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für die Unterstützung dieser Arbeit von Seiten des Graduierten

Kollegs GRK 723;

Heiko Seeger,

für die freundliche Hilfe bei der Korrektur der deutschen und en-

glischen Sprache und seiner freundlichen Beratung bei bürokratischen
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Chapter 1

Introduction

1.1 Historical introduction into membrane per-

meability studies

Membranes play the role of barriers, which separates inside and outside of

the cell. They allow substances like water, oxygen or carbon dioxide, which

need to be transported fast in and out of the cell, to move easily through the

membrane. However they need to make permeation of sodium, potassium,

calcium and protons difficult in order to maintain the ion gradients which

are necessary for biological function. They contain channel proteins and ion

pumps to produce such gradients as well.

In the 1855-1877 the existence of an osmotic barrier between the protoplasm

of plant cells and their environment, was shown experimentally (Nägeli and Cramer,

1855), (Vries de, 1871), (Vries de, 1884), (Pfeffer, 1877). This was clear from

observations of protoplasmic permeability. Plant cells protoplasts were per-

meable to water, but not to many different solutes, like sucrose (Vries de,

1871).

In these experiments the retraction of the protoplasm from the cellulose wall

8
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Figure 1.1: Plant cell from an osmotic point of view. a)- normal state. b)
-plasmolysed state,( Picture taken from (Kleinzeller, 1999) ) .

of the plant cell was observed, when the cell was exposed to solutes, for which

the membrane was not permeable. ( fig. 1.1 )

Overton refined this method, using the law, that the osmotic pressure of a

solution is equal to the sum of partial osmotic pressures of the components.

This simplified the experiments, decreased the amounts of solutes used, and,

therefore resulted in decrease in a toxicity of the experiments.

After van’t Hoff’s demonstrated the analogy between gas laws and the os-

motic properties of solutes in 1887 , Overton illustrated the permeation ex-

periments (Overton, 1895) using comparison between a plant cell with a

soccer ball, exposed to outside pressure changes. ( fig. 1.2 ) The leather

cover of the balloon is permeable to all gases, but the internal rubber is not.

Increasing of the external pressure would result in shrinkage of the rubber.
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But if the rubber is permeable to the gas pressure of this gas inside and out-

side the ball would be the same, therefore changes in pressure would cause

no effect on the rubber.

Figure 1.2: Illustration of the analogy between plant cell and soccer ball, exposed
to outside pressure changes. The leather cover of the balloon is permeable to
all gases, but the internal rubber is not. Increasing of the external pressure
would result in shrinkage of the rubber. But if the rubber is permeable to the
gas pressure of this gas inside and outside the ball would be the same, therefore
changes in pressure would cause no effect on the rubber, ( Picture taken from
(Kleinzeller, 1999) ) .

The structure of membrane was not known at that time, as well the material

it made of. Scientists have thought about of an oil-made membrane, or

membrane, which consists of proteins, especially after Ramsden(Ramsden,

1904) demonstration of solid film formation at the contact surface of a protein
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solution and air.

Quincke (Quincke, 1888) suggested the existence of a thin lipid layer at the

boundary of the protoplasm.

Pfeffer after his experiments with dye uptake (Pfeffer, 1886) suggested, that

the cell membrane not only demonstrates passive barriers to different solutes,

but shows capability to take up or exclude solutes. His hypothesis, that a

membrane is ”protoplasmic organ, capable of regulating exchange of solutes”

was outstanding for his time.

He suggested as well, that the main feature, which determines the perme-

ability of a solute, is its solubility in the membrane. This idea was adopted

by Overton, after hundreds of experiments with different solutes. From ex-

periments of Newson (Newson, 1773), Hamburger (Hamburger, 1887) and

Overton (Overton, 1895), (Overton, 1899) it was clear, that this suggested

lipid-impregnated boundary was a common feature of plant and animal cells.

Overton (Overton, 1899) suggested, that lipid material of this boundary can

have properties similar to cholesterol esters and phospholipids, because of

their capability of immiscibility in water and possibility of wetting cells with

aqueous solute solution.

Overton (Overton, 1899), (Overton, 1855) and Meyer (Meyer, 1899) devel-

oped independently the lipid theory of narcosis. They suggested, that nar-

cotic action on nervous tissue was based on high solubility of narcotics in

lipids. They discovered the role of narcotic partition between lipid part and

cellular water and showed a correlation between the effect of narcotic and his

lipid : water partition. Overton developed a practical method to determine

the minimal concentration of narcotic, needed for complete narcosis. This

was important for clinical use.
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He observed that narcotics passed fast through the cell boundary layer and

may affect its osmotic properties or intracellular components. The exact

mechanism of narcotic action was still an open question.

Overton’s concepts of membrane permeability allowed him to describe the

permeability properties of a surprisingly wide range of solutes, without know-

ing the structure of the lipid membrane.

1.2 Membrane structure and properties

The membrane structure is a lipid bilayer ( fig. 1.3 ), wich consists of two

layers of lipids ( fig. 1.4 ), with hydrophilic heads exposed to an aqueous

solution outside, and hydrophobic tails, oriented inside the bilayer.

Figure 1.3: Lipid bilayer b)and nonlameller phases micelle a) and inverse mi-
celle b) .

The presence of a bilayer at the cell boundary was shown in the work of

Danielli and Dawson (Danielli and J., 1935), who observed, that the amount

of lipids, that was extracted from red blood cells is sufficient to cover the cell

surface twice. They explained it, suggesting the existence of two layers of

lipids at the cell boundary.

X-ray diffraction experiments of Schmitt and Palmer (Schmitt and Palmer,
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Figure 1.4: Chemical structure of a phospholipid 1,2Dipalmitoyl-sn-Glycero-
3-Phosphocholine, DPPC .

1940) from 1940-1941 confirmed this assumption. In the 1950-1960s electron

microscopy (Robertson, 1957), (Branton, 1966) and X-ray diffraction experi-

ments (Finean and Burge, 1963) gave strong evidence of the existence of the

lipid bilayer at the cell boundary.

The ”Fluid Mosaic” model, ( fig. 1.5 ), which was suggested by Singer and

Nicolson (Singer and Nicolson, 1972), and its variants all include lipid bilayer

as structural core of the membrane. In these models the lipid bilayer is a

kind of quasi two- dimensional fluid matrix, in which swim proteins.

Later in the 1968-1978 the existence of a solid ordered state of the lipid

membrane was shown by X-ray (Luzzati, 1968) and calorimetry studies. The

solid ordered state characterized by ordered chains of individual lipids and

presence of spatial order, when lipids form crystalline lattice. The fluid

disordered state is characterized by disordered chains of individual lipids

and the absence of a crystalline order.

From 1968 till now phase transitions were studied for different lipid systems.

Among factors, which influence the phase transition of lipid membrane one

can mention the length of the hydrocarbon chains. The longer the chains, the
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Figure 1.5: ”Fluid Mosaic” model, suggested by Singer and Nicolson
(Singer and Nicolson, 1972) .

higher is the transition temperature (Landbrooke and Chapman, 1969).The

presence of double bond decrease the transition temperature (Calhoun and Shipley,

1979). The type of head group influences the phase transition (Landbrooke and Chapman,

1969),as well as peptides (Ivanova et al., 2003) and cholesterol (Landbrooke et al.,

1968).

Nonlamellar phases were studied as well, mostly by X-ray diffraction.

In 1984 Bloom and Mouritsen proposed so called ”mattress model”, ( fig.

1.6 ) which illustrates the ”hydrophobic mismatch” principle of lipid-peptide

interactions. Integral proteins have hydrophilic and hydrophobic parts. If the

hydrophobic part is longer or shorter then the lipid bilayer it can influence

the state of the lipids near the protein, because it is energetically unfavorable

to expose hydrophobic parts to water. The lipid membrane becomes thinner
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Figure 1.6: ”Matress model”, suggested by Bloom and Mouritsen. In (a) the
protein is longer as the lipid bilayer, in (b) - shorter. Hydrophilic parts are
white, hydrophobic - dashed. Lipids near protein take an energetically favorable
state. ( Picture from (Mouritsen and Bloom, 1984) ) .

or thicker near the peptide.

Mechanical properties of lipid bilayer, like bending rigidity, surface shear

rigidity, area expansion moduli (Needham and Zhelev, 1996), thermal area

expansivity, elastic area compressibility (Kwok and Evans, 1981) (Evans and Needham,

1987) was studied by micropipette aspiration experiments, as well by densit-

ometry and other methods (Heimburg, 1998), (Ebel et al., 2001).

In 2000 AFM images of domains in the lipid membrane were obtained (Nielsen et al.,
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Figure 1.7: Modern picture of a biological membrane. The green color corre-
sponds to liquid-disordered state, and red - to solid-ordered. Also transmem-
brane and peripheral proteins are shown. ( Picture by H. Seeger ) .

2000).

