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Polarized light spectroscopy studies of model membranes and DNA

MAXIM KOGAN

Department of Chemical and Biological Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY

Abstract

Over the past decades Linear Dichroism (LD) spectroscopy has proven to be a powerful tool
for studies of structure and function of different cell constituents, including DNA, cell
membranes and proteins. Due to the structural complexity of cell constituents, the LD studies
of biomolecules depend on development of simplified model systems, which can mimic the
original structure and functionality of the cell components. The results presented in thesis
concern investigation of LD model systems and include two parts. The main part of this thesis
(Papers I-IV) presents investigations of cell membrane models, while the final part of this
thesis (Paper V) introduces a model system that can be used for DNA studies.

Papers I and II deepen the knowledge concerning one of the most common membrane mimic -
DOPC liposomes. Paper I reports on the impact of viscosity and applied shear force on the
behaviour of this membrane host. Paper II demonstrated how, by using theoretical
orientational models, the microscopic orientation of the sample can be monitored. Further, in
Papers III-1V a new lipid model, so called bicelles, is introduced for LD studies. This lipid
system can form, at certain conditions, disc-like bilayers, which we find can be aligned by
shear flow, resulting in a system having low light scattering and greater orientation than
liposomes.

The final part of this thesis introduces a particular kind of imperfectly paired DNA as a model
system for studies of the transition-states of DNA. Probing of DNA was performed by
monitoring the DNA-interaction with a bidppz-bridged binuclear ruthenium complex (AA-P)
that has a known selective affinity for mismatched regions of DNA. While for native DNA,
the intercalation of AA-P complex takes hours at high temperature to complete, it is
demonstrated here that the ruthenium complex undergoes very rapid intercalation into re-
annealed DNA already at room temperature, indicating that introduction of the static
imperfectly paired DNA-structures greatly decreases the activation energy for the threading
process.

Keywords: bimolecular probe, DNA, emission, linear dichroism, lipid bilayer, membrane
orientation, membrane model, ruthenium dipyridophenazine complex.
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1. INTRODUCTION

Over the last century, spectroscopy, i.e. the study of the interaction between matter
and radiated energy, has been extensively used to increase understanding of the
structure and functioning of the living cell. Development of such techniques as X-ray
crystallography, nuclear magnetic resonance (NMR) spectroscopy and UV-vis
spectroscopy became central for studies of living matter. The wide diversity of
modern spectroscopic techniques provides a large number of tools that aid structural
investigation of such cell constituents as DNA, RNA, proteins, and lipid membranes.
These analytical tools continue to be developed, as new challenges and demands on
sensitivity, resolution, sample concentration and purity arise.

Among the other spectroscopic techniques, linear dichroism (LD) spectroscopy has
lately proved to be useful for in situ analysis of structure and function of large
biomolecules, such as DNA and membrane-associated proteins.'” Up to now, LD
was successfully used for the structural studies of various peptides, proteins and
amyloid fibrils, as well as for studies of DNA and DNA-ligand interactions."* "
Future promising investigations involve amyloid fibres and transmembrane proteins.

Working with complex cell constituents, LD depends on existence of simplified
model systems, which can mimic the original structure and functionality. Instead of
using real cell membrane it is often more convenient to use a simple lipid system with
a known composition, particularly when studying membrane-associated molecules
and proteins. These model membranes can be designed in a way that minimizes their
interference with the LD signal, making the analysis of the associated molecules more
direct. Also simplified models can be used when studying DNA-ligand interactions
by, for example, using DNA fragments with a specific sequence or structure.

This thesis presents further development of some of the model systems used in the
LD field. The first bigger part of this thesis concerns the lipid membrane systems
(Papers I — 1V), while the second and smaller part deals with the modelling of specific
DNA structures (Paper V).

The main part of this thesis presents investigation of biological membrane models
used in the LD field (Papers [ — IV). Papers I and II deepen the knowledge concerning
one of the most common membrane mimics — DOPC liposomes. Paper I presents the
effect of viscosity and shear flow on the liposomes. It demonstrates that high
viscosity liposome samples under applied shear-force show a time-dependent increase
of the LD signal. This effect can be especially pronounced when shear-force is

applied for long time (an hour). The resulting increase of the LD signal can be



fourfold, compared with the initial value. Paper Il presents for the first time a way to
characterize the microscopic alignment of the lipid bilayers in liposomes. Further, in
Paper III and IV membrane model systems called bicelles are tested as a membrane
host for sample orientation. The sample alignment behaviour of this membrane
system shows sensitivity to such parameters as temperature, lipid concentration and
lipid-mixing ratio. Moreover the experimental results indicate that using bicelles as a
membrane host, under certain conditions, leads to greater sample alignment than any
other flow oriented membrane system.

The final part of this thesis is based on paper V and describes how the optical
spectroscopy and simplified DNA models could be used to study certain structural
aspects of DNA, namely transition-state arrangement of the DNA. Generally the
transition states of the DNA include unpaired regions, which are believed to be
important for the binding of regulatory enzymes essential for such fundamental
cellular processes as transcription, replication and recombination. In this paper, the
mismatched regions of imperfectly paired model DNA were tested by DNA-ligand
interactions using the binuclear ruthenium complex (AA-P) that has a known selective
affinity for mismatched regions. The results show that imperfectly paired DNA can be
used as a model for the transient DNA conformation.

This Thesis has the following structure: basic concepts important for the present
research are summarized in Chapter 2; the following Chapter 3 describes relevant
theory and methods which provide the foundation for the present research; further,
Chapter 4 provides a short summary of the results presented in Papers [ — V followed

by concluding remarks given in Chapter 5.



2. BASIC CONCEPTS

2.1 Studying the cell

The cell is the smallest structural, functional and biological unit of life in the living
organism. For unicellular organisms (e.g. bacteria and protozoans) a single cell
accomplishes all life functions, while in multicellular organisms (e.g. animals and
plants) differentiation of cells into specialized tissues takes place. Nevertheless all
cells share common properties: storage of gene information encoded in DNA;
synthesis of proteins in the cell's ribosomes using the mRNA transcript of DNA;
usage of proteins as structural material, as enzymes and for cell signalling; usage of
adenosine triphosphate as a storage of energy; and encapsulation of the cell by a
membrane, composed of lipid molecules and embedded proteins.

The studies of cells, called cell biology, has a long history beginning from 1665
with the publication of Robert Hooke's Micrographia."” Due to the microscopic
dimensions, gaining knowledge of cell structure depended on development of analytic
instruments and associated experimental techniques. Modern methods used for cell
studies include spectroscopic techniques, x-ray crystallography, microscopic
techniques, nuclear magnetic resonance (NMR) etc. Due to the complexity of cells,
many experimental techniques require the use of simplified models of the cells or of
its constituents. The following sections provide details regarding biological molecules

and biological models used in this thesis.

2.2 Modelling cell membranes

The cell membrane is a complex structure that separates the interior of the cell from
the outside environment. Apart from being a permeable barrier it plays several critical
roles in cell function. The cell membrane anchors the cytoskeleton providing and
maintaining cell shape. The membrane hosts proteins involved in the transport of
molecules into and out of the cell. Also the membrane plays an important role in
energy conservation in the cell.'® The core structure of a mammalian cell membrane
consists of a phospholipid bilayer built from four common phospholipids:
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
and sphingomyelin (SM). Apart from the lipids, the membranes of animal cells
contain sterols, glycolipids and proteins, which may constitute up to 50% by weight

1
of membrane content.'”



Membrane proteins (20-30% of the total proteome)'® have a broad structural and
functional diversity facilitating many important processes in living cells. They are
involved in cell-cell signalling and intracellular interactions. Also they play an
important structural roll anchoring cytoskeletal proteins to the cell membrane.
Moreover trans-membrane proteins aid and regulate transport of molecules across the
membrane."’

Membrane proteins generally have several transmembrane segments with different
orientations in the membrane. The hydrophobic regions of the segments are usually
embedded in the cell membrane, while hydrophilic regions are located outside of the
phospholipid bilayer. Therefore removal of the protein from the cell membrane into
polar or non-polar solvents usually changes its 3D structure. This structural change in
combination with low concentration levels in the cell creates difficulties for structural
studies of membrane proteins. At present, the atomic 3D structures are determined for
less than 0.1% of all membrane proteins.*’

Structural studies of membrane proteins often require insertion of the purified
protein into the reconstituted membrane. For instance supported bilayers, micelles and
large unilamellar vesicles (LUVs) are some of the lipid systems used in linear
dichroism spectroscopy, the main technique applied in this thesis.”' The main building
blocks of biomembranes are phospholipids, which are a class of amphiphilic
molecules that contain two hydrophobic tails and a phosphate-containing hydrophilic
head group (Figure 2.2.1). Phospholipids have the ability to spontaneously aggregate
in aqueous solutions. Micelles, lipid bilayers and liposomes are some of the
aggregates that can be formed by lipids, depending on the length and saturation of
their tails likewise the nature of their headgroups (Figure 2.2.1). Liposomes with a

diameter of 100 nm are the most commonly used membrane system for LD studies.
Hydrophobic tail Hydrophilic head group

|‘\ MICELLE

Figure 2.2.1. Left: Schematic structures of common phospholipids used for liposomal preparation;
Right: Some of the aggregates formed by phospholipids in aqueous solutions.



