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Abstract

Myelin basic protein C-I charge isomer, the most cationic component of myelin basic

protein, is indicated to have a specific role in organizing lipids and stabilizingmultilayer

membrane lamellae in the myelin sheath. Monolayer hysteresis studies show that it can

interact both with zwitterionic (DMPC) and anionic (DMPA, DHP and GMl) lipids,

indicating that both hydrophobic and electrostatic interactions exist Poly-I-lysine, a

commonly used model for cationic extrinsic proteins, can only interact with negatively

charged lipids, DMPA, DHP and GMl. Monotayerhysteresis and small-angle X-ray

scattering show no detectable interaction of the cationic polypeptides with the

zwitterionic lipid, DMPC. Ionic strength dependency of interaction indicates the

influence of intermolecular hydrogen bonding in the lipid head group region between

polypeptide and lipid. Both "salting-out" and double layer screening effects of the salt

compete with each other in the interaction mechanism. Additionally, a new technique-

Total Internal Reflection Fluorescence (fIRF) is used to probe model lipid membrane-

protein interactions at surfaces. Adsorption and desorption kinetics of the serum

albumin are investigated on supported bilayers of acidic and zwitterionic lipids.

IX
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Chapter 1

Introduction

1.1 The Myelin Sheath

The myelin sheath exists in both the central and peripheral nervous systems as a

multilayer membrane structure surrounding nerve cell axons. Schwann ~lls create the

sheath by actively wrapping layer upon layer of their own plasma membrane into a tight

spiral around each axon. Fig. 1.1 shows how an axon becomes myelinated [1].

During neural development, Schwann cells first envelop the axon. These cells then

grow in a spiral fashion, wrapping many layers around the axon. As shown in Table

1.1 [2], these membranes are unusually low in protein and high in lipid contents,

allowing them to act as excellent insulators. Schwann cells are spaced regularly along

the axon but are separated by the nodes of Ranvier --the only points in a myelinated

axon at which exchange of ions with the surrounding environment can occur.

The development of an electrical insulation system for the axon, in the form of a

myelin sheath, is a crucial step in the course of evolution since a myelinated axon can

transmit signals much faster and more efficiently, and make more room for a great

number of other axons because of its compact multilayer structure. The sheath

structure is described as being composed of concentrically wrapped layers of mixed

lipids alternating with thin layers of protein (Fig. 1.2). Within each layer, the lipid

hydrocarbon chains extend radially into lipid bilayers and the polar head groups are

exposed to the aqueous interfaces between adjacent bilayers, loosely binding to protein

in these interstices [3].
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Schwann cell cytoplasm

Plasma
membrane

Plasma
membranes

Fig. 1.1 Nerve axon myelination by Schwann cells [1].

Table 1.1 Composition of Normal Human Myelin [2]

% Dry Wei11;ht

Protein

Basic protein

Proteolipid
Lipophilin
Other LH-20 fractions

Thioethanol soluble
Others (Wolfg~ DM20, glycoproteins)

Lipid
Cholesterol
Cerebroside
Cerebroside sulfate
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylserine
Sphingomyelin
Others

24.0

5.4

7.2
4.2
0.6
6.6

Mol % Total Lipid

40.9
15.6
4.1
10.9
13.6
5.1
4.7
5.1
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Axon Myelin

Fig. 1.2 Electron micrograph of a myelinated axon from the spinal cord [1].
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The myelin sheath is a fluid membrane that maintains normal membrane-

membrane contacts within the sheath multilayers even when the axons are swelling [4].

This unique, biological lamellar structure has attracted much attention, both chemically

and biologically. The main research questions focus on the specific chemical structures

which are responsible for the compact layering of the myelin lamellae and the myelin

structure's relationship to demyeJinatingdiseases [5]. Answers to these questions rely

on a complete understanding of myelin's chemical composition and relationship to its

physical properties.

1.2 Lipid Composition of the Myelin Sheath

The myelin sheath is the most lipid-rich of any biological membranes,

containing approximately 80 mol% lipid and 20 mol% protein. The main lipid

components are cholesterol, sphingolipids, phospholipids and gangliosides shown in

Table 1.1.

1.2.1 Cholesterol

Cholesterol (Fig. l.3a) comprises 40 mol% of the total lipid content of myelin

membranes. This is very unusual for a biological membrane as most plasma

membranes contain nearly 25 mol% of cholesterol [l}.

Cholesterol has a specific and complex effect on membrane fluidity. It does not

influence the transition temperature markedly, but broadens the transition and blurs the

distinction between the membrane gel and fluid states [2]. The specific role for the high

concentration of cholesterol in myelin is still unknown. Some evidence shows that

cholesterol-rich lipoproteins are responsible for nerve development [6}. The

physiological role of cholesterol is speculated to be a dampening agent or a stabilizing

force which is needed for the overall integrity of the.cell. plasma membrane [71. The

synthesisofcholesterolisregulatedbylipoproteins[8].
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a.

b.

Fig. 1.3 Structure of the myelin lipid: a. cholesteryl stearate b. sphingomyelin
c. phospholipids d. ganglioside OM1.
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(PI)

(PS)

c.

Fig. 1.3 Structure of the myelin lipid: a. cholesteryl stearate b. sphingomyelin
c. phospholipids d. ganglioside GM!.
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d.

Fig. 1.3 Structure of the myelin lipid: a..cholesteryl stearate b. sphingomyelin
c. phospholipids d. ganglioside GM1.
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1.2.2 Sphingolipids

Sphingolipids, especially sphingomyelin, are abundant components of the

myelin sheath, constituting up to 4.7mol% of the total myelin lipids. The lipids are in a

continuous state of metabolic turnover which includes both biosynthesis and

degradation.

Sphingomyelin (Fig. 1.3b) bas a zwitterionic phosphatidyJcholine (PC) head

group and ceramide backbone. The amide bond present in the ceramide backbone

allows lateral association with other lipid phosphoglycerol backbones via hydrogen

bonding. Association of sphingomyelin with other membrane lipids depends on the

hydrophobic region of the molecole [9]. The hydrophobic portions of sphingomyelin

are made up of extremely long fatty acids ranging from C18 (sterle acid) to C24

(lignoceric acid). These long hydrophobic chains and other lipid chains readily fonn

the lipid bilayer compartments which can host membrane. proteins in certain

orientations. Recent research [10] has found that sphingomyelin hydrocarbon chains

maintain mixed interdigitated chain packing across bilayer membranes which is more

ordered than the. usual hydrated noninterdigitated bilayer phase. If this mixed

interdigitation does occur in biological membranes, the penetration of long asymmetric

lipid hydrocarbon chains across the entire hydrocarbon width of the bilayer would

afford a transmembrane linkage that could play an important role in the transmission of

information across these membranes.

1.2.3 PhosphoUpids

Another significant fraction of lipids found in myelin are phospholipids,

including phosphatidylcholine (PC), phosphatidylethanolamine (PE),

phosphatidylinositol(di)phosphate (Pl), and phosphatidylserine (PS) (Fig. 1.3c).

Phospholipids are the essential components of most biological membranes. The

long hydrophobic carbon chains coupled with hydrophilic head groups comprise the
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amphiphiles which spontaneously fonn well-organi7.edlamellar strnctures - dJ.ebasic

architecture of membrane bilayers. Because of the important role of phospholipids in

biomembrane systems, many basic studies have been perfonned on model membranes

to address the physical and biological pI'Qpertiesof phospholipids [11-16]. Compared

to their hydrocarbon chains, phospholipid head groups hold greater biologiml and

physiological significance [17]. Surface polarity and interfacial hydration of

phospholipid head groups determine the characteristics of the lipid membranes and their

interactions with the exterior environment. The large polar head groups of

phospholipids, all carrying some charge, with head groups of other lipids (cholesterol,

sphingolipid), play an important role in the compact structure of the myelin sheath.

This will be discussed later in more detail. The specific role for certain phospholipids

in the myelin shea~ like p~ remains unknown [5].

1.2.4 Gangliosides

Gangliosidesare sialic acid-bearingsphingoglycolipidswhich are ubiquitous

components of mammalian cen surface membranes. 1heyare present as trace lipids in

the myelin membrane. Among them, OMl (galactosyl-N-acetylgalactosaminyl(N-

acetyl-neuraminyl) galactosylglncosylceramide) is the most abundant sphingoglycolipid

in the myelin membrane of the central and peripheral nervous systems (Fig. l.3d).

Little is known about the specific biochemical functions of gangliosides, but their

presence in the outer surface of plasma membranes, especially in the myelin sheath,

provides some interesting clues. They are prominent in nerve cell membranes of all

vertebrates, implying their involvement in neuronal functions. The functional roles of

gangliosides are thought mainly to be cell-cell recognition, modulators for cell

membrane receptors and membrane ion pumps and ion channels.

In order to fully understand and characterize the properties of gangliosides,

investigationson artificial membranesincludingvesicles andmonolayershave been
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performed by many reseatCh groups (18-21].

Although the hydrophobic portion of gangliosides is on average highly

conserved, the presence of successive charged or uncharged carbohydrate residues in

the polar head group modify their interfacial conformation, molecular packing and

phase stability in biomembranes. An interesting point is that, despite many variations

in head group sugar structure which lead to different molecular packing properties,

monolayer studies have shown that surface potentials of different gangliosides are quite

similar [5]. This implies that while the number of charges per ganglioside head group

can vary from one to three (GMI-GDla-GTlb), the membrane can maintain the similar

apparent potential drop across the head group region [18] .
In general, the polar head groups of gangliosides and other glycosphingolipids

appear to be one of the major determinants of their phase behaviors. Compared to

phospholipids, the presence of the carbohydrate rather than phosphorylcholine in the

polar head group reduces the effect of the number of methylene groups in the amide-

linked fatty acyl chains on the transition temperature [22]. Hydrophobic chain length

therefore has a relatively minor effect on the membrane phase transition temperature.

Gangliosides themselves cannot form bilayers in excess water unless some kind

of stabilization is provided by other bilayer-forming lipids, such as phospholipids [23].

Thus, the interaction between phospholipid and GMt becomes an important factor for

GMI's existence in biomembranes. However, few studies have been directed to

elucidate the interactions between ganglioside and phospholipid. It has been reported

that when gangliosides are incorporated into dipalmitoylphosphatidylcholine (DPPC)

bilayers, GMI increases: the gel-liquid crystalline transition temperature of DPPC

because it shields phospholipid polar head groups to reduce repulsive interactions. In

mixed PC and GM11arge tlni1amellarvesicles, the thermotropic lipid phase behavior is

related to the ganglioside chain length in presence of Ca2+, suggesting that the driving

forcefor ganglioside.phase separation is due to a passivegangliosideexclusionfrom
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Ca2+-perturbed phosphatidylchoJine-rich regions within the bilayer [24]. TIDsimplies

that because Ca2+ has no effect on PC phase behavior, chain length plays a possible

role in the modulation of ganglioside functiOD- Also,. due to electrostatic repulsions,

large water-structuring effects and sterlc constraints in their polar head groups,

gangliosides appear to be stabilized by interactioDs with proteins [19]. This will be

discussed in further detail later in this dissertation.