Fig. 1.7 shows modern picture of a biological membrane. Here you can see

different domains. The green color corresponds to liquid-disordered state,

and the red refers to solid-ordered. Transmembrane and peripheral proteins

are also shown.

1.3 Membrane permeability : general view

The lipid membrane is permeable for small hydrophobic molecules like O2, CO2, N2,

benzene, small uncharged polar molecules like H2O, glycerol, ethanol, but is

not permeable for lager uncharged polar molecules like amino acids, glucose,

nucleotides, and ions like H+, Na+, HCO−

3 , K+, Ca2+, Cl−, Mg2+. ( fig. 1.8

)
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Figure 1.8: Permeability of a lipid membrane to small molecules.

There are different ways for a molecule to pass through the lipid membrane (

fig. 1.9 ). Permeation is a passive transport mechanism, when particles pass

through the bilayer in direction of a concentration gradient, and to active

transport, when particles go through the bilayer in direction opposite to the

concentration gradient with the consumption of energy. The particle can sim-

ply diffuse through the bilayer, or use channel in proteins, or conformational

changes in a carrier-protein.

If we put aside protein-mediated permeation, two basic models for perme-
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Figure 1.9: Passive and active transport - different ways for molecule to pass
through the membrane.

ation of small particles can be considered : solubility-diffusion mechanism

and permeation through the transient pores (Paula and Deamer, 1999).

In the solubility-diffusion model the hydrophobic region of the lipid bilayer

is simplified to be a static area with sharp edges, which has properties of

oil-like liquid, like octanol or ling-chain fluid hydrocarbon ( fig. 1.10 ). The

permeating molecule first comes to this hydrophobic region, diffuses across

it, and then leaves the membrane into the aqueous solution on the other side

of the membrane. The change from the hydrophobic to the hydrophilic envi-

ronment occurs abruptly. Using Fick’s law of diffusion and the relationship

between concentration differences inside and outside the bilayer permeability

coefficients can be calculated. In this model it is not easy to decide, where to

draw the boundary between aqueous and hydrophobic phases. This theory

intends to predict permeation coefficients from known diffusion coefficients,

partition coefficients and bilayer thickness.

This model describes well the diffusion of small neutral molecules, and can

be applied to monovalent cations and halide ions, but must take into account



CHAPTER 1. INTRODUCTION 19

Figure 1.10: Solubility-diffusion mechanism..

other energy barriers. This model fails to describe cation transport through

Figure 1.11: Transient pore permeation mechanism..

thin lipid bilayers, like potassium in phosphatidylcholines vesicles, so we need
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another mechanism : permeation through transient pores ( fig. 1.11 ).

Parsegian (Parsegian, 1969) demonstrated, that the energy of ion, located

in transient pore is smaller as the energy of the same ion, located in the

hydrophobic part of the lipid bilayer. Therefore, the diffusion barrier is lower

and the permeation rate is higher. Pores are assumed to be hydrophilic rather

than hydrophobic, because it takes less energy to create a hydrophilic pore

as hydrophobic one. The permeation rate is related to the energy, necessary

to create a pore of sufficient size and depth in bilayer (Hamilton and Kaler,

1990).

This mechanism can also be used to describe proton permeation through the

bilayer.

In protein-mediated permeation two types of proteins are involved : chan-

nel proteins and carrier proteins (or pumps). Channel proteins facilitate

diffusion in direction of concentration gradient and are part of the passive

transport, as it was defined before. Pumps transport particles against con-

centration gradient using an external source of energy like ATP or light (

active transport ).

P-type ATPases and the ATP-binding cassette pumps use conformational

changes on ATP binding and hydrolysis to transport bounded ion across the

membrane. In Ca2+ -ATPase and the Na+ −K+ -ATPase phosphorylation

and dephosphorylation cause orientational and affinity changes of their ion

binding sites.

The sodium-calcium exchanger is an example of different active transport

mechanism. It uses the gradient of one ion to transport actively another one.

In part one and three of this overview I followed ideas of Kleinzeller, expressed
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in his wonderful study of early permeability concepts (Kleinzeller, 1999), and

McIntosh views on history of membrane structure understanding (McIntosh,

1999).

1.4 Permeability models and simulation ap-

proaches

In 1978 Doniach (Doniach, 1978) introduced a two state Ising-like model of a

lipid membrane and applied the Landau-Ginsburg approximation to calculate

the membrane permeability. In his consideration he also suggested that the

main phase transition of a lipid membrane could be of second order.

The same year Nagle (Nagle and Scott, 1978) considered the relation be-

tween lateral compressibility and bilayer permeability and used the Ornstein-

Zernike approximation for a two dimensional system. He predicted that

membranes or parts of membranes may exist in near critical state in which

large -scale fluctuations in lipid density could exist.

In 1988 Cruzeiro-Hansson and Mouritsen (Cruzeiro-Hansson and Mouritsen,

1988) used Monte Carlo simulation of the 10-state Pink model and predicted

that permeability would be proportional to the length of domain interface.

The same year Shillcock and Seifert (Shillcock and Seifert, 1988) applied

Monte Carlo simulations to a 2-D fluid of hard discs. They predicted ex-

istence of a critical density of small holes, where is transition from an equi-

librium state containing many small holes to a state in which a large hole

grows catastrophically.

In 2001 Groot and Rabone (Groot and Rabone, 2001) used a dissipative

dynamics method to simulate the effect of surfactants on the lipid membrane.
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In this method several atoms were united into one simulation particle and

effective interaction parameters are fitted to reproduce compressibility and

solubility of various liquid components.

In 2003 Fournier and Joos (Founier and Joos, 2003) applied Monte Carlo

simulations to a 2-D lattice model with multiple occupancy of the sites to

simulate the kinetics of rupture of membranes under tension. The membrane

was characterized by the bulk compressibility, the thickness of the hydropho-

bic part of the bilayer, hydrophobicity and rigidity of the tails. A phase

diagram for rupture was presented.

In 2004 Leontiadu et al. (Leontiadu et al., 2004) presented Molecular Dy-

namics simulation of hydrophilic pore formation process in lipid bilayer. A

critical threshold tension was estimated, as well the structure and size of

pores were characterized.

1.5 Phase transition, local fluctuations and

permeability

Let us consider the main phase transition of lipid membrane in some more

detail.

Phospholipid ( DPPC ) membrane undergoes the main phase transition from

gel ( solid - ordered ) to fluid ( liquid - disordered ) state at 41◦ C. Below

this temperature the membrane is in a gel ( solid - ordered ) state which

is characterized by ordered chains of each individual lipid ( they lie in an

energetically favorable all-trans conformation ( fig. 1.12 )) and on lipids

organization in kind of two dimensional crystalline lattice. The word solid

refers to the state of the single lipid and the word ordered describes the
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Figure 1.12: Illustration of trans and g− g+ isomers of Ethan molecule. Exactly
these conformations show segments of lipid chains ( CH2 groups are in the
place of shown CH3 groups).

crystalline order of the lipid matrix. Above this temperature membrane is in

a fluid ( liquid - disordered ) state. In this state lipid chains are flexible and

have g− and g+ conformations ( fig. 1.12 ) and there is no more crystalline

order present. Fig. 1.13 shows the fluid Lα phase and different gel phases.

Examples of heat capacity profile for this kind of phase transition is shown in

fig.1.14. The half - width of the transition of the pure lipid membrane is about

1◦ C. If each lipid melted independently the half - width of such a transition

would be about 60 ◦ C (Gennis, 1989). This means that lipid melting is

a collective process , lipids melt not independently of each other but in a

correlated manner. This is called cooperativity of the phase transition, and

the transition half - width is the measure of the cooperativity. This phase

transition is assumed to be of first order, however is actually close to a critical

temperature, therefore thermal fluctuations are very strong. Large critical

density fluctuations close to a phase transition point create heterogeneities

and may result in lowering free energy barrier to particle diffusion (Doniach,

1978).

Therefore, the elastic constants of the membrane change dramatically near
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Figure 1.13: Fluid Lα phase and different gel phases. Picture by E. Sackmann,
Technische Universität München..

the main phase transition (Heimburg, 1998). The membrane permeability in-

creases about two orders of magnitude, measurement by (Papahadjopoulos et al.,

1973). However, this measurement was done for a lipid membrane, which

contains huge amount of cholesterol 30 -60 %. Cholesterol decreases the co-

operativity of transition and makes impossible study of cooperativity related

effects, like caused by addition of peptides what is especially interesting for

us.

Phase transitions are not only a feature of artificial lipid membranes, but

occur as well in biological membranes of real cells. Some bacteria, like E.coli
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Figure 1.14: Heat capacity profile of a pure lipid membrane and of a peptide /
lipid mixture. Addition of the peptide Gramicidin A shifts the phase transition
temperature down and makes profile broadener .

show phase transition just below the temperature they grow at (Pollakowski,

2003).

