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I THACA
When you set out on your journey to Ithaca,
pray that the road is long,
full of adventure, full of knowledge.
[...]
Always keep Ithaca in your mind.
To arrive there is your ultimate goal.
But do not hurry the voyage at all.
It is better to let it last for many years;
and to anchor at the island when you are old,
rich with all you have gained on the way,
not expecting that Ithaca will offer you riches.
Ithaca has given you the beautiful voyage.
Without her you would have never set out on the road.
She has nothing more to give you.
And if you find her poor,
Ithaca has not deceived you.
Wise as you have become,
with so much experience,
you must already have understood what Ithacas mean.
Constantine P. Cavafy (1863 - 1933)
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nim cieszyć i że z radoscia˛ w sercu świat wyglada
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Abstract

Eukaryotic cells have a diameter of 10-50 µm and their functional units are typically a few
nanometers to tens of nanometers in size. Materials that are designed for interaction with
cells and subcellular structures, e.g. tissue culture hydrogels or drug delivery vehicles,
therefore need nano- and micrometer range features. Likewise, in order to elucidate interactions on the molecular length scale of biological systems we need material interfaces
that mimic their structure and can present interaction partners on the same length scales
in a biomimetic way. Kinetics and specificity of binding between biological interaction
partners are very difficult to assess in the complex setting of a native cell. Biological
molecules of interest can be extracted from cells and inserted in a reduced and controlled
in vitro biomimetic environment for detailed investigations if a sufficiently native like environment is provided. Molecular self-assembly is a route to fabricate biomimetic and
biocompatible structures and materials at the nano- and micrometer range, for in vitro and
in vivo applications, with potential to greatly advance science and the above mentioned
applications.
In this thesis two research projects exploiting self-assembly as a construction tool for
nano-scaled biomimetic materials and interfaces from peptides and lipid amphiphiles, respectively, were realized. The focus was set on careful characterization of the investigated
assembly and final structures of the systems with the goal to elucidate design principles
to control the assembled structures and methods to probe their interactions.
In the first project the self-assembly behavior of cationic lipid-like peptides with systematically varied tail and head regions was investigated. Peptide supramolecular materials fulfill the requirements of biocompatibility and in vivo degradation if the peptide
monomers are built from only the natural occurring amino acids. The aim was set on investigating the influence of variation in one parameter (secondary structure preference of
the hydrophobic amino acid in the peptide sequence) in three different peptide molecules
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namely I6K2, V6K2 and L6K2. The supramolecular structures were characterized by
transmission electron microscopy (TEM) and atomic force microscopy (AFM) while circular dichroism spectroscopy (CD) was used to determine the adopted secondary structure
of the peptides in the aggregates. With this simple approach we identified preference for
rod and ribbon structures in the self-assembled supramolecular aggregates at low peptide
concentrations in aqueous solutions and were able to correlate the secondary structure
adopted in the supramolecular assemblies with primary structure variations in the peptide
monomers. It was found that the sequence forming β -sheet type hydrogen bonds (I6K2)
favored ribbon-like structures, whereas rod structures were observed for sequences adopting random coil secondary structures (V6K2 and L6K2). The originally chosen design
parameter, i.e. helix propensity, was found to be less relevant for shaping the adopted
supramolecular structures than whether or not a β -sheet hydrogen bonding pattern between the monomers could be adopted upon aggregation.
In the second project of this thesis a supported phospholipid bilayer (SLB) platform was established on SiO2 substrates to investigate specific peptide-lipid interactions.
Lipids have fundamental roles in numerous signalling cascades and mediate a plethora of
signal transductions at or across cell membranes. A native cell membrane contains various lipids and its lipid composition is also continuously adjusted by enzymes according
to internal and external cell stimuli. For signal transduction or protein association with
the membrane, protein domains can bind specifically to lipid head groups. To monitor
the binding kinetics of these specific interactions reductionist in vitro systems are needed
where the lipid composition as well as the constituents of the protein containing solution
are precisely known.
To this end, two phosphoinositides, PIP2 and PIP3, were incorporated at physiologically relevant concentrations into POPC SLBs and characterized by quartz crystal
microbalance with dissipation monitoring (QCM-D), fluorescence recovery after photo
bleaching (FRAP) and X-ray photoelectron spectroscopy (XPS). PIP2 was successfully
incorporated into SLBs with up to 10 weight-% concentration whereas SLBs containing
PIP3 could only be formed up to 1 weight-% PIP3 concentration, in line with the lower
abundance of PIP3 found in natural occurring membranes. Protein-lipid interaction was
tested on the PIP2 SLBs with the well characterized Pleckstrin homology domain (PH)
of the PIP2 binding protein phospholipase C (PLCδ 1). The interaction was monitored
with dual polarization interferometry (DPI). This dynamic sensing technique enabled us
to select an optimal time point for affinity analysis corresponding to the bound PH-PLCδ 1
mass at equilibrium (Ka =1-3.5 105 × M−1 ).
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The possibility to monitor the detailed time evolution of the adsorption led to important information on the lipid-peptide interaction. It was observed that after initial adsorption, previously associated peptide desorbed from the membrane upon specific binding of
the PH-PLCδ 1 to the PIP2 lipid head group in the SLB. Besides identifying this threephase binding process the location of the peptide relative to the membrane and a clear
kinetic and affinity discrimination of PIP2 binding vs. non-specific electrostatic association to a similarly charged membrane could additionally be clearly demonstrated through
the use of an SLB functionalized DPI chip. In vitro platforms to measure label free interaction kinetics, as the presented phosphoinositide SLBs on QCM-D and DPI chips , are
valuable research tools for investigation of specific protein-lipid interaction by presenting
reaction partners that have a high turn-over in vivo in a stable and reproducible in vitro
environment.

Zusammenfassung

Eukaryotische Zellen haben einen Durchmesser von 10-50 µm und ihre funktionellen
Komponenten messen nur wenige Nanometer. Materialien, die dafür geschaffen wurden,
mit Zellen und Zellbestandteilen zu interagieren, wie zum Beispiel Zellkulturhydrogele oder Medikamentenabgabesysteme, müssen daher auch funktionelle Eigenschaften im
Nano- und Mikrometerbereich aufweisen. Um Interaktionen von biologischen Systemen
auf molekularer Ebene zu untersuchen, werden Materialien mit Oberflächenstrukturen benötigt, die biologische Strukturen imitieren und die interagierenden Komponenten in der
gleichen Grössenordnung präsentieren. Im komplexen Aufbau einer Zelle sind Kinetik
und Spezifität von biologischen Interaktionspartnern sehr schwierig zu erfassen. Biologische Moleküle können aber aus der Zelle extrahiert und in vitro analysiert werden,
sofern ein adäquates System, das das biologische Umfeld imitiert, vorhanden ist. Materialien mit Strukturen, die diesen Anforderungen entsprechen, können mittels Molekülen
realisiert werden, die sich spontan selbst anordnen. Diese Materialien können für Anwendungen in vivo und in vitro benutzt werden und bergen das Potential, Forschung in den
zuvor erwähnten Gebieten voranzutreiben.
In dieser Arbeit wurden zwei Projekte realisiert, in denen die Selbstanordnung von
Peptid- und Lipidmolekülen ausgenutzt wurde, um Materialien und Oberflächen mit Nanometerdimensionen zu konstruieren. Speziell beachtet wurde dabei die Charakterisierung des Selbstorganisationsprozesses und der geformten Strukturen, um Designprinzipien zur Kontrolle der supramolekularen Strukturen zu untersuchen, und um geeignete
Methoden zu finden, diese Interaktionen quantitativ nachzuweisen.
Im ersten Projekt wurde die Selbstorganisation von kationischen, lipid-ähnlichen
Peptiden mit systematischen Variationen im hydrophoben Teil untersucht. Wenn nur natürlich vorkommende Aminosäuren als Bausteine verwendet werden, erfüllen supramolekulare Peptidmaterialen die Anforderungen für Biokompatibilität und in vivo Degrada-
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tion. Das Ziel bei diesem Projekt war es, den Einfluss eines einzelnen Parameters, nämlich die Sekundärstrukturpräferenz der hydrophoben Aminosäuren im Peptidamphiphil)
in drei Peptidamphiphilen, I6K2, V6K2 und L6K2 zu untersuchen. Die supramolekularen
Strukturen wurden mittels Transmissionselektronenmikroskopie (TEM) und Rasterkraftmikroskopie (AFM) untersucht und die Sekundärstruktur der Peptide in den Aggregaten
wurde mittels Zirkulardichroismus Spektroskopie (CD) analysiert. Mit diesem vereinfachten Modell konnten Präferenzen für spezifische supramolekulare Strukturen bei niedriger Peptidkonzentration in wässriger Lösung nachgewiesen und der gemessenen Sekundärstruktur zugeordnet werden, die aufgrund der Variationen in der Aminosäurensequenz in den Peptidamphiphilen geformt wurde. Die β -Faltblatt bildende Sequenz (I6K2)
begünstigte bandartige Strukturen, während diejenigen Sequenzen, die unregelmässige
Sekundärstrukturen annahmen (V6K2 und L6K2), stäbchenartigen Strukturen bildeten.
Es wurde festgestellt, dass der ursprünglich verwendete Designparameter (α-helix Präferenz) weniger relevant war für die Aggregatstrukturen als die Fähigkeit während der
Aggregation β -Faltblatt Wasserstoffbrücken zwischen den Peptidamhiphilmolekülen zu
bilden.
Im zweiten Projekt wurde ein Substrat-unterstütztes Lipid-Membranmodell (SLB)
auf SiO2 Oberflächen etabliert, um spezifische Peptid-Lipid Interaktionen zu untersuchen.
Lipide haben eine fundamentale Rolle in vielen zellulären Signalkaskaden und vermitteln
die Signalübertragung an und durch die Zellmembranen. In einer natürlichen Zellmembran finden sich daher viele verschiedene Lipide, deren Komposition fortwährend aufgrund von externen und internen Anreizen mittels Enzymen reguliert wird und so stetigem
Wandel unterworfen ist. Für die Anlagerung von Proteinen und für die Signalübertragung
an der Zellmembran können Proteindomänen spezifisch an Lipidkopfgruppen binden. Um
die Bindungskinetik dieser spezifischen Interaktionen quantitativ zu beobachten, werden
in vitro Systeme mit reduzierter Komplexität benötigt, in denen sowohl die Lipidzusammensetzung wie auch die Zusammensetzung der Proteinlösung genau bekannt sind.
Zwei verschiedene Phosphoinositide wurden einzeln in physiologisch relevanten
Konzentrationen in POPC-basierten, Substrat-gestützten lipidischen Doppleschichten
(SLBs) eingebaut und mittels Quarzkristall-Mikrowaage mit Dissipationaufzeichnung
(QCM-D), Fluoreszenzwiederherstellung nach Photoentfärbung (FRAP) und RöntgenPhotoelektronenspektroskopie (XPS) charakterisiert. PIP2 konnte in Konzentrationen bis
zu 10 Gewichts-% erfolgreich in SLB eingebaut werden. Hingegen konnten SLBs mit
nur maximal 1 Gewichts-% PIP3 hergestellt werden, was das viel geringere Vorkommen
von PIP3 in natürlichen Membranen im Vergleich zu PIP2 reflektiert. Protein-Lipid In-
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teraktionen wurden mittels der gut charakterisierten PIP2-bindenden Pleckstrin Domäne
der Phospholipase C1 (PH-PLCδ 1) auf PIP2 SLB getestet. Die Interaktion wurde mittels Zweifachpolarisationsinterferenz (DPI) analysiert. Diese Technik ermöglichte die Selektion eines optimalen Zeitpunktes für die Bestimmung der Affinitätskonstante (Ka =13.5 105 × M−1 ), entsprechend der im Gleichgewicht adsorbierten Masse der gebundenen
Proteindomäne. Da die zeitliche Auflösung der Adsorption detailliert analysiert werden
konnte, wurden wichtige Informationen über die Protein-Lipid Interaktion gewonnen. Es
wurde beobachtet, dass sich zuvor gebundene Peptide von der Membran ablösten, als Folge der Ausbildung spezifischer Bindungen zwischen (PH-PLCδ 1) und PIP2. Zusätzlich
zu diesem dreistufigen Bindungsprozess konnten mittels SLBs auf funktionalisierten DPI
Chips auch die Lage der Proteindomäne relativ zur Membran sowie klare Unterschiede in
Kinetik und Spezifität für PIP2 gegenüber nicht spezifischer elektrostatischer Adsorption
auf einer Membran, mit vergleichbarer Ladung, gemessen werden. In vitro Modelle, die
es erlauben, Marker-frei Interaktionskinetik zu messen, wie z.B. das beschriebene SLB
Modell in Kombination mit den quantitativen, Marker-freien Sensortechniken QCM-D
und DPI, sind wichtige Forschungshilfen für die Untersuchung von spezifischen ProteinLipid Interaktionen, da die Reaktionspartner, die in vivo rapidem Wechsel unterworfen
sind, in einem reproduzierbaren, stabilen Umfeld in vitro erforscht werden können.
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AFM

