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Résumé

Les membranes constituent une barriere naturelle pour les cellules qui séparent
I'intérieur de I'extérieur et permettent la formation de divers compartiments cellulaires
internes. Elles sont essentielles pour la vie, car elles exécutent un certain nombre de
processus cellulaires, y compris la communication cellulaire, la respiration, la transduction du
signal et la motilité. Les membranes peuvent étre décrites selon le modele de la mosaique
fluide, ou la bicouche phospholipidique est considérée comme deux liquides bidimensionnels

incorporant un assemblage globulaire des protéines et des glycoprotéines.
Le travail présenté au cours de cette theése s’articule autour de trois parties principales:
1) Interaction lipide-lipide

La premiere partie est consacrée a I'étude des lipides qui forment les membranes
biologiques. Ces lipides sont constitués de groupes hydrophiles ainsi que de chaines grasses
hydrophobes, ils s’auto-assemblent en milieu aqueux dans des structures différentes comme
des micelles, des bicouches lipidiques et des liposomes. En outre, ils présentent une propriété
intéressante sous l'effet de la température; ils passent d'une phase de gel ordonnée a une phase
désordonnée. Ces deux phases différent par leur densité d’auto-association des chaines

d’hydrocarbure.

La structure et l'organisation des lipides dans les différentes phases sont étudiées par
spectroscopie infrarouge (FTIR). Le moyen infrarouge (MIR) (4000-800 cm™) donne des
informations sur la température de transition de phase et les propriétés conformationnelles
des lipides. En revanche, la région de I’infrarouge lointain (FIR) (600-50 cm™) permet de voir
la contribution du groupe principal PO,  du phosphate, les mouvements de torsion des

vibrations de la chaine d'hydrocarbure aussi bien que l'interaction des liaisons hydrogénes.

La caractérisation des systemes lipidiques purs et lipide/cholestérol permet I'examen de
I'influence du cholestérol sur le comportement thermotropique et le polymorphisme de ces
mélanges de lipides. Pour obtenir une meilleure compréhension de I'effet du cholestérol sur
la phosphatidylcholine, phosphatidyléthanolamine issue de 1’ceuf et la cardiolipine, la région
carbonyle (1700-1800 cm™) est examinée. Cette région est importante pour I'étude des

systemes lipide/cholestérol, puisque le cholestérol n'a pas de contribution dans cette gamme



spectrale et tous les effets observés peuvent étre corrélés a I'interaction entre le cholestérol et
les lipides, soit de maniere directe par la formation de liaisons hydrogene entre le groupement
CO des lipides et de I’hydroxyle OH du cholestérol ou d’une maniéere indirecte par des effets

de conformation.

Représentation du groupement hydroxyle (-OH) du cholestérol (en jaune) associés avec le groupe de
téte polaire des lipides (en bleu).

En outre, les mesures réalisées par la spectroscopie infrarouge sur la dépendance de la
température des mélanges lipidiques de différents ratio (phosphatidylcholine/ phosphatidyl-
éthanolamine) dans la région de l'infrarouge lointain sont effectuées dans le but de déterminer
la composition du groupe principal (choline et éthanolamine) qui affecte les interactions des

liaisons hydrogeéne et la température de transition de phase.

Enfin dioleoylphosphatidyléthanolamine/cholesteryl hemisuccinate (DOPE/CHEMS) lipo-
somes a différents pH sont étudies afin d'éxaminer la dépendance du pH. Le changement de
pH induit un changement clair dans la vibration de I’étirement asymétrique du phosphate et
dans le continuum de liaison hydrogéne. Ainsi, les conclusions de la spectroscopie infrarouge
moyen et lointain nous ont permis de proposer un mécanisme d'interaction entre le DOPE et

CHEMS via les liaisons hydrogéne et les interactions électrostatique.

Xl



2) Interaction lipide-protéine

La protéine NADH ubiquinone oxydoréductase (complexe 1) constitue le premier
complexe de la chaine respiratoire; elle couple l'oxydation du NADH en NAD" et la
réduction de l'ubiquinone en ubiquinol accompagnées par la translocation de quatre protons a

travers la membrane.

Ce complexe enzymatique de 500 KDa est a la fois le plus grand et le moins bien connu
des complexes de la chaine respiratoire. En dépit de récentes avancées structurales, le
mécanisme de couplage de ’oxydation de NADH a la translocation de protons reste sujet a
discussion. Il est suspecté que des modifications de la fonction ou de la structure de cette
enzyme menent a une variété de pathologies humaines courantes, telles que les maladies de

Parkinson et d’ Alzheimer ou encore la neuropathie optique héréditaire de Leber.

La seconde partie de la thése porte sur I'étude du rdle d’un lipide artificiel (copolymere
séquencé de polyméthylsiloxane-polyméthyloxazoline-polyméthyloxazoline) dans la protéine
complexe I. Les résultats obtenus sur les mesures d'activités indiquent que le lipide artificiel
(copolymere mentionné ci-dessus) est capable d'activer le complexe | de maniere similaire a
celle des phospholipides et de fournir un milieu approprié pour la conformation active de la
protéine. La spectroscopie infrarouge couplée a 1’électrochimie a montré que ce polymere a
induit des changements majeurs au niveau de la bande amide | et amide Il. D'autres
expériences telles que la spectroscopie Raman et 1’échange cinétique hydrogéne-deutérium
(H/D) ont da étre effectuées afin de mieux comprendre le mécanisme de I'interaction entre ce

copolymere et le complexe .

Representation du Complexe | incorporé dans la membrane du copolymére.
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3) Complexe 1 et ces differents mutants

Le complexe I a une structure en forme de L dont la partie périphérique s’étend dans le
cytoplasme la ou se trouve un mononucléotide de flavine (FMN) et une série de clusters
binucléaires et tétranucléaires de fer-soufre. En revanche, la partie membranaire est
incorporée dans la bicouche lipidique et ne contient pas de cofacteurs. Cette partie est
impliquée dans le mécanisme de pompage des protons, ou certains résidus d'acides aminés

sont proposés d’intervenir dans les chemins de protons.

Pour cette raison, des études sur différents mutants du complexe | situés au niveau de la
sous-unité NuoL ont été effectuées. Les résultats observés révelent de faible changements de
conformation de la bande amide | et amide Il dans ces mutants, ce qui est cohérent avec leur
taux de transfert d'électrons lIégérement modifié. L'étude de ces mutants permet de déterminer
le role de cette sous-unité dans le pompage de proton afin d'obtenir une meilleure

compréhension du mécanisme de fonctionnement de cette protéine.

L’ion Zn** est un inhibiteur du pompage de protons pour le complexe 1. Ceci, induit des
changements dans la signature spectrale de certains résidus d’acides aminés connus pour
participer au transfert de protons. Les mesures effectuées en spectroscopie infrarouge
différentielle induite par électrochimie ont permis de conclure que le blocage du pompage de
protons avait une influence sur les changements conformationnels lors du fonctionnement de

la protéine.

Enfin, les mutants NuoB a différent valeurs de pH ont été étudiés. Les modes de
vibrations « bridging et terminaux » des clusters fer-soufre, ainsi que leurs potentiels redox
ont été sondés en utilisant la spectroscopie Raman et ’UV-visible. Le potentiel redox (Em)
du cluster N2 a été deplacé de 70 mV par rapport a la protéine sauvage (wild type). En
revanche, le potentiel redox de la FMN n'a pas été affecté. Ceci pourrait &tre expliqué par la
distance entre le site de la mutation et le cofacteur. Les résultats Raman nous ont permis de
conclure que les modes de vibrations bridging (Fe-Sp) ont été déplacés vers des fréquences
plus basses ce qui implique que la mutation a induit une perturbation ainsi qu’un changement

conformationnel du cluster fer-soufre.

X1



Chapter |

General introduction about lipids and

NADH ubiquinone oxidoreductase protein



Introduction: Biological membranes, lipids and proteins

1 Introduction
1.1 The cell membrane

The cell is considered as the smallest structural and functional unit of all known living
organisms. Cells are classified based on their cellular characteristics into two types: eukar-
yotic cells that have nucleus and prokaryotic cells that do not have. Both types are surrounded
by permeable thin membranes that separate the inside from the outside and allow the
formation of various internal cellular compartments. The study of these membranes attracted
scientist’s interest and became a primary target in both basic and applied research since they
are involved in various cellular processes including cell communication, respiration, signal

transduction and motility.

In 1972, Singer et al. @ designed the fluid mosaic model that explains various observations
regarding the structure of functional cell membrane. According to this model, the
phospholipid bilayer can be considered as a two dimensional liquid incorporating globular
assembly of proteins and glycoproteins (Figure 1). This model was subjected to many
developments in terms of composition and molecular organization. For instance, Simons et
al. and Brown et al. suggested that membrane lipids are organized into lateral micro domains

or lipid rafts which possess a specific composition and molecular dynamic .

Oligosaccharide Glycoproteins
2 )

. “Integral
Hydrophobic proteins

o helix

Cholesterol

Phospholipid

Figure 1. Schematic representation of the fluid mosaic model according to Singer and Nicolson (1972) ©.



Introduction: Biological membranes, lipids and proteins

As illustrated in Figure 1, a biological membrane is mainly made of three major components:
sugars (5%), proteins (45%) and lipids (50%) ©. The sugars are found on one side of the
membrane and they are attached by covalent bonds to the protein and lipid molecules. Protein
and lipid molecules are held together through non covalent interactions @

1.1.1 Lipids

Lipids are amphiphilic molecules composed of hydrophilic head groups and hydrophobic
tails ®. The lipid head groups are polar, zwitterionic or charged. Three types of lipids are
found mainly in biological membranes: phospholipids, glycolipids and cholesterol. Besides,
there are many other types of lipids classified by Lipid Metabolites and Pathways Strategy
(Lipid MAPS) according to their chemical structures ®. The abundance of each type of lipid

is presented in Figure 2 ©,

3500
GL: Glycerolipids
3000 | 2948 FA: Fatty Acid
i GP: Glycerophospholipids
ST: Sterol Lipids
2500 - SP: Sphingolipids
[ 2,207 PR: Prenol Lipids
S o000l 1 854 SL: Saccharolipids
5 PK: Polyketides
[i¥]}
£ 1500 1373
2
1000
5001 485
27 10 3

GL FA GP ST SP PR SL PK
Lipid category

Figure 2. Abundance of each type of lipid adapted from lipid MAPS ©.

e Phospholipids

The most abundant class of lipid molecules found in cell membranes is phospholipids. The
phospholipid molecule is made up of a polar head which contains phosphate group and two
nonpolar fatty acid chains as the tail, usually one chain is unsaturated (Figure 3). The nature

of the R group attached to the phosphate usually determines the lipid type (see Table 1).
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The “R” group could be choline, serine,
I ethanolamine.

Polar head Phosphate

Glycerol

Non-polar tail

Fatty acid

Figure 3. Representation of the structure of a phospholipid molecule.

e Glycolipids

The main difference between phospholipids and glycolipids is that the latter have a sugar
group as glucose or galactose instead of the phosphate group. Glycolipids exist in animal and

plant membranes with sphingosine and glycerol groups respectively.
e Cholesterol

Cholesterol constitutes the third type of lipids; the structure is made up of four steroid rings
together with a hydroxyl group and a small hydrocarbon side chain (Figure 4). Cholesterol is
present in some mammalian membranes in contrast to bacterial and plant membranes .
Cholesterol does not have the ability to form bilayer by itself however it is incorporated into

the phospholipid bilayer to fill the flickering spaces among the acyl chains ‘%%,
Hydroxyl

group

Four ring structure )
<

Short hydrocarbon
side chain

Figure 4. Schematic representation of the cholesterol structure.
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Table 1. Different kinds of phospholipids with their polar group R and net charge @23,

Name of phospholipid Name of R Formula of R Net
charge
at pH
7
Phosphatidic acid —_— —H -1
®
Phosphatidylethanolamine Ethanolamine ——H,C—CH,—— NH;j; 0
®
Phosphatidylcholine Choline ——H,C—CH,—— N(CHy); 0
®
——H,C——CH—NH; 1
Phosphatidylserine Serine
CoO
. H,
Phosphatidylglycerol Glycerol CH,-CH—C —OH 1

Phosphatidylinositol Inositol 4,5-

-4
4,5-bisphosphate bisphosphate
—CH,
CHOH o
Cardiolipin Phosphatidylglycerol HZC_O_lrl_O_CHz P
(o} |

CH —O0—C—R,

According to the nature of the polar group R, lipids are classified into zwitterionic like
phosphatidylcholine and phosphatidylethanolamine or negatively charged such as cardiolipin,
phosphatidylserine and phosphatidylglycerol.
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1.1.2 Properties of lipids

In aqueous medium, lipid molecules self-assemble into different organized structures as
micelles, liposomes and phospholipid bilayers (Figure 5) in order to minimize the contact

between hydrophobic parts of lipids and water molecules.

Micelle

SPEPEPEPES Ve s le e e s e e s e e e Ve Ve Ve Ve Y ¥
NN NI
I I I I I NI I NI I NI I I IIINN

Bilayer sheet

Figure 5. The organization of phospholipids in agueous environment.

The morphology of the phases formed depends not only on the concentration of the
amphiphilic molecules but also on the geometrical shape of the molecules under
consideration. The ratio between the volume of the hydrophobic portion (v) and the product
of the area of the polar head (ap) by the length of the molecule (I;) is called the shape factor or
packing parameter (P=v/agl;). This factor determines the topology of the self-assembled

structure as can be seen in Table 2 ¥,

Table 2. Packing parameters and possible structures .

Packing parameter (v/aolc) Formed structure
P<1/3 Spherical micelles
1/3<P<1/2 Cylindrical (rod like micelles)
1/2<P<1 Bilayers (if ag is small and

hydrocarbon chains are bulky)
P>1 Inverted micelles
1/2<P<1 Vesicles
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The structures formed are sensitive to the environment and conditions. Transitions between
them occur due to: temperature change (where ap and I; are altered), presence of ions, chain

unsaturation and branching **.

The phospholipid bilayer is considered as a two dimensional fluid, so proteins and lipid
molecules are able to diffuse freely in the matrix. The lateral diffusion is very rapid so the
phospholipid molecule is able to move from one end to the other within few seconds. In
addition, these lipid molecules can rotate rapidly along their head to tail axes. In comparison,

the mobility of membrane proteins is different from those of phospholipids .

In contrast to the rapid lateral diffusion, lipid molecules rarely move from one side of the
monolayer into the opposite side. This process of transfer is known as flip-flop or transverse
diffusion and it occurs rarely because the hydrophilic head group of the lipid molecule should
enter into the hydrophobic core of the bilayer. The measurements done on labelled
phospholipids in artificial vesicles showed that one phospholipid molecule undergoes
transverse diffusion only once in several hours.

Nevertheless, the flip-flop movement is slow and energetically unfavourable. The diffusion
coefficient associated with this process is of the order of 10® cm?s™ “®. Binder et al. "
revealed that these dynamic phenomena can occur either spontaneously or as a result of
external stimuli. Concerning proteins, no flip-flop has been observed yet. This is mainly due
to their large size and the extensive polar region which makes it difficult to move from one

layer to another.

e Fluidity

One of the most important features of the phospholipid bilayer is the fluidity. It is affected by
the temperature, lipid composition and cholesterol content. At low temperatures, the lipid
exists in the gel phase where the fatty acid chains are tightly packed with all trans
conformation. As temperature increases, the lipids vibrate more rapidly causing the transition
of the bilayer to a more loosely packed system where the chains exist in gauche

conformation.

The temperature at which the bilayer melts is called the transition temperature and it
corresponds to the transition from an ordered phase (gel phase) to a disordered phase (liquid
crystalline phase) (Figure 6) ‘2. The fluidity is influenced by the transition temperature:

when the transition temperature is lower the bilayer is more fluid.
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Gel phase Liquid phase

Heat

Figure 6. The phospholipid bilayer transition from a gel phase to a liquid crystalline phase. The two phases

differ in the packing density of the hydrocarbon chains.

The second factor affecting bilayer fluidity is the presence of cholesterol. Cholesterol fits
between the phospholipid molecules with its steroid rings between tails and hydroxyl group
between heads leading to a more rigid and stiff system, thus the membrane is less fluid and it

needs higher transition temperature to be melted .

Furthermore, the bilayer fluidity is influenced by the lipid composition. Lipid tails with short
chains or double bonds cause higher fluidity. Since short tails interact less with one another in
comparison with the long chains, this weak interaction necessitates lower transition
temperature to melt the bilayer containing them. In addition, double bonds put bends in the

hydrocarbon chain leading to a less packed system and more fluid bilayer (Table 3) (),

Table 3. Phase transition temperature of PC lipid according to the length of the two fatty acid chains (where
number of carbon atoms varies between 16 and 18) and degree of unsaturation where 0 (no double bond), 1 (one
double bond) and 2 (two double bonds) “%.

Saturated Mono-unsaturated Poly-unsaturated
Lipid Tail Tp, (°C) Lipid Tail T, (°C) Lipid Tail T, (°C)
16:0-18:0 49 16:0-18:1 0 16:0-18:2  -19.5
18:0-18:0 55 18:0-18:1 6 18:0-18:2  -13.7

18:1-18:0 9 18:1-18:1  -20
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From Table 3, it is obvious that the increase in the degree of unsaturation (number of double
bonds) leads to the decrease of the transition temperature. For instance, the transition
temperature is 49 °C for (16:0-18:0) and 0 °C for (16:0-18:1). Additionally, the comparison
between (16:0-18:0) and (18:0-18:0) shows that the transition temperature increases as the
length of the fatty acid chain increases by two carbon atoms. As a result, beside the lipid head
groups, the lipid tails affect the structural properties of membranes as transition temperature,

hydrophobicity, reactivity and stability.
1.1.3 Experimental studies on lipids

This thesis is oriented around the study of particular lipid molecules as phosphatidylcholine
(PC), phosphatidylethanolamine (PE) and cardiolipin (CL). In general, PC and PE are two of
the most important neutral lipids found in all living organisms. The abundance of PE is
variable among cell types and organisms. For instance, it exists in low concentration in
animal cells, moderate concentration in blood cells (6%) and high concentration in bacteria
(70-80% in E. coli) ®. PE is distributed unequally between the inner and outer leaflets of the
membranes and it plays an important role in vesicle formation and membrane fusion ® 2,
On the other hand, PC lipid is dominating in animal cells and is considered as a key for

building and maintaining integrity of membranes ¢"22).

The major difference between PC and PE is the nature of the head group namely the choline
group for PC and the amine group for PE. The head group of PE allows the formation of
intermolecular and intramolecular hydrogen bonding where the amine group acts as a
hydrogen donor and the phosphate/carbonyl group as a hydrogen acceptor . These

interactions affect the transition temperature, membrane permeability, stability, etc.

Beside PC and PE lipids, cardiolipin (CL) is an anionic phospholipid with two protonable
phosphate groups ©?. It is found mainly in the plasma membrane of many types of Gram
positive and Gram negative bacteria and in the mitochondrial and chloroplast inner

g (3134)

membranes of eukaryote CL plays important roles in promoting cell growth,

mitochondrial function, anaerobic metabolism and structural stabilization.

The physical properties of lipids provide fundamental information which help in the
determination of the structural and functional properties of biomembranes. For this reason,
pure and mixtures of lipids were subjected to different kinds of characterization and

simulation studies. For instance, dipalmitoyl-phosphatidylcholine (DPPC), a pure PC system,
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was used as a model membrane to investigate the lipid-lipid and lipid-water interactions
which mimics the interaction between membranes and extracellular matter. The structural and
dynamic properties of DPPC such as 1) the area per lipid, 2) volume per lipid, 3) lamellar
repeated spacing, 4) bilayer thickness, 5) order parameter, 6) diffusion coefficient and 7)
transition temperature were analyzed using X ray diffraction % nuclear magnetic
resonance (NMR) ©° “9 and neutron diffraction “V. Other types of lipids such as dioleoyl-
phosphatidylcholine (DOPC) “* *¥ dimyristoyl-phosphatidylcholine (DMPC) “* %9 and
palmitoyl-oleoyl-phosphatidylcholine (POPC) ?? were studied as well to investigate the

properties and the structure of the model cell membrane.

On the other hand, the physical properties of PE membranes had also been characterized by
using different techniques. For example, Hitchcock et al. “® used the X ray diffraction
technique to probe the structure and arrangement of dimyristoyl-phosphatidylethanolamine
(DMPE) molecules. Mantsch et al. “” used the Fourier transform infrared (FTIR)
spectroscopic technique to analyze the thermotropic behaviour of PE and monitor the changes
during the transition from a bilayer lamellar phase to a non-lamellar hexagonal phase.
Furthermore, Popova et al. “® characterized the phase behaviour of dry membranes
containing egg PE (EPE) or monogalactosyldiacylglycerol (MGDG) using differential
scanning calorimetry (DSC) and FTIR spectroscopy.

For mixed PC and PE systems, most studies focused on the mechanism of interaction due to
the formation of intermolecular and intramolecular hydrogen bonding and its consequences
on the structure. Blume et al. ®® determined the phase equilibria and dynamic structure of
binary mixtures of DPPC and dipalmitoyl-phosphatidylethanolamine (DPPE) using solid
state °C and 2H NMR. Dyck et al. “® used surface sensitive X ray scattering to understand
the lipid conformation of diacyl-phosphatidylethanolamine (PE) with its mono, di and
trimethylated diacyl-phosphatidylcholine (PC). Quinn et al. ®” reported the study of dynamic
phase transition of (DMPC) and (DMPE) in water in a 4:1 molar mixture using time resolved
X ray diffraction. Mendelschon et al. ®® used Raman spectroscopy to construct the phase
diagram for the binary phospholipid systems of DPPC/DPPE and DPPC-dg,/DPPE in order to
see the effect of chain perdeuteration on the phase behaviour of the system. Moreover, Blume
et al. ®? used DSC to study lipid phase transitions in aqueous dispersions of PC and PE
systems.

In addition, many studies have been reported on the cardiolipin model membranes. The

thermotropic phase behaviour of cardiolipin (18:0) using FTIR spectroscopy was described

10
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by Hubner et al. ®®, where they suggested that the glycerol head group of cardiolipin is
involved in strong intramolecular interactions. Another study by Lewis et al. ®? showed the
characterization of the thermotropic phase behaviour, the structure and organization of the
various lamellar phases of the tetramyristoyl cardiolipin (TMCL) using FTIR spectroscopy,
DSC, X ray diffraction and P NMR. Powel et al. ® studied the polymorphic phase
behaviour of cardiolipin derivatives using X ray diffraction and P NMR indicating the

importance of head group interactions in determining the lipid phase behaviour.

Most of the mentioned studies are concerned with the phase behavior of pure lipids in the
fully hydrated form or even at different degrees of hydration. However, little work has
specifically focused on mixed lipids and in particular on their specific interactions in the dry

state.
1.1.4 Computational studies

Beside experimental studies carried on pure and mixtures of lipids, several computational
studies have been performed including molecular dynamic (MD) simulation studies on lipids
like DMPC %% pppc 9 popc €2 63 and DOPC ©. Simulation calculates some of
the structural and dynamic properties as membrane thickness, area per lipid, density profiles,
head group hydration, and lipid tail order parameter. Additionally, the simulation of PE lipid
and mixed PE bilayers had attracted a great deal of attention in order to get a further
understanding about the mechanism of hydrogen bonding of PE and to identify the changes
of the membrane properties. Damodaran et al. ®® applied a MD simulation to investigate the
water structure around DMPC and dilauroyl-phosphatidylethanolamine (DLPE) head groups.
Another MD simulation was applied by Murzyn et al. ®® to examine the properties of a
bilayer built of palmitoyl-oleoyl-phosphatidylethanolamine (POPE) and palmitoyl-oleoyl-
phosphatidylglycerol (POPG). They were able to identify specific interaction including
hydrogen bonds between lipids, water bridges, and lipid water hydrogen bonds in addition to
the examination of the affinity of interaction of PE towards PG. Furthermore, Shi et al. ©”
used a coarse grained model with MD simulation to examine phase separation in binary
mixed lipid bilayers of DPPC and DPPE lipids.

The behaviour of the cardiolipin bilayers was studied using the coarse grained model and
atomistic molecular dynamic simulations. Dahlberg et al. ©® %) modelled the nature of the

phases formed by CL derivatives at both neutral and low pH and presented new aspects for

11
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the mechanism of conversion from lamellar (bilayer phase) to non-lamellar forms (hexagonal

forms).
1.1.5 Lipids with cholesterol (experimental and simulation studies)

It is well known that cholesterol causes important changes in the physical properties of
membranes. It reduces the passive permeability and increases the mechanical strength of
membranes and affects the transition temperature. Cholesterol/phospholipid mole ratios vary
from values approaching 1 for plasma membranes to values closer to 0.3 for membranes of
intracellular organelles 7. However, based on data from a variety of physical techniques, it
has been concluded that ideal packing occurred at a mole ratio of cholesterol/phospholipid of
0.5 or 33 mol % which is approximately 4 fatty acyl chains/cholesterol molecule 9. Several
experimental and theoretical studies are reported on the lipid-cholesterol interactions. For
example, Ipsen et al. ™ constructed the phase equilibria in the PC/cholesterol system using
thermodynamic and microscopic interaction model. Vist et al. ® used the DSC and 2H NMR
spectroscopy to determine the phase boundaries of DPPC/cholesterol system. McMullen et
al. ™ investigated the effect of cholesterol on the thermotropic phase behaviour and they

proposed a complete phase diagram of DPPC/cholesterol using the high sensitivity DSC.

Furthermore, Mcintosh et al. ™ used X ray diffraction methods to probe the effect of
cholesterol on the structure of phosphatidylcholine bilayers by comparing electron density
profiles and hydrocarbon chain packing parameters for phosphatidylcholine in the gel and
liquid crystalline states with and without cholesterol. Lippert et al. ™ used Raman
spectroscopy to see the influence of the cholesterol on the conformational changes in
dipalmitoyl-lecithin multilayers. In addition, Todd et al. ® studied the effect of increasing
concentration of cholesterol on the thermotropic behaviour of a homologous series of linear
saturated phosphatidylcholine by using DSC. They found that cholesterol stabilizes the gel

phase of short chains PC and destabilizes the PC with long chains.

Moreover, Almeida et al. /" investigated the phase diagram of DMPC/cholesterol using
fluorescence recovery after photobleaching showing the formation of liquid ordered phase
which shares the characteristics of liquid crystalline and gel phases (Figure 7). The liquid
ordered phase (Lo) exhibits hydrocarbon chains with a highly ordered structure and fast
translational diffusion. In contrast, the two other phases possess either fast translational

diffusion (the liquid crystalline phase) or a highly ordered structure (the gel phase). The
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liquid ordered phase is considered of particular interest since it is proposed to be more

representative of plasma membrane organization.