1.3 Myelin Proteins

Unlike the cell plasma membrane where proteins can comprise up to 16wt% of

the membrane mass [251 myelin membranes contain relatively little protein (2Omol%).

Several types of proteins exist in myelin, differing in size, shape, and amino acid

composition. The main protein is proteolipid (PLP). comprising 50% of the total

protein in myelin. It is an integral membrane proteia whose interactions with negatively

charged myelin lipids ( e.g.~pA, PS ) are dependent on pH and salt concentration [26].

An important but only trace protein found in myelin is myelin-associated glycoprotein,

or MAG, a complex of protein and carbohydrate: that is four times larger than PLP.

MAG is found between the myelin and the,axon and is one of the first components to

disappear when myelin break-down begins during demyeHnating syndromes [27]. It

may also play an important role in the formation ofnew myelin.

Myelin basic protein (MBP) comprises 30% of total myelin protein.. It is a

relatively small protein (18.4 kDa), containint about 170 amino acids with 12 lysine

and 19 arginine residues which make MBP a highly positively charged protein. This

protein has received intensive biological and cbemical studies in recent years because of

its relation to demye1inating diseases, like multiple sclerosis, and its unique features in

formation and stabi1i7.ationof the myelin sheath [2&-30].
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1.3.1 MBP-Lipid Interactions: Previous Studies

MBP shows all the characteristics of a peripheral protein and predominantly binds to

negatively charged lipids electrostatically to alter membrane properties. ESR (electron

spin resonance) spectroscopy has shown that, in mixtures of neutral and anionic

phospholipids, e.g., DMPCIDMPO, MBP prefers to bind to anionic lipids, and that

this electrostatic interaction decreases as the percentage of neutral phospholipid

increased [31-32}. Specific charge-charge interactions may be very crucial for

organizing the myelin sheath in nervous tissue. While MBP is incorporated into

unilamellar PO vesicles, the motion of PO head groups in the gel phase is restricted by

intermolecular interaction caused by the addition of MBP, creating a new protein-

induced "domainSt[29,33]. Similar results are also found in phosphatidic acid (PA),

an acidic phospholipid which lacks a head group other than the negatively charged

phosphate moiety [34]. These MBP-induced pcdwbations have also been shown to

cause a thermotropic profile change in the lipids [21]. Mter binding to membranes, the

motion of the protein increases upon heating and is sensitive to the lipid phase transition

[35]. The association of MBP with PO suspensions results in a broadening of the lipid

phase transition [36].

Measurements of tryptophan fluorescence of MBP in the presence and absence

of sodium dodecylsulfate (SDS) indicate that the tryptophan, which is in a hydrophobic

segment of the protein, moves into a l~ polar environment when the protein is bound

to SDS [3]. Monolayer studies show that MBP can penetrate into the ganglioside

monolayers [37].

Phosphatidylethanolamine (PE) naturally adopts a non-bilayer hexagonal

cylinder structure (HID in pure form under certain hydration, pH, and temperature

conditions. In the myelin sheath, however, the lipid exists as bilayer or multilayer

structures. X-ray and NMR.studiesshow that ~P has the abilityto convertPE Hn

structuresinto lamellar (La) structures[28}. MBP may, therefore,not onlycausethe
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compact structure of the myelin sheath, but a1sostabilize this structure through protein-

lipid interactions.

Relatively large amounts of zwitterioDic PC lipids are found in the, myelin

sheath. The specific role of PC lipids in the formation and stabilization of the myelin

sheath is still puzzling. Current ESR and NMR results are consistent in showing that

addition of MBP does not influence the membrane structure or morphology of PC

vesicles [35]. Lipid thermostudies showed that MBP had little effect on the transition

temperature of PC in aqueous dispersions, but could increase the phase transition

temperature of ganglioside dispersions [38J. However. in mixtures of gangliosides and

DPPC, MBP changes the properties of both lipids,. indicating that MBP does not

interact exclusively with one lipid type, but with the lipid matrix as a whole.

IH-NMR study shows that the resonance of Met-20, an MBP amino acid

residue, loses approximately 40% of its original intensity while Met-167 of MBP

exhibits no significant change upon addition oflyso PC lipid to a final concentration of

25 mM (above the critical micelle concentration of the lipid). This implies that tIle Met-

20 side chain may penetrate into the hydrophobic lipid matrix region [39]. It confirms

the intrinsic capacity of MBP to interact strongly with neutral lipids, perhaps via a

combination of both protein/protein and proteinllipid bridges.

1.3.2 Possible Membrane Interactions for MBP

Although EPR and NMR studies show that all these interactions occur in the polar head

group region [31,33,35], the abilities of MBP to influence phospholipid phase

transitions, induce phase separation of acidic phospholipids and distort the packing of

lipid chains near the head group region suggest the presence of other types of

interactions in addition to protein binding via electrostatic attraction to acidic lipid head

groups [40-42]. Large portions of hydrophobic segments found in MBP (52% apolar

amino acids) make it possible to interact with the lipid acyl chains either by partially
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penetrating into the bilayer as shown in Fig. 1.4 or by deforming and expanding the

bilayer so that the acyl chains are exposed to the hydrophobic regions of the protein as

drawn in Fig. 1.5. Less detectable evidence for incorporation of some MBP

hydrophobic sequences into the membrane acyl region by EPR and NMR may be due

to a broadened resonance which is beyond detection [35].

Much evidence demonstrates the existence of hydrophobic and electrostatic

interactions between MBP and phospholipids. However" this interaction does not

induce drastic confonnational changes in the lipid phosphate moiety. This suggests that

the binding between phospholipid head groups and MBP is relatively loose. The

interaction is mostly of a polar nature with no strong bonding between specific groups

[36]. This may explain the observed rapid exchange of PO lipid molecules between the

bulk and protein-associated phases [43].

Although the interaction between MBP and lipids has received intensive study,

recent reports of MBP microheterogeneity have prompted questions regarding the

specific roles for various MBP isomers in organizing lipids in the myelin sheath.

Further studies are therefore useful in order to fully understand the function ofMBP in

the myelin sheath.

1.4. The Biomembrane and Relevant Model Systems

1.4.1 Biomembrane Models

Though scientists knew of the existence of cells before they could observe them

directly with the assistance of a microscope" only recently has an acceptable model for

the structure of biological membranes been proposed. In 1972, Singer and Nicholson

forwarded what has now been proven to the most-widely accepted model for the

structure of the biological membrane, called the "fluid mosaic moder' (Fig. 1.6) [44-

46]. In this model proteins are assumedto be either superficially or integrally



16

PC PS PA PGt I

Fig. 1.4 Schematic representation of myelin basic protein bound to lipid bilayers [2].

2 30 3b

Fig. 1.5 Schematic representation of different types lipid-protein interaction:
(1) electrostatic only, (2) electrostatic plus hydrophobic resulting in defonnation of
the bilayer, (3a,b) hydrophobic interaction. The interaction of basic protein with lipid
may be of type 2 while lipopbilin may be type.3 [2].
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associated with lipids in a fluid bilayer membrane which has an asymmetric structure.

Membrane asymmetry has been proposed to account for specific lipid-protein

interaction and unidirectional transport functions ofthac::ell membrane [47]. Lipids are

assumed to be distributed homogeneously within each bilayer leaflet and all

components are freely diffusing. Mem~rane fluidity is very essential as many

membrane properties are dependent upon it (e.g., lateral diffusion of lipids and proteins

in the membrane). Although it is now known that many integral proteins do not diffuse

freely and that lipids exhibit density fluctuations and non-random domain

microstructures, important elements of fluid mosaic model remain valid today. With

respect to myelin sheath formation, recmitment of lipids into domains and induction of

highly curved multilamenar membrane structures rely on membrane properties

consistent with those proposed in the Singer-Nicholson modeL

1.4.2 The Significance of Model Membranes

The biological cell is an extremely complicated microcompartment. Fully

understanding and describing the specific functions and dynamics of the biomembrane

(e.g. "ion pump" function, endocytosis, .signal transduction, mitosis) including the

interactions between lipids, membrane proteins and lipids. membrane proteins with

each other, and peripheral soluble macromolecules with membranes has proven

impossibly complex. In order to understand even the simplest cell structure-function

relationship one must rely on simple membrane models. A model membrane may be

constructed by using only lipids or a mixture of lipids and proteins. Using these

systems to separate variables,. the properties and functions of relevant lipid and protein

and their interactions can re chemically and biologically understood.

Four model membrane systems are widely used to model biological membrane

structure and function [48]. Brief details of these four systems follow, although

referenceismadetomorecomprehensivereviewsof thesesystemsforfurtherdetails.



Fig. 1.6 Schematic representation of the Fluid Mosaic Model proposed by Singer and
Nicolson (1972) [46].

......
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A. Liposomes and Vesicles

Phospholipids dispersed into aqueous solution aggregate spontaneously once hydrated

to form closed spherical lipid structures called Iiposomes (Fig. 1.7a). Liposomes have

been classified by size: smalllln119mellar vesicles (SUV, 200-500A diameter), large

unilamellar vesicles (LUV"0.1-1011diameter) and mn1titameUarvesicles (MLV, 1000-

8000A) [49]. These structures are, in many regards, similar to actual cell membranes.

Because of their stability and easy fabrication, liposomes have been intensively studied

and applied as model systems to the topics of biomembrane transport, protein interfacial

recognition, reconstruction of integral membranes proteins, pharmaceuticals,

biomembrane interfacial chemistry and biophysical properties of lipid supramolecular

assembly [50-54].

B. Black Lipid Membranes

Black lipid membranes are planar lipid bilaye.rsw~ by covering a hole in a polymer

support, separate into two aqueous phases (Fig. 1.7b). Lipids are generally "painted"

in an organic solution across a pinhole under water. The painted lipid f1lm

spontaneously thins to form a lipid bilayer supported on its polymer-anchored

circumferential edge by a lipid-solvent pool (the torus). This model is very convenient

for transport studies since the aqueous compartments on both sides of the membrane

are accessible. The system can be easily controlled and monitored within the limits of

their lifetime and durability [49].

C. Lipid Monolayers

When a lipid solution is spread onto a subp~ it will organize spontaneously to form

a continuous monomolecular film (Fig. 1.7c). The lipid monolayer can also be

manipulated by compressing the surface film with a movable floating barrier. This

changesthe packing density and organizationof the lipid film. Althoughorganized
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a.liposome b.blackplanar lipid membrane

c. monolayer d..Langmuir-Blodgett film

Fig. 1.7 Schematic representation of four widely used model membranes.
a. liposome b. black planar lipid membrane c. monolayer d. Langmuir-Blodgett film
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lipid monolayers only represent ODeleaflet half of a cell membrane, monolayer studies

can provide precise information on molecular packing and orientation not readily

obtained from other model systems. The hydrophobic components of the lipid are

directed uniformly outwards the air and the hydrophilic head groups associate with the

subphase. Many investigations have used monolayers to study biomembrane

properties by measuring surface pressure-area diagrams [48,55]. This will be further

discussed in the next section.

