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Steady-state and nanosecond time-resolved fluorescence of the nitro-2, 1, 3-

benzoxadiazol-4-yl (NBD) probe and line tension force were determined in 

phospholipids acyl-chain dynamics in giant liposomes made from a homologous 

series of phosphatidylcholines (PC). The fluorescence spectroscopy of a NBD probe 

attached to the headgroup (NBD PE) or the tail (NBD PC) of the phospholipid were 

used to determine the rate of dithionite quenching in a homologous series of 

phospholipids. Similar experiments were performed in the gel and the fluid phases of 

the l,2-dimyristoyl-s«-glycero-3-phosphocholine (DMPC ). Nanosecond time scale 

lifetimes and anisotropy measurements were obtained by a 470 nm LED pulse laser 

diode and time correlated single photon counting detection. 

The fluorescence lifetime and intensity of NBD PE and NBD PC in acyl-chain 

lengths from 12:0 PC to 20:0 PC were determined. The half life of dithionite 

quenching of NBD varied with both phospholipid chain length and the position of the 

fluorescent probes and of quenching in the gel, fluid and phase transition phases. Line 

tensions measured by laser ablation method in a homologous series of lipids, revealed 

acyl-chain length and phase state dependence. 



Studies were conducted on human Wilson disease protein. This is a copper 

transporting ATPase found in the copper secretory pathway. It possesses six cytosolic 

metal binding domains in the N-terminus. These domains are involved in the 

acquisition of copper(I) from the metallochaperone HAH1. Insight into the stability of 

metal-binding domain four will be presented. 
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CHAPTER 1 

GIANT LIPOSOMES FOR CELL MEMBRANE STUDIES 

1.1 Introduction 

1.1.1 Giant Liposomes 

A liposome is a tiny spherical vesicle with a bilayer membrane composed of 

phospholipid. "Giant" refers to its size compared to a diameter between 5 and 200 

um [1]. It has size and the curvature that are similar to those of the living cell [1, 2]. It 

has been used extensively as a model membrane system because of the structure and 

the large size that allows for the direct observation by optical microscopy [3]. The 

liposomes are simple and well defined model systems that can be isolated, controlled 

and be modulated to simulate some cellular characteristics. 

A prominent example of the application of giant liposomes to simulate 

cellular membranes was reported by Roux, who showed the formation of tubules 

using purified motor proteins [4]. Koster further measured forces involving the 

formation of the tube using a laser tweezer [5]. A laser tweezer uses a laser beam 

focused through a high numerical aperture objective lens and provides a piconewton 

force that can trap and move a tiny object. These findings when put together, 

provided the basic understanding of the mechanisms involved in cellular transport. 

Furthermore, the membrane elastic property of a lipid bilayer is involved in critical 

cellular processes that include budding, fission, fusion and membrane poration. The 
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giant liposomes with diameters greater than 10 um have been used to extensively 

study the elastic properties of phospholipid membranes [6, 7]. In addition, mechanical 

properties of the cell membranes have been studied using model membranes 

presented by giant unilamellar vesicles [8-10]. Studies have demonstrated that 

deformation of a single lipid component depends on its membrane environment [11]. 

The membrane deformation can be characterized by the bending and area 

compression modulus [12]. These properties determine membrane function, like the 

ability of proteins to insert into a lipid bilayer [13]. 

Giant liposomes can in principle, be used as a proto-cell for the expression of 

the basic functions of a living cell. This was demonstrated by acquiring DNA from 

the external environment using the proto-cells [14, 15]. 

A giant liposome has a thin phospholipid bilayer that encloses an extremely 

small volume at the center. Reaction in an extremely small enclosed volume of the 

size between 10"1 and 10"21 liters and in soft matter has been desired by many 

scientists [16-18]. The chemical reactions inside the cell are complex and take place 

in small volumes that involve a small number of molecules [1, 19]. The chemical 

reactions inside a giant liposome can be observed using an optical microscope 

because of the advantage of the giant sizes of vesicle. Studies have shown that lipid 

bilayer permeability to certain molecules is potentially applicable to certain 

biochemical reactions. For example, the membrane permeability was shown by DNA 

or RNA substrate in the lumen of a vesicle from a specific nuclease in the external 

surface environment of the giant liposomes generated by electroformation [20]. A 
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compartmentalized biochemical reaction has been shown by the protein expression 

and polymerase chain reaction in giant liposome [21, 22]. These reactions are not 

possible with the conventional small sized liposomes. These findings further 

demonstrate importance of the membrane size and the curvature in affecting the 

physical and chemical properties of lipid bilayers. 

Cellular membrane components are mobile in a wide range of time and length 

scales. The movements of the lipid bilayer components form the core of the many 

molecular processes taking place in the cell membrane. While the models for the cell 

membranes developed over time, the molecular dynamics of the membrane have been 

classified into three main motions: lateral, rotational and the transverse diffusion. 

These motions contribute to membrane fluidity and maintain the integrity and 

function of the living cell. The membrane fluidity concept of Nicholson and Singer 

[23] is largely due to the hydrophobic proteins and lipids in the bilayer. Lateral 

diffusion is the spontaneous movement of these components across the monolayer of 

the lipid bilayer. This movement has been reported by recovery after photobleaching 

experiments. Studies using the giant vesicles and supported phospholipid bilayer 

models, have shown that lateral diffusion is two times higher in giant liposomes than 

in the supported bilayer [24]. 

Budding and the fission events are very important physical processes observed 

by the optical microscopy in the cell membranes [25]. They are a direct consequence 

of lipid membrane heterogeneity and formation of lipid domains. These domains 
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freely diffuse within the bilayer. The vesicle fission process is captured in Figure 1.1. 

One single vesicle divides to form two separate vesicles. 

Figure 1.1 Sequence of vesicles fission of DMPC: cholesterol vesicles [25]. 

27.2 °C 36.0 °C 39.1 °C 40.9 °C 41.0°C 

Figure 1.2 Shape transformations of giant vesicles as a function of temperature 
showing formation of endocytic vesicle [2]. 
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A model that demonstrates shape transformation induced by temperature 

leading to the budding events in a giant liposome is shown in Figure 1.2. The fission 

of a membrane or division of membrane into two leads to the formation of endocytic 

vesicles in cells. The fission vesicles are used as carriers in transport and trafficking 

endoplasmic reticulum and the Golgi apparatus complex products to different cell 

organelles [26]. The formation of giant vesicles was shown using phospholipase A2 in 

raft and non-raft forming vesicles [27] and in detergents in liquid-disordered phase 

domains [28]. 

Fluorescently labeled giant liposomes from multiple lipid compositions have 

been used to demonstrate the presence of lipid rafts in model membranes [29]. 

Multiple lipid components have a tendency to laterally segregate into co-existing 

liquid phases or into domains with distinct composition. Raft formation in cell 

membranes has an important biological implication in the signal transduction [30] 

and membrane trafficking [31]. Since it is possible to visualize giant liposomes under 

the microscope, it is possible to observe micron scale domains by fluorescence 

microscopy and study liquid phase immiscibility in a controlled environment. 

To be considered a good cell model, a giant liposome should be prepared 

under physiological conditions and must be unilamellar. It is desirable to have a rapid 

method that can generate giant liposomes from non-destructive conditions in order to 

protect labile and reactive biomolecules [32]. Different methods have been proposed 

and implemented to produce the giant liposomes with the aforementioned qualities. 

The formation of giant liposomes by a gentle hydration method in the presence of 100 
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mM KC1 and 1 mM CaC^ was reported by Akashi [33]. In the gentle hydration 

method, a dried phospholipid film consisting of a stack of lamellar layers is hydrated 

and rehydrated with aqueous solutions [3]. The aqueous liquid seeps in between the 

lipid bilayers and the film begins to swell. As it swells, it detaches from the surface 

and eventually forms a liposome that buds off and forms in the solution above the 

film. This is difficult with lipids that have a net charge of zero, termed neutral. This is 

because of lack of electrostatic repulsion in separating lipid membranes [33]. In this 

case, the divalent ions such as Mg and Ca bind to phospholipids and provide 

positive charges on the membrane surface resulting in electrostatic repulsion. In this 

way, giant liposomes were formed from neutral phospholipids in the presence of 

divalent ions as reported by Akashi [34]. Another method that gives a high yield of 

giant liposomes was reported by Zare and his co-workers [32]. 

Hydration of lipid films in the presence of electric fields, generate giant 

vesicles by an electroformation mechanism [35]. In this method, it is possible to 

produce giant unilamellar liposomes with different membrane compositions in a 

variety of electrolytes [36]. The first step in the electroformation method involves 

separation of bilayers in the multi-layered film of lipids on an electrode such as ITO 

(Indium tin oxide) electrode [37]. This method is only possible when the ionic 

strength is less than 50 mM [37, 38]. A flow chamber in the electroformation method 

was employed to show the possibility of producing giant unilamellar vesicles under 

higher ionic strengths comparable to physiological conditions [39]. The 
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electroformation results in giant vesicles which are predominantly unilamellar and 

devoid of defects as opposed to gentle hydration [3]. 

The bilayer structure in giant liposomes is identical to the lipid portion of 

natural plasma membranes. Therefore, they can be used as model systems of 

biological membranes. In living cells, transport of solutes occurs through transient 

pores and transmembrane proteins. The study of giant liposomes has shown that lipid 

redistribution is prompted by inserting conic-shaped fluorescent lipids and forced 

adhesion of functionalized lipids can lead to submicroscopic transient pores [40]. 

Brochard-Wyart used a theoretical analysis in giant liposomes and calculated the 

dynamic growth of pores driven by the surface tension. The closure of pores driven 

by line tension [41]. Brochard-Wyart showed that it is possible to visualize the 

dynamics of transient pores in real time using fluorescent probes [42]. They 

demonstrated transport across the transient pores by using both a small vesicle and a 

giant vesicle as shown in Figure 1.3. 

Nicolas Rodriguez showed that the lifetime of these micron-sized transient 

pores in the giant vesicles can be extended to 2 min [43]. This was realized by 

introducing the fluorescent dye nitrobenzodiazole (NBD) and dithionite quenching 

dynamics to the giant liposome and making observations by epifluorescence 

microscopy. These results provide adequate evidence that the lipid bilayer membrane 

is permeable and can be precisely triggered to open pores that can be used for 

controlled experiments such as transport across the vesicles. 
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Figure 1.3 Exit of a small vesicle through transient pore [42]. 
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1.1.2 The Plasma Membrane of the Cell 

The cell plasma membrane has been studied for over a century [44]. It is a thin 

membrane enclosing a cell. It acts as a physical barrier separating cell cytoplasm and 

its surrounding environment. It is a double-layered oily lipid assemblage containing 

integral and peripheral membrane proteins. The membrane proteins account for about 

20-25% of the entire protein content of the living cell [45]. The lipids and the 

membrane proteins together constitute biological membranes that are essential for 

living organisms. Proteins perform the basic transport of small molecules and 

participate in the signaling pathways. Phospholipids are the structural building block 

of the membrane bilayer. Although the structure of a cell membrane was proposed 

several years ago, it is an incredibly active and exponentially expanding field in the 

last decade due to importance attached to lipid bilayer. The knowledge of the 

membrane dynamics have benefited a great deal from modeling studies using 

liposomes. 

Understanding the complex nature of cell membranes requires the study of a 

simple model system. These models have been developed from vesicle-like structures 

called liposomes. Liposomes are enclosed lipid bilayers. Studies on liposomes were 

pioneered by Hotani in 1984 [46]. Since then, studies have been conducted in the 

multilamellar, small unilamellar (30-100 nm in diameter) and recently in the large 

unilamellar vesicles (100-200 nm). However, reports have focused on giant 

unilamellar vesicles that have sizes ranging from 50 to 500 um [47]. This because 
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large sizes of liposomes provide the advantage of real time observation using optical 

microscopy [48]. 

1.2 Phospholipid 

1.2.1 Structure 

Phospholipids form the structural component of cell membranes and 

liposomes. The structure of a phospholipid has a glycerol-backbone in which the 

phosphate containing headgroup is attached via an ester linkage and one or two acyl-

chains attached by ester or ether linkages (see Figure 1.4). Therefore, the structure has 

a hydrophilic polar headgroup and a hydrophobic non-polar tail. Consequently, a 

phospholipid headgroup is soluble in water and the tail is sparingly soluble in water. 

The hydrophobic has low water solubility and thus drives the self assembly process 

because of the hydrophobic effect [49]. Hydrocarbon chain forms the primary barrier 

for the movement of charged species across the membrane. A study of a lipid bilayer 

dynamics and properties in model systems provides a good opportunity to understand 

the cell membrane organization and dynamics that is critical to the cell viability. 
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Figure 1.4 Structure of a phosphatidylcholine. 

1.2.2 Composition and Shape 

Lipids are classified into three main classes: phospholipids, 

glycosphingolipids, and cholesterol with a molar ratio in most cells on the order of 

75%: 5%: 20% [50-53]. These lipids are distributed asymmetrically in the inner and 

outer leaflets of plasma membranes [54]. Phospholipid molecules have lengths that 

vary from 14 to 24 carbon atoms with 18 to 20 being very common in nature while 15 

to 22 are rich in polymorphism [55]. Lipid polymorphism refers to the long range 

order of lipid aggregates. These aggregates include micellar, lamellar and hexagonal 
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II phases. Depending on the prevailing conditions, these aggregates can undergo 

geometric rearrangements from one form to another. The nature of the packing of 

phospholipids in the bilayer depends to a large extent on hydrocarbon tails, and the 

length and degree of saturation. The headgroup region differs in charge, polarity and 

also in reactivity. This contributes to the diversity observed in phospholipids. 

There are four classes of primary phospholipids that are found in eukaryotic 

cell membranes. These are phosphatidylcholine (PC), phosphatidylethanolamine 

(PE), phosphotidylserine (PS) and sphingomyelin (SM) [56]. These phospholipids are 

distributed in the cell membrane asymmetrically between inner and outer leaflets of 

membrane. PCs are widely distributed in eukaryotic organisms and are major 

constituents of human lung surfactant, serum lipoproteins, and bile [55]. PC has a 

hydrophilic headgroup which is zwitterionic at a neutral pH. The PC interfacial 

region has only the hydrogen bond-accepting groups as opposed to the SM which 

possesses both hydrogen donating and accepting groups [53]. The PC is distributed in 

the outer leaflets of plasma membrane [54, 57]. PC represents 56% of all the records 

found in LIPIDAT 2.0. 

The above classes of phospholipids can either adopt vesicle (lamellar) type or 

non-lamellar (hexagonal, cubic, inverted micelle, micelle) structures. These are the 

polymorphic structures commonly found in lipids. The structures formed are 

important in cellular processes such as cell fusion. The headgroup structure, degree of 

unsaturation and hydration of the lipid itself influence the stability of the structure 

formed [55]. These structures have been elucidated by X-ray and differential scanning 
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colorimetry experiments [58, 59]. The results have shown lamellar-hexagonal 

structural transitions depending on the external stimuli. The PC head-group is prone 

to more lamellar organization than PE. Hexagonal Hn structures (Figure 1.5) are 

formed predominantly by PE phospholipid head-group that account for 35% of the 

total membrane lipids [60]. Diacylglycerol can promote the formation of PC-based 

hexagonal and cubic phase structures that depend on the temperature [61, 62]. 

1.3 Lipid Bilayer Region 

A lipid bilayer membrane is formed as result of the hydrophobic effect. Lipids 

are insoluble in water. However, they are soluble in non-polar solvents. The 

hydrophobic effect is due the inability of hydrocarbons of phospholipids to hydrogen 

bond with the water molecules. The hydrophobic effect and the properties of water of 

hydration influence stability of lipid bilayers [63]. It is energetically favorable for a 

hydrocarbon to associate with other hydrocarbons to minimize the surface area of 

contact with water. This is responsible for the mechanism behind the self assembly of 

phospholipids. 

The lipid bilayer is a double layer that is constructed such that two lipid layers 

form with the polar headgroup pointing towards the aqueous environment. It has been 

studied widely since its discovery in red blood cell membranes in 1925 by Gorter and 

Grendel [64]. Figure 1.6 shows the model proposed by Groter and Grendel. In this 

model, a monolayer area was formed and calculated. The area was found to be twice 

that of the surface area of red blood cells. The model contributed to our understanding 
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of the double layer leaflet for the cell membranes but failed to account for the many 

functions that were displayed by the cell membranes. Therefore, several studies were 

conducted to elucidate the correct structure of the bilayer that could account for 

observations made from cell membranes. Many of these observations were acquired 

by electron microscopy. 

In 1972, a more accurate model was established by Singer and Nicolson [23]. 

In this model, the components of the membrane float freely within a matrix of lipid 

and proteins. Proteins found in the matrix were divided into peripheral and integral 

proteins. The peripheral proteins were loosely attached to the membrane surface and 

could easily be detached from the surface. Integral proteins could not easily be 

separated from the lipid bilayer. Mouritsen and Bloom in 1984 made a significant 

improvement to the Singer and Nicolson model. A mattress model was established 

that suggested proteins and lipids display interactions with a positive energy content 

as a result of the variations in the hydrophobic length of the molecule (see Figure 1.7) 

[65]. 
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Figure 1.5 Polymorphic phases and corresponding dynamic molecular shapes of 
component lipids [66]. 
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Figure 1.6 A cartoon drawing of the lipid double layer. This was the picture projected 
by Groter and Grendel. 

1.4 The Thickness of a Lipid Bilayer 

The majority of the studies on the lipid bilayer structure have been conducted 

in multilamellar and unilamellar model membranes system. A study using the DMPC 

vesicles showed a lipid bilayer thickness of 44.5 ± 0.3 A and surface area of 58.9 ± 

0.8 A [67]. The thickness depends on the length and degree of saturation of the fatty 

acyl chains of the lipids [68]. It also depends on the degree of hydration. The less 

hydrated, the thicker the bilayer will be. Dehydration causes the headgroup and the 

fatty acyl chains to get closer together and stretch out. Cholesterol also has a tendency 

to stretch out and order the fatty acid chains of phospholipids. Higher temperature 

makes the bilayer thinner. The thickness of a lipid bilayer affects lipid and protein 
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interactions. If the hydrophobic core of the membrane protein is longer than this value 

of the thickness, the hydrophobic core will be exposed to water and lipids have to 

compensate for the unfavorable hydrophobic interactions by deformation that lead to 

membrane tensions [65]. This is the hydrophobic matching as proposed by Mouritsen 

and Bloom [65]. This property modulates activity of the pure proteins such as 

cytochrome c oxidase and Ca-ATPase when they are reconstituted in phospholipid 

bilayers as previously reported [69]. 

Figure 1.7 A modern picture of a membrane [70]. This displays membrane lateral 
heterogeneities, cluster and domain formation within the membrane plain. Protein 
penetrates through the membrane or is bound to surface. 
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1.5 Phase Transition 

Lipids, like other compounds undergo changes in the physical state. The phase 

transition of phospholipids has been widely studied as a result of their biological 

significance in living cells [71]. The change in physical state is known as phase 

transition. In the membranes, composed of synthetic lipids, the phase transition from 

liquid to solid state occur at a critical temperature that depends on the structure of the 

phospholipids. In homogenous membranes this is called the melting temperature 

(Tm). The transition temperature of membrane depends on the length and saturation of 

the acyl chain in hydrophobic region. The Tm can be affected by properties of the 

headgroup region and charge screening at higher salt concentrations. 

Above Tm regions, the membrane is fluidic and the lipids diffuse freely inside 

the lipid bilayer. Below the Tm is the gel phase of the lipid or the liquid crystalline 

phase. In this region, the membrane is immobile and the lipids are packed in an 

ordered trans-configuration. At the phase transition temperature, two phases coexist 

that result in properties that neither fluid nor gel. Pure lipids have a sharp and well 

defined transition temperature with a more significant cooperativity in the melting 

process [55]. This is displayed in differential scanning colorimetry as a sharp and 

conspicuous peak. The transition phase behavior of phospholipids is determined to a 

large extent by hydrocarbon chains [58]. The bilayer transition temperature increases 

with effective chain length and degree of unsaturation of the lipids [72]. The polar 

headgroup influences the phase transition [73] by affecting the lipid chain packing. 

This is observed in the pre-transition as depicted in the calorimetry diagram in Figure 
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1.8. The changes are observed from the lamellar to the non lamellar phases [74]. For 

example, the PE headgroup protonation leads to the change from a lamellar to a non-

lamellar transition. The biological significance of this behavior is observed in 

membrane fusion processes. 

Cp 
kcal/mol/degree 

Tm 

chage in heat 
capacity 
= area under the 

peak 

Temperature 

Figure 1.8 Schematic diagram representing an endothermic peak in calorimetry. 
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1.6 Dielectric Constant of the Bilayer 

Individual water molecules can penetrate the lipid bilayer below the surface. 

Using electron spin resonance spin-labeling measurements, the hydrocarbon region of 

the saturated phospholipid membranes is hydrated and this level of water is reduced 

by the presence of cholesterol and lipid unsaturation [75, 76]. The penetration of 

water into the interior of the lipid bilayer leads to membrane polarity and hydration 

profiles across the lipid bilayer. This is important for the maintenance of the structure 

and for transport across the bilayer. 

A gradient of polarity exists that is high at the bilayer-water interface and low 

at the bilayer centre (Figure 1.9). Consequently, an electric field gradient is formed 

across the lipid bilayer [77]. These fields contribute to the surface and dipole 

potentials [78, 79]. The dielectric constant increases from two to eighty from the 

hydrophobic core to bulk water respectively. However, these values depend on the 

methods used to acquire the data. Using a theoretical approach, Levitt and Huang [80] 

obtained a value of 2.06 at the hydrocarbons core of the bilayer. Cametti and Di 

Biasio [81] obtained a value same as above. The dielectric constant of the polar 

headgroup was estimated between 10 and 45 units by Toccane and Teissie [82]. The 

interfacial region has a strong dipole moment. It can attract the counter ions from 

bulk medium. The first layer of water molecules bound by hydrogen bonds to the 

membrane is polarized while second layer has no preferred orientations that 

significantly influence the permeability of the polar compounds [83-85]. 
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Figure 1.9 Dielectric constant profile of the lipid bilayer. The figure shows the 
thickness of the hydrocarbons core and the interface regions. Part B is a 
representation of the variations in the dielectric constant within a lipid bilayer [68]. 
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1.7 Fluorescence Spectroscopy 

Structures and dynamics of the lipid bilayer have been determined argely from 

fluorescence spectroscopy studies. Fluorescence is the emission of light from the 

electronically excited states. Fluorescence emission is best understood from the 

diagram proposed by Jablonski [86]. Figure 1.10 is a representation of Jablonski 

diagram. In this diagram a process of light absorption and emission is illustrated by 

vertical lines that show energy levels. The horizontal lines represent spin multiplicity. 

Radiative transitions are shown by straight lines while nonradiative transitions by 

squiggly arrows. 

In this diagram, the singlet excited state, the electron in the excited state is 

opposite in spin to original partner in the ground state orbital. Consequently, return to 

the ground state is spin allowed and occurs rapidly with the emission of a photon. The 

fluorescence lifetime T, is determined from the decay of fluorescence intensity of a 

fluorophore after excitation. Immediately after excitation, the fluorescence intensity 

I0, with be at maximum and then decreases exponentially according to equation 1.1 
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Figure 1.10 Schematic representation of Jablonski diagram. The diagram illustrates 
electronic states of molecule and the transition between them. S0 and Si and S2 are 
singlet ground, first and second electronic states respectively. Ti is the triplet state. 
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Fluorescence lifetime can be measured based on time (Figure 1.11) or 

frequency domain (Figure 1.12). In the time domain, a short pulse of light excites the 

sample. The fluorescence emission from the sample is recorded as a function of time 

on a nanosecond time scale. Time-domain can be recorded by camera, integrators and 

the more superior time correlated single-photon counting (TCSPC). 

100 000 

20 25 30 35 

Time (ns) 
40 

Figure 1.11 Time-domain lifetime measurement. The gray is the pulsed light source 
(instrument response function, IRF) and the dark color is the sample response. A 
single exponential fit yields lifetime [86]. 
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In frequency domain, the sample is excited by a modulated source of light. 

The fluorescence emitted by the sample has a similar waveform and is phase shifted 

from the excitation curve. Both the modulation and the phase shift are determined by 

the lifetime and therefore one can determine the lifetime based on the observed 

modulation and phase shift. 

6 
Source Phase difference, <p 

200 300 
Degrees 

Figure 1.12 Frequency domain lifetime measurement. Excitation source in black and 
the sample response in gray illustrating the phase angle shift (cp) and the 
demodulation ratio (M) [86]. 
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Fluorescence studies can discern the environment of a fluorophore in the lipid 

bilayer. The following parameters can be obtained from fluorescence studies: 

viscosity, pH, temperature, polarity and solvation dynamics and fluorescence 

anisotropy. In fluorescence anisotropy, the fluorophore is excited with plane polarized 

light. The light is emitted in the same polarized plane, provided the molecule remains 

stationary throughout the exited state. But in most cases the molecule rotates and 

tumbles out of this plane during the excited state and light is emitted in a different 

plane relative to the excited light. 

When vertically polarized light is exciting the fluorophore, then the intensity 

of emitted light can be monitored either in the vertical or the horizontal planes 

(perpendicular or parallel). If the molecule is small, then rotation and tumbling are 

faster and the emitted light is depolarized relative to the excitation plane. 

Fluorescence anisotropics <r> can be calculated from fluorescence intensities 

measured in directions parallel (In) and perpendicular (IL) to the electric vector of 

the exciting light from the following equation 1.2. 

r _ h~G*I± [1-2] 
L+2*G*I. 
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In this equation r refers to the anisotropy value and G is grating correction factor 

which measures instrument sensitivity or the detection efficiencies determined by 

wavelength. Fluorescence anisotropy can act as an indicator of the mobility of a 

fluorophore and hence viscosity in the membranes where the fluorophore is 

embedded. 

1.8 Membrane Probes 

Fluorescence spectroscopy can detect extremely low probe concentrations in 

the lipid membrane. Consequently, there is little interference with the membrane 

properties that is accessed by the fluorescent probes. A fluorescent lipid probe must 

be similar to the native lipids to reduce the effects on the membrane properties that 

are under investigation. It should also respond to the polarity of the 

microenvironment and be randomly distributed in the host lipids. The depth and 

location within the membrane must be known for a good and sensitive probe. 

Solvatochromic fluorescence membrane probes have been used to determine 

the polarity and hydration of the lipid bilayer [77]. These probes include dansyl, 

laurdan, 7-nitrobenz-2-oxa-l,3-diazol-4-yl (NBD), and anthroyloxy derivatives [16, 

87-92]. Anthroyloxy fatty acid fluorescent probes have shown a Stokes shift and 

mean relaxation times that are strongly dependent on the position of the probe in 

small unilamellar vesicles [93]. This probe is more sensitive to solvent dynamics at 

variable membrane depths [94]. A diphenylhexatriene membrane probe has been used 

to investigate fluidity, order and membrane depth and structure relationship [95-97]. 
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The pyrene probe localizes to the hydrophobic region of the bilayer. It forms excited 

state dimers (excimer) in a diffusion limited reaction that is sensitive to the 

temperature fluctuations and can monitor diffusion processes in membranes [98, 99]. 

The phase state of phospholipid membranes has been determined by the fluorescent 

probe Laurdan [100], based on its ability to sense membrane polarity and dynamics 

from the dipolar relaxation possesses in the immediate environment. Laurdan is a 

molecule that has lauric acid tail that strongly interacts with the lipid alkyl tail. The 

fluorescent moiety is located in the glycerol region of phospholipid molecule. 

1.8.1 NBD Membrane Fluorescent Probe 

A membrane probe can be from either non-lipid origin or fluorophores 

attached to a lipid moiety. Membrane probes from a non-lipid origin include pyrene 

and diphenylhexatriene. Fluorophores attached to a lipid skeleton include the 7-

nitrobenz-2-oxa-l,3-diazol-4-yl (NBD). NBD can be attached to one of the acyl-

chains of phospholipids [101] or linked to the headgroup region of the same [102]. 

This fluorophore was discovered in 1968 [103] and showed potent photophysical 

properties [101, 102, 104]. NBD fluorescent probe fluoresces weakly in water and 

strongly in solvents of low dielectric constant [102, 105]. This has been helpful in the 

study of membranes [17]. It can be used to estimate the depth of water penetration in 

a lipid bilayer based on the Red Edge Excitation Shift. It is also used for both 

spectroscopic and microscopic investigations of membranes [106]. The NBD probe 

was used to determine membrane asymmetry [107], bilayer defects, and permeability 
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[108]. The NBD prefers a more polar environment in the membrane [109]. The 

maximum absorption wavelength of NBD-labeled liposome dispersions occur in a 

narrow range around a central value of 335 nm for the n, n* band and 470 nm for the 

charge transfer band [17], with a fluorescence emission spectrum at around 541 nm. 

With the increasing polarity of the environment, the absorptivity of the charge 

transfer (470 nm) increases strongly whereas the JI, JI* transition remains constant 

[110]. Probe populations residing in different environmental polarities can therefore 

be estimated by selecting the excitation wavelength of either 470 or 335 nm [16]. The 

charge transfer between the electron-donating amino group and the electron-accepting 

nitro group is a unique photophysical property that varies with the polarity of the 

surrounding environment. In a non-polar medium, the NBD group absorption 

maximum occurs between 420 and 450 nm [111]. In polar media such as water, this 

value covers a narrow range near 470 nm. The fluorescence emission maximum shifts 

from 490-519 nm to 566-571 nm when the dielectric constant increases from that of 

hydrocarbon to water [104]. Therefore, the NBD moiety is a good indicator of the 

polarity of the environment where it is located. NBD embedded in vesicles 

experiences motional restriction. This was shown by the polarization values of NBD 

in dioleoylphosphatidylcholine (DOPC) vesicles [112]. This study showed that the 

NBD PC has a higher polarization values than NBD PE. This was attributed to the 

looping back of the NBD attached to the acyl chain. The lifetime of NBD PE was 

reported at 7.71 ns and that of NBD PC was slightly lower at 6 ns [112, 113]. 
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Nichols and co-workers used resonance energy transfer that show that NBD-

labeled lipids can be transferred between vesicles [114]. Calculations of the 

thermodynamics and kinetics of phospholipid and vesicle interaction showed that the 

NBD PC dissociation from and association with the lipid bilayer passes through a 

high energy state that has higher enthalpic contribution [115]. Vaz recently 

determined the rates of desorption and insertion for the association of NBD-labeled 

lipids in large unilamellar vesicles. The thermodynamics and kinetics involved in 

exchanging chemicals between membranes of a cell were determined [116, 117]. 