Liposomes As A Model System For Linear Dichroism

Deformation of the spherical form of the liposome into an ellipsoid can increase the
alignment of its comprising lipid bilayers (Figure 2.2.2). Linear dichroism works with
aligned samples and flow orientation by a shear force created in Couette flow cells is
the most common method used for liposome alignment. Still some of the drawbacks
of this model membrane are the low orientation even at high shear forces (3100 s™)
and high light scattering demanding short path-length and high sample concentrations.
However over time it has been shown that the orientation of liposomes can be
improved by cholesterol addition that increases the membrane rigidity,” or by adding

sucrose, which rises the medium viscosity and minimizes light scattering.

x, Membrane normal

z,Z

Liposome Shear deformed liposome Model of a deformed liposome
showing lipids with net orientation

Figure 2.2.2. Left: a schematic representation of a liposome; Centre: shear deformed liposome;
Right: a lipid bilayer with lipids having a net orientation. Reproduced by permission of The Royal
Society of Chemistry.”!

Bicelles

Bicelles are a class of model membranes that are usually prepared with two lipids, one
of which forms a flat lipid bilayer while the other forms an amphipathic, micelle-like
assembly protecting the bilayer from the surrounding solvent.”> The composition and
morphology of bicelles mimic well common PC-rich eukaryotic membranes,
therefore they are extensively used for structural studies of membrane-associated
peptides, especially in the NMR field.*** The most commonly used bicelles are
prepared from the following phospholipids mixed at different molar ratios: 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) (Figure 2.2.3). Generally, the bicellar mixtures are
characterized by two parameters: the lipid molar ratio, g=/DMPC]/[DHPC] and total
weight percent of the lipids in a buffer, c.



The most common composition of DMPC/DHPC used in NMR studies has the lipid
content between 20-30% and ¢=3.2.% The morphology and phase behaviour of such
mixtures are quite complex (Figure 2.2.3) and it strongly depends on the temperature
and molar mixing ratio. The bicelle formation typically occurs in a certain
temperature region that has to be experimentally determined for each lipid

composition.

Figure 2.2.3. The structure of common morphologies of DMPC/DHPC bicelles as a function of
temperature (T): A) mixed globular micelle, B) bicelle; C) wormlike micelle; D) holey lamellar sheet.
Black head groups represent DMPC and light-grey head groups represent DHPC. Reprinted from
reference®® with permission from Elsevier.

In this thesis (Papers I1I-1V) we introduce bicelles as a promising new membrane
model for linear dichroism spectroscopy. Our results showed high flow alignment of
lipid bilayer in bicellar mixtures. Moreover we performed detailed characterization of
lipid alignment over a broad range of conditions including lipid concentration,
temperature, lipid mixing ratio and shear gradient. Finally we demonstrate that flow

oriented bicelles can be used for biophysical studies of membrane-associated systems.



2.3 DNA

Deoxyribonucleic acid (DNA) is a long polymer chain that contains the complete
genetic information needed for the development and functioning of every living
organism. According to the central dogma of biology, the genetic code of DNA is
transcribed to RNA and subsequently translated into the proteins that perform most of
the work required for maintenance and function of the cell.”” The structure of DNA
was resolved by Watson and Crick in 1953,® who found it to be a double helix
consisting of two long polynucleotide chains, so called strands, composed of four
types of nucleotide sub-units: adenine (A), cytosine (C), guanine (G), and thymine (T)
(Figure 2.3.1). While thymine base-pairs with adenine by creating two hydrogen
bonds, the cytosine forms three hydrogen bonds with guanine. The G—C interaction is
therefore significantly stronger (by about 30%) than A-T, causing the A-T rich

regions to be more inclined to thermal fluctuations.

NH,

x N
Cytosine | /K
[¢]

N o

Figure 2.3.1 The four DNA nucleotides: adenine (A), cytosine (C), guanine (G), and thymine (T).

The most abundant form of DNA in the cell is B-DNA that has the shape of a
right-handed helix with anti-parallel strands and a twist of 36° per each base-pair. The
DNA bases are located perpendicular to the long axis of DNA, approximately 3.4 A
apart, creating a local hydrophobic environment. Each of the phosphate groups carries
a negative charge making DNA a polyanion at physiological pH. The overall structure
of DNA is asymmetric, having a narrow minor groove and a broader major groove.

The structure of the double helix allows a broad variety of interactions with other
molecules - from large proteins to small synthetic molecules. These interactions
include such binding modes as intercalation, groove-binding and electrostatic

interaction (Figure 2.3.2). For instance, the dumb-bell shaped binuclear ruthenium



complex employed in this Thesis (Paper V) has two binding modes. Initially, it binds
outside or in either groove of the double helix and subsequently threads one of its
bulky subunits through the core of the DNA placing a dppz-bridging moiety between
the bases. This final binding mode is called "threading intercalation" and it is a very
slow process that requires several hours to completion when using mixed-sequence
DNA.

A KN/ \ N— ---o\ T
Intercalation N N\
Groove-binding

G léN /o ----- H—n C
Electrostatic 0 Sugé:\l\%\{\l—H ------ N>\\>

interaction

Figure 2.3.2. Left: The model of the B-DNA double helix and schematic representation of possible
interactions between ligands and DNA; Right: hydrogen bonds between complementary DNA bases.

A single DNA strand is kept together by the covalent bonds between sugars and
phosphates of the nucleotides. When two single strands form a double helix it is held
together by hydrogen bonds between the base pairs (Figure 2.3.2). Hydrogen bonds
are relatively weak and can be broken and re-joined relatively easily; therefore, local
disruptions between DNA strands occur frequently.”” Under those structural
fluctuations, the specific binding sites on the single strands of DNA are getting
exposed and therefore accessible for the various regulatory protein complexes.
Therefore this process, known as DNA breathing, is essentially important for such
fundamental cellular processes as replication, transcription and recombination of
DNA_7:30

When studying the transient DNA conformation, different DNA constructs were
previously used to model structural fluctuations including AT-DNA, thermal-
denatured DNA, DNA replication fork constructs, DNA hairpins and other well-

defined sequences of short oligonucleotides.*' >*



2.4 LD and chemical probes for monitoring properties of
lipid membranes and DNA

Linear dichroism is the main spectroscopic technique used in this thesis. This method
requires usage of chemical probes for orientation, visualization and quantitation when
working with biological samples. There is a broad variety of known LD probes with
different structural and physical properties. Generally probes can be divided into two
main groups - intrinsic and extrinsic. Intrinsic probes occur naturally and include for
example aromatic amino acids and DNA bases. By contrast, extrinsic probes are
added to the sample. Thus small aromatic molecules (e.g. retinoids, pyrene) are useful
extrinsic probes for determining the lipid bilayer orientation, when working with lipid
membranes. Contrary, determination of DNA orientation is usually done using the
intrinsic absorption of DNA bases at 260 nm (assuming the angle of the transition
moments being 86°).>' Furthermore there is a broad variety of DNA ligands
frequently used as LD probes with a known angle of binding, including ethidium
bromide, netropsin, 4,6-diamidino-2-phenylindole (DAPI), Hoechst 33258 and
different metal complexes.”'> Here follows a brief description of the probe molecules
used in this Thesis.

Retinoic Acid

An accurate determination of angles between the membrane normal and transition
dipole moments of membrane-associated molecules is one of the advantages of the
LD technique. However probes with a known angle of insertion are needed in order to
estimate the orientation of the lipid bilayers. Previous research indicated that some
retinoids could be useful for this purpose.”*® This group of vitamin A derivatives
consists of hydrophobic rod-like molecules (Figure 2.3.3) that have the ability to
insert efficiently into the membrane bilayer parallel to the lipid chains.

R1=COOH Retinoic acid B
R:=CH:0H Retinol b

Rs = CHO Retinal
RX

Figure 2.3.3 Left: Molecular structure of retinoids in their all-trans configuration. Right: Molecular
structure of pyrene; La and Bb are indicating two orthogonal transition moments of the molecule.



Among the other retinoids, retinoic acid (RetA) demonstrates significantly better
orientation in lipid membranes, which makes it a probe-of-choice for the estimation of
the orientation factor parameter, S.** The transition moment of this probe is oriented
along the long axis of the molecule and it has one single absorption band in the visible
region of the spectra with a peak at around 350 nm. The insertion angle between the
dipole moment and the membrane normal is assumed to be zero. In this thesis RetA
was used as a main probe for determination of macroscopic orientation of the shear-

deformed liposomes and bicelles in Papers [-IV.