D. The Supported Bilayer and I..a1'!gmuir-BlodgettFilms

A supported bilayer is formed by transferring lipid monolayers successively onto solid

substrates (Fig. 1.7d). This method produces juxtaposedly ordered lipid arrays to

represent a lipid bilayer, or alternatively with muhiple transfers, multilayer (Langmuir-

Blodgett) lipid films. Solid substrates could be either hydrophobic or hydrophilic so

that different substrate surface properties direct the order of lipid film deposition to

serve various research purposes.. The hydrocarbon chains of lipids will face the

substrate if a hydrophobic substrate is applied, and vice versa for hydrophilic substrates

[56]. The interaction of molecules (antibodies, proteins, hormones) from solution with

cell surface membranes can be modeled by both supported bilayers [56] and Langmuir-

Blodgett i1lms [57] to characterize the physical and chemical properties of cell

membranes.

1.4.3 Mimicking Biomembrane Processes --Lipid Monolayers as

Simple Models

1. PhaseBehaviorof LipidMonolayers

Whena lipid solutionin a volatilesolventis spreadat theair-waterinterface,the

self-organizingpropertiesof the lipidaggregateswill result in a two-dimensionallipid

phase having several distinct physical regimes.. This phase can exist as a two-



22

dimensional gas, liquid, or solid depending on the amount of lipid on the surface and

its packing state. When the air-water interface occms within a Langmuir-Blodgett film

balance [58], a movable barrier can sweep the surface to change the surface area

available to the lipid film. -Changes in interfacial tension resulting from lateral lipid

associations are measured (surface pressure) (Fig. 1.8). Two-dimensional monolayer

molecular density can be strictly regulated by changing the average area available to

each molecule in the film. Surface pressure.resulting from monolayer compression is

plotted as a function of monolayer area at constant temperature to yield diagrams called

"surface pressure-area isotherms"-. Each lipid isotherm is extremely reproducible if

done colTeCtlyand"fingerprints" the interfacial characteristic of each lipid.

Changes in the interfacial tension are usually denoted by the term "surface

pressure". If 'Yois the interfacial tension of the clean interface of a pure liquid and 'Yis

- the interfacial tension after adsorption of a solute, then the surface pressure 1tis defined

by [59],

1t= 'Yo - 'Y

which has units of mN/m. A typical surface pressure-area diagram is depicted

schematically in Fig. 1.9.

In the gas-analog phase, there is extensive disorder of the lipid molecules

resulting from large molecular area and sub-monolayer surface concentrations of lipids.

A reduction of the molecular area by compression induces a first-order phase transition

leading to the formation of a liquid-analog phase. This phase represents a full and

coherent lipid monolayer where the interactions exist primarily between lipid head

groups and the acyl chain orientations are largely disordered (gauche). Further

compression often results in another first-order phase transition which produces a

liquid/solid coexistence phase. This phase is characterized by the presence of highly

ordered, crystalline domains of solid phase lipids within a matrix of relatively

disordered liquid phase lipid. Finally, added compressionwill result in asecond-order
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order transition yielding the solid-analog phase~the most organized and dense lipid

phase for this two-dimensional system. Lipid acyl chains here have assumed all-trans,

quasi-crystalline configuratioos and head groups are tightly associated. Often, there are

defect regions (grain boundaries) between adjacent lipid crystaIIine domains which have

grown to confluence in two-dimensions. Diffraction studies on monolayers have

shown that these lipid phases assume a space grouping very similar to that seen in bulk

lipid crystalline phases. Further compression will force this phase to collapse to bulk

lipid phase formation.

2. Protein-Lipid Interactions Studies in Monolayers

The lipid monolayer system yields significant benefits in the study of protein-

lipid interactions when the protein(s) readily dissolve(s) in the aqueous subphase.

Proteins can be introduced into membrane systems where the lipid packing,

organization, and lateral surface pressure are readily defined and controlled. Other

methods of observing protein-lipid membrane interactions, including lipid bilayer

vesicles, planar lipid membranes~ and lipid-surfactant micelles, allow no control or

adjustment of lipid interfacial properties except for lipid headgroup chemistry. Lateral

surface pressure in membrane bilayers remains a significant experimental uncertainty

and is not variable in these systems. Lipid monolayers, therefore, have inherent

advantages in controlling interfacial properties to observe influences on protein binding.

Protein interaction can be either selective or non-specific. Interactions can be

hydrophobically driven, electrostatic, or combinations of other weaker forces (van der

Waals, hydrogen bonding). Any interaction between lipid and protein will change the

properties of the lipid membran~ which in turn can be monitored at constant pressure

(yielding changes in monolayer area) or constant area (yielding changes in monolayer

pressure). Protein binding to the lipid interface, incorporation of protein into the lipid

membrane and the influence of protein on the lipid phase behavior can be easily

monitoredandinvestigated.Two methods are commonly used for these investigations:
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a. Protein-Upid Monolayer Hysteresis Studies

Proteins are injected under the lipid monolayer at the desired lipid phase. The

monolayer is then compressed to a certain higher surface pressure or smaller molecular

area and expanded to the maximum molecular area immediately. Interactions between

the proteins and lipids differ between expanded and condensed states, resulting in a

feature of hysteresis which can provide insight into the interaction process (Fig. 1.10)

[60-61].

b. General Monolayer Kinetics Experiments

Binding kinetics of proteins onto lipid membranes can be studied by injecting

protein of interest under' lipid films at a known surface pressure. Due to the interaction

or specific recognition of the protein with the lipid, the lipid phase will be influenced.

Changes in surface pressure at constant temperature (isotherms) can be monitored at

constant molecular area (Fig. 1.11)or changes in motecular area at constant temperature

can be monitored at constant pressure (isobars). Because protein surface concentration

under the lipid membrane cannot be accurately controlled or determined, the

information gained from this technique is limited to relative comparisons.

1.5 Experimental Strategy for Lipid Monolayer Studies : Interactions

between Myelin Basic Protein and Phospholipids

1.5.1 Myelin Basic Protein and the C-l Charge Isomer

Myelin basic protein has received intensive studies in recent years because of its

biological and chemical importance, particularly with regard to the. etiology of

demyelinating syndromes including multiple sclerosis. Nearly all reported studies

which have addressed MBP-lipid interactions utilize MBP as extracted and isolated

from nervous tissue. Although purified MBP isolated from human brain white matter

migratesas a single band, on alkalinegels it has been resolved into 6 bands
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Fig. 1.10 Schematic representation of protein-lipidmonolayer hysteresis studies [61].
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(components)on thebasisof charge. Each bandis referred to as a charge isomer and

differs from the othersby a single charge. Each charge isomer is thought to have

different roles in the interaction ofMBP with myelin lipids. The charge isomer,.C-l, is

the most cationic component and is most effective in inducing the multilamellar

structures [62].

The source of MBP charge microheterogeneity is generally considered to arise

from the loss of a C-tenninal arginine, deamidation of glutJlmine or asparagine, and

protein phosphorylation. However, this charge microheterogeneity has not yet been

well-defined, so that any combination of the above mentioned factors may result in the

fonnation of large numbers of charge isomers observed in :t1Irnlinegels [63]. Since all

studies consistently show that the dominant effect between MBP and lipids is

electrostatic interaction, and other work:has shown that the MBP C-l charge isomer is

the most cationic of all the MBP charge isome~ it will be most useful to further study

the properties and possible physiological functions of these charge isomers in forming

the myelin sheath..

1.5.2 Electrostatic Interactions between Lipid Membranes and

Poly-I-Lysine

Most studies of the molecular interactions between lipids and proteins have been

perfonned on model systems composed of well-defined lipid and protein components.

Poly-I-lysine (PLL) is one of the most interesting and commonly used models of

extrinsic proteins because of its basic character. This synthetic polypeptide is available

in a wide range of molecular weights from commercial sources. Each lysine bears a

positive charge at physiological pH so that lysine monomer can interact readily with

acidic lipid membranes. Since the interaction between PLL and lipids is nearly

exclusively electrostatic, PLL can be used as a model compound to compare with

interactions observed between myelin basic protein and lipid membranes [64].
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1.5.3 Acidic and Zwitterionic Phospholipids as Lipid Model Membranes

Protein-lipid interactions can be divided into two components, hydrophobic and

electrostatic. Since these two interactions mainly occur in the Hpidhead group region it

is important to choose lipids with both charged and neutral head groups in order to sort

out each interaction. In this regar~ both anionic and zwitterionic head gronps have

been selected for this wode. In light of the specific function of gangliosides. in the

central nervous system [1], OM1 is also chosen as a relevant model lipid system.

1.5.4 Physical Significance of Hysteresis Experiments

Monolayer hysteresis diagrams are composed of three separate isothermal

curves: the first compression, subsequent monolayer expansion, and second

compression to collapse (Fig. 1.10). Hysteresis shows the influence of protein(s) on

the lipid molecular packing and the process of repeated adsorption~tion of protein

on the lipid monolayer. The lipid monolayer undergoes phase changes upon

compression. If the lipid molecular packing can be fully restored within the kinetics

limits of the monolayer expansion, there will be no hysteresis_ With the injection of

protein under the lipid monolayer, absence of hysteresis signifies no interaction

between the lipid membrane and protein since pure lipid monolayers generally recover

quickly during the compression and expansion process. If, during the sequential

process of compressing the monolayer to a certain elevated surface pressure and

expanding immediately to the maximum molecular area, the expansion curve does not

overlap with the first compression curve, then. the monolayer undergoes a slower

recovery during the expansion period than in the original compression period.

During monolayer compression, increasing lipid monolayer packing density

(decreased molecular area) forces bound proteins to confonn to the changing lipid

membranes. Two dynamic processes are possible in varying degrees.. One is adsorbed

protein reconfigurationlreorganization and the another is the desorption of the protein
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from the monolayer interface. During the subsequent membrane expansion process,

the protein in the subpbase may attempt to regain its most-favorable interaction with the

membrane and try to bind to the monolayer again while at the same time the lipid

molecules try to return to their original unconfined. loosely packed state. After the

barrier expands to maximum molecular area, the experiment arbitrarily allows 40

minutes for the proteins and lipids to repeat their interaction before recompressing the

monolayer again to its collapse point.

Protein adsorption to the monolayer is a diffusion-controlled process, so that

protein adsorption-desorption process is considered slower than the restoration of the

lipid molecular packing state. Ideally, the slower step can be considered to be an

irreversible process and the restoration of the molecule packing can be considered to be

a reversible step. Four results are possible:

1. If the second compression curve overlaps with the first compression curve, this

indicates that the monolayer has completely restored itself and that all desorbed protein

has recombined or integrated into the monolayer during the expansion and waiting

period~

2. If the second compression curve overlaps with the expansion curve~ then this

indicates that the protein cannot recombine with the lipid monolayer during the time

scale of the expansion and subsequent incubation. This indicates an irreversible event

occurs where protein-lipid interactions present during the initial compression are

eliminated by compression-induced desorption.