The main phase transition can be influenced by many factors. Addition

of peptides can shift the transition temperature up or down or broadens

the profile ( fig. 1.14 ). Changes of pressure, pH also influence the phase

transition. (Pollakowski, 2003)

Addition of peptides creates new heterogeneities and changes distribution of

fluctuations.
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Fluctuations of local lipid environment are high near peptides and domain

borders( fig. 1.15 ) (Ivanova et al., 2003).

Figure 1.15: Local lipid fluctuations are high near peptides. They are repre-
sented on the left part of the image. White color corresponds to high fluctua-
tions, black to small ones. On the right one can see solid-ordered (dark blue)
and liquid-disordered (bright blue) domains. Peptides are represented by red
color.

The fluctuations become extremely big when approaching the phase transi-

tion, and this, when considering this fluctuations as area fluctuations, causes

dramatic increase of the membrane permeability.

When peptides influence the phase transition and the distribution of fluctu-

ations, we expect them to influence the permeability as well.
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Study peptide influence on the membrane permeability experimentally and

simulate this, using local lipid fluctuations based approach is the main aim

of this work.



Chapter 2

Experimental Methods

2.1 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is used to study processes, which go

along with consumption of energy, like phase transitions in membranes or

protein denaturation. Data, obtained from DSC gives us information about

the thermodynamics of these processes.

Figure 2.1: Schema of a Differential scanning calorimeter.

A differential scanning calorimeter ( the one which is used in our experiments

28
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is described in (Plotnikov et al., 1997) ) consists of two coupled together cells,

which are isolated from the environment by adiabatic shell ( fig. 2.1 ). One

of these cells is filled with a sample substance and the second with reference

substance, usually the same solution, in which the sample in the sample cell

is diluted . During a DSC scan both cells are heated simultaneously, keeping

the temperature difference between the cells to be zero. The sample cell

takes more heat because of studied thermodynamic process in the sample

substance. This excess heat ∆Q is measured and recorded as a function of

time t and temperature T . With it’s help one can calculate the heat capacity

of the sample.

∆Q =

t+∆t∫
t

∆P (t′)dt′ ∼= ∆P ·∆t (2.1)

∆Cp =

(
∂Q

∂T

)
p

∼=
∆Q

∆T
=

∆P

(∆T
∆t

)
(2.2)

whereby (∆T
∆t

) is the scan rate and ∆P is the power difference between the

sample and reference cells. The used VP-DSC calorimeter from MicroCal

(NorthHampton/MA USA) has scan rates 0 - 60 deg/h, a good signal to

noise ratio and a stable base line. The coin-formed cells in this calorimeter

are made of tantal, which has corrosion properties similar to glass. Peltier

elements are used to heat or cool the cells. This calorimeter is a very sensitive

and easy to handle tool.

2.2 Probe preparation for Differential Scan-

ning Calorimetry

Doing calorimetric experiments 10mM lipid solutions were used. Lipids were

purchased from Avanti Polar Lipids (Birmingham, AL) and Gramicidin A (
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fig. 2.2 ) from Fluka (Buchs, Switzerland).

Figure 2.2: Gramicidin A peptide. ( Picture by T.Heimburg, based on the NMR
data from (Ketchem et al., 1993) ) .

Most of the experiments was done with unilamellar vesicles. They were

obtained using extrusion of mulilemellar vesicles through a polycarbonate

membrane with a pore diameter of 100nm in an extruder from Avestin (Ot-

tawa,Canada).

A special device was designed to automatize the extrusion process ( fig. 2.3

). It is possible to change the speed of the extrusion, or the time needed to

push 1 ml of solution through the polycarbonate membrane. This mechanical

system puts always the same pressure on the filter membrane, and therefore

helps in avoiding the breaking of the filter. A special counter is introduced

to count the number of runs.

Lipid-peptide mixtures were first dissolved in organic solvent, then after evap-

oration of the solvent it was put into a dessicator for 10-12 hours.

Measurements were done in a 7.5 pH 10mM Hepes 1mM EDTA buffer.
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Figure 2.3: Special device, designed to automatize the extrusion process. It is
possible to change the speed of the extrusion, or the time , needed to push 1
ml of solution through the polycarbonate membrane. This mechanical system
puts always the same pressure on the filter membrane, and therefore helps in
avoiding the breaking of the filter. A special counter is introduced to count the
number of runs.

2.3 Fluorescence Correlation spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is a suitable tool to investi-

gate permeation problems because of its high sensitivity, the small detection

volume, and the molecular specificity - possibility to distinguish molecules

of interest among a large number of different molecules (Rigler and Elson,

2001).

Our fluorescence correlation spectroscopy setup ( fig. 2.4 ) consists of a

laser, an objective, a beamsplitter, a pinhole, two avalanche photodiodes,

lenses and filters.

Laser light travels from the laser ( Nd:Yag 532 nm ) through two lenses ( f
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Figure 2.4: Fluorescence Correlation Spectroscopy setup.

= 5 mm and f = 100 mm ) which broaden the laser beam and intensity filter

to the objective ( Olympus, UPLAPO 60×W, N.A. : 1.20, f = 3 mm ) . The

sample is located in the focus of the objective. The laser light excites the dye

molecules in the focus and they emit fluorescence light, which travels through

the beamsplitter ( 537 nm ), which is transparent to the fluorescence light in

direction from objective to diodes, but not to the laser light.The fluorescence

light which propagates from the objective to the diodes goes through the filter

( T: 542 - 622 ), which cuts off the rest of the laser light and the Rahman

scattering from the water, and the pinhole, which defines the confocal volume.

The diodes monitor the fluorescence intensity. The signal from the diodes

is correlated in real time by a Flex 5000 corellator card ( correlator.com ),
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which is connected to a computer.

An automatization of the FCS measurement process was realised , through

the usage of a script language. This script allows to control a shutter, which

is between laser and first lens and it controls the correlator card, as well. This

allows measurements with fixed time intervals in between the measurements

and combined with a water supply system, which is designed to prevent the

dry out of a drop of water between the objective and the probe allows the

extension of the experiment time to several days.

A correlation function can be introduced following Eigen (Eigen and R.,

1994), using the intensity I(T ) as monitored from the diode which fluctuates

around a mean value 〈I〉 with the deviation δI :

G(t) = lim
I

2T

∫ T

−T

I(t + t1)I(t) dt1 = 〈I(t)I(0)〉 (2.3)

G(t) can be divided into two parts: a constant term 〈I〉2 and a time de-

pendent term 〈δI(t)δI(0)〉. Considering the Poisson-distributed statistics of

small numbers and normalizing G(t) by 〈I〉2 it shows that the limit of the

amplitude of the time dependent term at G(t = 0) is given by the inverse

number of molecules N within the volume element :

lim[〈δI(t)δI(0)〉/〈I〉2] = 1/N (2.4)

The autocorrelation was invented by Norbert Wiener as a powerful mathe-

matical tool for noise reduction.

In our case correlation function gives us the typical diffusion time of the

diffusing particle ( fig. 2.4 ), it gives us information about how fast or how

slow particles moves in the focus and this is exactly what we need for our

membrane permeability measurements.
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Figure 2.5: First test experiment. A solution, containing unilamellar lipid
vesicles with integrated TRITC dye is put into the confocal volume of the FCS
setup, and a FCS curve, which is typical for vesicles is measured (a). Then
keeping this vesicles solution free particles of Rhodamine 6 G dye are added.
Adding small portions of the solution, which contains Rhodamine 6 G particles
results in a changes in FCS profile (b).

Several test and control experiments were done with the aim to establish the

measurement technique.

At first unilamellar lipid vesicles with integrated TRITC dye were prepared.

TRITC is a lipid with a dye sequence attached to the headgroup. It integrates

well into the membrane, but does not swim freely in a water solution, like

it does Rhodamine 6 G ( fig. 2.5 ). The chemical structures, formulas and

molecular weights of the used dyes can be found in attachment B.

Then solution, of TRITC integrated unilamellar vesicles is put into the con-
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focal volume of the FCS setup. A FCS curve of these vesicles is measured

and the typical diffusion time is obtained.

Then keeping this vesicles solution in confocal volume of FCS setup free par-

ticles of Rhodamine 6 G dye are added. Rhodamine 6 G is a small molecule

and diffuses freely in a water solution. Therefore Rhodamine 6 G has shorter

diffusion time in comparison to the vesicles. Adding a small portions of the

solution, which contains Rhodamine 6 G particles, changes of the FCS pro-

file and its intensity are observed. The intensity change corresponds to the

change of the number of the fluorescent dye particles in the confocal volume,

assuming no bleaching and dye absorption on the walls of the measurement

cell is taken into account. Another assumption is that two vesicles, contain-

ing an amount of dye A and B give the same contribution to the FCS profile

as one vesicle with dye amount A +B, and the dye used for vesicles and free

labels have the same quantum yield.

In another experiment when small portions of solution, containing TRITC

-labeled vesicles were added to a Rhodamine 6G solution.