1.9 Dithionite Quenching of NBD 

Sodium dithionite was originally shown to reduce nitrophenols to 

aminophenols in alkaline solution through a radical ion intermediate SO2" (Equation 

1.3) [118]. The reduction resulted in irreversible quenching of NBD fluorescence as 

well as elimination of the absorbance peak at 468 nm (see Equation 1.4). 

S20A
2~ o 2S02~ [1-3] 

30 



N N JJt ? 
RHN—(\ A— N 

NBD 

N'°NN 

RHN—<( ))—NH2 

ABD 

[1.4] 

The fluorescence-quenching property has been used to measure dithionite ion 

permeability through multilamellar and unilamellar vesicles [108, 119]. 1 mol % of 

NBD PE probe was added to large unilamellar liposomes resulting in slightly 

asymmetrical labeled bilayer [120]. Addition of dithionite to the outside of the 

liposomes results in an immediate reaction with NBD molecules in the outer leaflets 

within 10 to 20 seconds. Studies have indicated that S2O42" ion or SO2" radicals 

permeate through the lipid bilayer leading to subsequent reaction with NBD in the 

inner monolayer [107]. Addition of dithionite reagent causes the emission to drop 

quickly. It was found that any subsequent decay is due to permeation of the dithionite 

ion through the lipid membrane and reaction with the NBD in the inner leaflets. The 

addition of Triton X-100 destroys all the vesicles, allowing dithionite to react with all 

the NBD molecules. The absorbance signal never reaches zero due to some residual 

absorbance. 

The rate of dithionite quenching of the NBD in liposomes is dependent on the 

dipole potential [121]. The dipole potential is one of the electrostatic interactions in 

and near the membrane. Other potentials are the surface and transmembrane 

31 



potentials. The dipole potential of the interface arises as a result of the orientation of 

the carbonyls, phosphate, choline, ethanolamine and the organization of water dipoles 

in the hydration sphere. The dipole potential decreases abruptly at the phase transition 

of the bilayer. The properties of NBD can have potential applications in discerning 

membrane phase transition [16]. 

1.10 Lipid Bilayer Dynamics 

1.10.1 Membrane Fluidity 

The dynamics of biological membranes are best understood by considering 

membrane fluidity and lateral organization. The fluidity of the membrane is highly 

regulated by both the headgroup and acyl chain of phospholipids [122], temperatures, 

and presence of cholesterol. Hydrocarbon tails of lipids pack closely at low 

temperature to form an ordered and rigid gel phase state. When the temperature 

increases, the lipid molecules vibrate more rapidly. The bilayer melts into a 

disordered and more fluid phase state. At a higher temperature or in the presence of 

short or double bonds in the hydrocarbon chain, the bilayer is fluid. Short chains have 

fewer interactions with the neighboring chains. This leads to a low melting 

temperature. The presence of a double bond causes lipid chains to bend and not to 

pack together, thereby increasing membrane fluidity. Cholesterol has a hydroxyl 

group that aligns close to the headgroup of phospholipids. The hydrophobic rings and 

the side chains of cholesterol are buried within the fatty acyl chains of the bilayer. 
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The rigid steroid ring interacts with the tails and stiffens them. This leads to less 

fluidity of the bilayer. 

1.10.2 Membrane Dynamics 

Lipid membrane dynamic studies have relied primarily on electron 

paramagnetic resonance. A nitroxide free radical moiety has been used as a 

monitoring group. This moiety can be located at various depths and domains in 

membranes [123, 124]. The spin-lattice relaxation time of spin labels has yielded 

biomolecular rate constants due to collisions between paramagnetic molecules and 

nitroxide spin labels [125-127]. The relaxation time is much longer (10"6-10"5s) than 

the rotational times (10"10-10"9s). Thus, it is possible to study membrane dynamics in 

longer time scales [128]. 

The ]H magic angle spinning nuclear Overhauser enhancement spectroscopy 

('H MAS NOESY) was recently used to study the dynamics and location of NBD 

covalently attached to the short (C6) or the long (CI2) sn2 acyl chain of 

phosphatidylcholine molecule [109]. The study showed that the long chain analog 

was more accessible to dithionite present in the aqueous phase compared to the short-

chain one and both showed a broad distribution in the upper acyl chain glycerol 

region of the phospholipid bilayer. A study conducted by Huster and his co-workers 

using the *H MAS NOESY method showed that the NBD attached to 

phosphotidylserine was folded back to the lipid-water inter and zwitterionic 

phosphatidylcholine membranes [129]. They observed that showed a broader 

33 



distribution of NBD in phosphotidylserine than in phosphatidylcholine. They reported 

that the fluorophore position was affected by the lipid packing. This was confirmed 

by studies using monolayers [111]. The localization of the NBD towards the 

interfacial region is stabilized by both electrostatic and non-polar forces that are 

balanced in a complex manner [109] but more towards electrostatic forces. These 

forces develop from the strong dipole moment of aromatic NBD. The distribution of 

the molecule is broad since it has been found in both the lower acyl-chain as well as 

the headgroup region in the lipid bilayer [109]. This can be attributed to disorder and 

structural reorientation of the probe in phospholipid membranes determined by X-ray 

studies [130]. 

The NBD group attached to cholesterol was found localized deeper in the 

hydrocarbon region of the membrane between 5 and 6 A from the centre of the 

bilayer [131, 132]. Here, the NBD in cholesterol does not loop back probably due to 

the rigidity of the sterol ring [101]. On the other side, NBD PC has a tendency to 

segregate into micro-domains in the gel state membranes. It partitions into the fluid 

domains in fluid-gel coexistence regions which is not observed in headgroup labeled 

NBD [133]. The headgroup labeled NBD in the DPPN fluorophore is located in an 

hydrophobic environment which result in changes in the rate constant and relative 

fluorescence intensity [16]. This reduces the accessibility NBD to dithionite at the 

transition region where the lateral compressibility of the bilayer is maximum [134, 

135]. The change in organization and dynamics of Triton X-100 micelles was studied 

in the presence of urea. The results showed that fluorescence emission maximum, 
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anisotropy, lifetime and quenching were increased with increase in polarity around 

the NBD group as a result of water penetration in the micelle [136]. 

1.11 Dynamics of Pore Formation and Line Tension in Giant Vesicles 

A cell is enclosed with a phospholipid bilayer. This bilayer controls transport 

of molecules and ions across the cell. This is essential for cellular viability and 

function. Understanding the mechanism involved in transmembrane transport is 

important because of its wider application in therapeutics, nonviral gene therapy and 

target drug delivery in liposomes. Pores allow transport across membranes. Pore-

mediated cellular processes such as endocytosis, exocytosis, cell fusion and cell 

division are poorly understood. Fundamental mechanism involved in pore formation 

is still lacking despite several research in this area. 

Giant vesicles are useful models for studying pore formation dynamics in cell 

membranes. Transient pores have been generated in model membranes using different 

methods. These techniques include proteins [137, 138], electroporation [139-141], 

micropipette aspiration [142] and visible light radiation [42]. An important step in 

understanding pore formation dynamics is to visualize pore formation by laser 

ablation in a giant vesicle in an optical microscope. Pore opening is driven by surface 

tension while pore closure by line tension [41, 143, 144]. Line tension is a weak one-

dimensional force measured in piconewton (pN). Line tension opposes surface 

tension. 
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Direct measurement of line tension is difficult because it is small. Using pore 

dynamics, it has been shown that the line tension can be modified by addition of 

cholesterol and surfactant [145]. The line tension estimates range from 0.1 to 10 pN 

[146, 147]. Measurements of line tension in a phase coexistence membrane domains 

have resulted in a very small value of 1 pN [29, 148]. The values of line tension 

obtained depend on several parameters of the vesicle. Among others are hydrophobic 

mismatch in phase segregated domains [149] and impurities [42]. Pore opening is a 

function of the balance forces between forces driving the opening (or closing) of the 

pore and those damping the opening. The latter depends on the viscosity. 

1.12 Conclusion 

In this chapter, a survey of the literature on giant vesicles as models for cell 

membranes studies is presented. Giant vesicles have become model systems for 

understanding natural cell membranes. These liposomes have advantage over the 

small conventional liposomes. They can be visualized in an optical microscope, 

manipulated by micropipette and in a laser tweezer. They have been used as 

microreactors to perform certain chemical reactions in a small confined volume in 

fentolitres. Giant vesicles have been used to study cell mechanical properties such as 

elasticity and bending modulus. Opening pores in a giant liposome is a step toward 

inserting small molecules into the lumen of the liposome. This step is important in 

drug delivery and in understanding transmembrane transport in cellular membranes. 
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In this chapter, methods used in generating giant liposomes under 

physiological conditions are highlighted. Liposomes are derived from phospholipids. 

The structures of phospholipids are presented. The dynamics of lipid bilayer is 

presented. The methods used to discern the dynamics of lipid bilayer are presented in 

detail. The application of fluorescent probes to discern the bilayer region of lipid 

membrane is enumerated. The dynamics of NBD probe located in the headgroup 

region and acyl chain of a phospholipid is discussed with respect to dielectric 

constant and the polarity of the membrane in different phospholipid bilayers. Finally, 

the dynamics of the pore formation and measurement of line tension in giant vesicles 

are discussed and the importance outlined in detail. 

This thesis is in two parts divided into 10 Chapters. The experimental 

procedures and methods are presented in Chapter 2. Chapter 3 is a discussion of giant 

vesicles made from a two-component lipid system that displays gel and fluid co

existence. The excited state lifetime measurements of the NBD in lipid acyl-chain of 

variable lengths will be presented in Chapter 4. The time-resolved measurement of 

the NBD probe in DMPC and egg PC liposomes is presented in Chapter 5. The laser 

ablation technique and pore dynamics to measure the line tension from the pore 

closing dynamics is summarized in Chapter 6. Part two covers Chapters 7 to 9 of this 

thesis. It presents studies that were conducted on human Wilson disease protein. 

Conclusion and future research are summarized in Chapter 10. 
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CHAPTER 2 

EXPERIMENTAL METHODS AND PROCEDURES 

2.1 Reagents 

2.1.1 Phospholipids 

The following saturated phospholipids were purchased from Avanti Polar Lipids 

(Alabaster, AL), used as received without any further purification and stored at -20°C 

freezer. A list of phospholipids used is displayed in Table 2.1. The molecular 

structures and phase transition temperature (Tm) are summarized in Table 2.2. 

2.1.2 Fluorescent Lipids 

1,2-dipalmitoyl-5«-glycero-3-phosphoethanolamine-N-(7-nitro-2-l,3 benzoxadizol-4-

yl) (ammonium salt) (16:0) NBD PE, (Figure 2.1 ) (Cat.# 810144). 

l-palmitoyl-2-[12-[(7-nitro-2-l,3-benzoxadiazol-4-yl)amino]dodecanoyl]-s«-

glycero-3-phosphocholine 16:0-12:0 NBD PC ( Cat. # 810131). 

The NBD PE and the NBD PC fluorescent probes have NBD moiety attached 

differently in the phospholipid structure. The lipid structure of the NBD PE is 

displayed in Figure 2.1. The NBD is attached to a phosphatidylethanolamine 

headgroup [1, 2]. In NBD PC shown in Figure 2.2, the NBD fluorescent group is 

attached to the sn-2-acyl chain of a phosphatidylcholine head-group [3]. 
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Table 2.1 List of phospholipids1. 

Lipid 

1,2-dilauroyl-5«-glycero-

phosphatidylcholine, 

1,2-ditridecanoyl-5«-Glycero-3-

Phosphocholine, 

1, 2-dimyristoyl-5«-glycero-3-

phosphocholine 

1,2-dipentadecanoyl-s«-Glycero-3 -

Phosphocholine 

1,2-dipalmitoyl-5«-Glycero-3-

Phosphocholine 

l,2-diheptadecanoyl-5«-Glycero-3-

Phosphocholine 

1,2-distearoyl-s«-Glycero-3-

Phosphocholine 

1,2-diarachidoyl-5«-Glycero-3-

Phosphocholine 

L-a-phosphatidylcholine (Egg, Chicken) 

Common 

Name 

DLPC 

(12;0) 

13:0 PC 

DMPC 

(14:0 PC) 

15:0 PC 

DPPC 

(16:0 PC) 

17:0 PC 

DSPC 

(18:0 PC) 

(20:0 PC) 

Egg PC 

Cat. Number 

850335C 

850340C 

850345C 

850350C 

850355C 

850360C 

850365C 

850368C 

241601C 

1 Avanti Lipids 
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Figure 2.1 Structure of NBD PE. 

\_rN* 

Figure 2.2 Structure of NBD PC. 
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Table 2.2 Structure and phase transition temperature (Tm) of phospholipids. 

Name Molecular Structure 

DLPC 

(12:0 PC) O H 9. 

13:0 PC 

0 H 

14:0 PC 

(DMPC) O H 9 

15:0 PC 
O H ° | 

16:0 PC 
n H O 

17:0 PC 
.O H Q 

18:0 PC 
o H Q | 

20:0 PC 
bOO°<p°^> ^ „ ^ ~ ^ . . / 
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Figure 2.3 Structure of DPPG. 

2.1.3 Chemicals 

Sodium dithionite (S310-500), Chloroform (C606SK-4), Methanol (A452N1-

19) and Ethanol (A995-4) were purchased from Fischer scientific. They were of 

analytical grade. Triton X-100 was obtained from Fluka Chemicals (T9284), while 

Magnesium chloride hexahydrate OmniPur® (EM5980) was purchased from VWR. 5-

carboxyfluoresceine (single isomer, C-1359) was purchased from Molecular probes. 

Trizma base (T1503) chemical was purchased from Sigma Aldrich. Barnstead 

NANOpure Diamond water purification system was used to generate Nanopure 

water. This water was used in all the experimental procedures as detailed in the 

experimental section. 

2.2 Apparatus 

2.2.1 UV-VIS Spectrometer 

UV-Vis absorption spectroscopy of the NBD PE and NBD PC in liposomes 

was recorded with Shimadzu UV-VIS 1650PC spectrophotometer. The data was 

acquired and processed by UVProbe software. This instrument was equipped with a 
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tungsten iodide lamp in the visible region and a deuterium arc lamp for the ultraviolet 

region. 

2.2.2 Fluorescence Spectrometer 

Excitation and emission spectral data were acquired and recorded with a 

Shimadzu RF-5301 spectrofluorometer. This instrument was equipped with a 

temperature-controlled chamber, detachable polarization and magnetic stirrer 

accessories. The instrument was also equipped with a 150 W Xenon lamp. 

Fluorescence quartz cuvette, 1 cm, 3.5 mL (CVFL-Q-10) from VWR was used. The 

emission was observed orthogonal to the direction of exciting beam. 

2.2.3. Nikon Eclipse TE2000U Microscope 

The morphology and size of the liposomes was determined using Nikon 

eclipse TE2000U inverted microscope. The instrument had multiple ports design and 

a cooled CCD color camera to capture image and record video. It was designed and 

assembled by Arryx, Inc. Chicago, IL. The microscope was mounted and operated on 

a vibration-free table as shown in Figure 2.4. This instrument had the capability to 

capture fluorescence, phase contrast, and bright field images. It was equipped with a 

detachable temperature stage that consisted of a peltier thermoelectric device and a 

water circulating bath with a temperature probe. Water condensation at temperatures 

below 10°C was avoided by blowing air under pressure from the bench top through 

the temperature controlled chamber. In the temperature controlled experiments, the 
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chamber was equilibrated and checked with a thermocouple for at least five minutes 

before measurement was initiated. 

Figure 2.4 Nikon eclipse TE2000U microscope. 

The microscope in Figure 2.4 was equipped with a time-correlated single-

photon counting (TCSPC) instrument, joystick and mercury fiber optic illumination 

for epifluorescence microscopy. In a TCSPC, data is collected under multiple cycles 

with periodic excitations [4]. The cycles can be reconstructed to a single decay cycle 

from single photon events that are collected after the cycles. The TCSPC instrument 

60 



had a number of reflecting mirrors that directed a 470 nm LED laser beam from a 

pulsed laser diode (PDL800-B Picoquant GmbH, Germany) operating at 20 MHz 

with a rise time of 35 picoseconds. The beam was directed through a beam splitter to 

the microscope objectives (60X, 1.4 NA, oil immersion). The microscope was 

equipped with an iris and neutral density filters that were used to adjust light 

intensities. The epifluorescence beam was conveyed from mercury lamp source 

through fiber optic cable to neutral density filters. The images of liposomes were 

acquired at room temperature unless otherwise stated. In the time-correlated 

anisotropy experiments, a movable arm was used to control movement of the 

polarizer in and out of the plane of the optics. 

2.2.4 Confocal Microscopy 

Confocal images were acquired using an inverted scanning microscope (LSM 

510, Carl Zeiss Germany) using the 488 line of Krypton/Argon laser at full power at 

25°C. A 50 uL specimen was placed in a single depression well slide (VWR 48324-

001) and mounted onto a microscope stage. 

2.2.5 Darkfield Microscopy 

The dark field images were observed at 25°C with a dark field microscope 

(Nikon Eclipse E600). The images were acquired with a digital camera (Qlmaging 

QICAM) and processed with imaging software. 
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2.2.6 Pore Formation and Line Tension Force 

Nikon TE200U inverted microscope was used to image and capture video. 

This microscope was attached to a homemade apparatus as displayed in Figure 2.4. A 

fast digital Sentech STC630 CCD camera was mounted on the microscope and 

connected to a personal computer. This camera was capable of capturing video 

images at 30 frames/s. The microscope is equipped with a spatial light modulator and 

light from a 1064 nm CW Nd:YAG laser. The light passed through the spatial light 

modulator (SLM) to generate a holographic optical tweezer (Arryx Inc.) that was 

used for optical trapping. 

The tweezer can generate up to 200 optical traps with the same light intensity. 

The large diameter vesicles (20 um) were studied without trapping while the smaller 

diameter sized ones were trapped by the holographic tweezer. The Nitrogen pumped 

dye laser was directed through one of the microscope ports to the 50 uL sample on a 

depression slide. This laser was directed onto a single liposome for ablation and 

deformation of the bilayer region of the liposome. A Coumarin dye laser line was 

used to obtain 440 nm laser emission and Rhodamine 610 dye was used to obtain 626 

nm laser emission. The peak laser energy in each case was 100 uJ. The 440 nm laser 

was employed for ablation experiments, and the 626 nm laser was used for the 

deformation experiments. The video images obtained from the experiment were 

analyzed by Videomatch 4.0.4 software to obtain the line tension force. Liposomes 

made from the homologous series of acyl chain and egg PC phospholipids were used 

determine line tension force. 
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2.3 Methods 

2.3.1 Preparation of Liposomes 

A modification of Zare's procedure for giant liposome preparation was used to 

generate liposomes [5]. The method reported by Zare resulted in giant vesicles and 

the liposomes could be reproduced in different solvent media and under reduced 

pressure. This method was found suitable for labile and highly reactive compounds 

that were meant to be encapsulated by liposomes. Here, a rotatory evaporator (Buchi 

Rotavapor®) was used to supply heat and generate liposomes in 11 mM magnesium 

chloride. A 4 mg/mL lipid concentration was prepared for samples analyzed in 

subsequent sections except where indicated. Phospholipids were purchased either as 

solid or solutions in chloroform. 

To prepare a 4 mg/mL solution, a 160 uL of 25 mg/mL egg PC (molecular 

weight, 770.12) in chloroform was transferred to a 50 mL round bottomed flask 

previously baked in an oven at 260°C. Approximately 26 uL of 1 mg/mL NBD PE 

(molecular weight, 872.09) [6] or the NBD PC (molecular weight, 856.04) [6] 

fluorescent dye was added to the mixture to obtain a 0.5% (mol/mol) with respect to 

egg PC. Approximately 814 uL of chloroform and methanol (2:1) was added to the 

flask to bring to a total of 1 mL organic solvent and phospholipids. A 1 mL 11 mM 

magnesium chloride hexahydrate (MgCb. 6H2O) (filtered through 200 nm 

polycarbonate membrane) aqueous solution was gently added to the organic layer 

along the side of the flask. The flask was immersed in a water bath at 65°C. A stream 

of nitrogen gas was gently passed through the flask to drive off the organic layer. The 
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process took approximately 5 minutes. The flask was left on the water bath to cool to 

room temperature for a further 10 minutes. Approximately 850 uL of a solution rich 

in giant vesicles was obtained from the procedure. The sample was characterized by 

microscopy and dithionite quenching. 

2.3.2 Lamellarity of Liposomes 

The lamellarity of liposomes prepared in section 2.3.1 was analyzed following 

the method reported by Gruber and Schindler [7]. The fluorescence signal of NBD 

was monitored as a function of time. Dithionite reduces outer leaflet NBD to a non-

fluorescent ABD [8-10]. Addition of Triton X-100 to the liposomes resulted in the 

exposure of inner leaflets to the excess dithionite in solution. The change in 

fluorescence intensity before and after dithionite addition to liposomes was used to 

analyze lamellarity of the liposome. A 150 uL of a 4 mg/mL liposome suspension 

labeled with either 0.5% NBD PE or NBD PC was diluted to 3 mL using HEPES 

buffer with sodium chloride pH 7.4. The sample was excited at 470 nm and emission 

monitored at 540 nm. Figure 2.5 shows initial fluorescence intensity before addition 

of 30 uL of freshly prepared 1 M sodium dithionite as indicated by 1. The change in 

fluorescence on addition of dithionite reagent was denoted by Ii. Addition of 150 uL 

of 20% (w/v) Triton X-100 (see stage 2 in figure 2.4) resulted in the reduction of 

inner leaflets NBD fluorescence. The overall change (I) was a measure of the outer 

and inner leaflets NBD reduced by dithionite. The ratio of Ii and h should be 0.5 for 

or unilamellar liposomes. 

64 



120 

400 800 

Time (s) 

Figure 2.5 Change in fluorescence intensity of NBD on addition of dithionite (1) and 
Triton X-100 (2). 

2.3.3. Fluorescence Anisotropy 

Steady-state fluorescence anisotropy measurements were acquired by RF-

5301 PC fluorimeter from Shimadzu. The instrument was equipped with an L-shaped 

detachable polarizer accessory. A 150 uL of a 4 mg/mL liposome suspension was 

transferred to a 3 mL HEPES with sodium chloride buffer pH 7.4 (100 mM NaCl, 10 

mM HEPES-NaOH) [7] in a 1 cm path length quartz cuvette. The liposomes were 

labeled with either a 0.5% (mol/mol) NBD PE or NBD PC. Excitation and emission 

slit-widths of 5 nm were used for all measurements. The sample was continuously 

stirred using a magnetic stir bar and equilibrated with temperature before the 

fluorescence measurements were initiated. 
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Fluorescence anisotropy was computed from the fluorescence intensities 

measured in the directions parallel and perpendicular to the electric vector of the 

exciting light [11]. The sample was irradiated with 470 nm an excitation wavelength 

and the emission was followed at 540 nm. The measurements were performed as a 

function of temperature and continuous stirring. The results were analyzed using 

equation 1.2. All the fluorescence measurements were conducted in a thermally 

jacketed cell holder with a connection to the adjustable temperature circulating water 

bath. The sample temperature was measured directly employing a thermocouple. 

2.3.4 Fluorescence Quenching 

The dithionite quenching of NBD fluorescence labeled samples were studied 

partially based on the method reported by Gruber and Schindler [7]. 150 uL of 

liposome solution were mixed with a 2.85 mL solution of HEPES buffer pH 7.4 

containing NaCl (100 mM NaCl, 10 mM HEPES-NaOH) in a 1 cm path quartz 

cuvette. The fluorescence signal was initiated, after 10 minute wait to equilibrate with 

the set temperature. The sample was continuously stirred using a controlled magnetic 

stir bar placed inside the cuvette. The baseline fluorescence was measured for 

approximately 20 sec before addition of freshly prepared 30 uL of 1 M sodium 

dithionite directly from 4°C. 1 M sodium dithionite was prepared by dissolving 3.48 g 

Na2S2C>4 and 2.43 g Trizma base in millipore water to a final weight of 21.4 g and pH 

was adjusted to 10. The sample in the cuvette was irradiated at 470 nm (5 nm slit) and 

fluorescence studied at 540 nm (5 nm slit) for 10 minutes or less for both NBD PE 
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and NBD PC labeled samples. A 150 uL solution of a 20% (w/v) Triton X-100 was 

added to the sample after dithionite reduction. The spectral data from the instrument 

was analyzed using OriginLab 7.5 software from OriginLab Corporation 

(Northampton, MA, USA). In all the cases the data was treated to a sum of two 

exponentials using Equation 2.1. 

S, = fl,e-tl'+fl2e-*J' [2-1] 

In the equation fluorescence intensity was denoted by S, the fast step by k\ 

and the slow step by fe- The corresponding contributions for k\ and fe were denoted 

by ai and a2 respectively. 

2.3.5 Lifetime and Time-Resolved Anisotropy 

Fluorescence lifetime and time-resolved anisotropy measurements performed 

on a single vesicle were performed as described in Section 2.2.3. A single liposome 

was isolated and the dye excited by directing a focused laser beam to induce 

fluorescence decay as shown in Figure 2.5. 50 uL of a 4 mg/mL labeled with either 

0.5% (mol/mol) NBD PE or NBD PC liposome suspension was transferred into a 

depression slide. The sample was covered with a microscope cover slip and mounted 

with the cover slip on an oil immersion objective lens (60X, 1.4 NA). A single 
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liposome trapped on the slide was selected and excited at 470 nm with a LED laser. 

Emission was collected through the same objective via a high aperture collection 

optic in the microscope. The signal was detected by a single photon photomultiplier 

(Becker and Hickl GmbH, Berlin, Germany). 

Figure 2.6 Focused laser beam on an isolated liposome. The picture was taken at 
20°C with a 60X objective. The white bar represents 10 jim. 
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The instrument response function (IRF) is the response of the instrument to a 

zero lifetime sample. It was determined by scattering the laser beam on a mirror 

before sample experiments on the stage. The IRF was adjusted by focusing a laser 

beam on mirror a mounted on the same objective lens. The IRF and sample decay 

signal functions are as shown in Figure 2.7. The background signal was later 

deconvoluted from the IRF to obtain fluorescence lifetime and anisotropy data. 

Figure 2.7 The IRF and sample decay signal. The lower panel was the residual fit 
that was used to gauge the best fit data. 
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The timing electronics were operated using TimeHarp 200 PC board 

(PicoQuant GmbH, Germany). Fluorescence signal was processed by FluoroFit 

software. The software was able to perform the tail fitting and numerical 

reconvolution that accounted for the IRF signal. The IRF signal width was measured 

in the range of picoseconds and less than the sample lifetime. The goodness of the fit 

was determined from the weighted residuals and the reduced chi-square. The 

goodness of the fit was assumed to be good with a reduced chi-square value less than 

1.2. There were two independent observations, single and biexponential, that were 

attempted to evaluate the goodness of the fit of the data obtained. The lifetime of 

NBD PE and NBD PC fitted well to a bi-exponential function. The contributions from 

the long and short components were approximately 67 and 33% respectively. The 

time-correlated anisotropy was acquired simultaneously with fluorescence lifetime. 

However, when acquiring fluorescence anisotropy, the polarizer was placed either in 

perpendicular or parallel position along the path of the signal. The polarizer was 

manually controlled by a movable arm in and out of the plane of optics and was 

located outside the box. Analysis of the anisotropy was performed using 

multiexponential decay of fluorescence fitting using the FluoroFit software. 

2.3.6 Bulk Solution Measurement in Edinburgh Instrument 

Fluorescence lifetime of the NBD PE and NBD PC in DMPC was measured 

in solution in quartz cuvette (1 cm, 3.5 mL, CVFL-Q-10, VWR LLC). The data was 

acquired by the FLS920 Edinburgh instrument. The instrument was equipped with 
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PCS900 card and F900 operating software for single photon counting data 

acquisition. The instrument had a PDL800-pulse diode laser driver operating at a 

frequency of 20 MHz. The IRF measured and fine tuned using aluminum foil to 

scatter the laser beam. The laser beam was initiated with an excitation wavelength at 

450 nm and emission monitored at 540 nm with a slit width of 5 nm. A 1 ml 4 mg/mL 

liposome suspension tagged with either a 0.5% NBD PE or NBD PC was used. The 

fluorescence lifetime data was acquired by FAST software. Fluorescence lifetime was 

also determined using dilute samples. Measurement of fluorescence lifetime was 

conducted as a function of temperature. 
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CHAPTER 3 

GIANT LIPOSOMES FROM A BINARY MIXTURE OF LIPIDS 

3.1 Introduction 

Liposomes are made from a wide range of synthetic and natural 

phospholipids. Most of these lipids are found in the lipid bilayer of natural cell 

membranes. They are diverse in their structure and function. Because of this 

diversity, they display diverse cellular phenomena found in biological cells. A binary 

mixture of phospholipids provides a simple model system to study fluctuations and 

dynamics properties in the lipid membrane. These fluctuations observed in model 

system provide a deeper understanding of the principles underlying the structural 

organization and functional roles of biological membranes [1]. 