3. If the second compression curve locates between the first compression c~ and the

expansion curve~then both processes occur, but neither occurs to completion.

4. If the onset ~a of second compression curve. is greater than that of the first

compression and expansion curve, it indicates that protein exhibits larger surface

activity while binding to the lipid monolayers.
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1.6 Protein Adsorption onto Lipid Model Membranes

Adsorption of proteins from aqueous sytems onto surfaces is a very important

problem in biomedical and industrial areas. Protein adsorption can be totally

irreversible, partially reversible, or completely reversible, depending on adsorption

time. Most proteins on surfaces are found to be irreversibly adsorbed at longer

adsorption times, indicating that proteins undergo surface-induced conformational

changes after adsorprtion [65,66]. Prevention of biofouIing and protein denaturation

on surfaces has been an intensive research interest for years.

Biomembranes serve many functions as integral components of cell. walls in

governing cell function, controlling permeation of essential substanceS', rejecting

toxins, and compatmenrnHring cell machinery. These membranes also demonstrate

only specific interactions with the wide array of proteins found in physiologicaImilieu.

Interest has been focused recently on the use of cell membrane materials and membrane

mimics as new materials and smfaces for prevention of biofouling and; protein

adsorption. Weare interested in methods to study interaction mechanisms between

soluble proteins and lipid smfaces and to further apply them in biomedical devices and

biosensors. Artificial model membranes (polymer surfaces, Langmuir-Blodgett films,

lipid monolayers) have been used for this purpose [67-68}.

One novel approach to study protein adsorption onto model lipid membranes is

Total Internal Reflection Florescence (TIRF) technique. TIRF is a spectroscopic

method for interrogating surfaces based on surface-bound evanescent waves produced

.byinternal reflection within a medium which extend from the surface and decay into the

external medium. The local evanescent field can be used as a probe in the surface

region to selectively excite fluorescence of adsorbed proteins (Fig. 1.12). An optical

signal is reflected through a medium under conditions which allow totaL internal

reflection.. At each reflectionpoint at the mediumphaseboundary,a standingwave is

producedwhen the refractive indices satisfy the condition, D1>02. Because of
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boundary conditions for the electromagnetic wave, the wave amplitude in the external

medium 2 is nonzero and can excite fluorescence of adsorbed proteins within the

vicinity of the interface The evanescent field in this region is bound to the surface and

decays into the external mediUmexponentially [69J.

1.7 Research Objectives

Research descnred in this thesis uses model lipid membranes to study protein

interactions. Monolayer hysteresis methods are used to elucidate lipid-polypeptide

(MBP C-l and PLL) interactions as a function of lipid monolayer physical states. lipid

membrane charge and head group chemistry are both investigated. Subphase ionic

strength is changed to monitor binding contributions from both intermolecular

hydrogen bonds and charge-charge effects on lipid-protein interactions. Lyotropic

liquid crystalline lipid lamellar phases are characterized by small-angle X-ray diffraction

to model the myelin sheath structure. Supported lipid membranes are used to study

adsorption of albumin from solution onto membrane surfaces using the TIRF method.
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Chapter 2

Experimental Methods

Experimental methods and components are described in the following sections.

Lipid monolayer hysteresis experiments have been used to study the interactions

between polypeptides (MBP C-l and PLL) and lipids (DMPA, DMPC, DHP and

GM1). Salt effects on these interactions were further approached by this method.

Because of the multilayer structure of myelin sheath. lipid liquid crystal multilamellar

gel phases are made and the structures are characterized by small-angle X-ray

scattering. Polypeptide secondary structure before and after interactions were examined

by circular dichroism. Protein adsorption studies were performed using the Total

Internal Reflection Fluorescence technique.

2.1 Chemicals

1. The following chemical components were used without further purification

(numbers in parentheses represent respective molecular weights).

Dimyristoylphosphatidylcholine (DMPC, Avanti Polar Lipids, 677.76).

Dimyristoylphosphatidic acid (DMPA, Sigma, 614.8).

Dimyristoylphosphoglycerol (DMPG. Avanti Polar Lipids, 688.85). -

Ganglioside GMI (Matreya Biochemical, 1547).

Dihexadecylphosphate (DHP, Aldrich Chemical Company, 546.86).

Tris(hydroxymethyl)aminometbane cr~ Aldrich Chemical Company. 121.14).

Sodium chloride (NaCl, Aldrich Chemical Company, 58.44).
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Sodium phosphate dibasic (Na2HPO.c,Aldrich Chemical Company, 141.96)

Potassium phosphate monobasic (KH2P04, Aldrich Chemical Company, 136.09)

Fluorescein isothiocyanate ~ Sigma,389.4)

2. Lead stearate (Pfaltz&Bauec~Ine., moLwt. 774, 98% purity) was further

purified according to the following procedure:

a. Mix 10-20 mg lead stearate with 3 ml CHCl3.

b. Heat the solution to boil

c. Filter the solution immediately bough a pre-warmed funnel

d. Evaporate the solvent to recover the purified solid.
. .

2.2 Polypeptides

1. Poly-I-lysine (pLL, Sigma, mol. wt. 21,700) was dissolved in 5mM Tris

buffer and stored at 40C,

2. Myelin basic protein C-l charge isomer (MBP C-l)

MBP C-l charge isomer was kindly provided by Dr. Mario A. Moscarello,

Hospital for Sick Childre~ Toronto, Cmulda. It was isolated from human brain

white matter as described previously [70]. Microheteromer isoform components of

MBP were prepared by the method of Chou and coworkers [71] with slight

modifications [70J. MBP was dissolved in a urea-glycine buffer, pH 9.6, and

applied to a CM52 cellulose cation exchange column equilibrated in a urea-glycine

buffer, pH 10.6. The components were eluted from the column using a NaCI

gradient (0- 0.2M), and then desalted on a Bio-Gel P-2 column in 0.01 N HC!. The

desalted components were dialyzed, lyophilized and stored at -200C prior to

experiments. MBP C-l was reconstituted in 5mM Tris buffer at pH 7.4 and stored at

4OC.

3. Labelledalbumin

Bovinealbumin(fromICN ImmunoBiological,crystallized,60 kDa) was dissolved
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in a carbonate buffer to give a protein concentration of 1-20 mg/mI. The fmal volume

should be less than 3ml for purification on the Sephadex column described. Protein

was labelled by the following procedure:

a. Prepare a solution of fluorescein isothiocyanate (FITC) in a carbonate buffer to

give a concentration of approximately 1 mg/ml.

b. Add FlTC immediately into the protein solution and react for 2-3 hours in the dark

(or wrapped by a foil) at room temperature (mixing ratio: 1 mg FITC/lOOmgprotein)

c. Apply the mixture to a Sephadex column and elute with PBS buffer.

d. Degree of labelling is calculated according to the following fonnula:

CFITC =A2C)41 P.494,FITC

CAlbumin =(A28&-O.1S4* A294)/ e278,AIbmnin

Degree of labelling =Cm'c I CAlbumin

2.3 Buffer Systems

2.3.1 Buffer for Monolayer Hysteresis Studies

Tris buffers of different ionic strengths were used as subphases in the

monolayer experiments. Each Tris buffer was adjusted to pH 7.4 (:I:0.1) by adding

HC!. Ionic strengths were adjusted with NaCI according to the following recipes, (I =

calculated ionic strength):

Buffer 1: 5mM Tris buffer, 1=0

Buffer 2: 5mM Tris + O.02MNaQs 1=0.02

Buffer 3: 5mM Tris + O.lM Na~ 1=0.1

Buffer 4: 5mM Tris + 03M NaCl" 1=0.3

Buffer 5: 5mM Tris + O.5MNaCl"1=0.5

Buffer 6: 5mM Tris + 1.5M Na~ 1=1.5
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2.3.2 Buffer for Protein Adsorption Studies

0.379g Na2HP04and 0.073g KH2P04weredissolvedinto 11distilledwater to form

50 mMPBS buffer.

2.4 Monolayer Film Balance Studies

Monolayerhysteresisstudieswereperformedon a thennostattedTeflontrough

of dimensions 150mm x 475mm (1100 ml volume capacity, KSV Instruments,

Helsinki, Finland) (Fig. 2.1). Constant temperature (2QOC+ O.2°C) was maintained

by running a water/ethylene glycol mixture through a coil in the Teflon trough base,

regulated by a constant-temperature circulation bath (RC6 Landa, Brinkmann). Surface

pressures were measured using the Wilhelmy plate method [59]. A carefully

sandblasted platinum plate was cleaned by alternate ethanol rinsing and flaming and

was suspended from the KSV electrobalance into the aqueous subphase where surface

pressure was recorded as mN/m. A hydrophilic barrier was cleaned with chloroform

prior to each experiment. The barrier position was controlled by a microstep-driving

stepping motor and was measured using an optical encoder. The buffer surface was

cleaned by sweeping the barrier while aspirating the surface with a stainless steel

nozzle. Lipid monolayers were formed by applying 80 J.Illipid solutions in CHC13or

CHCI3:EtOH mixture (volume ratio CHCI3:EtOH=9:1) to the surface of the buffer.

MBP C-l or PLL was introduced under lipid monolayers at OmN/m or 5mN/m by

injecting 3 ml polypeptide buffer solution through the surface of the monolayer while

traversing the monolayer surface. After injection of the polypeptide (lipid:polypeptide

mole ratio =20:1, diluted to 3m! by the buffer used in the aqueous subphase) under the

lipid monolayer and waiting for an incubation period of two hours, the monolayer was

compressed at a speed of 0.2 1\.2/moleculelmin to 31 mN/m, and then immediately

expanded to the maximum molecular area. After waiting for another 40 minutes, the

monolayerwascomprosscdagain to the monolayer collapse pressure.
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2.5 Circular Dichroism of Polypeptides

Appropriate amounts of DHP (8mM) were sonicated in Tris buffer (pH=8.4)

using a 0.5 inch flat titanium tip on a conventional horn enugized by a Heat Systems-

Ultrasonics WI85 sonicator for 10 minutes. The lipid suspension was filtered dIrough

0.22 Jlffipore size cellulose nitrate membrane filters and centrifuged at 200C in a TY65

rotor at 36,000 rpm (approx. lOO,OOOg)on a Beckman LS-65 centrifuge for90'minutes

to remove multilameIlar vesicles or undispersed lipid, and titanium particles from the

sonication horn. The supernatant containing small vniTamellarvesicles was earefully

decanted and used within 12 hr. Vesicles and polypeptide (vesicles:polypeptide:molar

ratio=l :0.006) were mixed and diluted to 2 ml with Tris buffer (pH=7.4) and.analyzed

immediately using a Jasco J-40 instrument

2.6 Small-Angle X-ray Scattering of Lipid Lamellar La Phases

2.6.1 Lipid Lyotropic Liquid Crystal Preparations

A certain amount of lipid (approx. 70 mg) was mixed with water (Iipid:water

approx. 75:25 w/w) in a glass tube. The tube was flame-sealed and inverted to

centrifuge on a bench-top centrifuge (2000 rpm) for 5-10 minutes. This inversion-

centrifugation procedure was repeated several times until the lipid sample; was fully

hydrated. The glass tube was placed in a water bath where the temperature was

controlled above the lipid phase transition temperature. Normally, the mixture~Iequired

1-2 month(s) to form its respective liquid crystal.