A two-component fit to the FCS profiles is used to obtain relative populations

of vesicles and free particles.

The two component correlation function formula for 3D from (Rigler and Elson,

2001) is used :

G(τ) = 1 +
1

N

[
(1 − y)

(
1

1 + τ
τD1

) (
1

1 +
(

ω
z

)2 τ
τD1

) 1

2
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+ (y)

(
1

1 + τ
τD2

) (
1

1 +
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ω
z

)2 τ
τD2

) 1

2

]

where N -number of particles in the focus, ω, z - focus parameters, τD1, τD2
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- diffusion times for particles of sort 1 and 2 respectively, (1− y) -fraction of

particles of sort 1, y -fraction of particles of sort 2.

Then, I plot the intensity ratio as a function of fraction of the slow compo-

nent, obtained from the fit of the FCS profiles ( fig. 2.6 ).

Figure 2.6: Intensity ratio as a function of the fraction of the slow component,
obtained from the fit of the FCS profiles. The obtained linear dependence jus-
tifies the use of a two-component fit formula for the estimation of the relative
populations of the slow and fast components, assuming no bleaching and dye
absorption on the walls of the measurement cell.

The obtained linear dependence justifies the use of a two-component fit for-

mula for the estimation of the relative populations of the slow and fast com-

ponents, assuming no bleaching and dye absorption on the walls of the mea-

surement cell.

From this experiment we know, that we can distinguish between the vesicles

and the free particles and how to obtain relative populations of vesicles and

free particles from fitting FCS curves.
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Figure 2.7: Illustration of permeation, caused by a pore-forming peptide,like
melittin. Solution, containing the vesicles with dye inside was put into the focus
of the FCS setup. I observed curves typical for vesicles. (a) Then a small
amount melittin solution was added. Melittin peptides incorporate into the
membrane and build pores. (b) Through these pores Rhodamine dye particles
come to the outside and I observe the appearance of a fast diffusing component
(c).

An other experiment was done with the aim to prove that free Rhodamine

particles do not stick to the lipid vesicles.
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Unilamellar vesicles with no dye were prepared. Then they were put into the

focus of the FCS setup. Then we added free Rhodamine dye particles, and

observed only FCS profile, which are typical for free particles.

Another experiment consists of observing permeation, caused by pore-forming

peptides, like melittin ( fig. 2.7 ). Unilamellar vesicles with Rhodamine 6G

dye inside were prepared using extrusion. The dye outside the vesicles was

washed out using chromatography. The solution, containing the vesicles with

dye inside was put into the focus of the FCS setup. I observed curve typical

for vesicles.

Then a small amount of melittin solution was added. Melittin peptides incor-

porate into the membrane and form pores. Through these pores Rhodamine

dye particles come to the outside and I observe the appearance of the fast dif-

fusing component. Such measurements were done for different concentrations

of melittin. In this experiment the measurement technique was established,

and different permeation kinetics were observed for different melittin con-

centrations. fig. 2.8 shows kinetics of permeation induced by addition of

melittin-like peptide.

This experiment was done only with the aim to establish experimental method,

therefore exact concentrations of the melittin were not determined.

A series of control experiments were done to prove the stability of the vesi-

cles. Usually unilamellar vesicles are not stable, they fuse, then breake down

therefore releasing the dye. To avoid this a small amount of charged lipid

was added ( fig. 2.10 ). This prevents diffusion and makes the vesicles stable.

A solution, containing vesicles with the dye inside was kept at room temper-

ature for several days and periodically controlled in a FCS experiment. The

vesicles were stable and no dye leakage was observed.
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Figure 2.8: Kinetics of permeation induced by addition of melittin-like peptides.

Such a stability plays a crucial role when measuring permeability at high

temperatures. Achieving such a stability makes it possible to measure per-

meability dependence on temperature.

The probe preparation is described in detail in the next section.

In my permeation experiment ( fig. 2.9 ) we have two sorts of particles big

and slow vesicles and small and fast free dye particles. ( fig. 2.9 a) ) shows a

correlation function typical for a solution where mostly vesicles diffuse and (

fig. 2.9 c) ) for a solution with mostly free particles.

First I put dye particles inside the vesicles and wash out the free dye particles

( fig. 2.9 a) ). Then when time goes by free particles diffuse through the

membrane to the outside. In ( fig. 2.9 b), c) ) you can see changes in

the FCS profile. ( fig. 2.9 c) ) almost all free particles are outside the

vesicles. Observing changes in the FCS profile we can evaluate the relative

populations of slow and fast components and estimate the kinetics of the
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Figure 2.9: Permeation experiment. First I put dye particles inside the vesicles
and wash out the free dye particles outside a). Then when time goes by free
particles diffuse through the membrane to the outside. In b), c) you can see
changes in the FCS profile.

permeation process.

When I measure the permeability dependence on temperature I repeat this
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procedure for different temperatures.

To estimate the relative populations of slow and fast components we use a

two component correlation function formula for 3D from (Rigler and Elson,

2001), which is shown in equation (2.5).

The calibration of the experiment as it was described before justifies the use of

this two-component fit formula for the estimation of the relative populations

of slow and fast components, assuming no bleaching and dye absorption on

the walls of the measurement cell.

It is also possible to use a formula for slow chemical reactions to describe

the permeation process, but both formulae do not include the quenching

influence and the dye absorption on the cell walls.

The exponential fit y = Aexp(−bx), like it is presented in ( fig. 2.8 ) is

used to obtain the coefficient b, which characterizes the permeability at each

temperature. A parameter inverse to this coefficient the permeation time

τ = 2.3/b can be introduced. The time τ = 2.3/b corresponds to the time

when no slow component is any more detectable. The factor 2.3 describes

the sensitivity of our FCS method. This permeation time can be intuitively

understood as the time, when almost all dye particles are outside the vesicles

and this is only reason for introducing this term and the factor 2.3. The time

τ = 1/b gives a sufficient description of the permeation kinetics, but cannot

be expressed in intuitively understandable terms.
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Figure 2.10: Adding of a small amout of charged lipid prevents fusion and
makes the vesicles stabile.

2.4 Probe preparation for Fluorescence Cor-

relation spectroscopy

First 10 mM lipid solution DPPC + 5.0-7.5mol% DPPG were prepared and

mixed with Rhodamine 6G dye purchased from Molecular Probes Inc. (

www.probes.com ). Lipids were purchased from Avanti Polar Lipids (Birm-

ingham, AL). 5.0-7.5% of charged lipid DPPG was added with the aim to

prevent fusion and breaking of vesicles ( fig. 2.10 ). DPPG has the same

chain length and the same melting temperature as DPPC. Then unilamellar

vesicles with dye particles inside were obtained using an extrusion process (

as described in the probe preparation section for calorimetry ). Dyes outside

the vesicles were washed out using chromatography with Sephadex 75 gel

purchased from Fluka (Buchs, Switzerland) after the extrusion process.

The chromatography procedure is described in more detail in the appendix
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A.

Lipid-peptide mixtures were first dissolved in organic solvent, then after evap-

oration put into a dessicator for 10-12 hours.
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Simulation approach

3.1 Ising-like model on a hexagonal lattice

As a theoretical approach we use Monte-Carlo simulations. We use an Ising-

like model on a hexagonal lattice. In our model a lipid can be in two states :

so called gel and fluid states, like spin up and spin down in the Ising model

( fig. 3.1 ). We put lipids on a hexagonal lattice, so each lipid has 6 nearest

neighbors and interacts only with these nearest neighbors.

Figure 3.1: A lipid can be in two states : so called gel and fluid states, like
spin up and spin down in the Ising model. We put lipids on a hexagonal lattice,
so that each lipid has 6 nearest neighbors and interacts only with these nearest
neighbors.

We put the lipids on triangular matrix and use periodic boundary conditions,

44
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therefore the matrix is topologically equivalent to a torus.

The free energy of each lipid consists of the intrinsic free energy of chain

configuration G and the sum of interaction energies with nearest neighbors

ε. These interactions are temperature independent. This assumption is justi-

fied, as long as the half-width of the transition is small (Heimburg and Biltonen,

1996).

The total matrix energy is the sum of energies of all lipids :

G = ng · Gg + nf · Gf + ngg · εgg + nff · εff + ngf · εgf (3.1)

were ni is the number of lipids in gel or fluid state (i = g (gel) or i = f(fluid)

), nij is the number of nearest neighbor interactions of the lipids in states i

and j.

In the case of periodic boundary conditions :

nff =
z · nf − ngf

2
(3.2)

ngg =
z · ng − ngf

2
(3.3)

where z = 6 is the coordination number.