Pyrene

Pyrene is a flat aromatic molecule that has orthogonal transition dipole moments
polarized in the plane of the molecule (Figure 2.3.3). The L, transition (340 nm) is
polarized parallel to the long axis of the molecule, while B, (275 nm) transition is
perpendicular to the long axis. Due to the hydrophobic nature of this molecule it
inserts into the lipid membranes with the long axis preferably parallel to the lipid
chains. Mixed with DNA, pyrene inserts between neighbouring base pairs of a double
helix.*”*® When working with lipid bilayers, the ratio between the two orthogonal
transition moments can be used to discriminate between rod-like or disk-like
behaviour of the probe in the bilayer. Therefore, this probe can provide additional
information about the lipid system, contrasting RetA that only has one transition

dipole moment accessible in the visible region of the electromagnetic spectrum.

Curcumin

Curcumin is a major polyphenolic pigment of the root turmeric that is widely
cultivated in tropical parts of Asia.”” Turmeric is commonly used as a spice (curry)
and also as a traditional medicine in India and China. Recent research indicates that
curcumin exhibits potential therapeutic properties and may be used against
inflammatory, cardio-vascular and skin diseases. At the moment there are several
phase I and II on-going clinical trials on curcumin for the treatment of Alzheimer’s
disease and also for the treatment of different forms of cancer.* Curcumin is also
used as a solvent-sensitive fluorescent probe that interacts with proteins and the cell
membrane.***!

Curcumin can exist in several tautomeric forms, including a 1,3-diketo form and
two equivalent enol forms. In solutions at physiological pH it is normally present in
keto-enol tautomer form (Figure 2.3.4).” When added to lipid samples at
physiological pH, curcumin binds to the surface of bilayers - in contrast with RetA
and pyrene, which insert into the membrane. In this Thesis curcumin was used in

Paper II as a probe for lipid membrane alignment of liposomes. Our previous
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(unpublished) results indicate that curcumin has far better orientation at the lipid
bilayer than retinoic acid. Also it has a non-overlapping spectrum with pyrene (also
used in Paper II) so it was possible to measure LD and absorption with both probes
added to the sample.

O OH HO O

T =" 0O
HO OH

HO OH

Figure 2.3.4 Solution structures of curcumin: two asymmetric keto-enol tautomers.

Binuclear Ruthenium complex
Research concerning interactions between DNA and ruthenium polypyridyl comp-
lexes started more than 30 years ago, when Barton and co-workers investigated DNA
binding of [Ru(L);]*" (L = bipyridine (bpy) or phenanthroline (phen)).*"**

following years ruthenium complexes were proved to be strong DNA binders with

During the

useful photo-physical properties. Non-covalent types of interactions (e.g.
intercalation, electrostatic or surface binding), between DNA and ruthenium
complexes result in a reversible kind of binding, keeping both molecules intact.
Additionally the octahedral coordination geometry around the ruthenium ion permits
variation of the ligands, which allows modification, and fine-tuning of physical and
chemical properties. One such modified binuclear ruthenium complexes was used as a
probe in this Thesis (Paper V). The structure of [p-(bidppz)(phen)sRuz]*" (AA-P) is
shown in Figure 2.3.5.

Figure 2.3.5 Chemical structure of [p-(bidppz)(phen)sRu,]*", where bidppz = 11,11"-bis (dipyrido [3,2-
a:2',3'-c] phenazinyl) and phen = 1,10-phenanthroline. The coordination of the ruthenium centre allows
two stereoisomeric forms. The homochiral right-handed complex AA-P has been used in this Thesis.

11



This type of ruthenium complex displays slower DNA association and dissociation
rates, making them promising therapeutic agents.**® Furthermore this type of
molecules may act as "light switches" when mixed with DNA, i.e. they emit no
luminescence in aqueous buffers, but when intercalated to DNA, they show intense
luminosity.**"*

Linear dichroism spectroscopy is a technique that may be used to sensitively
display the kinetics of the DNA—-AA-P interactions and reveal binding geometry
changes. The first groove-binding mode, adopted upon mixing, shows positive linear
dichroism of the bidppz-ligand at 320 nm.*” With time, the ruthenium complexes
undergo intercalation into DNA — a generally extremely slow process that may take
hours even at elevated temperature and which can be characterized by a change of LD
at 320 nm from positive (groove binding) to negative (intercalation).">° This LD shift
together with the "light-switch" effect was used while investigating various DNA

constructs presented in Paper V of this Thesis.
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3. THEORY AND METHODOLOGY

In this section an overview of the techniques used in this Thesis is presented together
with a short theoretical background. More details about the experiments performed in

this Thesis can be found in the appended articles.

Spectroscopy is the study of interaction between matter and electromagnetic radiation.
The principle of this technique is based on the fact that different atoms and molecules
interact with light in a specific way, which is giving rise to a unique interaction
spectrum. The uniqueness of this spectrum makes it sometimes possible to detect and
assign small changes in molecular structure and a molecular environment, which
makes spectroscopic methods very useful in physical and analytical chemistry. There
is a broad variety of spectroscopic techniques, which address different types of light-
matter interactions such as absorption, emission, scattering and many others. Below is
a brief review of the spectroscopic techniques used in this thesis. A more detailed
description of spectroscopy in general and of fluorescence spectroscopy, polarized
spectroscopy and light scattering in particular, can be found in the textbooks by

Hollas,”' Lakowicz,”> Nordén ez al.*' and Berne ez al.”

3.1 Absorption

Absorption of electromagnetic radiation is the process by which the energy of a
photon is taken up by matter, typically the electrons of an atom or a molecule. During
this process molecules or atoms undergo an excitation to a higher energy level. The
probability of light absorption (A) by an individual molecule in a sample is related to
the angle (a) between the electric field of the incident electromagnetic radiation and

the electric dipole transition moment of the molecule (p),

A« |u|?cos®a (3.1.1)

In order for absorption to take place the energy of the photon must match the energy
gap between the electronic states of the molecule (Figure 3.1.1), as formulated by the

Bohr frequency condition:

AE = Epigher — Elower = hv (3.1.2)

where /4 is the Planck’s constant and v is the frequency of absorbed light.

13



Absorbance is defined as a logarithm of the ratio between the incident (/,) and
transmitted light (/) intensities and is related to the concentration (c), path length (/)
and the extinction coefficient () of the molecule according to the Beer-Lambert law:

A=log17°=scl 3.1.3

In the expression above, the logarithm is used in order to get a linear relation between

absorbance and concentration, mainly for simplicity of calculations.

S T T Vibrational
2 T LI 2 .
U i relaxation
Internal
conversion
i
S .
1 Intersystem
crossing ~~.~‘:
T,
Absorption
Phosphorescence
Fluorescence l
S0

Figure 3.1.1 A Jablonski diagram showing excitation levels and possible excitation and relaxation
pathways.

Absorption spectroscopy was used in this thesis mainly during the preparation of
stock solutions and samples to determine their concentrations. In Papers -1V
absorption measurements were also used for LD" calculations. Finally in Paper V the
absorption spectroscopy was used for the analysis of heat-denatured DNA and for

obtaining the melting curves of the investigated DNA constructs.
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3.2 Fluorescence

Following the absorption of a photon, the molecule undergoes, in most cases, a rapid
relaxation back to the lower energy state. This occurs due to the instability of the
excited states of the molecule. Different pathways of relaxation are often summarized
in a Jablonski diagram. In Figure 3.1.1 the following electronic states are represented:
the first and second excited states, S; and S,; the energy ground state Sy and the first
triplet excited state, T;. Transitions between the energy levels represented in the
Jablonski diagram can be divided into radiative, that is the emission of photons, or
non-radiative, when the energy is transferred to the surrounding in a non-emissive
way; such as kinetic energy. The ratio between radiative and non-radiative relaxation

is defined as the efficiency of fluorescence or quantum yield:

__ number of photons emitted

number of photons absorbed (3.2.1)

Figure 3.1.1 shows two radiative pathways: fluorescence, a transition from the
energy level S; to So and phosphorescence, a transition from T; to Syo. Due to the
different electron spin configuration of the S; and T levels they have different rates
of photon emission. While phosphorescence is a slow emittive process that can take
several hours, fluorescence occurs very rapidly on the timescale of 10° to 107
seconds.

Fluorescence spectroscopy allows the analysis of fluorescence arising from a
sample containing molecules of a certain compound. The instrumental set-up involves
a light source, commonly emitting light in the UV region, that excites the electrons in
molecules. The subsequent emission of the light by the electrons, typically in the
visible spectrum, is recorded by the detector usually placed at the right angle to the
excitation light.

In this thesis, fluorescence spectroscopy was used in Paper I to monitor liposome
fusion (explained in more details in the next subchapter "Forster Resonance Energy
Transfer"). In Paper V, fluorescence measurements were used to study the

interactions between ruthenium complex and different types of DNA molecules.