Studies of the gel / fluid and liquid / ordered phase separation, in giant 

liposomes from mixture of lipids was shown by a two-photon excitation microscopy 

[2]. In two-photon fluorescence imaging two low energy photons either of the same 

or of different frequencies simultaneously interact with a fluorophore resulting in the 

absorption whose intensity is nonlinear [3]. This eliminates out of point focus, gives 

higher penetration depth, and reduces damage to the specimen. The gel / fluid phase 

was observed by fluorescence lifetime imaging technique that provides an image 

contrast derived from fluorescence lifetimes at each point of the image [2]. A mixture 

of DLPC and DPPC presents limited miscibility and form two phase regions of 
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coexisting ordered (rich in DPPC) and fluid (rich in DLPC) phase equilibrium. This 

mixture has been the subject of extensive studies to understand lipid segregation in 

model membranes of different composition [4-6]. Confocal fluorescence correlation 

spectroscopic studies show that lateral lipid mobility in the ordered phase is 250 times 

below the fluid phase [7]. In this case, images showed regions of co-existing phases 

able to distinguish between fluid and ordered phases occurring in the bilayer. The 

phase co-existing domains have also been observed in monolayers and in supported 

lipid bilayers [8]. A mixture of DPPC and cholesterol analogs phase behavior has 

been extensively investigated by Keller et al [9]. A more recent study using a high 

resolution imaging secondary-ion mass spectrometry on fluid-gel separated DLPC / 

DSPC mixtures have shown composition variations within the domains of 

phospholipid bilayer [10]. 

In this chapter, a binary mixture from a pure synthetic system and natural egg 

PC phospholipids was investigated. Microscopy and dithionite quenching of NBD 

fluorescence were used to explore lipid bilayer region. Lipid composition and the 

environmental conditions were varied to understand the behavior of a two component 

lipid bilayer system. Liposomes obtained were evaluated on the basis of size, 

lamellarity and shape. Giant liposomes were examined directly by fluorescence, 

bright field, confocal and dark field microscopy. This section detailed studies on the 

bilayer region of liposomes composed of a binary mixture of the DLPC and DPPC. In 

all cases presented herein, the liposomes were prepared in 11 mM magnesium 

chloride following the method discussed in Chapter 2, Section 2.3. The DLPC and 
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DPPC are zwitterionic. The DPPC and DLPC have phase transitions at 41 and -1 °C 

respectively. Therefore, the DPPC is in the gel phase and DLPC in the fluid phase at 

room temperature. 

Dithionite induced quenching of NBD was studied as a function of 

temperature. The quenching curves were evaluated using calculated values of 

lamellarity. The latter was calculated from the method discussed in Chapter 2, Section 

2.3.2. The study also monitored the effect of having a two lipid system with different 

phase transition temperatures. The effect of adding a negatively charged lipid DPPG 

phospholipid to DLPC and DPPC were also examined by microscope imaging. The 

results obtained were compared with those of more complex natural egg PC 

phospholipids. This system is fluid throughout the temperature range. It has both 

unsaturated and saturated lipids combine to form a pure natural egg PC system. 

The vesicles were evaluated on the basis of vesicle morphology, lamellarity 

and size. The DLPC / DPPC system was used to study the existence of lipid domains 

in a mixed lipid bilayer system [11, 12]. A charged DPPG phospholipid was added at 

low concentrations either in a mixture or a unitary lipid system. It is known that 

biological membranes are surrounded by aqueous buffer containing cations and 

anions. The influence of divalent cations, particularly Mg2+ in charged and 

zwitterionic lipids were investigated from the images under microscope. 
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3.2 Imaging 

The liposome suspensions were examined by optical brightfield, dark field 

and confocal fluorescence microscopy methods. Figures 3.1 and 3.2 show images of 

giant liposomes made from DPPC and DLPC phospholipids respectively. The yield of 

liposomes prepared from method discussed in Chapter 2 Section 2.3, was abundant. 

Majority of liposomes of DLPC lipid system appeared circular or spheroidal. The 

DPPC liposomes displayed a rough surface and were sparsely populated as displayed 

in Figure 3.1. However, when DPPC was mixed with DLPC in all proportions 

examined, the roughness disappeared (Figure 3.3 and 3.4). 

Figure 3.1 Brightfield image of a DPPC liposome. The image was acquired with 
magnification of 40X objective. The bar represents 20 urn. 
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Figure 3.2 Brightfield image of DLPC liposome. The liposomes were prepared at 65 
°C and a total lipid concentration of 4 mg/mL, acquired with a magnification of 40X. 
The bar represents 20 um. 

Figure 3.3 Brightfield image of DLPC / DPPC mixture (1:1). The total concentration 
of lipid used was 4 mg/mL. The magnification was 40X. The bar represents 20 UJTI. 
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Figure 3.4 Brightfield image of DLPC / DPPC mixture (3:2). These liposomes were 
prepared at 65°C. The total lipid concentration was 0.4 mg/mL and a magnification 
40X .The bar represents 20 urn. 

3.3 NBD Assay 

The external surface of the lipid bilayer in a binary mixture of DLPC and 

DPPC was evaluated based on quenching of NBD fluorescence by dithionite. Time 

course experiments of the NBD quenching assay is shown in Figure 3.5. The ratio of 

NBD to dithionite was 1 to 100 (mol/mol). The procedure is detailed in Section 2.3.4. 

The quenching of the NBD by dithionite in liposomes was rapidly decreased to a near 

zero fluorescence intensity. This behavior is similar to fluorescence quenching of 

pure DLPC and DPPC liposomes at the phase transition temperature. The 

fluorescence decay profile of DPPC liposomes at the phase transition (41°C) is 

displayed in Figure 3.6. A plot at room temperature (gel phase of DPPC) is displayed 

in the Figure insert. At the phase transition temperature region, there is a rapid 
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decrease in the fluorescence intensity observed over a long time. 70% of the original 

fluorescence was quenched by dithionite reagent on addition of detergent Triton X-

100. However, at room temperature conditions, there was no further decrease in 

fluorescence intensity in excess dithionite reagent (see the Figure insert). 
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Figure 3.5 NBD assay profile of liposomes of DPPC / DLPC mixture (1:1). A 0.5% 
NBD PE was added to a total lipid concentration of 10 mg/mL. The NBD assay was 
performed at room temperature. 
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Figure 3.6 NBD assay profile of DPPC liposome. This figure was obtained at the 
phase transition temperature (41°C). The figure insert shows a similar study 
conducted at room temperature (25°C). A 0.5% NBD PE was used in this experiment. 
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The dithionite experiment was performed in DPPC and DLPC containing 

DPPG phospholipids. The DPPG phospholipid is a negatively charged phospholipid 

at pH 7. In general, a very slow reduction of NBD fluorescence by dithionite was 

observed in DLPC / DPPG and DPPC / DPPG mixture (Figure 3.7). The reduction 

was greater in DPPC / DPPG than in DLPC / DPPG binary system. A mixture of two 

or more phospholipids with a large difference in acyl-chain length and headgroup 

structure can result in immiscible phospholipids bilayer [13]. As expected, the mixing 

behavior is largely dependent on the chemical structure of the lipid components in the 

mixture. These include the head group structure, acyl chain length, and degree of 

unsaturation. The miscibility strongly depends on the physical state of the bilayer, the 

gel or fluid phase. DPPC at room temperature is in the gel phase state. DLPC at the 

same temperature is in fluid state. It also expected that the presence of impurity 

chains that are shorter than the bulk of the chains is less perturbing to the structure 

than the presence of longer chains. This can possibly explain why the effect of DPPG 

is more pronounced in DLPC than in DPPC liposomes bilayer. 

Addition of a 10% (mol/mol) DPPG formed liposomes which appeared 

aggregated as viewed under the microscope (Figures 3.8, 3.9 and 3.10). The effect of 

DPPG was greater in DPPC than in DLPC lipid bilayer. The inclusion of DPPG lipids 

to DPPC formed liposomes that were aggregated and sparsely populated. The DPPC 

and DPPG phospholipid differ only in the nature of their headgroups. 

82 



Fl
uo

re
sc

en
ce

 In
te

ns
ity

 
N

>
 

Jk
 

<J
) 

C
D

 

o
 

o
 

o
 

o
 

o
 

• DLPC:DPPG(9:1) 
• DPPC:DPPG(9:1) 
• DPPC:DLPC(1:1 ) 

-

• • • • • • • • ^ ^ ^ ^ • " • • • • • • ^ 

1 ' 1 ' 1 1 ' 1 
0 10 20 30 40 

Time (minutes) 

Figure 3.7 NBD assay in liposomes composed of DPPC / DPPG (9:1) and DLPC / 
DPPG(9:1). 

Figure 3.8 Brightfield images of liposomes from DPPC / DPPG mixture (9:1). The 
bar represents a distance of 20 urn. 
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Figure 3.9 Brightfield images of liposomes composed of DLPC and DPPG mixture 
(9:1). Total lipid concentration was 4 mg/mL. The vesicles were observed at 
magnification of 40X. The bar represents a distance of 20 urn. 

Figure 3.10 Brightfield images of liposomes composed of egg PC and DPPG mixture 
(9:1). Total lipid concentration was 4 mg/mL. The vesicles were observed at 
magnification of 40X. The bar represents a distance of 20 urn. 
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Figure 3.11 Brightfield images of DLPC liposomes. Total lipid concentration was 4 
mg/mL. The vesicles were observed at magnification of 60X. The bar represents a 
distance of 20 urn. 

3.4 Lamellarity of Liposome from a Mixture of DLPC and DPPC 

Lamellarity refers to the number of layers forming the liposome membrane. 

Lamellarity was calculated based on percent reduction of fluorescence signal from the 

original peak before and after the addition of dithionite reagent as described in 

Chapter 2. The values of lamellarity were calculated for DLPC / DPPC phospholipid 

binary mixture. The results were compared to synthetic unitary systems DLPC, DPPC 

and natural and more complex egg PC. Analysis of the lamellarity parameter is 
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considered important in determining characteristics of liposomal preparations. A 

perfect unilamellar vesicle should have a value of 0.5. In Table 3.1 values of 

lamellarity for DLPC / DPPC mixtures showed about 70% reduction in the 

fluorescence signal (lamellarity value of 0.7). Pure DLPC and DPPC showed values 

that were close to expected unilamellar vesicles. Irrespective of the temperature 

employed in determining lamellarity, this value always remained close to a value of 

0.5 for egg PC phospholipids. In the case of DLPC / DPPC binary system, the outer 

and inner leaflet NBD is quenched by dithionite at considerable higher rate. 

Table 3.1 Lamellarity of liposomes from pure and mixed lipids. 

Lipid System 

Pure DLPC 

Pure DPPC 

DLPC/DPPC (1:1) 

DLPC /DPPC (3:1) 

DLPC / DPPC ( 2:3) 

Pure egg PC 

Lamellarity 

0.5 ±0.1 

0.5 ±0.1 

0.7 ± 0.0 

0.7 ±0.2 

0.8 ± 0.0 

0.4 ±0.1 
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3.5 Lamellarity of Egg PC Liposomes 

Lamellarity values were calculated for egg PC vesicles. Table 3.2 shows size 

distribution as a function of the polycarbonate membrane pore size. The membrane 

was used to extrude liposomes of a particular size distribution. The particle size and 

distribution was measured by the dynamic light scattering. Lamellarity was calculated 

for extruded and liposomes without extrusion. The analysis of the results of these 

measurements revealed that egg PC lipid bilayer was unilamellar and uniform in size 

distribution. This was conducted in liposomes sizes below 400 nm size. Surprisingly, 

the values for lamellarity calculated for egg PC was independent of the sizes of 

liposomes generated. In many cases encountered, liposomes generated from egg PC 

phospholipids were above 50 urn (Figure 3.12). Egg PC phospholipid is made of 

different acyl-chain combinations and forms more stable liposomes 

Table 3.2 Lamellarity values calculated for egg PC liposome. Lamellarity values 
were calculated for variable size distributions estimated by light scattering. 

Pore size (nm) 

No-extrusion 

50 

100 

400 

1000 

Measured size distribution 

(nm) 

sample 

size were polydisperse 

46-70 

90 

4-360 

n/a 

Lamellarity 

0.5 

0.5 

0.5 

0.4 

0.4 
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Figure 3.12 Brightfield images of egg PC liposomes. The images were acquired at a 
magnification of 60X. The bar represents a distance of 20 um. 

3.6 Darkfield Images 

Liposomes generated from a binary mixture of DLPC / DPPC was examined 

by darkfield mode of microscopy. A high-intensity dark-field microscopy provides 

visualization of the intact three-dimensional morphology and the dynamic behavior 

under high contrast [14]. Figure 3.13 shows giant liposomes in 8-20 um. Most 

liposomes observed appeared spherical or elliptical in shape. The edge of liposomes 

appeared thick as a result of the objects ability to scatter light. The results of a 

darkfield microscopy study showed that light intensity scattered from liposome 

bilayer region reflect its thickness [15]. It has been shown that when unilamellar 

liposomes transform into multilamellar ones, the line-like images observed in a 

darkfield microscope becomes 10-fold brighter [16] than unilamellar liposomes. 

Here, the smaller sized liposomes observed show line-like images with uniform 
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brightness (Figure 3.13). The brightness in giant liposomes was unevenly distributed 

(Figure 3.14). 

Figure 3.13 Darkfield images of liposomes composed of DLPC / DPPC (1:1). The 
red bar represents a distance of 20 um. 
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Figure 3.14 Darkfield images of liposomes composed of DLPC / DPPC (1:1) in a 
dark background. The red bar represents a distance of 20 um. 

3.7 Confocal Fluorescence Images 

Confocal images were acquired on a 20X objective (N.A 0.75, Fluor: Nikon) 

on an inverted microscope (LCM 510: Carl Zeiss, Inc., Tokyo) in fluorescence mode. 

A 20 uL liposome suspension solution was observed on a depression slide. Room 

temperature fluorescence images were acquired by exciting the samples at 

wavelength of 488 nm and studying emission occurring between 505 and 550 nm. 

In confocal fluorescence microscopy, a lipophilic FM1-43 fluorescent dye was 

incorporated into liposomes in the ratio of dye to lipid of 1: 640. FM1-43 is 
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styrylpyridinium molecule belongs to a family of styryl dye used to monitor 

exocytosis, endocytosis and endosomal traffic in motor nerve terminals [17, 18]. The 

hydrophobic tail of the dye allows it to be readily incorporated in the vesicle bilayer 

even after preparation. The structure of the dye is shown in Figure 3.15. 

N[(CH2)3CH3]; 

Figure 3.15 Structure of FM1-43 dye. 
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The dye was purchased from Molecular Probes. It stains only the bilayer 

region of membranes [19]. It has been used in monitoring exocytosis and endocytosis 

in living cells in real time with the ordinary epifluorescence [20]. Exocytosis is a 

method of transporting secretory vesicles out of the cell membrane. Endocytosis is 

the reverse of the exocytosis. These activities can be visualized from live cells by 

FM1-43 dye fluorescence emission. This dye was used to visualize liposomes 

obtained from DLPC / DPPC binary mixture. Confocal microscopic sections at the 

equator of liposomes are displayed in Figure 3.16. Liposomes were imaged by 

fluorescence emission from the FM1-43 dye. The imaging was done on the DLPC / 

DPPC binary mixture in equimolar concentrations. Liposomes were observed as a 

result of the dye strong tendency to localize in the bilayer region. 
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Figure 3.16 Confocal images of DLPC / DPPC (1:1). Images were captured at the 
equator the GUVs through a 20X objective. The lipid vesicles were labeled with 
FM1-43 dye at 1 dye to 640 lipids molecules. The bar represents a distance of 20 um. 
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3.8 Discussion 

Large compositional heterogeneity of lipids in natural membranes presents an 

environment where many proteins and enzymes play critical role to ensure membrane 

functions properly. The complexity of the natural system can best be understood by 

defining simple model systems. DPPC / DLPC mixture is a simple system with 

hydrocarbon chain differing by four methylene groups. It presents a non-ideal mixture 

of saturated hydrocarbons only differing in the acyl chain length. The non-ideality of 

the mixture has been extensively investigated by colorimetry, fluorescence and by 

vibrational spectroscopy [4, 21, 22]. Non-ideal behavior of DPPC / DLPC presents a 

possibility of domain existence [1, 12, 23-25]. A two-color fluorescence microscopy 

images have shown DPPC / DLPC mixture from domains which are pertinent to the 

phase behavior of DPPC. It is known that DPPC undergo two thermal transitions at 

room temperature [26]. 

A binary system of DLPC and DPPC has been explored by a variety of 

techniques in the model membranes using different techniques. The results have 

shown coexisting gel-fluid phases that behave non-ideally. The non-ideality is 

evidently shown in our case by dithionite quenching and the calculated lamellarity 

values. The mixture of DLPC / DPPC in our case showed dithionite quenching 

pattern (Figure 3.5) similar to pure lipids at the phase transition temperature (Figure 

3.6). The calculated lamellarity value of a mixture of DPPC / DLPC shown in Table 

3.1 showed higher percent NBD quenched compared to pure DLPC or DPPC. 

Korlach, using confocal imaging techniques showed the existence of fluid and gel 
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phases in a ternary mixture composed of DLPC, DPPC and cholesterol [7]. Two-

photon fluorescence microscopy also demonstrated the existence of these domains in 

a mixture of DPPC and DLPC [27]. A similar study conducted in vesicles of 

equimolar mixture of DOPC instead of DLPC and DPPC also showed the presence of 

a coexisting rigid and fluid phases [26]. 

Here, a combination of imaging technique and NBD quenching assay was 

used to investigate the influence of lipid acyl-chain length and charged headgroup in 

a binary system. The results obtained from a mixture of lipids were compared to those 

for a pure phospholipid system made from DLPC, DPPC and egg PC. A nearly 50% 

decrease in fluorescence signal was observed in DLPC and in DPPC (Table 3.1) after 

addition of dithionite followed by Triton X-100. A 50% value obtained here is 

characteristic of perfectly unilamellar liposomes as detailed by Gruber and Schindler 

[28]. This indicates a general even distribution of NBD dye in the inner and outer 

leaflets of the bilayer. Analysis of the bilayer of a binary system composed of DLPC 

and DPPC in any combination used, showed 70% decrease in the fluorescence 

intensity (Table 1, Figure 3.7). Similar studies on egg PC resulted in nearly 40% 

decrease in fluorescence intensity. DLPC (C-12) and DPPC (C-16) differ on the chain 

length by four carbon atoms. This can present a possible mismatch in the organization 

structure in the hydrocarbon region of lipid membrane formed. Lipid bilayers 

composed of two phospholipids with significant mismatch behave as a non-ideal 

mixture and result in mismatched packing defects. The higher decrease in 

fluorescence quenching of the DLPC / DPPC binary mixture can be rationalized 
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based on the existence of bilayer defects [29]. A change in diameter of the liposome 

in the transition region could lead to transient pore formation that allow water to 

transit across the bilayer region [27]. During the cooling process, DPPC passes 

through the phase transition. This is not observed in DLPC since it has a lower phase 

transition temperature than DPPC. Bagatolli et al using a two-photon fluorescence 

imaging technique observed that the vesicle diameter can overshoot at the phase 

transition during cooling cycles [27]. At the phase transition temperature between 

fluid and gel domains, defects can allow water to pass through the membranes that 

can lead to change in diameter of the vesicle. This is supported by computer 

simulations by Mouritsen and Zuckerman in their account of softening of lipid 

bilayers [30]. In Figure 3.6, there was a continuous decrease in fluorescence intensity 

on addition of sodium dithionite. This decrease is can be attributed to co-existence of 

gel / fluid phase occurring at phase transition temperature in DPPC liposomes. This 

behavior is not observed when DPPC was in the gel phase (at 25°C, Figure 3.6 

insert). A similar trend was displayed by the DLPC / DPPC binary mixture. 

The brightfield images of DPPC showed rippled appearance on the surface of 

liposome. This effect did not appear when DLPC phospholipids were added to the 

DPPC. This effect could be attributed to lipid bilayers of two phospholipids with 

significant differences in the acyl chain. Such a system forms a non ideal mixture that 

was reported by fluorescence energy transfer (FRET) [31] and by an atomic force 

microscopy study by Mouritsen and Jorgensen [32]. 
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3.9 Conclusion 

A rapid evaporation method developed by Zare et al [33] was modified to 

generate giant liposomes. We were interested in generating giant liposomes from a 

series of saturated phospholipids. A temperature above the phase transitions of the 

lipids and 11 mM magnesium chloride solution were used. This concentration of 

magnesium chloride is consistent with that from physiological conditions. This 

concentration was successful for generating giant liposomes. Attempts to produce 

giant liposomes from concentrations above and below this value were not successful 

in obtaining giant liposomes. Images obtained from brightfield, darkfield and 

confocal fluorescence modes of microscopy showed giant liposome generated from 

saturated phosphatidylcholines based on our method. 

The formation of liposomes from phospholipids with 10% negatively charged 

lipid DPPG resulted in aggregated liposomes, Figures 3.9. The divalent cations, in our 

case Mg2+ cations, possibly induced long range electrostatic repulsion that led to the 

spontaneous self assembly of phospholipids to form giant liposomes. A similar 

behavior of magnesium and calcium divalent cations was reported by Akashi [34]. In 

their case, giant liposomes were produced in the presence of millimolar 

concentrations of cations that were ranging between 1 and 30. This was reversed by 

addition of a 10% negatively charged lipid POPG in DOPC. This was attributed to the 

reversal in surface charge that was dominated by the negatively charged POPG being 

neutralized upon binding by the divalent cations. Lau et al attributed that effect to 

charge when a negative zeta potential in PG membrane became positive at divalent 
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ion concentrations between 0.1 and 0.2 M [35]. The liposomes prepared from 

inclusion of 10% DPPG in DPPC, DLPC or in the mixture are displayed in Figures 

3.8 and 3.9 respectively. Inclusion of 10% egg PG in egg PC displayed a similar 

effect (Figure 3.10). The nature of the headgroup in the phospholipids can result in a 

dramatic effect upon the characteristics of liposomes [36-38]. Interactions between 

lipid headgroup that also happens in large molecules occur due to electrostatic, van 

der Waals and hydration forces [39, 40]. We can rationalize the behavior observed in 

our system with DPPG to stronger hydrogen bonding presented by DPPG headgroup 

region. It is also evident that strong electrostatic interactions could play a critical role 

in the behavior observed in our case with DPPG. Membranes always bear negative 

charge due to the presence of acidic phospholipids, gangliosides and proteins. Studies 

have showed that acidic phospholipids behave differently in varied pH conditions, 

ionic strength and the nature of couterions [41-43]. The association of anionic lipids 

with metal ions is higher than zwitterionic ones. This is because the net negative 

charge presented by negative lipids such as DPPG in the mixture of lipids can 

potentially concentrate cations such as Mg in solution near the lipid-water interface 

according to Gouy-Chapman theory of electrical double layer double layer [44-46]. 
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CHAPTER 4 

GIANT LIPOSOMES FROM HOMOLOGOUS SERIES OF LIPIDS 

4.1 Introduction 

Biological membranes are composed of different lipid species. These lipids 

have different headgroup structure and hydrocarbon chain length. These differences 

show that there is a wide range of structural features that are required to maintain 

cellular processes. Because biological membranes are more complex, studies using 

liposomes have provided insight into the organization, dynamics and important roles 

of each lipid in the bilayer region. In this study, liposomes of mixed size distribution 

from saturated hydrocarbon chains of varying lengths were characterized by the 

fluorescent properties of the NBD PE and NBD PC probes. These properties are 

sensitive to the environment around the NBD fluorescent probe. 

Changes in the environment surrounding NBD have proved valuable in 

evaluating the fate and localization of the lipid and nature of interactions in the lipid 

bilayer. For example, dithionite quenching of NBD fluorescence in the tail region of 

the bilayer is a method used to measure phospholipid packing in the membrane [1]. It 

is also possible with fluorescence to determine the depth that can be penetrated by the 

fluorescent quenchers in the membrane by changing the length of the chain to which 

the fluorophore is attached. This is possible with sensitive fluorophores that can be 
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placed in acyl-chain of varying lengths to measure penetration depth. This could also 

be useful in determining the partitioning parameters of the quenchers in the 

membranes [2]. In our case, the effect of the acyl-chain on NBD fluorescent 

properties was studied by placing the NBD probe in membrane of varying acyl-chain 

length. We studied both the NBD PE and NBD PC fluorescence behavior since they 

probe different regions of the lipid bilayer. 

A 4 mg/mL lipid concentration of was used in all cases presented in this 

study. The NBD PE or NBD PC fluorescent probe was added to phosphatidylcholines 

at 0.5% (mol/mol) with respect to the lipid. (See details in Section 2.3.1). We choose 

0.5% (mol/mol) with respect to the total lipid concentration in order to minimize 

artifacts that could possibly be generated by the probe embedded in the bilayer. In the 

past, the NBD probe at a higher concentration in the membrane was reported to 

undergo aggregation that can lead to self-quenching in the bilayer [3, 4]. The 

excitation wavelength was set at 470 nm with a slit width of 5 nm. The emission of 

NBD moiety was monitored at 540 nm with the similar slit width as the excitation. It 

has been noted earlier in Chapter 1 that the NBD probe is endowed with fluorescence 

properties that include lifetime, quantum yield and Stokes shift. These properties are 

affected by the polarity of the surrounding medium. In Figure 4.1, the UV-Vis 

spectral data of NBD PE in chloroform and in liposomes is presented. The spectrum 

of NBD PE in a solvent shows two absorption peaks at 339 and 472 nm. In liposomes 

the 470 nm absorption peak is stronger than absorption at 339 nm. These peaks are 

consistent with the absorption maxima discussed in Section 1.8. The wavelength at 
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339 nm represents the n, n* band whereas the 470 nm is for the charge transfer 

transition band. Excitation using the 470 nm wavelength of the NBD PE in 

polydisperse DPPC liposomes showed emission maximum at 572 nm as shown in 

Figure 4.1 (c). 

4.2 Fluorescence Quenching Experiments 

The present study was undertaken to investigate acyl-chain length on the behavior of 

the fluorescence properties of the NBD PE and NBD PC probes. Liposomes were 

prepared from a homologous series from 12:0 PC to 20:0 PC. Fluorescence 

quenching of the NBD moiety was initiated by dithionite. The studies were conducted 

using a polydisperse size distribution of liposomes obtained from phospholipids of 

varying acyl-chain lengths. The quenching experiments were measured at 

temperatures corresponding to the gel phase of each phospholipid. It was assumed 

that at this temperature, the membrane is solid or compact with minimum density 

fluctuations. The rate of quenching was calculated from an exponential decay curve 

shown in Figure 2.5 in Section 2.3.2. The curve fitted well to a sum of two 

exponentials (Equation 2.2 Section 2.3.4). 
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Figure 4.1 UV-Vis absorbance of NBD PE (16:0 PC). The spectra data was obtained 
in chloroform (a) and in DMPC liposomes (b) and fluorescence excitation emission of 
NBD PE in DPPC (c). 
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The correlation to the fit and its chi-square (% ) values were computed using 

Origin software. The model yielding the least •£ was used. The rate coefficient k\ for 

the immediate quenching of the NBD by dithionite and the slow step was determined 

from the biexponential fitting. 

The half life of the first-order reaction kinetics was calculated using equation 

4.2. It appeared from Figures 4.3 and 4.4 that the NBD PE probe was less efficiently 

quenched by dithionite than the NBD PC probe. 

Figure 4.2 NBD PE and NBD PC orientation in lipid bilayer. 
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On the ease of accessibility of the NBD moiety of the NBD PE (see Figure 

4.2) to dithionite, one can assume that it is quenched faster than NBD PC probe. The 

rate coefficients of NBD PE and NBD PC obtained from this study do not support the 

aforementioned assumption. Even though the lipid bilayer presents an anisotropic 

phase with the acyl-chain aligned perpendicularly to the membrane surface, it is also 

a region of high structural heterogeneity. This can potentially affect the photophysical 

properties of the fluorescent probes embedded within it. The membrane displays a 

two compartment distribution of NBD, the inner leaflet and the outer leaflets NBD [5-

9]. The rate coefficient for the immediate quenching corresponds to a reaction of the 

dithionite with NBD analogs on the outer leaflets [8]. This is can be described by a 

single exponential rate equation, Ŝ  = axe~kx>. Once the outer leaflets NBD are 

completely quenched, there could be a concentration gradient developing across the 

bilayer resulting in the transbilayer movement as depicted by the arrows in Figure 

4.3. This is a slow step that leads to a second slow rate coefficient fe yielding a 

fluorescent intensity, S2 -a2e~kl'. The concentration of dithionite in solution is 100 

times in excess of that of NBD dye in the bilayer. Therefore, the reaction between 

NBD and dithionite is pseudo-first order with respect to dithionite concentration [10]. 

The influx of dithionite across the membrane and reduction of the inner leaflets by 

dithionite or transbilayer movement rate was given by the rate coefficient fe- In this 

chapter, we considered the rate coefficient k\ to further understand the acyl-chain 
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dynamics on the behavior of the NBD PE and NBD PC embedded in regions of 

varying hydrophobic thickness. 

f,/2 = (ln2/*,) [4.1] 

The outer leaflets NBD PE or NBD PC were reduced by addition of cold 

freshly prepared 30 uL of 1 M sodium dithionite (N2S2O4) in 1 M Tris buffer pH 10. 