Then free energy of the system :

G = n · Gg + nf · (∆H − T · ∆S) + ngf · ωgf (3.4)

where ∆H = (Hf + z · εff/2) + (Hg + z · εgg/2),∆S = (Sf − Sg) and ωgf =

εgf − (εgg + εff)/2

The system has an energy minimum when all lipids are in the gel state. Then

the excess free energy is :

∆G = G − n · Gg = nf · (∆H − T · ∆S) + ngf · ωgf (3.5)



CHAPTER 3. SIMULATION APPROACH 46

Here (∆H − T · ∆S) acts as a temperature -dependent field, and the model

can be considered as an Ising model in an external field. However, there is

no exact analogy because in the classical ferromagnetic Ising model external

field does not depend on temperature. In this model the phase transition is

totally field-induced.

The excess free energy ∆G = (∆H−Tm ·∆S) is equal to zero in the transition

midpoint Tm and therefore ∆S = ∆H/Tm (Doniach, 1978).

In this model we have 3 parameters: enthalpy ∆H , transition temperature

Tm and the cooperativity parameter ωgf , and all of them are obtained from

experimental Cp profile. The enthalpy is the integral of the heat capacity

profile over the temperature, Tm is midpoint of the transition and the co-

operativity parameter corresponds to the half-width of the transition and is

obtained from fitting of the experimental curve.

3.2 Heat capacity calculations and Glauber

algorhitm

Using the Monte-Carlo method we generate thermal fluctuations on the lipid

matrix. Then we use the fluctuation-dissipation theorem (Hill, 1960) to cal-

culate the heat capacity of the system :

Cp =
〈H2〉 − 〈H〉2

RT 2
(3.6)

A Monte Carlo cycle simulates the thermal fluctuation of the system for a

very short time. The values 〈H2〉 and 〈H〉 are averaged over time (many

MC cycles, time in Monte Carlo simulation has only meaning of a sequence

of states).
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We use Glauber’s algorhitm (Glauber, 1963) which has the following steps :

• Pick a random lattice point

• Change its state

• Calculate the Gibbs energy difference between the new and the old

matrix configuration 3.2

δG = ±(∆H − T · ∆S) + ∆ngf · ωgf

where +/− stands for changing gel-fluid/fluid-gel and ∆ngf is the in-

crease or decrease of the nearest neighbor contacts.

• Calculate the probability for the change

P =
K(T )

1 + K(T )
, K(T ) = exp

(
−

δG

RT

)

• Generate a random number RAN and compare it with the calculated

probability.

• Make a decision ( Y ES or NO ) for the change.

RAN ≤ P '→ Y ES

RAN > P '→ NO

After each Monte Carlo cycle the enthalpy is calculated : H = nf · (∆H −

T · ∆S) + ngf · ωgf . Average values 〈H〉 and 〈H2〉 are calculated in order

to determine the heat capacity. This procedure is repeated for different

temperatures.
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Figure 3.2: Illustration of MC step. ∆ngf = 2, δG = (∆H − T ∆̇S) + 2 · ωgf .

3.3 Peptides

In our model a peptide can occupy one or four places in the lattice. Grami-

cidin A has a size similar to four places in the lattice.

Figure 3.3: Illustration of lipid-peptide interactions. A peptide can occupy one
a) or four b) places in the lattice and interacts with a different number of lipids.

We introduce two parameters to describe the peptide interactions with gel
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and fluid ( fig. 3.3 ):

ωgp = εgp − (εgg − εpp)/2 (3.7)

ωfp = εfp − (εff − εpp)/2

Then the excess free energy (3.5) :

∆G = nf · (∆H − T · ∆S) + ngf · ωgf (3.8)

+ngp · ωgp + nfp · ωfp

Used Monte Carlo algorithm :

• Pick at random a lattice point

• If it is a lipid, try to change its state ( proceed like described in section

3.2) .

• If it is a peptide :

– Pick one or four lipids at random.

– Exchange it with the peptide.

– Calculate the Gibbs energy difference between the new and the

old matrix configuration

δG = δGlipid + δGpeptide

where δGlipid = (δnlipid
gf ·ωgf +δnlipid

gp ·ωgp+δnlipid
fp ·ωfp) and δnlipid

gf,gp,fp

is the increase unlike near neighbor contacts of the lipid. δGpeptide

is given by a similar expression.
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– Calculate the probability for the change

P =
K(T )

1 + K(T )
, K(T ) = exp

(
−

δG

RT

)

– Generate a random number RAN and compare it with the calcu-

lated probability.

– Make a decision ( Y ES or NO ) for the exchange of the lipid and

peptide.

RAN ≤ P '→ Y ES

RAN > P '→ NO

The introduction of the peptides in the model leads to increasing of number

of needed parameters on 2: ωgp and ωfp.

3.4 Introduction of compressibility into the

model and permeability simulation

To simulate the membrane permeability we need to introduce compressibility

into the model. We also want to relate spontaneous pore formation processes

to local lipid fluctuations. Lipid fluctuations have a meaning of area fluctu-

ations first of all. The area difference between a lipid in a gel and fluid state

is about 25%.

If one takes four lipids being in a fluid state, one change three of them to a

gel lipid and makes a pore which size is equal to the size of a lipid in the gel

state, removing one fluid lipid to the edge of the matrix ( fig. 3.4).

Let us assign to a lipid in fluid state an area, equal to 4 area units. Then the

area, assigned to a lipid in the gel state would be 3 area units, because the

difference between the lipid area in the fluid and the gel state is about 25%.
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Figure 3.4: Illustration of the way to introduce compressibility into the model.
Three fluid lipids is converted to gel and one central fluid lipid is removed to
the edge of the matrix. In his place a pore is made, which size is is equal to
size of gel lipid. After such MC step total area of the membrane is the same.

Before a MC step the area which is occupied by 4 lipids in the fluid state is

: Abefore = 4 · Af = 4 · 4 = 16.

The area after a MC step is Aafter = 3 · Ag + Ah + Af = 3 · 3 + 3 + 4 = 16.

The total area of the membrane would remain the same after such a MC

step.

Thus to make a pore in the membrane we need to compress it. This is an

indirect way to introduce compressibility into the model. In order to make

possible such a Monte Carlo step possible we developed a program, which

operates with a matrix of changeable size, keeping quasi-periodic boundary

conditions ( fig. 3.5 ).

Points, which are located on the colored strips inside the matrix are copied
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Figure 3.5: Schema of boundary conditions for our matrix of changeable size.
Points, which are located on the colored strips inside the matrix are copied to
the correspondent colored strip outside the opposite side of the matrix. The
red circle represents the edge point on the matrix, where lipids, removed after
creating a pore are inserted ( and lipids, needed to destroy a pore are taken
from ). Black lines represent interactions with nearest neighbors ( 6 in case of
hexagonal lattice ). This number of point in the last row of the matrix ( where
the red point is) can change, while creating or destroying the pores. As well
the number of rows can change, when the end this last row is reached by the
red point.

to the correspondent colored strip outside the opposite side of the matrix.

The red circle represents the edge point on the matrix, where lipids, are

removed to after the creation of a pore ( and from where lipids are taken

in order to destroy a pore ). Black lines represent interactions with nearest

neighbors ( 6 in case of a hexagonal lattice ). The number of points in the

last row of the matrix ( indicated through the red point) can change, while

creating or destroying the pores. As well, the number of rows can change,

when the end of this last row is reached by the red point. However, there

are two special points in the matrix : insertion point, marked by red circle
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and corner point, where one of the nearest neighbours is different for the

point in the matrix and its image on the strip, attached to the opposite

edge. At these two points boundary conditions are not strictly periodic.

However, the energy contribution from these two points for the whole matrix

energy is small, and is different from case with strict periodic boundary

conditions only if this neighbor place for this special point in the matrix

and its image is not occupied by the same sort of lipid, or peptide or hole,

which occurs only seldom because of the presence of domains. This schema

of boundary conditions allows us to keep unchanged topology of the matrix

and therefore, the domain structure and peptide aggregates when creating

and destroying pores. It is not possible, when using a matrix of fixed size,

like in (Founier and Joos, 2003). Our schema of boundary conditions allows

us to take into account the influence of local inhomogeneities and therefore

processes at domain borders and near peptide aggregates, in which we are

interested in. This is the main reason for developing simulation approach,

which makes use of a matrix of changeable size and proposed boundaries.

This is the way we create the matrix of changeable size with quasi - periodic

boundary conditions.

To describe pore interactions with lipids in fluid and gel states and peptides

we need to introduce three other parameters to the model : ωgl , ωfl and ωpl

for gel-pore, fluid-pore and peptide-pore interactions respectively.

The used Monte Carlo algorithm can be briefly represented as follows:

• Pick randomly a point in the lattice

• If it is a fluid try to find three lipids in fluid state in the near neigh-

borhood.
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• If there are three lipids in fluid state change their state to gel, and

remove central lipid to the edge of the matrix.

• Calculate the Gibbs energy difference between the new and the old

matrix configuration 3.4

δG = −3 · (∆H − T · ∆S) +
∑

∆nij · ωij

where −3 stands for the change fluid-gel for three lipids and ∆nij is

the increase of the nearest neighbor contacts, i, j for gel, fluid, peptide

or pore.