Atomic force microscopy

AMP

Antimicrobial peptides

CD

Circular dichroism spectroscopy

CCD

Charge coupled device

CPP

Cell penetrating peptides

DAG

Diacylglycerol

DLS

Dynamic light scattering

DNA

Deoxyribonucleic acid

DPI

Dual polarisation interferometry

E. Coli

Escherichia Coli bacterium

EDTA

Ethylenediaminetetraacetic acid

EIS

Electrochemical impedance spectroscopy
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Fluorescence recovery after photobleaching

FRET

Fluorescence energy transfer

HEPES

10 mM HEPES, 150 mM NaCl, pH=7.4

HPLC

High performance liquid chromatography

I6K2

Ac-Ile6 Lys2 -NH2

IP3

Inositoltrisphosphate

IPTG

Isopropyl-β -D-thiogalactopyranoside

L6K2

Ac-Leu6 Lys2 -NH2

LUV

large unilamellar vesicles

MALDI-ToF MS

Matrix assistedlaser desorption/ionization time-of-flight mass spectrometry

Mw

Molecular weight

NBD-PC

1-Palmitoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-snGlycero-3-Phosphocholine

PC

Palmitoyl-oleoyl-phosphatidyl-choline
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Phospholipase Cδ 1

PH domain PIP2

Phosphatidylinositol-4,5-bisphosphate

PIP3

Phosphoinositol-3,4,5-trisphosphate

PIP3-NBD

1-Oleoyl-2-[12-[[6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoyl]amino]dode-canoyl]sn-Glycero-3-Phosphoinositol-3,4,5-trisphosphate

PLCδ 1

Phospholipase C δ 1

PS

Phosphatidylserine

PtdIns

Phosphatidylinositol

PTEN

Phosphatase and tensin homolog

QCM-D

Quartz crystal microbalance with dissipation monitoring

RT

Room temperature

SDS

Sodium dodecyl sulfate

SLB

Supported lipid bilayer

SPR

Surface plasmon resonance

TBS

10 mM Tris, 150 mM NaCl, pH=7.4

TEM

Transmission electron microscopy

TopFluor-PIP2

1-Oleoyl-2-[6-[4-(dipyrromethene-borondifluoride)butanoyl]amin]-hexanoyl-sn-glycero-3-phosphoinositol-4,5-bisphosphate (ammonium salt)

UV

Ultraviolet

V6K2

Ac-Val6 Lys2 -NH2

XPS

X-ray photoelectron spectroscopy

CHAPTER

1

Molecular Self-Assembly

A traditional way to create objects is to cast, mould or carve them out of a larger amount
of material. This "top-down" approach reaches its limit when the desired objects have
micro- or nanoscale dimensions. In the most advanced, widely applied technology twodimensional patterning of electronic circuits can be performed by this approach down
to a few tens of nanometers. For three dimensional molecularly or chemically complex
structures there are currently no comparable "top-down" patterning methods as those developed in the semiconductor industry and while such methods, e.g. electron beam and
dip-pen lithography, have been used, their application is typically prohibitively time consuming and costly for large scale application. Nanoscale devices and tools have become
important also in biology, biochemistry and medicine since cellular and subcellular components are in this size regime, and since nanoscale materials can exhibit unique physicochemical properties, vastly different from those of the bulk material. Nanoscale materials
developed in these areas open up new possibilities e.g. as drug delivery vehicles, for tissue culture purposes and in regenerative medicine. Therefore a lot of effort is invested to
form biocompatible structures that can interact with cellular components, often directly
with or mediated through the cell membrane.
An alternative approach to "top-down" definition of an externally imposed pattern
or structure is to use a "bottom-up" strategy by which a pattern or structure assembles
spontaneously from smaller constituents. In order to realize that, the typical molecular
building blocks need to encode all the structural information that allows them to assemble
without assistance as well as the features that define the shape and function of the final
supramolecular structure.
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Since control and manipulation at nanoscale dimensions are at the limit of today’s
technological ability researchers have sought inspiration by investigating the formation
process of existing nano-sized objects. Nature is a great source of inspiration for building precise and functional structures (e.g. enzymes, proteins, amyloid fibers, membranes and chromosomes) through molecular self-assembly at great speed and quantities. These macromolecular aggregates are formed either through aggregation of preassembled supramolecular structures (protein tertiary structures, DNA) or self-assembly
of monomers (lipids or peptides), sport precise properties and carry out diverse functions.
All information needed for building these large macromolecular aggregates is coded in
the monomer structure and surface properties. Lipids form membranes (barriers) and provide enclosed reaction compartments, nucleic acids are the building blocks of DNA and
form a complex system for information storage and retrieval and peptides are assembled
to give peptides and proteins capable of precisely tuned interactions with each other and
the other two species. Together they form the machinery of life.
In vitro self-assembly of monomers is a tool to form three-dimensional structures at
the nanoscale with high precision. The monomers assemble either through a physical or
chemical process or through a process assisted by biomolecules to promote molecular
selectivity and specificity. The self-assembled structures show high structural perfection,
since defects are rejected energetically [1, 2]. The interactions between the assembling
molecules are generally weak and are a subtle balance between attractive and repulsive
forces. The assemblies are stabilized by many weak interactions between the surfaces of
complementary molecules and due to the complexity of these interfaces it is difficult to
estimate the individual contribution of single organic groups [1]. As the molecules need
to move to self-assemble into macromolecular aggregates the process is typically carried
out in solution or at an interface. The favorable macromolecular structure mainly occurs
through one or a combination of the following events: sequestration of non-polar moieties of the building blocks from the aqueous solvent [3, 4], extensive van der Waals and
Coulomb interactions between the atoms of the molecules and hydrogen bond formation
within secondary structures (of proteins) or between neighboring molecules (e.g. in lipid
bilayers) which replace former bonds with the solvent in the pre-assembled state. Once
assembled the structures remain in the equilibrium state with the monomers in solution
or at least reach a meta-stable state. Despite the weak forces between the monomers
their collective interactions can lead to stable structures at the thermodynamic minimum
[5]. While the overall assembly process can be driven by enthalpy and/or entropy the
assembled structures are defined by the molecular architecture of the monomers where
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complementarity in shape and surface properties is a crucial factor, e.g. matching nonpolar patches, complementary hydrogen bonding patterns and matching surface charge
distribution [6, 7, 8].
In this thesis the focus is on self-assembled systems in aqueous solvents. Water has
been entitled the ’matrix of life’ [9] since it mediates, regulates and controls many processes in nature [10]. It has unique properties as a solvent as it forms a dynamic network
of hydrogen bonds with localized and structured clustering [11]. Polar molecules participate in the hydrogen bonding pattern of water. An inherent property of water, termed the
’hydrophobic effect’ describes the observation that water and oil molecules attract each
other but water molecules attract one another much more [3]. Interaction of two molecules
in aqueous solution involves shifting of the surrounding water molecules. Since this process is spontaneous, the energy costs arising from bond making and breaking (enthalpy)
and disorder changes in the molecular components (entropy) have to be balanced [9]. A
favorable contribution to the entropy is the release of structured water around hydrophobic groups upon their association to help balance the loss of translational entropy caused
by aggregation [1].

Bio-inspired amphiphiles

hydrophilic
(head group)

V6K2

POPC

typically neg. charged

2 hydrophilic
amino acids
(head group)
(Lysine)

~2 nm
hydrophobic
(tail)

6 hydrophobic
amino acids for tail

fatty acid tail
lipid

peptide
amphiphile

(Valine)

Figure 1.1: Schematic representation of amphiphilic monomers used in this thesis. Left: POPC is shown
as typical example of a phospholipid molecule as found in biological membranes. A functional hydrophilic
head group (cholin) is linked through a phosphate to glycerol. Two hydrocarbon chains linked to glycerol
through an ester linkage form the hydrophobic tail. Right: A small amphiphilic surfactant-like peptide,
designed to mimic the properties of the lipid. Two charged amino acids form the hydrophilic head and the
hydrophobic tail is formed by six consecutive aliphatic amino acids.
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Two bio-inspired self-assembled systems were characterized in this thesis, one using small amphiphilic peptides and the other phospholipids as building blocks, which
are described in more detail in the following two sections. While the structure of the
monomers of the investigated systems is different (peptides and lipids) the geometry of
the monomers was chosen to be similar (figure 1.1). Both systems are assembled from
amphiphilic molecules with a defined small charged head group and a hydrophobic tail
with an overall monomer length between 2-3 nm.

1.1

Proteins and peptides

Genetic engineering and advancements in peptide synthesis have generated interest in
peptides as building blocks for self-assembled biomaterials, e.g. for cell culture substrates, scaffolding for tissue repair regenerative medicine and drug carrier systems targeting specific compartments of the body [12, 13].
The most attractive feature of amino acids as building blocks is that they carry information for spatial orientation and three dimensional interaction. The information for
the secondary and tertiary structure of a protein is all coded in the primary structure (figure 1.2 A). Correct formation of discrete secondary structures (e.g. α-helices, β -sheets) is
obtained via hydrogen bond formation and limited conformations of the protein backbone
due to steric hinderance. The tertiary structure is formed through weak non-covalent interactions such as polar interactions (ionic bonds between charged side chains), non-polar
interactions (stacking of aromatic residues, aliphatic side chains) and hydrogen bonds.
The tertiary structure is the thermodynamically most stable adopted structure of the primary structure. Globular shapes of proteins are most common due to favorable burying
of hydrophobic residues in the interior and display of hydrophilic residues to the exterior.
Interactions between peptides and lipid membranes regulate a wide range of biological
phenomena, including the translocation of polypeptides through membranes and the cytosolic action of anti-microbial peptides. Recent work by Ghadiri et al. has shown that
designed peptide nanotubes can insert in lipid bilayers and allow ion transfer through them
[14, 15]. The self-assembly mechanisms of designed peptides and peptides with naturally
occurring amino acid sequences are as well studied for their association with amyloid formation in neurodegenerative diseases [16]. The common feature of the proteins forming
the amyloid aggregates is a cross-β -sheet structure in long fibrils (figure 1.2 B) [17, 18].
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To have model systems of synthetic peptides that assemble into structurally similar fibers
allows studying the prerequisites of amyloid formation.

A

B
folded
protein
denaturation

(urea + mercaptoethanol)

prion protein

amyloid β

unfolded
amino acid sequence

refolded
protein

amyloid fiber

Figure 1.2: (A) Denaturing of a protein and refolding is possible since the information needed
for correct folding is (in most cases) coded in the primary structure of the protein. (B) Proteins and peptides can form well defined supramolecular structures as for example seen in
amyloid fibril formation by the prion protein or the amyloid β peptide (scheme adapted from
http://www.shef.ac.uk/mbb/staff/staniforth).