The following lipid or lipid/polypeptide mixtures were prepared for liquid

crystal studies. The lipid/water ratios were chosen according to the DMPC phase

diagram published by Janiak:and coworkers [72].

1. DMPC:H20 =70:30 w/w

2. DMPC:DMPA:H2,O=71.4:3.6:25 wfw/w
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3. DMPC:PLL:H20 =70.1:5.4:245 wlw/w

4. DMPC:DMPA:PLL:H20= 67.7:3.4:5.2:24.9 w/w/w/w

2.6.2 Small-Angle X-ray Scattering

Small angle X-ray diffraction studies were carried out using a Phillips XRG-

2500 generator, operating at 35 kVand 20 mA, using a sealed, fine-focus copper tube.

The X-ray beam was monochromatized using a B-nickel filter and collimated using a

pin-hole collimator. liquid crystal samples were transfered from glass tubes to Mark

capillaries (lmm OD). Diffraction patterns were collected with a linear position

sensitive detector (spatial resolution 92 microns) interfaced to a personal computer

through a Nuclear Data multichannel analyzer [73]. Sample-to-detector distance (12cm)

was adjusted to enable simultaneous detection of small angle diffraction peaks. The d-

spacing was calibrated using lead stearate.

The X-ray wavelength is 1.54 A. and the known d-spacing of lead stearate is

50.2 A[74]. The distance between detector and sample can, therefore, be accurately

obtained. A calibration scan was performed whenever the sample-to-detector distance

was changed. A DMPC powder sample was performed (Fig. 2.2) after the lead

stearate calibration and compared very well with previously published data [75]. The

d-spacing of sample liquid crystals can be calcoIated according to Bragg's Law [76].

2.7 Total Internal Reflection Fluorescence (TIRF) Experiments

2.7.1 Quartz Silanization.

The quartz slides were cleaned by uItrasonication in concentrated sulfuric acid for 1

hour and followed by EtOH and chloroform rinsing. The cleaned slides were then

immersed in a solution containing I'll octadecyltrichlorosilane-8% chloroform-12%

carbon tetrachloride-76%hexadecane (volume ratio) for 15minutes while sonicating at
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same time [77]. The silanized surface was rinsed with cblorofonn three times and

stored in chloroform solution until used.

2.7.2 Supported Lipid Films

Lipid-chloroform solutions were spread onto the KSV film balance surface,

compressed to the desired surface pressure (in the liquid-condensed phase) and held

until the surface pressure was stable (roughly 10 minutes) before dipping. For

supported DMPC bilayers, the best dipping pressure was 40 mNlm and that for DMPG

was 50 mN/m. The silanized quartz slides were dipPed vertically from air through the

lipid monolayer into the subphase at a speed of 2 mmImin. After film tIansfering, the

supported lipid films on quartz were kept under water in vials until used.

2.7.3 TIRF-CCD Apparatus and Protein Adsorption Experiments

The TIRF apparatus consisted of an Ar+ ion laser (Model 95~ Lexel), laser beam

manipulationoptics,a TIRFflowcell,fluorescencecollectionoptics, a monochromator

(1681C, Spex) with 300 grooveslmm grating and a charge-coupled device camera

[Thompson CFS TH7882CDA CCD with UV response coating" a CC200 camera

controller, a CH220 liquid cooled camera head, a LC200 Jiquid-circulation unit, a

CE200 camera electronics unit with 50 kHz 140-bit ND converter" and a RS1770 video

option (photometrics)]. The CCD detector was cooled to -46OC to minimize dark:

current The CCD camera controller was connected to a computer (Mac~ Apple) via a

DMA board (National Instrument, NBDMA-8) for data.processing and dispbly. The

schematics of the apparatus optics was given in Fig. 2.3. The 488-nm laser beam was

collimated with a 10-cm-f.L lens (2 cm diameter) and passed through a rectangular

beam mask (3 x lOmm). The beam was directed by the mirrornormal to the face of the

7()O-cutdovetail fused-silica prism, which served as an intemal reflection element. The

quartz with supported lipid film.on it was optically coupled to the largest face of the



44

TIRF flow c:eII I

lens. 50 mm
f/4

TIR
evanescent
surface
wave field

monocluomator
slit

polarizer

mirror

beam mask
spatial ')J4 plate
filter

Fig. 2.3 Schematic representation of the TIRF apparatus optics [78].
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prism with the use of glyceroL The beam was totally reflected at the interface between

the the quartz and buffer solution. The area illuminated by the beam undergoing total

internal reflection was in the middle of the TIRF flow field and has the size of 3 x 30

mm. The dimensions of the flow field were 0.5 x 5 x 60 mm and were determined by

the size of silicone rubber gasket. FIg. 2.4 shows the schematic set-up of the TIRF

flow cell and the total internal refJection area inside the flow field. The flow cell.for the

TIRF experiment was designed to avoid the depletion of bulk adsorbate concentration,

or to avoid transport-limited adsorption process. The area illuminated by the total

internal reflection was focused with a 50-mm, f/4 macro lens (pentax, Asahi Co.) on

the entrance slit of the monochromator. The width of the slit was 2mm. The CCD

camera was placed at the exit plane of the monochromator and oriented with its short

axis along the slit axis and with its long axis with the dispersion axis of the

monochromator. The total wavelength coverage was approximately 120 nm. The

grating was adjusted so that the scattered 488-nm excitation light did not fall on the face

of the CCO array <Acentml=512 nm). An exposure of Is was imaged onto the middle

part of CCO array. An exposure of Is was used in combination with the sequence

CCO command. Three hundred exposures of Is duration were made in a sequence.

Total elapsed time for completion of these operations was 3OOs. Four of these

"adsorption" images were collected one after another: during the first two 300-s

intervals the labelled albumin solution was directed at a speed of 0.49 mVmin through

the TIRF cell and during the other two 3OO-sintervals the flow was switched to the

buffer solution at a speed of 1.5 mIlmin in order to follow the desorption of adsorbed

protein. After subtracting the background noise, these four images were combined into

a 384 x 1200 pixels "adsorption-desorption" image, and this image was then

transferred to the computer and saved for further processing. Altogether protein was

adsorbed for 10 min from a flowing protein solution and subsequently desorbed for. 10

min from a flowing buffer solution [78].
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Chapter 3

Results and Discussion:
Comparisons of Myelin Basic Protein Charge Isomer C-l
and Poly-I-Lysine Interactions with Lipid Monolayers

3.1 Interactions of Dimyristoylphosphatidic Acid (DMPA)

with PLL and MBP C-l.

Phosphatidic acid (PA) does not exist in the myelin sheath~ however,

comparison of different polar head group structures between PA and other acidic

phospholipids is useful in the study of its interaction with MBP [7]. The application of

dimyristoylphosphatidic acid (DMPA) in this research has proven helpful tOIfurther

approach the mechanism of the interaction between MBP and acidic phospholipid and

understand the influence of intermolecular hydrogen bonding in the head group region.

3.1.1 Monolayer Isotherms of Dimystoylphosphatidic Acid (DMPA)

on Subphases of Varying Ionic Strength

The surface pressure-area (x-A) curves for DMPA at various salt concentrations

are depicted in Fig. 3.1. The isotherm at 0.1M NaO compares well with that published

by Demel and coworkers [55]. The DMPA monolayer undergoes a two-dimensional

first-order phase transition from the liquid-expanded state to the liquid-condensed state

at all salt concentrations studied. For salt concentrations below 0.3 M, the onset of the

liquid expanded phase is 92.4 A2/molecuIe, and for concentrations above-Q~M, the

onset of Imolecular area moves to 98.3 A.2Imolecule. The phase transition pressures,

(liquid expanded to liquid condensed) differ from eaCh other as shown in Table 3.1.

The phase transition onset pressure for O.1M salt subphase is 11.8 mN/m. Increasing
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Table 3.1 Comparison of Isotherm of Varying Ionic Stre}lgth

salt onset :;P.1olecule phase transition
concentration (M) area (A Imolecule) pressure (mNfm)

0.0 92.4 18.3

0.1 92.4 11.8

0.3 92.4 12.1

0.5 98.3 14.7

1.5 98.3 15.2
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the salt concentration also increases the Qnset pressure. In the absense of salt,

however, the phase transition pressure ofDMPA reaches 18.3 mN/m, as the ioni7~tinn

state of the phosphate group plays a role in all these differences among the isothenns

[55,79]. Althoughintermolecularhydrogenbondingcan compensatefor some head -

group charge, the electrostatic repulsion between neighboring head groups becomes

stronger as the monolayer is compressed. This induces a high phase transition pressure

between LE and LC states. Addition of salt can decrease this repulsion and

consequently lower the phase transition pressure. However, increasing the salt

concentration from 0 to 0.5M NaCllowers the pKaz ofPA from 9.0 to 7.5 by shielding

the charge and lowering the surface potential [70,80]. This changes the ionization state

of the PA head group, from DMPA-l to DMPA-2. DMPA-2 has higher energy m the

gel phase than DMPA-l because ofDMPA-2 tiltings in the gel phase as well as:of the

loss of intennolecular interaction, therefore the phase transition pressure increases again

[81-82]. Since Na+ ions break the intermolecular hydrogen bonding, the lipid moIecuJe

occupies more area without the bonding than with the bondin~

3.1.2 DMPA Interactions with PLL in Lipid Monolayers

Fig. 3.2 shows the interaction between DMPA and PLL in monolayers.. The

binding of PLL to DMPA dramatically condenses the DMPA monolayer, resulting in a

34 A2/molecular area reduction at the onset of surface pressure. Such a significant

change is brought about by charge neutralization of anionic DMPA molecules by

adsorbing cationic PLL.

The characteristic transition from the liquid-expanded to liquid-condensed

phases for DMPA is removed as a result of PLL binding to DMPA monolayers.. A

small but detectablehysteresis is observed,indicatingsome PIL is remov~dby the

compression-expansionprocess. The second compressioncurve shows nearly the

same take-offpoint as the fIrst compressioncurve,but doesnot overlap upon further



50

50

40

o
o 20 40 60 80 100 120 140 160

Molecular area (A2fmoIecule)

Fig. 3.2 Monolayer hysteresis ofDMP A with PLL on 5mM Trls (pH=7.4 + 0.1)
buffer subphase. .