Forster Resonance Energy Transfer

One of useful tools in fluorescence spectroscopy is Forster resonance energy
transfer (FRET). The general principle of this technique is the energy transfer from a
donor molecule (D) to an acceptor molecule (A) through dipole-dipole interactions.
The transfer of energy may occur if emission spectrum of a donor has a spectral

overlap with the absorption spectrum of the acceptor. The efficiency of FRET
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depends, among other conditions, on the quantum yield of D, the relative orientation
of the dipole moments of D and A and on the distance between D and A. The latter
makes it possible to use FRET as a spectroscopic ruler for the estimation of the
distance between molecules. Hence energy-transfer efficiency, E, is related to the
distance between the donor and acceptor by:

_ &8
" g+

(3.2.2)

where r is the distance between the donor and the acceptor and R, is the Forster
distance (i.e. the distance at which the energy transfer efficiency between D and A is
50%). Typically, Ry varies between 20 and 60 A, making it possible to estimate
distances up to 90 A between standard FRET-pairs with reasonable accuracy.

In this thesis lipid-mixing FRET assay was used in Paper I to monitor vesicle
fusion, using a FRET pair including N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
phosphoethanolamine (NBD-PE) and N-(lissamine rhodamine B sulfonyl)
phosphoethanolamine (Rh-PE). In short, low concentrations of both NBD-PE and Rh-
PE were added to one batch of lipid vesicles, allowing an efficient energy transfer
between the donor (NBD-PE) and the acceptor (Rh-PE). This batch of labeled
liposomes was mixed with unlabeled liposomes at a molar ratio of 1:9. When
membrane fusion occurs between labeled and unlabeled liposomes the average
distance separating the FRET pair increases, leading to a decrease in the efficiency of
the energy transfer. The latter can be monitored by fluorescence spectroscopy. A
more detailed FRET assay description can be found in the publication by Duzgunes et
al. 2010.>*
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3.3 Linear Dichroism

Linear dichroism (LD) is a spectroscopic technique measuring differential absorption
of linearly polarized light (i.e. light that consists of photons with electric field vectors

oscillating in a given plane along the propagation direction). By definition

LD = AII - AJ_ (33.1)

where A4; denotes absorption of light polarized parallel (4;) and perpendicular (4)),
respectively, to some macroscopic orientation direction. Isotropic samples do not
show LD due to random orientation of molecules, so in order to measure LD the
sample must be aligned. In that case the absorption intensity will be proportional to
the squared cosine of the angle 0 between the electric field vector of incident light and

the electric dipole transition moment x of the molecule:

A o |u|? cos?0 (3.3.2)

If the transition moment is oriented parallel to the orientation axis, then A;; > A, and
the resulting LD will be positive. Conversely, if it is oriented perpendicular to the
orientation axis, then A;; < A, giving a negative value of LD.

The LD signal depends on the sample concentration and the sample path-length,
which follows from the Beer-Lambert law (Eq. 3.1.3). Often it is more convenient to
normalize LD with respect to the isotropic absorption of the sample, resulting in a
reduced LD, or LD":

LDT = 4u=AL (3.3.3)

Aiso

LD’ is thus independent of sample concentration and sample path length.

Flow linear dichroism

As mentioned above, LD technique requires an oriented sample. Several methods of
sample orientation are available for LD measurements including electric or magnetic
orientation, stretched polymers, gels etc. In this thesis a shear-flow orientation was
used to create sample alignment. Figure 3.3.1 shows the main principle of the flow
LD using the outer-rotating Couette flow-cell. The sample is placed in the narrow gap
between a transparent outer quartz cylinder and a stationary transparent inner quartz
cylinder. Rotation of the outer cylinder creates a laminar shear flow that can be used
for sample alignment. While such long and stiff polymers as DNA can be easily
oriented along the flow direction, small molecules remain statistically randomly

oriented in solution. In order to flow-align small molecules they can be solubilized in
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some sort of matrix having an orientation axis. This matrix can be a stretched plastic
film, a lamellar liquid crystal, a DNA double helix, or a flow-deformed liposome. The
last mentioned form of membrane system was used for research presented in this
Thesis.

The efficiency of macroscopic orientation of the molecules in the sample can be
described by a parameter termed orientation factor S: for perfectly aligned samples
S =1 and for isotropic samples S = 0. The S value for such systems as liposomes or

DNA can be determined from LD using a molecule with a known angle of insertion.

Polarised light

N

Rotation

Figure 3.3.1 A schematic representation of the outer rotating cylinder Couette flow cell

Uniaxial samples

Uniaxial orientation demands an oriented system in which the transition moment lies
at a certain angle relative to a local reference axis in such a way that all orientations
on a cone around this reference axis are equally probable (Figure 3.3.2). In many LD
experiments the uniaxial orientation of the sample can be assumed when investigating
molecules solubilized in most stretched films and liquid crystals, but also for helical
structures such as DNA.” The orientation fields created in Couette flow cells
generally have lower macroscopic symmetry than uniaxial. In this case a uniaxial
orientation can still be assumed locally (cylindrical DNA or cylindrically deformed
liposomes), but S parameters for the macroscopic orientation have to be
experimentally determined from LD of an absorption band with known angle of
insertion 6..°' Figure 3.3.2 (left) presents the macroscopic coordinate system XYZ,
where Z is the orientation direction. Using this laboratory frame, the orientation
angles can be defined for any arbitrary transition moment x. In the case of a uniaxially
oriented sample (Figure 3.3.2) the arbitrary transition moment x adopts a define angle
0. to the Z-axis, while all values of the azimuthal angle @ are equally probable.
Consequently, absorption spectra measured perpendicularly to the orientation axis

will be identical, resulting in only two independent absorption parameters:
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A; = Ay = xlul? cos?6;
(3.3.4)
Ay = Ay, = A, = k|u|? sin?0,sin’*d

Figure 3.3.2 Left: Coordinate system defining the laboratory frame (XYZ). The orientation of a
transition dipole moment y is described by the angles @ and #,. Right: Uniaxial orientation around the
Z-axis. All orientations of the transition moment, which are confined to the geometry of the cone, are
equally probable.

Thus

LD = A, — Ay = ku? (cos?6, — sin?0, sin’®) (3.3.5)

Similarly, the isotropic absorbance, 4;5, can be described as:

Az+Ay+Ayx Az+2Ay 1
AiSO = = = -
3 3 3

ku?(cos?0, + 2 sin?0, sin’®) (3.3.6)

Since the values of @ are not restricted, the values of sin’® can be averaged between
0 and 27 giving (sin?®) = 1/ 5. Therefore

LD = “* (3 cos26, — 1 33.7
= = cos“0; — 1) (3.3.7)

2

Aiso = % (3.3.8)

Combining equations 3.3.7 and 3.3.8 and correcting for the non-perfect sample

orientation by using the orientation factor S results in:
LD" = 28(3 cos?6; — 1) (3.3.9)

This expression sets upper and lower limits of the LD" values to 3S and —1;5 . The

above expression can be used for molecules flow-oriented in DNA matrix.
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Shear-deformed liposomes

Liposomes deformed by a shear flow can be treated as cylindrical systems (Figure
3.3.3) where the solubilized analytes have a uniform orientation about the orientation
axis of the cylinder. In this case equation 3.3.9 cannot be used to describe the LD but

an additional element of rotational averaging is required.

x, Membrane normal

A

..
|

Figure 3.3.3 Left: shear deformed liposome; Right: model of deformed liposome. Here, p is the
transition moment of a molecule, x is the membrane normal, z is the long-axis of the cylinder and Z is
the macroscopic orientation axis. The orientation of a transition dipole moment u can be described by
the angles £ and y (not shown - the angle between the projection of u onto the y/z plane and z).
Reproduced by permission of The Royal Society of Chemistry.”'

By using the local cylinder coordinate system (Figure 3.3.3) the magnitude of the

transition moment g can be expressed as:
pu = u(cos B,sin f sin,sin B cos Y)ixy.2 (3.3.10)
By definition, the reduced linear dichroism is described by:

22
LD" = § 2224Y — 3g Wz—ky) (3.3.11)

. 2
iso u

In this case u; = p, and py can be written as a dot product of g and the vector for the

Y axis in the {x, y, z} coordinate system:
Uy =Y =pu(cos Bsiny + sin [ siny cosy) (3.3.12)
Thus,

LD" = 3S (sin?B cos®*y — cos?B sin?y — sin?p sin®y cos?y
— 2cosp siny sinf siny cosy)

Because both y and y are taking values from 0 to 2x, the averaging over them results

n:

2sin®B-2cos?f—sin’p _
4

LD" =3S 25(1 - 3 cos?p) (3.3.13)
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For the transition moments inserted into the cylinder, § = 0° giving the minimum
value for LD" = —zS. While if the transition moments lies on the surface of the

cylinder then f = 90° giving the maximum value of LD" = 25. In this thesis the

above equation was used for experiments with flow-oriented liposomes and bicelles.