From the materials science point of view self-assembly of peptides is a way to fabricate three-dimensional structures from the bottom-up at the nanometer and submicron
scale [19]. The advantage of using a self-assembling system is that we can build threedimensional structures in a parallel process. With molecular self-assembly we gain access to a size range where patterning and building of organized structures is not generally possible by traditional top-down approaches. The possibility to rationally design
the monomer architecture to yield macromolecular structures with precisely designed features (e.g. functional end groups for additional modifications) and to control the assembly
and disassembly through adjustments in the aqueous environment conditions (e.g. pH and
ionic strength) are other benefits of these systems. Using peptide building blocks for in
vivo applications e.g. as tissue regenerate, is especially attractive because of their biological degradability.
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Applications of peptide based fibers
Hydrogels formed of peptide self-assembled fibers find application in the field of tissue
engineering and drug delivery due to their high water content, tissue-like viscoelastic
properties, and for that they allow diffusion of water soluble molecules (e.g. cell nutrients) [20]. Purely synthetic scaffolds (e.g. PLLA, PLGA, PLLA-PLGA copolymers) used
as three-dimensional cell culture platforms have typically a fiber diameter of 10-50 µm
and thus are in a similar size range as most of the cells. Therefore they do not present
a real three-dimensional environment for cell growth and tissue culturing [21]. Fibers
with a much smaller diameter can be formed from animal-derived biomaterials (e.g. collagen gels, poly-glycosaminoglycans and Matrigel). While having the right diameters for
presenting a true three-dimensional environment, the bio-derived materials can contain
residual growth factors and other non-quantified impurities. These conflict with conducting well-controlled studies as well as with possible therapeutic use in humans [21].
Synthetically produced peptide self-assembled fibers seem promising to overcome
these issues. EAK16-II (AEAEAKAKAEAEAKAK, A = alanine, E = glutamate, K =
lysine), a sequence found in the yeast protein zuotin has first been shown to self-assemble
to yield nano-fibers [22]. Zhang and co-workers have reported several other peptide selfassembled systems that have been shown to support cell attachment, enhance cell survival
and induce cell differentiation for a variety of mammalian primary and tissue culture cells
[23, 24, 25, 26, 27, 28]. Zhang et al. were also the first to report the self-assembling
properties of the RADA16 peptide that has been used by Schneider and co-workers to encapsulate and deliver an epidermal growth factor (EGF) to promote accelerated cutaneous
wound repair [29, 30].
Galler and co-workers developed peptide derived hydrogels for tissue culture purposes with a fiber diameter of 6 nm, mimicking the nanoscale dimensions and structure
of the natural extra cellular matrix (ECM) [20]. The hydrogels allow for cell attachment
to the fibers via adhesion molecules and cell-cell contacts can as well be formed [31].
The three-dimensional cell growth within these materials and the structural, mechanical,
and bioactive properties (by incorporation of protease cleavage sites and the cell adhesion
motif RGD) of these peptide hydrogels make it suitable as an injectable material for a
variety of tissue engineering applications [20].
Self-assembled peptide hydrogels developed for encapsulation and delivery of cells
for tissue regeneration have been developed by Schneider and Pochan. They have produced rigid hydrogels self-assembled from β -hairpin peptides. The peptides fold into
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amphiphilic hairpins and subsequently self-assemble into fibrils that crosslink (noncovalently) to form self-supporting hydrogels [32, 33]. The cells are encapsulated during
self-assembly, resulting in hydrogels with homogeneous cell distribution within the gel
network. Delivery via syringe is possible due to the ability of the hydrogels to shear thin
and recover [33].
Chilkoti and co-workers have established hydrogels based on elastin-like polypeptides (ELPs) [34, 35]. The advantage of ELPs is that they are thermally responsive and
can undergo a reversible inverse temperature phase transition and that the fourth residue in
the pentapeptide sequence of ELP (VPGXG) may be modified for crosslinking. Elastinlike polypeptides (ELPs) have found utility in tissue engineering and drug delivery applications since they are biocompatible, biodegradable, and non-immunogenic, and also
because their amino acid sequence and molecular weight can be precisely controlled at the
genetic or synthetic level, allowing exquisite control over the final protein functionality
[36].
Drug delivery application of peptide derived fibers has been demonstrated by Nagai and co-workers. By binding of PDGF-BB (growth factor) to self-assembled peptide
nanofibers in a non-covalent manner a prolonged delivery of PDGF-BB was achieved
when injected into infarcted rat myocardium [37].

1.2

Lipid membranes

Membranes are one of the hallmarks of eukaryotic cells. The plasma membrane separates
the cell interior (cytoplasm) from the surrounding environment (extracellular space). Inside the cell they enclose a variety of organelles and generate specialized compartments
with distinct structural protein and enzyme composition to carry out the diverse functions
within the living cell (figure 1.4). Membranes are sheet-like structures, consist mainly of
lipids and proteins and are highly selective permeability barriers [38]. The amphiphilic
lipids are thereby arranged with their hydrophilic head groups pointing to the surrounding
aqueous medium and the fatty acid tails forming a hydrophobic diffusion barrier. Thus
small hydrophobic molecules can readily pass the barrier by simple diffusion through the
hydrophobic core (e.g. non-polar molecules as O2 and N2 , and uncharged polar molecules
like CO2 , ethanol and urea) [39]. Large, uncharged polar molecules are only slowly penetrating through a bilayer (e.g. glucose takes hours to pass through a lipid bilayer) and
charged molecules are hindered to cross the hydrophobic core and need special transport
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mechanisms across the membrane (e.g. Na+ , Cl− ). Sub-cellular membranes are also
characterized by a distinct lipid composition suited to the versatile interaction processes
of the particular organelles with their cytosolic surroundings [40]. The lipid composition
also regulates the fluidity of the different membrane types and by this presents another
parameter which can regulate the properties of integral membrane proteins [41].

A

B

C

Figure 1.3: Shape factors of phospholipids. A cylindrical shape of the lipid leads to bilayer
formation (A). A conical shape with a large head group and a slim tail creates micelles (B)
whereas a small head group with a voluminous tail can lead to inverted micelle formation (C)
[42].

Phospholipids are glycerol based amphiphilic molecules. A functional hydrophilic
head group is linked through a phosphate to glycerol. Two hydrocarbon chains linked
to glycerol through ester or ether linkage form the hydrophobic tail. The lipid geometry of hydrophilic versus hydrophobic moieties thereby influences the structure of the
assemblies depending on the proportional steric ratio of fatty acid tail versus hydrophilic
head group (see figure 1.3). Lipid molecules with head group and tail forming a cylindrical shape assemble into bilayer structures. Sterically demanding head groups attached
to a slimmer hydrophobic tail lead to micelle formation in water and the opposite steric
arrangement with a bulky tail attached to a comparably smaller head group can lead to
inverted micellar aggregates in suitable solvents.
In animal cells the most abundant lipid is phosphatidylcholine, which usually
accounts for 40% to 55% of the phospholipids in total cell membranes.

Phos-

phatidylethanolamine is generally represented with 15% to 30%, phosphatidylinositol
with 10% to 15% and phosphatidylserine with 5% to15%. Sphingolipids (mainly sphingomyelin and glycosylceramides in animal cells) constitute 5% to 10% of membrane
lipids. Cholesterol, a sterol which regulates membrane fluidity, is another component
of cell membranes, accounting for 20% to 30% of the total cellular lipids [40]. Some
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lipids such as phosphatidylethanolamine and phosphatidylinositol are found in specific
compartments (e.g. endoplasmic reticulum, mitochondria, nuclei, plasma membrane, and
Golgi apparatus [43, 44, 45, 46]). Whereas the fraction of these lipids to each other varies
significantly among the different organelles, each major class is still represented in all
of them. Other lipids occur exclusively in certain subcellular membranes, for example
bisphosphatidylglycerol (cardiolipin) is only present at the inner leaflet of mitochondrial
membranes [47].
Since living cells are very complex systems with high turn over and great mobility
of its components (lipids, proteins and signalling molecules) in vitro platforms, where
the lipid composition of the membrane as well as the bulk solution composition can be
precisely regulated, are of great importance to study specific interactions at the membrane surface. In vitro reductionist systems mimicking native membranes are of great
interest in membrane research due to a combination of factors such as ease of formation,
control over complexity, stability and the applicability of a large range of different analytical techniques, including highly sensitive surface probes without need for labeling, e.g.
quartz crystal microbalance with dissipation monitoring (QCM-D), surface plasmon resonance (SPR), waveguide spectroscopy, electrochemical impedance spectroscopy (EIS)
and scanning probe microscopy (figure 1.4). This is especially attractive for elucidating
protein binding and affinities as well as other interactions as fluorescent labels might alter
interaction sites and protein function. In particular low abundance lipids like phosphoinositides which have in vivo rapid spatial and temporal regulation and turnover can be
investigated [48, 49]. Surface supported lipid bilayers (SLBs) are used as such model systems to mimic aspects of cell membranes in vitro. The control over and characterization
of assembly of SLBs from liposomes for biosensing has been a hot topic in biointerface science for more than a decade thanks to its high potential for many applications
[50, 51, 52, 53]. Membrane conformation [54], lipid order [55], structure [56], mechanical [57] and electrical [58, 59] properties, binding and insertion of peptides [60, 61, 62]
can all be probed using supported lipid bilayers.
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Figure 1.4: Supported lipid bilayers (SLBs) as in vitro model systems for cell membranes. A.
Schematic representation of an eukaryotic cell with a plasma membrane (brown) that separates
the cell interior (cytoplasm) from the surrounding environment (extracellular space) and internal
membranes enclosing a variety of organelles. Each membrane has a distinct structural protein
and enzyme composition to carry out the specific functions within the living cell. The magnified plasma membrane section shows the lipid bilayer with the polar lipid head groups pointing
outward and the hydrophobic fatty acid tails buried inside the membrane. Cholesterol which is
responsible for membrane fluidity is shown in orange. Representative structural protein components are shown in their respective association or integration state in the membrane. B. An SLB
platform where the lipid composition can be closely adjusted for the specific question at hand,
e.g. incorporate a phosphoinositide, PIP2 (red head groups), into a POPC (black head groups)
SLB to monitor specific PIP2-protein interactions.

Part I
Self-assembly of Amphiphilic Peptides

CHAPTER

2

Amphiphilic Peptides as Building Blocks for Self-Assembly of
Supramolecular Structures

Molecular self-assembly has become a widely used method for fabrication of biomimicking and biocompatible structures at the nano- and micrometer range [5, 63]. For many
applications peptide aggregates act as the interacting species with the cell membrane and
are providing the desired function. Therefore it is crucial for the construction of bioactive and bio-inspired denovo polypeptides to understand peptide aggregates and their
formation. The great potential of peptides as molecular building blocks is their biological
origin. If only naturally occurring amino acids are used in their synthesis they bear the
potential to be biodegradable and also biocompatible. Materials can be formed from such
peptides to find applications as drug delivery systems, in biosensor applications, in tissue
culture platforms and many more (figure 2.1). Research in this area also has the potential
to reveal new aspects of biological systems, that are only fully understood when the components are isolated in vitro and not embedded in the complex biological machinery of a
cell.
By mimicking how nano-structures are assembled and built with high precision in
living cells, artificial model peptides and peptide derivatives have been investigated for
their potential to form supramolecular structures [63, 65, 66, 67, 68]. Key obstacles to
form defined structures are understanding and controlling the assembly process. A way to
address these issues is to design the primary structure of the peptides to promote formation
of the desired structures. The assembly preferences of the monomers can be influenced
by, for example, encoding hydrophilic and hydrophobic domains, choosing the primary
structure to favor β -sheets or α-helices, or adding charged amino acids [22, 69, 70, 71,
72].
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Figure 2.1: Left: Natural occurring amino acids grouped according to their physicochemical properties.
Middle and right: The four main structural classes found for peptide self-assembled supramolecular structures and potential fields for their applications (reproduced by permission of The Royal Society of Chemistry from [64]).

Peptide monomers that were synthesized in recent years designed for self-assembly
can be categorized as hybrid-peptide materials and purely peptide based materials. The
hybrid peptide materials can be classified in three main subgroups namely (A) the alkylated and acetylated [73, 74, 75, 76, 77, 78], (B) the lipopeptides [79, 80, 81] and (C)
the peptide block copolymers [82, 83, 84, 85, 86]. (A) In the alkylated and acylated
peptides the hydrophobic moiety is formed by an alkyl or acyl chain and the hydrophilic
head group is composed of an amino acid sequence. Stupp and colleagues have extensively characterized the formation of fibers and cylindrical or spherical micellar structures
composed of such hybrid peptides and demonstrated their applications in many fields
[73, 74, 75, 76, 77]. They linked the hydrophobic alkyl tails by a peptide sequence exert-
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ing strong propensity to form intramolecular hydrogen bonds (for one dimensional assembly, typically β -sheets) to a hydrophilic (charged) peptide head group that is presented to
the fiber surface. The number of charged amino acids is carefully chosen to grant solubility but to not hinder the self-assembly process by charge repulsion of the monomers. The
self-assembly can then be triggered by changing pH or concentration of charge screening
electrolytes in the solution [87]. (B) A strategy to anchor lipopeptides into cell membranes has been discovered by coupling peptide sequences to phospholipids. Researchers
have used such systems to investigate the process of membrane fusion on reduced systems
in vitro [79]. Assemblies of amphiphilic lipoproteins have also been used as well defined
templates for mineralization of CaCO3 at the air-water interface [80, 81]. (C) The third
group of peptide amphiphiles are the peptide based block copolymers [82, 83, 84, 85].
Incorporation of organic moieties allows more advanced secondary structures within one
molecular building block. A fascinating molecule has been designed by Kros and Cornelissen where they unite three secondary structural motifs in one monomer (i.e. an αhelical polypeptide segment joined to a polyisocyanide helix with antiparallel β -sheet
side arms) [86].