T
T
| Ld
b 404
] Ld + Lo
@)
Q_ 307 Lo
=
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. S+Lo
10
. 0.0 ' 02 ' 04

X cholesterol

Figure 7. Models of the phospolipid bilayer (left) with gel phase (a), liquid crystalline phase (b) and liquid
ordered phase (c). Blue ellipses are cholesterol molecules. The temperature-composition phase diagram for
DMPC/cholesterol (right) with S, Ld, Lo represting gel, liquid disordered and liquid ordered phases
respectively. The lines correspond to the phases boundaries between different phases and the horizontal line is

where the main phase transition occurs " @),

Furthermore, De Meyer et al. ™ applied a mesoscopic water-lipid-cholesterol model to
examine the phase diagram of DMPC/cholesterol by using dissipative particle dynamics. The
main advantage of this model is that it predicts many of the different phases that have been
observed experimentally. In addition, it explained the condensation effect where the area per
lipid decreases more than one would expect from ideal mixing. This condensation effect is

maximal near the main phase transition as can be seen clearly in Figure 8.
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mol%e cholesterol f_ . L . f_

o 1 2 3 4 5 & 7
Condensation effect [42]

Figure 8. The computed phase diagram of DMPC lipid as function of cholesterol and temperature (left). The
color gives the condensation effect and the lines indicate the phase boundaries of the different phases. Schematic
representation of different phases (right), La lipids in the liquid phase; PR’ ripple phase; LB’ gel phase with
tilted lipid chains; L¢’ gel phase with lipid chains not tilted; L, gel phase similar to L¢’ containing small

cholesterol clusters; Lo liquid-ordered phase ).

Concerning the PE/cholesterol mixtures, Paré et al. ®” examined the influence of cholesterol
on phosphatidylethanolamine polymorphisms using ?H NMR and infrared spectroscopic
investigation and proposed a temperature-composition diagram for POPE/cholesterol. This
study revealed that cholesterol induces the formation of liquid ordered phase similar to what
have been observed before for PC/cholesterol systems. Todd et al. ®V analyzed the effect of
cholesterol on the thermotropic phase behaviour and organization of a homologous series of
linear saturated phosphatidylethanolamine bilayers using DSC, FTIR spectroscopy and P
NMR. Epand et al. ®? described the phase transition behaviour of phosphatidylethanolamine
by cholesterols and oxysterols using DSC studies. They probed the effect of cholesterol on
the bilayer to hexagonal phase transition temperature of POPE and dielaidoyl-
phosphatidylethanolamine (DEPE). In addition, Blume et al. ® determined the thermotropic
behaviour of PE/cholesterol mixtures using DSC and they found that incorporation of
cholesterol downshifted the gel to liquid phase transition temperature of phosphatidyl-

ethanolamine.
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As compared to PC/cholesterol and PE/cholesterol, for which many data are available, very
little is known about CL/cholesterol interaction. Gallay et al. ®* used steady state and time
resolved fluorescence anisotropy to see the effect of cholesterol on the acyl chain order and
dynamics of the cardiolipin membranes in the liquid crystalline state. Boggs et al. © applied
electron spin resonance spectroscopy to investigate the structural characteristics of lipids as
cardiolipin in the presence of cholesterol. In addition, Lu et al. ®® studied the effect of
cholesterol on the phase behaviour and polymorphisms of cardiolipin liposomes using freeze

fracture electron microscope.
1.2 Liposomes

Liposomes are vesicles formed of a lipid bilayer enclosing an aqueous compartment at the
center. The polar head groups are exposed toward the outer and the inner aqueous media
protecting the hydrophobic part from the polar environment (Figure 9). Liposomes were first
produced in England by Bangham et al. ®” and they have attracted a great deal of attention
because of their importance in the pharmaceutical field. Liposomes were studied using
different techniques to investigate the role of lipid composition/distribution and factors such

as temperature, pH, ionic strength on the membrane stability and permeability ©2 59,

o Hydrophilic head

Aqueous
solution

: "Hydrophobic tail

Figure 9. Schematic drawing of liposome structure.

Liposomes are classified according to two criteria: the size of the vesicle and the number of
the lamella (Figure 10):

(i) Small unilamellar vesicles (SUV): 20-100 nm;

(i1) Large unilamellar vesicles (LUV): >100 nm;

(iii) Giant unilamellar vesicles (GUV): >1000 nm;

(v) Multilamellar vesicles (MLV): >500 nm.
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/ GUV
MLV

Figure 10. Illustration of liposomes of different size and number of lamellae.

As seen in Figure 10, the multilamellar vesicle is made up of several phospholipid bilayers
whereas the unilamellar is formed of a single phospholipid bilayer. The number of lamella is
usually obtained using **P-NMR ©® %V and it is considered of particular importance since it

affects the encapsulation efficiency and the flowing rate of the encapsulated material.

The size and type of liposome depends on the method of preparation which in turn is selected
according to the targeted research objective. For instance, small unilamellar vesicles are
produced from the disruptions of multilamellar vesicles by sonication. Whereas large
unilamellar vesicles are obtained by reverse-phase evaporation followed by extrusion. These
LUV vesicles are the most used for drug delivery ®® and for studying membrane proteins by
forming proteoliposomes ©®. On the other hand, giant unilamellar vesicles are produced by
electroformation or microinjection and multilamellar vesicles by shaking the lipid film in the

aqueous solution.

The size and distribution of liposomes are usually obtained using dynamic light scattering
(DLYS) (also known as photo-correlation spectroscopy), size exclusion chromatography (SEC)

and a variety of microscopic techniques 4%,
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1.2.1 Liposomes stability on solid surfaces

The big challenge with studying liposomes is to keep them stable on the surface of crystals
without subsequent rupture. This depends on the interactions between vesicles and solid
substrates. For example, liposomes do not directly adsorb on hydrophobic surface because of
their hydrophilic head groups and as a result the liposomes rupture to allow the contact

between hydrophobic tails and the surface according to the mechanism shown in Figure 11
(96, 97)

1)Approach
2)Rupture

4)Spreading of the monolayer

G RR I NNG

T

Figure 11. A proposed mechanism for liposomes adsorption on hydrophobic surfaces 7.

A considerable amount of studies focused on the morphology of vesicles on solid surfaces.
Sofou et al. ®® studied the behaviour of phospholipid vesicles on glass, gold and modified
gold with chemisorbed acetyl-cysteine by using fluorescence microscopy. They found that
the best substrate for adhesion of intact vesicle is the acetyl-cysteine modified gold surface.
Jung et al. ® used atomic force microscope to investigate the performance of liposomes from
three different preparation methods and they noticed that the liposomes with thiol groups
remained intact. Jiang et al. % used the attenuated total reflection FTIR spectroscopy on

zinc selenide crystal coated with TiO, to study the structure of liposome membranes.

In addition, Reimhult et al. ® used the quartz crystal microbalance (QCM) to probe the

stability of EPC liposomes on different surfaces. They observed that vesicles remain intact on
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oxidized gold, oxidized platinum and TiO, surfaces whereas on SiO; and SizN4 the vesicles
are intact at low coverage followed by bilayer transformation at a critical coverage (Figure
12). Furthermore, Reimhult et al. @ measured the kinetics of vesicle adsorption on gold
surface and vesicle to bilayer transformation on SiO, using QCM and surface plasmon

resonance.

Gold with alkane thiol Si02
Monolayer adsorption  Two steps to bilayer

0000 0000

TiO2 surface
Intact vesicle adsorption

Alkane thiol

mmmm/ 00000

Figure 12. The interaction between liposomes and solid surface can produce monolayer, bilayer and vesicle.

1.2.2 pH sensitive liposomes

pH sensitive liposomes are lipid compositions that can be destabilized when the external pH
is changed. They are mainly used in pharmaceutical fields where certain drugs are
incorporated in these liposomes and the release is triggered by changing the pH (Figure 13).
There exist different classes of pH sensitive liposomes based on the mechanism of triggering
pH sensitivity ©% 1% The most intensively studied involved polymorphic lipids such as

phosphatidylethanolamine with an acidic amphiphile that acts as a stabilizer at neutral pH.

Triggered release
O
000 —
00
© 0O

Figure 13. Schematic drawing of the release of pH sensitive liposomes after pH change.

18



Introduction: Biological membranes, lipids and proteins

e DOPE/CHEMS liposomes

Most reported pH sensitive liposomes are made up of DOPE lipid which has a small head
group and occupies a small volume as compared to its hydrocarbon chain part (Figure 14C).
It exhibits conical shape geometry and tends to form a non-bilayer structure. In order to form
a bilayer structure, it requires the presence of complementary molecules to fill the spaces
between the head groups of DOPE. The weakly acidic amphiphile cholesteryl hemisuccinate
(CHEMS) is used as the complementary molecule and it confers stability to the DOPE bilayer

at physiological pH (Figures 14A, 14B) (13197,

HO

DOPE
Isolelectric between pH 3 and 9

Figure 14. Main constituents of pH sensitive liposomes and their structural representation: cholesteryl
hemisuccinate (CHEMS) in deprotonated and natural forms (A and B) and DOPE lipid (C).

The DOPE/CHEMS liposomes are stable at physiological pH (pH 7.4) but acidic conditions

trigger the protonation of the carboxylic group of the amphiphile reducing their stabilizing
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effect. Thus these liposomes undergo destabilization and acquire fusogenic properties leading

to the release of their contents.

The choice of the amphiphilic stabilizer as well as its molar percentage with respect to the PE
content is determined according to the desired properties of the liposomes. For example,
Sudimack et al. @ reported the design and evaluation of pH sensitive liposomes based on
the use of oleyl alcohol (OAIc) as the membrane destabilizing component and the results
indicated that pH sensitive liposomes based on OAlc are promising for membrane

impermeable therapeutic agents.

Simoes et al. ™ incorporated a low percentage of polyethylene glycol conjugated lipid into
pH sensitive liposomes in order to enhance the circulation times of these liposomes in the
blood stream. Zignani et al. % reported the introduction of N-isopropylacrylamide (NIPA)
copolymers in liposomal membranes and the results showed that the addition of pH sensitive
copolymers of NIPA represents a promising strategy for improving liposomal drug delivery.
In addition, Liu et al. “® designed pH sensitive liposomes from DOPE and dipalmitoyl-
succinylglycerol (DPSG) and they found that they have prolonged circulation times thus

making them significant drug carriers.

1.3 Role of lipids in proteins

Membrane proteins are responsible for many functions carried out by the membrane. They
act as transporters, channels, sensors and receptors ‘3 Their amounts and types differ
from one membrane to another and they are associated with the lipid bilayer in different
forms. The transmembrane type can anchor the lipid bilayer through their hydrophobic
regions to be embedded inside it whereas their hydrophilic regions extend into outside the
bilayer. On the other hand, the peripheral proteins are weakly bound to the membrane
through non covalent interactions with other membrane proteins without spanning the lipid

bilayer.

Many membrane proteins require specific lipids for folding %, thermal stability “**,
transporter function ™ supercomplexes formation “!”, structural integrity and their
oligomeric state ®* ''®_ However, the molecular details of the protein/lipid interactions, their
dynamics and the general principles underlying these interactions are poorly understood. A
wealth of biochemical and biophysical studies explained the assigned role of phospholipids in

membrane proteins. Evidence emerged that lipids may play a crucial role in the catalytic
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activity of the integral membrane proteins which are highly influenced by the lipid molecules
that surround them . Furthermore, it was reported that lipids as phosphatidylglycerol are

involved in the proton translocation across E. coli inner membranes ®2°.

Lipids also
determine the topology of membrane proteins, where the interaction between the negatively
charged phospholipids and positively charged amino acids affects the orientation of

membrane proteins 2V,

Hielscher et al. %212 ysed FTIR spectroscopy to examine the effect of phospholipids on the
function of the cytochrome bcy complex (see respiratory chain section 1.4). They found that
delipidation leads to the loss of catalytic activity and the change of the redox properties of the
hemes b and c. Chicco et al. *** explained the importance of cardiolipin in the structural and
functional support to several proteins involved in mitochondrial bioenergetics. They indicated
that the lack of cardiolipin is associated with the Barth syndrome. In addition, Hakizimana et
al. @) examined the importance of phosphatidylethanolamine lipid on the activity of a
multidrug transporter Lmrp and they revealed the contribution of just the hydrophilic part of
the lipid to the function of the membrane protein. Bertero et al. “?® reported a specific
interaction of the anionic lipid phosphatidylglycerol with the nitrate reductase A. This protein

builds a specific binding pocket for the lipid made up of all three subunits of the reductase.

Furthermore, the role of lipids in the NADH ubiquinone oxidoreductase (see section 1.4.1)
was examined by Sazanov et al. . They found that lipids play important role in the
stabilization and the crystallization of the protein. Shinzawa-1Itoh et al. “?® revealed that the
functional form of the mitochondrial enzyme from bovine heart contains 8 PC, 16 CL, 23 PE

and 8 PG per molecule of complex .

1.4 The respiratory chain

The production of nucleotide adenosine triphosphate (ATP) is considered of particular
importance because it is the main energy unit of the living cell. The synthesis is catalyzed by
ATP synthase protein which is a part of the respiratory chain. The mechanism correlating the
energy generating electron transfer to the production of ATP by ATPase was described by
Mitchell et al. ** where they proposed that the energy from the electron transfer is coupled
to proton pumping within the respiratory complexes. The protons then flow back along their
gradient and through the ATP synthase, which uses this energy to produce ATP. This process
is called oxidative phosphorylation and it takes place in the inner membrane of mitochondria

of eukaryotes and in the plasma membrane of photosynthetic bacteria. Figure 15 shows a
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schematic representation of the bacterial respiratory chain. It includes five complexes; each

has its own characteristics and functions.

NADH

W) ()

NAD* + H*
T

]

) Fumarate
Succinate

Cytoc;\;;)mec
p © 0 %6 ®

NADH:ubiquinone Succinate  Cytochrome bc, Cytochrome ¢ ATP synthase
oxidoreductase dehydrogenase  complex oxidase

Figure 15. Representative model of the respiratory chain. From left to right: NADH:ubiquinone oxidoreductase
from Thermus thermophilus (PDB:4HEA), Succinate dehydrogenase (quinone) from Sus scrofa (PDB:3AEF);
Cytochrome bc; complex from Bos taurus (PDB:2A06); Cytochrome ¢ oxidase from Bos taurus (PDB: 2DYR);
ATP synthase - Central stalk from Saccharomyces cerevisiae (2WPD) and stator from Bos taurus (PDB:
2CLY); Cytochrome ¢ from Bos taurus (PDB: 2B4Z). Adapted from Kriegel **?.

1.4.1 The NADH: ubiquinone oxidoreductase (complex I)

The proton pumping NADH ubiquinone oxidoreductase (also known as complex 1) is the first
enzyme of the respiratory chain of mitochondria and several bacteria (Figure 15). It is
considered the main entry point of electrons into the respiratory chain. In addition, it has a
central role in energy production providing around 40% of the proton motive force needed for
the synthesis of ATP *. This protein is one of the main sources of reactive oxygen species
(ROS) in mitochondria which can damage mitochondrial DNA and may be one of the causes

of Parkinson’s disease **? and ageing **%.
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This enzyme catalyzes the oxidation of NADH into NAD" and the reduction of ubiquinone to
ubiquinol accompanied by the translocation of four protons across the bacterial or inner
mitochondrial membrane (equation 1) by a mechanism involving long conformational
changes ™**. The process is not fully understood although a recent X ray structure @

revealed that it seems to function in a piston like manner.

NADH + H"+ Q + 4 H"j, — NAD" + QH, + 4 H' oyt eq. 1

(in = mitochondrial matrix/ cytoplasm ; out = intermembrane space / periplasm; Q refers to ubiquinone)

Complex | protein has been under study for more than 50 years since it was first isolated by
Hatefi et al. ®®). Considerable progress has been made in order to investigate the structure
and functional details of this protein 3D However, the coupling mechanism between
redox reaction and proton translocation within this large molecular machine is currently

unknown.

e Genes

The genes coding for subunits of complex I in E. coli and Rhodobacter capsulatus are named
nuo operons from NADH ubiquinone oxidoreductase. Whereas, in Paracoccus denitrificans
and Thermus thermophilus, they are organized in the so called nqo operon from NADH
guinone oxidoreductase. In general, 14 genes of the nuo operons from NuoA to NuoN or

ngol to nqol4 code for the subunits in the complex | protein.

e Structure

Complex 1 is one of the largest membrane protein complexes known so far. It has L shaped
structure constituted of a peripheral part (hydrophilic) that is connected to a hydrophobic part
(Figure 16). This hydrophilic arm protrudes into the mitochondrial matrix or the bacterial
cytoplasm whereas the hydrophobic part is embedded in the membrane ®3% %2 The
mitochondrial enzyme consists of 45 subunits with a mass of 1 MDa “*®. In comparison the
prokaryotic enzyme is simpler, it consists of 14 subunits of mass 0.5 MDa. All the subunits of
complex 1 presented in the membrane arm and the peripheral part are encoded by
mitochondrial and nuclear DNA respectively. According to the homology between the
mitochondrial and bacterial form of complex | protein, the bacterial enzyme is considered as

a minimal model of complex | 4414
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Figure 16. Schematic representation of complex | from T. thermophilus. Adapted from Sazanov et al. **
(PDB: 4HEA).

The membrane arm is about 180 A long whereas the peripheral arm is about 130 A and it
extends into the cytoplasm “®. The hydrophilic part is made up of seven subunits: NuoE, F,
G, B, C, D, I and the membrane part contains the other 7 subunits NuoL, M, N, J, H, K and
A. So far, no cofactor has been detected in the membrane part. This part is mainly involved in
the proton pumping mechanism and quinone binding. In comparison, the peripheral part
contains all the known cofactors (active sites) of complex I. There is a non-covalently bound
Flavin Mononucleotide (FMN) and a series of binuclear and tetranuclear iron sulfur clusters.
Depending on the organism, the number of iron sulfur clusters detected in the peripheral part
varies between eight to ten, seven of which are involved in the electron transfer pathway
among all the studied species *” and the others are needed for the structural stabilization of
the protein. In E. coli and T. thermophilus, there exists seven tetranuclear clusters [4Fe-4S],
named N2, N3, N4, N5, N6a, N6b and N7 and two binuclear Fe-S clusters [2Fe-2S], named
Nlaand N1b (Table 4).
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Table 4. Nomenclature of the 14 core subunits of bacterial complex | with their bound cofactors and proposed

function of the subunit 4% 149,

Enzyme T. Thermophilus E. coli Proposed function
domain
Ngo3 NuoG N1b[2Fe-2S], N4,N5 ,N7[4Fe-4S]
Ngol NuoF FMN, N3[4Fe-4S]
c NADH binding
f Ngo4 NuoD Quinone binding
% Ngo5 NuoC Quinone binding
% Ngo2 NuoE Nla[2Fe-2S]
T Nqo6 NuoB N2[4Fe-4S]
Ngo9 Nuol N6a, N6b[4Fe-4S]
Ngol5 Unique to T.thermophilus
Ngo8 NuoH Quinone binding
Ngol4 NuoN H" translocation
% Nqo7 NuoA
% Ngol3 NuoM H™ translocation
% Ngo12 NuoL H* translocation
= Ngol10 NuoK H" translocation (involve
Ngoll NuoJ NuoA/H/J/IK)

The hydrophilic domain of complex | from T. thermophilus contains an additional subunit
called Ngo15 (Table 4). This was demonstrated by the study of Barradaran et al. “*® who
resolved the structure of the entire bacterial complex | from T. thermophilus at 3.3 A
resolution using X ray crystallography. The crystal structure of the complex I from E. coli
was first solved by Efremov et al. ®** who reported the crystal structure of the membrane
domain at 3.0 A resolution. Furthermore, the structure of complex | from Yarrowia lipolytica
(an aerobic yeast) was determined using three dimensional electron microscopy by

Radermacher et al. % where they showed some additional density outside the membrane.
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In the context of this work, the NADH ubiquinone oxidoreductase from E. coli is studied
because E. coli is the most well-known prokaryotic model organism. Additionally, it can be
easily purified in high quantity, purity and be genetically modified. If not specified, the

subunit nomenclature used hereafter thus refers to the E. coli enzyme.

e Subunits

The 14 core subunits of the NADH ubiquinone oxidoreductase of E. coli are arranged into

three different categories (Figure 17).

N module

Q module

P module

Figure 17. Schematic drawing of the different subunits of complex I.

1) Subunits NuoE, F, G called the N-module since they harbour the NADH oxidase
activity.

2) Subunits NuoB, C, D, | termed the Q-module because it is the site of quinone
reduction.

3) Subunits NuoA, J, K, L, M, N named the P-module since they host the proton
pumping activity and they are close to the class of membrane potential Na'/H*

antiporters Y.
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e lron sulfur clusters

As indicated before, complex | protein contains a series of iron sulfur clusters which are
considered as a major class of electron transfer cofactors. Interestingly beside their major role
in the electron transfer, they provide structural support and stability for the protein. The Fe-S
clusters of complex | are classified into binuclear and tetranuclear according to the number of

Fe and S that compose them.

These clusters are usually bounded to the protein by amino acid side chains that have an
additional coordination site usually cysteine and histidine residues “*2. The tetranuclear iron
sulfur cluster exhibits four short and eight long Fe-S® bridge bonds as well as four terminal
Fe-S' stretching (Figure 18).

(Cys;

.
e

o

Figure 18. Representation of the binuclear (A) and tetranuclear (B) iron sulfur cluster structures.

e Redox cofactors and electron transfer

The electron transfer pathway involves a chain of redox active cofactors located in the
peripheral part starting from the FMN to a series of iron sulfur clusters. This chain connects
the NADH binding site which is located in the NuoF subunit with the ubiquinone binding site
located 20-25 A above the membrane surface ™ % this means that the two sites are

separated by around 100 A.
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The electrons from NADH are accepted by the first cofactor FMN via a hydride transfer >3
so it becomes FMNH,. The two electrons are transferred one by one to the iron sulfur clusters
which are one electron acceptors; thus one electron is transferred to the first cluster of the
main chain (N3) while the other is donated to N1a. The midpoint potential of FMN/FMNH;
is -320 mV @55 1) and that of cluster N3 is -270 mV %79 yersys standard hydrogen
electrode (SHE). Therefore, the transfer of the first electron probably takes place to the N3
cluster and then it moves along the iron sulfur chain N1b, N4, N5, N6a, N6b to reach the N2
cluster. The resulting FMN/flavosemiquinone exhibits a -380 mV midpoint potential 6% 1¢2)
causing the reduction of the cluster N1a of midpoint potential -330 mV. This mechanism was
confirmed using the EPR spectroscopy which proposed that one electron from the reduced
flavin is deposited on N1a “®. The process of electron transfer between FMN and N2 occurs
in a microsecond timescale > **¥ due to the geometrical arrangement of the cofactors and
their favorable midpoint potentials. In turn, these electrons reduce the ubiquinone into
ubiquinol in a two one electron steps by passing through a semiquinone (SQ) intermediate

(Figure 19) 349,

N2 red +H" NZ (1).4 N2 red +H' N2 0X

Q > 8Q > QH,

Figure 19. Scheme of the electron transfer between N2 and the UQ %%,

The distance between the different iron sulfur clusters is less than 14 A indicating that all the
clusters are found to be within efficient electron tunneling distance to their neighbors ‘¢ and
electrons can be transferred easily between the clusters. However, the distance between
clusters N5 and N6a is on the limit (Figure 20), thus the electron transfer is explained by the
involvement of the aromatic amino acids ®®. In addition, the distance between clusters N3
and N4 is close to 16 A so the electron transfer has necessarily to take the route via N1b.
Moreover, the cluster N7 is not involved in electron transfer, N7 is found only in bacterial

organisms and its presence confers stability to the structure 7168,

28



Introduction: Biological membranes, lipids and proteins

The midpoint potentials of iron sulfur clusters N3, N1b, N4, N5, N6a are similar (range from
-300 to -250 mV versus SHE), they are considered as isopotential clusters 7 267169 These
potentials are close to the FMN favouring the rapid electron tunneling. N2 has the highest
midpoint potential because of its highly polar environment as well as it is characterized by its
unusual geometry and high flexibility. In addition, N2 plays a specific role in coupling the

proton translocation to the electron transfer.
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Figure 20. The chain of the iron sulfur clusters in the T. thermophilus complex | (left). Midpoint potential
profile of the Fe-S clusters from E. coli complex I (right) ¥ 9 Edge-to-edge distances between adjacent
clusters are given in A, the blue arrows indicate the main electron path and the green one indicates the side path
(left). The potentials are presented by bars (right).

e Membrane part

Subunits NuoL, M, N, A, J, K in the membrane part are involved in proton translocation.
These subunits consist of 55 transmembrane helices (TM) @3 where the subunits NuoA and
NuoK are predicted to contain three helices each, whereas NuoJ includes five (Figure 21).
The subunits NuoN, M, L are separated from the peripheral arm by the 11-helix bundle
formed by the NuoA, J, K subunits which are involved in coupling mechanism. These
hydrophobic subunits are homologous to each other and to the Na* or K*/H" antiporter family

(170.271) "sypunit NuoL exhibits a carboxy-terminal extension, absent in NuoM and N, with
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two TM helices predicted at the beginning and the end of the extension. This subunit is
constituted by 15 TM helices holding a 110 A long amphipathic helix (HL) extending along
nearly the entire length of the membrane domain (Figure 21) 3. This helix is also found in
the mitochondrial complex | and has a length of 60 A. It exhibits an amphipathic nature,
consistent with its position near the expected surface of the lipid bilayer. Helix HL stabilizes

the complex and it is tightly anchored to NuoN, J, K ,M and L @39,

NuoL NuoM NuoA/J/K

I 160 A -

Figure 21. Representation of the different subunits of the membrane arm of E. coli complex I. Side view in the

membrane plane (A). View from the periplasm into the membrane (B) %,

e Proton translocation

The coupling process between electron transfer and proton pumping is still unknown. Two
mechanisms were proposed: one is direct (redox-driven) and the other is indirect

(conformation-driven) (4872,

As mentioned above, the three major subunits NuoL, NuoM and NuoN, which are
homologues to monovalent cation/H™ antiporters, are mainly involved in proton translocation.
Three protons are translocated through these three channels however a fourth proton per
cycle is translocated at the interface of NuoN, K and J. It has been proposed by Barradaran et

al. ™ that the quinone binding causes conformational changes that are transmitted to the
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long horizontal helix from the NuoL subunit. This helix acts as a kind of piston to transmit
the redox energy released by the redox reaction and to drive the concerted long-range
conformational changes in the four antiporters like domains, resulting in translocation of four
protons per cycle. These conformational changes lead to an opening and closing of proton
translocation channels in the antiporter like subunits NuoL, M and N in the oxidized and

reduced state (Figure 22).

Oxidized »
H+ H+ H* H

NuoL NuoM NuoN

"
s
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Reduced l changes

Figure 22. Schematic representation of the coupling between the electron transfer and proton transfer of T.

thermophilus complex I. Adapted from Efremov et al. .

The suggestion about the work of complex | as a conformation driven pump was determined
by the work of Hellwig et al. “*% using electrochemically induced FTIR spectroscopy. They
found large reorganizations of the polypeptide backbone accompanied by the reaction of
complex | which are relevant at the level of amide | and amide Il indicating great
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conformational changes. Furthermore, Efremov et al. ¢

proposed that a network of
conserved polar residues are involved in the proton translocation mechanism. They suggested
that lysines rather than carboxylate residues act as the main elements of the proton pump in
the NuoL, NuoM and NuoN subunits. Friedrich et al. “® proposed that the protonation of
acidic amino acids associated with the oxidation of N2 (studied by Hellwig et al. “%%) is the
molecular switch involved in proton translocation and represents a conserved device for

redox-driven mechanism.