-- 30.e

i
B
::s

20BQ.,
8

I 1\\ \ isothenn::s
C'I)

10



- ~-_. -- - --+._- ..-

51

compression,indicatingthat the monolayer packing properties have changed, and that

some irreversibleconformationchange of lipid has ~ although almost all the

lost protein has recombined onto the DMPA mono1a.yer again with subsequent

expansion and a 40 minvte waiting time.

Salt studies show that a larger hysteresiS is obtained after the addition of NaCI

into the monolayer subphase. Fig. 3.3 graphs molecular area differences for DMPA

monolayers on subphases of various ionic strength at 4 mN/m and 25 mN/m. At 4

mN/m, the monolayer is in the liquid-expanded phase and at 25 mNlm is in the liquid-

condensed phase. These surface pressures are chosen to best express the interaction

differences before and after the phase transition. As pointed out above, the stronger the

interaction, the larger the observed hysteresis or the more significant area reduction.

Molecular area reduction in the liquid-expanded phase increases up to a salt

concentration of 0.3 M, and decreases when more salt is added to the subphase. This

area loss, however, is still larger than that in the absense. of salt. It appears that the

addition of NaCI promotes the interaction between DMPA and PLL.

Since the PKal of DMPA is 3.5 and pKa2,is 9,.the DMPA head group has one

negative charge at physiological pH. When DMPA chloroform solution is spread onto

a Tris buffer subphase (pH=7.4), it tends to bind water strongly because of the direct,

quantum-mechanical interaction [83] or the hydrogen bonds between the water

molecules and the head group. This membrane hydration depends on the net surface

charge density and the membrane surface electrostatic properties. Fig. 3.4 shows the

possible intermolecular hydrogen bondings between adjacent head groups in additio~ to

their hydrogen bonds with water. Hydrogen bonmng disperses the charge of the head

groups and as a result,.the net apparent charge of the lipid is reduced. This lowers the

interaction energy between PLL and DMPA and costs cationic PLL more energy to bind

the DMPA head group, indicated as a small hysteresis obtained in the experiment.
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Fig. 3.3 Molecular area differences for DMPA monoIayers with PLL on subphases of
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Addition of Na+ ions changes the structure of the surface double layer.

Although the majority of ions in the double layer are only weakly associated with the

membrane surface, relatively few Na+ ions that bind intimately to the membrane

components will affect the membrane function and strocture significantly. This yields

two effects. On the one hand, tightly bound Na+ ions will shield the negatively

charged head groups to prevent PLL from attaching to anionic head groups.. On the

other hand, the existence of Na+ ions breaks intermolecular hydrogen bonds in the head

group region and consequently increases the apparent charge of each DMPA head

group. This increases the interaction between the cationic polypeptide and DMPA. A

larger hysteresis, therefore, is observed when more Na+ions are added.

By comparing the salt effects on the interaction of PLL with DMPA, one can

determine how hydrogen bonding changes in DMPA affect PLL adsorption onto the

DMPA monolayer. With increasing salt, DMPA demonstrates an increased interaction

with PLL. Comparing the isotherms at different salt concentrations (Fig. 3.1),.one can

find that the take-off molecular area increases at 0.5 M, indicating that the breaking of

hydrogen bonds occurs between 0.3M-O.5M. The greatest apparent negative charge of

the DMPA monolayers found on the subphase makes lipid interact strongly with the

PLL, and the largest hysteresis is observed under these conditions. At higher

concentrations, charge screening effects dominate and this interaction decreases. This

effect may also be due to the dehydration of PIL at high salt concentrations [64}.

Although the interaction decreases on a 15M salt subphase, it is still stronger

than that without salt. In the absence of salt, the Helmholtz layer surrounding the head

group is composed solely of water. It is difficult for PLL to approach the anionic

interface under these conditions because of the high resistance of displacing bound

water. After adding salt, water molecules are replaced by Na+ions. Small size of Na+

ion and the thin double layer enhances PLL's approaching and binding. On the other

hand, the positively charged NH3+ group in PIL and the Cl- counterion in subphase
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can also fonn a loosely-bound ion pair which help it approach the.DMPA head group.

3.1.3 Interaction of DMPA with MBP C-l in Lipid Monolayers

Fig. 3.5 shows the interaction between DMPA and MBP C-l in monolayers.

Compared to the interaction of PLL with DMPA, the hysteresis curve shows

condensation of molecular area from 90.9 A2/molecu1e to 71.6 A2/molecule. The

plateau phase transition region in the pure DMPA isotherm is replaced by two

inflections at 12 mN/m and 17 mN/m. A small hysteresis is observed, indicating a

certain amount of protein is lost during the compression-ex.pansion process. The take-

off point of the second compression curve is even smaller than the expansion curve,

and shows a different behavior from the hysteresis curve, suggesting that lost protein

does not rebind to the DMPA monolayer during the.40 minutes relaxation time and also

that remaining MBP C-l has rearranged its binding to DMPA

Similar to PLL, the.addition of NaCI increases the.interaction between MBP-l

and DMPA The molecular area difference versus salt concentration plot shows similar

behavior as that for PLL in a range.up to O.5M(Fig. 3.6). However, at 1.5M, instead

of exhibiting a drop in area loss as for PLL with DMPA. MBP C-l shows strong

interaction with DMPA, indicating the differences. between MBP C-l and PLL.

According to the. Gouy-Chapman theory, the. thickness of the ionic cloud depends

strongly on the ion concentration and the charge type of the electrolyte. At high salt

concentration, the diffuse layer is very thin, and the protein can approach quite close to

interface before the electrostatic repulsion becomes significant By that time the van der

Waals attraction is already quite significant, allowing initial polypeptide binding (see

section 3.8) [83]. This effect holds for both PIL and MBP C-l. However, the

hydrophobic sequences intrinsic to MBP C-l allows this protein to penetrate the

monolayer after this initially interfacial binding event The hydrophobic interaction

between MBP C-l and DMPA becomes obvious.
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3.1.4 Polypeptides Condensing and Expanding Effects on Monolayers

By plotting the molecular area difference between DMPA pure lipid isotherms

and hysteresis curves at the onset pressure versus salt concentration (Fig. 3.7)"we find

that at low salt concentrations « O.lM), the monolayer molecular area differences of

DMPA exceed 20A2 due to the existence of polypeptides under the DMPA monolayer.

This condensing effect is observed until O.lM and then exhibits a consistent decrease

with increasing ionic strength. As mentioned in sections 3.1.2 and 3.1.3, at relatively

high salt concentrations (>D.IM), the polypeptides still maintain strong interactions

with DMPA. This condensing effect demonstrates that the interaction mechanism at

higher salt concentrations is different from those at lower salt concentrations.

3.2 Interaction of Ganglioside GMt Monolayers with PLL

and MBP C-l

3.2.1 Monolayer Isotherms of Ganglioside GMI on Subphases of

Varying Ionic Strength

The surface pressure-area isotherms ofGMl lipid on subphases varying in salt

concentration are shown in Fig. 3.8. The differences among these curves on different

subphases are qualitatively quite similar and the main features are comparable to each

other. The molecular area differences of onset surface pressure are due to differences

in the magnitudes of intermolecular hydrogen bonding in the large head groups [23].

3.2.2 Interaction between Monolayers of Ganglioside GMI and PLL

Hysteresis isotherms for monolayers of ganglioside OM1 on SmM Tris

subphasescontainingPLL are shownin Fig. 3.9. OMI is negativelychargeddue to a

single sialic acid moiety and contains a significantly larger bulky polar head group

comparedto mostotherlipids. Injectionof PLLinducesthe condensationof GMI
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monolayers, causing the LE onset to shift from 140 A2/moJecule to 86 A2/molecule,

nearly a 50% reduction in molecular area. Moreover, the addition of PLL erases the

LEILC phase transition seen at nearly 19 mNlm in the pure isotherm. This behavior is

similar to that observed in DMPA. After 40 minutes' reincubation time after expansion,

the second hysteresis compression curve nearly overlaps the previous expansion curve,

indicating that PLL which ejects from the lipid interface during the compresion-

expansion process does not readily recombine with the GMl monolayer. The process

of PLL desorption appears to be irreversible.

Addition of NaCI to the Tris subphase dramatically increases the interaction

between GMI and pu.. Fig. 3.10 shows the hysteresis molecular area differences

between the fIrst compression and expansion at various surface pressures as a function

of subphase salt concentration. At 4 mNlm, the GMI monolayer is in the liquid-

expanded phase, and at 21 mN/m it is in the liquid-condensed phase. Much larger

hysteresis is obtained in the liquid-expanded phase, indicating that PLL prefers to

interact with GMt at the liquid-expandedphase region at the same salt concentration.

The increasing trend at two surface pressures is the. same, suggesting a similar

interaction mechanism among these lipid phase regions.

Hysteresis area differences increase as subphase salt concentration increases,

even at 105M. Addition of Na+ ions screens the negative charge of the GMI head

group. However, this effect does not become dominant in the GMI-PLL interaction.

Na+ ions appear to promote the interaction between GMI and PLL. The existence of

Na+ breaks the intermolecular hydrogen bonding in the GMI head group, perhaps

exposing the sialic acid residue more to the subphase. At high ionic strength PLL is

dehydrated. All these may be the factors for increasing interaction. GMI-PLL and

DMPA-PLL interactions are distinctly different from each other. Despite the

differences in the hydrocarbon chains between these two, the size of head group region

must play the dominant role in this effect
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3.2.3 Interactions of Ganglioside GMt Monolayers with MBP C-l

Contrary to PIL. GMI monolayer interaction with MBP C-l consistently

induces expansion of monolayer molecular ~ although the expansion is only 35

A2/molecule (Fig. 3.11). This interaction results in a relatively larger hysteresis than

observed in GMl with PIL. suggesting that a strong interaction occurs between GMI

and MBP. Because of the existence of MBP. the GMI-MBP e-I monolayer has a

higher surface pressure at same molecular area than the pure GMI monolayer. At an

area of 100 A2/molecule. surface pressure for GMl-MBP C-l increases to 3.4 mN/m

compared to only 1.2 mN/m for GMl. indicating that MBPC-l strongly perturbs the

GMl head group and that the additional penetration of sequences parts of the protein

gives rise to a high lateral surface pressure.

After monolayer expansion and relaxation for 40 minutes. the protein expelled

during compression does not recombine into the lipid membrane since surface pressure

onset of the second compression curve overlaps the expansion curve at surface

pressures below 8 mNIm. However. the remaining of MBP C-l adsorbed. to the lipid

interface is observed to influence the structure of GMI-MBP C-l monolayer. At

surface pressures above 8 mNIm. the second recompression curve has a much smaller

molecular area than the expansion curve --even smaller than pure isotherm at same

surface pressure. More MBP C-l proteins are removed from the monolayer and the

molecular packing changes under the influence of MBP C-I adsorbing and significant

MBP C-l penetrating the lipid interface.