• Calculate the probability for the change

P =
K(T )

1 + K(T )
, K(T ) = exp

(
−

δG

RT

)

• Generate a random number RAN and compare it with the calculated

probability.

• Make a decision ( Y ES or NO ) for the change.

RAN ≤ P '→ Y ES

RAN > P '→ NO

There are also steps included in which two lipids melt and a pore with size

of 2/3 of the size of a lipid in gel state is created, and one lipid is melted and

a pore with size of 1/3 of the size of a lipid in gel state is created.

Also reverse steps, which means the destruction of a pore are included to

satisfy detailed balance. As well thre are steps included which make pore

diffusion exactly as it was described for peptides in the previous section.
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The realization of lipid melting and peptide diffusion stays the same as de-

scribed in sections 3.1 , 3.2.

The area, occupied by pores is averaged over many MC cycles for each tem-

perature and the dependence area, occupied by pores on temperature is build.

The calculations were done with a matrix of size 100×200. This reduces the

influence of the boundary in comparison with smaller matrices.

The use of the matrix of changeable size with periodic boundary conditions

allows us to study pore formation processes without disturbing the topology

of the system.

This procedure allows us to relate spontaneous pore formation processes to

local lipid fluctuations. This model takes into account the influence of lo-

cal heterogeneities of the lipid bilayer ( like domain border, peptides ) on

membrane permeability.
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Results

4.1 Gramicidin A aggregation study : calorime-

try results

Calorimetric measurements were done on unilamellar pure DPPC vesicles,

and with addition of 1.25 mol% and 2.5 mol% of Gramicidin A ( fig. 4.1 ).

Figure 4.1: Experimental heat capacity profile of unilamellar pure DPPC vesicles,
and with addition of 1.25 mol% and 2.5 mol% of Gramicidin A.

56
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Gramicidin A is a small peptide, which forms head to head dimers (Andersen et al.,

1999). NMR studies of the structure of Gramicidin A were done by Ketchem

(Ketchem et al., 1993). Gramicidin A is relatively short 2.6 nm and shorter

as both gel and fluid phases of DPPC membranes (between 3.5 and 4.8 nm).

Addition of Gramicidin A shifts the maximum of heat capacity profile down

to lower temperatures and broadens the profile.

4.2 Gramicidin A aggregation study : Monte

Carlo results

Monte Carlo simulations were done with the aim to understand the aggre-

gation behavior of Gramicidin A from measured heat capacity profiles. Fig.

4.2 shows the fitting of experimental heat capacity profiles for pure DPPC

and DPPC + 1.25mol% Gramicidin A unilamellar lipid vesicles. In the sim-

ulations a peptide can occupy one or four lattice points.

The red solid lines represent calorimetric curves, and the dashed or dotted

lines represent theoretical profiles. The graph on the top corresponds to the

pure lipid system. The shown parameters are obtained from the fitting and

are used in the simulations with peptide. The central picture of fig. 4.2

shows Monte Carlo simulations with 1-site peptides and 5% of all points in

the matrix are occupied by peptide, which corresponds to the area, which are

occupied by Gramicidin A in experiments. To demonstrate the uniqueness

of the best theoretical profile, two more profiles with the same shift of heat

capacity maximum but different absolute values of ωgp and ωfp are given by

blue and green dashed/dotted lines. The bottom picture shows simulation

with a peptide, occupying 4 sites in the lattice and 10% of all lattice sites
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Figure 4.2: Fitting of experimental heat capacity profiles for pure DPPC and DPPC
+ 1.25mol% Gramicidin A unilamellar vesicles. In the simulations a peptide occu-
pies one or four places in the lattice. MC snapshots for three different temperatures
: below and above the phase transition point and in the transition regime. Domains
of gel ( solid - ordered ) and fluid ( liquid - disordered ) are represented by dark blue
and bright blue colors. Peptides are presented by red color. ( Picture taken from
(Ivanova et al., 2003) ).

are occupied by peptide, corresponding to 2.5mol % of peptide. The right

part of the picture shows snapshots from MC simulation at three different

temperatures, below the transition temperature, in the transition regime

and above the transition temperature. The three pictures at the top show

simulations with only lipid, the center three snapshots show simulation with

10 % of the lattice sites occupied by 1-site peptides, and the three bottom

pictures show simulation result with 2.5 % of peptide, which occupies 4 sites.

Gramicidin A shows a preference to the fluid phase, which corresponds to a

shift of the maximum of heat capacity profile to lower temperatures. A pep-

tide, which has the preference to gel phase would shift the Cp maximum to

higher temperatures, and a peptide, which interacts equally with both phases
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would not shift the heat capacity maximum at all, but would still result in

boardening of the profiles. In the case of the Gramicidin A the shift to lower

temperatures is reasonable, because the hydrophobic core of Gramicidin A is

smaller that the lipid bilayer thickness in the fluid phase and is significantly

smaller then the lipid bilayer thickness in the gel phase. This result there-

fore supports the concept of ”hydrophobic matching” (Mouritsen and Bloom,

1984).

Snapshots show that Gramicidin A forms aggregates in both gel and fluid

phases. The cluster sizes are larger in the gel than the fluid phase. Close

to peptide clusters lipids are more likely to be in a fluid state. This is a

consequence of ωgp being larger then ωfp.

Simulation with modeling the peptide on 1-site have the disadvantage that

we take four peptides, each 1x site instead of one peptide 4x site for simulate

gramicidin A. This leads to overestimation of mixing entropy of the peptides

and underestimating their tendency to aggregate. To estimate the influence

of this was the main aim of the simulation with 4x site peptides.

The simulated heat capacity profiles and the aggregation patterns are quite

similar for simulations with 1-site and 4-site peptide. However, the exact

values of the interaction parameters ωgp and ωfp are different. This means

that the heat capacity profiles are rather influenced by the nature of mixing

behavior than dominated by the exact values of the interaction parameters.

Therefore we have similar Monte Carlo snapshots and similar degrees of

aggregation in both models.
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4.3 Gramicidin A aggregation study : Local

Fluctuations

The heat capacity is proportional to enthalpy fluctuations on the whole ma-

trix(3.6). Other response functions are, as well, proportional to fluctua-

tions. The isothermal compressibility can be derived from volume fluctu-

ations (κT = (〈V 2〉 − 〈V 〉2)/V · RT ) (Heimburg, 1998). Bending elasticity

(Heimburg, 1998),(Heimburg, 2000) and relaxation times after small temper-

ature or volume perturbations (Grabitz et al., 2002) are also proportional to

fluctuations.

One can see from snapshots ( fig. 4.2 ), that the lipid and peptide distri-

butions are obviously not uniform, and one can ask the question whether

response functions are uniform or whether they reflect the domain structure

of the lipid - peptide matrix. Simulations of local fluctuations were done

with aim to address this question.

Local fluctuations were calculated for each lipid on the matrix.

We assign values Sij = 0 for the gel state and Sij = 1 for the fluid state.

We can calculate for each lipid the mean probability to be in the fluid state

0 ≤ Sij ≤ 1 and the fluctuations around this average. Fluctuations have a

maximum at the melting point with equal probability to be in gel or fluid

state 〈Sij〉 = 0.5 and 〈S2
ij〉 = 0.5. So we can define :

local fluctuations ≡ 〈S2
ij〉 − 〈Sij〉2

with

local fluctuations = 0 pure gel state

local fluctuations = 0.25 at melting point
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Figure 4.3: Monte Carlo snapshots ( simulation of Gramicidin A- containing mem-
brane, 1x site peptide) Sij - left column (Domains of gel ( solid-ordered ) and fluid
( liquid - disordered ) are presented by dark blue and bright blue correspondingly.
Peptides are presented by red color), averaged lipid state 〈Sij〉 - central column, local
fluctuations 〈S2

ij〉 − 〈Sij〉2 - right column. Brighter shadows mean larger fluctua-
tions. The color scale varies between 0.0 - black and 0.25 white. ( Picture taken
from (Ivanova et al., 2003) ).

local fluctuations = 0 pure fluid state

First, we equilibrate the system, then we switch off the peptide diffusion, and

we continue simulation for a given peptide - lipid configuration and calculate

the local fluctuations as defined above. ( such definition would be correct
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only for a system where the peptides do not diffuse. )

Now, we can plot the local fluctuations as a function of lateral coordinates (

fig. 4.3 ).

Here representative Monte Carlo snapshots ( simulation of Gramicidin A

- containing membrane, 1x site peptide ) are shown ( Sij - left column,

averaged lipid state 〈Sij〉 - central column, local fluctuations 〈S2
ij〉 − 〈Sij〉2 -

right column ). Brighter shadows means larger fluctuations. The color scale

varies between 0.0 - black and 0.25 - white.

The local fluctuations are larger near peptides.