1.4.2 NuoL mutants

NuoL seems to be involved in proton translocation. Steimle et al. “’® investigated the
electron transfer and proton translocation of complex | wild type protein and the complex I in
a mutant with depleted NuoL subunit. They found that NuoL is involved in the translocation
of two protons which is in contrast to the structural data where it was proposed that NuoL is

involved in the translocation of one proton.

This NuoL subunit is characterized by the presence of the 110 A long amphipathic helix
which is anchored on the NuoL subunit by two additional TM helices. The deletion of this
helix leads to reduced H*/e” stoichiometry demonstrating its functional importance in proton
translocation. The question if specific amino acid residues of the horizontal helix are needed
for the function was discussed by the work reported by Steimle et al. ™, where the charged
residues D542, D546 and D563 have been mutated. It was shown that the H*/e” stoichiometry
varies significantly in the D563N indicating its functional role in the proton pumping in in E.

coli complex 1.
1.4.3 Complex I and zinc

The redox reaction and the proton translocation in complex | protein can be inhibited. For
instance, NADH-OH is a known inhibitor for the NADH binding site thus blocking the
electron transfer. In addition, several inhibitors were reported for the quinone binding sites
such as piericidin A and rotenone. However until now, only one inhibitor (Zn*") is known for
proton pumping. Sharpley et al. and Link et al. @"® *"" showed that zinc perturbs the proton

translocation and reduction of quinone in complexes I and III.

Schulte et al. *™® used the zinc inhibition in complex | to elucidate the coupling between

redox reaction and proton translocation processes (Figure 23). They found that blocking the
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proton channels in the membrane part induces a partial block in the electron transfer in the
peripheral arm. In addition they proved, using enzyme Kinetics, that complex | exhibits at
least two high affinity binding sites for Zn?*. They also found that the interaction of Zn** with
specific residues leads to small perturbation in the conformational changes using FTIR

difference spectra of complex | in the absence and presence of zinc.

In conclusion, the proton translocation machinery appears to be particularly perturbed by the
presence of zinc. However in order to get insight into the exact position where zinc binds to
complex I, mutagenesis of conserved charged residues in the membrane arm is required.

——.

Figure 23. Representation of the inhibition of the proton translocation pathways in the membrane arm of

complex I in the presence of zinc .

1.4.4 Complex I and synthetic lipids (polymer)

The enzymatic activity of the respiratory complex | from bovine heart mitochondria is only
maintained in the presence of lipids as cardiolipin, phosphatidylethanolamine and
phosphatidylcholine as demonstrated by Sharpley et al. “’®. Previous studies performed in
our laboratory suggested that lipids bind specifically to complex | 88D The effect of lipids
with different head groups and acyl chains on the complex | protein activity and function was
estimated. The phospholipids present in E. coli have zwitterionic (PE) or anionic head groups
(CL and PG) and they interact with the positively charged areas on the surface of the protein

whereas the acyl chains interact with the nonpolar patches on the surface 39,
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Since complex | protein is not functional in the absence of lipids, potentially limiting its
application. Thus the search for a certain material which has the ability to substitute the
predicted molecular requirements of natural lipids attracted a great deal of attention. In this
respect, amphiphilic copolymers are of great interest because of their distinct chemical
properties. These properties can be designed by chemical synthesis such as the length of the
hydrophobic part, the volume and charge of the hydrophilic part and the ratio between
hydrophobic and hydrophilic domains. Thus, the participation of individual moieties of the
polymer with the membrane proteins is revealed. Compared to natural lipids, polymers
exhibit long term stability arising from the combination of chemical inertness and high

mechanical stability making them favorable for technological applications.

Recently, Graff et al. *® determined the behaviour of complex | devoid of most of its
endogenous lipids (delipidated) in a polymer media. They synthesized a library of various
polymethyloxazoline-polymethylsiloxane-polymethyloxazoline (PMOXA-PDMS-PMOXA)
(for chemical structure see appendix 1) followed by activity and EPR measurements. The
activity was strongly influenced by the molar mass and the block length of the (PMOXA-
PDMS-PMOXA) copolymers. Here, we attempted to see the effect of a (PMOXA-PDMS-
PMOXA) copolymer of different ratio than studied before on the complex | activity.
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1.5 Aims of the thesis

This project describes the application of infrared and Raman spectroscopies to study different
kinds of natural and synthetic lipids and their interactions with proteins. The goals of the
study are summarized by the following points.

1) Lipid-lipid interaction

* Study pure lipids and mixtures of lipids with cholesterol in the mid and far infrared regions
in order to investigate the role of cholesterol on the phase transition temperature and on

hydrogen bonding behaviour.

* Characterize phospholipid interactions between EPC and EPE in the far infrared domain
below 600 cm™ to probe the effect of the head group composition on the hydrogen bonding

behavior and to show the potential use of the far IR spectroscopy for the study of lipids.

* Study pH sensitive liposomes DOPE/CHEMS at different pH in order to get a better

understanding about the interaction of the lipids within these liposomes.
2) Lipid-protein interaction

* Investigate the effect of PMOXA16-PDMS7,-PMOXA;6 copolymer (synthetic lipid) on the
delipidated complex I protein using electrochemically-induced FTIR difference spectroscopy.

3) Complex I mutants

* Study NuoL mutants using electrochemically induced FTIR difference spectroscopy to
elucidate the proton translocation mechanism and to probe the inhibition of complex I

mutants by Zn?*.

* Use Raman spectroscopy to study the metal-ligand vibrations of the Fe-S clusters in the low

frequency region in NuoB mutants.
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2 Characterization techniques and sample preparation
2.1 Introduction to spectroscopy

Spectroscopy is a method for the study of the interaction between electromagnetic radiation
(EM) and matter. This electromagnetic radiation has a particle nature and each photon carry a

quantum of energy (E) related to the frequency (v) (equation 2) % 189,

E=hv c=Av E=% eq. 2

Where h is the Planck’s constant (6.626 x 10°*J.s), ¢ is the speed of light (3 x 108 m.s) and
/. 1s the wavelength (nm).

Electromagnetic radiation exits as continuous and wide spectrum. It is typically classified by
the wavelength region and include Microwave, Terahertz, Infrared, Visible, Ultraviolet, X-

ray and Gamma spectroscopy (Figure 24).

108 10 10 1 10" 10°% 10° 10* 10%° 10° 107 10f 10° 10" 10" 10
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rotation H configuration
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Figure 24. Representation of the electromagnetic spectrum as function of the wavelength (m), frequency (Hz)

and energy (eV) @&V,

The interaction between EM and the matter can produce different processes. For instance,
high energy gamma rays change the nuclear configuration; microwave causes the change of

orientation whereas radio waves change the spin. In this manuscript, infrared (mid and far),
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UV-visible and Raman spectroscopies were applied in order to investigate the properties of

lipids and proteins.

2.2 UV-visible spectroscopy

UV-visible spectroscopy uses the absorption of the UV-visible light by a molecule inducing
the excitation of electrons from an occupied molecular orbital (n, 6, ®) to an unoccupied
molecular orbital (6*, 7*) of higher energy “® ¥ Typically, the observed transitions are
electronic transitions and they are detected between the near ultraviolet (200-400 nm) and the
entire visible light range (400-800 nm).

In UV-visible spectroscopy, the absorption of a sample is measured by plotting the
absorbance as function of wavelength A. The absorption band is characterized by its
maximum absorbance A, and its molar extinction coefficient ¢ and this is given by the

Lambert-Beer’s law that is applicable for monochromatic light and dilute solutions (Figure
25).

Absorbing sample of
concentration ¢

- —) A=-logT=-log(I/1)=¢elc

<—Pathlength| —

Figure 25. Lambert-Beer’s Law; where A is the absorbance, | is the intensity of the initial beam, I is the
intensity of the transmitted light, ¢ is the molar extinction coefficient (mol™.L.cm™), | is the path length (cm), ¢

is the molar concentration of the sample (mol.L™) ®&9,

This technique is mainly used for quantitative analysis i.e to determine the concentration of
samples using Lambert-Beer’s law. In addition, it has large sensibility with certain limits of
detection (10° M) and precision with 1 to 5 % error.

UV-visible spectroscopy proved to be a powerful tool to investigate the properties of proteins
containing hemes in order to distinguish between the different types of hemes and to see their

individual contributions ®8" 18 UV-visible spectroscopy was used to measure the activity of
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complex | protein by following the progressive diminution of the NADH-characteristic peak
at 340 nm “®)_ Additionally, coupling UV-visible to electrochemistry was used to determine
the redox properties of the following cofactors: FMN and the iron sulfur clusters of complex |
protein % 1% These cofactors have distinctive molar absorption coefficient at 450 and 525
nm. At 450 nm, FMN has a higher extinction coefficient (450 Nm = 12.800 M™*.cm™) than

iron sulfur clusters (€450 Nm = 4.100 M'l.cm'l).

2.3 IR spectroscopy

Infrared spectroscopy is considered as one of the most important techniques used for the
identification of compounds and for structural determination. The resulting spectrum
represents a molecular fingerprint of the sample (no two molecular structures give the same
infrared spectrum). One of the main advantages of IR is that a sample in any state (liquid,
powder, or film) can be studied ™. The infrared radiation is found between the microwave
region and the visible light (Figure 24) and it is divided into three main domains: the near
infrared (13000-4000 cm™), the mid infrared (MIR) (4000-600 cm™) and the far infrared
(FIR) (600-10 cm™).

e Selection rules

For an “infrared active” such as the case of a heteronuclear diatomic molecule, the electric
dipole moment must change during the vibration as the bond contracts or expands (Figure
26). In contrast, a homonuclear diatomic molecule is “infrared inactive” because its dipole

moment remains zero regardless of the bond length 9.

= 0
o—@
+ -]
“—— _—
O— @

Figure 26. Change in the dipole moment of a heteronuclear diatomic molecule.
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¢ Normal modes of vibration

The infrared spectroscopy technique is based on the absorption of infrared radiation by the
molecule which results in changes of the vibrational or rotational modes of atomic bonds. For
a linear and a non-linear molecule of N atoms, there exists 3N-5 and 3N-6 vibrational modes
respectively (Table 5) ™. For example H,O, which is a non-linear molecule, has 3 x 3 —

6 = 3 degrees of vibrational freedom or modes.

Table 5. Degrees of freedom for linear and non-linear molecules “*.

Types of degrees of freedom Linear Non-Linear
Translational 3 3
Rotational 2 3
Vibrational 3N-5 3N-6
Total 3N 3N

For a molecule composed of two atoms A and B, the vibration can be represented by the

means of a harmonic oscillator. These two atoms are connected by chemical bond which is

considered as a spring that obeys Hooke's law (Figure 27) (30 195-197)

my Mg

0990008

- UuuulU -
Figure 27. Scheme of a molecule composed of two atoms representing the harmonic oscillator.
The restoring force F (N) is needed to return the spring to its initial state and it is equal to
F=kd eq. 3

Where k is the force constant (N.cm™) which indicates the stiffness of the bond and d is the
displacement of the spring in (cm). To express the frequency of this vibration and relate the

reduced mass p with the force constant, equation 4 is applied.
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_ 1 1, [

1 my.mpg
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eq. 4

This equation is modified to calculate the wavenumber instead of frequency (equation 5).

p="1 b= X eq. 5
c 2mecA U

From this relation, the wavenumber is inversely proportional to the reduced mass and
proportional to k. This indicates that the single bond which has lower k value absorbs at
lower frequency than double and triple bonds. Concerning the mass, the molecule with
heavier atoms is lower in frequency than bonds involving hydrogen. u is influenced by
isotope labeling where the change in the mass induces an observable shift in the frequency
(Table 6) whereas the bond strength k is modified upon interaction with different

environments.

Table 6. The effect of isotope labelling on the vibrational frequencies of some groups *%,

Bond Vibrational Mode Frequency (cm™)
C-H; C-“H (D) v(C—H); v(C—H) 3000; 2120
2c=0; ¥*c=0 v (*?C=0); v (*C=0) 1700; 1650
N—"°Fe; N->Fe V(N="°Fe); v(N-"*Fe) 350; 356

YNH,; NH, v(**NH>); v(**NH,) 3400; 3000

The normal modes of vibration can be classified based on two different criteria (Figure 28).

1- Change of bond length 2- Change of bond angle
(stretching) (bending)
In phase, Out of phase, In plane, Out of plane
Symmetric Asymmetric Scissoring and Wagging and
stretching stretching Rocking Twisting

Figure 28. Different normal vibrational modes.
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The typical vibrations of CH, atoms in a CH2X; group (X can represent any other atom) are
displayed in Figure 29. In general, the bending frequencies are lower than stretching
frequencies since it is easier to bend a bond than to stretch or compress it. For instance, the
CH; symmetric/asymmetric stretching and bending modes appear in the region 2800-3000
cm™ and 1000-1500 cm™ respectively. Other important features for infrared spectroscopy are

the hydrogen bonding and conjugation that shift the vibration to lower frequencies.

N\ A\ /4
= e < e

Symmetric stretching Asymmetric stretching

QB @ @
Scissoring Rocking

L}

Wagging Twisting

e
P
e

Figure 29. Stretching and bending vibrations of a tetrahedral carbon atom.
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2.3.1 Fourier transform infrared spectroscopy (FTIR)

FTIR is the preferred method in infrared spectroscopy. FTIR instruments possess several
advantages in comparison to dispersive instruments. The improvement of the signal to noise
ratio per time unit leads to a higher quality spectrum. In addition, the ability of the mirror to
move short distances quite rapidly makes it possible to obtain spectra on a millisecond
timescale. Furthermore, FTIR is highly precise and accurate since a laser is controlling the
movement of the mirror “*3). This technique is based on the interference of the radiation
between two beams giving an interferogram. It mainly consists of three parts: the detector,
the interferometer and the IR light source. These parts differ according to the studied region

of the infrared spectrum (Table 7) ®).

Table 7. Equipment used in the infrared measurement according to the different spectral range.

Source MIR FIR

Spectral range 4000 - 600 cm™ 600 - 50 cm™

Source Globar Mercury vapor / synchrotron

Beam splitter Potassium Bromide (KBr) Silicon / Mylar

Detector Liquid nitrogen mercury Deuterated triglycine sulfate
cadmium telluride (LNMCT) (DTGS) / Bolometer

e Michelson interferometer

The most common interferometer used in FTIR spectrometry is a Michelson interferometer
(99 "It consists of two perpendicularly oriented plane mirrors, one is fixed and the other is
moving. The detection starts when an infrared light from the source hits the beam splitter,
then half percentage of the light intensity is reflected on the movable mirror and the rest is
transmitted on the fixed mirror. After that, the two beams are reflected back to the beam
splitter to be combined. In the last step, the beam is divided again equally into two fractions;
one is reflected back in the direction of the source while the second passes through the
sample to the detector (Figure 30).
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Figure 30. Schematic representation of the Michelson interferometer.

The movable mirror is the most important component of the interferometer and its velocity is
controlled using a Helium-Neon (He-Ne) laser. Depending on the mirror position, the
infrared radiation will be under constructive or destructive interference when it recombines at
the beam splitter producing an interferogram plot (Figure 31). Finally, Fourier transformation

is used to transform the interferogram into a spectrum given in wavenumber.

A 0.5 B
— -
£
en - 0.6
-
w w
- -
g i Fourier < o4l
2| Transform
o
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600 500 400 300 200 100
Mirror position / mm Wavenumber/ cm!

Figure 31. The interferrogram (A) and its corresponding absorbance spectrum (B) obtained after Fourier

transformation %%,
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The essential equations for Fourier transformation are as follows:
1(6) = [, B(¥) cos(2m&¥) dv eq. 6
B = [ 1(6) cos(2ms%) d § eq. 7

Where ¥ is the wavenumber (cm™), I is the intensity of the interferogram, ¢ is the optical path
difference between the two beams and B(¥) is the spectral power density. The first equation
(eq. 6) describes the variation in intensity as a function of the difference in path length, which
is an interference pattern. The second equation (eg. 7) shows the variation in intensity as a
function of wavenumber. Each can be converted into the other by the mathematical method

of Fourier transformation.

2.3.2 IR spectroscopy of proteins

Proteins are biological polymers constituted of monomeric units which are the amino acids
(Figure 32) . There exist twenty different amino acids that are distinguished by the
identity of the side chain group (R). These amino acids are linked together by an amide bond
(peptide bond).

ai1 aiz ai3
'4 N '4 Y ' Y
Peptide
bond
H
H . H, H)
H)
Peptide
bond

Figure 32. Linking of amino acid together by amide bond “°V.

Applying infrared spectroscopy to proteins is of great interest as every chemical bond in the
protein is infrared active. Thus information about structure, ligands, cofactors > 2%3) and
amino acid side chains will be provided ®* % Amide bands are the characteristic signals
found in the infrared spectra of proteins and polypeptides. Their correlated vibrations are
presented in Table 8.
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Table 8. Amide vibrations, frequencies and description of the peptide backbone % 2%,

Amide Wavenumber (cm™) Vibrations
A 3500-3200 v(N-H), v(O-H)
B 3200-3030 v(C-H)
I 1700-1600 80% v(C=0), v(C-N), 5(N-H)
and 6(C-CN)
I 1590-1480 Coupled 60% d&(N-H) with 40% v(C-N),
Coupled 6(C=0) and v(C-C)
i 1400-1200 d(N-H), v(C-N), 6(C=0) and v(C-C)
v 780-650 8(C=0) in-plane, v(C-C)
VvV 600-540 d(C-N) torsion
VI 540-500 d(C=0) in-plane and out-of-plane
(C-C-N) deformations
VIl 290-250 & (N-H) out-of-plane

The amide | signal is the most studied spectral range in the protein infrared spectra and it
originates mainly from the C=0 stretching vibration, whereas amide Il is associated mainly
with N-H bending vibration coupled to C-N stretching. Since both amide | and amide Il are

involved in the hydrogen bonding interaction occurring between the different elements of the

secondary structures (Figure 33), the exact position of the amide bands allows the
(208)

determination of the secondary structure composition of the protein

A B
Hydrogen bonds
Hydrogen bonds between strands of
between turns of a p sheet
an «a helix

(200

Figure 33. Representation of the different secondary structural elements: o helix (A), B sheet (B) ) Carbon is

black, oxygen is red and nitrogen is blue.
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Previous studies done on proteins with known structures have been used to correlate the

position of amide | to secondary structure content (Table 9).

Table 9. Assignment of protein secondary structural elements according to the amide I band %,

H,O (cm™) D,O (cm™) Assignment
1624—1642 1624—1637 B—sheet

1648 1645 Random coils
1656 1653 o—helix

1663 1641 310—helix
1667—1685 1663—1671 / 1683—1689 B—turns
1691-1696 1675 B—sheet

The analysis of the secondary structure is based on the deconvolution of the amide | band.
First, the amide | band is normalized and the baseline corrected before the second derivative
is calculated. The negative peaks in the second derivative correspond to the secondary
structure components. Using the position of these peaks, the origin program calculates the
deconvolution (Figure 34). The relative percentage of each structure is calculated by

integrating the area under each peak to the total area of the amide I band.
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Figure 34. Amide | band second derivative (A) and secondary structure components (B).
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2.3.3 Transmission mode

FTIR spectroscopy in transmission mode is obtained by placing the sample on an infrared
transmitting window in the optical path of the spectrometer. This method allows studying
samples in solution. The window is chosen according to the studied range. For instance,
silicon or polyethylene windows are used for far infrared region whereas calcium fluoride
(CaF,) and barium fluoride (BaF,) for mid infrared. Two different cell types are used in this
thesis; the first one is the absorbance cell which is used to study the temperature dependence
of lipids in the far infrared (Figure 35). The second cell using the transmission mode is called

the optically transparent thin layer electrochemical cell (section 2.6.3).

n n Teflon spacer Metallic parts

0000€

PE window

Figure 35. Scheme of the different parts of the absorbance cell.

2.3.4 Difference spectroscopy

As mentioned before, the absorption spectrum of a protein is characterized by the presence of
several amide bands, where the amide | includes the different secondary structural elements.
Unfortunately, amide | and amide A bands of proteins overlap with the stretching and
bending modes of water (Figure 36). Thus to remove the contribution of water and buffer and
to probe the functional and the structural changes taking place in the protein, difference

spectroscopy was developed 30209,
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Amide A

Amide |

Amide B

C-H modes

Amide llI

e
v(O-H) 8(H-O-H)
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4000 3500 3000 2500 2000 1500
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Figure 36. The mid infrared absorbance spectrum of protein in solution.

The principle of difference spectroscopy is to study the sample in the oxidized and reduced
forms; however these two spectra look very similar (Figure 37A). The subtraction of one
spectrum from the other leads to a difference spectrum of the protein (oxidized minus
reduced difference spectrum (Figure 37B)). This ox-red spectrum is usually obtained using

the electrochemical cell (section 2.6.3) with small path length of around 10 pm.

1.2 6,0x10" 4
Amide I + water A B
1.0+ (\ —— Oxidized protein 4,0x10" 4 Oxidized
(\ — Reduced protein
0.8 x10% 4
2
& 0.6 ;j 00
= Amide Tl
0.4+ x10*
0.2 4,0x10"
o+ """+ 6,010 —m—1p—-m—--rp1—-"m"—-""—"—"T—""—"T—"—"T—T—T7—
1800 1700 1600 1500 1400 1300 1200 1100 1000 1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber / cm! Wavenumber / cm

Figure 37. The absorption spectra in the reduced and the oxidized states (A) and difference spectrum (B).
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The differential spectrum shows positive (red) and negative (blue) signals that are attributed
to oxidation and reduction respectively (Figure 37B) ?% 2D The analysis of these signals is
made with the help of infrared data previously obtained for individual amino acids, isolated

cofactors, as well as model compounds %7 2%2),

The difference spectrum provides information concerning the conformational changes taking
place during the studied reaction and the modification of the secondary structural elements
which are relevant at the level of amide | and amide Il bands. In addition, the
protonation/deprotonation of acidic residues and environmental changes around the cofactors
can be detected between 1700-1750 cm™ and 1600-1500 cm™ respectively.

The main problem that should be taken into consideration is the low intensity of the
differential spectrum which is 1000 times lower than the absorption spectrum. Thus, to get
precise and accurate results, 50 cycles are performed and averaged to get the final spectrum
(increasing signal to noise ratio).

2.3.5 Attenuated total reflection (ATR) spectroscopy

This technique was developed by Harrick et al. in the 1960’s and it is based on the
phenomena of total internal reflection ?°* 2324 |ts working principle is illustrated in Figure
38.

Sample in contact

/ With evanescent wave

Infrared beam Infrared beam
(enter) (exist)
ATR crystal

Figure 38. Scheme of an attenuated total reflectance unit.

Two parameters should be achieved to generate total reflection with an evanescent wave

extending through the sample:
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1) The refractive index n; of the transparent crystal (also called the internal
reflection element IRE) is higher than the refractive index of the sample

placed on this crystal n.

N1 >Nz,
2) The angle of incidence 0 at the interface between the sample and the crystal is

greater than the critical angle 6;
0> 0.

The penetration depth of the evanescent wave d,, is given by the relation below @15 \where A:

wavelength, ny: refractive index of the IRE, n,: refractive index of the sample and & angle of

incidence.

g
\/Zn(sinz 9—(n2/n1)2)

d, =

The crystals used in the attenuated total reflection mode such as diamond, zinc selenide and
germanium ¥ are characterized by their high refractive index, low solubility in water and

useful range of detection (Table 10).

Table 10. ATR crystal characteristics for FTIR sampling %%

Crystal Useful range (cm™)  Refractive index Properties

ZnSe 20000-500 2.4 Insoluble in water, cheap

Ge 5000-550 4 Insoluble in water, very brittle
Diamond  45000-2500; 1800-50 2.4 Insoluble in water, expensive,

robust and durable

This technique is well adapted for the study of films on the surface since it overcomes the
problem of contribution of water. Only a small quantity of the sample (1-2 uL) is needed and

it is more accessible than a sealed sample used in the transmission mode.

Furthermore, the multiple reflections taking place at the interface lead to the enhancement of
the signal with better signal to noise ratio. On the other hand, the crystal by itself has a

polarizing effect which leads to spectral differences when compared to other methods. The
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measurement of dry samples causes small secondary structural changes which arise either

from drying or the interaction with the crystal.

2.4 Raman spectroscopy

Raman spectroscopy is a complementary technique to infrared spectroscopy. IR measures the
change of dipole moment, whereas Raman measures the change of polarizability. The
polarizability of the bond determines the frequency and intensity of the Raman shift. Raman
possesses several advantages over IR; 1) it is well suited for the study of aqueous solution
because of the low diffusion of water, 2) it is non-destructive and 3) requires no sample
preparation. Unfortunately, the drawback of this technique lies in the disability of measuring
low concentrated samples as few photons undergo elastic scattering. To overcome this

problem, resonance Raman spectroscopy is used.

Basically, when light interacts with a molecule it could be either absorbed, scattered or not
interact. Raman spectroscopy is a light scattering technique where there is no need for the
photons to be absorbed. Thus, it focuses on scattering where two cases are distinguished,;
either the scattered light would have the same energy as the incident light or it gains/loses
energy during the interaction with molecule resulting in elastic (Rayleigh shift) or inelastic

scattering (Stokes/Antistokes shift) respectively (Figure 39) 16218,
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Figure 39. Diagram of the Rayleigh and Raman scattering processes.

These virtual states are created due to the interaction between the laser and the electrons
which causes polarization. The energy of these states is determined by the frequency of the

light source used.
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2.4.1 Resonance Raman spectroscopy (RR)

Raman effect gives weak signal intensities. One of the strategies used to enhance the signals
by several orders of magnitude (10°-10%) and increases the precision of detection and analysis
is the resonance Raman spectroscopy (RR). In resonance Raman, the molecule is excited to
the first electronic state whereas it is excited to virtual energy state in case of Raman

spectroscopy (Figure 40) 7.
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This method has the advantage of being able to selectively excite a specific part of the
molecule in a complex and therefore makes sense for the study of proteins possessing
chromophores. On the contrary, the main disadvantages of resonance Raman are due to the
increasing risk of fluorescence (broad and more intense than in Raman scattering) and photo-

degradation of the sample due to the increased energy of the incoming laser light.

This technique is well adapted to the study of biological systems. Several studies have been
reported on the Raman of heme proteins as hemoglobin ®* 229 and myoglobin ©*%*® where
they identified the spin state and the coordination states of the hemes using marker bands. In

addition, resonance Raman is used to probe the iron sulfur proteins ?**%*% where certain
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peaks are associated with the bridging (Fe-S°) and terminal (Fe-S") modes. Furthermore, it
gives valuable information about the cluster ligation, the symmetry, and the environment of
each iron sulfur cluster. In this manuscript, the resonance Raman spectroscopy of complex |
protein and some mutants are reported to have a better understanding about the contribution

and environment of each cluster.

2.4.2 Surface enhanced resonance Raman spectroscopy (SERS)

SERS was discovered in 1974 by Fleischmann et al. *» who detected enhanced Raman
scattering from pyridine adsorbed on electrochemically roughened silver. SERS is a Raman
spectroscopic technique that is based on highly enhanced Raman signals coming from active
analyte molecules adsorbed on metal surfaces as gold, copper, silver and lithium. The
enhancement factor usually depends on the nature of the adsorbed molecule, the structure and
morphology of the metal surface. This technique is sensitive to study the surface of a material
with an improved signal intensity to the order 10*-10° and sometimes higher to 10°-10™ for

some systems %2,

Electromagnetic and chemical theories have been suggested in the literature to explain the
enhancement effect ** 2% The presence of roughness features on the metal surface and the
changes of the adsorbate electronic state due to chemisorption of the analyte reflect the
parameters that affect electromagnetic and chemical enhancement respectively. The

electromagnetic contribution in the enhancement usually dominates over the chemical effect
(232)

Two drawbacks of such technique should be mentioned: the difficultly to obtain reproducible
SERS active substrates and calibration curve for the analyte. This technique has been widely
used for the study of biological molecules. Cotton et al. ®*® reported the study of proteins

from the respiratory chain such as cytochrome c by using this technique.