150 uL of a total lipid concentration of 4 mg/mL was added to 3 mL HEPES buffer 

containing sodium chloride at pH 7.4 (100 mM NaCl, 10 raM HEPES-NaOH). The 

details are available in the experimental Section 2.3.4. The rate constant of dithionite 

quenching of the NBD fluorescence was calculated using the half-life obtained using 

Equation 4.1. Half life was plotted as a function of the number of carbon atoms as 

shown in Figure 4.4. The measurements were conducted at a temperature 

corresponding to the gel phase of each phospholipid as tabulated in Table 4.1. The 

structures of these phospholipids and their transition temperatures can be found in 

Table 2.2 in the experimental section. 
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Table 4.1 Gel phase temperature of phosphatidylcholines. This was used for 
quenching experiments. 

Lipid 

DLPC 

13:0 PC 

DMPC 

15:0 PC 

DPPC 

17:0 PC 

DSPC 

20:0 PC 

Temperature ( °C ) 

-5 

5 

17 

23 

25 

37 

25 

25 

Saturated phosphatidylcholine lipids were used in all the experiments. The 

rate co-efficient of the fast step k\^ was obtained directly from the fittings for each 

acyl-chain constituting the liposome under investigation. The exponential loss in 

fluorescence upon addition of dithionite was attributed to the reduction of the nitro 

group in NBD to amine group by dithionite [8]. The equation leading to the reduction 

is shown in Equation 1.4, Section 1.9. Inspection of Figure 4.4 which shows the 

relationship between the length of acyl-chain and rate of quenching of NBD PE 
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decreases with increasing acyl chain length up to 16:0 PC. In the past, studies in the 

gel phase of phospholipid bilayer membrane composed of the phosphatidylcholines 

with asymmetrical acyl-chain length experience static interdigitation of the acyl-

chains [11, 12]. This could lead to thinner membranes compared to symmetrical ones 

[11]. Having a thinner interdigitated bilayer can also lead to the formation of or 

stabilization of the lipid domains in the gel phase [13]. Mazeres showed that the 

fluorescence properties of the NBD fluorophore are strongly affected by the chemical 

structure and the physical state of the host lipids [14]. He further showed that the 

quantum yield was the most affected among the fluorescence properties considered. 

We expect NBD PC to have different fluorescent behavior compared to NBD 

PE. As expected, the gel phase temperature increases with increase in number of 

carbon atoms. The bilayers of longer acyl-chains from 17:0 PC to 20:0 PC display a 

characteristic sub-main transition slightly below the main transition temperature [15]. 

Sub-main transition is a low-enthalpy highly co-operative phase transition 

temperature between pre- and main transition of phospholipids [16]. It is the first step 

in the disordering of the acyl-chain. It is observed a few degrees before the main 

transition temperature. This follows the interaction of water molecules with the 

hydrocarbon region of the phospholipid bilayer leading the conformational change of 

the acyl-chain [17]. Computer simulations have shown that the sub-main transition 

occurs due to the lattice melting whereas the acyl-chain melting occurs at a higher 

temperature at the main phase transition [18]. This occurs due to decoupling of the 

acyl-chain melting from the pseudo-to one-dimensional crystalline lattice [19]. The 
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heat capacity measurements have shown that the sub-main transition enthalpy is 

affected by the salt concentration and equilibration time but not the transition 

temperature [20]. These features have been detected by spectroscopic properties of 

fluorescent probe in lipid bilayer region [15]. 

In this section, the spectroscopic changes of the NBD PE and NBD PC in the 

homologous series were determined with respect to the fluorescence intensity 

measurements. The florescence intensity value decreases gradually to zero after 

addition of dithionite as shown in Figure 4.3. The longer acyl-chain length liposomes 

required more reaction time for the complete quenching reaction of dithionite with the 

NBD than the shorter ones. The rate of dithionite quenching was faster in the 

phospholipids lipid bilayers with few number of carbon atoms (DLPC and DMPC). 

The rate of dithionite quenching was of NBD PC was faster than the NBD PE probe. 
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Figure 4.3 Exponential decay of dithionite quenching of the NBD PC. The 
measurements for the DLPC, DMPC, 17:0 PC and DSPC were taken at the 
temperatures corresponding to the phase transition. 

It is clear from Figure 4.4 that kinetic of dithionite quenching of NBD 

fluorescence and fluorescence intensity in the gel phase of the lipids was negatively 

correlated to the acyl-chain length between DMPC (14:0) and 20:0 PC for NBD PC. 

The rate of quenching of NBD group in NBD PE and NBD PC was different at higher 

acyl chain length. The result of 13:0 PC was anomalous (Figure 4.4). An expanded 
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portion (without 13:0 PC) showed that with the increasing chain length, the 

differences between NBD PE and NBD PC become more apparent. 

1 6 0 -i 1 1 > 1 • 1 1 1 1 

120-

80 J 

40 A 

12 14 16 18 20 
chain length (# carbon atoms) 

Figure 4.4 Half life of dithionite quenching of NBD fluorescence in acyl chain of 
variable chain lengths. 

The objective of this study was to investigate the region within the vicinity of 

the probe. The NBD PE probes interfacial region since NBD moiety of this 

phospholipid analog is confined to the headgroup region. In NBD PC, the fluorescent 

moiety is linked to the short chain residue at position 12 in the s«2-position while a 

palmitoyl residue is in the sn\-position. In NBD PE, the fluorescent NBD is attached 

to the negatively charged phosphate in the headgroup region of the phospholipid 
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analog. The NBD moiety is reduced to a non-fluorescent amino group by the reaction 

of dithionite. The results displayed in Figures 4.3 and 4.4 were obtained at a 

temperature corresponding to the gel phase temperature of the lipid. Lateral diffusion 

is minimal in gel phase. In view of this, the nature of a membrane is only probed by 

the NBD moiety located in the headgroup or in the hydrocarbon region. Sampling 

was done in three replicates to ascertain reproducibility of the data. The results were 

reported and the standard deviation shown as an error bar as tabulated in Table 4.2. 

Table 4.2 Half life calculated for the different chain lengths. 

Acyl-chain length 
(# of carbon atoms) 

14 

15 

16 

17 

18 

19 

20 

NBD PC 

tl/2 (S) 

39.9 ±9.3 

36.9 ±11.3 

37.0 ±1.9 

33.6 ±10.5 

30.7 ±12.5 

22.7 ±7.7 

15.2 ±5.4 

NBDPE 

tl/2 (S) 

59.4 ±3.5 

48.7 ± 6.5 

43.9 ±2.1 

39.2 ± 0.4 

50.7 ±11.6 

49.5 ± 7.0 

42.4 ±3.6 

Similar studies conducted by Alakoskela Kinunnen using DPPN instead of 

NBD PE as fluorescent analog yielded results that are much in agreement with the 
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findings [15]. The group employed liposomes that were 100 nm in size. They 

attributed the slow rate of DPPN reduction to the negative charge carried by the 

phosphate group in DPPN. The slow rate of headgroup NBD PE could possibly be 

due to the microdomains formation that increases with the acyl-chain length. Previous 

studies have shown that there is a tendency of the negatively charged NBD PE to be 

enriched in these transient domains while undergoing phase transition [15]. In such a 

situation, the surface charge density of transient domains would be higher [21] and 

the rate of dithionite quenching of NBD PE could be expected to decrease. 

The position of NBD probe in the bilayer region has been investigated by 

different techniques. For example, paramagnetic fluorescence quenching by spin 

labels and fluorescence properties in a media of varying dielectric constant showed 

that this moiety has high affinity for polar environment [14, 22]. The NBD on the 

hydrocarbon tail loops back towards the lipid water interface [22]. It possesses a 

strong dipole moment that favors the propensity for a more polar environment. In 

Figure 4.4 the rate of dithionite quenching of NBD is determined by the thickness of 

the bilayer. The thickness of the bilayer varies linearly with the number of carbons 

per acyl chain [23]. This change can be associated with thermally induced lateral 

density fluctuations. The latter is defined as the number of lipid molecules per unit 

volume along the plane of the bilayer. These fluctuations are derived from the fact 

that lipid bilayer is a two-dimensional soft system. They behave like liquid crystals 

and exhibit a very high level of flexibility. This flexibility allows thickness 

fluctuation motions. These motions can be either the conformation transitions of the 
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lipid hydrocarbon tails that take place in picoseconds or bending that can take several 

milliseconds. 

A high degree of conformational change is observed in the acyl-chain from a 

rigid extended conformation in the low temperature gel phase, to a shortened kink

like conformation in the high temperature fluid phase. The lateral density parameter is 

known to increase as acyl-chain is decreased. It is also strongly enhanced at the phase 

transition region [24]. As already mentioned elsewhere, the polarity of NBD can 

influence the location of the bulky NBD in the bilayer. Based on this fact, NBD 

essentially probes the head-group region of the bilayer at the water-interface region of 

the bilayer. It is also reasonable to expect the chromophore perturbing local bilayer 

organization. This can occur for any chromophore concentration. It is this 

environment that is being sensed by the NBD spectroscopic response. NBD located in 

the acyl-chain (NBD PC) could possibly contribute to a certain disorder in the lipid 

bilayer. In the case of NBD PE, the NBD moiety is attached to the headgroup. This 

restricts its movement. This argument is also supported by the steep decrease in the 

fluorescence intensity as seen in Figure 4.5. That for a fraction of NBD PC probe, the 

polarity of the environment decreases sharply at increasing chain length. 

4.3 Fluorescence Intensity Measurements 

Fluorescence intensity measurements were conducted in the gel phase of the 

lipid. These measurements were studied as a function of the hydrocarbon chain 

length. The emission at 540 nm was followed with absorption maximum at 470 nm. 
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At maximum saturation, the fluorescence is proportional to the quantum yield and 

absorption maximum of chromophore. Quantum yield is a measure of integrated 

photon emission over the fluorophore spectral band. The rate of emission is a function 

of the lifetime of the excited state. 

The fluorescence intensity gradually declines with the increasing chain length 

(Figure 4.5). A decrease of fluorescence intensity is an indication of increased water 

content within the region surrounding the NBD moiety. In our case the effect is a 

linear function of the acyl-chain length. A critical level of hydration is required by 

lipid molecules to achieve lipid bilayer [25]. It is also established that water diffuses 

across the lipid bilayers and therefore it is found within the hydrophobic region [26]. 

The penetration of water into the bilayer sets a dielectric constant gradient from a 

value of about 80 to 5 at the bilayer center as discussed in Chapter 1. 

Fluorescence spectroscopy method using solvatochromic fluorophores has 

reported membrane that is permeable to water [27]. It is also important to note that 

fluorescence emission intensity is positively correlated to the membrane dipole 

potential [28]. The change in dipole potential in the bilayer is similar to that of 

freedom of movement and anisotropy of interface water molecules. The hydration 

shell provided by these water molecules could also account for the NBD fluorescence 

in an acyl-chain of varying chain length. It appears that a change in fluorescence 

intensity from either NBD PE or NBD PC in acyl-chain of varying length is sensitive 

to polarity of lipid bilayer region. On heating, the fluorescence intensity of the NBD 

PE and NBD PC increases continuously with the gel phase of DMPC (Figure 4.6). It 
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begins to increase more steeply at about 10 to 20°C and reaches a maximum at about 

23°C for NBD PC and thereafter decreases continuously. The data can be explained 

as follows. The probes NBD PE or NBD PC are strongly excluded from the gel phase 

of DMPC. In the gel phase matrix, the probe could possibly segregate into domains 

leading to increase in the fluorescence intensity [15]. 
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4.4 Lifetime Measurement 

The fluorescence lifetime property of NBD was used to determine the 

dynamics of the bilayer by headgroup NBD PE and tail-labeled NBD PC fluorescent 

probes. The lifetimes were calculated from changes in fluorescence intensity. All 

fluorescence decays were fitted to a bi-exponential. Since we were interested in 

studying NBD PE and NBD PC in acyl-chains of varying lengths, the shorter lifetime 

component, ti was analyzed. This was used to gauge the performance and dynamics 

of an NBD probe in the bilayer. The excited lifetime of NBD PE and NBD PC as a 

function of chain length obtained in the gel phase temperature is displayed in Figure 

4.7. There is a steady decrease in the lifetime with increasing acyl-chain length of the 

phospholipids to 16. Such a change is indicative of changes in the microenvironment 

of the NBD moiety in the acyl chain composition [29]. This could be due to changes 

in the polarity or location of the fluorescent probe in the liposome bilayer region. 

The excited state lifetime reported of NBD PE in membranes is between 6 and 

8 nanoseconds [29, 30]. The lifetimes obtained in this study is in agreement with 

findings by these authors. This value reduces due to the hydrogen bonding between 

the NBD and the solvent [30]. This is accompanied by an increase in the rate of 

nonradiative decay leading the de-excitation of the fluorophore [14, 30]. In our case, 

the NBD PE consistently gave a relatively longer lifetime that NBD PC. This was 

attributed possibly to packing and geometry arising from the differences in the 

orientation of NBD moiety. NBD PE lies in the headgroup region of the bilayer. This 
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region is more restricted in mobility compared to the hydrocarbon [31]. In the past, 

studies have shown that the phosphatidylcholine headgroup is oriented parallel to the 

bilayer surface as shown schematically in Figure 4.8. It is reasonable to expect that 

the headgroup region has a more and stronger intermolecular interaction than the 

acyl-chain of phospholipids. The phosphatidylethanolamine headgroup with its 

ammonium group attached to the headgroup in the structure is expected to engage 

strongly in molecular interactions than the choline headgroup. These interactions can 

affect the NBD PE headgroup mobility in the lipid bilayer. 
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Figure 4.7 Lifetime of NBD PE and NBD PC in acyl-chain of varying lengths. 
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Figure 4.8 Preferred headgroup conformation in bilayer [31]. 

4.5 Percent of NBD Quenched by Dithionite 

The extent of dithionite quenching of NBD in acyl-chain of varying length 

was evaluated. Normalized intensity was used for the data presented. In Figure 4.9, 

the results of lower and higher acyl-chain length are presented. It was evident in this 

case that the percentage of NBD fluorescence quenched was relatively less in 16:0 PC 

and higher hydrocarbon chains. This was true for both NBD PE and NBD PC. The 

rate of quenching was always higher in NBD PC than NBD PE in all acyl-chain 

lengths investigated. This behavior was more prominent in the short chain 

hydrocarbons (DLPC and DMPC). The NBD moiety of NBD PC perhaps suffers the 

setback of being located in a more hydrophobic environment. This potentially creates 
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bilayer defects especially due to packing defects between DLPC and NBD PC (16:0-

12:0). Such defects could lead to leakage across the bilayer. This is aggravated by the 

fact that NBD moiety in NBD PC loops back to the interfacial region of the bilayer. 
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Figure 4.9 Exponential decay plots of dithionite quenching of NBD in acyl-chain of 
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The fluorescence intensity change in NBD PE and NBD PC in DMPC was 

calculated before and after addition of dithionite reagent. The calculation was based 

on the lamellarity as discussed in Section 2.3.2. The difference was then expressed as 

a percentage of the NBD probe quenched. This was plotted as a function of the 

temperature as shown in Figure 4.10. Results showed that the amount of NBD 

reduced on addition of 1 M sodium dithionite was different in the gel, fluid and the 

phase transition regions. This was consistent with DMPC undergoing a gel-fluid 

transition. At 23°C, nearly 100% dithionite quenching of NBD moiety was observed. 

This corresponds to the phase transitions of DMPC [32]. A slight hump was observed 

below phase transition region. Above the phase transition there was a relatively 

smaller increase in the amount of the NBD quenched. The NBD fluorescence in NBD 

PC was completely quenched at the phase transition. 

The percentage of NBD fluorescence quenched above the phase transition was 

significantly different in NBD PE and NBD PC. This trend was consistent with 

location of NBD moiety. The NBD of NBD PC is located in the fatty acyl chain of 

lipid. Here, the bilayer is more perturbed as a result of locating a more polar group in 

a non-polar hydrophobic environment. The effect is more aggravated at the phase 

transition region. As explained elsewhere in this chapter, this can be attributed to the 

disorder in the lipid bilayer. The differences observed in NBD PC and NBD PE can 

also be explained based on the looping back of NBD PC as reported by Raghuraman 

[22]. The NBD PE and NBD PC orientation change with the changes in temperature. 

This becomes more random with the increase in temperature as shown by the steady-
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state anisotropy data of DMPC bilayer. Steady-state anisotropy was monitored as a 

function of the temperature passing through the phase transition of the DMPC lipid 

bilayer (Figure 4.11). The Figure shows that both NBD PE and NBD PC orientation 

becomes more random with increasing temperature. Differences in the NBD PE and 

NBD PC become more apparent above the phase transition temperature of DMPC. 
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Figure 4,10 Percentage of NBD quenched in the DMPC (14:0) lipid bilayer as a 
function of temperature. 

The steady-state anisotropy was determined using Equation 1.4 in Section 1.9. 

The bilayer region of DMPC was investigated by varying the temperature from 10 to 

49°C. The decrease in fluorescence anisotropy in NBD PE in the temperature range 
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between 10 and 45°C was larger (0.1). The NBD PC fluorescent probe had a smaller 

value (0.06) at the same temperature range. This value indicates that the NBD in the 

NBD PE has a greater rotational degree of freedom compared to the NBD PC. This 

degree of freedom leads to change of almost a factor of two in its anisotropy with 

increasing temperature compared to the NBD PC. The sudden drop in anisotropy at 

the phase transition could be attributed to the sudden changes in membrane polarity 

as a result of the gel to fluid transition as previously reported [33]. 
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Figure 4.11 Temperature-dependence steady-state anisotropy of NBD in DMPC 
(14:0)bilayer. 
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4.6 Conclusion 

In recapitulation, we examined bilayer properties using behavior of NBD PE 

and NBD PC. Understanding these properties requires an experimental examination 

of the changes in relation to the temperature. The behavior of NBD PE (16:0) and 

NBD PC (16:0-12:0) probes were examined by studying dithionite quenching and the 

excited state lifetime in a saturated hydrocarbon of varying chain length from the 

DLPC to 20:0 PC. 

The two fluorescent probes NBD PE and NBD PC were employed to investigate 

further dynamics of the DMPC liposomes. DMPC form liposomes that display a 

phase transition close to room temperature. We sought to explain the differences 

displayed by the two lipid analogs. The quenching kinetics for the NBD PE and NBD 

PC were investigated. The rate of quenching was found to decrease with the 

increasing acyl-chain length. The fluorescence intensity measurements of the NBD 

PE and NBD PC were found to decrease with the increase in the acyl-chain length. 

Even though it was not possible to evaluate the water concentration within our 

system, it can be pointed out that the influx of water in the hydrophobic region of the 

lipid bilayer could partly explain the quenching of NBD fluorescence. It was also 

noted that the NBD moiety in the NBD PC is constrained in the hydrophobic region. 

It can potentially loops back to the interface as shown in Figure 4.12. This behavior 

was recently been reported by studies using red edge excitation shift measurements 

conducted in extruded liposomes [22, 34]. 
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Figure 4.12 Looping back of the NBD of NBD PC a as function of the phase state of 
the host lipid [22]. 

Differences in orientation can influence the rate of quenching, lipid packing 

and excited lifetime dynamics. Using a polydisperse liposome system, we obtained 

excited state lifetime of NBD PE and NBD PC comparable to existing literature 

values. Here, it was found out that the NBD PE probe has a longer excited state 

lifetime than the NBD PC. Changes in membrane polarity, thickness and hydration 

shell in the hydrocarbon chain of varying lengths can possible influence the excited 

state lifetimes of the probes embedded. The NBD moiety of NBD PE resides in a 

more rigid environment in the headgroup regions of the bilayer. This was 

demonstrated by the steady state anisotropy measurements obtained in the gel phase 

of DMPC lipid bilayer. On increasing temperature beyond phase transition, the 

degree of freedom for the movement of NBD PE became more random. This could 

possibly have a profound influence on the results obtained from dithionite quenching, 

the lifetime and fluorescence intensity measurements. Perhaps a relatively lower rate 
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of dithionite quenching in the NBD PE was due to negatively charged phosphate 

group that impedes dithionite approach to NBD moiety in the water-lipid interface as 

previously observed by Alakoskela [15]. 
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CHAPTER 5 

TIME-RESOLVED MEASUREMENTS IN SINGLE LIPOSOME 

5.1 Introduction 

Time-resolved measurements have become very useful in understanding 

biochemistry and biophysics. This is because of the recent developments that have 

occurred in the instrumentation and the development of fluorescent probes. Numerous 

studies have evolved recently geared towards discerning the structure and motions of 

biological molecules. Fluorescence lifetime and anisotropy have proved useful in 

discerning dynamics of lipid membranes. 

Fluorescence anisotropy was originally designed to study microviscosity of 

micelles and membranes [1]. The anisotropy measurement is attributed to the rate of 

rotational diffusion of the biological molecules. The rate of rotational diffusion of 

biological molecules is comparable to their decay times. Therefore, it is possible to 

study many of the activities of these molecules [2]. Fluorescence anisotropy 

measurements have been useful in discerning the location of probe in a lipid bilayer 

[2-5]. The anisotropy measurements have been used widely in quantifying protein 

properties such as denaturation, association and dynamics [6-8]. 

It is well established that fluorescence lifetime is sensitive to the pH, ion 

concentration, temperature and many other conditions in the microenvironment of a 

fluorophore in a biological system. Time-resolved lifetime is the average amount of 
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time that a fluorophore spends in the excited state, after absorption of a photon, 

before returning to the ground state [2]. It is defined as the time it takes for a number 

of excited population of a fluorophore to decay to 1/e (36.8 %) of the original 

population (see Equation 1.1 Section 1.7). The fluorescence intensity decay 

exponentially as displayed by Figure 5.1. 

1.00 

intensity 

1/e A"
" 

^ Exciting pulse 

^^ Fluorescence 

x time 

Figure 5.1 Fluorescence intensity decay signal after the excitation with a pulsed light. 
Lifetime x is obtained by the fraction that decays to 1/e of the original pollution as 
indicated in the diagram [9]. 

The fluorescence lifetime has become very useful in revealing the information 

on quenching processes, rates of energy transfer, and time-resolved anisotropy. 

137 



Furthermore, multiple decay constants are useful in discerning the heterogeneity 

existing in the environments of a fluorophore. In time-resolved fluorescence, the 

individual photons can be detected with spatial resolution in the microscopy and time 

resolution [10]. It is a powerful tool for studying excited transient species in the time 

domain mode. These species are produced via electronic excitation of molecules 

created by the short pulses from either the UV or the VIS radiation. Time resolution 

in nanosecond is very useful in the characterization of processes such as the 

photochemical reactions, triplet electronic states, radical species diffusion-controlled 

bimolecular processes and energy transfer among others. In time resolved 

measurements, one can deduce temporal dynamics and kinetics of photophysical 

processes. 

Time-resolved fluorescence can be detected by a number of detection methods 

that includes time-correlated single-photon counting (TCSPC) [2]. In TCSPC, a high 

probability exists in detecting one photon at time t after an excitation with a pulse 

source at time zero. This probability can yield fluorescence intensity at a particular 

time. 

The intensity of fluorescence emission from a fluorophore can be measured as 

a function of the emission or excitation polarization. This can result in very useful 

information about the rotational freedom or rates of rotation of the fluorophores or 

molecules to which they are attached [2]. In order to obtain the information, 

measurements are usually made by exciting the fluorophore with a linearly polarized 

light and then monitoring the emission at orthogonal polarizations. For a fluorophore 
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excited with a linearly polarized light the emission is also polarized. Only molecules 

oriented in the direction parallel to the electric dipoles of the exciting light will be 

excited, as shown in Figure 5.2. If there is no rotational motion of the fluorophore in 

its excited state, the fluorescence emission will have same polarization as the exciting 

light. However, when angular movement occurs, due to thermal energy in solution, 

fluorescence emission assumes a new polarization. Steady-state anisotropy therefore, 

is a measure of the degree of depolarization of the emission with respect to the 

excitation as predicted in Equation 1.2 in Section 1.7. 

Figure 5.2 Photo-selection of the fluorophores oriented parallel to the electric vector 
of the exciting light [9]. The dark circles are not parallel to the exciting light and not 
excited whereas the fluorescent circles are parallel and are excited by light. 
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A number of sources of depolarization events can occur especially in 

anisotropy conducted under the steady-state mode as discussed in Section 4.5. In 

steady-state anisotropy, it is not easy to resolve between the global molecular 

dynamics and local rotational freedom of a fluorophore when attached to a larger 

molecule such as a protein [2]. In that case, time-resolved anisotropy can be useful in 

resolving some of this hidden information since the depolarization can occur at 

different time scales. Time-resolved anisotropy is calculated based on the parallel and 

perpendicular polarized emissions as shown in Equation 5.1. The time-resolved 

anisotropy is normally acquired by adding the polarization sensitivity to the time-

resolved fluorescence measurements. 

r_ /„ ( 0 - / x ( Q [5.1] 

/„(0 + 2i1(0 

In this case r is a measure of a time-dependent steady-state anisotropy 

calculated by polarized fluorescence signal oriented in the in the parallel position, 

ln(0 and perpendicular, IL{t) to the linear polarized laser excitation. 

In this chapter, time-resolved measurements and anisotropy of the NBD 

moiety in the DMPC lipid bilayer are presented. We characterized the bilayer region 

of liposomes made from the egg PC phospholipids. The DMPC phospholipids have a 
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defined phase transition region. The egg PC phospholipids do not show a gel-fluid 

phase transition at ambient temperatures. 

The DMPC lipid bilayer was systematically investigated as a function of 

temperature using the TCSPC technique. The fluorescence lifetime of the NBD 

moiety in the DMPC vesicle were analyzed with both NBD PE and NBD PC 

fluorescent probes. The results obtained were used to examine behavioral differences 

that possibly exist in the DMPC lipid bilayer. Single photon counting method was 

used in isolated vesicle system. The optical pulses generated by a laser were focused 

under high numerical aperture conditions on a single vesicle under a microscope. The 

lipid bilayer of the DMPC was also investigated in the bulk solution using an 

Edinburgh Fluorimeter. The results from the microscope and Edinburgh instruments 

were compared. We measured fluorescence lifetime in a variety of solvents to vary 

the dielectric constant. The results were obtained and discussed in each section as 

detailed below. 

5.2 Fluorescence Lifetime of NBD Moiety 

5.2.1 Microscope Slide 

The fluorescence intensity of NBD is known to depend on the polarity of 

media in which the probe is located. The intensity decreases in a reduced polarity of 

environment [11]. The lifetime and intensity of NBD increases significantly from 

aqueous solvent of high dielectric constant to the hydrophobic core of the bilayer. The 

lifetime of NBD PE were measured in solvents of varying dielectric constants. This 
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was investigated by a time-correlated single-photon counting technique as described 

in the experimental section. In short, 26 uL of 1 mg/ml NBD PE was dispersed in 1 

mL of chloroform, methanol or a dioxane-water mixture. 50 uL of each were 

transferred onto a depression microscope slide. A pulse laser was initiated with an 

excitation at 470 nm at a 20 MHz repetition rate. The emission was monitored at 540 

nm. Time-domain fluorescence lifetime measurements were carried as described in 

section 2.2.3. Fluorescence decay can be reported by a sum of exponentials as 

indicated by equation 5.2. 

I(0 = 2>- /T ' [5-2] 

In this equation Xi and al are the time constants and the corresponding 

amplitude respectively. The fluorescence intensity at a time t is given by 1(f). The bi-

exponential decays in our case were calculated from the decay times and pre-

exponential factors. This resulted in xi and xi for the long and short lifetime 

components respectively. The corresponding amplitudes were noted as ai and ci2 for 

Xi and X2 respectively. The goodness of the fit was evaluated from the residual and the 

reduced -£ ratio. This is a ratio of the minimum error-weighted sum of the squared 

deviations between measured and predicted values. A good fit is one that has •£ close 

to one. The fluorescence intensity decays fitted well to a bi-exponential with the least 
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chi-square below 1.3. All measurements were taken at 298 K except in temperature 

dependence cases. 

Dioxane-water mixture is a useful solvent that allows a continuously changing 

dielectric constant value. Dioxane is completely miscible with the highly polar 

compounds such as water. It has a low dielectric constant [12]. The dielectric constant 

of the dioxane-water system at different temperatures between 20 and 35°C has been 

reported [13]. The dielectric constants reported at 298 K are shown in Table 5.1. The 

fluorescence lifetime measurements of the NBD PE in dioxane and water mixture 

showed an inverse relationship with the dielectric constant. This was expected. The 

lifetimes of NBD PE was found to be 9.7 ns at 100% dioxane and 3.1 ns for a 10% 

dioxane. The 100% dioxane had a dielectric constant of 2.21 while the 10% had 70.33 

as displayed in Table 5.1 [13]. Methanol solvent with a dielectric constant of 33 

resulted in a longer lifetime reported of 6.5 ns. The time-resolved and steady-state 

lifetime measurements of the NBD had earlier been shown to exhibit strong 

solvatochromic properties [14-16]. The results in Table 5.1 are rationalized on the 

basis of an environment polarity. 

143 



Table 5.1 Fluorescence lifetime of NBD PE in solvents of varying polarity. 

Solvent 

chloroform 

methanol 
100%dioxane 
80% dioxane 
50% dioxane 
20% dioxane 
10% dioxane 

Dielectric 
constant 
(298 K) 

4.8 
(293K)ri71 

33.0 
2.2 
11.9 
35.8 
61.9 
70.3 

Tl 

1.76 

6.51 
9.75 
6.31 
3.53 
2.13 
3.13 

a i 

11 

65 
74 
0.1 
18 
42 
45 

T2 

0.36 

0.81 
1.59 
0.00 
0.42 
0.28 
0.67 

a2 

89 

35 
26 
100 
82 
58 
55 

x2 

1.3 

0.9 
1.0 
1.3 
1.0 

0.93 
0.97 

In this table, x\ and 12 are the fluorescence lifetimes for long and short lifetime 

components of biexponential fit. ai and ai are the corresponding contributions for the 

long and short lifetimes respectively, x2 is the reduced chi-square. 