The molecular area differences at lateral surface pressures of 4.1 mNJm. and

20.8 mN/m as a function of salt concentration are shown in Fig. 3.12. Similar to PLL,

MBP C-l interacts strongly with GMI in the liquid-expanded phase (4.1 mNlm). At

surface pressures higher than the phase transition pressure (20.8 mN/m). the.molecular

area remains constant until 0.5 M. In the liquid-expanded phase, the interaction shows

a slight decrease after 0.3 M, suggesting that increasing ionic strength has more effects
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on the lipid liquid-expanded phase than on the liquid-condensed phase. Comparing

Fig. 3.11 with Fig. 3.12, the trends of the curves are different, indicating that two

different mechanisms exist in these two interactions. The GMI-MBP C-l interaction is

stronger than the GMI-PLL interaction at the same salt concentration. One explanation

is that the large head group of GMI can provide more opportunities for MBP C-I to

interact hydrophobically.

3.3 Interactions between DMPC Monolayers and PLL and MBP C-l

The electrostatic dependence of PLL interaction with zwitterionic DMPC lipid

membranes is demonstrated in Fig. 3.13. PLL interaction with DMPC monolayers

shows no detectable hysteresis. The second compression curve overlaps the first

compression curve. Although the hysteresis isotherm containing PLL shows a slight

condensation of the monolayer at gas and liquid-expanded phase, there is very little

evidence for any significant interactions between the components in this system. The

small condensation effect may be due to a small perturbation on the DMPC head group

by PLL adsorption.

Interaction of MBP C-l with DMPC monolayers shows a slight hysteresis at

surface pressures below 10 mN/m (Fig. 3.14). After the monolayer is expanded to the

maximum molecular area, surface pressure remains at 2.3 mN/m, indicating there are

some significant associations between DMPC and MBP C-l in the liquid-expanded

phase to produce this finite surface pressure. When the monolayer is recompressed

after 40 minutes, it immediately enters the Iiquid-expanded phase. The surface pressure

of the expansion curve is greater than that of the first compression curve. It is evident

that expansion allows more proteins to penetrate into the monolayer at large molecular

areas. During the reincubation period some MBP C-l associate with DMPC

monolayers again. Comparing the pure isotherm of DMPC and the hysteresis of

DMPC-MBP C-l, the monolayer is expanded by 14.1 1\.2in the presence ofMBP C-l.
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Since DMPC is net neutra4 the only interaction involved is the hydrophobic insertion of

the protein's hydrophobic segments into the lipid membranes. Absence of this effect

between PLL and DMPC is strong support for this assertion.

3.4 Liquid CrystaIline Lamellar Lipid Phases as Models for

Myelin Multilayers

3.4.1 Small-Angle X-ray Diffraction of DMPC and

DMPC/Poly-l-Iysine Liquid Crystalline Phases

Fig. 3.15 shows the small-angle X-ray diffraction pattern for 70wt% DMPC-

30wt% H20 lyotropic liquid crystal. The d-spacing of these lamellar samples is 64.46

A, which compares well with previously published data (d=64.9 A) [72]. In contrast

to DMPC powder patterns,. higher order scatterings up to three orders are observed,

indicating that a ordered multilamellar structure has formed. Addition of PLL

(70.1 wt%DMPC-5.4%PLL-24.5%H20) does not change the scattering pattern of

DMPC liquid crystal and its d-spacing (Fig~3.16). This demonstrates that DMPC has

no interaction with PLL,. particularly in multi1amellar preparations. PLL does not

incorporate into the DMPC multilayer.

3.4.2 Small-Angle X-ray Diffraction of DMPClDMPA and

DMPClDMPA/Poly-l-lysine Liquid Crystalline Phases

The small-angleX-ray diffractionpatternfor a 71.4 wt%DMPC-3.6%DMPA-

25% H20 lyotropics at room temperature is shown in Fig. 3.17. Second order

scatteringpeaksare observed,.confinn11lgagainthe La,lamellarphaseformationin the

PC:PA lipid mixture. The d-spacing of the mixedliquid crystals is 62.48 ~ slightly

expandedfromthat of DMPCprobablydUeto repulsiveinterlayerinteractions'between

anionicDMPA in adjacentmultilayers.
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Unlike PLL in 70.1wt% DMPC-5.4% PLL-24.5% H20 lipid lyotropi~wbere

PLL has no influence on the d-spacing~ addition of PLL into PC-PA liquid; erystal

(67.7wt% DMPC-3.4% DMPA-5.2% PLL-24.9% H20) increases the d-spacing to 67

~ indicating that PLL has incorporated into the lipid multilayer (Fig. 3.18). This effect

must reflect a combination of PIL-DMP A electrostatic interactions which decrease the

d-spacing as well as PLL sterle and occupied volume factors serving to increase

interlamellar distances. This approach offers some insight into the structure,.function

relationships in native myelin sheath. Further studies~ including experimeJltS with

MBP, will assist in understanding the features of the myelin sheath and may provide

information for clarifying pathogenesis of demyelinating diseases.

3.5 Dihexadecylphosphate Monolayer Hysteresis Studies

with MBP C-l and PLL

Fig. 3.19 shows hysteresis curves for the negatively charged lipid~

dihexadecylphosphate (DHP)~on a subphase of Tris buffer, pH 8.4 at 200c containing

PLL. The subphase pH is increased to 8.4 in this case because the pKa of DHP's

phosphate is approximately 7 and monolayer studies performed near the pKa:are not

reproducible. The monolayer is in this case compressed In-st to 5 mN/m before

injection of PLL. Upon dispersing PLL under this DHP monolayer, lateral smface

pressure decreases immediately to 0.5-0.7 mN/m. Like.DMP~ this is due; to' head

group charge neutralization by the binding of PLL to the monolayer. The hysteresis

curve demonstrates two inflections not found on the pure DHP isotherm: one. at 10

mN/m and another at near 30 mNfm. The low-pressure inflection is present in both the

compression and expansion curves~ indicating a reversible phenomenon that. arises

from altered DHP packing constraints resulting directly from bound PLL. chains '

disrupting lipid organization within the layer. The upper inflection appears to be due to

expulsion of PLL from the DHP interface as the compression, recompression and pure
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isothenn curves follow similar routes to collapse after this point. The expansion curve

following compression lies on the greater molecular area side of the compression

curves, that is. expanding molecular area does not result in a rapid fall in surface

pressure as observed for the other lipid hysteresis experiments. This is due to a failure

of PLL to reattachlreadsorb to the DHP monolayer to rapidly neutralize DHP-DHP

repulsive interactions at a rate proportional to layer expansion.

Fig. 3.20 shows DHP behavior on subphases containing MBP C-l, injected

again after monolayer compression to 5 mN/m. In contrast to PLL condensation,

injection for MBP C-l under DHP at 5 mN/m causes significant layer expansion

resulting in the monolayer surface pressure increase to nearly 10 mN/m while

incubating at constant area.

3.6 Circular Dichroism Analysis of MBP C-l and PLL

Both PLL and MBP C-l show random coil structures when they are in Tris

buffer solution (pH=8.4). After adding the DHP SUY vesicles to each polypeptide

solution, different effects are noted. Strong electrostatic attraction between PLL and

DHP changes the PLL circular dichroism (CD) spectrum, indicating fonnation of some

Bsheet structure. MBP C-l however maintains its random structure despite its cationic

nature (Fig. 3.21). The different positive charge densities in MBP C-l and PLL may

be the reason for their observed differences in secondary structural changes.

3.7 Discussion

The high affinity of MBP for acidic lipids was first demonstrated by Palmer and

Dawson [84]" using a biphasic solvent system to detect complex formation. The

interaction ofMBP is stronger with phosphatidylethanolamine (PE) than with PC, but it

is much weaker with these two lipids than with acidic lipids. The distinguishing feature

between PLL and MBP C-llies in the hydrophobic MBP C-l sequences which can
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insert into the lipid head group regions or perhaps further into the acyl regiomof the

membrane. MBP C-l has substantial intrinsic surface activity because of these

hydrophobic sequences, indicating its tendency to perturb the hydrophobic coremgions

of lipid monolayers. PLL, lacking the hydrophobic drive, binds only electrostaticaD.y

to acidic head group regions. Although PAis not present in myelin, its use allows the

polar head group to be varied further to help understand the polar head group

contribution in the interaction with protein [7]. DMPA-PLLinteraction shows:larger

condensing effects than DMPA-MBP C-l (Fig. 3.7). Charge neutralization which is a

function of head group chemistry can explain differences in this monolayer binding

behavior.

It has been suggested that PA, along with PE, PS (phosphatidylserine) and

cerebroside'sulfate are capabJe of intermolecular hydrogen bonding through their head

groups [85]. In the absence of salt, the DMPA head group is surrounded bY'water

molecules which prevent PLL from approaching. In order for PLL to interact with

DMPA, some water molecules must first be displaced from the membrane interfacial

phase. Removal of water molecules by PLL strengthens the intermolecular hydrogen

bonding, causing the monolayer molecular area to condense. This effect prevails until a

subphase salt concentration of 0.1 M. At higher concentrations, Na+ ions break the

intermolecular hydrogen bonds between phosphate head groups, allowing PLL to

adsorb more readily onto the DMPA head groups. This results in stronger electrostatic

interaction between DMPA and PLL.

Although I?LL and MBP C-l both interact with DMP A to a similar degree,

charge differences between PIL and MBP C-l distinguish the modes of interactions.

Binding of MBP C-l, like PLL, can also utilim the ionized DMPA phosphate head

group and diminish intermolecular hydrogen bonding, thus allowing the protein to

interact both electrostatically and hydrophobicaBywith PA l85]. These two interactions

begin to showdifferences with increasing salt concentrations. On 0.3 M subphases,
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injection of MBP C-l expands the molecular area while PIL still has some condensing

effect. On 1.5M salt subphases, MBP C-l begins to penetrate into the DMPA

monolayer, causing surface pressure to increase from 0 mN/m to 1.13 mN/m with a

28.9 A2 molecular area expansion (Fig. 3.22). At this salt concentration, the protein

may be dehydrated, indicating a strong hydrophobic effect with the DMPA monolayer

via a lipid/protein salting-out mechanism. The interaction ofDMP A with PLL causes

the phase transition region of PA to disappear, but with MBP C-l, an inflection at 12

mN/m replaces the high phase transition plateau (Fig. 3.2, 3.5), indicating that protein

binding significantly perturbs the lipid organization.

With regard to the importance of ganglioside GMI, more than 2000 articles on

gangliosides have been published during the past decade, many with special interest in

the large hydrophilic sugar head group moiety and its great potential for hydrogen

bonding. These reports give clear evidence that the polar head group determines both

the physical and chemical properties of gangliosides in membranes.

