique property of HL, and it could be 

important for controlling the compactness of lipid raft domains in biomembranes and 

facilitating membrane protein partition in these domains. Many researchers have found 

that the majority of so called “raft” proteins in live cells actually strongly partition into 

the Ld domains in GUVs, rather than into the Lo domains.17-19 Sengupta et al. found that 
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GPI-anchored proteins show strong preference for Lo domains in compositionally 

complex giant plasma membrane vesicles (GPMV), which are obtained by chemically 

induced blebbing of cultured cells.20

4.4.4 Two Mechanisms of Reducing Line Tension by HL   

  However, the same proteins prefer Ld domains in 

model membranes. They suggested that Lo domains in typical 3- 4-component GUV 

might be too compacted.  One possible explanation is that most GUV do not contain HL, 

so the Lo domains in GUVs are more compact than Lo domains in biomembranes. 

Line tension at a domain boundary is mainly determined by two factors: the 

property differences of two types of domains and the effectiveness of linactants. Line 

tension exists at a domain boundary regardless of the presence of linactants. If the 

properties of two types of domains, such as bilayer height, acyl chain order and electric 

dipole density, are very different, the free energy along the domains interface (i.e., line 

tension) will be high.  Properties of a lipid domain are determined by its lipid 

composition.  A very wide 2-phase region indicates a large compositional difference 

between the two coexisting phases, which usually results in a high line tension.  On the 

other hand, if some HLs do perform the function of linactants, line tension would be 

reduced. Assuming that there are twenty 5-µm circular lipid domains in a 30 µm GUV, it 

can be estimated that it would only take 0.01 mol% of HL to occupy the entire domain 

interfaces. Therefore, the majority of HLs are within lipid domains.  For 

DOPC/DSPC/CHOL and PAPC/DSPC/CHOL mixtures, according to the phase diagrams 

(Figure 4.2), the 2-phase regions are very wide, very little DOPC or PAPC are present in 

the Lo phases, and very little DSPC are present in the Ld phases.  Therefore, the 

properties of Lo and Ld domains are very different, line tension is high, and lipid domains 

are round-shaped and very stable in these two systems. Using coarse-grain simulation, 

Schafer and Marrink showed that PLPC does not have a strong preference for domain 

boundaries,21 so its linactant ability is very limited. On the other hand, the 2-phase region 

of PLPC/DSPC/CHOL mixtures is considerably narrower (Figure 4.2), there are a lot 

DSPC in the Ld domains and a lot PLPC in Lo domains.  Through PLPC’s “partitioning 

and loosing” actions, the differences in the properties of two phases are smaller, which 
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result in a low line tension.  In the case of POPC/DSPC/CHOL system, the concentration 

of POPC in Lo domain is quite high.  The “partitioning and loosening” actions of POPC 

reduce the property differences of Lo and Ld domains.  Furthermore, as shown by Schafer 

and Marrink, POPC also can function as linactants at domain boundaries.  Both 

mechanisms work in POPC/DSPC/CHOL system, which results in the very low line 

tension (< 0.1 pN) and nanoscopic lipid domains.   

4.5 Conclusion 

In general, a HL should be characterized as both a “Ld-phase” lipid and a 

linactant.  HLs with multiple double bonds behave essentially like “Ld-phase” lipids, and 

the mono-unsaturated POPC exhibits both properties of “Ld-phase” and a linactant.  Thus, 

simply equating HL with linactant is unjustified.  Our phase boundary measurement and 

MD simulation reveal an unusual property of HLs, PLPC and POPC both have significant 

partition in Lo domains, and they decrease the order and compactness of the Lo domains. 

None of other common lipids have this combined property.  This combined “partitioning 

and loosening” ability of HL could facilitate membrane proteins to partition into lipid raft 

domains in biomembranes.  Our line tension measurement and MC simulation show that 

even in the best cases, HLs are weak linactants with only modest ability in reducing line 

tension. HL don’t concentrate very well at domain interfaces and they don’t always 

maintain the “right orientation”. Furthermore, the reduction is through two separated 

mechanisms. First, HL can reduce the compositional differences of Lo and Ld domains. 

Second, by serving as weak linactants at domain interfaces, they can further reduce line 

tensions and domain sizes.  
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CHAPTER FIVE 

5. CONCLUSION 

5.1 Conclusion 

Membrane proteins contribute to the regulation of the phase behavior of lipid 

membranes. Proteins may play role in domain formation actively through protein-protein 

interactions or passively by interacting favorably with a lipid species or with the domain 

interface.1,2 There are experimental data for a number of model membranes that suggest 

clustering of proteins within lipid domain.3-7 Also, there is experimental evidence that 

proteins are able to induce phase separation in model membranes.8 Most of the current 

interest to study domain formation in model membrane is motivated by discovery of lipid 

rafts.9 Model membrane studies have developed the raft hypothesis by providing a picture 

of plasma membrane domains as coexisting liquid-ordered (Lo) and liquid-disordered (Ld) 

phases. In the last three decades, structure of compositionally simple binary and ternary 

lipid systems have been extensively studied.10-13 Effects of proteins on compositional 

complexity of biological membranes have not been studied in details. To the best of our 

knowledge, 

In chapter 3, from the phase boundary measurement and also partition coefficient 

measurement, we found that gramicidin as an active component of lipid membranes, 

partitions favorably into the liquid-disordered phase. It also alters the phase boundary and 

thermodynamic tie-lines. Thermodynamic tie-lines are tilted in comparison with the tie-

lines of ternary phase diagram of DOPC/DSPC/cholesterol. Thermodynamic tie-lines 

after adding gramicidin have more positive slope in comparison with the tie-lines of the 

previously, no 4-component phase diagram, with protein as one of the 

components, has been reported. To gain insight into protein-lipid bilayer interactions, we 

studied phase behaviors of lipid bilayers after adding gramicidin-A protein. This work is 

the first study of this kind that investigates the effect of polypeptide gramicidin-A on 