2.1

Amino acid based amphiphiles

In addition to peptide hybrid monomers purely amino acid based amphiphiles have been
developed. Investigation of the supramolecular assemblies of different peptide-based amphiphilic molecules have not only lead to numerous biocompatible materials but also
allowed for identifying design parameters and assembly conditions to form controlled
supramolecular structures. α-helical forming sequences as well as β -sheet structures
have been used as starting point for formation of fibrillar structures. Additionally to the
prerequisites for self-assembly of monomers in aqueous solutions such as a careful balance of hydrophobic (for self-assembly) and hydrophilic (solubility) residues as well as
self-compatibility of the amphiphiles other parameters were identified for each system.
α-helical sequences as found in the coiled-coil structure of collagen [88] have been
used to form fibrous structures. From the natural occurring sequences basic design principles were derived. Helix-forming heptad repeats (one turn in the α-helical secondary
structure) modified with hydrophobic residues at positions 1 and 4 have a hydrophobic interface which allows hydrophobic interactions (burying the hydrophobic interfaces) with
another α-helix. Specificity of these interactions can be achieved by incorporating hy-

18

2. A MPHIPHILIC P EPTIDES AS B UILDING B LOCKS FOR S ELF -A SSEMBLY OF
S UPRAMOLECULAR S TRUCTURES

drophilic residues for electrostatic integrations. Woolfson and colleagues developed a so
called sticky-end system by connecting two helices with a loop region that allows for
staggered assembly and elongation along the coiled-coil axis [89]. Introducing specific
salt bridges increased fiber stability [90].
β -sheet secondary structures are known to assemble into fibrillar structures as e.g.
amyloid structures associated with Alzheimer’s disease [91]. The amino acid side chains
point alternatingly in opposite directions due to the conformation of the peptide backbone in β -sheet structures. Peptide monomers with an alternating pattern of hydrophobic
and hydrophilic amino acids in a peptide monomer assemble therefore into sheets with a
hydrophobic and a hydrophilic surface. Such peptide sheets can further assembly by associating the hydrophobic surface and shielding them from the surrounding water. Zhang et
al. developed amphipathic monomers with one monomer side being hydrophilic and the
other hydrophobic (figure 2.2 A). They termed the assembly process of these molecules
"peptide Lego" since the distribution of the amino acid side chains (alternating patterns of
hydrophobic and positively (Lys, Arg) and negatively charged (Glu, Asp) amino acids) in
the monomers was suggested to create a peg and hole structure similar to the one found in
Lego bricks [22, 92]. This design allowed controlled self-assembly of the monomers by
a process similar to the protein folding observed in nature by shielding the hydrophobic
sides from water.
By investigating β -sheet forming peptide sequences Aggeli et al. elucidated the necessity of a forming a hydrophilic surface in self-assembled tapes in order to form gels
in polar solvents as e.g. water, in addition to cross-strand attractive forces between the
amino acid side chains (hydrophobic, electrostatic, hydrogen bonding), lateral recognition
between adjacent β -sheet strands (confinement to one dimension) and solvent adhesion
to the tape surface (solubility) [96]. They described design strategies to form hierarchical
structures such as tapes, ribbons, fibrils and fibers (figure 2.2 B) from β -sheet forming
peptide monomers [93, 96]. 11 amino acid long rationally designed peptide sequences
self-assembled into higher order structures and were controllable via peptide concentration as well as salt concentration in the solution (higher peptide concentrations lead to
higher order assemblies).
Peptide monomer length has also been investigated as parameter to control assembly
and critical coagulation concentration (CCC). It has been found that octamers have a
lower CCC than 16mers [97]. According to the hypothesis of Caplan et al. decreasing
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Figure 2.2: A Peptide monomers with one monomer side being hydrophilic and the other hydrophobic form
amphipathic β -sheets that further aggregate to form nanofibers (adapted with permission from Macmillan
Publishers Ltd: Nature Biotechnology [92], copyright (2003)). B Hierarchical self-assembling structures
formed in solutions of amphiphiles which have complementary donor and acceptor groups (adapted with
permission from ref. [93] copyright (2001) National Academy of Sciences, U.S.A.). C Light induced folding of peptide amphiphiles leads to formation of hydrogels (adapted with permission from [94] copyright
2007 American Chemical Society ). D Stacking of cyclic peptide monomers constructed of alternating Dand L-amino acids leads to formation of tubular structures ([95] adapted with permission from Macmillan
Publishers Ltd: Nature, copyright (1993)).

importance of charge (repulsion) with increasing monomer length is in competition with
increasing entropy of the backbone with increasing length [97].
Monomers composed of two β -sheets linked by a turn sequence, the so called β hairpins, have been synthesized by Schneider et al. [98]. The monomer design prohibits self-assembly until basic assembly conditions allow intramolecular folding into
the β -hairpin structure and subsequent self-assembly to form hydrogels. The inherent
intramolecular folding propensity of the monomers is thus linked to the self-assembly
process. Schneider and co-workers also synthesized peptide monomers that fold into
β -hairpin structures upon UV irradiation and subsequently self assemble into hydrogels
(light-activated hydrogel formation) [94] (figure 2.2 C).
Ghadiri et al. explored formation of tubular structures by stacking of cyclic peptide
monomers constructed of alternating D- and L-amino acids [95](figure 2.2 D). An even
number of alternating D- and L-amino acids results in a flat ring conformation that allows
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the formation of β -sheet interactions between the monomers. The side chains lie outside
of the ring structure and incorporation of a glutamic acid side chain give pH responsiveness due to electrostatic repulsion of the large side group at alkaline pH.
The design of β -sheets and to a certain extent also the controlled formation of hierarchical self-assembly is well understood [64]. pH and ionic strength are often employed
as triggers since ionic strength masks the effect of charged amino groups and therefore
effectively removes the pH trigger.
Surfactant-like peptide amphiphiles
Another class of purely amino acid based amphiphiles are the surfactant-like peptide amphiphiles introduced by Zhang et al. [21, 99, 100, 101]. As the cell surface is negatively
charged, cationic liposomes and polymerosomes have been well studied as carriers for
drug delivery; however, high concentrations of such surfactants are often toxic to cells
and moreover they cannot be easily modified and scaled up for clinical therapeutic uses.
In vivo degradation of supramolecular peptide aggregates yields just the building blocks
(amino acids) in contrast to polymers that can have very complex degradation patterns resulting in toxic products. Assembled structures of small surfactant like peptides may thus
provide the missing features as they are biodegradable and resorbable after cell take-up
and therefore potentially not cytotoxic. The development of such biologically inspired
delivery vehicles should fulfill several criteria that are important for the envisaged application such as cell-membrane transfer and lack of cytotoxicity.
Selected peptides and hybrid peptides containing organic moieties have been shown
to self-assemble, under appropriate conditions, into a variety of three-dimensional,
supramolecular structures, such as micelles [101, 102], vesicles [100], nano scale fibers
[12, 16, 23, 24, 103, 104, 105] and fiber network scaffolds [23, 84, 106]. Zhang et al. developed short peptide amphiphiles that mimic the shape and dimensions of phospholipids
found in biological membranes. The hydrophobic fatty acid tail is thereby mimicked
by six aliphatic amino aids and the hydrophilic head group is modeled by two charged
amino acids. These monomers have been shown to undergo self-assembly in aqueous
solutions to form a variety of structures [21, 99, 100, 101]. The variety of observed structures as well as conflicting reports on the dominant resulting structures for given peptide
motives [107] implies that our understanding of small amphiphile peptide assembly has
to be improved before we can reproducibly design three-dimensional nanostructures for
biotechnology applications.
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For example, design of the primary sequence and secondary structure to isolate and
identify the effect of a single parameter, such as peptide helix propensity at low monomer
concentration where single supramolecular assemblies of such peptides can be reliably
studied, has to the best of our knowledge not been demonstrated. Such studies promise
to lead to general design principles for amphiphilic peptides from which complex assemblies, such as tubes and vesicles for drug delivery or sheets, wires, and ribbons for
templating, can be engineered.

CHAPTER

3

Scope of the Peptide Self-assembly Project

The scope of this thesis was to build structures at the nanoscale by exploiting biological
self-assembly mechanisms and building blocks.
The aim of this project was to investigate the effect of minor systematic changes to the
sequence of peptide amphiphiles of the kind proposed by Zhang and co-workers [21, 99,
100, 101] and investigate their impact on the supramolecular structure after self-assembly
in aqueous solutions. Thereby it was anticipated to find rules that can be implemented
into monomer design for biological applications as e.g. drug delivery systems or tissue
engineering scaffolds. Focus was set on using naturally occurring amino acids to keep the
potential of forming biocompatible and biodegradable structures. In chapter 4 the design
of the peptide monomers used in this thesis is described in detail. The materials and
methods applied for peptide self-assembly and characterization are presented in chapter 5.
Chapter 6 presents the characterization of the assembled supramolecular structures with
complementary imaging techniques (atomic force microscopy (AFM) and transmission
electron microscopy (TEM) as well as the assessment of the secondary structure changes
with circular dichroism spectroscopy (CD). Annealing of the formed peptide amphiphile
supramolecular structures was also explored to systematically probe the influence of an
often overlooked part of many peptide assembly protocols.

CHAPTER

4

Rational Design of Peptide Amphiphiles

The challenge in designing monomers for supramolecular self-assembly is related to (a)
the complex interplay between monomer composition, assembly conditions, and final
structure and function of the assembled supramolecular aggregates, and (b) to create
homogeneous and structurally well-defined architectures with tunable properties. Understanding the basic rules for monomer design that leads to successful engineering of
supramolecular structures with the desired features is the key to create materials with
predictable properties [5].

4.1

Physicochemical properties of amino acids

Amino acids are molecules carrying an amine and a carboxylic acid group as well as a
side chain (R) arranged around a central carbon atom (α carbon) (figure 4.1 C). The general formula describing amino acids is H2 NCHRCOOH, where R is an organic substituent
that differs for the individual amino acids. All amino acids except Gly are therefore chiral
and occur only in the L-form in nature. According to the type of side chains the 20 natural
amino acids used for protein synthesis in cells are divided into four groups. Under physiological conditions there are the charged (positively: Arg, Lys, His; negatively: Glu, Asp),
the hydrophilic uncharged (Ser, Thr, Cys, Asn, Gln, Tyr), the hydrophobic (aliphatic: Ala,
Val, Leu, Ile, Met, Gly (special case) and aromatic: Phe, Trp , Tyr, ) and Cys, Gly and Pro
which present special properties and are summed into a group often specified as "others"
[108].
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Amino acids are linked together by a condensation reaction of the amine group and
the carboxyl group leading to an amid bond between the reaction partners. Thus polypeptides and long amino acids chains (the primary structure of proteins) are formed. The
conformation that is adopted by an amino acid sequence in solution is dependent on the
sequence of the amino acid side chains in the structure as well as on the environmental
conditions such as salt and pH of the solution. By investigating natural protein structures
general rules for basic secondary structures such as α-helix and coiled coils [109, 110],
β -sheet [88] and turn formation have been identified. These basic elements can be employed to design peptides as supramolecular building blocks along with using the different
physicochemical properties of the side chains to yield the desired surface chemical features as hydrophobic or hydrophilic patches or regions for further functionalization. Hydrophobic interactions are promoted by aliphatic residues whereas aromatic side chains
allow for π-π stacking by overlapping of p-orbitals. Hydrophilic uncharged residues can
participate in H-bonds and provide hydrophilic areas. The charged residues can be used to
design specific charge-charge interaction points between the molecules, either attractive
driving the assembly or repulsive hindering the assembly into a certain conformation to
shape the supramolecular structure. Cys residues allow for chemical post modifications
as well as for forming disulfide bonds between the building blocks. By incorporating Gly
into a peptide sequence more steric freedom due to the lack of a side chain is introduced
whereas Pro will increase the rigidity of the primary structure since its side chain is covalently joined with the amine group. However, selection of the amino acids for each
position of a peptide monomer is still a challenging task. For a six amino acid long building block 206 i.e. 64 million possible sequences exist if all naturally occurring amino acid
are considered.

4.2

Driving force and control of the peptide self-assembly

For successful assembly of peptide monomers to defined supramolecular aggregates the
monomers have to be self-complementary. Weak interactions between the monomers
such as hydrophobic, ionic, H-bond formation and π-stacking (aromatic residues) then
allow for pairing. Self-assembly of molecules in aqueous solution is mainly driven by
shielding hydrophobic parts of the molecules through aggregation from the surrounding
water. Thereby water molecules that have been ordered around the hydrophobic groups
are "freed" and can participate again in water-water hydrogen bonds. Liberation of water
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molecules increases the entropy of the system; aggregation of molecules becomes thermodynamically favorable (hydrophobic effect).
To control the self-assembly of peptide monomers in vitro different environmental
parameters can be varied to advantage. By adjustments in solvent polarity, ionic strength,
osmolarity, temperature, pH or concentration of the monomers the self-assembly process
can be influenced [111].