2.5 Sample Preparation

2.5.1 Preparation of complex I protein and its variants

® Preparation of wild type complex | from E. coli

The preparation of the samples was performed in the laboratory of Prof. Dr. Thorsten
Friedrich (Institute of organic chemistry and Biochemistry, Albert-Ludwigs-Universitat,
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Freiburg, Germany). All the steps were made according to the protocol described in the
literature of Pohl et al. ®*® to obtain complex 1. The first step was the cell growth followed

by the preparation of the cytoplasmic membranes and then a two-step purification process.

For isolation of complex I, around 30 g of cells were mixed with 150 ml of buffer composed
of 50 mM sodium chloride (NaCl), 100 uM phenylmethylsulfonyl fluoride (PMSF). Traces
of Dnase | and lysozyme were added to the suspension and then homogenized in a mixer.
Foam was removed by using antifoam (Sigma Aldrich). Then a French press cell (SLM
Aminco) at 110 Mpa was used to break these cells. All these steps were carried out at 4 °C.
After that, the solution was distributed equally in the tubes of centrifuge (RC-5 SR centrifuge,
Sorvall instruments). Cell debris was removed after centrifugation at 36000 g for 20 min. The
cytoplasmic membranes were obtained by centrifugation at 250000 g for one hour (L8-M,
Beckman Coulter). The membranes were collected and suspended in 50 mM MES/NaOH, 50
mM NaCl, 5 mM MgCl,, pH 6 and 100 uM PMSF at 1 g per mL of suspension. n-Dodecyl B-
D- maltoside (DDM, Sigma) from 20% stock solution in water was added to the membrane
suspension to a final concentration of 3% and then the solution was homogenized using a
glass-Teflon homogenizer and incubated 15 min on ice. Unsolubilized material was removed
by ultracentrifugation at 250000 g for 15 min. The supernatant solution was applied to a 60
mL anion exchange chromatography column (Fractogel, EMD, Merck) which was
equilibrated in 50 mM MES/NaOH, 50 mM NaCl, 0.1% DDM and pH 6. The column was
washed with the same buffer. Furthermore, the column was washed with 35 mL of 150 mM
NaCl in 50 mM MES/NaOH, 0.1% DDM, 30 uM PMSF pH 6. Proteins were eluted with a 75
mL linear salt gradient from 150 to 350 mM NaCl in 50 mM MES/NaOH, 0.1% DDM and
pH 6 at a flow rate of 5 mL.min™. Fractions exhibiting NADH/ferricyanide oxidoreductase
activity were collected together. Then imidazole was added to have a final concentration of
20 mM and the sample was loaded on a 10 mL ProBond Ni**-IDA column (Invitrogen)
which was equilibrated in 50 mM MES/NaOH, 200 mM NaCl, 20 mM imidazole, 0.1%
DDM, pH 6.3 at a flow rate of 1.1 mL.min™. The column was washed with the same buffer
until the absorbance at 280 nm decreased to the initial value. Proteins were eluted with a step
gradient from 20 to 500 mM of imidazole in 50 mM MES/NaOH, 200 mM NacCl, 0.1%
DDM, pH 6.3 at a flow rate of 1.1 mL.min™, then fractions exhibiting NADH/ferricyanide
oxidoreductase activity were pooled together and washed at least three times with the 50 mM
MES/NaOH, 50 mM NacCl, 0.1% DDM, pH 6.0 and concentrated by ultrafiltration (100 kDa
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MWCO Amicon, Millipore) to remove the imidazole. The samples were submitted to shock

freezing in liquid nitrogen and stored at -80 °C until used.

For some experiments, the sample should be highly concentrated. This can be achieved with
the help of ultrafiltration (100 kDa MWCO Amicon) of volume 500 pL (Millipore, Billerica,
MA 01821, USA) and centrifuge 5804 R (Eppendorf, Le Pecq, France). The concentration
was performed at a rate of 5000 rpm.min™ for 20 min. The final concentration obtained for
the sample was around 100 pM.

e Preparation of wild type complex | from E. coli with reduced lipid content
(delipidated sample)

The same procedures described above (section 2.5.1) were followed for the preparation of the
delipidated complex | samples. The main difference involves a longer washing step during
the Probond Ni**-IDA affinity column chromatography in order to remove higher amount of
phospholipids.

e Preparation of NuoL and NuoB mutants

The purification of NuoL mutants (D563N, D563E, Y594F) were done by Stefan Steimle @™
1) \whereas NuoB mutants (C64AG100C with respect to E. coli) at pH 6, 6.5, 7 were
prepared by Patricia Hegger and Ina Parsjow in the laboratory of Prof. Dr. Thorsten
Friedrich. As described before, membrane proteins were extracted with n-dodecyl-B-D-
maltoside (DDM, Sigma) and separated by anion exchange chromatography on Fractogel
EMD TMAE Hicap (Merck). Fractions exhibiting NADH/ferricyanide oxidoreductase
activity were pooled and loaded on to affinity chromatography on Probond Ni*-IDA
(Invitrogen). Bound proteins were eluted with an imidazole step gradient. Peak fractions with

NADH/ferricyanide oxidoreductase activity were pooled and concentrated.
e Preparation of ABA triblock copolymer PMOXA15-PDMS7,-PMOXA 5

Polymethyloxazoline-Polydimethylsiloxane-Polymethyloxazoline of molar mass 7988
g.mol™ @82 was prepared in the laboratory of Prof. Dr. Wolfgang Meier in department of
chemistry, University of Basel. 1 mL of the ABA polymer in chloroform at concentration of
1mg.mL™? (125 uM) was used.
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e Determination of NADH/ferricyanide oxidoreductase activity

The enzymatic activity of complex | was obtained by following the reduction of ferricyanide
by NADH at 410 nm at room temperature 39, The measurement was performed using a 1cm
x 1cm cuvette with a final volume of 1 mL containing 50 mM MES/NaOH, 50 mM NaCl, 1
mM Kj;[Fe(CNg)], 0.2 mM NADH, pH 6 with 5 uL of the sample. The NADH/ferricyanide
oxidoreductase activity in units of pmol.min-.mL™ or (U.mL™) was determined by using the

equation of Lambert-Beer’s law where the molar absorption coefficient of K3[Fe(CNe)] is

€410=1mM*cm™.
e Determination of complex I concentration through UV-visible spectroscopy

The concentration of the complex | was determined using a Diode-Array UV-vis
Spectrophotometer (TIDAS 11, J&M), where 1 cm path length quartz cuvette filled with 5 puL
of the sample and diluted in 245 pL of the buffer (MES 50 mM, NaCl 50 mM, 5 mM MgCl,,
0.1 % DDM) is used. The concentration was calculated using Lambert-Beer’s law where the
molar extinction coefficient for complex | (MW 535.4 kDa) is €250 = 781 mM™.cm™ @) One
important thing that should be taken into consideration was the contribution from lipids and
detergents which usually appear at 310 nm, thus the absorbance at 310 should be subtracted

from the absorbance of the protein at 280 nm.
2.5.2 Preparation of lipids and liposomes

e Phospholipids

Lyophilized L-a phosphatidylcholine from egg yolk EPC (fatty acid composition: 33% 16:0,
13% 18:0, 31% 18:1 and 15% 18:2), lyophilized L-o phosphatidylethanolamine from egg
yolk EPE (fatty acid composition: 22.0% 16:0, 37.4% 18:0, 29.4% 18:1 and 11.2% 18:2),
1,2-dimyristoyl-sn-glycero-3-phosphocholine  DMPC (100%, 14:0), 1,2-dimyristoyl-sn-
glycero-3-phosphatidylethanolamine DMPE (100%, 14:0), cardiolipin from bovine heart
(CL) (fatty acid composition: 0.5% 16:0, 0.4% 16:1, 0.2% 18:0, 6.7% 18:1 and 92.2% 18:2)
and cholesterol were purchased from Sigma Aldrich and used without further purifications
(Figure 41).
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Figure 41. Chemical structures of DMPC, DMPE, EPC, EPE, CL and cholesterol. Ry, R,, Rs, R, are fatty acid

residues.

The samples were dissolved in chloroform (Fluka, 99.5% purity and 0.5% ethanol as a

stabilizer) with a concentration of 20 mg.mL™. The lipid DMPE is soluble in a mixture of

organic solvents (80% chloroform, 20% methanol) with a little sonication. Lipid mixtures of

EPC and EPE of different ratios 1:1, 2:1 and 4:1 (mole ratio) were prepared.

e Liposomes

Liposomes were prepared by Birgit Erhard in the laboratory of Prof. Dr. Regine Siss in the

faculty of pharmacy, Freiburg. The production of liposomes involves 3-4 basic steps (Figure

42) 9,
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Figure 42. The crucial steps involved in the preparation of liposomes.

Preparation of lipid film: The lipid sample was dissolved in chloroform until a clear lipid
solution was observed. It was then placed in a round bottom flask which was connected to
rotary evaporator using an argon stream in a fume hood. After the evaporation of the organic

solvent, the lipid film was obtained.

Hydration of lipid film: The lipid film was hydrated in aqueous media and allowed to stand
for 2 hours at room temperature in order to form the liposomes.

Sizing of lipid suspensions: The final step was to have a homogenous distribution of the
liposomes and this is achieved using a variety of techniques including sonication, detergent
depletion, reverse phase evaporation, extrusion, and microinjection #3324 Extrusion was the
approach used in our preparation because it is well known to generate LUV with uniform size
between 100-200 nm. This can be done by passing the sample through a polycarbonate
membrane with a defined pore size which then yields vesicles with diameter similar to that of
filter (Figure 43). The size and polydispersity were measured using the dynamic light
scattering method (DLS).
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Figure 43. Extruder used for producing LUV.

e pH sensitive liposomes DOPE/CHEMS (3:2)

Dioleylphosphatidylethanolamine (DOPE) was mixed with cholesteryl hemisuccinate
(CHEMS) and the lipid film formed was hydrated with Hepes buffer 10 mM + 150 mM NaCl
at given pH. Six samples of DOPE/CHEMS liposomes of 3:2 ratio at different pH were

prepared and studied.

Table 11. DOPE/CHEMS (3:2) liposomes at 6 different pH buffers.

DOPE/CHEMS (3:2) Size (nm) Polydispersity
pH
7.4 125 0.082
6.5 137 0.041
6 142 0.042
5.5 308 0.194
5 1533 0.149
4.5 1088 0.186
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2.6 Experimental conditions
2.6.1 Infrared absorbance spectra of lipids

The ATR absorbance spectra of lipids were carried out by depositing 2-3 pL of the lipid
sample on the surface of the crystal. Each time the detector, beamsplitter and IR source were
chosen according to the studied spectral range (section 2.3.1). The far infrared absorbance
spectra were recorded between 600-50 cm™ using the diamond ATR crystal, whereas the

Si/ZnSe crystal was used for the mid infrared region from 4000 to 900 cm™ 41,

MIR data were obtained using a Bruker IFS 28 FTIR spectrometer equipped with a KBr
beamsplitter and deuterated triglycine sulphate (dTGS) detector. On the other hand, a Bruker
Vertex 70 FTIR spectrometer supplied with a removable silicon beamsplitter and room
temperature dTGS detector was used for the far infrared absorbance spectra. These
spectrometers were purged with dry air. Generally, five spectra with 128 scans were averaged
to have the final far infrared spectra. The resolution was 4 cm™ with a scan velocity 2.5 kHz
whereas ten mid infrared spectra with 256 scans were averaged using a mirror velocity of 10
kHz and resolution 2 cm™. Water vapour compensation and smoothing of 2 to 5 points were
performed when necessary. Each measurement was repeated at least three times to assure

reproducibility.

e Temperature-dependent behaviour of phospholipids

For the temperature dependent measurements in the mid infrared region, the lipid solution
was deposited on the surface of the Si/ZnSe crystal and left to dry. The temperature was
slowly decreased to the desired temperature starting at 5 °C and after an equilibration time of
an hour infrared, measurements were performed in function of increasing/decreasing
temperature as previously described ®*?. An external bath containing water/ethanol was used
to control the temperature. The infrared spectra were recorded between 5 and 60 °C and the
samples were equilibrated for at least 30 minutes at the respective temperature before data

acquisition.

The same experiments were done for the far infrared measurements but in this case the
absorbance cell was used (section 2.3.3). A 2 mm thick polyethylene (PE) window was used
and the sample was prepared as a dried film on the surface of the window. The experiments
on DMPC, DMPE, EPC and EPE were realized using a Bruker Vertex 70 FTIR with a
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conventional light source whereas the measurements on the lipid mixtures EPC/EPE at
different ratios and the lipid/cholesterol mixtures were carried on a Bruker IFS 66 FTIR
spectrometer and mylar beamsplitter and a helium cooled bolometer as detector, using the
synchrotron light at the ANKA IR Beamline Karlsruhe. The two main advantages of such
experiments are summarized by the high brilliance of the synchrotron light in the low
frequency region and the vacuum condition in the spectrometer which reduces the
contribution of humidity. The final spectrum was obtained after averaging seven spectra with
256 scans, 4 cm™ resolution and 20 kHz scan velocity and subtracting the PE spectrum.

2.6.2 Study of liposomes
e Modification of the Si/ZnSe crystal

The Si/ZnSe crystal was modified by TiO, solution to promote the adsorption of liposomes.
TiO, was selected because it allows keeping liposomes intact ¢ ). TiO, solution was
prepared by dissolving 30 mg of fumed TiO, (P25) powder (Sigma Aldrich, particle size of
about 20 nm) in 25 mL of methanol and placing it for 30 min in an ultrasonic bath. Then 100
ML of the TiO, suspension in methanol was deposited on the surface of the Si/ZnSe followed
by the evaporation of the solvent ?*?. A layer of dry TiO, was formed on the surface (Figure
44).
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Figure 44. Liposomes solution on TiO, modified Si/ZnSe crystal.

After coating the crystal, the buffer Hepes at given pH was pumped until a stable background
was obtained. Then the MIR absorbance spectra of liposome samples at different pH were
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recorded. The experiments were carried out at room temperature and the flow rate of the
pump was 1 mL.min™ and 20 spectra with 256 scans and 2 cm™ resolution were averaged in

order to get the final spectrum.

2.6.3 Spectroelectrochemisrty

e Thin layer electrochemical cell

For the electrochemistry experiments, the optically transparent thin layer electrochemical cell
designed by David moss in 1990 was used ®*®). This cell is composed of three electrodes: 1) a
gold grid (35 x35 um mesh width, optical transparency of 55%, from Buckbee, USA) used as
a working electrode, 2) platinum film used as a counter electrode and 3) silver/silver chloride
(3M KClI) as a reference electrode (+208 mV versus SHE) (Figure 45A).
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CaF, windows fixed on plexiglass
Connection for

reference electrode Polyvinylchloride cell body

Rubber o-ring Gold grid working electrode
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Figure 45. The spectroelectrochemical cell and its different compartments ®*® before (A) and after (B)

assembly, the yellow arrow indicates the optical pathway, representation of the gold grid modification with

cysteamine and mercaptopropionic acid (C).
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After closing the cell, the corresponding buffer was added in order to ensure the connection
between the electrodes. The cell was maintained inside a metallic support that helps to
control the temperature during the measurement (Figure 45B). After that, it was transferred to
the spectrometer and connected to a potentiostat which regulates the potential applied to the

working electrode.

The gold grid was pre-treated with a solution of modifiers of 2 mM cysteamine and 2 mM
mercaptopropionic acid for at least one hour (Figure 45C) to avoid denaturation of protein
upon contact. These modifiers are covalently attached to the gold surface from the sulfur part
and they form a self-assembled monolayer (SAM) of -COO™ and —NH5" groups from the
other part that electrostatically interact with the protein. It is important to mention that the
grid was washed with distilled water in order to remove the noncovalently bound thiols

before adding the sample.

The proteins usually have cofactors which are embedded inside their structure. For this
reason, a mixture of 19 electrochemical mediators (Table 12) which act as a shuttle that
accelerate the rate of electron transfer between the cofactors and the working electrode were
used (Figure 46).

@ cofactor

Gold grid

Protein
Mediator

Figure 46. Schematic representation of the role of mediators.
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Table 12. List of mediators used for spectroelectrochemical experiments.

Mediator Em(mV) vs. Source Solvent

Ag/AgCI

(3M KCl)
Ferrocenylmethyltrimethylammoniumiodide 607 Stern chemicals  Ethanol
1-1-ferrocenedicarboxylic acid 436 Fluka Ethanol
Potassiumhexacyanoferrate (I1) trinydrate 212 Riedel-de-Haén  Water
1-1-dimethlyferrocene 133 Sigma Aldrich  Ethanol
Quinhydrone 70 Fluka Ethanol
Tetrachloro-1.4-benzoquinone (p-Chloranil) 72 Sigma Aldrich ~ Acetone
N,N,N,N-Tetramethyl-p-phenylenediamine 62 Fluka Water
dihydrochloride
2,6-dichlorophenolindophenol sodium salt 9 Biochemika Ethanol
hydrate
Hexaamminerythenium (I11) chloride -8 Sigma Aldrich  Water
Anthraquinone-2-sulfonic acid sodium salt -23 Sigma Aldrich ~ Water
1.4 naphthoquinone hydrate -63 Sigma Aldrich ~ Water
Trimethylhydroquinone -108 Sigma Aldrich ~ Ethanol
Anthraguinone -108 Sigma Aldrich  Ethanol
5-Hydroxy-1,4-naphthiquinone -158 Sigma Aldrich  Ethanol
Duroquinone -198 Sigma Aldrich  Ethanol
Menadione -220 Sigma Aldrich  Acetone
2-Hydroxyl-1,4-napthoquinone -333 Sigma Aldrich  Ethanol
9,10-Anthraquinone-2,6-disulfonic acid -433 Sigma Aldrich  Ethanol
disodium salt
Neutral red -515 Sigma Aldrich  Ethanol
1,1-Dimethyl-4,4-bypyridium dichloride -628 Sigma Aldrich ~ Water

hydrate

Each of these mediators has a different midpoint potential, but all together they are capable of

mediating electron transfer over a range of potentials “** from -600 to +600 mV versus
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Ag/AgCl (3M KCI). These mediators have a final concentration of 25 uM so they do not

contribute much to the visible absorption spectrum as seen previously 4247,

e Study of complex | and NuoL mutants

The electrochemical cell described above was used where 10 pL of the sample of
concentration around 125 pM was placed on a mixture of mediators for 35 minutes to
promote electron transfer between the cofactors of protein and the working electrode. Then
the sample was deposited on the gold grid and the cell was closed and filled with buffer (50
mM NaCl, 50 mM MES, 0.01 % DDM, pH 6). Undesired air bubbles were eliminated and the
pathlength should not exceed 10 pm 30183,

The cell was connected to a thermostat with a temperature fixed at 5 °C. The potentials
applied for the oxidized state and the reduced states were 0 and -650 mV respectively versus
Ag/AgCI (3M KCI). The equilibration times were 3 min for the oxidized state and 5 min for
the reduced state.

The measurements were carried out using the Bruker Vertex 70 spectrometer (KBr
beamsplitter, liquid nitrogen MCT detector, globar source). The spectra were recorded in the
oxidized and reduced states at 40 kHz scan rate, 4 cm™ resolution and 256 scans. The opus
program then calculated the ox-red and red-ox spectra. The final spectrum obtained was an
average of around 60 cycles.

e Interaction of complex I with ABA block copolymer

30 pL of the polymer PMOXAs-PDMS7,-PMOXA; of concentration 1 mg.mL™ were
placed in an eppendorf and left to evaporate, then 6 pL buffer (50 mM NaCl, 50mMES, 0.01
% DDM, pH 6) were added to dissolve the 30 pg of polymer and they are shaked for around
one week at 4°C using the thermomixer (compact, Eppendorf). 4 pL were left due to
evaporation and mixed with around 9 pL of delipidated complex | sample for 3 hours at 4 °C.

The final molar ratio was around 30:1 polymer/complex I.
e Interaction of complex I and the NuoL mutant with zinc (I1)

1 uL of ZnSQOy solution of concentration 150 mM was added to 9 pL of D563N mutant of
concentration around 150 pM in order to obtain a 100:1 ZnSO4/D563N ratio. Then they were
mixed for 3 hours at 4 °C and the mixture was incubated on the mediators for 35 min. The

electrochemical cell was assembled as described before (section 2.6.3); the main difference
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was the equilibration time which was extended to 9 min for oxidation and 10 min for

reduction.

e UV-visible redox titration of NuoB mutants

UV-visible spectroscopy coupled to thin layer electrochemical cell was used for the titration
of cofactors. For the study of NuoB mutants, titrations were performed using a Diode-Array
UV-vis Spectrophotometer (TIDAS 11, J&M) in order to probe the effect of the mutated
residues and pH on the midpoint potential of each cofactor present in the enzyme. The
procedures followed were identical to the one described above (section 2.6.3) except that two
gold grids were used instead of one in order to increase the optical path length, and the
mediators concentration was doubled. The thermostat was placed at 10 °C in order to avoid
the condensation of water inside the spectrometer. The titration was started by measuring a
reference in the oxidized state and then the potential was shifted to the reduced state to take a
full red-ox spectrum. This step was repeated in the other direction in order to get the ox-red
spectrum. If the two spectra were reversible and mirror images to each other, this indicates
that the experimental setup is functioning well. The data were recorded by applying a
potential between 0 and -650 mV (vs. Ag/AgCl). The potential was changed in -25 mV steps
from -400 to -650 mV and -50 mV from -400 to 0 mV. The equilibration time was between
10 to 30 min, and every 5 min a spectrum was recorded and compared to the previous one.

When no more changes were observed, the potential was shifted to the next one.

e Determination of the redox midpoint potential (Em)

To estimate the midpoint potential of a certain cofactor, the difference in absorbance at a
given wavelength was plotted against the applied potential (4A as a function of potential)

then the curve was fitted to Nernst equation.

Ap) = y_ Amax eq. 9

1+e(p_Em)£_I;

En is the midpoint potential of the cofactor, p is the applied potential, R universal gas
constant (8.3144 J.K™.mol™), n correspond to the number of electrons transferred, F is the
Faraday constant (96485.3 C.mol™) and T corresponds to the temperature in Kelvin, Amay is
the maximal change in the absorbance. This method usually works when one or two
components absorb at this specific wavelength in a redox dependent manner. But in the case
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of complex | protein, around nine cofactors (FMN and iron sulfur clusters) are involved in the
same spectral region, so fitting to Nernst equation gives inaccurate results. For this reason the
first derivative of the difference in absorbance was plotted against the applied potential (6 44
as a function of potential). Then the resulting curve was fitted by simple Gaussian equations.
The height of each Gaussian peak depends on the molar extinction coefficient and the half

width depends on the number of electron transferred during the reaction %%,
2.6.4 Resonance Raman Spectroscopy

Raman Spectroscopy was used to compare the complex | wild type with NuoB mutants at
different pH. The measurements were performed using a Renishaw InVia Reflex Raman
microprobe with a multi-wavelength facility equipped with a CCD (charge coupled device) as
a detector. The sample was dried on a polyethylene window (2 mm) under argon. Then a 50 X
objective lens was used to focus the laser onto a certain position. The experiments were
conducted using an argon ion laser with a power of 12.5 mW and an excitation wavelength
514 nm. The spectrum was obtained after 50 accumulations with an exposure time of 10 s

and resolution 1 cm™. All Raman spectra were calibrated using silicon window as a reference.

e Surface enhanced Raman Spectroscopy on lipid

The Raman spectra of EPC, EPE, cardiolipin and lipid/cholesterol mixtures were recorded
using CaF, window with an excitation of 514 nm. On the other hand for the SERS
experiments on these lipids, a Si substrate was coated with silver nanoparticles and modified
with a 1mM thiol solution (Figure 47) then the lipid sample was deposited on the surface.
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Figure 47. The steps used to immobilize lipids for signal enhancement in Raman.
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and pH sensitive liposomes
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3 Results and discussions

In the last decade, a significant progress in the understanding of lipid interaction was
achieved by applying Fourier transform infrared spectroscopy ®*®. This technique is a
powerful tool for studying the structure and organization of membrane lipids in their various
phases. The conformational properties and the phase transition temperature of lipids have
been mostly studied in the mid infrared region (4000-800 cm™). In the far infrared region
(600-50 cm™), the contribution of the head group (600-480 cm™), the torsion motion of the
hydrocarbon chain/skeleton vibrations (460-180 cm™) and the hydrogen bonding continuum

(<300 cm™) can be probed as shown recently ¢4,

Several kinds of phospholipid model compounds as phosphatidylcholine 49-%%2)

phosphatidylethanolamine “®, cardiolipin ©®® as well as asolectin ®*Y have been well
characterized using IR spectroscopic methods. Lipid/cholesterol systems have been examined
using different techniques like X-ray ** %4 neutron diffraction ®*>, NMR 69 EgSR (0,
Raman ™ %Y and IR spectroscopies ®®* 2®. However, the interaction mechanism of
cholesterol with membranes is not yet fully understood and is still under investigation. In this
chapter, the temperature dependence of thin films composed of pure and mixed phospholipids
with cholesterol are probed by means of mid and far infrared spectroscopies. To the best of
our knowledge, this is the first description of the hydrogen bonding behaviour of mixture of

phospholipids together with and without cholesterol using far IR spectroscopy.

3.1 The temperature dependence of lipids in the mid infrared domain

The mid infrared absorption spectra of thin films of pure EPC, EPE, cardiolipin and mixtures
with cholesterol in a mole ratio of 2:1 (lipid/cholesterol) are recorded upon heating from 0 to
90 °C on a ZnSe/Si crystal. These spectra include the characteristic absorbance of the acyl
chains part (CH vibrations) and the head group (phosphate and carbonyl stretching) “®* as

shown in Figure 48. For analysis, the spectrum is divided into four different spectral domains.
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Figure 48. The ATR absorption spectra of EPC (black), EPE (red), CL (green) and cholesterol (blue).

3.1.1 Spectral features characteristics of the tail part

3.1.1.1 CH stretching vibration

The carbon-hydrogen stretching vibrations give rise to strong bands in the spectral region
2800-3100 cm™ (Figure 49). These infrared absorption bands correspond to the asymmetric
(vas CH2) and symmetric (vs CH,) stretching vibrations of the methylene groups. The
frequencies of these vibrations are sensitive to the static order of the acyl chains. Thus, the

increase in hydrocarbon chain conformational disorder causes an increase in their frequencies
(18, 248, 265-270)

72



Results and discussion: lipids and liposomes

0.8+

0.6

0.4-

Absorbance

0.2-

0.0 0.0

30I00 29|50 29I00 28|50 28I00 3000 2950 2900 2850 2800

0.8+
D

2922

2924

Absorbance

0.0

0.0

3000 2050 2900 2850 2800 3000 2950 2000 2850 2800

0.6+

0.4

0.2+

Absorbance

0.0

0.0

3000 2950 2900 2850 2800 3000 2950 2000 2850 2800

Wavenumber/ cm™ Wavenumber/cm™

Figure 49. Temperature dependent ATR absorbance spectra of pure EPE (A), EPE/cholesterol (2:1) (B), EPC
(C), EPClcholesterol (2:1) (D), CL (E) and CL/cholesterol (2:1) (F). Line assignments: 0 °C (back), 40 °C (red),
90 °C (blue).
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Figure 49 shows the asymmetric stretching v,s CH, and symmetric stretching vs CH;
vibrations near 2920 cm™ and 2850 cm™ respectively, for pure EPC, EPE, cardiolipin and
their mixtures with cholesterol. Further vibrational modes originating from the terminal
methyl groups (symmetric/asymmetric stretch; at 2870/2956 cm™) and from the =C—H

stretching bands of unsaturated acyl chains at 3010 cm™ can be seen 9.