Lo+Ld phase boundaries.  
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ternary mixture. After adding gramicidin, cholesterol concentration decrease in Ld phase. 

Inversely, in the Lo phase the concentration of cholesterol increases. 

We also found that adding 1 mol% gramicidin-A to 16:0-18:2PC(PLPC)/ 

di16:0PC(DPPC)/Cholesterol and 16:0-18:2PC(PLPC)/di18:0PC(DSPC)/Cholesterol 

ternary mixtures abolishes Lo+Ld phase separation in the mixture entirely. When 

gramicidin goes into the bilayer, it changes the interactions between lipid domains, and as 

a consequence, previously Lo+Ld phase separated region becomes one phase. Since this 

effect is quite different from the one observed for DOPC/DSPC/Cholesterol, we conclude 

that it can be due to the narrow two-phase regions of PLPC/DPPC/Cholesterol and 

PLPC/DSPC/Cholesterol. A narrow phase boundary means that properties of Lo and Ld 

phases are very close (in comparison to DOPC/DSPC/Cholesterol with a wide phase 

boundary), and such systems are more sensitive to the perturbation of new membrane 

components. Adding gramicidin could reduce line tension between two phases, and as a 

consequence, either coexisting phases are abolished or lipid domains may become 

nanoscopic domains, below the detection limit of optical microscopy.  

In chapter 4 we concluded that a hybrid lipid should be characterized as both a 

“Ld-phase” lipid and a linactant.  Hybrid lipids with multiple double bonds behave 

essentially like “Ld-phase” lipids, and the mono-unsaturated POPC exhibits both 

properties of “Ld-phase” and a linactant. PLPC and PAPC both have significant partition 

in Lo domains, and they decrease the order and compactness of the Lo domains. None of 

other common lipids have this combined property.  This combined “partitioning and 

loosening” ability of hybrid lipids could facilitate membrane proteins to partition into 

lipid raft domains in biomembranes. Hybrid lipids are weak linactants with only modest 

ability in reducing line tension. Hybrid lipids don’t concentrate very well at domain 

interfaces and they don’t always maintain the “right orientation”. Furthermore, the 

reduction is through two separated mechanisms. First, hybrid lipids can reduce the 

compositional differences of Lo and Ld domains. Second, by serving as weak linactants at 

domain interfaces, they can further reduce line tensions and domain sizes.  
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5.2 Suggested Future Work 

Effects of membrane protein nAChR on membrane heterogeneity. The 

purpose of this project is to investigate whether lipid bilayers can affect proteins behavior 

and how membrane proteins change membrane heterogeneity (i.e., the lipid compositions 

and amounts of coexisting lipid domains). Gramicidin is a very small membrane peptide 

and many researchers do not consider it as a typical membrane protein. Nicotinic 

acetylcholine receptors (nAChR) is a far large membrane protein. nAChRs, are 

cholinergic receptors that form ligand-gated ion channels in the plasma membranes of 

certain neurons and on the postsynaptic side of the neuromuscular junction. Nicotinic 

acetylcholine receptors are the best-studied of the ionotropic receptors.  For us, nAChR is 

a dream protein: (1) It can be incorporated into GUVs with our current technology; (2) 

the protein function can be tested by a simple fluorescence assay; (3) it has shown 

dependency on cholesterol and other membrane lipids; (4) our collaborator at TTUHSC 

can provide us with a large quantity of purified protein. Our research plan is very similar 

to the gramicidin project. (1) We will measure the shift of phase boundary, the changing 

of thermodynamics tie-lines, and changing of lipid composition of membrane domains by 

adding nAChR. (2) We will investigate the effects of hybrid lipids on nAChR behavior 

and function. (3) We will also search for the lipid compositions of the bilayers, which can 

either enhance or inhibit nAChR channel function. 

5.3 List of Publications 

Following is the list of works that have been/will be published from this study so 

far: 

1. Hassan-Zadeh E.; Baykal-Caglar E.; Alwarawrah, M., Huang, J. Complex roles of 

hybrid lipids in the composition, order, and size of lipid membrane domains. 

Langmuir, 2014, 30, 1361-1369. 

2. Hassan-Zadeh E.; Huang, J. Gramicidin alters the lipid compositions of liquid-

ordered and liquid-disordered membrane domain, (Will be submitted soon to 

BBA). 
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3. Baykal-Caglar E.; Hassan-Zadeh E.; Saremi B.; Huang J. Preparation of giant 

unilamellar vesicles from damp lipid film for better lipid compositional 

uniformity. Biochimica et Biophysica Acta-Biomembrane 2012, 1818, 2598–

2604. 
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