4.3

Amphiphile architecture

To elucidate the effect of variations of individual amino acids in the peptide monomer
sequences we used the short peptide amphiphile design originally proposed by Zhang
et al. (figure 4.1 A) [21, 99, 100, 101]. The reductionist and systematic design of the
lipid mimicking monomers offered the chance to directly observe changes made in the
sequence and assigning them to the replaced amino acid.
The rationale behind the choice of the amino acid sequences was to vary only one
parameter at a time in the investigated monomers and investigate how these variations
in primary structure affect secondary and supramolecular structure adopted in the selfassembled aggregates. For this purpose we chose to focus on the propensity to form
α-helices versus β -sheets. Since the cell surface is negatively charged, cationic peptides
are of special interest for investigating interactions with cell membranes, for example,
in drug delivery applications. Lysine has one ionizable primary amine group in the side
chain whereas the two other naturally occurring cationic amino acids, arginine and histidine, bear a more complex side chain. Therefore, two lysines were chosen to form the
hydrophilic headgroup of the amphiphiles. With a pKa of approx. 9.8, lysine is positively charged at neutral pH. For the hydrophobic tail the aliphatic amino acids leucine,
isoleucine, and valine were selected. They all show similar hydrophobicity [84], while
differing in side chain length and branching mode (figure 4.1 B and C and 4.2). The
calculated isoelectric point (IEP) is 10.8 for all three monomers.
Leucine is a γ-branched hydrophobic amino acid that shows a substantial propensity to form α-helical conformation, whereas its β -branched isomer, isoleucine, is known
to adopt a β -sheet conformation [112] (figure 4.2). In addition, the β -branched amino
acid valine was investigated, which has the highest β -sheet forming propensity of natural occurring amino acids [113, 114]. Furthermore, isoleucine has a chiral side chain,
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Figure 4.1: A. Schematic representation of a membrane lipid (left) with a hydrophilic head
group and a fatty acid tail and the peptide amphiphile (right) mimicking the architecture and
shape of the membrane lipid with two hydrophilic amino acids forming the head group (grey)
and six hydrophobic amino acids mimicking the lipid tail (white). B. Two lysines (grey) are used
to mimic the hydrophilic head group and six hydrophobic amino acids (either valine, isoleucine
or leucine) mimic the the fatty acid tail to give a overall monomer length of 2-3 nm. C. Valine,
isoleucine and leucine are hydrophobic amino acids with their aliphatic side chains branched in
different modes (β for Val and Ile and γ for Leu). The primary amine group in the lysine is
positively charged at physiological pH.

whereas valine and leucine have achiral side chains. Because all of them do not bear any
hetero-atoms or conjugated systems in their side chains they allow for the comparison of
the influence on the assembled structures of the helix propensity and the branching mode
in a tail with similar overall hydrophobicity for all three amphiphiles. Three peptides
with the following primary sequences were investigated: Ac-Leu6 Lys2 -NH2 (L6K2), AcIle6 Lys2 -NH2 (I6K2), and Ac-Val6 Lys2 -NH2 (V6K2). The N-terminus was acetylated to
avoid positive charges in the tail region, whereas the C-terminus was amidated.
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Figure 4.2: Physicochemical properties of amino acids chosen to build amphiphilic peptides
(denoted with ?). Hydrophobicity is derived from the scale after Kyte and Doolittle [115]. The
three amino acids selected for tail formation (Val, Ile, Leu) show similar hydrophobicity while
differing in helix propensity due to different branching modes in the side chains. The numbers
given for helix propensity are the ∆(∆G) values derived from the substitution of the respective
amino acid compared to alanine at the same place in an alpha helical structure [116]

CHAPTER

5

Materials and Methods

All materials and general methods used for peptide self-assembly are introduced here.

5.1

Water

Ultrapure water was used for all buffers and suspensions. Regular tap water was cleaned
in a Milli-Q system Gradient A 10 from Millipore (Switzerland). The Milli-Q system
was equipped with the Elix 3 (a three step purification process) and an ultraviolet lamp
for photo-oxidation. The resistivity and TOC level were in the range of 18.2 MΩcm and
<5 ppb, respectively. In this work thus filtered water will be abbreviated as MilliQ.

5.2

Chemicals

Buffer
HEPES 4(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) was obtained from
Fluka Chemie (Switzerland). HEPES buffer was prepared at 10 mM concentration with
additional 150 mM NaCl and adjusted to pH 7.4 with 6 M NaOH. Before use in experiments the buffer solution was filtered (0.22 µm syringe filter). In this work the described
buffer will be abbreviated as HEPES buffer.
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Peptides

The high-performance liquid chromatography (HPLC) purified and lyophilized peptides
were obtained from Protein and Chemistry Facility, Institute of Biochemistry, University
of Lausanne and stored at -20◦ C. The following peptides were used for this study: AcLeu6 Lys2 -NH2 (L6K2), Ac-Ile6 Lys2 -NH2 (I6K2) and Ac-Val6 Lys2 -NH2 (V6K2). The N
terminus was acetylated to avoid positive charges, whereas the C terminus was amidated.
See Appendix A for synthesis and purification protocols as well as analytical HPLC elution profiles and mass spectrometry (MS) of HPLC fractions.

5.3

Substrates

400 mesh copper TEM grid were coated with a 8 nm carbon film. Before use the coated
TEM grids were glow-discharged. The mica used for AFM studies was tape stripped
immediately before use to provide a freshly cleaved surface.

5.4

Peptide self-assembly protocols

From the lyophilized peptides stock solutions (I6K2 1 mM, L6K2 0.03 mM, V6K2 0.5
mM) were prepared in 2 mM NaCl salt solution and immediately diluted to the desired
concentration series to study the concentration dependence of the aggregation. For I6K2
and V6K2 peptide concentrations 0.5 mM, 0.25 mM, 0.1 mM, 0.05 mM, 0.025 mM,
0.01 mM and 0.005 mM were examined and for L6K2 0.03 mM, 0.01 mM, 0.005 mM,
0.001 mM. All samples were incubated for 24 hours at 4◦ C prior to characterization.
Deviations from this preparation protocol for the annealing experiments are mentioned in
the corresponding chapter 6.3.
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5.5

Analytical and imaging techniques

Lyophilized
peptide powders
(stored at -20°C)

dissolved in 2mM NaCl
stored 24 h at 4°C

Characterization
Techniques

Transmission electron
microscopy (TEM)
(neg. staining)

Circular dichroism
spectroscopy (CD)

Atomic force microscopy
(AFM)

Shape, interconnectivity,
supramolecular structure

Secondary Structure
of peptides

Height of adsorbed
structures,
complementary to TEM

Figure 5.1: Schematic of the experimental protocol and procedures used for the peptide self-assembly and
characterization of supramolecular structures. Stock solutions of the lyophilized peptides were prepared
and immediately diluted to the investigated concentration series. The diluted samples were stored at 4◦ C
prior to characterization (except for the annealing studies were they were incubated at specific temperatures
immediately after dilution from the stock solutions).

5.5.1

Transmission electron microscopy

Electron microscopes use focused electrons to probe specimens and obtain information
on a much smaller scale than light or optical microscopes. Accelerated electrons are used
instead of light which leads to a theoretical resolving power of down to 0.1 nm (practical
resolutions obtained for biological tissues are in the range of 1-2 nm). The interaction
of the electron beam with the specimen reveals information about morphology, topography, crystallographic arrangement and elemental composition [117, 118]. A transmission
electron microscope (TEM) has the same functional components as a light microscope
(figure 5.2).
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Electron gun
Condenser

Objective
Specimen
Projective

Fluorescent screen
Camera

Figure 5.2: Schematic of a transmission electron microscope (TEM). An electron beam is generated in the electron gun and and focused on the specimen by the condenser lenses. After passing
the specimen the scattered electrons are collected by the objective lens and the generated image is
subsequently enlarged by the projective lens system. The image is visualized on the fluorescent
screen where it can be observed by a binocular microscope and recorded by a CCD camera.

The entire microscope column has to be under high vacuum to prevent the electrons
from collision and absorption with air molecules. Various types of materials can be used
as electron source where a tungsten filament is the most common one. It is heated in
vacuum to produce electrons which are attracted by an anode and accelerated down the
microscope column. Two to three electromagnetic condenser lenses concentrate and focus
the beam of emitted electrons onto the specimen to give a uniformly illuminated sample.
The objective lens (and its associated pole pieces) is the first magnification lens. It forms
the initial enlarged image of the electrons which have passed through the specimen in a
plane. This image can now be further enlarged by the projector lens which projects the
image onto a phosphorescent screen (green/yellow) and is converted to a digital image.
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The electron beam interacts with specimens in different ways that lead to the formation of
the final TEM image (absorption, diffraction, elastic scattering and inelastic scattering).
Sites that scatter few electrons appear as bright areas in the final image and areas that
scatter more electrons or absorb electrons appear as dark areas. By staining biological
samples with heavy metal stains (e.g. uranyl acetate or phosphoric tungsten acid) the
electron scattering and thereby the image contrast can be enhanced.
The specimens were prepared from the aqueous solutions prior to CD spectroscopy
experiments according to the protocol above. 20 µL of the peptide solutions were adsorbed for 1 minute on a glow-discharged carbon coated 400 mesh copper TEM grid,
washed twice with a droplet of MilliQ and stained with 20 µL 1% uranyl acetate solution
for 30 seconds. The specimens were examined using a FEI Morgagni 268 transmission
electron microscope equipped with a tungsten emitter and operated at a voltage of 100
kV. Images were recorded with a CCD. Control samples to deduce arefacts induced by
the staining procedure were also produced by staining with phosphoric tungsten acid using the same protocol as above. No differences in supramolecular structures depending
on stain were observed.

5.5.2

Atomic force microscopy

Atomic force microscopy (AFM) is a surface probing technique used to gain topographic
information of a sample (e.g. height of adsorbed structures) [119]. As opposed to TEM
no contrast enhancement is needed and a true three-dimensional surface profile can be
obtained after tip deconvolution. Interaction forces between the tip and the specimen can
be measured as well. A tip is scanned over the xy plane (x and y-axis) of the sample
using piezo scanners. The tip is either in contact with the surface (contact mode) or is
oscillated close to its resonance frequency in proximity to the surface (intermittent contact mode or tapping mode). Thereby a laser is reflected from the back of the tip into a
detector and the deflection of the tip is monitored while the tip is moving over surface
structures. By this the z-direction of every x/y-position is measured in real time resulting
in line scans with topographic information. The line scans are combined to produce a
typical AFM image. AFM operated in tapping mode was used as complementary technique to characterize the supramolecular structures found with TEM. Surface adsorbed
peptide assemblies were characterized using a NanoScope IIIa scanning probe work station equipped with MultiMode head using an JV Series piezoceramic scanner (Digital
Instruments, Santa Barbara). AFM probes were silicon micro cantilevers with 42 N/m

36

5. M ATERIALS AND M ETHODS

spring constant (according to manufacturer) model OMCL-AC160TS (Olympus Corporation, Japan), a resonance frequency of 300 kHz and a tetrahedral tip shape with Al reflex
coating.
The samples were imaged dry in air. Image data were acquired at 1Hz scan rate.
100 µL peptide solution was adsorbed for 30 min on freshly cleaved mica at room temperature, rinsed with deionized MilliQ water and air dried under laminar flow prior to
examination. V6K2 had to be adsorbed on a carbon coated mica leaflet, since no adsorption could be detected on mica alone. Control measurements were done on TEM grids
following the same protocol as for TEM specimen preparation but excluding the staining
step.