The CH; symmetric and asymmetric vibrations exhibit temperature dependent variations in
the peak position, height and bandwidth. For instance, the symmetric vibrational mode of the
CH, group of pure EPE film is shifted from 2850 cm™ to 2854 cm™ at 0 °C and 90 °C
respectively. Similar observations are made for other lipids (Figures 49C, 49E). In
comparison, the incorporation of cholesterol to these lipid layers causes subtle changes in the
CH vibrations inducing an upshift of the CH, symmetric vibration from 2850 (EPE) to 2851
cm™* (EPE/cholesterol) (Figures 49A, 49B), as well as for CH, asymmetric vibration where it
shifts from 2923 (CL) to 2924 cm™ (CL/cholesterol) (Figures 49E, 49F). Furthermore,
cardiolipin exhibits an intense peak assigned to =C—H at 3010 cm™ as compared to other
lipids and this originates from the high percentage of unsaturation (18:2, 92%).

As a result, the temperature increase is accompanied by an upshift of the v,s CH, and vs CH,
vibrations by 2-3 cm™, the broadening of the bands and an overall decrease in their
amplitudes @™, These shifts reflect the high disorder and mobility of hydrocarbon chain
indicating changes of the trans/gauche ratio in the lipid acyl chains which causes the

transition from a gel (ordered) phase (L) to a liquid crystalline (disordered) phase (L) (248)
3.1.1.2 Phase transition temperature

In order to determine the phase transition temperatures of the studied lipids and
lipid/cholesterol systems, a series of spectra are recorded and averaged at each temperature.
Then the wavenumber of symmetric CH, vibration is followed similarly to what have been
reported for most FTIR studies on phospholipid gel to liquid crystalline transitions 4% %69,
The presented work allows the characterization of lipid systems and the examination of the

influence of cholesterol on transition temperatures.

The infrared absorption bands at 2850 and 2920 cm™ can be used to monitor the phase
transition temperature of lipid. The 2920 cm™ signal is rarely used in practice because it
contains overlapping contributions from CHj; groups. This band could also be perturbed by

Fermi resonance interactions with the first overtones of the CH, scissoring vibration ®*®. The
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band near 2850 cm™ is usually less perturbed by such effects and it originates mostly from the
symmetric C-H stretching vibrations of the CH, groups ®*®. This CH, vibration is a very
sensitive indicator of the hydrocarbon chain melting phase transition. Sometimes the CH
rocking modes are used to examine the phase transition temperature. For instance,
Mendelsohn et al. @V used the CD, rocking modes of the lipid specifically deuterated at
various positions along the hydrocarbon chain to determine the conformational disorder

(trans/gauche isomerisation) and to probe the transition temperature.

e EPE and EPE/cholesterol (2:1)
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Figure 50. Plot of CH, wavenumber as function of temperature of pure EPE (A) and EPE/cholesterol (2:1) (B).

A first analysis of EPE lipid (Figure 50A) shows one main transition temperature at 22 °C
and a second transition temperature which is difficult to determine at 70 °C (indicated by
arrows). These obtained results are in good agreement with a previous study done by Pare et
al. ® on POPE system. These two temperatures correspond to the transition from a bilayer
phase to a non-bilayer phase (Figure 51) where the conformational disorder of the acyl chains

is the driving force behind this transition “7.
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Figure 51. Description of the different lipid phases: the gel phase (A) the liquid crystalline phase (B) and the
hexagonal non-bilayer structure (C). The phase transition temperatures are T, (m for melting) and Ty, (h for

hexagonal) 7.

The first transition temperature at 22 °C, called the T, involves the conversion of a relatively
ordered gel state bilayer, where the hydrocarbon chains exist in their extended, rigid, all trans
conformation, to a disordered liquid crystalline bilayer in which the hydrocarbon chains

contain a number of gauche conformers.

The second transition temperature at 70 °C, called the Ty, shows the transition from liquid
crystalline bilayer phase into an inverted hexagonal (H;) phase non-bilayer structure. This
phase is promoted by the unsaturated acyl chains. The amplitude of the shift of CH; between
different phases is smaller than that observed for the gel to liquid crystalline phase transition
because the acyl chain order is less perturbed during the lamellar to hexagonal phase

transition.

In the presence of cholesterol (EPE/cholesterol 2:1 mixture (Figure 50B)), the Lg to L, phase
transition and L, to H;, are both shifted toward lower temperatures. The T, is decreased to 8
°C because cholesterol addition leads to looser lipid packing. Cholesterol is reported to
disorder the Lg phase whereas it orders the phospholipids in the L, phase. Between 12 and 30
°C, the system is in the fluid phase and cholesterol now has an ordering effect on the acyl
chains of EPE. It causes a decrease in the frequency shift amplitude which can be interpreted

as a reduction of the conformational disorder introduced during this transition.

76



Results and discussion: lipids and liposomes

The Ty, transition temperature is shifted from 70 °C of pure EPE to 45 °C for EPE/cholesterol
mixture which is in agreement with the results obtained by Pare et al. and Epand et al. ¢ &
82) on POPE system where they reported a decrease in the Ty, temperature between 0 and 30
mol % cholesterol. Cholesterol affects the transition from the liquid crystalline lamellar to
hexagonal phase because of its small head group which is considered as a cone shaped

molecule that promotes hexagonal phase formation €.

Indeed, this study allows probing the properties of EPE lipid and examining the influence of

cholesterol on the EPE lipid propensities to form non lamellar phases.

e EPC and EPC/cholesterol (2:1)

The temperature dependencies of the frequencies of the symmetric CH; stretching mode in
pure EPC film and in the EPC/cholesterol system are displayed in Figure 52. In both plots
there is an increase in the frequency with increasing temperature. The main phase transition is
found at 29 °C for EPC (Figure 52A) which is lower by around 10 °C from the value reported
by Popova et al. for dry EPC & 249,

2854.0 B
A 2853.5-
"L 28535 -
S 1
5 g 2853.0
S
s 28530 =
g Q28525
S 285251 l £ l
o c 28520-
> Q
© 2852.0- &
; < 285154
[ ]
28515
— T T T T T T T 2851.0 ; Y 3 J J y J : : !
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Temperature / °C Temperature / °C

Figure 52. Plot of CH, wavenumber as function of temperature of pure EPC (A) and EPC/cholesterol (2:1) (B).
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Figure 52A reveals the presence of one main transition temperature where EPC moves from
the gel bilayer phase to the liquid disordered bilayer phase. This finding is consistent with the
literature where it was suggested that EPC is stabilized in bilayer form due to the cylindrical
shape of the molecule. In contrast, EPE exhibits two transition temperatures (Figure 50A)

necessary for its stabilization in the hexagonal phase owing to its conical shape 722",

Concerning EPC/cholesterol (2:1) (Figure 52B), the transition temperature is 19 °C (indicated
by arrow), it decreases by 10 °C in comparison to EPC. The decrease in T, after the
incorporation of cholesterol is in line with previous reported studies using differential
scanning calorimetry on cholesterol /phosphatidylcholine mixtures /® 2> 278 Usually, the
cholesterol/phosphatidylcholine interaction depends on the hydrophobic mismatch effect.
Previous studies showed that cholesterol stabilizes the gel phase of PC with acyl chains
shorter than 17 carbon atoms while it destabilizes the gel phase of longer chain (longer than
18 carbon atoms) 9. So, as long as the hydrophobic steroid part of cholesterol is comparable

with that of phosphatidylcholine chains this causes a strong interaction.

e CL and CL/cholesterol (2:1)

Cardiolipin has a unique chemical structure and this structure determines its physical
properties. Few studies were performed on the organization and the thermotropic phase
behavior of cardiolipin systems ©* 5% 2 Hubner et al. ®® reported the transition
temperatures of two cardiolipins (16:0) and (18:0) probing the effect of hydrocarbon chain
length on the phase transition of saturated cardiolipins. Besides it was demonstrated that there
is a clear effect of the monovalent and divalent cations on the Lg/L, phase transition
temperature of cardiolipin ®* 2729 The following section discusses the frequency versus
temperature plots of pure cardiolipin in comparison to cardiolipin/cholesterol mixture (Figure

53) to see the influence of cholesterol.
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Figure 53. Plot of CH, wavenumber as function of temperature of pure CL (A) and CL/cholesterol (2:1) (B).

In both cases, there are no steep sigmoidal frequency curves. The frequency increases in a
linear manner as function of temperature indicating that there is no transition from one phase
to another. The results observed revealed that the high degree of unsaturation in beef heart
cardiolipin does not allow the formation of a lamellar bilayer structure leading to the absence
of a transition from gel to liquid crystalline phase. This unsaturated cardiolipin only forms a
hexagonal (Hy;) nonlamellar structure in which the C-OH and PO, groups are buried ©*. For
CL/cholesterol, very little work has been reported on the role of cholesterol on cardiolipin
polymorphism. Lu. et al. ®® found that cholesterol promotes the formation of hexagonal

structure in cardiolipin.

In summary, our results on EPE, EPC and cardiolipin indicate that the presence of cholesterol
in lipid systems induces conformational changes, downshifts the transition temperatures

(Table 13) and affects lipid polymorphisms.

Table 13. The transition temperatures of EPC, EPE lipids and their mixtures with cholesterol.

Transition EPE EPE/cholesterol EPC EPC/cholesterol
Temperature

Tm 22°C 8°C 29°C 19°C

Th 70 °C 45 °C
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3.1.1.3 Bending modes: CH; wagging, rocking and scissoring vibrational modes

The bending vibrations of methylene and methyl groups are usually seen in the 1500-1350
cm™ region. The CH scissoring vibration is located at 1465 cm™ and this band is sensitive to
the acyl chain packing and conformation ®*®). The CH, wagging band is observed between
1300-1400 cm™ in a region free of interferences of other IR active groups with the exception

of CH3 bending band. The CH, rocking modes are found in the region 1150-700 cm™.

In some cases, the CH, rocking and wagging vibrations are coupled to vibrations of polar
groups as in the lipid membranes and this leads to the enhancement of the intensities of these
bands. Upon heating, the introduction of gauche conformers leads to uncoupling of these
vibrations from the polar group. The overall effect is the large decrease in the intensity and
the increase of band width which could be interpreted as the conformational disorder in the

acyl chains that occurs at hydrocarbon chain melting transitions.

Sometimes the chain melting transitions causes the decrease in the intensities of CH,
wagging and rocking modes to the extent that they disappear from the infrared spectra of
lipids. Thus the changes in the intensities of CH, rocking and wagging vibrations could be a
useful indicator of hydrocarbon chain melting phase transition and conformational changes
that affect the orientation of polar groups.

The infrared spectra of EPC, EPE, cardiolipin and the lipid mixtures with cholesterol show
strong absorption bands near 1465 cm™ and 1377 cm™ that correspond to CH, scissoring
mode and CH; umbrella band respectively (Figure 54). There is a weak band at 1417 cm™
which arises from the d(a-CH,) group of the acyl chains next to the ester group. For EPC and
EPC/cholesterol (Figures 54C, 54D), there is an additional peak at 1485 cm™ which is
attributed to 8,5(N*-(CHs)3) of the choline group. Interestingly, the common feature between
all these figures is the decrease in their amplitudes and increase of the width at higher

temperature indicating the increasing disorder (Figure 54).
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Figure 54. The CH bending region of EPE (A), EPE/cholesterol (2:1) (B), EPC (C), EPC/cholesterol (2:1) (D),
CL (E), CL/cholesterol (2:1) (F) under the effect of temperature. Line assignments: 5 °C (back), 20 °C (red), 40
°C (blue) and 60 °C (magenta).
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3.1.2 Spectral features characteristics of the lipid head group

The head group of the lipid gives rise to a number of infrared bands that are assigned to the
phosphate and the CO vibrations. These bands reflect the level of hydration and
conformational changes taking place around the head group.

3.1.2.1 CO vibration

The properties of lipids are often studied on the basis of the carbonyl absorption band which
arises from the stretching vibrations of two ester carbonyl (C=0) groups. The position and
the shape of the CO absorption band are sensitive to the hydrogen bonding interaction. It
usually includes two underlying peaks: a higher wavenumber component which originates
from C=0 groups that are not hydrogen bonded and the second component corresponds to

C=0 groups that are involved in hydrogen bonding %% %2,

Furthermore, there are C-O stretching bands of the ester groups between 1200 and 1000 cm™
but these vibrational modes are less informative since they are coupled to C-C stretching
vibrations. The C=0 stretching vibration has a broad and intense signal around 1738 cm™ in a
region free from contributions of other infrared active groups, making it useful for the

interpretation of the structural changes in the local environments 4®).

Figure 55 presents an enlarged view of the CO stretching band of the pure lipids and different
mixtures of lipids/cholesterol under the effect of temperature. The absorbance spectra upon
heating and cooling are perfectly reversible (see appendix 2 for cooling step). The C=0
absorption bands are seen at 1737 cm™, 1736 cm™ and 1739 cm™ for EPE, EPC and
cardiolipin respectively (Figures 55A, 55C, 55E). Upon heating, the CO vibration is shifted
to a higher wavenumber accompanied by an increase in the amplitude and a decrease of the
band width. The shape of the CO band changes when the lipid passes from the gel phase to
the liquid disordered phase since the relative intensities of the high and low frequency

components change.

The amplitude of the CO vibration is sensitive towards the degree of hydration, revealing the
presence of the intramolecular hydrogen bonds with large proton polarizability. The intensity
of this band decreases at low temperatures caused by the interaction of these polarizable

hydrogen bonds with their hydration water environment 83284
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The addition of cholesterol affects the shape of the C=0 stretching signal which becomes
highly asymmetric and shows a larger bandwidth in comparison to the data of the pure lipid.
This asymmetry decreases at high temperatures as can be seen in (Figures 55B, 55D and
55F). Additionally, the carbonyl bands shift to higher frequencies in the presence of
cholesterol and is now found at 1737 cm™ for EPE and at 1739 cm™ for EPE/cholesterol. The
small upshift of 2 cm™ indicates that the insertion of cholesterol perturbs the system leading
to increased lipid spacing between lipid molecules (Figure 56) and thus interrupting the
hydrogen bonding interaction of CO.

It is noted that cholesterol has no absorption bands in the spectral zone characteristic for the
CO vibration (see Figure 48), so any effects seen here are correlated to the interaction
between cholesterol and lipid either in a direct way by the formation of hydrogen bonding
between CO group of the lipid and hydroxyl group of cholesterol or indirectly through

conformational effects.

Figure 56. Schematic representation of cholesterol insertion between acyl chains of lipids ©©.
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e Carbonyl bands of EPC and EPC/cholesterol (2:1)

The carbonyl bands with their fitted components for EPC and EPC/cholesterol are depicted in
Figure 57 showing a high frequency component and a low frequency component at around
1740 cm™ and 1730 cm™ respectively (Table 14). The deconvolution is carried out for data
obtained at 5 and 40 °C where EPC exists in the gel phase and in the liquid crystalline phase
respectively (T, for EPC is 29 °C as indicated in section 3.1.1.2).
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Figure 57. Comparison of the carbonyl band of EPC 5 °C (A), EPC/cholesterol 5 °C (B), EPC 40 °C (C) and
EPC/cholesterol 40 °C (D). CO band experimental (black line), fitted curve (red line), low frequency component

(blue line) and high frequency component (magenta line).
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Table 14. Positions of the low and high frequency components of carbonyl band obtained by deconvolution at a
temperature of 5 °C and 40 °C for EPC and EPC/cholesterol. The error on the peak positions is 0.1-0.4 cm™ and
it results from the calculation.

Low frequency component (cm™)  High frequency component (cm™)

EPC5°C 1729.3 17412
EPC/Cholesterol
st 1729.4 1742.7
EPC40°C 17295 17415
EPC/Cholesterol
40°C 1730.0 1743.0

At 5 °C, the carbonyl band is dominated by the low frequency component. The position of
the low frequency component is the same for both EPC and EPC/cholesterol. The high
frequency component is shifted up by 1.5 cm™ in the presence of cholesterol. At 40 °C, the
carbonyl band looks highly symmetric for both EPC and EPC/cholesterol (Figures 57C,
57D). The intensity of the high frequency component at 40 °C is higher than at 5 °C. This
indicates that at higher temperature part of the free water that is not specifically bound in the
lipid film evaporates, so the population of non-hydrogen bonded carbonyl groups is higher.
Thus, the transition from the gel phase to the liquid crystalline phase causes an increase in the
high frequency component and a decrease in the low frequency component. In addition, the
insertion of cholesterol leads to an up shift of the high frequency component due to the
conformational effects.

Zoran et al. ® analyzed the effect of cholesterol on phosphatidylcholines based on the
difference of the peak positions of the high and low frequency components. Here, the
difference between the high and low frequency components in the case of pure EPC and
EPC/cholesterol (Table 14) is very close in both cases (13 cm™), indicating that the effect of
cholesterol is indirect and it is mainly influencing the access of interfacial water to the
carbonyl group as suggested by Zoran et al. “®. On the contrary, if the difference is large
between EPC and EPC/cholesterol, this means that cholesterol forms stronger hydrogen

bonds with carbonyl groups than water molecules.
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e Carbonyl bands of EPE and EPE/cholesterol (2:1)

The deconvolution of CO stretching vibration in the gel phase, liquid crystalline phase and in

the hexagonal phase of EPE and EPE/cholesterol is illustrated in Figure 58. The CO band is

constituted of two frequency components as described before for EPC (Table 15).
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Figure 58. Comparison of the carbonyl band for EPE 5 °C (A), EPE/cholesterol 5 °C (B), EPE 40 °C (C),
EPE/cholesterol 40 °C (D), EPE 80 °C (E) and EPE/cholesterol 80 °C (F). CO band experimental (black line),

fitted curve (red line), low frequency component (blue line) and high frequency component (magenta line).
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Table 15. Positions of the low and high frequency components of carbonyl band obtained by deconvolution at a
temperature of 5 °C, 40 °C and 80 °C of EPE and EPE/cholesterol.

Low frequency component (cm™) High frequency component (cm™)

EPE 5 °C 1729.0 1740.4
EPE/C;h?(I:esterol 17295 1742 .4
EPE 40 °C 1730.0 1741.0
EPE/Cholesterol 1730.4 1743.0
40 °C
EPE 80 °C 1729.7 17415
EPE/Cholesterol
80 °C 1730.0 1743.2

Comparing both EPE and EPE/cholesterol in the gel phase at 5 °C, the high frequency
component is higher in intensity in case of EPE indicating a tight lipid packing (Figure 58A).
When cholesterol is added there is a decrease in the intensity of the high frequency
component and an increase in the low frequency component (Figure 58B) suggesting that the
presence of cholesterol at low temperatures causes looser lipid packing, where carbonyl

groups can interact with free water €9,

The carbonyl bands for both EPE and EPE/cholesterol in the fluid phase at 40 °C and in the
hexagonal phase at 80 °C are highly symmetric (Figures 58C, 58D, 58E and 58F). At high
temperature, the high frequency component dominates over the low frequency component.
Probably, this is due to the loss of free water from the lipid film which leads to the decrease
of hydrogen bonding.
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Carbonyl bands of cardiolipin and cardiolipin/cholesterol (2:1)

The beef heart cardiolipin exhibits a broad ester C=0 stretching band around 1740 cm™

(Figure 59). As demonstrated throughout the previous sections, the deconvolution of the

carbonyl bands as function of temperature yields two different components. The frequencies

of these components are summarized in Table 16.
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Figure 59. Comparison of the carbonyl band for CL 5 °C (A), CL/cholesterol 5 °C (B), CL 40 °C (C) and
CL/cholesterol 40 °C (D). CO band experimental (black line), fitted curve (red line), low frequency component

(blue line) and high frequency component (magenta line).
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Table 16. Positions of the low and high frequency components of carbonyl band obtained by deconvolution at a
temperature of 5 °C and 40 °C of CL and CL/cholesterol.

Low frequency component (cm™) High frequency component (cm™)
CL5°C 1730.5 1741.0
Cl/Cholesterol
5 o0 17303 1742.6
CL40°C 1730.7 1741.5
CL/Cholesterol
40 °C 1730.6 1743.0

The increase in the temperature from 5 to 40 °C causes a decrease in the low frequency
component and increase in the high frequency component (Figures 59A, 59C) as described
for EPC and EPE lipids (Figures 57, 58). These results indicate that there is a decrease in the
hydrogen bonding interaction of the fatty acid carbonyl groups at high temperature. In
addition, the incorporation of cholesterol causes the small upshift of the high frequency
component by 1.5 cm™. For instance, it is shifted from 1741.0 cm™ to 1742.6 cm™ for CL and
CL/cholesterol respectively (Table 16). This could be attributed to the conformational effects

induced by cholesterol.

The results observed here for the CL alone are in good agreement with the study of Hubner et
al. ® who discussed the properties of C=0 band in beef heart unsaturated CL (as used here).
They found that the absence of the shoulder at 1712 cm™ in beef heart CL indicates weak
hydrogen bonding and they correlated this to the different spatial arrangement of C-OH/P-OH

and C=0 groups in the hexagonal Il phase.

3.1.2.2 Phosphate region

Beside the analysis of CO band, there is another group of infrared bands characteristic of
phospholipids head groups. The dominant peaks from 1300-1000 cm™ originate mainly from
the vibrations of phosphate moiety; there is no contribution from cholesterol in this region

(see Figure 48).
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e Phosphate group absorptions of EPC and EPC/cholesterol (2:1)
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Figure 60. Enlarged view of the temperature dependent v,s (PO,") and v (PO,) stretching modes of EPC (A),
EPC/cholesterol (2:1) (B). Line assignments: 5 °C (back), 20 °C (red), 40 °C (blue) and 60 °C (magenta).

Figure 60 illustrates the temperature dependence of phosphate stretching vibrations in EPC
and EPC/cholesterol. The two strong bands around 1087 and 1233 cm™ correspond to the
phosphate symmetric and asymmetric stretching modes, respectively. The latter mode can be
used to obtain structural information about the interfacial region of the lipid bilayer.
Furthermore, its position is sensitive to the formation of hydrogen bonds and it shifts to lower

frequencies with increased hydrogen bonding 7% 269,
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The vas (PO2) stretching vibration for EPC and EPC/cholesterol at 5 °C are found at 1233 and
1231 cm™ respectively (Figures 60A, 60B). With increasing temperature, a shift to higher
frequencies is observed. The formation of the liquid crystalline phase induces an upshift of
the vas (PO) to 1253 cm™ for EPC and 1251 cm™ for EPC/cholesterol. The shift of about 20
cm™ to higher wavenumber indicates less strong hydrogen bonding since the amount of free
water is reduced at higher temperatures. These results are consistent with studies done by
Hielscher et al. ™® and Lewis et al. “™® where they reported a similar temperature
dependence of different lipids.

Furthermore, the v,s (PO2") of EPC/cholesterol is seen at lower wavenumber in comparison to
EPC, indicating a higher degree of hydrogen bonding interaction. The insertion of cholesterol
between the acyl chains of the lipids causes an increase in the average distance between the
lipid molecules. In the headgroup region, the increase in spacing in the structure results in a
less tightly packed headgroup and thus increases its hydration level (see Figure 56). This
finding is in agreement with the results obtained by Chen et al. ®" where the vs (PO>)
vibration is seen at 2-3 cm™ lower wavenumber after the incorporation of cholesterol. In
addition, this observation is consistent with the study done by Verma et al. %2 who reported
a shift to lower frequency in the phosphate vibration of lecithin in the presence of 50 mole
percent cholesterol suggesting the formation of hydrogen bonding interaction between PO
and hydroxyl group of cholesterol.

e Phosphate group absorptions of EPE and EPE/cholesterol (2:1)

The spectral region of the symmetric and asymmetric (PO stretching modes of EPE and
EPE/cholesterol is depicted in Figure 61. The comparison between EPE and EPC at 5 °C
(Figures 61A and 60A) shows that the frequency of the asymmetric (PO, vibration varies
from 1233 cm™ in EPC to 1221 cm™ in EPE. The shift toward lower frequencies in EPE lipid
can be explained by the intra and intermolecular hydrogen bonding of NH3" with PO, @

2%) Therefore, the frequency of PO, depends on the nature of the polar head group.
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Figure 61. Enlarged view of the temperature dependent v,s (PO,") and v, (PO,’) stretching modes of EPE (A),
EPE/cholesterol (B). Line assignments: 5 °C (back), 20 °C (red), 40 °C (blue) and 60 °C (magenta).

The temperature increase causes a shift of vs (POy) of EPE from 1221 cm™ (5 °C) to 1228
cm™ (40 °C) (Figure 61A). The observed shift is explained by the increased lipid spacing and
lower hydrogen bonding between water and phosphate at high temperatures. This finding is
in contrast with the study done by Goni et al. @Y where they reported no changes in the

asymmetric phosphate vibration of bacterial phosphatidylethanolamine at different
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temperatures. Another useful feature is clearly seen where the asymmetric and symmetric
phosphate bands are splitted in two peaks. This indicates the presence of two different

populations of phosphate groups: one is free and the other is hydrogen bonded.

The interaction of cholesterol with EPE is similar to that described for EPC, where the
addition of cholesterol leads to a decrease of the v.s (PO,) from 1221 cm™ (EPE 5 °C) to
1219 cm™ (EPE/cholesterol 5 °C) (Figures 61A, 61B). This is attributed to the increase in the

hydration level around the head group after incorporation of cholesterol.

e Phosphate group absorptions of CL and CL/cholesterol (2:1)

The study of temperature dependence of the phosphate vibrations in the case of beef heart
cardiolipin which contains two phosphate groups is examined in Figure 63. Two main bands
are seen at 1216 and 1091 cm™ that correspond to the asymmetric and symmetric stretching
vibration of PO, respectively (Figure 63A). The low frequency of v,s (PO’ corresponds to
the high degree of hydrogen bonding which could be attributed to the intramolecular
hydrogen bonding between the C-OH and PO of cardiolipin (Figure 62) as postulated by

Hubner et al. ©%,
H H
P
] O/IL\C/I-II\O .
>|3\ ““’ /<
N ‘r
H,C—O o‘g HO O—CH,
R—CO—O0 c|: H H f|3 O—CO—R
R—CO—O0—CH, CH;_o——co—R

Figure 62. The intramolecular hydrogen bonding (red color) of cardiolipin structure (18:0).