5.2.2 Edinburgh Fluorimeter 

The fluorescence lifetime of the NBD PE and NBD PC was measured in a 

bulk solution in a quartz cuvette in the Edinburgh instrument. A 1 mL dioxane and 

variable percent mixtures in water in a quartz cuvette containing 26 uL of 1 mg/ml 

NBD PE were used. The NBD PE probe in the solvent was excited at 470 nm and the 

emission studied at 540 nm. Fluorescence decays were fitted to a bi-exponential. A 

full description of Edinburgh instrument experimental set up is found in Chapter 2, 
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Section 2.3.6. The fluorescence lifetimes values obtained in solution bulk were 

compared to the microscope measurements shown in Table 5.2 and displayed by 

Figure 5.3. 

It appeared from the table and the figure that the fluorescence lifetimes 

obtained by exciting NBD PE in solution in a cuvette and on a microscope slide were 

relatively similar. Dioxane and water mixtures provided a range of varying dielectric 

constants that could be compared to the region of a lipid bilayer. In lipid bilayers, the 

permittivity (or dielectric constant ) was shown by neutron and x-ray studies to vary 

from 78.5 in water to 2 in the hydrocarbon core of the lipid [18]. 
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Figure 5.3 Fluorescence lifetimes of the NBD PE and NBD PC dissolved in a 
mixture of dioxane and water (% w/w). The measurements were obtained using 
Edinburgh fluorimeter. 
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Table 5.2 Long component lifetime for NBD PE in dioxane. 

Percent dioxane in 
water 

10 
20 
50 
80 
100 

Long component Lifetime (ns) 
Microscope slide 

3.1 
2.1 
3.5 
6.3 
9.7 

Edinburgh instrument 

2.4 
2.5 
4.5 
6.5 
10.2 

5.3 Time-Resolved Measurements on a Single Liposome 

5.3.1 Egg PC 

The fluorescence lifetime of NBD PE and NBD PC were measured in an 

isolated single liposome made from egg PC and in DMPC phospholipids. The 

measurements were conducted by focusing a laser on the liposome as shown using 

Figure 2.6 in Chapter 2. The egg PC lipids do not exhibit phase transition at room 

temperature while the DMPC has phase transition at 23°C. Single liposome 

measurements were conducted following the method detailed in Section 2.3.5. The 

fluorescence lifetimes measured as a function of temperature for the NBD PE in egg 

PC is displayed in Figure 5.4. A number of measurements were taken at different 

times and plotted as a function of temperature as shown in Figure 5.4. The figure 

shows a continuous decrease in the lifetime of the NBD PE with increasing 

temperature. The mean lifetime for the long component decrease was from 11.5 to 6.7 

ns when the temperature was increased from 8 to 40°C. This resulted in a 41% 

147 



decrease in mean lifetimes. The short component lifetime of NBD PE decreased from 

5.0 to 2.6 ns in the same temperature range as the long lifetime. This was 

approximately 54% decrease in lifetime. 
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Figure 5.4 Fluorescence lifetime of NBD PE in egg PC liposome. This was measured 
as a function of temperature. 

Time-resolved anisotropy of NBD PE in egg PC liposome was also reported 

as a function of temperature from 8 to 40°C. A detailed measurement is found in 

Section 2.3.5. A considerable decrease in the rotational times was observed from 2.8 

to 1.4 when the temperature was increased from 8 to 40°C as shown in Figure 5.5. 
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This was a 50% decrease in rotational times. This suggests that the entity rotates 

faster as the temperature increases. 

3.0 

2.5 

:2.<H 

1.5J 

"< 1 ' r ~\ ' 1 >" 

• I • 
: • 

10 

t : 
• !t.t . 

• • • 

T "-

20 30 
Temperature (°C) 

40 

Figure 5.5 Time-resolved anisotropy of NBD PE in egg PC liposomes. 
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5.3.2 DMPC (14:0) 

The fluorescence lifetime of NBD PE and NBD PC in a single isolated DMPC 

liposome was reported as a function of temperature from 7 to 39°C. The lifetimes for 

both cases were described by a two component function: the short and the long 

lifetime components. The lifetimes of the NBD PE and NBD PC were well separated 

due to the expected different locations in the DMPC bilayer region. It was observed 

that the fluorescence lifetime decreased with the temperature increase. The mean long 

lifetimes for the NBD PE decrease from 12.2 ± 0.4 to 8.4 ± 0.9 ns when the 

temperature was varied between 7 and 39°C as shown in Figure 5.6. In the same 

figure, the fluorescence lifetime for the long component in NBD PC decreased from 

10.3 ± 0.5 to 5.9 ±0.1 at the same temperature range as the NBD PE. The percent 

decrease in the NBD PE and NBD PC was approximately 31% and 42% respectively. 
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Figure 5.6 Long component lifetime of NBD group in DMPC liposomes. 

The mean fluorescence lifetime for the NBD PE for the short component 

varied between 4.8 ± 0.2 to 3.1 ± 0.7 ns when the temperature was increased from 7 

to 39°C as displayed in Figure 5.7. Similarly, in the same figure, fluorescence lifetime 

for the short component in the NBD PC at the same temperature range decreased 

from 4.5 ± 0.3 to 3.0 ± 0.2 ns. This was a 35% decrease for both cases. 
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Figure 5.7 Short component lifetime of NBD group in DMPC liposomes. 

The long lifetime component for NBD PE and NBD PC in DMPC was 

strongly dependent on the temperature in the region of the lipid thermal phase 

transition (~23°C). The short lifetime component was insensitive to either NBD PE or 

NBD PC in the bilayer region of DMPC. 

Time-resolved anisotropy measurements were conducted as a function of the 

temperature from the gel to fluid across the phase transition of DMPC bilayer as 

shown in Figure 5.8. The results of the measurements showed that the value for the 

NBD PE in DMPC decreased from 3.1 ± 0.5 to 1.7 ± 0.1 ns for a temperature 

increased from 7 to 39°C. NBD PC showed a decrease from 3.4 ± 0.2 to 1.4 ns when 
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the temperature was increased from 7 to 39 °C. The percent decrease for NBD PE and 

NBD PC was 46 and 58% respectively. 
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Figure 5.8 Time-resolved anisotropy of NBD group in DMPC as a function of 
temperature. 

The time-resolved fluorescence lifetime and anisotropy measurements were 

acquired simultaneously with the polarizer (perpendicular and parallel position) in 

place to obtain the anisotropy component. To investigate the influence of the 

polarizer on lifetime measured on a single liposome study, we proceeded with direct 

measurements of lifetimes with the polarizer out of the path of the laser signal. 
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Analysis for time-resolved anisotropy showed that NBD PE is more sensitive to the 

phase region of the DMPC liposome as shown in Figure 5.9. The results displayed in 

Figure 5.9 were obtained by fixing lifetimes in the fitting equation in the FluoroFit® 

(PicoQuant) software so that the software operated within a given boundary of the 

lifetime. The results showed that the NBD PE displayed a sudden and sharp decrease 

in time-resolved anisotropy around the phase region of the DMPC. But the NBD PC 

remained fairly linear in the same temperature range. The decrease for the NBD PE 

was from 4.7 ± 0.4 to 1.4 ± 0.2 ns when the temperature was dropped from 7 to 36°C. 

In the same temperature range, the NBD PC decreased from 4.1 ± 0.2 to 1.9 ± 0.1 ns. 

The percent decrease was higher in NBD PE (68%) than in NBD PC (55%). 

The relationship between the steady-state anisotropy and the rotational 

correlation time is found in the Perrin equation [2]. The relationship between the 

rotational correlation time and the microviscosity, r|m, can be derived from the Debye-

Stokes-Einstein equation 5.3 [19]. 

kTrR [5.3] 

Where t>h is the hydrodynamic radius of the probe molecule and TR is the 

rotational correlation of the fluorophore. From Perrin's equation shown by equation 

5.4, it seems that when rotational correlation time, 0 is much larger than the lifetime, 
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then the measured anisotropy r is equal to the fundamental anisotropy r0. If the 

correlation time is much shorter than the lifetime, then the anisotropy is zero. 

l + T/0 

Where r is the measured steady-state anisotropy, x is the fluorescence lifetime, 

0 is the rotational correlation time and r0 is the fundamental anisotropy measured in a 

in a highly viscous solvent. The fundamental anisotropy r0 is defined as the 

anisotropy in the absence of depolarization as shown by Equation 5.4.1 [2]. 

_2 
r°~ 5 

f 3 c o s 2 / ? - n [5-4.1] 

In this equation, p is the angle between absorption and emission transitions. 

The fundamental anisotropy r0 occurs between 0.4 and -0.20. The r0 value becomes 

zero when p is 54.7°, -0.20 when p is 90°, and 0.39 when p is 7.4°. 

The time-resolved anisotropy, therefore, is a measure of the microviscosity of 

the environment of the NBD fluorophore in the lipid bilayer. It appears that the NBD 

in NBD PE experiences a stronger orientational constrain in the gel than fluid phase 
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of the DMPC lipid bilayer. This is demonstrated by the greater rotational correlation 

time of 4.7 ns compared to that for NBD PC (4.1 ns). 
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Figure 5.9 Time-resolved anisotropy of the NBD group in the DMPC (14:0) with a 
fixed lifetime measured as a function of temperature. 

5.3.3 Carboxyfluorescein 

The lifetime of the 5-carboxyfluorescein (single isomer) standard was 

measured in a depression slide microscope similar to the procedure for the solvents as 

described in Section 5.2. The results showed a fairly constant lifetime with a mean 

value of 4.1 ± 0.05 ns as displayed in Figure 5.10. Carboxyfluorescein was used as a 
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standard to ascertain that the results obtained with the slide in a microscope were not 

due to any instrument malfunction. 
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Figure 5.10 Lifetime of 5-Carboxyfluorescein as a function of temperature. 
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5.4 Bulk Solution Measurements in Edinburgh Fluorimeter 

Lifetime measurements of NBD group in DMPC liposomes were carried out 

in a single-photon counting spectrophotometer (FLS900, Edinburgh instruments) as 

described in Section 2.3.6. The lifetime was determined at a 4 mg/mL total lipid 

concentration. 1 mL liposome suspension was used in a 1 cm quartz cuvette and the 

measurement was carried out as detailed earlier. The results are shown in Figure 5.11. 

A diluted liposome suspension was also examined. In this sample, 150 uL of a 4 

mg/mL was transferred to 850 uL of 11 magnesium chloride solutions in a 1 cm 

quartz cuvette. The lifetime measurement fitted well to a biexponential with a 

reduced chi-square below 1.5 (Figure 5.12). The long component lifetime was 

displayed as a function of temperature in Figures 5.11 and 5.12. 
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Figure 5.11 Edinburgh lifetime measurements of concentrated sample of DMPC 
(14:0). 
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lire 5.12 Edinburgh lifetime measurements of diluted DMPC (14:0) sample. 
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The Edinburgh method measurements were conducted in a bulk solution as 

opposed to a single vesicle measurement in a microscope slide as described in section 

5.3. In Figure 5.1 and 5.1 the NBD PE and NBD PC lifetime were inversely 

correlated to the temperature. This was similar to the single vesicle measurement 

described in section 5.3. In the concentrated sample shown in Figure 5.11, the NBD 

PE lifetime decreased from 10.4 ±0.1 to 7.4 ±0.1 ns when the temperature was 

increased from 7 to 42°C. In the same figure, the NBD PC lifetime decreased from 

7.8 ± 0.17 to 4.7 ±0.1 ns in the same temperature range. The percent decrease was 

29% for the NBD PE and 40% for NBD PC. 

Similar analysis was carried out for the diluted samples displayed in Figure 

5.12. The fluorescence lifetime for NBD PE decreased from 11.1 ± 0.1 to 8.6 ± 0.1 ns 

when the temperature was reduced from 7 to 37°C. In the same temperature range the 

fluorescence lifetime of NBD PC decreased from 8.7 ±0.1 to 5.8 ±0.1 ns. The 

percentage decrease was 22% for NBD PE and 34% for NBD PC in the DMPC 

bilayer. The percent change in the NBD PE was smaller than NBD PC. This was 

similar to the trend observed in the measurements of a single vesicle under 

microscope slide. The lifetimes in a concentrated liposome suspension in a bulk 

solution were relatively lower than the single vesicle measurements. The lifetime 

values for the diluted bulk liposome suspension were relatively higher than the 

undiluted component. 

161 



5.5 Activation Energy 

In order to distinguish between NBD PE and NBD PC in a more 

comprehensive characterization, the temperature dependent lifetimes obtained by 

single-photon counting techniques were analyzed using Arrhenius kinetic model. The 

lifetimes x, were converted to rate constant k, using the equation 5.5. 

, 0.693 [5.5] 
K 

T 

A plot of the natural logarithm of the rate constants as a function of 

temperature is displayed in Figures between 5.13 and 5.15. The slope was constantly 

linear for egg PC in Figure 5.13. In Arrhenius equation, the slope of a linear 

regression plot results in activation energy barrier. The intercept gives the pre-

exponential factor. 
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Figure 5.13 Arrhenius plot for the long component lifetime of the NBD PE in egg PC 
(see short lifetime insert). 
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Figure 5.14 Arrhenius plot of long and short lifetime components for the NBD PE in 
DMPC (14:0) (see insert for short component). 
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The Arrhenius kinetic model was used in the analysis of the temperature 

dependent lifetime components in egg PC and DMPC liposome. We examined the 

long and short lifetime components. In the DMPC, both the NBD PE and NBD PC 

showed a region of discontinuity close to the phase transition of the DMPC lipid 

bilayer as seen in Figure 5.14 and 5.15. This suggests a change in the activation 

barrier for deactivation of the excited state of the NBD moiety in the bilayer. The 

activation barriers were calculated for the egg PC and DMPC in order to gain further 

insight into the fluorescence decay pathways in the gel and fluid lipid bilayer system. 

Egg PC phospholipids has a phase transition at -15°C [20]. Therefore, it exhibits no 

discernible phase transition through the temperature range as seen in the Arrhenius 

plot in Figure 5.13. However, the DMPC shows a phase transition from gel to fluid 

phase via distinct phase transition temperature. 

In Table 5.3 the short component lifetimes have activation energy barrier that 

is relatively lower than the long component lifetimes except in the fluid phase of 

DMPC-NBD PE (Ea is 6.21 kcal/mol). The short component lifetime of the 

fluorescence decay is related to the nonradiative deexcitation pathways as earlier 

reported [21]. In the gel phase of DMPC, the activation barriers are very low. This 

suggests that the nonradiative process involved in the deactivation pathway of the 

excited-state is either energy barrierless, or the gel phase is temperature independent. 

The energy of activation for the long lifetime for the fluid DMPC liposomes was 

reported as 4.32 and 5.05 Kcal/mol for the NBD PE and NBD PC respectively. The 

egg PC liposomes showed a relatively lower energy barrier in the reported the NBD 

166 



PE case yielding long component activation barrier of 2.9 Kcal/mol. Egg PC has 

several components of both saturated and unsaturated phospholipids as opposed to 

pure DMPC lipid. The combination of the different lipids in egg PC can create a more 

stable system that can lead to less activation energy barrier as seen in Table 5.3. 

Table 5.3 Arrhenius activation barriers for the long and short lifetime components in 
DMPC (14:0) and egg PC vesicles. 

Lipid 

Egg PC 

NBDPE 

DMPC 

NBDPE 

DMPC 

NBD PE 

DMPC 

NBD PC 

Phase 

FLUID 

GEL 

FLUID 

GEL 

Long (TI) 

Ea 

Kcal/mol 

2.9 ±0.1 

4.3 ± 0.4 

0.7 ±0.3 

5.1 ±0.3 

1.0 ±0.4 

A 

s"1 

1.14 X 10'° 

8.89 X 101U 

1.95 X 10s 

3.91 X 10" 

3.92X10" 

Short (T2) 

Ea 

Kcal/mol 

3.8 ±0.1 

6.2 ±0.8 

0.2 ± 0.2 

3.1 ±0.4 

ND1 

A 

s"1 

1.15X10" 

5.51 X 1012 

1.927 X 10s 

3.22X1010 

ND 

1 Not dependent on temperature 

167 



5.6 Discussion 

In the past, studies of the fluorescence lifetime of the NBD PE in membranes 

have resulted in 7 ns for the long lifetime component. This decreases to about 1.5 ns 

in water. This was attributed to an increase in membrane polarity and due to hydrogen 

bonding between the fluorophores and the solvent [22, 23]. This increases the rate of 

nonradiative decay of fluorescence [16]. The decrease in lifetime in both egg PC and 

DMPC could be attributed to increase the solvent in the microenvironment of NBD 

group. This is also supported by data shown in Figure 5.3 and Table 5.2. An increase 

in the percent water in dioxane was followed by a decrease in lifetimes of the NBD 

PE. DMPC lipid has a well defined phase transition temperature of 23°C. This phase 

region was detected by a sharp decrease in the long lifetime component of the NBD 

PE and NBD PC in the DMPC. We did not observe such a sudden drop in egg PC 

phospholipids. The decrease in fluorescence lifetime for the long lifetime component 

in NBD PC (42%) was larger than NBD PE (31%). The difference in the short 

lifetime components of these fluorophores was found to insignificantly small. The 

percent decrease in the rotational correlation times for the NBD PC probe (58%) was 

also larger than for NBD PE (46%). This could be rationalized on the basis of the 

difference in the location of the NBD group in the bilayer. 

The location of NBD moiety of NBD PE in the phospholipid bilayer has been 

investigated recently by Chattopadhyay [24]. It was shown that the NBD resides 

closer to the glycerol moiety of the phospholipid skeleton structure. Results obtained 

from this study showed that the NBD group of the NBD PE was located in a region of 
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more ordered environment that led to a smaller decrease in the fluorescence lifetimes. 

In DMPC (14:0) the liposomes undergo changes in the gel to fluid crystalline phase 

transition at about 23°C. The wobbling of the NBD moiety in the gel phase was 

restricted but not inhibited completely as shown by the time-resolved anisotropy 

measurements in the DMPC lipid bilayer. The wobbling cone angle appears to 

increase sharply at the phase transition. This increase in the angular range is 

consistent with the expansion of the area of the bilayer at the transition obtained from 

a comparison between the changes in volume and thickness. The volume of 

membrane increases by about 3-4% [25, 26] while the thickness decreases by 20-25% 

[27]. 

A number of studies has taken advantage of sensitive of the NBD fluorescence 

to the physical and chemical properties surrounding the NBD probe to study the 

dynamics of the lipid bilayer [22, 28, 29]. Measurements of the fluorescence decay of 

the NBD in the DMPC and egg PC bilayers under different conditions temperature 

reveal a heterogeneous decay as shown in Figures 5.4, 5.6 and 5.7. A double 

exponential decay for a lipid bilayer containing NBD probe has been reported [23]. 

The NBD PE has the NBD polar moiety located in the lipid bilayer surface and 

attached to the amino group of the NBD PE. However, the NBD PC has the NBD 

located in the tail and is expected to be buried in the hydrophobic tail. The 

heterogeneity of the fluorescence decays is related to the micro-heterogeneity of the 

environment surrounding a fluorophore [30-32]. For example, the use of the 1,6 
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diphenyl-l,3,5-hexatriene (DPH) in the study of the erythrocyte membrane structure 

showed two lifetimes: the long and the short lifetime components [30]. 

In this study, the long lifetime component was sensitive to changes in 

temperature in the liposomal preparations using phospholipids derived from the 

erythrocyte membranes. On the other hand, the excited-state of the tryptophan amino 

acid residue in proteins has shown different conformations of proteins [33, 34]. The 

double exponential fit of the fluorescence lifetime observed in the NBD PE and NBD 

PC can be associated with the heterogeneity in the membrane surrounding the NBD 

moiety. Each of the discrete regions where the probe is located in the lipid bilayer is 

affected by temperature. This is demonstrated by the temperature dependence of the 

fluorescence lifetimes as seen for both the NBD PE and NBD PC in the DMPC and 

egg PC. The increase in temperature shifted the average fluorescence lifetime to the 

lower values. 

The temperature dependence of the rate of quenching of NBD fluorescence 

lifetime was analyzed by Arrhenius model for thermal quenching, yielding the 

activation energy barrier Ea and pre-exponential factor A. The pre-exponential factor 

is a measure of the collision frequency leading to a reaction. The gel phase of the 

DMPC had much lower activation barrier than the fluid phase for both the NBD PE 

and NBD PC probes as seen in Table 5.3. The shorter lifetime component of NBD PC 

showed lower activation barriers than the long lifetime component. The short lifetime 

of the NBD PE also reported a relatively lower activation energy barrier in the gel 

phase of the DMPC. The short component is probably temperature-independent. 
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The activation energy barriers obtained for the quenching of the NBD is close 

to the electron transfer quenching mechanism common for the indole group of 

tryptophan in proteins ( Ea from 5.23 to 7.01 Kcal/mol) [21] .The gel-fluid phase 

transition in DMPC (14:0) lipid bilayer can lead the NBD to reside in region of 

varying viscosity of the medium. This is expected to change the height of the energy 

barriers between gel and fluid phases as indicated in Table 5.3. These may affect the 

fluorescence decay of the NBD at different viscosities and reflect the changes in the 

dynamics of the DMPC matrix as displayed in the study using single liposome 

system. 

5.7 Conclusion 

In short, there were significant differences in the NBD PE and NBD PC with 

respect to the lifetime and time-resolved anisotropy determined by single liposome 

study. Pure synthetic phospholipid and natural egg PC systems were used to as a 

control to examine the behavior of the two fluorescent probes in the lipid bilayer. The 

fluorescence lifetime and time-resolved anisotropy decreased with temperature 

increases. The DMPC (14:0) system showed regions of discontinuity in the value of 

lifetime and anisotropy. This was attributed to the existence of the phase transition 

that occurs at approximately 23°C. This was not displayed in the egg PC liposomes. 

The egg PC liposome does not exhibit phase transition in the temperature range 

investigated. The fluorescence lifetime of the NBD was found to be inversely related 
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to the solvent polarity index. This was expected. It provided an explanation for the 

presence of short and the long lifetimes in lipid bilayer region. 

The longer lifetime could be attributed to the NBD existing in a more 

hydrophobic region of the bilayer. The short lifetime is due to NBD residing in a 

more hydrophilic region of the lipid bilayer. The NBD of the NBD PC had relatively 

smaller lifetime in both the short and long component than the NBD PE probe. It 

could possibly reside in a more hydrophilic region closer to the water-lipid interface 

of the bilayer. The NBD has a higher affinity for polar environment of a lipid bilayer. 

It can loop back to the interfacial region of the bilayer. Consequently, the NBD PC 

perturbs the lipid bilayer. This could result in some degree of water penetration in the 

hydrocarbon region of the lipid bilayer. The NBD PE resides in a more restricted 

zone of the lipid bilayer. The water-lipid interface, where it resides, is expected to 

experience intermolecular interactions such as hydrogen bonding and the Van der 

Waal's interactions. In view of this, the rotational motions reported here are relatively 

slower than in the NBD PC probe in the DMPC and egg PC lipid bilayers. 

Arrhenius activation energy barrier, Ea of the long lifetime component in the 

NBD PE and NBD PC were similar in the gel and fluid phase state of DMPC (14:0). 

The pre-exponential factor A differed by a factor of 5 and 2 in the fluid and gel phase 

state of the DMPC (14:0) respectively. The gel phase activation barrier was smaller 

than the fluid phase state of DMPC. This is perhaps a result of the temperature 

independent thermal quenching of the NBD in the DMPC. The short lifetime 
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component of the NBD PE and NBD PC in DMPC bi layer showed an activation 

energy barrier that was more temperature dependent. 
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CHAPTER 6 

LINE TENSION FORCE AND PORE FORMATION DYNAMICS 

6.1 Introduction 

The lipid bilayer of biological membrane controls transport of molecules to 

and from the cell. This is one of the remarkable physical properties that allow the cell 

to exchange with its environment. This exchange can occur when the lipid bilayer 

ruptures with the input of energy. The rapture leads to the formation of transient pores 

that allow transport across the bilayer to take place. The energy can come from 

applied electrical shock [1-4] or it can occur through peptide mediated processes [5]. 

Much experimental and theoretical work has been carried out to study pore 

opening and closure in lipid membranes. But there is still no clear understanding of 

the mechanism involved in these two processes in the lipid membrane [6]. 

Understanding dynamics of pore opening and closing in a biological membrane has 

recently been desired in drug delivery, gene therapy and immunization with 

liposomes [7, 8]. It is known that membrane tension regulates many biological 

processes such as endocytosis, exocytosis, fusion and budding processes [9, 10]. The 

tension has been investigated by the dynamics of tube extrusion on giant vesicles 

[11]. 

To begin with, membrane tension arises from the surface tension. This was 

first described by de Gennes in 1969 [12] and was further described by Brochard-
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Wyart [13]. They described membrane of vesicles and cells having zero surface 

tension, as a result of minimal free energy with respect to the membrane surface 

tension and which was further confirmed by Tanford [14]. When a membrane is 

exposed to some mechanical stress or electrical pulses, pores may form and then 

widen [15, 16]. Such pores have been generated using unilamellar vesicles under 

different conditions [17, 18]. The pores generated can be transient or may continue to 

grow, leading to rupture of the membrane surface [6, 19]. The existence of the 

transient pores has been previously confirmed by a number of reports [18, 20]. 

It is important to understand the physical and the chemical basis of a transient 

pore formation in order to understanding the dynamics in biological systems. This has 

a wide implication in the formulation the free energy cost involved in forming and 

maintaining the pore size. It provides knowledge of the mechanisms of mechanical 

and electrical forces involved in forming a pore in the membrane [21]. Transient 

pores and line tension force have been investigated in model giant liposomes and 

natural cells [6, 18, 19]. Line tension force is a one dimensional force. It is force per 

unit length of the exposed edge that operates opposite to surface tension force which 

occurs per unit area. It facilitates the closure of transient pores. Line tension has been 

determined experimentally with values ranging between 5 and 30 pico-Newtons (pN) 

[21]. The cell membranes have a high line tension and never spontaneously form 

holes [22]. 

Recent development in the measurements of line tension has been made 

difficult by the extremely small value of the force which is in the range of pN. This 
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value has been obtained from transient pores created by optical illumination in the 

presence of a fluorescent probe [23, 24]. In this case, the transient pores are created 

by increasing membrane tension beyond a certain threshold limit by the constant flux 

of light on the membrane. Studies have shown that the line tension lifetime can be 

controlled by the rate of the leak-out of the internal fluid in the lumen of the 

membrane. This is possible with application of viscous fluid like glycerol to allow for 

the observation by video microscopy [6, 7]. The molecular mechanism of light 

induced pore formation is not clear but has been reported by several studies [25, 26]. 

On the other hand, the result of a micropipette method has shown that membrane 

tension leads to unstable holes formed by a kinetically controlled process [27]. This 

method has yielded line tension force [28]. Other techniques that have resulted in 

transient pores include solubilization using detergents as reported by Rodriguez [29], 

electroporation [1, 30], mechanical forces [31] and pore forming proteins and 

peptides [32]. The hydrodynamic model for pore opening and closure dynamics has 

been reported [7]. 

6.2 Line Tension 

In general, the pores generated from surface of a fluid membrane reseals 

rapidly without ever growing to an optically observable size. But, recent studies have 

shown that pores generated from giant vesicles can be as large as 10 urn in a 100 urn 

diameter vesicle [24, 33]. This can take several seconds. Brochard-Wyart showed that 
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the pores opened for several minutes and closed in several seconds upon continuous 

irradiation with UV light [24]. Therefore it allows line tension measurements to take 

place. It was reported that the radius of the vesicle was maintained constant 

throughout the pore opening and closure by glycerol medium. The line tension 

calculated from the method with glycerol was 6.9 pN [24]. The radius of the pores 

was seen to decrease with time while the vesicle radius remained constant through the 

measurements as shown in Figure 6.1. 

Line tension can be determined in either the presence or the absence of 

glycerol. Rodriguez determined line tension force in giant liposomes made from 

DOPC (18:1) vesicles with an average value of 2 pN without glycerol [29]. The giant 

liposomes were generated by the electroformation method. The DOPC (18:1) lipids 

were labeled with NBD PC probe. Here, the pores were generated by optical 

illumination method that resulted in transient pores that lived from a few seconds to 

minutes. 

Line tension measurement is obtained from the membrane edge in the outer 

leaflet and at the interface between the vesicle and the bulk medium. However, in 

some cases, the measurements have been taken in lipid mixtures. This has been done 

to mimic natural cell membranes that exhibit domains. These domains vary in size 

that can reach the order of microns [34] and have shown line tension of lpN [35, 36]. 
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Figure 6.1 Time evolution of pore and vesicle radius. Pore radius is (a) and the 
vesicle radius (b) [19]. The vesicles were derived from DOPC (18:0) phospholipids 
from Sigma. The sizes were approximately 10 urn. 
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A major achievement of this thesis is the determination of the pore formation 

dynamics in the giant liposome by the laser ablation method. Pore formation was 

investigated in the giant liposomes from a homologous series of the acyl-chain of 

synthetic lipids and in a more complex natural egg PC system. The structures of the 

lipids used are outlined in Section 2.1.1. Measurements were conducted without 

glycerol and in the absence of dye molecules in the lipid bilayer. 

6.3 Pore Size and Vesicle Radius 

The formation of transient holes in giant vesicles have showed that holes start 

from a certain critical radius then grow to a certain larger radius and then close [18]. 

The rate of the closing of the pore is driven by a competition between the line tension 

T and the surface tension a [29]. This is schematically illustrated by Figure 6.2. The 

surface tension stretches the lipid membrane leading to membrane rapture due to pore 

formation. As a result, the membrane lipids reorganize due to the interfacial force 

between the hydrophobic regions and the solvent medium. This reorganization leads 

to the line tension force which closes the pores in the bilayer. 
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3/r ^~T~* 
Figure 6.2 Traverse view of a pore with radius r [24]. 