5.5.3

Circular dichroism spectroscopy

Circular dichroism (CD) occurs when optically active matter absorbs left- and righthanded circular polarized light to different wavelengths due to differences in the extinction
coefficients as function of wavelengths for the two polarized rays. This effect is termed
optical rotary dispersion (ORD). Optically active molecules thus rotate the polarization
plane of the light as it passes through. Circular dichroism requires either an inherently
asymmetric chromophore or a symmetric chromophore in an asymmetric environment.
For peptides two different optically active features can be identified: the peptide bonds in
the backbone and the amino acid side chains. Secondary structures present in peptides,
proteins and nucleic acids show distinct types of CD spectra. For secondary structure
analysis the CD spectra need to be recorded in the far-UV region from about 260 nm to
184 nm (peptide bond acts as chromophore) and the protein concentration has to be precisely known (< 10% error) [120, 121]. α-helix, β -sheet and random coil structures have
characteristic shape and minima in the CD spectrum (see figure 5.3for refernce spectra for
polylysine in these three distinct conformations [122]). CD spectroscopy can thus yield
valuable information about secondary structure elements in biological macromolecules
[123].
CD spectra of the peptide solutions were recorded at 20 ◦ C on a Jasco Spectropolarimeter J715 in a 1 cm cell. Spectra were obtained from 190-250 nm and all spectra
were solvent subtracted. Spectra were then converted to mean residue ellipticity by using
the following equation:
ΘM =

Θabs MRW
·
10
c·l

(5.1)

37

5.5. A NALYTICAL AND IMAGING TECHNIQUES

80

[θ]MRW/[103 deg cm2 decmol-1]

60
40
20
0
-20
-40
190

200

210

220

230

240

250

wavelength [nm]

Figure 5.3: Adapted from Fändrich et al. [122]. Far-UV CD spectra of different conformations of polyL-lysine. The far-UV CD spectra of 0.1 mg/ml poly-L-lysine in an α-helical (dotted), β -sheet (solid) and
random coil conformation (dashed).

ΘM : Mean residue ellipticity [deg cm2 /dmol]
Θabs : Observed ellipticity corrected for the buffer at a given wavelength [mdeg]
MRW: Mean residue molecular weight (MW / number amino acids)
c: Peptide concentration [mg/mL]
l: Pathlength [cm]

CHAPTER

6

Characterization of Supramolecular Structures Assembled from
Short Peptide Amphiphiles

In this chapter the morphological characterization of the supramolecular peptide structures with TEM and complementing AFM studies are presented. To probe the adopted
secondary structure of the peptides in the supramolecular aggregates CD spectra were
recorded. To analyze the structural order that can be achieved in the supramolecular aggregates annealing of the relevant supramolecular structures was also investigated and
changes in the secondary structures were monitored with CD.

6.1

Conformation of peptide monomers in the macromolecular aggregates

From the lyophilized peptides stock solutions (I6K2 1 mM, L6K2 0.03 mM, V6K2 0.5
mM) were prepared in 2 mM NaCl salt solution and diluted to the desired concentration
series to study the concentration dependence of the aggregation. The diluted samples were
incubated 24 h at 4 ◦ C prior to characterization to allow for thermodynamic equilibration.
The secondary structures of the assembled monomers of all three peptides were constant over the wide range of concentrations that were investigated (0.005 up to 0.1 mM)
as determined with CD, and the typical spectra are shown in Figure 6.1. For I6K2, a
β -sheet secondary structure was found. The maximum at 195 nm and the minimum at
216 nm associated with typical β -sheet structures [124] were red shifted as observed by
others for short β -sheet forming peptide amphiphiles [125]. This red shift of the signal
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has been attributed to a twisted β -sheet structure [69]. For both L6K2 and V6K2 peptides, random-coil structures were observed. The shoulder at 222 nm indicative of some
α-helical conformation is slightly more pronounced for L6K2 than for V6K2 and the
minimum at 198 nm is less pronounced for L6K2 than in spectra recorded for V6K2 (also
figure 6.4 B) [126]. Therefore recorded CD spectra of L6K2 (figure 6.4 C) could interpreted as a superposition of random coil and α-helix structural elements. However, clear
spectroscopic evidence for an α-helical turn as observed for pentapeptides by Shepherd
et al. could not be established [127, 128].
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Figure 6.1: Different secondary structures found for the amphiphilic peptides with different homopolymers of aliphatic amino acids forming the hydrophobic tail. CD spectra were recorded at 20 ◦ C in 2 mM
NaCl solution. CD data reveal a β -sheet structure for I6K2 peptides in the assemblies and a random-coil
structure for L6K2 and V6K2. All three peptides had stable secondary structures across a wide range of
concentrations (0.005 up to 0.1 mM).
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6.2

Rod and ribbon structure preferences for different
hydrophobic tails

For morphological studies of the self-assembled peptide structures, transmission electron
microscopy (TEM) with negative staining of aggregates adsorbed onto glow-discharged
carbon films was used. Supramolecular structures were observed in different concentration intervals for each peptide and indicated individual critical aggregation concentrations
(CAC). The relevant concentration range for investigating the sequence-structure relationship thus varied between the peptides. Attempts to determine the effective CAC for
each amphiphile using light scattering failed. The estimated order of CACs for the peptides based on the observed supramolecular structures would be CACV 6K2 > CACI6K2 >
CACL6K2 .
Ribbon structures were observed for I6K2 (figure 6.2 a and b). The twist of the ribbon
structures in the TEM micrographs correlates with the observed red shift of the CD signal
indicative of non-flat β -sheet fibers. At 0.01 mM peptide concentration, a helical twist of
some ribbons was observed, but no periodicity could be determined as reported for heatdenatured β -lactoglobulin fibrils by Mezzenga and co-workers [129]. Therefore the twists
were interpreted as an indication of flexibility of the structures (figure 6.2 a). It could also
not be excluded that the twist are an artefact resulting from adsorption or drying of the
samples. At 0.01 mM peptide concentration, structure lengths from 100 up to 600 nm
were found. For higher concentration (0.1 mM), shorter structures and a more narrow
length distribution between 80 and 360 nm were found while the ribbon widths increased
from 30 nm up to flat sheetlike formations (figure 6.2 b). Complementary tapping-mode
atomic force microscopy (AFM) measurements in air confirmed the structures found with
TEM and indicated a structure height of 3.7-4 nm (inset of figure 6.2 a and table 6.2).
V6K2 was found to form thin rodlike structures from short fragments (30-100 nm)
to elongated rods (up to 400 nm) at 0.05 mM peptide concentration. They aggregate to
form fibers in the micrometer range (figure 6.2 c). Thereby, the rods coalign and some
twist around each other (arrow in figure 6.2 c). For higher concentration (0.5 mM), the
formation of compact rods with diameters of approximately 13 nm and lengths of 50-350
nm was observed (figure 6.2 d). AFM data revealed a structure height of approximately
2.2 nm (table 6.2) and confirmed the formation of rodlike structures (inset of figure 6.2
d).
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Figure 6.2: TEM and AFM (insets) micrographs of self-assembled supramolecular peptide structures depict primary sequence dependence of structure formation. (a,b) I6K2. Assembly of flat ribbonlike structures
was observed for I6K2 when dissolved in 2 mM NaCl (a, 0.01 mM; b, 0.1 mM). (c,d) V6K2. At lower concentrations (c, 0.05 mM), a superstructure of elongated fibers composed of short fragments was found
whereas assembly of rodlike structures was observed for higher concentrations (d, 0.5 mM) when dissolved
in 2 mM NaCl. (e,f) L6K2. Assembly of mixed structures (e, 0.005 mM) and formation of rodlike structures at higher concentration (f, 0.03 mM) were found for L6K2 dissolved in 2 mM NaCl. The scale bars
correspond to 200 nm in the TEM micrographs and to 800 nm the AFM images.

L6K2 showed amorphous aggregates at lower concentrations (figure 6.2 e) and formation of thin rods of 50-100 nm length and 6 nm in diameter at 0.03 mM peptide concentration (figure 6.2 f). AFM data support the formation of rodlike structures with measured
heights of 1.3 nm (inset of figure 6.2 f and table 6.2). Thus, we observed that at lower pep-
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tide concentrations (0.05-0.1 mM) in aqueous solution rod- and sheet-like supramolecular
structures with different cross sections were formed for each of the investigated peptides.

The amino acid sequences adopting predominantly random-coil structures (V6K2
and L6K2) led to the formation of compact rodlike structures with discrete cross sections
for each peptide but varying in rod length (table 6.1). Thereby, L6K2 started to form
compact rod structures at 0.03 mM peptide concentration, whereas for V6K2 compact
rods were detected at 0.5 mM peptide concentration. The β -sheet forming peptide I6K2
aggregated to broader sheet-like structures, which showed an increasing cross section with
increasing peptide concentration.

Table 6.1: Supramolecular self-assembled structures of surfactant-like peptide amphiphiles in aqueous
solution

6.2.1

peptide amphiphile

lower concentration

higher concentration

I6K2

ribbons

ribbons, sheets

V6K2

rods

compact rods

L6K2

amorphous aggregates

thin rods

Adsorption models and peptide aggregate dimensions

Since the surface of the substrates used for preparation and characterization are hydrophilic, the structures detected with AFM and TEM are considered to be supramolecular structures from solution that collapsed during adsorption or during subsequent drying.
The great similarity of structures, the clear concentration dependence of the observed
structures, and the quick drying in relation to the apparent stability of the structures
strongly indicate that the transient concentration change during drying did not significantly affect the aggregate structures. However, the asymmetric dimensions of the dried
out assemblies observed on the surface indicate collapse during the drying step (figure
6.3), which requires reconstruction to estimate the likely 3D structure in bulk solution.
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Figure 6.3: Schematic side-view representation of the adsorption and collapse of assumed structures after
adsorption onto surfaces. For rod-like structures where only hydrophobic interactions play a role during
self-assembly, opening of the rod and adsorption of the amphiphiles with their hydrophobic tails exposed to
the surface (A) or to the air (B) can be assumed. This would be consistent with the observed monomer height
detected on the surface, which due to the exposed hydrophobic tails would be energetically unfavorable in
solution. For the proposed bilayer ribbons where β -sheet interactions add to the stability of the structures
adsorption of the intact bilayer is assumed, since this structure allows for conservation both of internal
β -sheet hydrogen bonding and low exposure of the aliphatic tail region to the aqueous solution in bulk.

The measured structure height of I6K2 agrees to the length of two monomers (each
∼2 nm) and indicates bilayer formation stable to drying, whereas the measured structure
heights of V6K2 as well as L6K2 correspond to the length of one monomer and are
likely to reflect unfolding upon drying, since such an amphiphilic asymmetric structure
is not expected to be stable in bulk aqueous solution. The rods either collapsed upon
contact with the substrate surface while still hydrated (figure 6.3 A) or during drying on
the surface (figure 6.3 B) which would result in opposite orientation of the amphiphiles
on the surface with the hydrophobic tails exposed to the air.

Thus, it seems that the β -sheet forming peptide I6K2 results in bilayer ribbon superstructures in bulk solution, while we propose that the random coil forming V6K2 and
L6K2 produce micellar rodlike bulk superstructures. To confirm this, we estimated a bulk
radius for the assumed rods by calculating the rectangular area using structure width and
height obtained by TEM and AFM and assuming the area would correspond to the cross
section of the structure in bulk solution (see Table 6.2).
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Table 6.2: Calculated bulk parameters for rodlike structures

peptide amphiphile

measured width [nm]

measured height [nm]

bulk radius [nm]

V6K2

13

2.2

33.0

L6K2

6

1.3

1.6

The calculated bulk radii both seem to correspond to micellar structures (approximately one monomer in length), and L6K2 appears to be more densely packed than
V6K2. According to the helix propensity scale used for designing the amphiphiles L6K2
has the highest propensity to form α-helices due to its side chain that allows to cover and
protect the backbone hydrogen bonds in the core of the helix. It is noteworthy that L6K2
shows the most shallow adsorbed structure height which could be due to a curved tail
conformation that shortens the overall structure length.