Orientation triangle
In a general case of uniaxial orientation of any molecule the following equation holds
in the orthogonal coordinate system:

LD(A) _

LD"(A) = D - 3(

szzez<1>+syy£y(l>+5xx€x<l>) (3.3.14)

ez(M)+ey(D+ex(D)

where €,(A1) etc. are the extinction coefficients at wavelength A related to light
polarized parallel to the respective coordinate axis; and S, etc. are the order

parameters describing the orientation of the respective axis. The order parameters are
not independent and S,,+S,,,, + Sxx = 0. Also, z is defined to be the molecular axis

with highestS,, value, and x to be the one with the lowest value, i.e.S,, =S, =
Syx-

When the orientation behaviour of the solute molecules is of interest sometimes it
is practical to display S,, and S, values plotting them against each other in an
orientation triangle (Figure 3.3.4). The sides of this triangle set limits for two different
types of orientation: "disc-like" alignment can be found in the vicinity of the side
where S,, = §,,,, and "rod-like" behaviour near the side S,,,, = —0.55,,. Plotted S,
and S,,, values for molecules that behave neither as rods or discs may be found
anywhere inside the triangle. The orientation behaviour, presented in Figure 3.3.4,
results from molecules oriented in stretched polyethylene (PE) matrices. Other
polymer or lipid hosts will probably give different alignment behaviour of the

oriented solutes.>®

(L) —4

0.0

-0.2 4

Syy

0.4

-0.6 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Szz

Figure 3.3.4 Orientation triangle for planar or rod-like aromatic molecules oriented in stretched
polyethylene films.”” The molecules are shown with their z-axes horizontal.
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3.4 Dynamic Light Scattering

Dynamic light scattering (DLS), also known as Photon Correlation Spectroscopy
(PCS), is a technique commonly used to determine the size and structure of colloidal
particles. In a typical DLS experiment (Figure 3.4.1) a diluted sample solution is
illuminated by a monochromatic, coherent light, /,, with a wavelength that is not
absorbed by the particles in the sample. Most of the light passes trough the sample,
except for a small fraction, which strikes the colloidal particles and scatters in
different directions. The angular dependence of the /, intensities can be described in

terms of the scattering vector |q|:

|—>| 4tn . 6

(3.4.1)

where 7 is the refractive index of the sample, 4 - the wavelength of the incident light

and @ - the observation angle.

S

4 - Detector

Figure 3.4.1 A schematic representation of the DLS experimental setup

The scattering intensity /, of each specific direction varies with time due to the
Brownian motion of the particles (Figure 3.4.2). These fluctuations can be monitored
by an instrument component called a digital correlator, which measures the degree of
similarity between two signals over a period of time. Thus measuring the scattering
intensity at a certain angle @ an autocorrelation curve (Figure 3.4.2) can be generated
according to:

(IOt +7))
@) (3.4.2)

where g’(g, ©) is the autocorrelation function at a particular vector ¢, I(z) is the

g (q.0) =

scattering intensity at the time ¢, and 7 is delay in time. At short time delays, the

positions of the particles are nearly unchanged giving high correlation between /(?)
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and I(zr) and therefore g’(g, 1) ~ I. When the time delay increases the original
positions of the particles change significantly due to the Brownian motion until there
is no correlation between the initial and final position giving g’(g, 7) = 0. Large
particles are generally moving slower than small ones thus the decay rate will be
much faster for small particles than for large. Therefore the rate of the correlation

decay is related to the particle size and for spherical particles it is described by:
g@(x) = A[1+ Be24°P7] (3.4.3)

where A and B are correction factors related to the experimental set-up, ¢ is the
scattering vector and D the translational diffusion coefficient of the particles in the

sample.
2 Dl M £
g I\l’ ]”W ” H H'””‘\‘I“Il” g
o
Time Time

Figure 3.4.2 Principles of DLS. Left: The time-dependent intensity variation of the scattered light.
Right: A typical shape of the correlation function.

For mono-dispersed samples the diffusion coefficient D (Eq. 3.4.3) can be
determined by fitting single exponential to the correlation function. The determination
of the diffusion coefficient allows estimation of the particle size by using the Stokes-
Einstein equation, assuming spherical shape of particles:

— ksT :
Ry = p—s (Equation 3.4.4)
where Ry is the hydrodynamic radius, kz the Boltzmann's constant, 7" the absolute

temperature and # the viscosity of the sample. In the articles included in this Thesis

DLS is mainly used for size determination of liposomes (Papers I-II).
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4. ORIGINAL WORK

This section presents a short summary of the papers included in this thesis (Papers I-
V). The most important results and conclusions from each paper are summarized and

discussed.

4.1 Characterization of flow-oriented liposomes

The flow-oriented 100-nm DOPC liposomes are generally used as a lipid model for
linear dichroism measurements. However this membrane model still require further
characterization because little is known about what happens to liposomes exposed to
shear-deformation. Additionally it is the macroscopic orientation of lipid bilayers that
is generally considered in LD while the microscopic orientation of the membrane is
usually ignored. This is because, to date, it has not been possible to separate these two
parameters using liposomes as a membrane system. Finally the high light scattering
and the poor lipid bilayer alignment of liposomes are some of the disadvantages of
this system that are in need of improvement. In Papers I and II we present our results
from the on-going characterization of DOPC liposomes focusing on such issues as
alignment enhancement and investigating the microscopic orientation of lipid

bilayers.

4.1.1 Improving the macroscopic alignment

To improve 100-nm DOPC liposomes as membrane models for LD, we tested
different concentrations of sucrose, to achieve refractive index matching and a better
alignment of the sample. We also tested the behaviour of liposomes at higher shear
forces than usually applied (3100 s™). While working with samples containing
sucrose, we could observe a time-dependent increase of the LD signal in some of the
measurements indicating an increase of the lipid-phase alignment. This phenomenon
was more pronounced for high viscosity samples (i.e. 50% w/w sucrose) and clearly
dependent on the applied shear force. The detected time-dependency of the probe-
alignment was not previously observed or reported and therefore unexpected for this
liposomal system.

In Paper I, we demonstrated a four-fold increase of lipid-phase alignment for high
viscosity liposomal solutions resulting from prolonged shear-force application. Also,
we presented evidence for shear-induced membrane fusion of liposomes, which is
probably the reason behind the increase in liposomal alignment. In this study, apart

from LD measurements, dynamic light scattering (DLS) and fluorescence resonance
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energy transfer (FRET) were used to characterize shear-flow liposomes. In order to
investigate the effect of the solution viscosity on the liposome alignment, five samples
with different sucrose concentration (0-50 wt%) were investigated in this study.

Figure 4.1.1A shows a time-dependent growth of the LD signal for a shear-
oriented sample containing 50 wt% sucrose and at a shear force of 6200 s. The peak
LD at 350 nm (Fig. 4.1.1B) displays an almost four-fold increase of the signal over
90 min. Also it can be seen that the major increase takes place during the first 40 min
while at 80 min the signal almost reaches a plateau. Figure 4.1.1B presents a series of
measurements, which investigates the effect of viscosity on the sample alignment.
Samples with 0, 10 and 30 wt% sucrose show no significant changes in the signal
over time, while samples with 40 and 50 wt% sucrose display a rapid increase of the
LD.
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Figure 4.1.1. (A) LD of retinoic acid incorporated in DOPC liposomes in 50 wt% of sucrose under the
shear force of 6200 s at initial times O and after 20, 40, 60 and 80 min. (B) Variation over time of the
LD" values at 350 nm of retinoic acid incorporated in DOPC liposomes in the presence of 0, 10, 30, 40,
and 50 wt% of sucrose under an applied shear force of 3100 s compared to the sample with 50 wt%
sheared at 6200 s'. Note that LD" values are positive due to their normalization to the first measured
point (considered as the 0 min point) for better comparison.

DLS measurements (Fig. 4.1.2) show that the initial size of the liposomes in
50 wt% buffer changes during 120 min under an applied force of 6 200 s™'. Thus at
time O the liposomes have an average diameter of 120 nm, and after two hours under
shear flow their size increases to approx. 360 nm.
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Figure 4.1.2. Effect of shear flow at 6200 s™' on the size of DOPC liposomes prepared in 50 wt%
sucrose: (A) dynamic light scattering autocorrelation function and (B) intensity size distribution before
and after shearing for 2 h.
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The fusion assay, based on FRET between labeled lipids, was performed (see Paper I
for details)>* and shows a rapid mixing of the lipids under shear flow (Figure 4.1.3).
The most rapid lipid mixing occurred at 6 200 s™ (Fig. 4.1.3A) resulting in 76% lipid

mixing after 20 min and 100% within 1 hr.

4001 Al 400. B
-~ mock fused, mock fused
S 3004 60 and 120 min 3001 and 120 min
©
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Figure 4.1.3. FRET efficiency, in 50 wt% sucrose buffer, of NBD-PE/Rh-PE labeled liposomes mixed
with unlabeled liposomes before (black line) and after rotating-flow at 6200 s (A) and 3100 s (B), for
20 minutes (dark cyan), 1 hour (purple) and 2 hours (gray dotted line). The spectrum of mock fused
liposomes, corresponding to 100% lipid mixing, is shown in light gray (overlapped by the spectra at 1h

and 2 hin A and with the spectrum at 2 hours in B).