However, one should mention that the fluctuations near the peptide are

smaller, when compared to the fluctuations of the pure lipid membrane at

the phase transition temperature of the pure lipid membrane.

Gramicidin A shifts the phase transition temperature to lower values, mean-

ing that the probability to find a lipid in fluid state near a peptide is bigger

that in gel one.

As the response functions are coupled to the fluctuations it must be con-

cluded that, lateral compressibility, bending elasticity are strongly altered

near peptides, because they are related to the magnitude of the fluctuations.

Therefore, membrane permeability should be altered near the peptide, be-

cause the probability of spontaneous pore formation should be related to

lateral compressibility.

The membrane permeability should be increased near the peptide at the

temperatures where heat capacity of membrane, containing peptide is higher

as heat capacity for pure lipid membrane, like in the temperature range below

main main phase transition for the lipid membrane containing Gramicidin
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A, see ( fig. 4.1 ). And the membrane permeability sould be smaller at the

temperatures, where heat capacity for pure lipid membrane is higher, like

the main phase transition temperature for the pure lipid membrane.

4.4 Membrane permeability : FCS results

The membrane permeability dependence on temperature was measured for

a pure lipid membrane and for a membrane, containing 2.5 mol % ot Gram-

icidin A.

In fig. 4.4 the permeability dependence on temperature is plotted for a pure

lipid system.

The permeation time can be understood as the time when almost all dye

particles are outside the vesicles and is obtained from fitting for each tem-

perature (see experiment section for details). At the top the corresponding

heat capacity profile is shown.

The permeability shows a maximum at the phase transition point. The

permeability is lower below the transition point and higher above it. Similar

results were observed in measurements (Papahadjopoulos et al., 1973) done

with membranes, containing high concentration of cholesterol ( 30 % - 60 % )

and a much lower temperature resolution. Such huge amounts of cholesterol

remove the influence of cooperativity effects, we are interested in.

In our experiment a much better temperature resolution is achieved and no

cholesterol was used with the aim to keep the system simple enough to be

simulated by our MC approaches. However, at and above the transition

temperature exactitude of permeation time measurement is not very high.

Fig. 4.5 shows the influence of Gramicidin A on membrane permeability.
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Figure 4.4: Permeability dependence on temperature for a pure lipid system : DPPC
+ 7.5 mol % DPPG. Line serves as the guide to the eye. At the top the heat capacity
profile is shown.

The red curve describes the permeability dependence on temperature for a

pure lipid ( see also fig. 4.5 ) , blue one shows the permeability for a lipid

membrane, containing 2.5 % Gramicidin A. The top picture presents the
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Figure 4.5: Permeability dependence on temperature for pure lipid membrane :
DPPC + 7.5 mol % DPPG, and for a membrane with addition of 2.5 mol % of
Gramicidin A. Line serves as the guide to the eye. At the top the corresponding
heat capacity profiles are shown.

corresponding heat capacity profiles.

Addition of Gramicidin A shifts the permeability maximum to lower tem-
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peratures. At the temperatures 35.5◦- 37.5◦ the profiles for the membrane

without peptide and the membrane with peptide show similar values of per-

meability. By appr. 39◦ the profile for the membrane with peptide has a

maximum and high permeability values at 40◦- 45◦. the profile for pure

lipid membrane have maximum at 41.3◦-41.6◦. At the temperatures 38◦ -

41◦ the peptide containing membrane shows higher permeability as the pure

lipid membrane. At 41◦ - 43◦ the peptide containing membrane shows lower

permeability in comparison to the pure lipid membrane.

Peptides change membrane permeability, influencing the local lipid environ-

ment.

With the aim to understand more about this influence a MC simulation

approach was developed ( see results in the next section ).

4.5 Membrane permeability : Monte Carlo

results

Fig. 4.6 presents simulation results for a pure lipid system.

In the case of the pure lipid system two parameters ωlg and ωlf describe the

interactions between a pore and lipids in gel or fluid state respectively. The

parameter ωgf , which describes the interactions between the lipids in gel and

fluid state is taken from the previous study ( Gramicidin A aggregation )

and is obtained there from the fitting of the experimental Cp profile for the

pure lipid membrane (see section 4.2 for more details). Changing ωlg and ωlf

parameters we can obtain a reasonable description of the permeability below

and above the transition temperature (values of area, occupied by pores in

gel and fluid states). In the phase transition point we have a maximum, in
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Figure 4.6: Simulation of permeability dependence on temperature for pure lipid
membrane. The red curve represents the result of the simulation with ωlg = 2969
J/mol and ωlf = 522 J/mol.

agreement with experimental data ( fig. 4.4 ).

Let us consider two limiting cases to understand how these parameters in-

fluence the shape of the simulated permeability on temperature dependence

( fig. 4.7 ).

The red curve represents the result of a simulation with ωlg = 2969 J/mol

and ωlf = 522 J/mol. This curve is also shown in fig. 4.8. The blue one

corresponds to a simulation with ωlg = 3346 J/mol - larger than ωlg for

the red one and ωlf = 104 J/mol - smaller than ωlf for the red one. Such

a change of the parameters results in a decrease in the area, occupied by

pores in the gel phase and an increase in the fluid phase. The position of
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Figure 4.7: Results of MC simulation of permeabilty dependence on temperature for
different sets of parameters. The red curve represents the result of a simulation with
ωlg = 2969 J/mol and ωlf = 522 J/mol. This curve is also shown in fig. 4.8. The
blue one corresponds to a simulation with ωlg = 3346 J/mol - larger than ωlg for the
red one and ωlf = 104 J/mol - smaller than ωlf for the red one. Such a change of
the parameters results in a decrease in the area, occupied by pores in the gel phase
and an increase in the fluid phase. The position of the maximum is slightly shifted to
higher temperatures as well. The green one corresponds to a simulation with ωlg =
2551 J/mol - smaller then ωlg for the red one and ωlf = 941 J/mol - larger then ωlf

for the red one. Such a change of the parameters results in an increase in the area,
occupied by pores in the gel phase and a decrease in the fluid phase. The position
of the maximum is slightly shifted to lower temperatures. The values ωlg = 2969
J/mol and ωlf = 522 J/mol in our simulation are chosen to fix the position of the
maximum according to experimental result ( fig. 4.4 ), as well as the relative area,
occupied by pores in the gel and fluid phases. The permeability of a fluid phase is
higher, than the one in a gel phase.

the maximum is slightly shifted to higher temperatures as well. The green

one corresponds to a simulation with ωlg = 2551 J/mol - smaller then ωlg
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for the red one and ωlf = 941 J/mol - larger then ωlf for the red one. Such

a change of the parameters results in an increase in the area, occupied by

pores in the gel phase and a decrease in the fluid phase. The position of the

maximum is slightly shifted to lower temperatures. The values ωlg = 2969

J/mol and ωlf = 522 J/mol in our simulation are chosen to fix the position

of the maximum according to experimental result ( fig. 4.4 ), as well as the

relative area occupied by pores in the gel and fluid phases. The permeability

of a fluid phase is higher, than the one in a gel phase. This gives us quite

reasonable agreement between the experimental result and the simulation

result.

Figure 4.8: Simulation of permeability dependence on temperature for pure lipid
membrane, and for membrane with addition of 2.5 mol % ( 10 % of lattice sites ) of
peptide. Simulation parametrs : ωlg = 2969 J/mol, ωlf = 522 J/mol, ωlp = 3764
J/mol.
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However, the theoretical curve is slightly brighter as the experimental one.

This can be explained by the overestimation of the interaction energy between

the pore and its nearest neighbors.

In the case of a peptide containing membrane ( fig. 4.8 ), we need another pa-

rameter ωlp which describes the interactions between pores and peptides. In

our simulation ωlp = 3764 J/mol. The parameters which describe the inter-

actions between a peptide and a lipid in the gel state and between a peptide

and a lipid in the fluid state are taken from Gramicidin A aggregation studies

( see section 4.2 ). Because of our choice of the ωlp parameter the addition

of the peptide shifts the permeability maximum to lower temperatures, in

agreement with the experiment ( see experimental data fig.4.5).

However, we should mention that the permeation rates are more influenced

by domain formation behavior ( fluctuations at domain border ) and peptide

aggregation behavior ( fluctuations near peptide clusters ) rather than the

exact values of ωln interactions parameters. ( n = g, f, p)

Fig. 4.9 shows Monte-Carlo snapshots for a pure lipid membrane (right

column), and for a membrane with 2.5 mol % ( 10 % of lattice sites ) of

peptide( left column) in the phase transition regime and above and below the

transition temperature. Domains of gel ( solid-ordered ) and fluid ( liquid -

disordered ) lipids are presented by dark blue and bright blue correspondingly.

Peptides are presented being red. Pores are presented by a white color. One

can see that pores tend to appear at domain borders and near peptides.