6.3

Annealing of secondary structure order for the β sheet forming sequence I6K2

By raising the temperature in aqueous solutions the structural order in proteins can be
increased through hydrophobic folding and assembly of hydrophobic moieties and thus
shielding them from water [130, 131]. This effect has also been investigated to increase
structural order in peptide aggregates in vitro. The elastin derived peptide sequence
poly(GVGVP), for example, has been shown to be water soluble below 25◦ C and to
assemble to form fibrils at 37◦ C [132, 133]. Stupp and co-workers developed a heat
treatment for peptide hybrid amphiphiles that allowed to form large aligned nanofiber
bundles after exposure to 80◦ C in contrast to unheated solutions that formed matrices
of unorganized nanofibers [134]. Zhang and colleagues demonstrated that ionic selfcomplementary peptides with alternating hydrophilic and hydrophobic side chains derived
from the protein Zuotin (EAK sequences) can undergo conformational changes from αhelical structures to β -sheet conformation [135, 136].
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A

B

C

Figure 6.4: CD spectra of peptide amphiphiles incubated at different temperatures. (A) With
higher incubation temperatures the secondary structure order within the macromolecular aggregates increased for I6K2 (A, 0.01 mM). No ordered secondary structure was observed for V6K2
(B, 0.05 mM) and L6K2(C 0.03 mM) for any investigated concentrations.
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In connection with these reports the influence of different incubation temperatures on
the self-assembly of the short amphiphilic monomers was tested for temperatures between
4◦ and 95◦ . The peptide samples were therefore incubated for 2 h at 4 ◦ C (standard), 20◦ C,
40◦ C , 60◦ C, 80◦ C and 95◦ C immediately after preparation. TEM micrographs prepared
from solutions after heat incubation did not reveal significant structural differences. CD
spectra were recorded right after the incubation at room temperature. For V6K2 and
L6K2 no effect on the secondary structure of the peptides in the aggregates was observed.
For the β -sheet forming I6K2 an increase in secondary structure order was observed for
increasing temperatures (figure 6.4). The effect was seen for 0.01 mM but not for 0.1 mM
monomer concentration indicating saturation or more stable structure formation at higher
concentrations.
Many preparation protocols for peptide solution preparations involve sonication
and/or vortexing for solubilization of the peptide powders [99, 100, 101]. Therefore the
effect of sonication was also investigated. Sonication of the solutions after 2 h of incubation at the respective temperature and repeated incubation at the respective temperature
(as well as at control temperature of 4◦ C) lead to the same CD signal as the protocol without sonication, indicating no further assembly effect of the mechanical assistance through
sonication.

6.4

Discussion

Synthesis and handling of peptides with six consecutive hydrophobic residues is not trivial. The obtained synthesis yields are small and some variability in hydrophobic tail
length was found (see MS and HPLC data in section A.1.2) [107]. Further purification of
the purchased peptide powders via HPLC did not improve sample purity and resulted in
further loss of peptide material. However, we did not observe batch to batch variations as
reported by Adams et al. for similar type peptides [107]. Filtering of peptide solutions
prior to self-assembly only led to loss of the peptide material to the filter and unknown
resulting peptide concentration in the solution. Therefore filtering was disregarded as
step in sample preparation. Despite reports of determining the critical association concentration (CAC) for similar systems by Zhang et al. [99, 100, 101] light scattering (LS)
experiments failed to identify a CAC for the investigated monomers. Due to sample polydispersity as well as lack of suitable purification techniques (to remove foreign particles
from the preparation prior to LS without affecting the peptide sample) the measurements
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were deemed improper. Another drawback for working with dilute samples is the lack
of microscopic investigation methods. TEM micorscopy with negative staining of specimens is prone to create artifacts and careful statistics has to be performed to identify the
dominant structural features.
The main differences in the investigated macromolecular structures seemed to arise
from the varying ability to form β -sheet interactions between the monomers. Despite being at different ends of the helix propensity scale used for designing the hydrophobic tail
of the amphiphiles, valine and leucine containing sequences generate similar supramolecular structures. For V6K2 and L6K2, hydrophobic interactions are the sole driving force
for self-assembly, since there is no specific hydrogen bonding among the amphiphile segments, while for I6K2 β -sheet hydrogen bonding plays a role (Figure 6.1). This effect
can be enhanced by incubation at elevated temperatures, which seems to further anneal
and pronounce the formation of ordered secondary structures in the I6K2 assemblies.
Furthermore, isoleucine has a chiral side chain, whereas valine and leucine have achiral
side chains. Together with hydrogen bond formation, chirality can be a factor to induce a different type of supramolecular packing for I6K2. The observation that V6K2
adopts a random coil conformation in the supramolecular aggregates is noteworthy compared to the work of Stupp and colleagues where they report β -sheet preference of hybrid
peptides with a non-peptidic hydrophobic tail and a peptide head group with different
valine-alanine sequences that form nanofiber gels by self-assembly [125]. Zhang and coworkers also reported CD data for the peptide amphiphiles V6D, V6D2 and A6D with
a single minima at 220 nm unspecific for either α-helices or β -sheet structures [100].
Of the investigated amphiphiles leucine is the peptide monomer with the highest helix
propensity. It also shows the most pronounced α-helical shoulder in the CD measurements. Together with the reduced thickness of a collapsed layer measured with AFM this
could indicate a tendency toward a helical-turn of the peptide backbone which results in
a shortening of the monomer length.

6.5

Conclusion

In summary, we have demonstrated that primary and secondary structure design is a feasible tool to generate different rod- and sheet-like supramolecular assemblies, including
tuning aggregate shape and width, as well as a possible tool for predicting supramolecular
structure. In particular, we have shown that for these short amphiphilic diblock peptides
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coding the hydrophobic tail to form β -sheets induces the formation of sheets, while the
absence of β -sheet hydrogen bonding for similar peptides yields micellar rods. We have
also demonstrated that monomer concentration can be used to tune average rod length
and ribbon/ sheet area over a large range. The assembly into the respective superstructures was robust in the face of some polydispersity of the amphiphile peptide lengths, but
the polydispersity could have had an influence on e.g. the polydispersity of assembled
superstructure size. For β -sheet forming monomers secondary structure order can be increased by incubation at higher temperatures. However, the results also demonstrate that
relying on tables based on protein structures can be misleading for designing peptide amphiphile sequences. Characterization of the actual secondary structure of the monomers
yields important correlations and clues for supramolecular structure formation.

Part II
Phosphoinositides in a Supported Lipid
Bilayer Platform

CHAPTER

7

Interaction of Proteins with Supported Lipid Bilayers

To study specific interactions between proteins and selected lipids control of the lipid
composition in the membrane as well as the "cytosolic" environment is needed. In a native cell experimental conditions may vary drastically in terms of lipid composition of the
investigated membranes and of potential interaction partners (e.g. messenger molecules,
enzymes, concentration of ions) due to cell cycle events as well as externally and internally stimulated signalling cascades at the cell membranes. Therefore reductionist synthetic model systems with control over all components present very appealing platforms
to study processes such as protein-lipid interactions, and unique properties of the membrane components itself such as raft (ordered domain) formation. By mimicking only the
desired aspect of the biological question at hand protein-lipid interactions can be tackled
individually and the interaction partners can be identified and characterized one by one in
a precisely controlled in vitro environment.

7.1

Supported lipid bilayer systems to study proteinmembrane interactions

In self-assembled, artificial, substrate-supported lipid membranes a combination of factors such as ease of formation, control over complexity, stability and the applicability of
a large range of different analytical techniques, including highly sensitive surface probes
are combined [137, 138, 139]. This makes them excellent alternatives for in vivo studies of cell membranes and associated processes. Surface sensitive techniques such as
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quartz crystal microbalance with dissipation monitoring (QCM-D) [60, 140, 141], surface plasmon resonance (SPR) [141, 142, 143], waveguide spectroscopy [144, 145], electrochemical impedance spectroscopy (EIS) [60, 146] and scanning probe microscopy
[147, 148, 149, 150] allow for label free investigation of native membrane mimics and
protein-lipid interactions in a near-native environment. Parallel advances in microfluidics,
biosensor design, micro- and nanofabrication have contributed to bringing self-assembled
SLBs closer to a versatile and easy-to-use research tool as well as closer to implementation in important applications in biosensing, drug discovery, membrane electrophoresis and biointerfaces [139]. The field of SLB research and application is thus rapidly
expanding and diversifying with new platforms continuously being proposed and developed. SLB research has begun to move beyond simple model lipid mixtures to specifically
recreate natural lipid membrane compositions and asymmetries in SLB systems.
Getting closer to the native membrane composition in SLBs in order to study specific
interactions of key species in the membrane has been an important goal for several years.
In order to apply surface sensitive techniques also to native biological membranes several
groups have aimed at transferring native cellular membranes to a solid support. Tanaka
and co-workers have transferred human erythrocyte membranes to polymer-coated substrates in an orientation-selective manner (figure 7.1 A) [151]. To probe native cell membranes in a SLB platform Vogel and co-workers have detached the plasma membrane
of HEK-293 cells and stabilized it on a poly-L-lysine (PLL)-coated glass slide (figure
7.1 B)[152]. Properties of the original cell membranes such as fluidity of the leaflets as
well as protein composition were found to be conserved by FRAP microscopy. It was
shown that recombinant membrane receptors involved in signal transduction pathways
(α1b-adrenergic receptor, a receptor of the GPCR and a ligand gated ion channel (LGIC)
(5HT3)) were present in the detached membrane sheets and could be visualized as fusion
complexes with fluorescently labeled proteins [152]. Functionality of the GFP labeled
α1b-adrenergic receptor was tested with a fluorescently labeled (BODIPY) antagonist
and co-localization of the fluorescent signals from receptors and binding partners were
observed. Due to dramatic background fluorescence reduction in the supported membrane system as compared to live cells single molecule tracking of labeled lipid probes
could be achieved as well.
In order to reduce complexity and achieve detailed control over the composition as
well as lateral homogeneity of SLB functionalized biosensors, several groups have instead
pursued assembly of synthetic or reconstituted systems at the solid interface. Merz et al.
have demonstrated formation of SLBs mimicking aspects of E.coli lipid membranes us-
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Figure 7.1: Summary figure of solid supported membrane platforms. (A) Human erythrocyte membrane
transferred to a polymer-coated substrate in an orientation selective manner ([151] reproduced by permission of the PCCP Owner Societies ). (B) Plasma membrane of HEK-293 cells stabilized on a poly-L-lysine
(PLL)-coated glass slide (adapted with permission from ref. [152] copyright Wiley-VCH Verlag GmbH &
Co). (C) SLB formation and membrane aggregation with bacteria mimicking lipid compositions ranging
from POPC/POPG to E.coli total lipid extract (reprinted with permission from ref. [54] copyright 2008,
American Vacuum Society). (D) SLB platform with attached F-actin network to mimic the eukaryotic cell
membrane (adapted with permission from ref. [153] copyright 2008 American Chemical Society). (E) Supported double membrane platform to mimic e.g. the periplasm of bacteria and mitochondria or the pre- and
postsynaptic neuronal membrane cleft (adapted with permission from Elsevier [154] ). (F) PIP2 containing
SLB to study activation of the actin binding protein ezrin via PIP2 (adapted with permission from [155]
copyright 2006 American Chemical Society).

ing vesicle fusion on standard biosensor surfaces (glass, QCM-D and waveguide sensors
with SiO2 , TiO2 or indium tin oxide (ITO) coating) [54]. They developed protocols using
Ca2+ containing buffers to tune vesicle adsorption, SLB formation and membrane aggregation with bacteria mimicking lipid compositions ranging from POPC/POPG to E.coli
total lipid extract (figure 7.1 C) [54]. By a combined analysis with QCM-D, OWLS and
FRAP of the SLBs they found that the compositionally most complex SLBs formed from
E.coli total lipid extract were laterally connected but non-planar. As also observed by
others the formation of negatively charged membranes is not straightforward and the re-
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sulting membrane properties should be carefully characterized for each lipid composition
[54, 156, 157]. Therefore they proposed to always use a combination of techniques for
adequate characterization of SLBs from complex lipid mixtures [54].
Barfoot and colleagues developed a SLB platform with an attached F-actin network
to mimic the eukaryotic cell membrane (figure 7.1 D). The developed minimal model
system of a eukaryotic cell surface can be used to study events at cell membranes which
require a cytoskeleton in a controlled SLB environment allowing the use of surface sensitive techniques [153]. They reconstituted the transmembrane protein ponticulin in egg-PC
supported lipid bilayers (on SiO2 ) and ethylene oxide (EO3 )-cholesterol tethered bilayers
(self-assembled monolayer (SAM) of a mercaptoethanol spacer molecule and an EO3cholesterol tether on gold) and observed similar bilayer properties as for pure egg PC
bilayers with SPR, QCM-D, AFM and FRAP. F-actin cytoskeletal fibers were then attached through the high affinity link to ponticulin [153]. Specific interactions of F-actin
with ponticulin were measured with several complementary techniques. Physical characteristics of the F-actin filaments adsorbed on SLB were mapped with AFM in agreement
with small-angle X-ray scattering for the height of the fibers as well as the cross sections.
Kiessling and colleagues developed a supported double membrane platform to mimic
e.g. the periplasm of bacteria and mitochondria or the pre- and postsynaptic neuronal
membrane cleft (figure 7.1 E) [154].