The spectra reveal the contribution of the four C-O-P vibrations in the region around 1050
cm™ (Figure 63). The major shifts upon heating are seen in the asymmetric and symmetric
phosphate vibrations. However, in contrast to EPC and EPE, in this case the insertion of
cholesterol causes an up shift of the asymmetric vibration from 1216 (CL) to 1219 cm™

(CL/cholesterol). This leads to the suggestion that cholesterol insertion induces a
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reorientation and rearrangement of the cardiolipin molecules in a certain way causing a

decrease in the hydrogen bonding interaction.
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Figure 63. Enlarged view of the temperature dependent v,s (PO;") and vs (PO,") stretching modes of CL (A),
CL/cholesterol (B). Line assignments: 5 °C (back), 20 °C (red), 40 °C (blue) and 60 °C (magenta).
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3.2 The temperature dependence of lipids in the far infrared domain

To get a better understanding about the changes observed in the mid infrared, the far infrared
region is studied. In this part, the hydrogen bonding behaviour of the lipids and lipid mixtures
with cholesterol using far infrared spectroscopy is presented. The far infrared absorption
spectra are recorded upon heating using an absorbance cell in transmission mode (section
2.3.3).

e EPC and EPC/cholesterol (2:1)
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Figure 64. Far IR absorbance spectra as a function of temperature of EPC (A) and EPC/cholesterol (B).
Line assignments: 10 °C (black), 20 °C (red), 30 °C (blue) , 40 °C (magenta). The spectra have been

normalized at 255 cm™.
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Figure 64 illustrates the temperature dependent spectroscopic properties of EPC from egg
yolk (trace A) and EPC/cholesterol (2:1) (trace B) in the far infrared domain from 600 to 50
cm™. The far infrared spectra of EPC and EPC/cholesterol clearly show significant changes
between 10 °C and 40 °C.

The signals observed between 600-480 cm™ originate from the head group. In case of EPC,
the peaks at 531 and 508 cm™ correspond to the O-P-O wagging and rocking vibrations from

the phosphate moiety 8% 2% 2%3) The

intensity of these two peaks is reduced at higher
temperature in contrast to EPC/cholesterol where the intensity is increased upon heating

(Figure 64B).

The peaks at 580 and 375 cm™ originate from the deformation vibration and the ©(C-CN)
torsion vibration of the choline CN* (CHs)s head group respectively @23 In addition, the
peak at 195 cm™, which is assigned to the torsion motion of CHj, decreases upon heating in
EPC. This may be interpreted in terms of less tightly packed hydrocarbon chains. However
this CH, vibration is almost absent at high temperature in case of EPC/cholesterol.
Furthermore, the signal observed at 297 cm™ (Figure 64B) originates from the contribution of

cholesterol (see far infrared spectrum of cholesterol in Appendix 3).

The most interesting signal in the low frequency region is the connectivity mode which
includes the hydrogen bonding signature of water and any other hydrogen bonds, it is located
below 200 cm™ (Figure 64) @ 2% As jllustrated in both cases in Figure 64, the hydrogen
bonding feature is reduced upon heating. This can be correlated with the H,O vibrational
modes in the mid infrared (see Appendix 4) where the water content in the lipid film is

reduced at high temperature causing a lower hydrogen bonding interaction.

e EPE and EPE/cholesterol (2:1)

The temperature dependent far infrared spectra of pure EPE and EPE/cholesterol are
described in Figure 65. The deformation vibration S(CN™ Hs) (ethanol amine group) is seen at
551 cm™ in both cases (Figures 65A, 65B). The 8(O-P=0) vibration is seen at 534 cm™, it
increases upon heating due to the intra and intermolecular hydrogen bonding of NH3" with
the PO, ®®®_ Additional signals observed at 458, 397, 246 and 197 cm™ are attributed to ©(C-
C), ©1(C-CN), t(C-CHs) and ©(C-CH,) respectively ®*®. The signal at 504 cm™ (Figure 65B)

may originate from cholesterol (see Appendix 3).
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Figure 65. Far IR absorbance spectra as a function of temperature of EPE (A) and EPE/cholesterol (B). Line
assignments: 10 °C (black), 20 °C (red), 30 °C (blue), 40 °C (magenta), 50 °C (green). The spectra have been

normalized at 311 cm™ peak.

In EPE and EPE/cholesterol, the hydrogen bonding feature below 200 cm™ is decreased upon
heating. This finding is in line with the results observed in the mid infrared region where
upon heating the amount of water is lower (see Appendix 4). The comparison between EPC

and EPE reveals that the behaviour of 6(O-P=0) under temperature effect is different in these
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two lipids. One possible explanation could be the higher positive charge density of
ethanolamine in comparison to choline which may lead to different solvation of the polar

head group and thus a difference in the size and possible interactions " 2%,

e CL and CL/cholesterol (2:1)

Figure 66 displays the temperature dependent behaviour of pure CL and CL/cholesterol. This
lipid has two protonable phosphate groups % and it shows a broad hydrogen bonding feature
between 300 and 100 cm™.
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Figure 66. Far IR absorbance spectra as a function of temperature of CL (A) and CL/cholesterol (B). Line

assignments: 10 °C (black), 20 °C (red), 30 °C (blue), 40 °C (magenta) and 50 °C (green). The spectra have

been normalized at 387 cm™.
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The two significant peaks at 536 and 521 cm™ originate from the phosphate head group. The
intensity of these 2 peaks decreases upon heating whereas the hydrogen bonding below 300
cm™ increases. This increase is in contrast to the decrease of the water modes observed in the
mid infrared (see Appendix 4) and of the other lipids and it is probably attributed to the
intermolecular or intramolecular hydrogen bonding. As a result, the difference in the behavior
between mid and far is correlated with the different hydrogen bonding modes. The
assignments of the different peaks seen in the mid and far infrared region for the different
lipids and their mixtures with cholesterol are summarized in Table 17.

Table 17. Summary of the tentative assignments presented in the text %,

EPC  EPClcholesterol EPE EPE/cholesterol CL  Cl/cholesterol Tentative
assignments
2852 2852 2850 2851 2853 2853 vs (CH,)
2922 2922 2920 2920 2923 2924 Vas (CHy)
1466 1466 1466 1465 1462 1463 CH bending
1736 1738 1737 1739 1739 1740 C=0 stretching
1233 1231 1221 1219 1216 1219 vas (PO2)
1087 1087 1075 1074 1091 1092 vs (PO,)
580 575 8(CN"(CHy)s
551 551 8(CN'H,)
531 521 534 529 536 532 5(0-P=0)
521 518 8(0-P-0)
508 503 5(0-P-0)
465 460 458 460 466 466 1 (C-C),
375 380 397 385 1 (C-CN)
311 309 ?
255 257 246 246 1 (C-CHy)
195 190 197 200 214 214 1 (C-CHy),
Hydrogen bonds
99 97 Hydrogen bonds
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3.3 Raman spectroscopic study of lipids

Beside mid and far infrared spectroscopies, Raman is used to further improve the analysis of
lipids. There is a large body of reported literature on the spectral characterization of lipids,
oils and fats by applying Raman spectroscopy “**?*®). Indeed it helps in the determination of
the chemical composition and physical structure parameters such as cis/trans isomer ratio
%) ‘molar unsaturation (C=C per molecule) ®°”, mass unsaturation (C=C per unit mass)©,

conjugated double bond content %2 and chain length ¢,

Krafft et al. ®® recorded the Raman spectra of some phospholipids, sphingolipids and
cholesterol on gold coated glass slides. The work presented here is an attempt to study the
lipids EPC, EPE, cardiolipin thin films and their mixtures with cholesterol using Raman
spectroscopy in order to follow the structural changes between the free and the mixture
forms. To the best of our knowledge, these lipid/cholesterol mixtures have not been studied
before. In addition, SERS is applied on these lipids to probe the enhancement effect using

octadecanethiol modifier on silicon substrates.

Figure 67 illustrates the Raman spectra of the pure lipid films which are recorded using the
calcium fluoride window (CaF;) and the 514 nm laser. The position of the bands are
compared and correlated with specific functional groups. The assignments of these bands are
presented in Table 18. The region from 400 to 1800 cm™ in the Raman spectra of lipids
creates a fingerprint for each component whereas the second region from 2700 to 3500 cm™
corresponds to the less informative region where broad Raman bands originating from CH,
NH and OH stretching vibrations overlap ©°¥ (data not shown).

The Raman spectrum of egg phosphatidylcholine (EPC) (Figure 67A) shows a band at 1736
cm™ which is diagnostic for the CO vibration. The bands near 1267 and 1657
cm™ correspond to C=C groups in unsaturated fatty acid chains. Moreover, the bands located
at 716 and 873 cm™ are attributed to the symmetric and asymmetric stretching vibrations of

the choline group (N* (CHs)s) respectively 9.

The Raman spectrum of egg phosphatidylethanolamine (Figure 67B) is very similar to that of
EPC with the exception of minor band shifts. The bands in the wavenumber region from 1000
to 1700 cm™ are dominated by the C-C and CH groups of saturated and unsaturated chains.

Furthermore, the peak at 759 cm™ is assigned to the ethanolamine head group of EPE. In few
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words, the comparison between EPC and EPE indicates that the lower wavenumber region

below 800 cm™ allows the distinction of these two phospholipids.
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Figure 67. Raman spectra from 400 to 1800 cm™ of EPC (A), EPE (B), CL (C) and cholesterol (D) with an
excitation of 514 nm.

Moving to trace C which presents the Raman spectrum of cardiolipin, it exhibits two intense
band at 1657 and 1264 cm™, in comparison to EPC and EPE, that correspond to C=C
vibration due to its high degree of unsaturation (98%, 18:2). Another useful band at 1091cm™
is correlated to the phosphate groups PO,". The shape of this band is different from the one

seen for EPC and EPE because of the presence of two phosphate groups.
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Trace D of Figure 67 describes the Raman spectrum of cholesterol. Cholesterol has no strong
absorption in Raman and the spectrum is thus very noisy. Sharp bands are observed between
500 and 1200 cm™ with the most intensive ones at 545, 607 and 700 cm™. Additional bands
at 1437 and 1671 cm™ are obtained and they are assigned to CH deformation vibration and

C=C vibration respectively G0 3%)

Table 18. Assignments of Raman modes in EPC, EPE, CL and cholesterol 3%,

EPC EPE CL Cholesterol Tentative

(c m'l) (cm'l) (cm'l) (cm'l) assignment
1736 1738 1739 v (C=0) stretch
1657 1657 1657 1671 v (C=C) stretch
1438 1440 1439 1437 O(CHa)s methylene

scissor deformations

1298 1299 1302 O(CH,)y methylene
twisting deformations

1267 1266 1264 v (C=C) stretch

800-1200  800-1200 800-1200 v (C—C) stretch, v(C—
0), CH; rocking mode ,
v (PO)

759 Symmetric v(NH3 )

723 =CH planar bending

716 Symmetric v(N (CHs)s)

700 ?

607 ?

tn
.
n

2
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3.3.1 Raman spectroscopic study of mixture of lipids with cholesterol

Figure 68 illustrates the Raman spectra of pure lipids (EPC, EPE and cardiolipin) and their
corresponding lipid/cholesterol system (2:1). The comparison between EPC (Figure 68A,
black) and EPC/cholesterol (Figure 68A, red) shows three additional bands at 544, 605 and
700 cm™ arising from cholesterol (indicated by symbols). Similar observation is clearly

visualized for EPE and cardiolipin (Figures 68B, 68C).
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Figure 68. Raman spectra from 400 to 1800 cm™ of EPC and EPC/cholesterol (A), EPE, EPE/cholesterol (B),
CL and CL/cholesterol (C), Line assignments: pure lipid (black), lipid/cholesterol (red).

Another interesting feature to compare between the Raman spectra of lipids and

lipid/cholesterol systems is the CO vibration. For instance, the CO stretching vibration is
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observed at 1736, 1738 and 1739 cm™ for EPC, EPE and cardiolipin respectively. After
addition of cholesterol, these carbonyl vibrations are shifted toward higher frequencies. They
are found now at 1738, 1739 and 1741 cm™ for EPC/cholesterol, EPE/cholesterol and
CL/cholesterol respectively. The upshift of 1-2 cm™ is in agreement with the results obtained
in the mid infrared study where cholesterol addition disorders the system inducing an upshift
in the wavenumber. The results are summarized briefly in Table 19 in combination with the

far and mid infrared data.

Table 19. Tentative assignments of phospholipids vibrations in the mid, far infrared as well as Raman domains.

EPC EPC/ EPE EPE/ CL CVl Tentative
(cm’l) cholesterol (cm’l) cholesterol (cm’l) Cholesterol assignment
(cm’ 1) (cm'l) (cm'l)
1736 1738 1737 1739 1739 1740 v (C=0) stretch M
1233 1231 1221 1219 1216 1219 Vs (POY) -
stretch D
1087 1087 1075 1074 1091 1092 vs (POy) stretch-
580 575 3(CN (CH;);
551 551 S(CN'Hy) | F
A
531 521 534 529 536 532 3(0-P=0) R
508 503 3(0-P-0)
465 462 458 460 466 466 T (C-C),
99 97 197 198 214 214 Hydrogen |
bonds
TR
1736 1738 1738 1739 1739 1741 v (C=0) stretch a
759 761 vs(NH;")  m
716 716 ve(N(CHz)) | 2
n
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3.3.2 Surface enhanced Raman spectroscopy

As mentioned above, Raman spectroscopy has been widely used for the characterization of
lipids ©%¢2%): however some of the Raman signals are weak. For this reason, the assertion to
enhance the intensity of weak Raman signatures led to the development of powerful surface
enhanced Raman spectroscopy method. Few studies have been reported for SERS
measurements of lipids unlike infrared and conventional Raman spectroscopy. This is
because the nanocolloids solution used for SERS analysis is immiscible with lipid phases. To
overcome this problem the nanoparticles are dried onto the solid surface and then lipid
molecules are applied on the top.

Li et al. ®° used silver dendrites as SERS substrates to test the enhancement ability toward
canola oil and a-tocopherol. Weldon et al. ®% reported the SERS of model sebum lipids and
they described the usage of silicon substrates with silver microprobes to resolve classes of
lipids. In addition, Driver et al. ®® used gold nanoparticles for SERS studies to provide
information about lipids in diluted oils and to monitor lipids oxidation. In this study, we
reported the SERS using silver nanoparticles solution on silicon substrate to test the
enhancement of EPC, EPE and cardiolipin as presented in Figure 69.

The signals observed between 2800 and 3100 cm™ (Figures 69B, 69D, 69F) correspond to the
symmetric and asymmetric stretching vibrations from the CH, and CH3 groups. For EPC
(Figure 69A), the peak at 716 cm™, assigned to symmetric stretching of the choline group
representing a marker band for EPC, is enhanced using SERS. Similarly, the marker band of
EPE seen at 757 cm™ is enhanced after SERS (Figure 69C). Subsequently, this method can
enhance Raman signals however it has some limitations due to the contribution from the
modifier such as the peak seen at 974 cm™ (see appendix 5). The comparison between normal
Raman and SERS spectra of EPC, EPE and cardiolipin reveals similar features (Figure 69)
with the enhancement of CH and CO stretching vibrations. The assignments are summarized
in Table 20.
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Figure 69. The low frequency and CH stretching regions of EPC (A, B), EPE (C, D) and CL (E, F). Line
assignments: pure lipid before (black) and after SERS (red).
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Table 20. The assignments of EPC, EPE and CL Raman peaks after SERS.

EPC EPE CL Tentative assignments

2959 2958 2956 CHg; asymmetric stretching

2927 2922 2925 CHg3 symmetric stretching

2884 2897 2891 CH, asymmetric stretching

2848 2850 2850 CH, symmetric stretching

1736 1738 1742 CO stretching

1658 1658 1666 C=C stretching

1437 1438 1439 CH2 bending

1299 1297 1298 = CH bending

974 972 974 C-C stretching (modifier)
757 (NH3") symmetric stretching

716 N*(CHa3); symmetric stretching

3.4 The far infrared spectroscopic properties of EPC/EPE mixtures

This part summarizes the FTIR studies on the temperature dependence of
phosphatidylcholine-phosphatidylethanolamine mixtures in different ratios in the far infrared
region (600-50 cm™). EPC and EPE phospholipids have been selected because phospholipids
with choline and ethanolamine head groups constitute major portions of the biological
membrane. Three EPC/EPE mixtures (1:1, 2:1 and 4:1) are used as simple model systems in
order to analyze the different thermotropic behaviour of mixture of phospholipids together
and to probe the effect of the head group composition on the hydrogen bonding behaviour

and the phase transition temperature.

3.4.1 Farinfrared ATR absorbance spectra of EPC, EPE and EPC/EPE mixtures

Figure 70 shows the far infrared spectroscopic properties of EPC, EPE, EPC/ EPE mixtures
of 1:1, 2:1, and 4:1 ratios. The spectra between 600 and 50 cm™ are divided into three main
domains: the head group domain, the torsion motion of hydrocarbon chain and the hydrogen

bonding feature.
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The lipids EPC (trace B) and EPE (trace A) can be clearly distinguished from each other in
the far infrared data due to the presence of two peaks at 576 cm™ and 552 cm™ (highlighted
by symbols) which correspond to deformation vibration of choline and ethanolamine head
groups respectively.

For the mixtures of EPC/EPE (traces C, D and E) the bands at 561 and 305 as well as 241
cm™ originate from EPE and will be used as marker bands whereas the bands at 574 and 506
cm™ dominate from EPC. It is obvious that the hydrogen bonding signature in the mixture of
lipids is less intense than in the spectra of the isolated lipids. This may be based on the
reduced formation of intermolecular hydrogen bonds in the interfacial region between EPC
and EPE.
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Figure 70. Far infrared absorbance spectra of EPE (A), EPC (B) and the mixture of EPC/EPE ratio of 1:1 (C),
2:1 (D) and 4:1(E).The marker bands of each lipid are highlighted by symbols.
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3.4.2 Temperature dependent far infrared absorbance spectra of pure phospholipids

(DMPC and DMPE in comparison to EPC and EPE respectively).

The spectroscopic properties and the thermotropic behaviour of the phospholipids DMPC and
DMPE containing saturated hydrocarbon chains only are compared with their variants from
egg yolk containing a mixture of saturated and unsaturated hydrocarbon chain (Figure 71).
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Figure 71. Temperature dependent far infrared absorbance spectra of DMPC (A), EPC (B), DMPE (C) and EPE
(D) lipids upon heating from 10 to 40 °C (DMPC and EPC) and from 10 to 50 °C (DMPE and EPE) where 10
°C (black), 20 °C (red), 30 °C (blue), 40 °C (magenta) and 50 °C (green).

Figure 71 illustrates the temperature dependent spectroscopic properties of saturated PC
(trace A), EPC from egg yolk (trace B), saturated PE (trace C), and EPE from egg yolk (trace
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D) in the far infrared domain from 600 to 50 cm™. The far infrared spectra of DMPC and
EPC clearly show temperature shifts between 10 °C and 40 °C. These changes are based on
the transition from the gel to liquid crystalline phase * 3'%. In both traces, the temperature
dependent far infrared absorbance spectra of the head group domain, the hydrocarbon chains
and the hydrogen bonding signature decrease upon heating. This may be based on weaker
hydrogen bonding at higher temperature ®*. The intensity of O-P-O wagging and rocking
vibrations at 505 and 532 cm™ is reduced in DMPC as well as in EPC (traces A and B).

Trace C (Figure 71) describes the temperature dependent far infrared spectra of pure DMPE.
No alterations are seen in the temperature range between 10 °C and 50 °C. In comparison, for
EPE lipid (trace D) the peaks at 551 cm™ and 533 cm™ which are assigned to §(CN*Hs) and
3(0-P=0), respectively, increase upon heating and this could be attributed to the intra and
intermolecular hydrogen bonding of NHs" with the PO,". The broad signature between 247
and 100 cm™ decreases upon heating. The difference in the behaviour of DMPE and EPE
could be correlated to the fact that the transition from the gel to liquid crystalline in these two
lipids is different. For DMPE the phase transition temperature is expected at about 48 °C “”
whereas for EPE it is observed around 20 °C.

3.4.3 Temperature dependent far infrared absorbance spectra of mixture of phospho-
lipids

After studying the behaviour of EPC as well as of EPE lipid alone, the temperature dependent
far infrared spectra of the lipid titration from EPC and EPE are described in Figure 72. The

assignments of the different peaks of these lipid mixtures are summarized in Table 21.

Trace A illustrates the temperature dependent far infrared absorbance spectra of the mixture
of 1:1 EPC to EPE ratio. In the head group region an alteration upon heating is clearly seen at
506 cm™. The intensity of the wagging vibration of O-P-O at 506 cm™ increase upon heating
and the broad feature below 200 cm™, which is assigned to the hydrogen bonding feature
decreases upon heating. This broad signal cannot be exactly determined due to the large half
band width *%),

In trace B (Figure 72), the temperature dependent far infrared absorbance spectra of the
mixture of 2:1 EPC to EPE ratio is displayed. As also found for the mixture 1:1, the band at
506 cm™ increases upon heating and the broad hydrogen bonding signature below 200 cm™
decreases.
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Figure 72. Temperature dependent far infrared absorbance spectra of a varying ratio of phosphatidylcholine and

phosphatidylethanolamine: in a ratio of 1:1 (A), 2:1 (B) and 4:1 (C) in the temperature range from 10 °C
(black), 20 °C (red), 30 °C (blue), 40 °C (magenta), 50 °C ( green) and 60 °C (cyan). The spectra have been

normalized at 380 cm™ peak.
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Furthermore, trace C shows signals with a similar behaviour as 1:1 and 2:1 mixtures where
0-P-O wagging vibration at 504 cm™ increases and hydrogen bonding continuum decreases.
The overall temperature dependent change of the broad hydrogen bonding signature is
different when comparing the intensity change of the 1:1, 2:1, and 4:1 mixtures. This
indicates that hydrogen bonding pattern is different for these mixtures depending on the way
of reorganization and rearrangement of the PE with PC lipid, which in turn facilitates or
prohibits the formation of inter and intramolecular hydrogen bonds, where the amine group of
EPE can interact strongly with the phosphate/carbonyl groups or water. These strong
intermolecular interactions cause an alteration in the liquid crystalline phase transition

temperature G,

Table 21. The tentative assignments of all the phospholipids studied in the far infrared region @32,

EPC DMPC EPE DMPE EPC/EPE EPC/EPE EPC/EPE | Tentative
em®  @em?)  (emh em?  1:1em?)  2:1(em?) 4:1 (ecm?) | assignment
580 579 .
S(CN™(CHa3)s
551 550 5(CN"H3)
531 530 535 523 8(0-P=0)
508 507 506 506 504 5(0-P-0)
465 469 458 421 464 463 463 1 (C-C),
375 371 398 360 381 380 377 7 (CCN)
255 253 247 249 253 251 249 1 (C-CHy)
195 190 196 187 190 188 189 T (C-CHy),
Hydrogen
bonds
99 102 155 Hydrogen
bonds
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3.4.4 Temperature dependent mid infrared absorbance spectra of mixture of

phospholipids

For the analysis of the intermolecular interactions, three functional groups may be taken into
account: the hydrocarbon bonds, the carbonyl groups and the phosphate group. In a general
way, the C-H torsion is sensitive to tail packing and the C=0O and PO to their hydrogen

bonding environment ¢7°.

The CH,/CHj stretching vibrations seen from 3000 cm™ to 2800 cm™ and the phase transition
temperature of these three lipid mixtures are depicted in Figure 73. Between 5 °C and 60 °C
the phase transition from the gel to the liquid crystalline can be expected for EPC and for
EPE and this transition leads to the perturbation of the tail groups which causes the shift in

the wavenumber of CH, upon heating.

For the EPC/EPE (1:1) mixture (trace A) and EPC/EPE (2:1) (trace B), the phase transition
temperature from gel to liquid crystalline is found at about 23 °C whereas for EPC/EPE (4:1)
(trace C) it is 25 °C. This difference denotes that the small contribution of EPE is necessary
to influence the thermotropic behaviour of mixed phospholipids and modulates the surface

properties of the PC bilayer.

The transition temperature of EPC/EPE (4:1) around 25 °C is far from the results obtained by
Quin et al. ®® where they reported a phase transition temperature from gel to liquid
crystalline bilayer at approximately 40 °C for DPPC/DPPE (4:1 fully hydrated sample). This
discrepancy probably arises from the mixtures of the acyl chains presented in EPC and EPE
lipids. Furthermore, the T, observed here for EPC/EPE (1:1) at about 23 °C is significantly
higher than that determined by Popova et al. “® where they reported a T, at 0 °C for
EPC/EPE (1:1) ratio in a dry state. This could be attributed to the difference in the hydration
state of the lipid mixtures.
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Figure 73. The temperature dependent mid IR absorbance spectra and the transition temperature of EPC /EPE
mixture (1:1) (A), EPC/EPE mixture (2:1) (B) and EPC /EPE mixture (4:1) (C) at 5 °C (black), 20 °C (red) and

60 °C (blue).

Concerning the spectral range from 1800 to 900 cm™, it includes the characteristic

absorbance of the phospholipids head group and the C=0 stretching vibration of the ester

115



Results and discussion: lipids and liposomes

carbonyl groups. Interestingly, the phosphate vibration is also sensitive to the phase transition
temperature and it shifts by around 20 cm™ to higher wavenumber upon heating indicating

less strong hydrogen bonding (Figure 74) @8,
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Figure 74. Enlarged view of the studied spectral range 900-1800 cm™ of EPC /EPE (1:1) mixture (A), EPC/EPE
mixture (2:1) (B) and EPC /EPE mixture (4:1) (C) at 5 °C (black), 20 °C (red), 40 °C (blue) and 60 °C

(magenta).
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3.4.5 Temperature dependence of the water mode in mixed phospholipids

Figure 75 shows the temperature dependence of the v (OH) stretching vibration from 3700 to
3050 cm™ and the & (HOH) bending vibration from 1700 to 1550 cm™ of EPC mixed with
EPE. The maximum at about 3380 cm™ and the strong shoulder at 3250 cm™ are attributed to
OH stretches of water molecules within hydrogen bonded structure whereas the weak high

frequency shoulder at 3580 cm™ is assigned to water with the typical absorption for a

. . 313
structure with disrupted hydrogen bonds ©¢*9.
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Figure 75. Temperature dependent behaviour of the mid infrared spectra of the (OH) stretching vibration from
3700 to 3050 cm " and & (HOH) bending vibrations from 1700 and 1550 cm™ of 1:1 EPC/EPE mixture (A), 2:1
EPC/EPE mixture (B) and 4:1 EPC/EPE mixture (C), 5 °C (black), 20 °C (red) and 60 °C (blue).
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The intensity of the OH stretching vibration (3700-3100 cm™) decreases with increasing
temperature in all cases of mixed EPC/EPE studied here. In addition, the overall intensity of
the water modes gets higher when the amount of EPC is higher. This may be caused by the
different contribution of EPE which has a smaller head group. Indeed the EPC lipids decrease
the intermolecular interactions between the polar head groups of PE and increase the
hydration layer of the membrane. Finally the broad feature at 1645 cm™ is assigned to the
HOH bending vibration of bound water ©®*¥. The intensity of the HOH vibrational mode
decreases upon heating as described above for the OH stretching vibration.

3.5 Liposomes

After studying the pure and mixtures of lipids using mid and far infrared spectroscopies, this
part of work deals with the characterization of a typical type of pH sensitive liposomes made
of dioleoylphosphatidylethanolamine and cholesterl hemisuccinate (DOPE/CHEMS) (3:2)

ratio (for structure see introduction section 1.2).