The kinetics of the pore radius resulting from the competition between line 

tension and surface tension is described by Rodriguez [29]. This is illustrated by 

Equation 6.1 that describes the competition between the surface tension and line 

tension. 

dr r (t) 
pore pore v / 
dt 2Tjmb 

In this equation r\ is the viscosity of the medium. In aqueous medium, the 

viscosity remains 1 cP. Equation 6.1 shows that for a long-lived pore, the value oft 

should be low and that of a high. As noted in the introduction, a long lived hole in a 

membrane requires a highly viscous medium. This medium slows down the rate of 

the leak-out resulting in the hole reaching an equilibrium size. It is expected that the 

<7(0 -
,(0 

[6.1] 

184 



pore size in water to be small as a result of the high rate of leak-out created by less 

viscous water. 

In many occasions it is assumed that the pore radius r and the vesicle radius R, 

has an of area of (nr ) and (4JIR ) respectively [6, 7]. The radius of the pore is much 

smaller than the vesicle radius. It is also assumed that radius of the vesicle remains 

constant during the closing of the pore. Therefore, the surface tension remains 

constant and Equation 6.1 reduces to Equation 6.2 which is used to calculate line 

tension force. 

' 2 , - 2 r . [6.2] 

Imb 
P°re 3*7. 

In this equation determining the pore radius a function of time, t at a constant 

vesicle radius, R results in the line tension T. A plot of R2ln rp0re as a function time t, 

gives a straight line with a slope that yield line tension. 
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6.4 Pore Formation in Giant Vesicle by Laser Ablation 

6.4.1 Protocol 

The laser media used in this study was obtained from coumarin dye as 

discussed in Section 2.2.6. The dye laser produced a 440 nm wavelength used for 

laser ablation experiments. The vesicles were prepared by rapid evaporation method 

in 11 mM magnesium chloride. The viscosity of the medium is expected to be close 

to water at about 1 cP [37]. 1 centipoise is equivalent to 10" Pascal. Therefore, the 

pressure difference between the inner and outer media of the giant vesicle is expected 

to be zero. The vesicles were observed by brightfield optical microscopy on an 

inverted microscope in (60X, 1.4 NA, oil immersion) as shown in Figure 2.4. In these 

experiments nitrogen laser, wavelength 337 nm was used as a pump laser. The 

nitrogen laser was employed to excite coumarin 440 nm dyes in a dispersive cavity 

yielding laser peak energy of 100 uJ. Pore formation, closure and deformation were 

video recorded using a fast digital Sentech STC630 CCD camera mounted on to the 

microscope and connected to a personal computer. This camera was capable of 

capturing video images at 30 frames/s. 

186 



Os 0.6 

Figure 6.3 Time course event for coumarin laser ablation of a giant vesicle. The 
vesicle size was 20 um in diameter. 
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Figure 6.4 Time course event (video frames from 1-105 sec) of a 20 urn diameter egg 
PC liposome undergoing deformation without laser ablation. 



6.4.2 Membrane Deformation in Giant Vesicles 

The 440 nm laser was used to excite Rhodamine 610 dye that emitted laser of 

626 nm emission wavelength. This wavelength was used to deform giant liposomes. 

A time course event of the deformation of an egg PC with 10% cholesterol liposome 

is shown in Figure 6.4. The deformation of the liposome occurred without laser 

ablation. The pore formation and deformation was video recorded using Sentech STC 

630 CCD camera. The measurements of line tension and deformation time course 

events were analyzed by Videomach 4.0.4 download software. In the beginning 

(Figure 6.4) the vesicle appeared spherical (t =1 sec). Upon impact of laser focus, the 

vesicle was completely deformed from its original shape (frames 30 to 34 sec). The 

vesicle returned to its original shape as displayed by frames 43 to 105 sec in Figure 

6.4. 

6.5. Results 

6.5.1 Line Tension 

A time course event for laser ablation of a 20 um size liposome is displayed in 

Figure 6.3. The holes were generated from a vesicle with a radius 10 urn that did not 

change significantly during the formation and closing of the pore. Since the radius of 

the pore is constant during the closing and opening of the pore, the surface tension 

remains constant. The line tension is determined by a plot of rp0re as a function of time 

at constant vesicle radius R. The line tension is obtained from the slope of the plot as 

displayed by Figure 6.5. Here, the laser ablation allowed the pore formation with 
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long-lived pore lifetimes. The pores appeared as a cylindrical rim as shown in Figure 

6.3. All the measurements were conducted at room temperature (24°C). 

The line tension was calculated from the acyl-chain of different lengths. The 

line tension in egg PC and egg PC with dihydrocholesterol was also investigated. 

Dihydrocholesterol is a saturated form of cholesterol. All lipids were purchased from 

Avanti Polar Lipids (Alabaster, AL, USA).The vesicles were prepared by modified 

evaporation method in 11 mM magnesium chloride aqueous medium. 

The radius of the pore was calculated from the video time frames generated by 

Videomach 4.0.4 software. The radius of the pore was calculated for each time frame. 

The pore formation and closing were obtained in a few seconds. Figure 6.5 below is a 

typical plot of R2 lnrp0re as a function of time t generated using Origin 7.5 software. 

The diameter of the pore size and the vesicle was 1 um and 20 um respectively. The 

graph was linear throughout the time with a slope that allowed measurements of line 

tension force. The linearity of the curve supports the assumption that the radius R is 

constant throughout the opening and closing of the pore and very little of the vesicle 

fluid leaked out. 
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Figure 6.5 A plot of R lnrpore as a function of time t for egg PC with 10% 
dihydrocholesterol. 

The typical line tension force values obtained for the first time with dye laser 

ablation are found tabulated in Table 6.1. The study revealed line tension for the 

homologous series of saturated phospholipids and in a natural system of egg PC. 

Addition of dihydrocholesterol to egg PC also revealed line tension force in a mixed 

lipid system with dihydrocholesterol. Line tension is obtained from the slope of the 

plot of R lnrp0re and time in seconds. The slope is given by -2i/3nr\. The slope 

obtained from Figure 6.5 is -1289.81 um/s. The line tension from the slope is 61 ± 8 

pN. The size of the vesicle is 20 um. We repeated the data analysis for vesicles of the 
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same size and calculated line tension for each vesicle. The average is line tension for 

egg PC with dihydrocholesterol was 50 ± 20 pN as indicated in the Table 6.1. The 

viscosity of the medium was assumed equivalent to aqueous medium (1 cP). 

The slope obtained in the egg PC with a 10% dihydrocholesterol was not 

consistent as expected for slopes from vesicles of same sizes as earlier reported [6]. 

Perhaps adding dihydrocholesterol modifies lipid bilayer of the egg PC liposome. It is 

known that such impurities as dihydrocholesterol can insert into the pore's edges and 

affect the line tension [6]. Pure lipid systems have a definite phase transition 

temperature as shown in Table 6.1. The DLPC and DOPC lipids have a phase 

transition temperature that is below zero degrees. Therefore, liposomes obtained from 

these lipids exist in the fluid phase at room temperature. 

The DPPC and DSPC have phase transition above room temperature and exist 

in gel phase at room temperature. Egg PC has a negative phase region resulting in 

liposomes that are in fluid phase at room temperature. The study has reported the 

dynamics of pore formation and closing as a function of the phase state of the lipids. 

The DSPC and DOPC differ only in the level of the acyl-chain saturation. DSPC has 

saturated acyl-chain with 18 carbon atoms. DOPC has only one level of unsaturation 

in the acyl-chain with 18 carbons atoms in the structure. The egg PC liposomes 

showed line tension force slightly higher than the synthetic pure lipid system. The 

line tension force of 32 ± 2 pN was almost three times higher than the fluid phase of 

the DOPC lipid. The egg PC with dihydrocholesterol showed line tension nearly 

double the value of the pure egg PC. The line tension measured in the DPPC was 
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higher than the DLPC. DSPC vesicles showed the least line tension value. Addition 

of dihydrocholesterol to egg PC resulted in a significantly elevated line tension force 

as shown in Table 6.1. 

Table 6.1 Line tension force in homologous series and in egg PC liposomes [38] at 
24 °C. 

Lipid 

DLPC 

DPPC 

DSPC 

DOPC 

Egg PC 

Egg PC and 10% 

Dihydrocholesterol 

Acyl-chain 

length 

12:0 

16:0 

18:0 

18:1 

variable 

variable 

Phase transition 

(°C) 

-1 (fluid) 

41 (gel) 

55 (gel) 

-20 ( fluid) 

No specific phase 

No specific phase 

Line tension 

(pN) 

2.5 ± 0.3 

9.5 ±1.0 

NR' 

11±1 

32.3 ± 2.0 

(5±2)xl0 

NR-not reproducible 
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6.6 Discussion 

The existence of a membrane is a condition for pore formation in lipid 

bilayers. Once the bilayer is exposed to the aqueous environment, it is natural 

tendency for the hydrophobic chains of the lipids to re-orient to minimize their 

contact with water. Line tension is the energy per unit edge length required to close 

the pore that is formed as a result of the re-orientation of the hydrocarbons. 

Line tension was determined from the acyl-chains that varied in lengths and 

level of saturation in simple lipid system. In addition, the line tension force is 

calculated for a more complex system in the egg PC and that with 10% 

dihydrocholesterol. Brochard-Wyart estimated line tension force of DOPC vesicles 

and obtained 6.9 ± 0.4 pN [24]. The DOPC lipid was purchased from Sigma and the 

liposomes were prepared using the electroformation method. This group found out 

that DOPC lipids purchased from Avanti Lipids gave a higher line tension value of 21 

± 4pN. The line tension calculated from pores generated by the dye laser gave value 

of 11 ± lpN for the DOPC lipids from Avanti lipids. The different numbers of the 

line tension is attributed to effect of the impurities possibly from the source that can 

inserted in the pore's edge as earlier noted to affect line tension [6]. 

Line tension was calculated for homologous series of phospholipids. 

Depending on the phase transition temperature, the lipids were either in gel or fluid 

phase regions of the bilayer. The DOPC, DLPC and egg PC phospholipids have low 

phase transition and exist in the fluid phase at room temperature. The DPPC and 

DSPC have phase transition above room temperature. These lipids exist in gel phase 
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at room temperature. The DOPC and DSPC differ only in one degree of saturation in 

DOPC. Both have eighteen carbons forming acyl-chain. 

Line tension was positively correlated with the number of carbons in the acyl-

chain without considering the degree of unsaturation of lipids. Considering the 

DLPC, DPPC and DOPC, it was observed that the line tension increased linearly with 

0.7 ± 0.2 for each methylene group in acyl-chain of the lipids. The relationship of the 

methylene groups with bending modulus was earlier reported by Evans [39]. There is 

a relationship between line tension and the bending modulus [6, 37]. 

Considering the free energy existing at the membrane edge, a relationship 

exists between the line tension and the repulsive interactions in the headgroup region 

calculated by the headgroup parameter B [40]. The parameter B is a measure of the 

headgroup interaction of lipids. Line tension is a return to the equilibrium after pore 

formation. Therefore, this force should be dependent on headgroup parameter B. This 

value is 0.8 A and 13.9 A in DLPC and DPPC respectively as reported by May [40]. 

The difference in the line tension in DLPC and DPPC is rationalized on the 

basis of the differences existing in the phases. The DLPC and DPPC have phase 

transition temperature of-1 and 41°C respectively. At room temperature it is expected 

that the DPPC to be in the gel phase while DLPC to be in the fluid phase state. The 

elastic area compressibility modulus of the lipids in gel and in fluid phases will be 

different as demonstrated by DMPC lipids [41]. 

The line tension from DSPC was difficult to reproduce and cannot fit the trend 

observed for the series. The pore formation of the DMPC lipid was not possible with 
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the laser ablation. The lipid exhibits gel fluid phase coexistence at room temperature 

that could result in difficulty in pore formation in the bilayer. The egg PC 

phospholipid is made of several combinations of phospholipids. It is a composition of 

both the saturated and unsaturated lipid hydrocarbon chains. The following are the 

main components of egg PC: 34% 16:0, 2% 16:1, 12% 18:0, 32% 18:1, 20% 18:2 and 

4% 20:4 [42]. The value of the line tension reported for the egg PC was greater than 

in the homologous series. The egg PC liposomes appear more robust and capable of 

resisting pore formation by laser ablation. The line tension for the egg PC with 10% 

dihydrocholesterol is even much greater than pure egg PC giving 50 ± 20 pN. As 

expected, the addition of cholesterol to the phospholipid bilayer increases the line 

tension [6]. Cholesterol increases the rigidity of membrane bilayer, straighten the 

hydrocarbon chains and thicken the bilayer. Therefore, cholesterol increases the 

membrane fluidity [43] and increases the bending modulus. Moreover, studies have 

showed a coexisting liquid-ordered and liquid disordered phases in cholesterol and 

phospholipid mixture [44]. These regions could possibly contribute to the fluctuation 

in line tension as observed by the magnitude of the deviations in the result of line 

tension in the egg PC with 10% dihydrocholesterol. 

The characterization of a lipid membrane is important to understand its 

properties and functions. Imaging of a giant vesicle in an optical microscope can 

provide some important information on a lipid membrane response to a laser 

perturbation. A laser perturbation can be useful in determining mechanical properties 

of a lipid membrane. A lipid membrane maybe curved, compressed, dilated or 
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sheared in response to laser deformation. In Figure 6.4, egg PC response to focused 

laser radiation shows the different shapes of the lipid membrane. These shapes can be 

used to estimate the bending rigidity, bending modulus, area compressibility and 

shear elasticity modulus of the bilayer. These properties can be useful in defining 

both the simple and complex lipid bilayer system. Pure egg PC was not possible to 

ablate as result of tough nature of this lipid membrane. Figure 6.14 demonstrates that 

microscopy observation of a giant vesicle such as an egg PC can reveal events and 

shapes induced by laser deformation. These observations can reveal complex 

behavior of membranes and help provide answers to membrane composition and 

further improves our understanding of biomembranes. 

6.7 Conclusion 

The line tension force of pores in giant liposomes made from a homologous 

series of saturated phospholipids was reported. The line tension was determined by 

laser ablation. Line tension determination from laser ablation was reported for the 

first time. It has been shown that this value is directly related to acyl-chain length, 

except in DSPC lipids which were found irreproducible. 

The line tension in the homologous series has been explained on the basis of 

the existing models. The differences in the area compressibility modulus in the chains 

of variable length appear to influence the line tension. It was observed that the line 

tension increases with acyl-chain length increase. Line tension in the DMPC was not 

reported here since it was not possible to reliably form holes in the liposome from this 
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lipid using laser ablation. This was attributed to the existence of the gel and fluid 

phase regions at room temperature for the DMPC lipids. 

The line tension in natural egg PC lipid was found higher than in the pure 

homologous lipid system. The egg PC phospholipids are composed of several lipids 

with the varying degree of saturation and acyl-chain length. Therefore, it is a complex 

system and robust to withstand pore formation by laser ablation. Addition of 

dihydrocholesterol to egg PC lipids at a concentration of 10% (mol/mol) was found to 

increase the line tension. The line tension was found to vary remarkably with 

dihydrocholesterol. 
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CHAPTER 7 

CHARACTERIZATION OF THE N-TERMINAL HUMAN WILSON 
PROTEIN DOMAIN 4 

7.1 Introduction 

7.1.1 Importance of Copper and Wilson Disease 

Cells acquire variety of transition elements and use them as cofactors in 

enzymatic reactions. Copper is an example of such a transition metal. The daily 

copper intake from variety of food sources is between 0.6 and 1.6 mg copper per day 

[1]. Copper is a redox heavy metal that is essential in trace amounts to all living 

organisms [2]. It exists in the cells in the concentrations ranging between 10 and 100 

uM [3]. Copper is found as a cofactor in a large number of proteins and enzymes such 

as cytochrome c oxidase [4], catechol oxidase [5], Cu / Zn superoxide dismutase, 

oxidoreductases and monooxygenases. 

Copper ions do not exist freely in the cytoplasm of eukaryotic cells, copper 

forms a variety of metal complexes with small molecules in blood and cell cytoplasm 

[3, 6]. In most reactions copper participates in the oxidation and reduction processes 

involving the electron transfer reactions. It exists in two oxidation states, Cu(I) and 

oxidized Cu(II) form. An excess of copper is toxic. Therefore, the concentration of 

copper ions is tightly controlled in the cell cytoplasm using copper ion pumps [7]. 

Copper toxicity is based on its reactivity with cellular macromolecules and inorganic 

204 



compounds found in the cell. The transition between Cu(I) and Cu(II) can generate 

reactive oxygen species via the Fenton pathway that can damage cellular components 

[8]. It can also form chelates with organic molecules including DNA and proteins. 

Because of the adverse effects of copper ions in the cell, living organisms 

have developed tight control mechanisms to transport or sequester copper within the 

cell cytoplasm [9, 10]. Genes for a copper-responsive regulatory system have recently 

been identified. This has recently been discovered in the genes involved in human 

disorder of copper transport Menkes disease (MK) [11], familial amyotrophic lateral 

sclerosis (FALS) [12], Alzheimer's disease [13, 14] and Wilson disease (WD) [15-

17]. These are some of the known inherited disorders of copper metabolism found in 

humans. The coordination chemistry and control mechanism involving copper ions is 

well studied in yeast cells [18]. 

7.1.2 Wilson Disease 

Wilson Disease, or sometimes hepatolenticular degeneration disease, is an 

autosomal recessive disorder of copper metabolism in liver and brain cells. The liver 

and brain of the Wilson disease patients have abnormally large amount of copper 

[19]. It was first described in detail in 1912 by Wilson Kinnier as a familial, lethal 

neurodegenerative disease accompanied by a chronic liver failure if not treated in 

time [19, 20]. The biliary excretion of metal ion is defective in the Wilson disease 

patient, thus leading to the ion build up in the hepatocytes and extra-hepatic tissues 

such as the central nervous system and cornea of the eye. The build up in the cornea 
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of the eye is manifested in Kayser-Fleischer rings [21, 22]. Wilson disease incidence 

in the population is of one in 30000 to 100000 [22, 23]. 

In 1952, Scheinberg and Gitlin reported deficiency of ceruloplasmin in the 

serum of Wilson disease patients [24]. Ceruloplasmin is an oxidase that can carry 

95% of plasma copper and transport it to the peripheral tissues. To date, a test for 

serum ceruloplasmin is still the most applicable clinical method for detecting Wilson 

disease [25]. In WD patients, a defective or dysfunctional Wilson disease protein 

(ATP7B) cannot incorporate copper ions into ceruloplasmin. Therefore, 

ceruloplasmin exists in the apo form and it is rapidly degraded, leading to a reduced 

circulating level of serum ceruloplasmin in WD patients [26]. ATP7B is a P-type 

ATPase is that is primarily expressed in the liver. Zinc acetate, penicillamine and 

trientine are drugs currently safe for the treatment of WD [22]. 

7.1.3 P-Type ATPases 

The P-type ATPases are polytopic membrane proteins involved in the uphill 

transport of cations coupled to the energy of hydrolysis of ATP [27]. These ATPases 

are selective for soft transition metals. The designation of the P-type comes from the 

mechanism that involves the transient transfer of the terminal phosphate of ATP to a 

conserved aspartate residue in the active site [28-30]. The key regulators of copper 

metabolism in the cell are the copper transporting P-type ATPase ATP7A and ATP7B 

[31]. Mutations in ATP7A and ATP7B affect the copper cellular balance, resulting in 

copper deficiency (Menkes Disease) and copper overload (Wilson Disease), 
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respectively [32, 33]. Overexpression of these two proteins has been associated with 

cancer resistance to chemotherapeutic drugs [34]. 

The Menkes protein (ATP7A) is expressed in many tissues except in the liver 

cells while ATP7B is mostly abundantly expressed in the liver [35]. The role of 

ATP7B is to hydrolyze ATP upon stimulation by copper binding. The energy released 

as a result of the hydrolysis causes conformational changes in the structure of the 

proteins which lead to the release of copper bound at the other opposite side of the 

membrane [36]. 

A cartoon to illustrate the process of hydrolysis of the ATP upon copper 

binding and subsequent release of copper after hydrolytic reaction is displayed in 

Figure 7.1. Hydrolysis occurs by transient acyl-phosphorylated intermediates of ATP 

hydrolysis. In this process Asp 1027 found in the ATP binding domain is 

phosphorylated [37]. This amino acid is a family of DKTG sequence motifs that is 

typical of P-type ATPase. 
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Figure 7.1 Hydrolysis of ATP upon copper binding to Cu-ATPase. El is the initial 
step in catalytic cycle involving binding of ATP to the N-terminal domain and metal 
to the transmembrane region. El-Pi-Cu is a phosphorylated intermediate formed by 
transfer of y-phosphate from ATP to invariant Asp residue of DKTG sequence motif 
in P-domain. E2-Pi-Cu state is a conformation chage that allow release of metal to 
one side of the membrane. E2- state is dephosphorylation reaction step in the catalytic 
pathway. 
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The sequence homology of the Menkes and Wilson disease proteins shows 

amino acid identity of 56% [38]. WD is caused by mutation in the ATP7B gene [39-

41]. ATP7B is localized in the trans-Go\gi network of hepatocytes [35, 41, 42]. It 

transports copper into the secretory pathway for incorporation into ceruloplasmin and 

into the bile [16, 43]. 

ATP7B activity is controlled by the level of copper ions present in the 

cytoplasm of the cell. The ATP7B protein not only transports copper to the trans-

Golgi network for further incorporation into ceruloplasmin but also sequesters copper 

ions into the endocytotic vesicles for export out of the cell. An increase in the copper 

level in the hepatocytes signals the ATPase to shift from the trans-Golgi network to 

the cytoplasmic vesicular compartment near the canalicular membrane [44-47]. 

Copper accumulates in the vesicular compartment and decreases from the cell 

cytoplasm. The decrease in the cytoplasmic copper concentrations results in the 

redistribution of the ATPase back to the trans-Go\gi network and excretion of copper 

to the bile. This provides a rapid mechanism to maintain intracellular copper balance. 

The movement of ATP7A in response to copper concentration in the cytoplasm is 

illustrated by Figure 7.2. 
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Figure 7.2 Cycling of Menkes protein between trans-Golgi network and plasma 
membrane in excess of copper. 

7.1.4 Structure of ATP7B 

The ATP7B gene encodes a 165 kDa membrane protein [16]. Both the wild-

type and mutants of the entire protein sequence has been expressed in large amounts 

in vivo [48], The protein in addition to the C-terminal domain has four main distinct 

domains: the N-terminal metal-binding domain, the functional region of the P-type 

ATPase domain, transmembrane helices and the phosphatase domain [49]. This 

protein has approximately 630 amino acid residues. It has cytosolic N-terminus six 

metal binding domains (MBD) which are connected by peptide linkers. The longest 

linker occurs between the fourth (MBD4) and fifth domain (MBD5). Each MBD 

Recovery 
vesicle 
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contains approximately 70 amino acids [50]. The longest linker subdivides the N-

terminal domain into two parts: MBD1-4 and MBD5, 6. 

The structures of the metal binding domains are similar to each other and to 

the human copper chaperone Atoxl. The similarity between MBDs to the Atoxl does 

not confer similar roles in the transfer of copper ions in the cells [51]. Each domain 

has a PaPPaP ferredoxin-like fold and solvent exposed loops with a conserved CXXC 

motif (where C is cysteine and X is any other amino acid). These motifs bind copper 

ions in form of Cu(I) with high affinity [52]. 

The structure of the ATP7A with all the domains is displayed in Figure 8.3. 

Both ATP7A and the ATP7B have eight transmembrane domains. The sixth 

transmembrane domain has a conserved CPC motif which is postulated to bind metal 

ions. The ATP-binding domain is composed of 350 amino acid residues. It has two 

domains: a P-domain with an invariant aspartic acid in the sequence motif DKTG that 

is phosphorylated and the N-domains that is responsible for the binding of 

nucleotides. The P-and N-domains are connected by a short peptide linker [53]. The 

ATP-binding domain is the center of most mutations with the H1069Q found in WD 

patients [54, 55]. 
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Figure 7.3 The structure of Wilson disease protein. 

7.1.5 Copper Trafficking in Cells 

Copper ions have to be shuttled within and between compartments of the cells 

to target sites in the cell cytoplasm. Movement of copper ions between organelles and 

between cell membranes is conducted by small target proteins working in tandem 

with the ATP-driven mechanisms as described in Section 8.1.3. Most of the cellular 

components engaged in the transport of copper are well conserved throughout the 

course of evolution. The majority of copper in serum is bound to a multi-copper 
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oxidase ceruloplasmin protein having three distinct copper sites [26, 56]. The highly 

reducing cytosolic environments and presence of plasma membrane reductase 

enzyme ensures the conversion of Cu(II) to Cu(I) before uptake by transport to the 

cell membrane. Cu(I) is taken to the cell by a plasma membrane spanning high 

affinity copper transport protein 1 (Ctrl) [57]. This protein is specific for transporting 

Cu (I) and not Cu (II) or any other metal ion in the cell [56]. 

Our current knowledge in copper trafficking in mammalian cells is made 

possible by many studies in two proteins involved in copper trafficking in yeast cells 

[58]. These are Atxl and Ccc2 [18, 58]. Atxl is 73 amino acids protein. It binds 

copper in form of Cu(I) oxidation state [10]. It was discovered in 1995 in yeast as a 

protective protein against oxidative damage to the yeast cells and delivers copper to 

transport ATPase Ccc2 [59, 60]. Once in the cell, copper is transported to different 

locations that include metalloenzymes in the secretory pathway, cytoplasm and 

mitochondria as shown in Figure 7.4. 

In humans copper is transported by human homologue Atoxl or HAH1. This 

protein was isolated by Gitlin and co-workers and was found to be ubiquitously 

expressed in the cell to transport copper [61, 62]. Copper is transported to the 

secretory pathways that depend on the activity of ATP7A or ATP7B [61]. In humans, 

copper is shuttled by Ctrl and then transported by HAH1 [61, 63]. Copper is pumped 

to the lumen of the trans-Golgi by copper transporters for insertion into copper 

enzymes destined for the cell surface or extracellular environment. 
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Figure 7.4 Copper trafficking pathways in a cell. 
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7.1.6 Metallochaperone and Copper Transport in Cells 

Metallochaperones are soluble cytosolic proteins that potentially bind and 

deliver copper ions to target proteins in the cell [3, 9, 64]. They posses an invariant 

CXXC metal binding motif common in the N-terminal region similar to MBDs of Cu-

ATPase in humans and Ccc2 in yeast. This domain binds and transports metal ions 

via protein-protein interaction to their target protein sites [59]. Copper chaperones, 

for example, forms a transient complex with Cu(I) and target proteins. In humans, 

Atoxl, also originally known as HAH1, binds copper through two cysteines in the 

CXXC motif in the exposed loop. Atoxl targets the N-terminal region of ATP7B in a 

copper-dependent fashion and regulates activity of this protein [9, 37]. 

The transfer of Cu(I) to Atxl takes place rapidly and is controlled by 

thermodynamics of the system [9]. There are three main classifications of copper 

chaperones: Atxl-like chaperones, the chaperones for copper superoxide dismutase 

(CCS) and copper chaperones for cytochrome c oxidase. Other bacterial systems 

include mercury chaperone, a small mercury binding protein also known as MerP that 

is regulated by mercury-responsive gene (MerR) [65]. The protein transports highly 

toxic Hg that is converted to a less toxic Hg by the membrane protein mercuric 

reductase. The MerP is regulated by dimeric MerR in response to the levels of the 

mercury ions. The mechanisms involved in the recognition of certain specific 

proteins, binding to metal ions and delivery of these ions to these targets by 

metallochaperones is currently a subject of many studies in chemistry [59]. 
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7.1.7 Metal Coordination Chemistry 

The interaction of the Cu(I) ions with copper chaperones and the Cu(I)-

ATPase in living organisms are of fundamental interests in understanding the 

chemistry of metal coordination in bioinorganic chemistry. The Atxl and Atoxl are 

similar to the fourth domain of Menkes protein in the overall fold and metal binding 

site [66, 67]. Atxl is also similar to the MerP protein. The X-ray structure of the 

Hg(II) form of Atxl and the NMR structure of the Ag(I) form of the fourth domain of 

the Menkes protein have been elucidated [10, 68]. 

The details of copper coordination still are not clear [68], possibly due to loss 

of copper during crystallization or aggregation and the loss of signal data [67, 69]. 

This is also attributed to the uncertainty in the Cu-S distance at a resolution of 1.8 A 

[70]. The X-ray structure of the Hg(II) form bound to Atxl shows Hg(II) is 

coordinated to two cysteine sulfur atoms (2.33 A for Cysl5 and 2.34 A Cysl8) in a 

linear fashion and an S-Hg-S bond angle of 167° [10, 66]. The Hg(II) bound to HAH1 

has a three coordinate geometry [67]. 

The cysteines involved in metal binding are found in the conserved CXXC 

motif in both the chaperone and in the target protein. Using NMR spectroscopy, the 

Ag(I) is modeled with a linear coordination to the two cysteines in the conserved 

region motif in Menkes domain four. Atxl can transfer Hg(II) as well as Cu(I) to 

Ccc2 [10, 67]. It was therefore postulated that the metal coordination chemistry in 

both Hg(II) and Cu(I) are similar [71]. Recent studies with HAH1 show that this is 

not the case [70]. In addition to two similar bond lengths of 2.25 A each involved in 
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the coordination, there is a third bond of 2.40 A that is suggested to be either a third 

or fourth ligand involved in the coordination as shown in Figure 7.5. 