This supports our assumption about strong local lipid fluctuations near pep-

tides and a strong change of elastic properties of lipid membrane near pep-

tides.
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Figure 4.9: Monte-Carlo snapshots for a pure lipid membrane (right column), and
for membrane containing 2.5 mol % ( 10 % of lattice sites ) of peptide( left column)
for three different temperatures : below and above the phase transition point and in
transition regime. Domains of gel ( solid-ordered ) and fluid ( liquid - disordered )
are presented by dark blue and bright blue colors. Peptides are presented by a red
color. Pores are presented by a white color. One can see that the pores tend to
appear on domain borders and near peptides. ( here small areas of the simulation
matrix are shown with aim to make the pores visible. The simulations was done on
the matrix 200×100. )
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4.6 Discussion and perspectives

In this work it was shown which effect peptides and peptide aggregates have

on membrane permeability in terms of fluctuations in the local lipid envi-

ronment. This effect was observed in experiment, theoretical model and

simulation approach were created.

This issue is biologically relevant because such phase transitions occur as

well in real cell membranes, i.e. in E.coli bacteria (Pollakowski, 2003), Lung

surfactant (Ebel et al., 2001) . In the case of E.coli this transition is located

slightly below the temperature they grow at ( fig. 4.10 ). The shift of phase

Figure 4.10: Heat capacity profile of E.coli denaturation. The main phase transition
is located slightly below body temperature. Picture obtained from T.Heimburg, D.
Pollakowski

transition temperature, similar to the one caused by addition of peptides,
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can be caused by other factors, like pressure or pH changes. Such changes

of membrane permeability caused for example because of local pH changes

might be used by nature for regulation of biological function.

From previous studies (Grabitz et al., 2002) follows that, for the lipid mem-

brane a relaxation time, associated with the domain formation processes is

proportional to the heat capacity. Theoretically this relaxation time is ob-

tained by an autocorrelation of the enthalpy fluctuations trace, obtained from

MC simulations ( fig. 4.11, a) ). A pore opening time can be obtained by an

autocorrelation of the trace of the fluctuations in the area, occupied by pores

( fig. 4.11, d) ). Here all autocorrelation operations are done over MC time.

Arbitrary units here means that this MC time is related to MC process, have

meaning of sequence of states and is not related to real time, and can not

be expressed in units of real time, like seconds. From our simulation follows,

that the calculated pore opening time ( fig. 4.11 e), f) ) is proportional to

the relaxation time ( fig. 4.11 b) to e) calculated for the temperature 308K

below the phase transition temperature and c) to f) calculated for the tem-

perature 314K at the phase transition regime ) in the system, and therefore

to the heat capacity. However curve on ( fig. 4.11, f) ) contains some ir-

regularities, which cannot be explained at the moment and is the subject of

future investigations.

From our consideration follows, that the permeability in the phase transition

regime is higher not only because there are more pores, but also because the

pore stays open longer.

Similar dependence was observed experimentally by (Kaufmann and Silman,

1983) by patch-clamp experiments on the lipid membrane containing acetyl-

cholinesterase. In these experiments shift into the transition regime was
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Figure 4.11: a) shows heat capacity fluctuations trace. b) shows relaxation time for
T = 308 K below the phase transition temperature, obtained by the autocorrelation
of the heat capacity fluctuations trace. c) shows the relaxation time for T = 314 K
at phase transition temperature. d) shows the fluctuations in area, occupied by pores.
e) shows pore opening time for T = 308 K, obtained by autocorrelation of trace of
fluctuations in area, occupied by pores. e) shows the pore opening time for T = 314
K. Here all autocorrelation operations are done over MC time. Arbitrary units mean
that this MC time is related to the MC process, have the meaning of a sequence of
states and it is not related to real time, and therefore can not be expressed in units of
real time, like seconds. Obtained by MC simulation pore opening time is proportional
to the relaxation time in the system ( b) to e) calculated for the temperature 308K
below the phase transition temperature and c) to f) calculated for the temperature
314K at the phase transition regime ).

obtained by change of pH.
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These considerations can give one an idea of a patch-clamp experiment on

the lipid membrane, containing a peptide similar to Gramicidin A, done at

two or more different temperatures, one of which should be equal to the phase

transition temperature.

The main advantage of the used Monte Carlo model in comparison with

mean-field models, described in first chapter, is that it takes into account

the key features of the membrane complexity : the domain structure of the

membrane, inhomogeneity of the peptide distribution.

However, this is a two state model and does not include all the complex-

ity of possible lipid chain configurations at interfaces, whatever gel-fluid,

lipid-peptide of pore edge. These border interactions are hidden in the ωnn

interactions parameters. But some assumptions about the pore edge can be

made and appearing pores can be considered as hydrophilic or hydrophobic

depending on ωlg and ωlf parameters ( fig. 4.12 ). The used values of ωlg

Figure 4.12: Hydrophobic a) and hydrophylic b) pores.

and ωlf describes more likely hydrophilic pores.

Used lattice model does not describe the spatial disorder of the in the fluid

state. This disorder can be described by slightly modified model - for lipid

in fluid phase 4-6 neighbors for interaction can be taken randomly from first

coordination sphere. However, one should be aware that such off-lattice

models usually show strong hysteresis and therefore are not very well suited
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for the study of critical phenomena.

Our model can be used as well to investigate membrane rupture related

problems. At some critical value of parameters small pores diffuse together

forming one big pore, which continues to grow, occupying all free space on

the lattice - rupture of the membrane occurs ( fig. 4.13 ).

Figure 4.13: Simulation of the rupture of a membrane.

This can be subject of future investigations. Because of the use of a matrix

of changeable size our model has an advantage over a model, proposed by

Fournier (Founier and Joos, 2003), which uses a matrix of fixed size and

several lipids are put to the same lattice point, which leads to a distortion of

the membrane topology and an overestimation of the interaction energy.

With a slight modification our model can be also applied to protein inser-

tion problems. Protein absorption kinetics at different temperatures can be

studied, and titration calorimetry can provide experimental data for such

investigations. This also could also be subject of future research projects.
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Our model can be slightly modified to describe the anisotropy of peptide-lipid

interactions and pore formation by pore-forming peptides.

The calorimetry studies of Gramicidin A aggregation revealed interesting

structures of the Cp profiles ( fig. 4.14 ). At the phase transition point a

Figure 4.14: Two peak structure of maximum of the experimental heat capacity pro-
file for Gramicidin A. Different curves represent results of the measurements with
slightly different peptide concentrations around 2.5 mol%.

2 - peak structure can be seen. In the shown curves concentration the of

Gramicidin A varies slightly around 2.5 mol %. In the three green curves

peak 1 is higher than peak 2, in red curve peaks 1 and 2 have almost the

same hight, peak 2 is slightly higher, and in the two blue curves peak 2

is higher athan peak 1. 2.5 mol% seems to be critical concentration for

this effect, because no similar effect was observed for other Gramicidin A

concentrations - 1.25 mol %, 5 mol %. There is no trivial explanation for

this fact. However, with AFM studies of lipid / Gramicidin A systems line

shaped aggregates of peptide were found. Such aggregates are not predicted
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by the model, but one can speculate that the appearance or disappearance

of such aggregates can change the characteristic length in the system and

therefore slightly changes the temperature of the phase transition. If ripple

phase formation can be understood as the change of the characteristic length

of the system ( characteristic length in ripple phase can be related to the

width of ripple stripe and supposed to be infinite in pure gel state) and

such big change cause appearance of small peak several degrees under main

transition temperature then small change in the characteristic length can

cause appearance of second peak only slightly shifted down the temperature,

assuming such aggregation have strong influence on the cooperativity. This

question is open for further discussions.

The developed FCS method of the measurement of membrane permeability

can be applied to a wide range of problems. Membranes with different lipid

- peptide compositions can be investigated, chemical composition of solution

inside or outside the vesicles can be changed. Dye molecules of different

size can be used to study permeability related to fluctuations, or permeabil-

ity caused by pore-making peptides like melittin, alameticin. Molecules of

interest can be labeled, and cross-correlation or FRET techniques can be

used to study specific reactions. The use of quenching based methods is

also possible. This flexibility of the developed experimental approach open

huge perspectives in future research, and particularly can be applied to drug

delivery problems.



Appendix A

Chromatography procedure

Sephadex G 75 gel was used to separate lipid vesicles and free Rhodamin 6G

dye particles.

At the beginning 5g of Sephadex G 75 gel was dissolved in 80 ml water.

Then a small amount of glass wool was put into a fixed vertically glass pipette

to make a chromatography column.

After that this column was washed with water.

The next step was the filling of the column with Sephadex gel.

Then ones more the column was washed with water.

The solution, containing vesicles and dye particles was put into the column.

The vesicles were collected in several Eppendorf containers, which were placed

under the column. This process was visually controlled.

Then the solution, containing only vesicles was used for the FCS experiments.

Each column should be used only ones.

The gel solution should be stored in the fridge.
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