A comparison of GMI-PLL and GMI-MBP C-I hysteresis indicates some

notable differences in their monolayer interactions. First, PLL condenses the lipid film

while the GMI-MBP C-l isotherm surface pressure takes off at relatively increased

molecular area. Secondly, the recompression curve of GMI-MBP C-l shows reduced

molecular area than the expansion curve at surface pressures above 8 mN/m. The

interaction obviously modifies the lipid properties at the interface [37]. The large head

group region of GMI is substantially different from the other phospholipids studied

and allows both significant electrostatic and hydrophobic interactions. Depending on

the direction of the effective local dipole moment of the head group of GMl, the head

group potential of GM 1 is sufficiently large enough to influence conformational

changes in membrane proteins [47]. This may hinder the hydrophobic segments of

MBP C-l to penetrate deep into the GMl head group region to interact hydrophobically

with the monolayer interior.



82

50

40

o
o 20 40 60 80 100 120 140

Molecular area (A2/molecule)

Fig. 3.22 Monolayer hysteresis of DMPA with MBP C-l on 5mM Tris buffer and
1.5M NaCI subphase (pH=7.4:t 0.1).

-.
.@ 30

i
en

a. 20
8
.

fI)

10



83

The hysteresis observed for GMI-MBP C-l is much larger than that for GMl-

PLL, indicating MBP C-l has a strong interaction with GMI. As the negative charge

on GMI is located about Inm from the surface and the head groups are assumed to

project 2.5nm from the bilayer [86-87], PLL, which only has positive charge groups

that can interact with GMI electrostatically, associates with GMI at a place farfrom the

interface, without interfering much with the head group region. However, besides its

positive charge groups, apolar regions on MBP C-l are more likely to penetrate deep

into the head group or even the hydrophobic region of GMI. This produces a much

larger interaction between GMI and MBP C-l and greatly perturbs the monolayer

packing structure.

Increasing the salt concentration in the study of lipid-protein interaction is used

to distinguish proteins that interact only electrostatically with lipid interfaces [2].

However, with the existence of lipid intermolecular hydrogen bonds within the

membrane plane, the results can become, much more complicated to interpret. The

GMI-PLL interaction increases as more salt are added to the subphase.. The head

group charges of GMI are located deeper into the aqueous phase (&6}.This makes it

difficult for NaCI to effectively shield the charges. On the other hand, five sugar

groups in GMl head group form a complicated intermolecular hydrogen bonding

network. The addition of NaCI helps to break this bonding and increases the.negative

surface charge density of GMI, so that more PLL can access and bind to the GMI

monolayer. This effect was also observed in PS-PC monolayers with PIL [2].

Although the existence of Naa can promote GMI-MBP C-I interaction, GMI-

MBP C-I interaction remains relatively steady at salt concentrations greater than O.lM,

indicating that the interaction is quite different from pu... The positive charges in MBP

C-I are limited and the apolar regions of this protein can block the effective charge of

OMl by surrounding around the OMl head group. This prevents some of the effects

of NaCl. The result also shows that the hydrophobic interaction between GMl-MBP
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C-l is saturated since increasing ionic strength only slightly enhances the interaction

(Fig. 3.12).

In the lipid-polypeptide interactions discussed above, the interaction in the

liquid expanded phase is greater than in the liquid condensed phase. Because of the

size of the polypeptides, at high surface pressure, the macromolecules are probably

ejected out of the monolayer as the repulsion forces between adsorbed proteins

increase. However, these ejected polypeptides still influence the features of the lipid

monolayer where the shape of the interaction curve is different from the pure lipid

isotherm. While they may not choose to penetrate the expanded monolayer, these

polypeptides may associate with the monolayer interface.

The contrast in DHP's interactions with PIL and MBP C-l makes the different

natures of their respective behaviors quite clear. Fig. 3.19 demonstrates the case where

adsorption of PLL lacks subsequent penetration events. The monolayer condenses as

charge group repulsion is overcome. At surface pressures greater than 30 mN/m, there

is little compression-expansion hysteresis. At this pressure, the lipid is in a solid-

condensed state where PLL may not directly access the anionic phosphate group. The

expansion curve lies to the larger molecular area side of both compression curves. This

supports high charge-charge repulsion between head groups due to incomplete charge

neutralization by PLL (monolayer expelled) at increased surface pressure. A second

compression lies to the left of the first compression curve, indicating that expansion of

the layer to zero surface pressure between both compressions expedites monolayer

condensation.

DHP-MBPC-l interaction(Fig. 3.20) shows expansion of all curves due to

MBP C-l insertioninto DHP. Most significantis the very large area increaseof the

second compressioncurve after expansion to zero surface pressure. MBP C-l, in

contrast to PLL, exhibits maximum surface activity to occupy the interface while

bindingelectrostaticallyto DHPphosphateanions.
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3.8 Stern Double Layer Model Analysis

When the lipid is at the air-water interface, its head group can be treated as a

limited negatively charged surface, attracting ions of opposite charge, and thus, an

electric double layer is established near the head group. In the following section, the

Stem model will be applied to analyze the salt effect in the lipid-protein monolayer

studies.

3.8.1 Stern Double Layer Model

Because of the charge at lipid interfaces, a layer of counterions would be

immobilized at the interface by electrostatic attraction, called the "inner Helmholtz

layer". However, these ions are not enough to exactly neutralize the surface charge.

The remainder of the charge is neutralized by a diffuse atmosphere of ions located

beyond the inner Helmholtz layer in solution. This diffuse region, comprised of both

co- and counter- ions, is subject to random thermal motion and thus will be mobile near

the interface. The ions in this double layer neutralize the surface charge and are spread

throughout solution, forming a diffuse double layer (called the Gouy-Chapman layer)

[83].

3.8.2 The Debye Length for Snbphases of Different Ionic Strengths

The thicknessof the ionic atmosphereat a chargedinterface,called the Debye

length,can be calculatedby [31],

1(:= [ eeoRT I F21 ] 1/2

where, 1(:= Debye length (nm)

e = dielectric constant of the medium

Eo = permittivity of free space = 8.854*10-12 C2J-1m-1
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R = gas constant = 8.316 JK-1mol-1

T = temperature, in the unit of K =293K

F =Faraday constant =96500 C2mol-2

I = ionic strength

The calculated Debye length on different ionic strength subphases is shown in Table

3.2. When the ionic strength increases, the Debye length decreases. At 0.3 M ionic

strength, distance (7.6nm) is within the effective range of van der Waals forces, where

the "salt-out"effect dominate the interaction.



Table 3.2 The Debye Length for Different Salt Concentrations

a see reference 80 for explanation

00
)

dielectric constant a I concentration (M) I buffer strength I Debye length (nm)

78.54
I

0
I

0
I

0

78
I

0.02
I

0.02
I 3.0

77.1
I

0.1
I

0.1
I

1.3

75.7
I

0.3
I

0.3
I

0.76

73.7
I

0.5
I

0.5
I

0.58

64.3
I

1.S
I

1.5
I

0.32
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Chapter 4

Results of Adsorption Kinetics of Albumin
onto Supported Lipid Films

4.1 Adsorption Kinetics of Albumin onto Supported DMPG Films

The adsorption profiles at different buJk protein concentrations are shown in

Fig. 4.1. At a protein bulk concentration of 0.0249 mglml, no fluorescence signal is

observed. As the protein concentration increases, the fluorescence signal increases. A

"overshoot" occurs at a concentration of 0.0498 mgfmL Buffer flowing starts at 11th

minute. After the buffer flows into the cell, the fluorescence intensity barely changes,

indicating that most protein remains on the;lipid surface. This obviously shows that

most proteins have undergone conformational changes upon adsorbing onto the lipid

layer.

4.2 Adsorption Kinetics of Albumin onto Supported DMPC Films

Supported DMPC films show larger protein adsorption amounts than DMPG

fIlms. At 0.0249 mglml, some proteins are detected on DMPC surfaces compared to

no protein adsorption on DMPG (Fig. 4.2). After buffer flows into the cell for 2

minutes, desorption occurs and eventually all protein is desorbed. At higher protein

concentrations, the adsorption amount increases. Though the buffer rinse causes some

loosely bound protein to desorb, most proteins remain on the lipid surface.

Under experimental conditions (pH-:7.)~ the protein has net negative charge as

its isoelectric point is 5. Compared to the;negative charge DMPG surface, it is more
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likely for protein to adsorb on DMPC surface than on DMPG, indicating that the

electric charge attraction domin~ the adsorption process.

4.3 Analysis of Adsorption Isotherm

Adsorption isotherms are plotted in the amount of protein adsorbed (expressed

in ~g/cm) versus protein bulk concentrations. Protein adsorption isotherms on

supported DMPG lipid layers before and after buffer rinse appear to fit the Langmuir

isotherm model (Fig. 4.3). The protein adsorption amount after buffer rinse is due to

tightly bound protein layer on the surface. The surface prior to rinsing is composed of

both tightly and loosely bound protein. Mter subtracting these two and plotting the

protein amount versus protein bulk concentration, this isotherm can be classified as a

loosely bound protein isotherm (Fig. 4.4). At 0.0996 mglml, the protein amount

nearly reaches the saturation point. In contrast to DMPG, isotherms of tightly bound

protein on supported DMPC layers exhibit linear behavior (Fig. 4.5). The loosely

bound proteins which have been removed from supported DMPC layers fit the

Langmuir type isotherm ( Fig. 4.6).

Isotherm analysis of protein adsorption on both DMPC and supported DMPG

layer indicates two adsorption mechanisms. Surface charge plays a important role in

the albumin adsorption studies. Overshoot in the adsorption kinetics curve may be due

to the instability of the supported lipid bilayer in the existence of albumin. High surface

activity of albumin may extract some lipid from the surface and cause fluorescent probe

quenching by internal energy transfer.
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Chapter 5

Conclusions

The cationic polypeptide, PLL, exhibits strong electrostatic interactions with

acidic lipids DMPA , DHP and GMl. No detectable interaction betwenn PLL and

zwitterionic DMPC, both in the monolayer and lipid lyotropic liquid crystal systems is

observed. The cationic protein, MBP C-l, interacts both with zwitterionic (DMPC)

and anionic lipids (DMPA, GMI, DHP), indicating the dual hydrophobic and

electrostatic nature of the protein in the model membrane systems.

Increasing ionic strength in the aqueous solution does screen the charge of the

lipid head groups in the membrane. However, because of the competitive influence of

intennolecular hydrogen bonding in the head group region, the interaction mechanism

becomes complicated. At low ionic strength, the existence of Na+ ions breaks the

intermolecular hydrogen bonding between lipids and increases the lipid-protein

interaction. Increasing the ionic strength also decreases the Debye length of the ionic

double-layer (shown in Table 3.2). Short Debye lengths at high ionic strength enhance

an apparent protein "salting-out" effects, allowing van der Waals attractive interactions

over a short range between protein and lipid membrane. Additionally, a new technique

--Total Internal Reflection Fluorescence (l1RF) - has been used to probe model lipid

membrane-protein interactions at model surfaces with evanescent wave spectroscopy.

Adsorption and desorption kinetics of the serum albumin have been investigated on

supported bilayers of acidic and zwitterionic lipids.
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