Using quantum mechanics and molecular simulations it was reported that the 

fourth coordination in Cu(I) and Atoxl is not energetically possible [71]. There is 

still a great need to elucidate copper coordination and transfer. This could provide 

insights into copper chaperone function and the copper complex found in the Wilson 

disease protein. 

H3C : 3—CH3 

Cu(l) 

^,5 HSCH3 
H 3 C 3-coordinate 

H , ^ S HSCH3 

Cu(l) 

H3C" HSCH3 

2-coordinate 

H3C-

H3C, 
I CH3 
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Figure 7.5 Coordination chemistry for the Cu(I) ions in metal binding sites showing 
possible 2, 3 and 4 coordination sites in HAH1 [71]. 
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7.1.8 Copper Transfer from HAH1 to ATPase 

Copper transfer from chaperones to a target protein involves docking between 

the donor and the acceptor by electrostatic interaction and hydrogen bond formation 

[9, 72]. The copper chaperone and target protein have similar protein folds. However, 

the surface residues seem to be different. The target protein and chaperone both have 

the conserved sequence motif CXXC coming in close proximity to one another. This 

motif is common in both chaperone and the metal binding domains, which lead to the 

hypothesis that the copper transfer occurs by a docking mechanism and via ligand 

exchange. Subsequent docking occurs via formation of two and three-coordinate 

intermediates in which the metal ion remains ligated simultaneously to the chaperone 

and target enzyme. 

Spectroscopic studies of Atxl in yeast cells have given profound insight into 

the mechanism involved in copper transfer from the chaperone to its target partner 

Ccc2. In the docking mechanism proposed by Huffman and colleagues [9], Cu(I)-

Atxl docks transiently with the apoCcc2a and causes a specific orientation to occur 

between the chaperone and the target partner that allows strategic positioning of the 

Cu(I) center for nucleophilic attack by the adjacent protein forming an intermediate 

Cu-(S-Cys) 3. In this way, copper partitions between two metal binding sites in the 

protein-protein complex, following the formation of two and three-coordinate copper 

thiolate intermediates. The complex finally dissociates to form the apoAtxl and Cu-

Ccc2a. 
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Recent studies using HAH1 confer with the Atxl copper transfer mechanism. 

The crystal structure of HAH1 that was elucidated in the presence of Cu(I), Hg(II) 

and Cd(II) shows a metal-bridged homodimer by three to four cysteine ligands from 

two monomers [70]. The intermonomer bonding is stabilized by both the hydrogen 

bonding network and other metal ion holding the HAH1 monomers intact. 

7.1.9 HAH1 and Human Wilson Protein Domain 4 (WLN4) 

The role of metal binding domains, especially how the domains interact with 

each other and with the metal ion, is becoming a subject of intense study. The Ccc2 

ATPase in yeast possesses two metal binding sites which interact with Atxl. 

However, in humans the Menkes and Wilson Protein ATPases display six metal 

binding domains which are similar to that of the HAH1 metallochaperone [9]. 

ATPases have similar role in pumping copper to the trans-Golgi network and 

further incorporation into the target enzymes. The Ccc2 is a cation ATPase that 

pumps copper into vesicles to be incorporated into the multicopper oxidase Fet3 that 

is involved in iron uptake. The N-terminus (Metl-Ser258) encloses two copper-

binding domains. Experiments with yeast two-hybrid assays show that Atxl interacts 

with each of the domains in the presence of copper [58, 73]. Studies in vitro have 

shown that the first domain of Ccc2 can exchange copper independently with Atxl 

[74]. Since only two metal binding sites in Ccc2 play a similar significant role in 

Menkes and Wilson proteins, it means that the additional metal binding sites in the 
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latter protein are either redundant or are involved in some other function in the copper 

transfer mechanism. 

The Menkes second domain (MNK2) provided an insight into the structure of 

individual domains and copper transfer in humans. *H and 15N heteronuclear NMR 

spectroscopy of the reduced form of the MNK2 showed that the metal binding sites 

are found within an exposed loop and that binding of copper causes structural 

changes in the conserved residues near the binding sites [75, 76]. It was recently 

reported that HAH1 and first domain of Menkes protein (MNK1) formed Cu(I) metal 

complex with a stoichiometry of 1:1:1 [77]. This complex was in fast exchange with 

the free proteins in solution. MK1 and MNK4 are the primary targets for HAH1 in a 

study with all the size domains of ATP7A [78]. 

The second domain of the Wilson disease protein (WLN2) was cited as the 

domain that accepts copper from Atoxl and subsequently, activation the catalytic 

activity of the protein [79, 80]. The HAH1 protein domain can exchange copper with 

both WLN2 and WLN4 of Wilson disease protein [81]. Studies on the metal binding 

domains 1-4 and 5-6 gave insight into the roles of individual domains in ATP7B in 

human cells [82]. Here, copper binding to the Wilson disease protein stimulated the 

catalytic activity of this protein as earlier observed with the yeast system. Both the 

fifth (WLN5) and sixth (WLN6) domains of Wilson disease protein are critical in 

regulating the affinity of the intramembrane binding sites. The study showed that 

domains 1-4 in the normal, mutated and deleted forms do not affect the catalytic 
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activity of Wilson disease protein and they seem to be redundant in copper 

stimulation or in catalytic phosphorylation of Cu-ATPase. 

7.1.10 Domain-Domain Interaction and Copper Transfer 

Achila and colleagues presented a model for copper transfer from the HAH1 

to the N-terminal domain of the Wilson disease protein and finally to the trans-Golgi 

network in the cell [81]. The model proposed, based on the NMR spectroscopy and 

copper titration data, depicts the fourth domain, WLN4, playing a central role in the 

transfer of copper from HAH1 to the sixth domain and finally to the fifth metal 

binding domain of the Wilson disease protein. The study demonstrated that the 

strength of the interaction between WLN4 and HAH1 is stronger than other domains 

of the Wilson disease protein. The WLN4 domain was the first to be characterized in 

the presence of Cu(I) and Ag I) in Menkes disease [67]. 

WLN4 has the lowest isoelectric point of 3.85 [83]. This domain was capable 

of exchanging Cu(I) with WLN1, which has highest isoelectric point of 6.77 in the 

N-terminal domains [83]. This further demonstrated that individual N-terminal 

domains of WNDP can communicate with another to transfer copper to the lumen of 

the trans-Golgi network. WLN5 and WLN6 are attached together through a short 

peptide linker. These two domains were expressed together as WLN5-6 [81]. 

The WLN5-6 domain is the closest to the membrane and was found in most 

studies to have a high degree of sequence conservation, from yeast to human. It could 

be involved in copper® transfer to the lumen of the membrane. A model proposed 
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involving copper exchange from HAH1 and the domains of Wilson disease protein is 

shown in Figure 7.6. Here, the length of the peptide linker in the adjacent domains 

surrounding WLN4 is longer than those furthest from the same domain, which can 

possibly allow for efficient copper transfer. 

Figure 7.6 Proposed model of copper transfer from Atoxl to ATPase [81]. 
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The interactions between the metallochaperones and their target ATPase are 

critical in maintaining the levels of cations in the cell. These proteins sense and 

respond to copper concentrations in the cytoplasm. The metal binding sites are 

conserved in both the chaperone and the ATPase. This is significant in the transfer of 

copper ions from the donor (chaperone) to the acceptor target protein. In humans, the 

interaction between the holo-HAHl chaperone and the apo-WLN4 in the transport of 

Cu(I) shows specificity and affinity required in this process. It also opens up a wide 

array of studies to understand protein-protein interactions and metal coordination in 

biology. 

Recently, titration of the Cu(I)-HAHl with apo-WLN4 showed a complex 

formation between HAH1 and WLN4 in fast exchange equilibrium [84]. Two hybrid 

assays with domains from 1 to 4 of Wilson protein confer with these studies [73, 85]. 

The distal domain binding sites WLN1-4 regulate the binding of copper to WLN5 and 

WLN6 and thus alter the affinity of the intramembrane sites and catalytic activity of 

the ATP7B. The WLN1-4 domains of Wilson disease protein interact with each other 

and the ATP-binding domains in the absence of copper and decrease the protein 

activity. Binding of copper or deletion of the domains relieves the interaction and thus 

accelerates catalysis [37, 82]. 

The structures of both apo and Cu(I) loaded WLN3-4 forms were resolved by 

NMR spectroscopy [86]. These domains were found independent of one another and 

have flexible loops. They can be loaded with Cu(I) either from solvent acetonitrile or 

from Cu(I)-HAHl and were found to bind two Cu(I) ions with similar affinities. The 
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copper binding sites are found located far from each other and copper binding does 

not affect protein structure [67, 81, 86]. It is also established that, upon copper 

binding to the N-terminal ATPase, the linkers between the WLN3-4 and WLN2-3 

regions are exposed, while those between the WLN1-2 and WLN4-5 are protected. 

The flexible loops connecting WLN3 and WLN4 are targets for kinase 

phosphorylation [67, 87]. Recent data and experimental conditions have shown that in 

the presence of Cu(I)-HAHl domains 1, 2 and 4 are different from domains 3, 5 and 

6 [88]. This suggests that these domains have different mechanistic behavior in the 

transfer of copper(I) from the metallochaperone HAH1 to the Wilson protein. 

Put together, each domain of the Wilson disease protein is involved either 

directly or indirectly in the transfer of Cu(I) from the Atoxl to the ATPase. This 

mechanism could be of fundamental interest in understanding Wilson disease. 

7.1.11 Significance of this Study 

This study is designed to gain insight into transient interactions between 

WLN4 and the Atoxl chaperone. The data obtained could be useful in understanding 

in greater detail the role of the Wilson disease protein in copper transport. Various 

studies have been conducted with WLN1-4, WLN3-4 and WLN5-6. These studies 

have already established distinct functional roles of the N-terminal Wilson disease 

protein in Cu(I) transfer. 

The interaction between Cu(I)-Atoxl and WLN4 in copper transfer presents a 

good model and good opportunity to study transient protein-protein interactions and 
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metal coordination chemistry connected to metal ion metabolism in humans. 

Furthermore, these studies will provide a platform to understand behavior of 

molecules at a single molecule level. 

Proof of concept was recently demonstrated by single molecule studies 

involving fluorescence resonance energy transfer and nanovesicle trapping of the 

interaction between Atoxl and WLN4 [89]. Metal complexation with the WLN4 that 

is possible with other metals apart from copper can be elucidated by different 

techniques such as gel filtration chromatography-light scattering. The data provided 

will advance our current knowledge, not only in metal coordination chemistry, but 

will also help in understanding Wilson disease and Menkes disease that is affecting a 

great number of human populations. 

7.1.12 Objectives of the Study 

The general objectives of the study presented here were to understand the 

mechanism behind copper transfer by the Wilson disease protein (ATP7B) and the 

metallochaperones involved in the process. The study was specifically meant to 

understand the role played by the fourth domain (WLN4) that is widely implicated in 

accepting copper(I) ions from the Atoxl metallochaperone and transfers the same 

copper to other domains of the ATP7B. To achieve these objectives, the WLN4 

protein was over-expressed in bacteria cells. This protein was characterized by 

biochemical and biophysical techniques. The results will be presented in this thesis in 

Chapter 9. 
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CHAPTER 8 

EXPERIMENTAL METHODS AND PROCEDURES 

8.1 Reagents 

8.1.1 Plasmid Vector and Bacterial Cells 

A plasmid construct pET-32Xa/LIC expression vector that encoded the fourth 

domain of the Wilson disease protein gene (WLN4) was available in the laboratory of 

Dr. David Huffman in the Chemistry Department at Western Michigan University. 

The pET expression system was originally designed by Studier and his group as 

efficient for mass production of proteins from host Escherichia coli (E. coli) bacteria 

[1]. This pET system was used for protein expression of WLN4. 

The plasmid vector pET-32Xa/LIC/WLN4 was propagated in sufficient 

quantity for use in the subsequent studies. The bacterial strains and DNA plasmids 

were all purchased from Novagen®. NovaBlue GigaSingle™ competent cells (Cat. 

No. 71227) were used for plasmid DNA storage while Rosetta (DE3) strains (Cat. No. 

70954) were used in the protein expression of WLN4. QIAGEN plasmid DNA 

isolation and purification kits (Cat. No. 12162) were purchased from QIAGEN Inc. 
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8.1.2 Chemicals and Apparatus 

Dimethyl sulfoxide (DMSO) solvent (# 7033), mono (# 0307) and dibasic (# 

0305) sodium phosphate salts were purchased from the J.T. Baker Chemical 

company. Isopropyl-s-D-thiogalactopyranoside (IPTG) for protein induction was 

obtained from Inalco Pharmaceuticals (#1758-1400). Agarose powder (#15510-019) 

was purchased from Invitrogen. BugBuster® protein extraction reagent (#70584-4) 

was from Novagen®. Tryptone was from MO BIO Laboratories Inc. (#12111-1), 

sodium chloride (#BP330-1), yeast extract (#7264672), dextrose (#BP350-1) and 

MES (2-(4-morpholino)-ethane sulphonic acid, (#BP300-100) were purchased from 

Fischer Scientific. Ampicillin antibiotic (#A-9518) and Bacto-Agar (#214010) were 

from Difco Laboratories. Bio-Rad dye (#500-0006) used for the Bradford assay was 

obtained from Bio-Rad Laboratories (Hercules, CA). Coomassie blue reagent dye 

(#B-0149) for SDS-PAGE analysis was obtained from Pierce Protein Research 

Products. HiLoad™ Superdex™ 75 26/60 gel filtration column (Code # 17-1070-01) 

(Pharmacia Biotech) was used in gel filtration. HisPrepTM FF 16/10 (#17-5256-01) 

(GE Healthcare) was used for affinity based gel filtration. Filtration membranes for 

concentrating protein used with the Amicon ultra filtration device all were purchased 

from Millipore Corporation (Billerica, MA, USA). 
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8.1.3 Components of pET-32Xa/LIC Plasm id Vector 

The arrangement of the various components of the pET-32Xa/LIC is shown in 

Figure 8.1. This plasmid is designed for the expression of recombinant proteins as 

fusions with thioredoxin and a His-tag™ for purification. 

The plasmid has the Ampicillin resistance gene (Amp® gene) that confers 

resistance to the ampicillin antibiotic. The DNA coding sequence for WLN4 was 

inserted behind the His-tag sequence. 

Xba 1(755) 

\ ,SgrA 1(866) 

pET-32 Xa/LIC 
(5926bp) 

AlwN 1(4064} 

BspLUtl 1)3646) 
Sap 1(3532) 
Bstl 107 1(3419) 

Tth111 1(3393) 

^ ^ S p h 1(1022) 
' ECON 1(1082) 

/M tu 1(1547) 

~ , | f^Bc l 1(1561) 

iBs tE 11(1728) 
X> / /NApal<t753) 

^ # 
/ A - B s s H 11(1958) 
/ \ H p a 1(2053) 

PshA 1(2392) 

Figure 8.1 Map of plasmid vector pET32XaLIC [2]. 
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8.2 Transformation of pET-32Xa/LIC/WLN4 

Plasmid vector pET-32Xa/LIC/WLN4 containing the gene coding for WLN4 

was transformed into NovaBlue GigaSingle E. coli competent cells. 200 |iL aliquots 

of these cells normally stored in a -80°C freezer were retrieved and thawed on ice for 

approximately 5 min. The cells were gently mixed after thawing using a pipette tip to 

ensure they were evenly suspended. 1 uL of 90 ng of pET32Xa/LIC/WLN4 was 

added to the cells above and mixed. 3 uL of DMSO was added to the mix and cells 

were left on ice for a further 15 min. 

The cells were heat shocked at 42°C for 45 sec and cooled on ice for 

additional 2 min. 1 mL of SOC media was added to the cells and incubated for 1 hr at 

37°C. The incubated cells were subjected to centrifugation force in a desktop 

centrifuge at 14000g for 60 sec. 1 mL of supernatant was discarded while the 

remainder was used to suspend the bacterial cells. These cells were plated on Luria 

Bertini broth (LB) agar plates. The plates were prepared with a 100 ug/mL ampicillin 

antibiotic for bacterial cell selection. The plates were kept at 4°C. These plates were 

equilibrated before use at 37°C in the oven for 30 min. 20 uL of the cell suspensions 

spread on the LB media using a sterilized bent glass rod spreader. The bench top was 

earlier cleaned thoroughly and wiped with 20% ethanol solution. The plates were 

placed in a 37°C oven upside down exposed for 5 min and then closed and flipped to 

incubate overnight. 

The plates with bacterial colonies were retrieved from the oven the following 

day. A few colonies were selected and put in a 10 mL starter autoclaved LB culture 
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(10.0 g tryptone, 10.0 g NaCl, 5.0 g yeast extract, 1 L of RO 18 Mfi/cm water) in 

37°C incubator rotating at 250 rpm for 1 hr. The cells were used for plasmid DNA 

recovery using a QIAGEN QIAprep Spin miniprep Kit as described by the supplier. 

The plasmid was obtained in large quantity. Plasmid recovery was tested using 

agarose gel electrophoresis as described in Section 8.2.1. 

8.2.1 Agarose Gel Electrophoresis 

A 0.8% (w/v) agarose gel was prepared for plasmid DNA separation. 0.32 

grams of agarose powder was weighed in a 250 mL Erlenmeyer flask and mixed and 

swirled with 40 mL lx Tris- Borate -EDTA (TBE) buffer, pH 8.0. The container was 

heated in a microwave for 1 min until all the agarose was dissolved in the buffer. The 

molten agarose was cooled to 60°C before being poured in agarose gel slab containing 

a sample comb. The gel was allowed to solidify at room temperature for 30 min. The 

gel was immersed in the TAE buffer such that the side with the comb was facing on 

the cathode. 

The DNA samples were prepared as follows: 1 uL of pET-32Xa/LIC/WLN4 

plasmid was mixed with 3 uL of sample loading buffer and 4 uL of RO water 18 Mfi 

/ cm. A 1 kilo base pair DNA ladder (part # N3232, NEB) was prepared in a similar 

manner. The sample was transferred to the well u and run alongside the DNA ladder. 

The gel was allowed to run for 1 hr and 15 min at 94 V. The gel was stained with 0.5 

Hg/mL ethidium bromide solution for 15 min. 
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8.3 WLN4 Protein Expression 

8.3.1 Transformation 

The pET32-Xa/LIC/WLN4 plasmid obtained in Section 8.2 was used to 

express Wilson disease protein domain 4 (WLN4). The protein was expressed in 

Rosetta (DE3) bacterial E. coli cells. The plasmid was transformed in Rosetta (DE3) 

cells and plated on a LB media similar to the description in section 8.2. The plates 

contained 100 ug/ mL ampicillin. The antibiotic was used to select for the bacteria 

containing the plasmid of interest since the plasmid possess the Amp gene. 

8.3.2 Induction and Expression WLN4 Protein 

Fresh colonies obtained in Section 8.3.1 were selected and cultured under a 

sterilized environment in 5 and 10 mL LB starter culture tubes containing ampicillin 

(100 ug/mL). The cells were grown in an incubator at 37°C at 250 rpm for 1 hr or 

until an optical density (OD) of approximately 0.6 was achieved. The solution was 

then transferred to 100 mL LB culture Erlenmeyer flask containing ampicillin (100 

ug/mL). The cells were incubated at the same temperature and shaking speed until the 

OD was deemed sufficient to transfer to 1 L of growth culture. The 100 mL culture 

was transferred to 1 L of LB culture containing 1 mM ampicillin. This culture was set 

in an incubator at 37°C and 250 rpm. The OD was measured using a Beckman DU 

7400 UV-Vis spectrophotometer at a wavelength of 600 nm. When the bacterial cells 

had grown to an OD of 0.6 or above, IPTG to a final concentration of 1 mM was 
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added to the cell suspension to induce protein expression in the bacteria using the 

bacteria transcription machinery. This took an average of 3 hrs. 

Rosetta (DE3) cells have T7 polymerase in the lambda lysogen (DE3). This is 

under the control of Lac-UV5 operon. When the lactose analog, IPTG, is added to the 

LB media containing these cells, it binds to the lac repressor and induces its 

dissociation from the operator in the lac operon. This leads to transcription from the 

promoter region. 

A cartoon representation of the transcription machinery of the T7 promoter of 

the vector is shown in Figure 8.2. 

T7 promoter Lac operon TRX His-Tag WLN4 T7 Terminator 

Figure 8.2 A cartoon drawing showing the various parts of a vector. 
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After induction, a 1 mL sample was taken immediately and after every 1 hr to 

monitor progress of induction and protein expression. These samples were stored at -

20°C for further sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) analysis. In SDS-PAGE, the proteins are separated based on size. The 

samples were analyzed in a 15% TRICINE SDS-PAGE. After 3 hr the 1 L cell culture 

was subjected to a Sorvall RC5B at 9000 rpm, for 20 min at 4°C to harvest the 

bacterial cells. The cell pellets were kept at -20°C for SDS-PAGE analysis and 

protein extraction by BugBuster extraction reagent. 

8.3.3 Extraction of Protein WLN4 

A number of protein extraction methods are currently available [3]. The 

expressed WLN4 protein was extracted from the bacterial cells by BugBuster® 

protein extraction reagent from Novagen. BugBuster® reagent is formulated to gently 

disrupt and break the bacterial cell wall and release target protein into the solution for 

further purification. This reagent was used as prescribed by the supplier. A 45 mL 

solution was obtained after the BugBuster extraction procedure. It was filtered using 

a 0.22 urn nylon membrane filter before further subjecting to protein purification 

using His-tag column. 
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8.4 Protein Purification 

The plasmid vector pET-32Xa/LIC has a sequence encoding a six histidine 

residue peptide upstream of the target protein. This is expressed together with WLN4 

as Trx- 6 His-WLN4 fusion protein. 

Nickel-loaded Chelating Sepharose 200 (Pharmacia Biotech) column was 

rinsed with RO 18 Mfi/cm water and equilibrated with Buffer A (20 mM sodium 

phosphate, 20 mM imidazole, 500 mM NaCl, buffer pH 7.4). 15 ml of BugBuster® 

reagent cell extract was injected into the column and then the column was washed 

with Buffer A. WLN4-thioredoxin fusion protein was eluted from the column with an 

isocratic elution of 5 column volumes of Buffer B (20 mM sodium phosphate, 500 

mm NaCl, 500 mM imidazole and pH 7.4). The fractions with the target protein were 

isolated and concentrated to a volume of 1.5 mL using 10,000 MW cutoff membrane 

filter fitted to an Amicon Ultra filtration Device from Millipore Corporation Inc. 

(Billerica, MA). A volume of 3 mL of the concentrated protein was injected into a 

desalting column connected to AKTA fast performance liquid chromatography 

(FPLC). This system is controlled by UNICORN software. 

The desalting column was rinsed with RO 18 Mfi/cm water and equilibrated 

with Factor Xa buffer prepared in autoclaved RO 18 MQ/cm water (0.1 M NaCl, 50 

mM Tris, 5 mM CaCk, buffer pH adjusted with HC1 to pH 8.0). The protein was 

eluted with the same Factor Xa buffer. The fractions containing the WLN4 fusion tag 

protein were analyzed using the chromatogram and the purity by the SDS-PAGE. The 
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positive samples were pooled together to yield a volume of approximately 45 mL. 

This solution was subjected to Factor Xa cleavage as described in Section 8.4.1. 

8.4.1 Factor Xa Protease Cleavage 

The Factor Xa protease is a site specific endoprotease that cleaves a C-

terminal peptide bond with a recognition sequence Ile-Glu-Gly-Arg [4, 5]. The pET-

32Xa/LIC plasmid vector encodes a 6X His-tag followed by this recognition 

sequence. Therefore, it is possible to cleave the WLN4 protein by treating a purified 

6X His-tagged protein with Factor Xa protease in Factor Xa buffer. Here, 45 ml of 

purified Trx-6 His- WLN4 fusion protein with a concentration of 4.7 ug/uL was 

incubated at room temperature with a 50 uL of 100 U of Factor Xa for 16 hours. 

The protease was deactivated at room temperature by the addition of 

phenylmethanesulphonylfluoride (PMSF) in isopropanol to a final concentration 1 

mM. A sample product was analyzed by SDS-PAGE and confirmed a successful 

cleavage. The samples containing the cleavage protein were concentrated in the 

presence of 0.5 mM EDTA and passed through Superdex 75 26/60 gel filtration 

column (Pharmacia Biotech)). The target protein WLN4 was eluted from the column 

with 20 mM sodium phosphate and 150 mM NaCl. The protein fractions were 

analyzed by the SDS-PAGE. The positive fractions were concentrated to about 2 mL 

using 10,000 MW cutoff membranes in an Amicon ultra centrifugation device. The 

purified WLN4 protein samples were transferred to 200 uL aliquots and stored at -

20°C. 
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8.4.2 Protein Concentration 

The Bradford assay is based on the principle that the absorbance maximum for 

an acidic solution of Coomassie Brilliant Blue G-250 dye changes from 465 to 595 

nm when it binds to a protein [6]. It forms a stable complex with a blue color change. 

The extinction coefficient of the complex is linear over a 10-fold concentration range. 

The concentration of WLN4 purified samples were determined based on 

Bradford assay. A series of standards of BSA derived from a stock solution of 1.47 

mL/mg BSA were prepared in a 96-well micro-plate. 10 uL of each standard was 

transferred to each well and 100 uL of dye reagent (a 1: 4 dilution of concentrate to 

water) was added to each aliquot and mixed using a pipette tip. WLN4 was prepared 

in the same manner. The plate was incubated in an oven at 37°C for 15 min. The 

absorbance was measured at 595 nm in a 96-well Benchmark Plus microplate reader 

(BIO-RAD). 

8.5 Static and Dynamic Light Scattering 

The molar mass and hydrodynamic radius of WLN4 was determined using 

both static and dynamic light scattering instruments at the W.M. Keck Facility at Yale 

University. WLN4 protein was characterized by gel filtration chromatography 

coupled in series to a multi-angle DAWN HELEOS laser light (658 nm) scattering 

instrument from Wyatt, Technology (Santa Barbara, CA). 100 uL volume of 21 

mg/mL of purified WLN4 in 20 mM sodium phosphate pH 7.4, 150 mM NaCl was 

sent to the W. M. Keck Facility at Yale University. 
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The column was pre-equilibrated with the sodium phosphate buffer pH 7.4 

with a refractive index of 1.340 and viscosity of 8.945 x 10"3 gem"1 sec"1. The protein 

was eluted from the column at a flow rate of 1.0 mL/min. The column was connected 

downstream to a multi-angle laser light scattering instrument and the concentration 

was determined using an Optilab rEx refractive index detector arranged in series. A 

value of 0.175 for the refractive index dn/dc was used. Molecular weights were 

determined using a Debye plot approximation model. Data were analyzed using Astra 

software (Wyatt Technology). A standard protein Bovine Serum Albumin (BSA) was 

analyzed alongside WLN4. 

8.6 Circular Dichroism Measurements 

Conformation stability, structure and unfolding characteristics of WLN4 were 

obtained using circular dichroism (CD) spectroscopy. Here, asymmetric molecules 

can absorb differently left and right circular polarized light. This has been used to 

estimate protein conformation [7, 8]. Different secondary structures (a-helix, P-sheets 

and P-turns) have unique CD spectra [9]. The spectra in the far UV region are 

dominated by electronic transitions of the amide group [10]. It is influenced by the 

geometries of the polypeptide backbone of the protein. Therefore, the spectra are 

reflective of the secondary structures that are determined by the O and \|/ angles. The 

CD measurements were performed on a Jasco J-815 Spectrophotometer at Western 

Michigan University. This instrument was equipped with a peltier thermoelectric 

device and water circulating bath to cool the peltier. A rectangular quartz cuvette with 
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a 10 mm path length was used. Molar mean residue ellipticity values 6, for all the 

wavelength scans, were expressed in degrees centimeter squared per decimeter 

according to Equation 8.0. 

I0*d*c 

In this equation, 0Obs is observed ellipticity in degrees, 107 is the mean residue 

molar mass of WLN4 (72 amino acids, molar mass 7720 Daltons), c is the 

concentration of WLN4 (0.2 mM), and d is the path length in cm. Purified 2 mM 

WLN4 protein in 50 mM sodium phosphate, pH 7.4 was used in this experiment. 

8.6.1 Chemical and Thermal Denaturation 

Guanidine hydrochloride (GnHCl) was employed as a chemical denaturant. An 8M 

solution in sodium phosphate buffer, pH 7.4, was prepared and diluted accordingly. A 

series of guanidine hydrochloride concentrations from 1-6 M were used to determined 

stability and conformation of WLN4. 

WLN4 was incubated with GnHCl at least 1 hr before spectral measurement. 

There were four measurements for every wavelength scan at 25°C. Thermal unfolding 

experiments were performed to monitor WLN4 thermal denaturation characteristics. 
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A denaturation transition curve was constructed from 9 at 222 nm versus the 

molar concentration of GnHCl. The free energy for unfolding of WLN4 was 

calculated assuming a two-state kinetic model following Equation 8.1. 

FF J ^ F U [8-1] 
o 

In this equation, FF and FU are the fractions in the fully folded and denatured 

states. K is the equilibrium constant. The fraction FU of the WLN4 that was 

denatured was calculated assuming a two-state model following Equation 8.2. In a 

two state model, the sum of FF and FU equals 1 [11]. 

FU = [ YF ~ Y I [8-2] 
y YF - YU ) 

In this equation, Y is the measured mean residue ellipticity at particular 

GnHCl concentration and temperature. YF and YU are the mean residue ellipticity of 

WLN4 in the native and fully unfolded states, respectively, under the same 

conditions. The fraction of WLN4 in the native state under similar conditions was 

calculated according to Equation 8.3. 
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FF _ I Y - YU 1 [8-3] 
FY - YU 

8.6.2 Free Energy of Unfolding 

The free energy of unfolding of WLN4 protein was calculated based on Equation 8.4. 