In summary Paper I describes how mechanical forces can lead to mixing of lipid
bilayers. The rapid shear-induced membrane fusion takes place in samples prepared in
high viscosity buffers (40—-50 wt% sucrose). The membrane fusion leads to four-fold
increase in the lipid bilayer orientation and therefore to an increase in the LD signal,
resulting in the maximum flow-alignment observed for the liposomal systems.

The main outcome of Paper I, besides high flow-alignment, is the demonstration of
lipid-bilayer fusion achieved without any addition of catalysing agents. This is in
contrast to previous research showing that addition of certain molecules or ions (poly-
(ethylene glycol), dextran, multivalent ions) may be needed in order to induce

61 nstead, in this paper, the membrane fusion was achieved by

membrane fusion.
using high viscosity samples (5.2 and 12.5 cP for 40 and 50 wt% sucrose)” in
combination with shear rates at or above 3100 s”. The resulting orientation factor
after one hour under the shear force, was S = 0.25 which is four times higher than the
initial value S = 0.07. Noticeably the typical orientation factors previously calculated
for flow-oriented liposomes are between 0.033 and 1.

In conclusion, the described experiments enable, among others, studies on how
vesicles behave in viscous media, especially in the presence of fusion proteins and
different types of shear forces. This may give novel insights about mechanisms

behind this vital biological process.
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4.1.2 Investigating the microscopic alignment of model membranes

The macroscopic alignment of liposomes depends on, among other factors, external
stress, temperature and lipid composition. These factors also influence the lipid order
at the microscopic level. Because characteristics of many membrane-associated
biomacromolecules are closely related to changes in the lipid membrane, there is a
need for a rapid and convenient characterization of local microscopic changes
occurring in a lipid bilayer.

In Paper II, the flow-LD technique was used to track the changes in local lipid
ordering in liposomes upon variation of two parameters: cholesterol concentration (0—
40%) and applied shear flow (160-3100 s™). The local ordering was followed by
monitoring the change of the ratio between the two orthogonal transition moments of
pyrene. Additional probe molecule, curcumin, was used for determination of the
macroscopic order of the lipid bilayer. The latter probe was intentionally used to
avoid spectral overlap with pyrene.

Figure 4.1.4 summarizes all LD data collected for soybean lipid samples with

cholesterol concentrations between 0 — 40% and shear-flow between 80-3100 s,
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Figure 4.1.4. LD spectra of pyrene (200-350 nm) and curcumin (350-500 nm) added to soybean
liposomes with the following cholesterol concentrations: (A) 0%, (B) 10%, (C) 20% and (D) 40%. The
alignment shear-force was varied for each sample between 80 and 3100 s™.

For each of the four investigated samples, increased shear rates are predictably
increasing the orientation of the lipid bilayers and consequently the strength of the LD

for both pyrene and curcumin. Also samples with higher cholesterol content
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demonstrate higher alignment of the pyrene while curcumin orientation does not show
such strong and clear dependency on the cholesterol content. Remarkably, the shape
of the pyrene peak at 273 nm changes significantly with increasing cholesterol
concentration. Figure 4.1.5 shows this trend by presenting the highest LD values of
the 273 nm peak for each sample (0%, 10%, 20% and 40%) at 3100 s~
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Figure 4.1.5. LD signal of pyrene at 273 nm for samples with cholesterol concentrations from 0
to 40% and at a shear-flow of 3100 s™".

Further, the change of the peaks from the long-axis transition moments of
curcumin (at 424 nm) and pyrene (at 337 nm) show a linear dependency on the shear
force (Figure 4.1.6). On the other hand, plotting LD" of the short-axis transition of
pyrene (273 nm) versus LD" peak values of curcumin (424 nm) reveals nonlinear
behavior for some of the samples (Figure 4.1.7).
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Figure 4.1.6. Peak LD' values of pyrene at 337 nm plotted versus peak LD' values of curcumin at

424 nm for samples containing 0%, 10%, 20%, 40% cholesterol and the shear flows between 160—
3100s™.
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Figure 4.1.7. (Left) Peak LD' values of pyrene at 272-275 nm plotted versus peak LD' values of
curcumin at 424 nm for samples containing 0%, 10%, 20%, 40% cholesterol and the shear flows
between 160-3100 s™. (Right) Peak values of pyrene and curcumin for samples with 0% and 10%
cholesterol plotted as a function of the reduced LD of curcumin at 424 nm.

Figure 4.1.8 represents the orientation triangle with all calculated orientation
parameters, S,y and S,,, of the two orthogonal transition moments of pyrene. The
measured values are mostly located below the zero axis of the S,y indicating a weak
tendency towards rod-like behavior of pyrene alignment for all investigated samples.
Noticeably samples with 0% and 10% cholesterol also have positive values of Sy,

indicating a disk-like character of the short-axis orientation.
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Figure 4.1.8. Orientation triangle containing all measured values of Syy and S, from two orthogonal

transition moments of pyrene for samples oriented by a shear-force 160-3100 s and cholesterol
concentration of 0% (black), 10% (read), 20% (blue) and 40% (green).
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Figure 4.1.9 summarizes the S,y and S,, parameters for different cholesterol
concentrations as a function of shear force. It can be noted that negative values of Sy,
grow both with rising cholesterol concentration and increasing shear force. At the
same time S,, values show a clear increase of the orientation at higher cholesterol
concentrations while the increase of shear force has a more complex effect on the
orientation factors. For 0% and 10% samples the orientation slightly increases with
rising shear rate; for samples with 20% cholesterol the orientation decreases; finally
S., factor for samples with 40% cholesterol appears to be unaffected by the rising of

shear force and stay more or less constant over the investigated interval 160-3200 s™.
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Figure 4.1.9. Orientation triangle containing all measured values of Syy and S,; from two orthogonal
transition moments

The split LD peak at 273 nm (Figure 4.1.5) suggests a distribution between slightly
different surrounding environments and orientations of the short-axis transition (By)
of pyrene. Occurrence of two peaks is probably a result of an overlap of a large
number of LD spectra with different signs and with slight energy shifts relative to
each other. The negative red-shifted LD at 275 nm (Figure 4.1.5) corresponds to the
By, transition being slightly parallel with the lipid chains, resulting in an arrangement
with the largest polarizability. The positive LD at 272 nm corresponds to the
perpendicular orientation of the By transition relative to the lipid chains. In this
configuration lipid chains have less interaction with the By, transition, which results in
the blue shift of the LD band.

Overall the experimental data reveal that pyrene can be used for detection of small
changes of the lipid order at the molecular level. The changes in the lipid packing by
addition of the membrane-stiffening cholesterol can be reflected by the magnitude of
the two orthogonal transition moments of pyrene. Likewise it is possible to monitor

the effect of external shear stress on the microscopic ordering of the lipid bilayer.
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4.2 Bicellar Lipid Mixtures: introducing new membrane
model for LD

4.2.1 Proof of concept: flow-alignment of bicelles

During the past decades, the multi-lipid bicellar system, i.e. bicelles, has emerged as
promising biological mimetic membrane model used e.g. for structural studies of

. . 2
membrane-associated proteins.”*

However most of the applications of this
membrane model has been limited to spectroscopic techniques such as NMR and
magnetic sample orientation.”>*>*® In Papers III and IV we proposed the use of
bicelles for LD measurements. The alignment of the lipid phase was investigated
using such membrane probes as retinoic acid (RetA) and pyrene.

In paper III, the flow alignment of bicelles was investigated using a common
binary bicellar mixture composed of DHPC and DMPC lipids with a mixing ratio of
3.2. Upon application of the shear force the LD signal of both membrane probes could
be successfully recorded confirming the lipid phase alignment (Figure 4.2.1). The LD
data collected from the RetA sample displayed a distinct negative LD peak at 354 nm,
while the data from the pyrene sample showed a positive peak at 272 nm and a
negative peak at 339 nm (Figure 4.2.1 A and B). Based on these observations it could
be concluded that the membrane surface normal of the bicellar system was mainly

oriented perpendicular to the macroscopic orientation (see Paper III).
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Figure 4.2.1. Absorbance and LD spectra for the bicellar mixtures with: pyrene (A); retinoic acid (B).

Knowing that the morphology of the bicellar mixtures depends on temperature,®*
flow sample alignment was also investigated in a broader temperature range between
15-50 °C. Figure 4.2.2A summarises the temperature dependence of the LD signal,
presenting the peak values of the membrane probes. When the temperature was
increased from 15 °C, the first LD signals indicating the alignment of the membrane

probes were observed at 19 °C. Further increase of the temperature in the interval 19—
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23 °C produced a quick rise of the LD signal, which reached its maximum at 23 °C. A
subsequent rise of the temperature to 25-50 °C resulted in a rapid decline of the
signal. The highest alignment of the RetA was observed at 23 °C, resulting in the
macroscopic orientation parameter S = 0.3, which was three to ten times higher than
the orientation achieved using DOPC liposomes (S = 0.033-0.1),°** the most
commonly used lipid system for flow-LD.