3.5.1 pH sensitive liposomes

Over the past decade, many studies concerning pH sensitive liposomes have been reported
(103, 315317 and different classes of pH sensitive liposomes had been proposed ©* %2 The
most commonly established class involves the phosphatidylethanolamine with compounds

containing acidic groups (carboxyl groups) that act as a stabilizer at neutral pH (9% 318-32D,

Until now, few data has been obtained about the correlation between the composition of pH
sensitive liposome and the pH where the liposomes start to release. This promoted us to
investigate the fusion mechanism of these liposomes and provide an exact pH value at which
this destabilization occurs. For this reason, six different pH (DOPE/CHEMS) liposomes are

studied by mid and far infrared spectroscopies.
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3.5.1.1 DOPE/CHEMS liposomes
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= transition to hexagonal
structures (fusogenic)

Figure 76. pH sensitive liposomes: fusion with endosomal membrane. Adapted from Prof. Regine Suss with

permission.

Figure 76 shows a schematic representation on how the ionization state of the CHEMS
determines the phase and fusogenic behaviour of the DOPE/CHEMS liposomes. At pH >
pK,, the negative charge of CHEMS reduces the intermolecular repulsion of DOPE head
groups and stabilizes the structure in a bilayer lamellar phase. On the contrary, the neutral
form of CHEMS promotes the fusion property and DOPE can adopt the inverted Hy, phase it

prefers in isolation 22323,

3.5.1.2 Mid infrared ATR absorbance spectra of CHEMS

As asserted by different authors that the polymorphic phase behavior of CHEMS depends on
its protonation state which changes around its pK, value. Hafez et al. reported a pK, value
around 5.8 whereas Panzner et al. measured a pK, of 5.4 in vesicles consisting of DMPC and
CHEMS in ratio 7:3 (¥22324.325,320)
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Here, the behaviour of CHEMS in Hepes buffer at two pH values (pH < 5.8 and pH > 5.8) is
analyzed with mid infrared spectroscopy (Figure 77) in order to get insight into the spectral

properties of the protonated and deprotonated forms.
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Figure 77. The mir ATR absorbance spectra of CHEMS at pH 7.4 (black) and pH 4.5 (red line).

The ATR absorbance spectra of CHEMS in the 900-1300 cm™ spectral region is not shown
here since it contains the contribution from Hepes buffer where the symmetric and
asymmetric stretching vibrations of the sulfate group are presented (see appendix 6 and 7 for

spectra of Hepes at different pH and the assignments).

Interestingly, the comparison between the two spectra reveals an additional peak at 1567 cm™
which can be assigned to the asymmetric stretch of the COO™ group in the deprotonated state
of CHEMS head group at pH 7.4. The carbonyl region between 1680 and 1780 cm™ is
considered of particular importance. Figure 78 shows an enlarged view of the CO band at pH
45 and 7.4. The presence of two separated bands at 1732 and 1702 cm™ at pH 4.5
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corresponds to the CO of ester and carboxylic acid parts respectively present in CHEMS

(Figure 78B).

On the other hand, at pH 7.4 the deconvolution of the CO band leads to two peaks at 1710
and 1730 cm™, the latter peak is assigned to the CO of ester group whereas the former to CO

of carboxyl group indicating that a small fraction of CO are still protonated at pH 7.4.
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Figure 78. An enlarged view of the carbonyl band of CHEMS at pH 7.4 (A) and pH 4.5 (B).

3.5.1.3 Mid infrared ATR absorbance spectra of DOPE/CHEMS

The mid ATR absorbance spectra of the DOPE/CHEMS liposomes at different pH are
recorded using the ZnSe/Si crystal modified with TiO,. All the spectra are normalized with
respect to CH, scissoring band at 1465 cm™ (Figure 79A). The spectra show mainly shifts in
the region of the phosphate head group (1100-1300 cm™) and in the CO stretching vibration
(1700-1800 cm™) upon pH change which gives an idea about the principle interactions taking
place around the head group (Figure 79A). Additionally, the spectra of DOPE/CHEMS
liposomes seem to correspond to the DOPE spectrum where the contributions from CHEMS
are essentially overlapped (Figures 79B, 79C). The assignments of the different peaks are

presented in Table 22.
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Figure 79. The mid ATR absorbance spectra of the DOPE/CHEMS liposomes (A) at pH 4.5 (black), 5 (red), 5.5
(green), 6 (blue), 6.5 (cyan) and 7.4 (magenta). The ATR spectrum of DOPE lipid (black) and CHEMS (red)
and liposomes (blue) at pH 7.4 (B) and 4.5 (C).
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Table 22. Detailed band assignments of DOPE/CHEMS liposomes, DOPE lipid, CHEMS at pH 7.4.

DOPE CHEMS DOPE/CHEMS Tentative Assignments
(pH7.4) pH7.4 pH 7.4
1738 1730 1737 C=0 stretch
1710 C=0 stretch
1643 1645 NH3"
1564 0,5(CO0)
1556 NH;" and va5(CO0O)
1534 NH3"
1465 1466 1465 CH; bend
1417 CH, bend and vs(COO")
1376 1376 1376 CHj3 bend
1220 1219.3 PO, asymmetric stretching
<1220 <1219.3 PO, symmetric stretching, buffer
contribution, ester C-O-C
symmetric and asymmetric stretch
and 6(OH)
<1200 C-O-C stretch

3.5.1.4 Effect of pH on phosphate head group

Figure 80A illustrates the phosphate region of DOPE/CHEMS (3:2) liposomes at different pH
values. The asymmetric stretching vibration of phosphate is found at 1215.2 and 1219.3 cm™
at pH 4.5 and 7.4 respectively. The shift of 4 cm™ to a higher wavenumber, at pH higher than
pK, of CHEMS (5.8), indicates that the phosphate group is involved in less hydrogen bonding
interaction. The plot of the wavenumber of the asymmetric stretching phosphate vibration as
function of pH is presented in Figure 80B. Between pH 4.5 and 5.5, the curve exhibits a
plateau. At pH around 5.6, the wavenumber starts to increase rapidly forming a sigmoidal
curve. This pH value (5.6) is very close to the pKa of CHEMS (5.8).

123



Results and discussion: lipids and liposomes

Absorbance

Wavenumber ( POyY)

0.05

0.04

0.03

0.02

o)
™

0.00

1220

1219

1218

1217

1216

1215 -

T
1140

T T T T
1260 1240 1220 1200

Wavenumber / cm-!

T T T 1
1280 1180 1160 1120

4.5

5.0 5.5

pH

Figure 80. The phosphate region of DOPE/CHEMS liposomes (A), 4.5 (black), 5 (red), 5.5 (green), 6 (blue),

6.5 (cyan) 7.4 (magenta) and its pH dependence (B).
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Figure 81 presents the proposed mechanism of interaction between CHEMS and DOPE. In
this mechanism, we suggest that the sterol ring of CHEMS fits in the same position as the

fatty acid chains of DOPE and the succinic group fits into the polar head of DOPE lipid.

pH < pK,

Hydrogen bonding
interaction

pH > pK,

Electrostatic
interaction

Figure 81. Schematic diagram of the different kinds of interaction between CHEMS and DOPE lipid.

At pH < pK,, CHEMS exists in its protonated form, so the OH group could be hydrogen
bonded to phosphate group of DOPE and thus shifting it to lower wavenumber. Whereas
when pH > pKj,, the head group of CHEMS will be deprotonated (COQO"), thus there is no
possibility for hydrogen bonding interaction. However, this allows for different kind of
interaction as electrostatic between COO™ of CHEMS and NH;* of DOPE lipid ©*",
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3.5.1.5 Effect of pH on the CO band

The CO stretching vibration of DOPE/ CHEMS liposomes is observed at 1736 and 1737 cm™
at pH 4.5 and 7.4 respectively (Figure 82). The deconvolution of CO band at pH 4.5 reveals

the

contribution of four components whereas at pH 7.4 three components are presented. The

characteristics of these peaks are summarized in Table 23.
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Figure 82. Deconvolution of the CO stretching band at pH 4.5 (A) and pH 7.4 (B). CO band experimental

(black line), fitted curve (red line), different components (blue, gray, green, magenta).

Table 23. The deconvolution of the CO vibration of DOPE/CHEMS liposomes at pH 4.5 and 7.4.

CO band Wavenumber (cm™) of different components
pH 4.5 1714.0 1721.8 1731.2 1742.8
pH 7.4 -- 1722.0 1734.0 1744.8

Basically the comparison between the CO bands at pH 7.4 and 4.5 reveals the presence of an

ad
ca

or

ditional peak at 1714 cm™ in the latter, which is assigned to the CO vibration of the
rboxylic group (COOH) of CHEMS. The other peaks at 1722, 1734 and 1745 cm™

iginate mainly from the ester groups of DOPE and CHEMS. All the components at pH 4.5
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are observed at lower wavenumber indicating that they are highly involved in hydrogen

bonding interaction.

3.5.1.6 Far infrared ATR absorbance spectra of DOPE/CHEMS

To confirm the results obtained in the mid infrared region on the different behaviour of
DOPE/CHEMS liposomes at different pHs, some far infrared measurements are done in order
to probe the effect of pH on the hydrogen bonding interaction. In the FIR region the most
significant signals in the spectra of DOPE/CHEMS (Figure 83) are the phosphate vibrations
between 580-500 cm™, and the collective modes of hydrogen bonding found below 300 cm™.
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Figure 83. ATR far infrared absorbance spectra of DOPE/CHEMS liposomes at pH 4.5 (black), pH 5 (red), pH
5.5 (blue), pH 6.5 (green) and pH 7.4 (magenta).

In order to see the individual contribution of DOPE and CHEMS in the liposomes, the far
infrared spectra of DOPE lipid, CHEMS and liposomes are studied (Figure 84). The peaks
observed at 560 and 531 cm™ in the liposomes are attributed to the wagging and rocking
modes of phosphate head group and they originate mainly from the DOPE lipid. The band at
456 cm™ corresponds to t (C-C), and it comes from the contribution of both DOPE and
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CHEMS. In addittion the peaks seen at 385, 301 and 250 cm™ are attributed to T (CCN), t (C-
CHs) and 1 (CH, chain) respectively. The band at 170 cm™ corresponds to the hydrogen
bonding signature.
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Figure 84. The far infrared spectra of DOPE/CHEMS liposomes (blue), DOPE lipid (black), CHEMS (red) at
pH 7.4.

The hydrogen bonding feature is also called the connectivity band ®*?. The position and the
half-band width of this hydrogen bonding signature, may be strongly influenced by its
polarizability.

The enlarged view of the hydrogen bonding of DOPE/CHEMS liposomes and their
corresponding shifts with different pH are given in Figure 85. This hydrogen bonding is
located at 159 and 170 cm™ for pH 4.5 and 7.4 respectively. Obviously, the 11 cm™ shift to
higher wavenumber indicate that the hydrogen bonding interaction is affecetd. In addittion,
the band at pH 4.5 is very broad in contrast to pH 7.4 where it is very sharp. These finding
are consistent with what obtained in the mid infrared.
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Figure 85. Enlarged view of the hydrogen bonding continuum of DOPE/CHEMS liposomes at pH 4.5 (black),
pH 5 (red), pH 5.5 (blue), pH 6.5 (green) and pH 7.4 (magenta).

3.6 Conclusion

Temperature dependent studies aim to answer questions on the presence and the strength of
hydrogen bonds, since they are highly influenced by the temperature. Studies of the
temperature dependence of IR spectra make it possible to compare the spectra in various

phase states and to clarify the role of intermolecular forces.

The temperature dependence behaviour of EPC, EPE, CL and the lipid/cholesterol (2:1)
systems allowed the determination of the transition temperature of lipids and the examination
of the clear effect of cholesterol. The transition temperatures of EPC and EPE decreased from
29 °C and 22 °C to 19 °C and 8 °C, respectively, after the incorporation of cholesterol.
Cardiolipin showed no transition temperature because it is stabilized in the hexagonal (Hy)

nonlamellar structure.

For EPC, EPE and CL, the CO vibration as well as the phosphate vibration was sensitive to
the temperature dependent phase transition. They were shifted to higher wavenumber upon
heating indicating the lower hydrogen bonding interaction. Furthermore, the far infrared

spectra of these lipids were presented. The hydrogen bonding behavior (below 300 cm™) of
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EPC and EPE was in good agreement with the observation in the mid infrared range whereas
cardiolipin showed a different behavior. Then the far infrared spectral properties of mixture
of EPC and EPE with different ratios were probed to see the influence of the head group
composition on the spectral properties.

Finally, the study of DOPE/CHEMS liposomes revealed their pH dependence behavior. The
change in pH induced a clear shift in the asymmetric stretching of phosphate and in the
hydrogen bonding continuum. Thus the findings of mid and far infrared spectroscopy allowed
us to propose a mechanism for the interaction between DOPE and CHEMS via both hydrogen

bonding and electrostatic interaction.
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Chapter IV

Study of complex | protein using infrared,

Raman and UV-visible spectroscopies
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4  Complex |

The specific interaction of lipids with membrane proteins is well accepted to be crucial as
mentioned before in section 1.3. However an understanding of this phenomenon on the
molecular level is missing. In this chapter, the ability of artificial lipid (PMOXA15-PDMS7,-
PMOXAs block copolymer) with designed chemical properties of the hydrophilic and
hydrophobic moieties to replace natural lipids is determined ‘%2, The interaction between
polymer and protein is probed using infrared spectroscopy in order to monitor the
conformational changes and protonation/deprotonation states of amino acids during the

protein redox reactions.

In the second part of this chapter, the study of different complex I mutants by FTIR and
Raman spectroscopies are considered to get further insight into the structure, proton

translocation mechanism and different properties of the iron sulfur clusters.

4.1 Complex I protein and polymer

In order to study the effect of polymer, complex | was provided, by the group of Prof. Dr.
Thorsten Friedrich, as isolated in detergent solution devoid of endogenous lipids. The
polymer was added to the protein sample and the activity was measured. The activity
measurements have been carried by Marius Schulte (Freiburg) and the results obtained are
summarized in Table 24.

The NADH: decylubiquinone (DQ) oxidoreductase activity depends on the incubation time
and the temperature. For instance, the optimum conditions for complex | NADH: DQ activity
are obtained by 30 min incubation time at 0 °C whereas in the case of phospholipids it needs

20 min incubation at 0 °C.
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Table 24. The activity measurements of delipidated complex I protein in the presence of E. coli polar lipids
(PL), cardiolipin (CL) and block coploymer (BCP).

Sample Absolute value pmol.min’.mg"  Activity 100 %
Delipidated KI + PL 3.45 100
Delipidated KI 0.9 26

Delipidated KI + CL 2.65 77

Delipidated KI + BCP 1.93 56

As illustrated in the table above, the enzymatic activity is highly enhanced in the presence of
E. coli polar lipids and cardiolipin. The recovery in the activity is in agreement with the
previously reported studies where the activity of complex I is strongly dependent on the
presence of phospholipids that provide an appropriate environment for the active

conformation of the complex | protein (7%329),

Concerning the addition of block copolymer, the activity is enhanced twice in comparison to
the delipidated sample indicating that the block copolymer activates complex | to a similar
extent as phospholipids. This finding is in line with the results obtained on delipidated
complex I by Graff et al. ®® using the PMOXA;3-PDMS;10-PMOXA 5.

Graff et al. ® investigated the effect of the molecular properties of the block copolymer on
the physiological activity of complex I. They found that increasing the length of the
hydrophobic block leads to stronger activation of complex | whereas increasing the
hydrophilic block length causes an inverse effect on the activity and increases the thickness

of the membrane.

The enhancement in the activity could be explained by the amphipathic nature of the block
copolymer that leads to the formation of various structures as unordered structures or bilayers
where the membrane arm of complex | resides (Figure 86). Thus the polymer can interact
with the outer surface of the protein or even diffuse into the inside. The hydrophilic and the
hydrophobic blocks of the copolymer system are related to intermolecular forces acting

between polymer and the protein and might favour a more active conformation of complex |.
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Figure 86. Graphical representation of complex | incorporated in copolymer membrane 62,

4.1.1 Electrochemical cell

To get a clearer idea on the effect of the polymer on the complex | function, the
electrochemically induced differential FTIR spectra have been obtained for the delipidated
complex | from E. coli with and without polymer to get a better understanding about the
changes occurring upon oxidation and reduction of the protein. Figure 87 presents the spectra
for a potential step from 0 to -650 mV in the spectral region from 1800-1200 cm™.

The differential spectrum presents positive and negative signals that are associated with the
oxidized and reduced forms of the protein respectively. Contributions from the cofactors,
conformational changes of the protein backbone as well as the protonation and deprotonation

states of the individual amino acids are expected.

The oxidized minus reduced FTIR spectrum of delipidated complex | (Figure 87, red
spectrum) involves intense signals from 1700 to 1610 cm™ and from 1570 to 1500 cm™
which are attributed to amide | and amide 11 respectively. Contributions from FMN (1547 cm”
!y and ubiquinone (1264 and 1255 cm™) are also observed. The signals from the phosphate
buffer occur mainly below 1200 cm™ (see Appendix 8). The contribution from the polymer is
mainly observed above 2800 cm™ and below 1258 cm™ (see Appendix 9).

The addition of the polymer induces a large reorganization of the peptide backbone where the
peaks in the amide | and amide 11 regions (1648, 1622 and 1505 cm™) are highly perturbed
revealing that the secondary structure components undergo certain modifications (Figure 87,
black spectrum). This indicates that the conformational movements associated with the
functioning of the enzyme are altered by the presence of the polymer.
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Figure 87. Oxidized minus reduced FTIR difference spectra of the delipidated wild type complex I (red) with
polymer (black), MES buffer pH 6.3.

4.1.2 Far infrared spectroscopic investigation

Figure 88 shows the far infrared of delipidated complex | from E. coli with and without
polymer between 600-50 cm™. The most relevant spectral difference between both spectra is
the hydrogen bonding collective mode which is sensitive to the structure of the molecules and

to intermolecular interactions. This band is characterized by an intense peak below 300 cm™

(329, 330)
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Figure 88. ATR absorbance spectra of delipidated complex I (red) with polymer (black) from E. coli in the far

infrared domain from 600 to 50 cm™.

The far infrared absorbance spectrum of delipidated complex | (red spectrum) includes the
contribution from the amide V11 (N-H out of plane) at 288 cm™ as well as the metal ligand
vibrations. In particular, the Fe-S vibrations of the binuclear [2Fe-2S] and tetranuclear [4Fe-

4S] clusters can be expected at 455 and 469 cm™* for complex | ?19.

The hydrogen bonding mode is seen at 154 and 164 cm™ for the pure delipidated sample and
with polymer respectively. None of the observed signals arises from the polymer alone (see
Appendix 10).

Interestingly, the hydrogen bonding shows changes not only in the position but also in the
shape (broadness). Thus the shift to the lower wavenumber in the case of pure sample
indicates that the hydrogen bonding is stronger. This could be explained by the different
environments between both samples where the interaction with the backbone of the protein
and the stabilization of the structure is higher in the case of the pure delipidated sample. In
few words, the results from this part clearly demonstrated the strong influence of the ABA
polymer on the complex | protein. This block copolymer is responsible for the regulation of
the catalytic activity and the formation of a suitable environment for the active conformation

of this protein.
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4.2 NuoL mutants

As mentioned before in the introduction part, the subunits NuoL, M, N, A, J, K in the
membrane part are involved in proton translocation mechanism. The NuoL subunit is
characterized by the presence of a 110 A long horizontal amphipathic helix aligning the
membrane arm P (Figure 89). Charged amino acids on the horizontal helix of the E.
coli complex | have been mutated to investigate their roles in proton translocation. Steimle et
al. @™ mutated the amino acids in position D542, D546 and D563. They found that D563
residue has a functional role in the proton pumping of the E. coli complex I.

NuoN

B P
e - e

Helix-HL

Figure 89. The subunits NuoL, M, N of the membrane arm of complex | from E. coli (PDB ID: 3RKO). The
residues are colored as follows: GlIn, Asn - Orange (balls and sticks); Asp, Glu and Gly- Red; Arg - Deep Blue;
Lys - Light Blue; Tyr - Green; Thr - Magenta. Helix HL is colored in pale green.

The recently described D563N variant showed a slightly reduced NADH:ubiquinone
oxidoreductase activity of 1.2 + 0.2 umol.min>.mg™ in proteoliposomes that is 75% of the
activity of the wild type complex in proteoliposomes . The H*/e™ stoichiometry was found

to be about 3. Since the wild type complex has a stoichiometry of 4, it was suggested that at
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least one of the proton pathways is perturbed in the mutant. The conservative substitution
D563E led to the same H'/e” stoichiometry demonstrating not only, that the presence of this
acidic residue is required for full proton translocation but also, that the spatial position of the

carboxylic group is essential.

To collect further information about the general effects induced by mutating these residues on
the complex | protein, electrochemically induced FTIR difference spectroscopy was
performed. Figure 90 displays the fully oxidized (0 mV) minus fully reduced (-650 mV)
FTIR spectra in the 1800-1200 cm™ region. Figure 90A presents the oxidized minus reduced
FTIR difference spectrum of the wild type complex I from 0 to -650 mV. This spectrum
includes the contribution from the reorganization of secondary structure elements, from
FMN, individual amino acids and quinone *%. The obtained result for wild type is in line
with Hellwig et al. % where they reported the difference spectrum of the whole protein and

for the NADH dehydrogenase fragment.

The spectrum (Figure 90A) is dominated by strong positive signals in the amide | region at
1698, 1673 and 1665 cm™ as well as strong negative modes at 1648 and 1623 cm™ in the
amide 1 region reflecting the large reorganization of the peptide backbone upon oxidation and
reduction. These peaks are characteristic of the secondary structure components. Peaks at
1560, 1538 and 1529 cm™ are seen in the amide 11 region where signals from the bending (N-
H) and stretching (C-N) modes are expected to contribute. Furthermore, this spectrum
includes the contributions from FMN, ubiquinone and amino acid side chains. Usually the
FMN modes including the v(C=C) mode and v(C=0) vibration appear at 1540 and 1710 cm™
respectively. Other FMN modes are involved in signals at 1226, 1698 and 1673 cm™.

The signals observed for FMN are in good agreement with the redox FTIR spectra of FMN
described in details in both H,O and D,O by Hellwig et al. *. Moreover, the §(C-OCHs)
modes of ubiquinone appear at 1264 and 1256 cm™ and the v(C=0) modes of protonated
aspartic and glutamic acid side chains contribute at 1735 cm™. Further contributions of
several amino acids appear at frequencies within the amide | and amide Il range. For example
glutamine, lysine, arginine, and asparagine have strong vibrations in the 1690 to 1620 cm™
range %2, At 1540/1535 and 1406 cm™ the vy/as (COO") mode of deprotonated residues are
expected. Additionally, the signal at 1514 cm™ is attributed to v(C=C) ring mode of tyrosine.

The tentative assignments are summarized in Table 25.

138



Results and discussion: complex | protein

1405
1318

1648
1623
1560

A Absorbance

12641256
1225

6
1
1648
1623

-0.001 -

| | 1 | |
1800 1700 1600 1500 1400 1300 1200
Wavenumber / cm-!

Figure 90. Oxidized minus reduced FTIR spectra of complex I (A, black line), D563E (B, red), D563N (C,
blue) and Y594F (D, magenta).

Figures 90B and 90C show the oxidized minus reduced FTIR difference spectra of the D5S63E
and D563N mutants respectively. The signals dominating in the spectral range from 1600-
1700 cm™ and 1500-1580 cm™ correspond to the amide | and amide 11 regions respectively.
The spectra of these variants do not show strong differences in comparison to the wild type
complex I (Figure 90A) indicating that the variants are properly assembled and stable which
is in accordance with their only mildly changed electron transfer rate 7). Shifts in the amide
| range around 1665/1625 cm™ reveal a change in the conformational reorganization upon
redox transfer. Figure 90D describes the oxidized minus reduced spectrum of Y594F. In
comparison with the other spectra, small changes including the amide | and amide Il regions
can be seen. In addition, the peak at 1515 cm™ which corresponds to the v(C=C) TyrOH is

affected.
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Table 25. Detailed band assignments of the FTIR electrochemically induced oxidized minus reduced difference

spectra of the complex | from E. coli, D563N, D563E and Y594F mutants in 50mM MES, 50mM NaCl and pH
6.3 (207, 246, 333, 212).

Wild type Nuo LD563 E Nuo LD563N Nuo L Y594F Assignments
1735 e ---- 1734 v(CZO)aSp’glu
1698 1698 1697 1698 v(C=0) FMN, amide I
----- 1690 1686 1687 amide [
1673 1674 1673 1674 Amide 1, V(CZO)UQ,
Va(CNJH, ),
1665 1665 1666 1666 amide I, Ubiquinone
1648 1647 1648 1648 amide I, a-helix,
V(C=0) 5, gn
1623 1626 1623 1625 amide I, B-sheet,
v(CNH, ),
-—-- 1582 1583 1586 v(C=N) FMN, amide II
1560 1560 1560 1562 amide II
1538 1540 1539 1537 Vas(COO-)asp,glu,
v(C=C)FMN
1529 1528 1527 1530 Amide 11
1516 1516 1516 1515 V(C=C)1yron
1503 1504 1504 1504 C-C stretching, bending
CH, Tyr
1405 1405 1405 1405 VS(COO-)asp,glu
1264 1263 1263 1263 S(C-OCHB)UQ, Y% (CO)tyr
1256 1257 1256 1256 S(C-OCH3)UQ
1226 1221 1221 1225 v(S=O)MES, ring FMN
isoalloxazine

140



Results and discussion: complex | protein

4.2.1 Zinc inhibition

Zn** is known to be the first inhibitor for the membrane arm of the complex | protein. The
presence of zinc perturbs the proton translocation. Schulte et al. ™ reported through detailed
kinetic analysis the presence of several binding sites of Zn?* in E. coli complex I. They also
showed that the coordination of Zn®* ions clearly involves acidic residues by using FTIR
difference spectroscopy. The D563N mutant was studied and it is considered an excellent
candidate for investigating the interaction of Zn* with complex I. To obtain more
information about the interaction, the electrochemically induced FTIR difference

spectroscopy was performed.

Figure 91 shows the oxidized minus reduced FTIR difference spectra of D563N mutant with
and without zinc in the spectral region from 1800 to 1000 cm™. The two spectra are obtained

from samples of the same preparation.
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Figure 91. The fully oxidized minus fully reduced difference spectra of untreated (A) and Zn®* incubated (B)
D563N complex | mutant for the step from -650 to 0 mV.
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The presence of zinc ions causes small changes in the difference spectrum of the D563N
mutant. Particularly, the signals from the protonable residues such as aspartic and glutamic
acids are modified (indicated by arrows). To highlight the perturbation induced by zinc
binding, the double difference spectrum of D563N minus D563N+Zn*" was calculated via
interactive subtraction (Figure 92B). The changes induced by the Zn** binding to the variant

are directly compared to the Zn** induced shifts detected for wild type complex | in H,O

(Adapted from Sebastien Kriegel thesis strasbourg, with permission *39).
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Figure 92. Double difference spectra of complex | minus complex | treated with Zn®* of the wild type protein
(A) and the D563N variant (B).