AG = -RT In K = -8.314 * 298 K * \n(FU I FF) [8.4] 

In this equation, R is the gas constants, K is the equilibrium constant, AG, free 

energy change between folded and unfolded states of the protein and T is the 

temperature measured in Kelvin. The enthalpy change can be obtained from Equation 

8.5. 

AG = AH-TAS [8.5] 

The enthalpy change is denoted by AH and the change in entropy by AS. The 

enthalpy change is a measure of the binding energy that largely contributed by the 

dispersion forces, van der Waals potential and hydrogen bonding. The entropic value 

given by AS describes the hydrophobic interactions. 
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CHAPTER 9 

RESULTS AND DISCUSSIONS 

9.1 Recovery of the Plasm id Vector 

A construct containing the fourth domain of the Human Wilson protein was 

overexpressed in Rosetta (DE3) bacterial cells. The pET-32Xa/LIC/WLN4 vector 

was used in expressing the WLN4. The vector encodes an N-terminal thioredoxin tag 

that is followed by six histidines and a Factor Xa cleavage site. This vector was 

transformed to NovaBlue E. Coli cells, propagated in LB, then recovered. The 

plasmid vector was loaded alongside 1 kb standard DNA ladder in agarose gel 

electrophoresis. 

The gel displayed in Figure 9.1 shows an uncut plasmid DNA run alongside a 

standard lkb standard. Three distinct bands that correspond to different migration 

rates are observed in agarose gel displayed in Figure 9.1. These bands are due to the 

different migration rates of DNA conformers: nicked, linear and supercoiled DNA. 

The latter occurred at a approximately 6 kb that is consistent with the size expected 

for a pET-32Xa/LIC plasmid and sequence encoding for the WLN4 as shown 

previously in Figure 8.1. The vector was sequenced previously in our laboratory. 

253 



5 4 

^^^ ^^W ^ ^ P 

— * 1 ^ 
10.0 

5.0 
4.0 
3.0 
2.0 

Figure 9.1 Agarose gel of plasmid vector pET-32Xa/LIC/WLN4. Standards are in 
lane 1. Lanes 2,3,4,5 are uncut plasmid DNA from different preps. 
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9.2 Protein Induction and Expression 

WLN4 is a small protein approximately 70 amino acid residues in size [1]. 

IPTG, an analog of lactose, was used to induce protein expression in Rosetta (DE3) 

E. coli cells. Induction tests to monitor progress in the course of 3 hr are shown in the 

SDS-PAGE in Figure 9.2. 

Figure 9.2 SDS-PAGE analysis of protein induction and expression of WLN4. 
Expression of this protein was monitored after induction at zero (lane 2), one (lane 3) 
and 3 hr (lane 4) as shown in the gel. Lane 1 is the full range rainbow marker (GE 
Healthcare). The arrow points to the position of the protein of interest. 
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At time zero of induction and immediately after adding IPTG, there was no 

observable protein band expressed in the cells. However, after 1 and 3 hr a distinct 

protein band appeared at 24 kDa that corresponds to the size of domain 4 fused with 

thioredoxin protein. A high level of protein expression of WLN4 was achieved by 

adopting a thioredoxin fusion strategy. 

The gene for WLN4 protein was linked to the gene encoding a thioredoxin 

carrier protein. Thioredoxin protein improves translation efficiency [2] and has the 

capacity to accumulate cellular protein and still remain soluble in the matrix [3-6]. 

Thioredoxin has a molecular mass of approximately 12 kDa [7, 8]. Thioredoxin 

stabilize most proteins in solution [8]. As a result, a high level of WLN4 fusion 

protein was expressed in bacterial cells in solution. 

The SDS-PAGE band in Figure 9.2 shows an intense protein band 1 hr after 

IPTG induction of the WLN4-thioredoxin fusion protein. The increased band 

intensity with increasing time indicates the progress of expression of WLN4 fusion in 

bacteria cells. 

9.3 Purification of WLN4 Fusion Protein 

9.3.1 HisPrep Purification 

WLN4 fusion protein was successfully extracted from the bacterial cells using 

BugBuster reagent. The cell-free BugBuster reagent extract was decanted into a 50 

mL falcon tube for purification in a nickel chelating sepharose HisPrep FF 16/10 

column (GE Healthcare). The AKTA FPLC purification system was used together 
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with the HisPrep FF 16/10 column. The column was cleaned with 5 column volumes 

(CV) of water and then equilibrated with similar volume of HisPrep binding buffer 

(20 mM sodium phosphate, pH 7.4, 500 Mm NaCl, 20mM imidazole). A 15 mL cell-

free extract was loaded into the column at a flow rate of 2 mL/min. The protein was 

eluted isocratically through the column using 1 CV of elution buffer (20 mM sodium 

phosphate, 500 mM NaCl, and 500 mM imidazole). The column was rinsed with 

HisPrep binding buffer. The elution maximum peak is displayed in Figure 9.3. The 

major fractions with the protein were determined by SDS-PAGE on a 15 % gel. 

These fractions were pooled together, concentrated with Amicon ultrafiltration device 

and kept in a -20 °C. 
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Figure 9.3 The WLN4 fusion protein elution from HisPrep FF 16/10 Ni Sepharose 
column. 
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Figure 9A SDS-PAGE gel showing progress of Factor Xa cleavage of WLN4-
Trx-His-tag protein. Lanes 1 and 2 are samples without Factor Xa. Lanes 3-6 are 
samples with Factor Xa 6 hr after adding Factor Xa. The arrow shows protein 
band before Factor Xa cleavage. 
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9.3.2 Factor Xa Protease Cleavage 

The WLN4-Trx-6-His fusion protein was exchanged into Factor Xa cleavage 

buffer pH 8.0 (50 mM Tris/Cl, 100 mM NaCl, 5 mM CaCl2). It was subjected to a 

Factor Xa serine protease (Enzyme research Laboratories, FN USA) cleavage 16 hrs 

at 25°C. The concentration of the enzyme used was to a final concentration of 1.4 

ug/ml. The protease is specific in its recognition sequence and should not exhibit 

internal cleavage of the target protein [9, 10]. The sample from the Factor Xa 

cleavage was analyzed by an SDS-PAGE electrophoresis and the results are shown in 

Figure 9.4. 

The SDS-PAGE in Figure 9.4 showed the progress of Factor Xa cleavage with 

increasing time. The cleavage product was passed through affinity-based capture to 

remove Factor Xa. The cleavage was successful after 16 hr at room temperature and 

further subjected to HisPrep chelating resin and gel filtration purification to obtain 

pure WLN4. A Superdex 75 26/60 gel filtration column (Biotech Pharmacia) was 

used. A chromatogram of an elution profile is displayed in Figure 9.5. The elution 

volume of the WLN4 protein at a flow rate of 2.6 mL/min was 224.1 mL. 

Figure 9.6 shows the SDS-PAGE gel of the HisPrep™ elution products. Lane 

1 in Figure 9.6 is a migration profile for protein standards. Lanes 2 and 3 are two 

different samples from HisPrep™ gel filtration column. The migration of the protein 

showed two distinct protein bands: a sharp minor and broad major protein band. A 

sharp minor band at 31 kDa is as a result of an overloaded SDS-PAGE gel. A major 
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broad band appearing at position < 12 kDa is due to the presence of the WLN4 

protein [11]. 
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Figure 9.5 HiLoad Superdex 75 26/60 gel filtration chromatogram. Final stage after 
cleavage demonstrating purity of WLN4. 
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Figure 9.6 SDS-PAGE analysis of purified WLN4. Lane 1 is the full range rainbow 
marker (GE Healthcare) and lanes 1-2 are products from gel filtration for two 
different batch samples. 

262 



9.3.3 Protein Concentration 

The protein concentration of the purified WLN4 protein was measured by the 

Bradford assay using bovine serum albumin protein as the standard. The protein 

content of the WLN4 was calculated from a linear regression line from BSA standard 

curve. The Bradford assay is stable for determining protein concentration [12, 13]. 

The concentration of purified WLN4 was calculated as 21 mg/mL. The protein yield 

from a 1 L induction was 42 mg. 

9.4 Determination of Protein Size by Light Scattering 

9.4.1 Static Light Scattering (MALS-SEC) 

Laser light scattering is a non-invasive technique that can provide information 

on the size and shape of proteins or protein aggregates in solution [14]. Gel filtration 

chromatography (SEC), connected to a multi-angle laser light scattering detector 

(MALS), analysis of WLN4 showed protein peaks. 

For effective determination of molar mass, scattering intensity, concentration 

and specific refractive index increment must be known. The molecular mass at low 

concentrations was accurately determined by the specific refractive index increment 

with molecular weight dn / dc. Where dn and dc are change in refractive index and 

concentration respectively. This value is a measure of polarizability of the material 

and hence amount of light it will scatter. Isotropic bovine serum albumin (66 kDa) 

was used as a reference protein to normalize the light scattering intensity of the 

photodiode array around the scattering cell to the 90° detector. The relative scattering 
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intensity of laser light was determined as the difference in intensity of the sample and 

the solvent intensity at 25°C. 

The relative intensity in dilute solutions is a measure of weight average molar 

mass and structure factor [15, 16]. The structure factor is a mathematical measure of 

how a material scatters incident radiation at different angles. This is a function of a 

particle size. In dilute solutions where protein interactions are weak, the weight 

average molar mass, the radius of gyration and the second viral coefficient can be 

obtained using the Rayleigh-Debye approximation [17-19]. The radius of gyration is a 

measure of the average square distance to the center of gravity of a particle. 

A gel filtration chromatography profile of WLN4 protein in response to 90° 

LS detector is shown in Figure 9.7. In Figure 9.7, two molar mass distributions in 

WLN4 protein sample were detected in MALS. A large protein mass eluted close to 

13 mL and a small one at 11 mL. Analysis of the data using ASTRA 5.3.4.10 version 

software showed aggregated materials that yielded molar mass of 14.9 kDa as shown 

in Table 9.1. This value is almost twice the measured mass of WLN4 of 7.5 kDa 

(Table 9.1). 
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Figure 9.7 Molar mass versus time for the WLN4 protein. Molar mass of 14.9 kDa is 
A and B corresponds to 7.5 kDa. The solid line is the UV (280 nm) trace for WLN4. 
The dotted line corresponds to the molar mass of WLN4. 

9.4.2 Dynamic Light Scattering 

Dynamic light scattering was also used to characterize the size and 

hydrodynamic radius of the WLN4 protein. In this method, time dependent 

fluctuations in the intensity of scattered light that occur due to Brownian motion are 

measured in a small volume. Analysis of the intensity fluctuations can be used to 

determine the translation diffusion coefficients. The diffusion coefficient can then be 

converted to size distribution. The diffusion coefficient is calculated from auto 
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correlation function. The angle dependence scattering intensity of light depends on 

the root mean square radius of the particle. An autocorrelation function plot obtained 

for WLN4 is shown in Figure 9.8. 
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Figure 9.8 Autocorrelation function. 
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For a sample containing a single species undergoing Brownian diffusion the 

autocorrelation function can be deduced from Equation 9.1. It defines how quickly on 

average the light intensity changes with time. It shows how probable that at some 

time x later the same intensity of light will be seen by the detector. 

g(T) = l + ae-T,K [9-1] 

In this equation, g (x) is the autocorrelation function and a K time constant, a measure 

of how quickly the light intensity changes, K is defined by Equation 9.2 

An . [0] [9.2] 

) 
q = — s i n , 

X 1 2 

K—L_-R M 
2DTq2 " l6xkBT'sin2(01'2) 

In this equation, RH is the hydrodynamic radius of particle undergoing 

diffusion, X is the wavelength of light, and rj dynamic viscosity at temperature T 

(Kelvin), kg is the Boltzmann's constant, 6 is the angle of detector normally 90° but 

100° was used in the experiment. The exponential time constant of the autocorrelation 

function is directly related to the hydrodynamic radius of the particle in solution. 
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The hydrodynamic radius is also related to the translation diffusion coefficient 

assuming a perfect hard sphere. This relationship is based on Stokes-Einstein 

relationship of a particle based on Equation 9.3. The distribution of translational 

diffusion constants can be used to determine size distribution of the particles 

analyzed. 

R =±£_ [9-3] 
6nrjD 

Here, RH is the hydrodynamic radius of the particle undergoing diffusion with 

a diffusion coefficient D, kg is the Boltzmann constant, r\ is the solvent viscosity. 

The average hydrodynamic radius for WLN4 protein calculated based on this 

equation was 13.3 ± 0.7 A and diffusion coefficient, D of (1.84 ± 0.09 ) X 10"6 

cm sec" as shown in Table 9.1. A typical plot of hydrodynamic radius as a function 

of elution time using MALS is shown in Figure 9.9. 
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Figure 9.9 Hydrodynamic radius distributions. The solid line is the UV (280 nm) 
trace for WLN4. The dotted line is the trace for hydrodynamic radius. 

Table 9.1 Summary HPLC-Gel filtration and light scattering. 

Properties 

Light 
scattering 

Molar mass 
X103(g/mol) 

Hydrodynamic radius 
(nm) 

Frictional ratio 

MALS1 

Peak 2 7.5 ± 0.0 

Peakl 14.9 ±0.0 

-

-

DLS2 

7.64 ± 0.06 

1.33 ±0.07 

1.02 

Multi-angle laser light scattering 
2 Dynamic laser light scattering 
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In addition to hydrodynamic radius, the dynamic light scattering yielded an 

average mass of 7.64 kDa for the WLN4 protein, comparable to the MALS result. A 

perfect spherical conformation shape was deduced from the frictional ratio of 1.02, 

assuming a partial specific volume inverse of density of 0.734 mL/g. A frictional ratio 

is a ratio between hydrated and non-hydrated sphere. It can be deduced from the ratio 

between a root mean square radius (RG) obtained from static light scattering and 

hydrodynamic radius (RH) from dynamic scattering. For s a solid sphere or a compact 

molecule this ratio should be one or less. For an extended object the RG is strongly 

influenced by the outlying masses but RH is not influenced. Therefore, the ratio 

increases as the object becomes less compact. 

A radius of a perfect sphere can also be determined from the shape and 

dimensions. An equivalent sphere radius of the WLN4 protein can be obtained from 

its molecular volume vm and density according to Equation 9.4 [20]. 

v = M / A [9.4] 
m /PpA 

In this equation, Mis the molecular mass obtained from MALS of the WLN4 protein, 

pp is the protein density, and Av is the Avogadro's number. The density of protein is 

1.36 g cm"3. It can be calculated from Equation 9.4 that vm for WLN4 equals 9.16 

nm3. Therefore, an equivalent sphere radius Rs-(2>vm/An)1 is 1.30 nm. The 
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experimental value is 1.33 nm. This suggests that the shape of the WLN4 protein 

deviates insignificantly from that of a perfect spherical shape. 

The hydrodynamic radius is highly affected by the shape of the protein and 

the solvent that forms the hydration sphere around the protein itself. Accurate shape 

analysis can be obtained from the sedimentation coefficient. This technique can give 

the correct shape of a given protein. 

9.5 Circular Dichroism 

A variety of optical methods are widely used to estimate the protein structure 

and stability. These methods include absorbance spectroscopy, circular dichroism, 

fluorescence spectroscopy, Fourier transform infrared spectroscopy and nuclear 

magnetic resonance [21-25]. The conformation stability of WLN4 was analyzed 

using circular dichroism (CD) in a JASCO J-815 spectrometer. The CD was chosen 

because WLN4 sequence has limited chromophores suitable for UV or fluorescence 

spectroscopy. 

A CD spectrum of WLN4 measured in sodium phosphate buffer pH 7.4 and 

25°C is displayed in Figure 9.10. The spectrum was obtained by wavelength scan in 

the far UV from 190 to 260 nm. The scan for the buffer alone was subtracted from the 

average scans for each sample measured either at a particular temperature or 

concentration of the denaturant. The concentration of WLN4 protein was 0.2 mM 

based on Bradford assay. The CD spectrum shows ellipticity minimum at 222 nm. A 
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typical a-helix secondary structure has two deep minima at 222, 208 and an intense 

peak at 193 nm [26, 27]. 

The solution structure of WLN4 was previously determined using solution 

NMR. The structure data shown in Figure 9.16 for the WLN3-4 protein showed a 

structure organized into two domains composed of 6 a-helices and 9 p-sheets [1]. In 

this study, the WLN3-4 showed 20% a-helicity and 23% P-sheets based on the 

secondary structure prediction. 

A spectra recorded in millidegrees of ellipticity was converted to a mean 

molar ellipticity to study the effect of temperature and chemical denaturant on the 

unfolding of the WLN4 protein. A plot of mean molar ellipticity at a wavelength of 

222 nm against temperature is displayed in Figures 9.1 land 9.12. In Figure 9.11, a 

smooth transition curve was observed for the thermal denaturation. When WLN4 was 

thermally denatured, a minimal change occurred in the CD spectrum of WLN4. It 

appeared that the helical structure was maintained prior to denaturation above 80°C. 
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Figure 9.10 CD spectrum of WLN4. The units are in ellipticity in millidegrees. The 
measurements were carried out at 25°C in a 50 mM sodium phosphate pH 7.4 
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Figure 9.12 A two-state model of thermal unfolding of WLN4 taken at 222 nm. 

The aforementioned observation possibly suggests that the helical structure of 

WLN4 is remarkably stable with the observed transition (Tm) values occurring above 

90°C. Tm is the temperature at which 50% of the protein is in an unfolded state. Gel 

filtration of the protein after heat denaturation was not done to ascertain any presence 

of protein aggregates that could possibly contribute to the high thermal stability of 

WLN4. 
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Guanidine hydrochloride (GnHCl) is believed to cause a complete unfolding 

of most proteins. The chemical unfolding process exhibits a two-state behavior. The 

denaturation curve of the WLN4 protein was monitored At 25°C as a function of 

GnHCl concentration and wavelength scan. The unfolding of the WLN4 protein is 

shown in Figure 9.13. 

The WLN4 protein retains its folded structure in the presence of up to 5 M 

GnHCl as indicated in Figure 9.14. Both the thermal and chemical unfolding data 

presented here indicate an extreme stability of the N-terminal domain WLN4 of 

Wilson protein. The standard free energy of unfolding of WLN4 obtained by linearly 

extrapolating to zero denaturant concentration (Figure 9.15) is shown in Table 9.2. 

The value of 10.1 ± 0.1 kcal/mol measured at 25°C is comparable to small copper 

binding proteins and other metal binding proteins [28, 29]. The data used to calculate 

the free energy change is shown in Table 9.4. In Table 9.4, the fraction of folded and 

unfolded protein was measured at different concentrations of guanidine 

hydrochloride. In Figure 9.14 the concentrations of the denaturant between 1 and 4 M 

showed almost a completely folded WLN4 protein. 
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Figure 9.13 Chemical unfolding with GnHCl. Measurements were taken at 25°C. 
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A number of potential interactions could lead to such high thermal stability. 

These include an increase in hydrogen bond formation, presence of increased 

electrostatic interactions and salt bridges, hydrophobic interactions and stronger 

binding to metal ions [30-36]. 

The m value in Table 9.2 is strongly correlated to the surface area of protein 

exposed to solvent upon unfolding [37]. A lower value of m in WLN4 protein can be 

attributed to the presence of more than one equilibrium states. This is not addressed 

by the two-state model employed in the above mentioned analysis for WLN4. The 

presence of disulfide linkages in the unfolded state of WLN4 may result in a more 

compact structure that reduces the accessibility of the unfolded polypeptide chain to 

solvent. The free energy change extrapolated to zero denaturant concentration for the 

WLN4 protein is comparable to that observed for several water soluble globular 

proteins as shown in Table 9.4. A value 6.24 kcal/mol was calculated at ambient 

conditions for ferric enterobactin protein (FeA), an integral outer membrane protein 

responsible for the uptake of iron in gram negative bacterial cells [38]. 
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Figure 9.15 Concentration dependence of the chemical unfolding and change in free 
energy. This graph was obtained using points from a curve generated in Fig. 9.14. 
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Table 9.2 Summary free energy of unfolding of WLN4. 

Property 

AGV 

kcal mol"1 

m 

kcal mol"1 M"' 

[GnHCl], M 

WLN4 

10.6 ±0.1 

-2.0 ± 0.0 

5.4 

Legend; AGV
 2 is Gibb's free energy in the absence of denaturant estimated by 

extrapolating the curves to zero concentration. 
[GnHCl] is the molar concentration of denaturant chemical guanidine hydrochloride 
Mis the concentration of guanidine hydrochloride at equilibrium. 

Table 9.3 Free energy of unfolding extrapolated to zero denaturant concentration. 
The denaturant used in all cases is guanidine hydrochloride [39]. 

Globular Protein 

Myoglobin 

Lysozyme 

a-chymotripsin 

Ribonuclease 

P-Lactoglobulin 

AG/^Ckcal/mol) 

10.1 

10.7 

13.7 

18.9 

26.0 

pH 

6.0 

2.9 

4.3 

6.6 

3.2 
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Table 9.4 Chemical unfolding parameters for WLN4 protein. 

YF3 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

-1114 

Y4 

692.15 

527 

953.27 

1066.74 

1113.64 

846.3 

1062.36 

1021.71 

1113.64 

1094.57 

1113.64 

906.02 

780.01 

734.99 

613.04 

439.51 

384.16 

1113.64 

1111.45 

354.15 

FFb 

0.45234 

0.23807 

0.79113 

0.93835 

0.9992 

0.65234 

0.93266 

0.87992 

0.9992 

0.97445 

0.9992 

0.72982 

0.56633 

0.50792 

0.3497 

0.12455 

0.05274 

0.9992 

0.99635 

0.0138 

KB 

1.21073 

3.2005 

0.26402 

0.06571 

8.05E-04 

0.53295 

0.0722 

0.13646 

8.05E-04 

0.02622 

8.05E-04 

0.3702 

0.76575 

0.96881 

1.85961 

7.02865 

17.96064 

8.05E-04 

0.00366 

71.43891 

FU' 

0.54766 

0.76193 

0.20887 

0.06165 

8.04E-04 

0.34766 

0.06734 

0.12008 

8.04E-04 

0.02555 

8.04E-04 

0.27018 

0.43367 

0.49208 

0.6503 

0.87545 

0.94726 

8.04E-04 

0.00365 

0.9862 

YU" 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

-343.51 

AG9 

-473.776 

-2882.18 

3299.44 

6745.38 

17651.7 

1559.222 

6511.887 

4934.563 

17651.7 

9021.768 

17651.7 

2462.007 

661.2619 

78.50453 

-1537 

-4831.25 

-7155.68 

17651.7 

13900.48 

-10576.4 

[GnHCI]1u 

5.5 

5.7 

5 

4.5 

4 

5.2 

4.58 

4.77 

3.71 

4.28 

3.34 

5.09 

5.33 

5.4 

5.59 

5.83 

5.91 

3.097 

3.547 

5.97 

3 Mean residue ellipticity of the folded state 
4 Measured mean ellipticity at a particular [GnHCl] 
5 Fraction folded 
6 Equilibrium constant 
7 Fraction unfolded 
8 Measured mean residue ellipticity of unfolded state 
9 Gibbs free energy change 
10 Guanidine hydrochloride concentration 
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Figure 9.16 Structure of WLN4 (B) and Third domain of Wilson protein (A). WLN4 
protein shows two a-helices (RED) and three P-sheets (GREEN). The structure was 
obtained from Protein Data Bank (PDB 2ROP). 
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CHAPTER 10 

CONCLUSIONS AND FUTURE DIRECTIONS 

10.1 Success in Giant Liposomes 

Significant achievements have been made in the development of phospholipid 

vesicles. There is emergence of new and exciting applications of liposomes in biology 

and chemistry. Giant liposomes can be visualized by optical microscopy. 

Phospholipids are the major lipids in the cell membranes. Phosphatidylcholines and 

phosphatidylethanolamine are the majority of the phospholipids found in eukaryotic 

cell membranes. Studies on the physical and chemical properties of liposomes 

systems can be followed systematically and controlled by the lipid and its 

environment. Lipid composition can be varied to help mimic certain features 

normally displayed by the cell membranes. 

Here, we have explored fluorescence properties of the NBD moiety in a lipid 

bilayer to discern lipid dynamics of the lipid bilayer region. These properties are 

fluorescence intensity, quenching, lifetime and anisotropy. We studied both the 

ensemble and a single isolated liposome system. Line tension force in a series of 
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phospholipid bilayers was quantified by laser ablation. Taken together the research 

findings obtained herein offer insight into the dynamics of natural cell membranes. 

Assessing future directions of this project is important. We begin by observing 

our limitations. We were not able to measure the line tension in the DMPC and DSPC 

giant unilamellar liposomes. We were unable to continue dithionite quenching on a 

single liposome system suspended in solution in a microscope slide as a result of 

dithionite quenching by oxygen. One major goal of this project was to study isolated 

systems such as single isolated liposome. Measurements on single vesicles will be 

useful in discerning the pore closing dynamics of a single cell entity. Improving on 

these limitations will aid evaluating the feasibility of liposomes in applications that 

might have practical utility. 

Time-resolved measurement is a great tool that can provide significant 

increase in knowledge of molecules and environments. Fluorescence lifetime imaging 

microscopy should give even higher resolution compared to the current mode we 

have used. The excited state lifetime of molecules is typically in the region of 

nanoseconds. This nanosecond excited state of the probe is independent of the probe 

concentration but depend on the excited state reactions such as quenching reactions. 

These excited reactions can allow exploration of the molecular environment that can 

improve our knowledge of how molecules operate. 
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10.2 Single Molecule Fluorescence Studies of Wilson Protein and HAH1 

Wilson disease protein located in the trans Golgi network is responsible for 

the cellular transportation [1] of copper in the liver and brain cells [2]. The N-

terminal domains interact with HAH1 metallochaperone to transfer copper to he 

Golgi network. 

Several mechanisms have been proposed, suggesting metal binding sites in the 

N-terminal of Wilson disease protein is responsible for the transfer of copper [3, 4]. 

The transfer of copper from the chaperone to the N-terminal domain of Wilson 

disease protein occurs by direct transient protein-protein interaction. 

Cysteine ligands within binding sites are implicated in the exchange of 

copper. The HAH1 chaperone and Wilson disease protein share a conserved CXXC 

(single letter amino acid code where X is any amino acid) sequence motif [5]. The 

spatial separation and orientation of the N-terminal copper-binding domains in the 

chaperone and target protein, leading to copper exchange is the key point in 

determining copper trafficking in the Golgi network. 

Single molecule fluorescence studies can help unravel transient interactions 

involving the domains of Wilson disease protein and HAH1 [6, 7]. HAH1 can be 

trapped in a liposome and any of the metal binding domains of the Wilson disease 

protein. 
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Single molecule measurements can occur either by monitoring diffusing 

fluorescent or on an immobilized single fluorescent molecule. These are commonly 

used in single molecule applications. Diffusing single molecules in a focused laser 

beam is shown in Figure 10.1. 

<ZriscT^\ 9> 

Figure 10.1 Single molecule diffusing in a focused laser beam [8]. 

Fluorescence resonance energy transfer (FRET) is a great tool to observe 

single molecule behavior in diffusing in solutions. In FRET, a donor (D) fluorophore 

and a complementary single acceptor (A) are used to monitor the conformation 

dynamics in biomolecules at single-molecule resolution. A critical component of 

FRET experiment is the ability to label a protein such as Wilson disease protein chain 

with a unique D/A-pair in a site-specific way. A tightly focused laser beam 
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concentrated on a small and defined volume of the liposomes of 100 nm diameter can 

be used to trap one domain molecule of Wilson disease protein and HAH1. Dilute 

buffer solutions of these proteins can be prepared and added to liposomes during 

preparing stages. The vesicles can be extruded to produce 100 nm size using 100 nm 

polycarbonate membrane sizes 

Vesicles can be immobilized onto a surface by avidin biotin conjugation. 

Liposome immobilized on a surface is displayed in Figure 10.2. A laser beam with an 

excitation wavelength appropriate for the donor can be used to excite the donor 

vesicles immobilized on the surface. The donor transfer energy to the acceptor by 

dipole-dipole overlaps when the distance between the donor and acceptor is within 10 

nm [9]. It is possible to monitor fluorescence intensity signals from the donor and 

acceptor. The efficiency of energy transfer between the donor and the acceptor is 

measured by the ratio of the fluorescence intensity between the A and the total 

intensity from both the A and D. One can evaluate the signals from a two channel 

system provided by the instrument. The efficiency E of energy transfer depends on 

the inverse of the sixth power of the distance between the D and A as shown in 

Equation 1.0.1. 
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/ Ko 

[10.1] 

In this equation E is the FRET efficiency, R is the distance between the donor 

and acceptor. RQ is the Foster distance or distance when the probability of energy 

transfer is 0.5. 

100 nm 

Liposome 

Biotin 

Avidin 

Biotin 

Supported bilayer mmmmmmmm 

Figure 10.2 Immobilization of liposome on a surface by avidin biotin conjugation. 

10.3 Significance and Conclusion 

Developing molecular approaches at single cell and molecule level will help 

unravel the mechanisms involved in the cell transformation and differentiation 

especially leading to cancer. Liposomes can provide a good model that can be studied 

systematically. This can help provide information in the cell morphology and 

transformation. Target delivery by liposome can reduce drug toxicity and increase 

potency. 
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The development of the optical microscopy and fluorescence probes has laid a 

good foundation for tracking molecules at a single molecular level. We propose that 

transient protein-protein interaction between HAH1 and domains of Wilson protein 

can be studied at a single molecule level. The FRET signals can be monitored in the 

presence or absence of copper or other cations like Ag(I), Hg(I) and Cd(II). This 

could help advance knowledge in metal coordination chemistry and metal-proteins 

interactions. This is an important step in understanding human diseases at molecular 

level. 
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