The flow orientation of a membrane-associated protein, cytochrome c, in bicellar
mixtures was studied by the LD technique in order to explore possible biological
applications of the DMPC/DHPC membrane model. The results presented in Figure
4.2.2B indicate a good alignment of the protein molecules. The LD signal displays a
shape that is characteristic for the oxidized form of the cyt ¢, which was previously
observed with LD measurements using liposomes.” The quality of the observed signal
allowed resolving the structural information in the aromatic (200-300 nm) as well as
in the heme Soret regions (400nm and 500—-600 nm). This is a clear advantage of the
bicelle membrane system, because the aromatic band of the protein was hidden by

high light scattering in the previous measurements made with liposomes.
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Figure 4.2.2 (A) Absolute peak values of pyrene and retinoic acid at different temperatures and the
constant shear gradient of 900 s™'; (B) Absorbance and LD of cytochrome ¢ at 27°C and a shear
gradient of 600 s™.
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4.2.2 Optimization of parameters affecting bicelle flow alignment

While working with DMPC/DHPC system in Paper I1I, we noticed that besides the
temperature, parameters such as lipid concentration and applied shear force were
among other important factors influencing the flow alignment. Also in Paper III, the
analysis was limited to the DMPC/DHPC mixtures with the lipid-mixing ratio of
q=3.2, excluding other common DMPC/DHPC ratios used in the NMR field.
Consequently a more extended study was needed in order to determine the influence
of those parameters on bicelle orientation. Thus, Paper IV presents a characterization
of the bicellar alignment over an extended range of system parameters, such as lipid-
mixing ratio, lipid concentration, temperature and applied shear force.

As previously described in Paper 111, LD spectroscopy was used to investigate the
alignment of the bicellar samples using membrane probes. Samples with three
different DMPC/DHPC molar ratios were investigated: q = 2.5, q = 3.2 and q = 4.0.
Additionally, four samples were prepared for each ratio with the following lipid
concentrations: 3 wt%, 5 wt%, 10 wt% and 20 wt%. By using a Couette cell equipped
with speed and temperature control, the behaviour of DMPC/DHPC mixtures was

investigated at a broad range of flow gradients and at temperatures between 18—40 °C.
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Figure 4.2.3 (A) Change of pyrene LD signal with increase of shear gradient between 12-360 s™', for
the ¢ = 3.2 and / = 5 wt% sample at 25 °C. Color code: 12 s: red, 30 s™": orange, 60 s™': green, 120 s
cyan, 240 s': blue, 360 s™': magenta. (B) Peak values of the LD at 337 nm for ¢ = 2.5 (black), g = 3.2
(blue) and g = 4.0 (red) at varied shear gradient.

LD measurements indicated clearly that a shear gradient variation had a
pronounced effect on the alignment of the bicellar samples. Figure 4.2.3A exemplifies
the effect of shear gradients on the pyrene orientation added to the q = 3.2 sample at
5 wt% concentration. For this sample, the magnitude of the LD signal grows when the
shear gradient increases from 12 to 360 s'. Likewise the samples with other mixing
ratios demonstrate a similar dependency on the shear force. Figure 4.2.3B summarizes

the alignment behaviour of all the investigated mixing ratios, by presenting only the
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LD peak values at 337 nm arising from one of the pyrene transition moments. While
alignment of the q = 2.5 sample demonstrates only a slight increase with shear
gradient, both 3.2 and 4.0 samples show rapid and pronounced growth of the LD
signal. Also, it can be concluded that the q = 4.0 sample reaches the maximum

alignment much quicker than other investigated samples.
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Figure 4.2.4 LD spectra of pyrene probe added to bicellar samples with q = 3.2 and the lipid
concentration of 3 wt%, 5 wt%, 10 wt%, 20 wt% at the investigated temperatures. Spectra were
recorded at a shear force of 350 s™'; all spectra are normalized to 1 mm pathlength; concentration of
pyrene is 50 uM for all samples.

Both the q = 2.5 and 4.0 samples reach a steady-state condition of the alignment in
the investigated shear force interval. In contrast, the alignment of the q = 3.2 sample
shows a continuing signal growth over the investigated interval. This behaviour is in
agreement with our previous results presented in Paper III, which showed a greater
orientation of the q = 3.2 samples when higher shear gradients were applied (900 s™).
However increasing shear gradients above 400 s™' resulted in air bubble formation in
some of the investigated samples, leading to fluctuating LD signal and high noise-to-
signal ratio. Therefore the shear gradient of 350 s was estimated to be optimal for
most of the samples, giving good alignment and attaining comparability of samples.

The temperature influence on flow alignment was investigated for all bicellar
samples used in this study. Figure 4.2.4 shows the LD data illustrating a set of
experiments for q = 3.2 samples at various hydrations and temperatures. Similar series

of measurements were performed for the samples with the lipid ratios q = 2.5 and 4.0.
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Figure 4.2.5 summarizes the experimental results presenting LD" peak values at 337

nm.
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Figure 4.2.5 Temperature dependence of LD" at 337 nm for pyrene samples with ¢ = 2.5, ¢ = 3.2, and
g = 4.0 with lipid concentration between 3—20 wt% and shear force of 350 s'; all spectra are
normalized to 1 mm pathlength; concentration of pyrene 50 uM; / = 3 wt% (black), [ = 5 wt% (red), [ =
10 wt% (blue), I = 20 wt% (green).

Data presented in Figure 4.2.5 reveal some similarities in the alignment behaviour
for samples with different lipid molar ratios (q = 2.5, 3.2 and 4.0). All of the samples
reach the maximum LD values within the temperature region of 22-28 °C. For all
lipid ratios, the LD signals decline at temperatures above 28 °C, and they also show
no orientation below 19 °C. It is also noticeable, that the increase in q value from 2.5
to 4.0 leads to lowering the temperature for maximum alignment from ~28 °C to
~22 °C for most of the lipid concentrations. Finally the results in Figure 4.2.5 show
that the q = 3.2 samples achieve the highest sample orientation among the other
investigated lipid ratios, while the q = 2.5 samples have the lowest alignment. Table
4.1 summarizes the macroscopic orientation parameter S for the investigated samples.
The maximum values of S display only minor variations between the samples with the
same molar lipid ratio. The maximum value of S = 0.2 is reached by the 3.2 sample,
while 2.5 sample shows the lowest orientation with S = 0.7.

The results presented in Papers III and IV demonstrate that DMPC/DHPC bicelles
can be efficiently aligned by shear flow. The flow alignment of this membrane model
shows a complex behaviour depending on such system parameters as lipid mixing
ratio, lipid concentration, temperature and shear gradient. Even though flow-oriented
bicelles do not reach as high degree of alignment as bicelles oriented with the
magnetic field used in NMR, the ordering of the bicelle phase is still surprisingly high
(S = 0.2). In order to achieve the same degree of alignment as presented here,

magnetic fields of 4—5 T have to be used.®
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Table 4.1. The maximum macroscopic orientation parameter (S), and LD" values calculated for the
investigated DMPC/DHPC lipid systems using RetA as a membrane probe.

Molar ratio Lipid conc. % —LD" (at 350 nm) N
20 0.11 0.07
10 0.11 0.07
q=2.5
5 0.14 0.09
3 0.12 0.08
20 0.30 0.20
10 0.28 0.19
q=32
5 0.29 0.19
3 0.30 0.20
20 0.20 0.13
10 0.17 0.11
q=4.0
5 0.18 0.12
3 0.15 0.10

When performing spectroscopic measurements involving membrane models, it is
important to have a lipid system with low optical contribution to the LD and
absorbance spectra. In the case of the most commonly used system, DOPC liposomes
this is usually achieved by low lipid concentration (0.1-0.2 wt%) and refractive index
matching of buffers by sucrose addition (50 wt%).”®*** In Papers III and IV, the
DMPC/DHPC samples at much higher lipid concentrations were investigated — 15 to
200 times higher than for liposomal system. While 10 and 20 wt% samples displayed
elevated light scattering, the 3-5 wt% samples exhibited low light scattering
comparable with that arising from DOPC liposomes. This makes 3—5 wt% samples
more suitable for LD and absorbance measurements. Moreover using the same probe
concentration with liposomes and bicelles, a lower sample - to - lipid ratio is obtained
for the latter, thus minimizing potential probe aggregation and other perturbing effects
of probes in the lipid membranes.

A particularly beneficial property of the investigated bicelle system over DOPC
liposomes is their considerably higher alignment. The highest achieved bicelle
orientation at 350 s™ has an orientation factor of S = 0.2 which is two to six times
higher than the orientation factors usually obtained for flow-aligned liposomes (S =
0.033-0.1). ®** Moreover, Paper III described even higher orientation with S = 0.3 for
DMPC/DHPC q = 3.2 samples aligned by a significantly stronger shear force of
900 s”'. Such strong alignment of bicelles provides significantly higher spectral
resolution and therefore can potentially offer more detailed structural information on
membrane-associated molecules.