The double difference spectrum of D563N (Figure 92B) shows changes in the amide | and
amide 11 regions from 1700 to 1500 cm™. The peaks seen at 1681, 1663 and 1648 cm™
indicate that the secondary structure components (a-helices, B-sheets and random) are
perturbed by zinc binding. In addition, the vibrational modes from the acidic residues Asp
and Glu are altered as the v(C=0), v,(COO") and vs(COO’) modes of protonated and
deprotonated Asp and Glu residues. The attribution of the peaks is summarized in Table 26.

The presence of the peaks at 1746 and 1780 cm™ correspond to the v(C=0) modes of

protonated acidic residues in increasingly hydrophobic environments. These 2 peaks
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represent two populations of protonated acidic residues: one is not hydrogen bonded and the
other is hydrogen bonded. Moreover, the signal seen at 1733 cm™ is assigned to the

protonation of one or more aspartic or glutamic acid residues.

Table 26. Tentative attribution of the signals of the oxidized minus reduced FTIR difference spectra of the WT

complex | and D563N in presence of Zn*" (%9,

WT 'H,0 D563N Tentative Attributions
1781 1780 v(C=0)coon, N0 H-bond
1756 1746 v(C=O)coon, H-bond
1733 1733 V(C=0)protonated Asp, Glu
1704 1704 V(C=0)asn, GIn
1681 L681 V(C=0)asn, i, V(C=0) SQ, vas(CN3Hs")arg, Amide 1 B-
turns
1660 1663 vas(CN3Hs")arg, Amide I a-helices
— 2+ _ .
1648 1648 :a(mcd—oorzAsm cin bound to Zn“", v(C=0) Q or SQ, Amide I
1636 1636 vs(CN3Hs")arg, S(NH3")Lys, Amide I B-sheets
1619 1619 S(NHa)asn. Gin
1590 1590 Vas(COO") asp, ciu bound to Zn?*, monodentate
1559 1559 Vas(COO ) asp, v, Amide 11
1540 1540 V(C=C)FMN, va5(COO asp giu
1519 1519 V(C=C)1yron
1424 Vs(COO ) asp, ciu bound to Zn?*, monodentate
1405 1405 vs(COO) asp, ciu
1376 1376 Vs(COO ) asp, ciu bound to Zn?*, monodentate

vs(COO") asp, c1u bound to Zn**, bidentate
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From the results obtained, it is obvious that zinc binding to D563N induces changes in the
vibrational modes from the acidic residues Asp and Glu. This is in agreement with the results
of Schulte et al. *"® where they proposed direct Zn** binding to acidic residues and to
GIn/Asn residues.

When comparing the double differential spectra of wild type (Figure 92A) with that of
D563N (Figure 92B), several differences are commonly found for both samples. For instance,
the signal at 1704 cm™ which is associated to the perturbation of the v(C=0) mode from
gating Asn (or GIn) residues upon Zn?* binding decreases in case of D563N. In addition the
absence of the signal at 1681 cm™ can be noticed together with changes in the amide I and
amide Il range. The complex signal pattern in the amide | range reveals small shifts and
changes in intensity indicating changes of the structural rearrangement in the variant upon
electron transfer in the presence of Zn®*. Furthermore changes occur in the important spectral
region above 1720 cm™. For instance, the signal at 1756 cm™, where CO vibration from
protonated COOH are expected, is shifted to 1746 cm™. At least one of the acidic residues in
a hydrophobic environment discussed above seems to be influenced in this variant. Thus the
D563N can be considered as one of the residues where the interaction with Zn?* occurs.

In this study, we reported that the inhibition of the enzyme with zinc produces complex
changes in the conformational reorganization in the D563N that may be part of the proton
translocation machinery as judged by the modifications in the infrared signals typical for
deeply buried acidic residues and probably other charged residues as well. The data presented
here are nevertheless an important first step to understand the mechanism of proton

translocation.

4.3 NuoB mutants

As mentioned before in the introduction part, NuoB subunit contains the tetranuclear iron
sulfur cluster N2. This cluster is bound to four cysteines (Figure 93) with two of them located

vicinal as confirmed by molecular dynamic simulation studies 3% 3%

. This ligand
coordination induces an unusual geometry and higher flexibility around the cluster 9. 1t
was suggested that the unusual redox potential is regulated by this structural arrangement.
Previous reported studies have shown that the mutation of certain amino acids has a great

influence on the midpoint potential of the cluster (57 336:337)

144



Results and discussion: complex | protein

Ala 47

Ala 44

Pro 141

5l

Ala 112

Figure 93. The tetranuclear iron sulfur cluster N2 with Fe (red balls), sulfur (yellow), cysteine (cyan), alanine
(red), proline (magenta) and glycine (blue); PDB (4HEA).

This cluster N2 plays a crucial role in coupling electron transfer with proton translocation
337 Furthermore, it possesses special properties because of its location near the surface of
peripheral arm of complex | where it is connected by a hydrogen bond network with amino
acids in NuoB and NuoD. The redox reaction of this cluster is coupled with protonation and
deprotonation of amino acids surrounding it % and it is suggested to be the direct reductant
for the substrate quinone. Thus the site directed mutagenesis of some amino acids around N2
cluster help to probe their roles in tuning the cluster redox properties ®*”. Flemming et al.
®38) mutated the conserved acidic amino acids in NuoB and characterized them by their
enzymatic activity and by means of EPR and FTIR spectroscopies. They found that Glu67,
Asp77 and Asp94 are essential for electron transfer and they discussed the importance of

Glu67 which is protonated by the oxidation of N2 for proton translocation.
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Here mutagensis have been introduced in NuoB to change the vicinal ligation pattern to a

normal ligation. The mutation involves two amino acids (Figure 94) (Cysteine 46 and

Glycine 82 with respect to T. thermophilus).

Ala 47

/ Cys 45

Gly 139

Arg 83 | / )
Vﬂ] WC\S 140
Ala 110
Cys 111

Ala 112

Figure 94. The tetranuclear iron sulfur cluster N2 with Fe (red balls), suflur (yellow), cysteine (cyan), alanine

(red), proline (magenta), glycine (blue) and arginine (yellow); PDB (4HEA). Numbering for T. thermophilus.

(The mutation sites are highlighted by circles).

4.3.1 UV-visible titration

The redox properties of the cofactors found in complex | protein from E. coli are studied by

the means of UV-visible spectroscopy. The titrations of NuoB mutants at pH 6.5 and 7

between -650 to -100 mV are presented in Figure 95.
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Figure 95. UV-vis titrations of the NuoB mutants at pH 7 and 6.5 (A). First derivative of the absorption
difference at 450 (B) and 410 (C) nm and fitted curves representing the redox transitions of FeS clusters and
FMN. E is given vs. Ag/AgCl (3M KCI).

The spectra recorded at different potentials and the corresponding 6A AbSsso nm and SA
Abs410 nm are shown. At 450 nm both the iron sulfur clusters and FMN absorb, however the
molar extinction coefficient of FMN (g450 NmM = 12.800 M™.cm™) is about three times larger
than individual extinction coefficient of Fe-S (ess0 nm = 4.100 M .cm™). Following the first
derivative of the absorbance at 450 nm vs. the applied potential (E) allows determining the
midpoint potential of FMN. In addition, the first derivative of the absorption at 412 nm is
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used to estimate the contributions from Fe-S centers ©*°34Y. From the derivative curves and
the fitting to Gaussian form, the midpoint potentials of FMN and iron sulfur clusters are

estimated and summarized in Table 27.

Table 27. The estimated midpoint potentials of FMN and iron sulfur redox cofactors of the NuoB mutants at pH
7 and 6.5 versus SHE.

Wavelength  Attribution EnatpH?7 E. at pH 6.5 EnatpH 7
(NuoB mutant) (NuoB mutant) (wild type)

At450 nm  FMN midpoint -334 mV -315mV -350 mV (literature
po‘[ential by Euro et al.(342))
At 410 nm Iron sulfur -378,-324, -392,-292,
clusters -245, -152 -216, -134

The midpoint potential (E,) of FMN in the NuoB mutant at pH 7 is -334 mV versus SHE
(Table 27). The obtained value is in agreement with the study of Euro et al. ®*? where they
reported the midpoint redox potential (Er,) of the FMN cofactor in the wild type complex |
protein at pH 7 ~ -350 mV. Thus the midpoint potential seems not to be affected by the
mutation. This is not surprising because of the long distance between the site of mutation and
the position of FMN.

At pH 6.5, the Ep, of FMN in the NuoB mutant becomes -315 mV thus it decreases by 19 mV
with 0.5 pH change. This is consistent with the literature where FMN in solution shows a pH
dependency of -52 mV/pH unit, thus if a lower pH value is used, the obtained E,, FMN would

be less negative 9.

Concerning the iron sulfur clusters, their major contributions are typically included at 410
nm. It is well known that most of the Fe-S clusters are equipotential with E,, values close to -
270 mV with two exceptions (N1la and N2 clusters). The cluster N2 exhibits the highest
midpoint potential because of its high polar environment. The reported values range from -
220 mV in the wild type complex | from E. coli to (-50/-150 mV) in the mitochondrial
complex ®*). The other one, is N1a whose midpoint potential is very uncertain and varies

with the source of the enzyme within the range from -150 to -400 mV ©42,
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The midpoint potential seen at -152 mV (vs. SHE) for the NuoB mutant at pH 7 could be
attributed to the iron sulfur cluster N2. This obtained Ep, is shifted in comparison to the
values reported for this N2 cluster from wild type protein (E. coli) upon redox titration by
Leif et al. ®*® and Euro et al. ®*? where they found a midpoint potential of -220 mV and -
200/-300 mV respectively. The comparison between these values reveals a shift of around 70
mV which could be correlated to the change in the environment around this iron sulfur cluster

induced by mutating one of the cysteine residues connected directly to the cluster to alanine.

At pH 6.5, the midpoint potential of the iron sulfur cluster N2 (NuoB mutant) is -134 mV in
comparison to -152 mV at pH 7 (Table 27). The change in the E;, of N2 is in line with the
study of Ohnishi et al. ®* where they reported about the pH dependency of this cluster.
However, the shift of 18 mV is a little lower than expected since it is well known that the E,
of the cluster N2 changes by -60 mV per pH unit (-60mV/pH) @7, thus the change should be
around 30 mV. This indicates that N2 undergoes small conformational changes induced by

protonation and deprotonation upon pH change.

Because of the complexity of the titration data, which is caused by multiple redox
interactions and overlapping signals, further studies including resonance Raman spectroscopy
will be required for the detailed analysis of the redox cofactors and clear examination of the

effect of pH and mutation on the environment of the clusters.

4.3.2 Raman spectroscopy of Complex I wild type and NuoB mutants

The Raman spectra of complex | and NuoB mutants from E. coli are recorded after the
excitation with a 514.5 nm laser. The spectra are divided into three main regions based on the

nature of the observed vibrational modes:

Q) 100-700 cm™ corresponds to the region where the metal ligand vibrations and
their overtones appear.

(i) 700-1800 cm™ the vibration of amino acid side chain and FMN are seen in this
region.

(iii)  2700-3200 cm™ corresponds to the last region where the vibrations v(C-H) of the
protein backbone are expected.

Since the mutations in the NuoB subunit involve the amino acids around N2 cluster, we
focused on the low frequency region (100-900 cm™) which is characterized by the Fe-S

vibrational modes. The spectra are directly correlated to the properties of the Fe-S clusters,
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their close environment and to the polypeptide backbone. To the best of our knowledge, the
first description of the enhancement of the Fe-S clusters in complex | using resonance Raman
spectroscopy is reported in our lab (Yegres et al., manuscript in preparation). They studied
the subcomplex NuoEF (N1a and N3 clusters), the dehydrogenase fragment NDF (N1b, N4,
N5 and N7), the quinone reductase fragment QRF (N6a, N6b and N2) and complex I. The
comparison between all of them led to a detailed analysis of each cluster and its environment

and to a full assignment of the metal ligand vibrations of complex I.

4.3.2.1 Fe-S modes for Complex I and NuoB mutants at different pH
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Figure 96. Low frequency resonance Raman spectra of NuoB mutants (C64A G100C with repect to E. coli) (A
and B) and complex | wild type (C and D). The blue color corresponds to pH 7, red to pH 6.5 and black to pH 6.
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The low frequency spectra of complex I and NuoB mutants are shown in Figure 96. Two
spectral regions are distinguished: the first one corresponds to the low frequency region (500-
200 cm™), it is characterized by the Fe-S vibrational modes. In comparison, the second region
(500-900 cm™) includes a combination of modes corresponding to amino acids side chains
and overtones related to the environment of the cofactors. The assignment of the iron sulfur
clusters in a huge protein having nine Fe-S is a difficult task. However, the previous reported
studies on the [2Fe-2S] and [4Fe-4S] model complexes and their extinction profiles ¢°% 3%
%) help to attribute the peaks to given clusters. In addition, isotope labeling supports these
assignments 3% 346:347),

The Raman spectrum of complex | includes the contribution of the binuclear iron sulfur
clusters [2Fe-2S] (N1a and N1b) and tetranuclear [4Fe-4S] (N2, N3, N4, N5, N7, N6a and
N6b). Interestingly, the binuclear and the tetranuclear clusters exhibit different forms of
symmetry such as Dy, distortion which applies only for [2Fe-2S] and T4 for [4Fe-4S] leading

to the clear differentiation between the Fe-S stretching modes ¢2>34:346)

Figure 99A describes the Raman spectra of the NuoB mutants at pH 6, 6.5 and 7. The peaks
seen between 900-880 cm™ corresponds to tryptophan residue(s), the signal at 885 cm™ can
be used as structural marker for the examination of the environment and solvent exposure of

tryptophan residues indicating the strength of the hydrogen bonding )

. The signals
observed between 820-855 cm™ originate from tyrosine residues ®*9. The ratio of the
intensity of these two signals gives an idea about the average of the “exposed” or “buried”
tyrosine residues present near the cofactors. The ratio of the tyrosine signals lgso/lgzs IS
influenced by the pH ©*® as suggested by Siamwiza et al. ®*® where they used the intensity

ratio of Igs4/lg3, as an indicator for the degree of protonation.

In Figure 99A this ratio decreases as pH increases. Thus pH is considered as a factor which
affects the environment of the benzene ring and the conformation of the amino acid side
chain. Besides, the peaks at 797 and 742 cm™ are attributed to the isoalloxazine ring from the
flavin mode ©°Y. Additionally the signals seen at 756 and 675 cm™ are assigned probably to
C-S stretching modes associated with four cysteine ligands whose frequency varies
depending on the cysteine conformations ®** *¥_ Furthermore, the signal observed at 643
cm™ could be attributed to the C-S stretching modes for a [4Fe-4S] with incomplete cysteine
ligation. This is typical for the cluster N5 in NuoG subunit which is connected to three

cysteine amino acids and to histidine as the fourth amino acid ®*?. The band at 620 cm™ is a
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candidate for C-S stretching ®??. The peaks at 572 and 536 cm™ are identified as the iron

sulfur overtones combined with Fe-S stretching modes ?2* 339,

Figure 99B presents the second spectral region from 500-200 cm™ of the NuoB mutants at the
different pHs. This region is characterized mainly by the Fe-S stretching and bending
vibrations. The peak at 460 cm™ describes the bending modes C-C-N ©?® and the peak at 487
cm™ could be attributed to the iron sulfur bending modes. The peak at 412 cm™ describes the

iron sulfur bridging modes with B, which has no terminal contribution in D2, symmetry 3%,

In addition, the peak observed at 390 cm™ is correlated with Fe-S° with A, symmetry %9,
The signal at 219 cm™ is described by the metal-metal stretching modes, thus it is related to
the A, mode of the Fe-Fe interaction ©*%). The resonance Raman band at 247 cm™
corresponds to the iron sulfur bridging vibration from clusters in complex I. This band
involves the contribution of B, and E, thus it is described as T, mode ®*. Furthermore, the
peak at 281 cm™ could be attributed to the stretching and bending vibrations of the iron sulfur

clusters: Fe-S' and Fe-S° vibrations according to the By, and B, modes #2339,

The signal at 334 cm™ is intense; it is correlated to the bridging modes of the cluster Fe-S°
stretching. It exhibits a total symmetric A, breathing mode ®*®). Moreover, the Raman band at
350 cm™ corresponds to the terminal stretching Fe-S with T, mode %), Other study done by
Meyer et al. %2 assigned this band at 350 cm™ to the terminal stretching Fe-S'according to

By and Byg modes. The attribution of the different Raman peaks is summarized in Table 28.

As shown in Figure 99B, small differences in the NuoB mutants at different pH are seen in
the low frequency region (500-200 cm™) where the iron sulfur bridging modes seem to be
affected by the pH change. These changes could be attributed to the conformational

reorganization occurring upon pH changes.

Now the comparison between wild type and NuoB mutants reveals a great difference in the
low frequency region (Figures 99B and 99D). In the spectrum of NuoB mutant at pH 7, the
peak at 390 cm™ which is correlated with bridging mode Fe-S is shifted to 397 cm™ in the
case of wild type. Similar shifts are obtained in the case of pH 6.5 and 6. This could be
related to the mutation effect where one cysteine residue is replaced by alanine thus causing a
perturbation in the bridging mode and giving rise to a new conformation of the N2 cluster.
These observed changes are consistent with the redox titration results where the midpoint
potential of the N2 cluster shifts from -220 mV (vs. SHE) in case of wild type to -152 mV
(vs. SHE) for the NuoB mutant. Thus coupling the results of UV redox titration and Raman
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clusters and pointing toward a better understanding of the respiratory complex I protein.

Table 28. Frequencies modes (cm™) of the different samples and their assignments

(339)

Modes Nuo B mutant / cm™ WT /cm™
Aq Fe-Fe 219 217
Bridging
(T, BJE) 247 256
Terminal(Bgy)
g Bridging 281 280
I (Buw)
tf: Terminal(Ag) 320
) Bridging 334 332
(A1 breathing)
Terminal
oy and By 350 347
Fe-S bridging Ag 390 397
Fe-S bridging By, 412
C-C-N Bending mode 460 460
Fe-S bending modes 487 486
Fe-S overtones >3 >3
572 570
620 619
643 643
C-S Stretching 673 675
756 756
FMN 742 745
isoalloxazine 797 798
Tyrosine 825 826
Fermi doublet 850 850
Tryptophan 885 --

spectroscopy helps to investigate the properties and the environment of the iron sulfur
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5 Conclusion and future work

This thesis contains two main projects: lipid-lipid interaction and the complex | protein from
the respiratory chain. In the first part, the temperature dependence of pure EPC, EPE,
cardiolipin and mixed lipid/cholesterol was presented. Using mid infrared spectroscopy, it
was possible to look deeply into the hydrocarbon chain conformation and to determine the
effect of cholesterol on the transition temperatures. The hydration and polarity of the
phosphate head groups were also examined. In addition, information was obtained from the
far infrared data concerning the description and the characterization of head groups,

hydrocarbon chain and hydrogen bonding in a very specific way.

The examination of the transition temperature in the case of EPC and EPE revealed that EPC
is stabilized in a bilayer form whereas EPE in a hexagonal non-bilayer form. The insertion of
cholesterol caused a decrease in the transition temperature since cholesterol disorders the gel
phase of lipid leading to a less packed system. Furthermore, the characterization of these
lipids and lipid/cholesterol systems using far infrared spectroscopy revealed that the position
of wagging and rocking vibrations of the phosphate group was altered upon heating
indicating a change of the hydrogen bonding network in the polar head group region. In
addition, the hydrogen bonding signature below 300 cm™ was strongly perturbed upon
heating in a quite interesting way. It decreased in the case of EPC and EPE and this can be
correlated with H,O vibrational modes in the mid infrared. In cardiolipin, the signal increased
in contrast to the decrease of the water signature in the mid infrared domain pointing towards

different hydrogen bonding interactions and interaction with water molecules in CL.

Raman spectroscopy measurements were performed on the lipids and lipid/cholesterol
systems. The results showed that the low frequency region is informative because of the
presence of marker bands which constituted a fingerprint for each lipid as for EPC and EPE
lipids and the data were complementary to IR. In contrast the higher frequency region gave
no valuable information. In addition, the possibility to enhance the Raman signals was

probed.
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The temperature dependent measurements performed on EPC and EPE lipids showed that the
transition temperature is different due to the presence of different head groups which include
choline and ethanolamine respectively. Within this context, the far infrared spectra of EPC,
EPE were studied and the marker bands for each lipid were depicted. Then the properties of
EPC in the presence of different amounts of EPE were analyzed as function of temperature.
Well defined lipid titrations were performed using three EPC/EPE mixtures. For the 1:1 and
2:1 and 4:1 mixtures, the bands of the wagging and rocking vibrations of phosphate group
increased upon heating. This could be explained by the presence of PE which modulates the
properties of the PC layer causing a strong interaction between the two components of the
mixture giving place to a different geometry in the organization of the lipid head group. In
addition the hydrogen bonding signature was altered. Furthermore, the study of pH sensitive
DOPE/CHEMS (3:2) liposomes revealed huge structural changes under the effect of pH.
These changes were clearly investigated by mid and far infrared spectroscopies in order to
better understand the mechanism of destabilization of these liposomes. In conclusion, mid
and far infrared offered great opportunities to investigate the structure and organization of

lipid systems.

In the second part, complex | protein was studied. The interaction of the block copolymer
(PMOXA-PDMS-PMOXA) with complex I, whose activity depends on the presence of
lipids, was probed. The activity of the delipidated enzyme was enhanced twice after addition
of polymer. The conformational changes and the perturbation of the hydrogen bonding

behavior were seen clearly using the mid and far infrared spectroscopies respectively.

Additionally, the study of the different NuoL mutants (D563N, D563E, Y594F) by means of
redox induced FTIR difference spectroscopy was demonstrated. The oxidized minus reduced
FTIR difference spectra included the contribution of individual amino acids, cofactors, redox-
dependent changes in the protein structure. These spectra did not show strong differences in
comparison to that of the parental enzyme confirming that the variants were properly
assembled and stable which is in accordance with their mildly changed electron transfer rate.
Moreover, the effect of Zn®* inhibition on the D563N mutant was studied. The direct
comparison of electrochemically induced FTIR difference spectra from the wild type and the
D563N variant revealed that the infrared signals attributed to Asn, Asp and/or GIn residues
were perturbed. As this variant exhibited reduced proton pumping activity, the participation
of this residue in one of the proposed proton pathways is thus very likely. However, this

residue can only be one of the interaction partners of Zn*. To further investigate the different
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aminoacids involved in zinc binding, the study of different complex | mutants seems to be the

next step of this work.

Finally, NuoB mutants (C64AG100C with respect to E. coli) at different pH were studied.
The vibrations of the iron sulfur clusters as well as their midpoint potentials were probed
using Raman and UV-vis spectroscopies. The midpoint potential of the cluster N2 was
downshifted by 70 mV in comparison to the wild type. On the contrary, the E,, of FMN was
not affected. This could be explained by the distance between the site of the mutation and the
cofactor. From the Raman results, it can be concluded that the bridging mode Fe-S° was
shifted toward lower frequency revealing that the mutation causes a perturbation and new

cluster conformation.

In conclusion, crucial amino acids in complex | have been identified together with the
importance of lipids for the conformational change during redox reaction. In future, mutants
in the putative proton pathways will be correlated with studies in the absence or presence of

lipids and polymers.
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6 Appendix

6.1 Results and discussion appendix
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Appendix 1. chemical structure of the PMOXA,-PDMS,-PMOXA, triblock copolymer.
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Appendix 2. Temperature dependent ATR absorbance spectra of EPC in H20 in heating (A) and cooling (B)
steps. Line assignment: 5 °C black, 10 °C red, 20 °C green, 30 °C blue, 40 °C cyan, 50 °C magenta, 60 °C gray.
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Appendix 3. ATR-FTIR absorption spectrum of cholesterol in the far infrared region.
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Appendix 4. The OH stretching vibration mode of EPC, EPE and CL. Line assignment: 5 °C black, 10 °C red,
20 °C green, 30 °C blue, 40 °C cyan, 50 °C magenta, 60 °C gray.
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Appendix 5. The Raman spectrum of the octadecanethiol modifier.
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Appendix 6. The MIR ATR absorbance spectra of Hepes buffer at different pH. Line assignment: pH 4.5
(black), pH 5 (red), pH 5.5 (green), pH 6 (blue), pH 6.5 (cyan), pH 7.4 (magenta).
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Wavenumber/cm™ | Assignments
3200-3600 OH stretch

2800-3100 CH stretch

1650 OH bending

1457 CH, bending

1314 Asymmetric S=0 stretch
1172 Symmtric S=0 stretch
1035 C-O stretch

1000-875 S-O and C-N stretch

Appendix 7. The tentative assignments of the peaks obtained for Hepes buffer at different pH values.
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Appendix 8. The Oxidized minus reduced FTIR difference spectrum of MES buffer (MES 50 mM, NaCl 50
mM, DDM 0.01 %, pH 6.3).
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Appendix 9. ATR-FTIR absorption spectrum of PMOXA-PDMS-PMOXA in the mid infrared region.
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Appendix 10. ATR-FTIR absorption spectrum of PMOXA-PDMS-PMOXA in the far infrared region.
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Résumé

L'étude des membranes biologiques nécessite I'examen des différentes propriétés de ses composantes
principales: les lipides et les protéines. Dans ce manuscrit, lI'interaction lipide-lipide et lipide-protéine ont
été suivies par spectroscopie vibrationnelle (Raman, Infrarouge). Nous sommes intéressés en premier lieu a
I'étude de la structure et I'organisation des phospholipides dans leur phase gel et leur phase cristalline liquide
en utilisant la spectroscopie moyen infrarouge. En outre, I'effet de la composition du groupement
hydrophiles des lipides sur le comportement de la liaison hydrogéne des mélanges lipidiques a été sondé en
utilisant la spectroscopie lointain infrarouge. Dans la seconde partie, I'interaction de la protéine NADH
ubiquinone oxydoréductase et du mutant NuoL (D563N) avec le zinc ont été étudiés par spectroscopie
différentielle et les changements conformationnels induits par la liaison du zinc avec les protéines ont été
examinés. Enfin, les vibrations métal-ligand des groupements fer-soufre dans le mutant de NuoB (C64A
G100C) a différents pH ont été analysées par spectroscopie Raman.

Mots-clés: spectroscopie infrarouge différentielle, phospholipides, infrarouge lointain, NADH ubiquinone
oxydoréductase, spectroscopie Raman, fer-soufre.

Résumeé en anglais

The study of biological membranes involves the examination of the different properties of its main
components: as lipids and proteins. In this manuscript, the lipid-lipid interaction and the lipid-protein
interaction were monitored by vibrational spectroscopy (Raman and Infrared). We have been interested in the
first part in studying the structure and organization of phospholipids in the gel phase and the liquid
crystalline phase using mid infrared spectroscopy. In addition, the effect of the head group composition on
the hydrogen bonding behaviour of lipid mixtures was probed using far infrared spectroscopy. In the second
part, the interaction of the NADH ubiquinone oxidoreductase protein and NuoL mutant (D563N) with zinc
was investigated through FTIR difference spectroscopy where the conformational changes upon zinc binding
were monitored. Finally, the metal-ligand vibrations of the iron- sulfur clusters in NuoB mutants (C64A
G100C) at different pH were analysed using Raman spectroscopy.

Keywords: FTIR difference spectroscopy, phospholipid, far infrared, NADH ubiquinone oxidoreductase,
Raman spectroscopy, iron-sulfur clusters.