In conclusion in Papers III and IV we demonstrated that bicelles could be
efficiently aligned by shear flow. Also the sample composition and systems

parameters most suitable for the optical spectroscopy were determined. The bicelles
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showed a high degree of orientation providing detailed structural information of small
solute molecules. The morphological change of the lipid assemblage was proposed as
a possible explanation for the alignment dependency on temperature, lipid
concentration and molar ratio. Moreover it was concluded that the temperature region
of the highest sample alignment coincided with one of the phase transitions regions
characterized by the highest sample viscosity.

The biological application of bicelle was demonstrated in Paper III using LD
measurements in samples containing a protein (cytochrome ¢). Measurements using
bicelles as a membrane host allowed resolution of the structural information in the
aromatic region (200-300 nm) of the spectrum. The region that was inaccessible
when using liposomes as membrane model due to the high light scattering of the
sample. Thus flow orientation combined with optical techniques opens up
opportunities for future structural and dynamic studies of membrane proteins and

other membrane-associated molecules.
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4.3 Modelling and probing DNA rare base-pair opening

In living cells, individual DNA base pairs are constantly undergoing a process of
disruption and reformation.”>” This process is called "DNA breathing" and it mainly
occurs due to the weak character of the hydrogen bonds formed between the
individual bases.®®° Structures, which are adopted during these transient structural
fluctuations, include the single- to double-strand junctions, which are believed to be
important for the recognition of and binding to regulatory enzymes. Especially those
binding motifs are important for control of such essential cellular processes as
transcription, replication and recombination.*’

Generally transient openings of a DNA duplex can be comparable to some of the
static imperfectly paired structures. These can include regional un-pairing, loops and
junctions, which can be introduced into long DNA by heat denaturation — a process
when thermal melting of DNA is followed by rapid cooling. Also the imperfectly
paired structures can be introduced into the short DNA fragments by synthesis.

In Paper V we probed transition-state base-pair openings by using static
imperfectly paired structures of heat denatured DNA. We used LD spectroscopy and
luminescence experiments to compare the threading intercalation of the binuclear
ruthenium complex AA-P (Figure 4.3.1A) into the heat denatured (hd) and the native
calf thymus (ct) DNA.

Free energy

Figure 4.3.1. (A) The chemical structure of the bidppz-bridged binuclear ruthenium complex; (B)
Energy diagram illustrating the energetics of the threading rearrangement: groove bound ruthenium
complex (left cartoon) that, through a high-energy transition state involving formation of a loop-hole in
the duplex, becomes intercalated (right). Threading into hd-DNA (grey) appears to have a lower energy
barrier than native ct-DNA (black).
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Figure 4.3.2. (A) (Top panel) LD after mixing AA-P and native ct-DNA; spectrum top to bottom: (at
RT) 5 min, 1 h, (at 50 °C) 30 min, 1 h, 4 h, 12 h; (bottom panel) LD after mixing AA-P and hd-DNA;
spectrum top to bottom: (at RT) 1 min, 5 min, 1 h, (at 50 °C) 30 min, 12h). (B) Kinetics after mixing
AA-P and native (black) or hd (grey) ct-DNA at 25 (solid), 37 (dashed) and 50 °C (dotted).

LD data presented in Figure 4.3.2A shows rapid intercalation of AA-P into hd-
DNA already at room temperature in contrast with the data observed for native ct-
DNA. The time-dependent declining of the LD signal caused by AA-P threading into
hd-DNA shows that the complexes are preferentially bound to the less ordered
regions of the DNA, such as hairpin loops, mismatched regions etc. In order to follow
AA-P threading into hd-DNA kinetic studies were performed. Results summarized in
Figure 4.3.2B illustrate low temperature-dependence of hd-DNA intercalation, which

indicate a decrease in activation energy for AA-P threading (Figure 4.3.1B).
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Figure 4.3.3. (A) (To the left) Emission spectrum of AA-P equilibrated with X = 7 oligonucleotide
(black) or poly(dAdT), (grey); (to the right) emission spectrum of AA-P added to a mixture of X =7
oligonucleotide and poly(dAdT), after incubation for 5 h at 25 °C (dashed) and after further heating for
5 hat 50 °C (solid). (B) The evolution of the luminescence increase after mixing at 25 °C (to the left)
and upon increase of temperature to 50 °C (to the right) for samples containing AA-P and X = 7
oligonucleotide (black, solid) or poly(dAdT), (grey) only and for sample containing AA-P and a
mixture of the two DNAs (black, dashed).
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Due to the fact that less stable AT-rich DNA regions are especially liable for
structural changes under the heat denaturation and cooling cycle, a comparison study
using a short alternating AT-polymer poly(dAdT), was performed. The competition
experiment with X = 7 oligonucleotide has shown (Figure 4.3.3) that unpaired
structures offer a more attractive site for threading intercalation than paired AT bases.
However paired AT regions offer thermodynamically the most favourable
intercalation sites. Also we examined how efficiently a small amount of these
oligonucleotides can be targeted through threading intercalation in the presence of
paired ct-DNA. LD in combination with emission fluorescence has shown a fast
rearrangement to intercalation of AA-P interacting with the loop-containing
oligonucleotides (Figure 4.3.4), which indicates a preference for these forms of DNA
compared to ct-DNA.
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Figure 4.3.4. (A) (Top panel) LD after addition of AA-P to native ct-DNA only (bottom panel) and
with addition of X = 7 oligonucleotide. Spectrum: (at RT) 5 min, 20 min; (at 50 °C) 1 h, 4 h, 12 h
(grey). (B) Emission spectrum of samples containing AA-P and ct-DNA only (solid) or the mixture of
ct-DNA and X = 0 (dashed) or X = 7 (dotted) oligonucleotide 20 min after mixing at RT (black) and
after heating at 50 °C for 4 h (grey).

In conclusion, the intercalation of a dumb-bell shaped ruthenium complex between
two DNA strands is associated to rare, transient duplex openings. Thus binuclear
ruthenium complexes can be used to probe local un-pairing of DNA strands. In this
paper, we have investigated DNA constructs structurally imitating hypothetical
transition states of DNA, in which threading, and unthreading, are shown to be greatly
facilitated. The first of the investigated DNA constructs involved improper re-
annealed heat-denatured DNA duplex. While intercalation of the AA-P into native
DNA requires hours at elevated temperature, the threading into the improperly re-
annealed hd-DNA occurs much faster. This indicates a strong reduction of the
activation barriers to intercalation for the imperfectly paired regions, which act as
stationary threading portals. The second investigated model for transition states
included protruding loops in oligonucleotide duplexes. Experimental results indicate
noticeably lowering of the energy barrier for intercalation, resulting in kinetically
controlled threading of AA-P into unpaired sequences. The overall outcome of this
paper may have relevance for new strategies for targeting imperfectly matched DNA.
Also it may have importance for understanding how DNA "breathing" effects

transcription, replication and recombination processes.
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S. CONCLUDING REMARKS

The work presented in this thesis aims to develop model systems, which in
combination with polarized light spectroscopic methods can be used to study
processes occurring in the living cells. Here we present new research concerning
certain model systems appropriate for LD studies of both membrane-associated
molecules and DNA. We introduce to the LD field, and characterize using LD, a new
membrane model, so called bicelles, demonstrating great advantages over other flow-
LD membrane systems including small light scattering and good alignment. We
investigate how this system behaves depending on temperature, lipid concentration
and lipid-mixing ratio. Furthermore, we also examine and exploit an already
established model system, liposomes, and report new interesting observations
regarding the effect of viscosity and shear flow on liposomal alignment. We show that
under a prolonged applied shear-stress the liposomes demonstrate a time-dependent
increase of alignment resulting in up to fourfold rise of the LD signal compared with
the initial value. Also, we demonstrate, for the first time, that information about the
microscopic alignment of the molecules in the flow-aligned bilayers of liposomes can
be obtained from flow-LD spectra if certain small organic probe molecules are used,
one which reports on the macroscopic order of the membrane and one which probes
sensitively its interaction with surrounding molecules in the membrane. Finally, we
demonstrate how a simplified DNA model with static unpaired regions can be used

for studies of temporary transition-state arrangement of DNA.

The findings presented in this thesis contribute to the basic understanding of the
existing model systems but also introduce promising new models, which hopefully
will be useful in future LD studies. The improvement of flow alignment of the lipid
systems (Papers 1, III, IV) opens up for new possibilities for binding geometry studies
of the membrane-associated molecules. The method for evaluation of the microscopic
orientation (Paper II) may be useful for detecting the effect of the lipid order on the
function and changes in membrane proteins. The presented investigation of the
transition-state model of DNA (Paper V) may have a relevance to the new emerging

strategies for targeting imperfectly matched DNA.
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