First an SLB was formed by the Langmuir-

Blodgett/vesicle fusion (LB/VF) technique with POPC lipids and 1 mol% biotin-PEGDPPE in the distal layer. After exposure of the thus formed SLB to streptavidin the SLB
was incubated with vesicles containing 0.1 mol% biotin-PEG-DPPE (at 0.1 mM total lipid
concentration). Vesicle binding was found to be saturated after 3 h, and unbound vesicles
were washed out after 4 h of incubation. To verify that the vesicles had fused to form a
second bilayer FRAP experiments were performed. The binding of the streptavidin to the
distal layer as well as the binding of vesicles to the proximal SLB was monitored with
TIRF microscopy. The distance between the two supported double membranes was analyzed using FLIC microscopy [158, 159] and found to be between 16 and 24 nm. They
explained the larger experimental distances (expected distance between the membranes
for the system (PEG2000 -biotin-streptavidin) is 14 nm) with bilayer undulations, partial
extension of the polymer or a small fraction of unfused vesicles on top of the second
bilayer. Single particle tracking experiments in the second bilayer were performed with
labeled syntaxin-1A. The planar nature of the developed platform allows studying biological events in close proximity of two membranes using advanced detection and imaging
techniques [154].
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Signaling and activation of proteins through special membrane lipids such as
PIP2 has received increasing interest in recent years (further discussed in section 7.2)
[160, 161, 162]. These lipids have rapid turn-over according to demand in vivo. Thus,
developing platforms with a controlled and stable number of e.g. PIP2 is vital for studying interactions and signaling cascades occurring at the cell membranes in detail. Using
POPC lipid bilayers with 10 mol% PIP2 formed by fusion of large unilamellar vesicles
(LUVs) on silica substrates Steinem, Janshoff and co-workers have studied the activation
of the actin binding protein ezrin via PIP2 (figure 7.1 F) [155, 163]. They showed that
ezrin is activated upon changing conformation after binding to PIP2 and thus able to interact with F-actin. Force-distance measurements using F-actin functionalized colloidal
probes were performed to quantitatively assess the maximal adhesion forces and the work
of adhesion of the ezrin-F-actin interface [163]. However, they did not investigate the
formation and characterization of the PIP2 SLB to establish it as a model system.

SLB formation via liposome adsorption
The technique of supported lipid bilayer (SLB) formation via liposome fusion combined with sensing on planar substrates has been extensively discussed in the literature
[52, 53, 54, 139, 156, 164]. The method was pioneered by McConnell et al. [165].
Compared to other methods for SLB formation such as Langmuir-Blodgett deposition
or SLBs formed by solvent or detergent spreading vesicle fusion has the advantage that
the two lipid layers are deposited simultaneously (as opposed to sequential deposition as
in Langmuir-Blodgett techniques) and are already in aqueous buffer solution, with the
organic solvent removed completely before liposome formation (in contrast to solvent
spreading methods). Another advantage of vesicle deposition is the possibility to incorporate reconstituted membrane proteins in the vesicles used for fusion to automatically
incorporate them into the SLB, and the fast, spontaneous self-assembly avoiding manual
steps in the SLB formation process [166, 167, 168].
SLB formation via lipid vesicle fusion is illustrated in figure 7.2 along with a representative QCM-D sensogram of POPC vesicles adsorbing on a SiO2 surface with the
corresponding steps marked along the the curves. QCM-D allows to monitor changes
in mass of adsorbed molecular films by measuring the resonance frequency shifts of an
oscillating piezoelectric quartz crystal resonator [169]. By measuring the change in resonance frequency, ∆f, and the change in dissipation, ∆D, of the piezoelectric quartz crystal,
adsorbed mass including structural water (roughly proportional to ∆f ) and supramolecu-
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Figure 7.2: Schematic of vesicle adsorption on a SiO2 substrate surface and the corresponding QCM-D
sensogram. Vesicles are injected onto the SiO2 crystal surface and adsorb (A, yellow). After a critical
surface coverage is reached (peak in the sensogram) they start to deform and rupture (B, red) and the
fragments assemble laterally to form a continuous SLB (C, blue). The kinetics for vesicle adsorption and
SLB formation depend on the type of lipids and size of the vesicles. The sensogramm on the right refers to
POPC vesicle adsorption.

lar conformation (sensed through changes in ∆D) can be simultaneously deduced [170].
Mass increase on the surface results in a reduction of the resonance frequency and thus
produces a negative frequency shift while more energy is dissipated through the adsorbed
film and therefore an increase in dissipation is observed. For SLB formation liposomes
are injected into the bulk solution and adsorb onto the SiO2 crystal surface (A). Once
a critical surface coverage of adsorbed liposomes is reached (peak in the QCM-D sensogram) the lipid vesicles deform and flatten and eventually start to break and fuse (B).
This is recorded as a downshift in ∆D and and increase in ∆f due to mass loss as water,
previously trapped in vesicles, is freed. As other vesicles settle down next to such sites
they fuse with the bilayer fragment to form larger patches. Fusion of these bilayer patches
leads to formation of a continuous lipid bilayer that is separated from the surface by a thin
water layer (∼1 nm) (C) [171, 172, 173]. ∆D values close to zero are associated with an
SLB in close proximity to the crystal surface. Vesicle deformation can for a given vesicle
size be estimated from the ∆D/∆f ratio [174] . Substrate surfaces for SLB formation have
to allow for interaction of the lipid head groups in the vesicles during formation as well
as later in the SLBs but allow the lipids to remain laterally mobile within the SLB. Silica
containing substrates [175] such as quartz [172], glass [176] and mica [173] as well as
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TiO2 [177] coated substrates have been shown to fulfill these requirements for a range of
lipid and buffer compositions. SLBs are robust compared to other membrane mimicking
systems such as giant unilamellar vesicles (GUVs) or black lipid membranes (BLMs) and
remain stable up to weeks after formation [178].
Lipid head groups can carry negative electrical charges. Since substrate metal oxide
surfaces (e.g. SiO2 or TiO2 ) are negatively charged as well these charges have to be
screened by cations from the buffer and buffer solutions containing divalent ions (as Ca2+
and Mg2+ ) help to reduce the critical surface coverage needed for conversion of intact,
adsorbed vesicles to rupture and form SLBs by mediating surface-vesicle and vesiclevesicle contacts [54, 156, 179]. However, cation mediated lipid-surface interactions can
result in unequal distribution of negatively charged lipids between the two SLB leaflets
with the negative lipids flipping to the proximal layer as well as aggregation of liposomes
to the formed SLB [54, 156, 180].

7.2

The different phosphoinositides and their natural occurrence in membranes

Phosphatidylinositol (PtdIns) and its phosphorylated products, the phosphoinositides,
play a special role among the phospholipids in mammalian cells. They are known to
have fundamental regulatory functions in cell physiology [183]. PtdIns comprises around
15% of total phospholipids within eukaryotic cells. It is synthesized primarily in the endoplasmatic reticulum and is then transported via vesicular transport or via cytosolic PtdIns
transfer proteins to the designated membranes. The PtdIns head group can be reversibly
phosphorylated at the inositol ring at positions 3, 4 and 5 to yield seven different phosphoinositide species. In contrast to PtdIns, phosphoinositides are only a minor species and
occur in the cytoplasmic leaflet of cellular membranes where they interact with a variety
of different enzymes [48, 183]. In the inner leaflet of the plasma membrane of normal
cells phosphatidylinositol 4,5-bisphosphate (PIP2) is the most abundant phosphoinositide
in mammalian cells and is present with only 0.5-1.0% of phospholipid molecules but it
can be upregulated upon stimulation [184]. For approximate ratios of the different phosphoinositides see table 7.1.
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Figure 7.3: Distribution of phosphoinositides in specific cell organelles [181, 182]

.
Table 7.1: Relative phosphoinositide fractions in mammalian cells and observed increase of the lipid
species upon stimulation (adapted from Lemmon et al. and Stephens et al. [184, 185]).

Phosphoinositide Relative fraction (%)

Factor of increase
on stimulation

PtdIns

1.0

1

PtdIns3P

0.002

1

PI4P

0.05

0.7

PI5P

0.002

3-20

PI(4,5)P2 (PIP2)

0.05

0.7

PI(3,4)P2

0.0001

10

PI(3,5)P2

0.0001

2-30

To recruit proteins to different subcellular compartments to enact precise signaling
the lipid compositions of intracellular membranes vary dramatically. Each phosphoinositide has a unique distribution within the subcellular membranes (see figure 7.3) and its
number is regulated and maintained by phosphoinositide-metabolizing enzymes. Enzymes can also produce soluble inositol phosphates which act as second messengers.
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All these reactions at the subcellular membranes rapidly and effectively alter the concentration of specific phosphoinositides in a particular region of the membrane and thereby
provide efficient and temporal regulation of phosphoinositide concentrations [48]. Phosphoinositide turnover in membranes can also be stimulated by exocrine tissues, which
came to be known as the "phospholipid effect" [49]. Phosphoinositides enact direct signalling by binding their head group to cytosolic proteins and cytosolic domains of membrane proteins. By this they regulate the function of integral membrane proteins and
recruit cytoskeletal and signalling components to the membranes [183].

PIP2 and PIP3
Due to the transient nature and rapidly changing concentrations of PIP2 and PIP3 in vivo,
in vitro platforms with adjustable and stable fractions over the course of an experiment are
particularly needed for these elusive lipids. PIP2 and the less abundant PIP3 are two major
phosphoinositides in mammalian cells and therefore excellent candidates to establish a
SLB platform for testing specific protein interactions with lipids in vitro. PIP3 levels are
low in abundance in vivo and dynamically regulated and show rapid changes in response
to external stimuli. PIP2 and PIP3 have different phosphorylation states and are known
for their specific interactions with protein domains. They are convertible by phosphatase
and tensin homolog (PTEN) phosphorylase and PI(3)K kinase, respectively, which act
on the 3’ phosphate on the inositol ring [160, 183, 184, 186] (figure 7.4). The PTEN
phosphorylase has been identified as a tumor suppressor since mutations or deletions
thereof have been detected in a variety of tumors [187, 188]. PIP3 accumulation (when
PTEN fails to degrade it) is thereby thought to cause tumor formation due to activation
of its downstream kinases that are involved in cell growth and survival and thus PIP3
ultimately enhances survival of the tumor cells [187, 188].
PIP2 is mainly located at the cytosolic side of the plasma membrane. It mediates
a variety of cellular processes and serves as substrate for the phospholipase C (PLC) to
generate the second messengers diacylglycerol (DAG) (effector of protein kinase C) and
inositol trisphosphate (IP3 ) (effector of Ca2+ signalling). PIP2 also participates in several
signalling pathways. It is involved in regulation of proteins responsible for maintenance
and dynamics of the actin cytoskeleton [189], attachment [190] and recruitment of cytoskeletal structures to the plasma membrane, regulation of membrane trafficking, ion
channel activity [191] and fusion of synaptic vesicles [192]. Control of these diverse processes is suspected to be given not only by enzymatic regulation but also by regulation of
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Figure 7.4: In vivo PIP2 can be phosphorylated at 3 by PI(3)K kinase to give PIP3. PTEN phosphorylase
0
dephospholylates PIP3 at 3 yielding again PIP2. PIP2 can also be digested by phospholipase C to give the
second messengers inositol triphosphate (IP3 ) and diacylglycerol (DAG).

the spatial distribution of PIP2. Several studies have shown evidence that pools of PIP2
or even raft like, spatially distinct structures unavailable for signalling might be present
in cellular membranes [193, 194, 195, 196].

7.2.1

POPC and PS

Phosphatidylcholines (POPC) are the most abundant lipid in animal cells (figure 7.5).
It usually accounts for 40% to 55% of the phospholipids in total cell membranes. It is
therefor used as matrix component in most membrane mimicking systems. The choline
group is linked to the lipid tails via a phosphate group forming the zwitterionic head group
at physiological pH.

Phosphatidylcholine (POPC)

Phosphatidylserine (PS)

Figure 7.5: Structure of phosphatidylcholine (POPC) as well as structure of 1-Palmitoyl-2Oleoyl-sn-Glycero-3-[Phospho-L-Serine] (PS) (Sodium Salt).

Phosphatidylserine (PS) (figure 7.5) is a minor component of plasma membranes.
It is widely distributed within cellular membranes, comprises 5-20% of the total phospholipids [41, 197, 198] and reaches concentrations up to 30% of total phospholipids
in erythrocytes [199]. In quiescent cells PS occurs only at the cytoplasmic side of the
plasma membrane. But upon activation PS can be presented at the outer leaflet as well
and is thought responsible for various extracellular physiological events [41, 198]. PS
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concentrations occurring on the outer leaflet e.g from activated platelets are associated
with platelet coagulation [198]. Since PS is more abundant in membranes than the minor
PIP2 it contributes more to the negative charge on the membrane surfaces [197]. PS is
often used as negatively charged lipid to mimic the composition of inner plasma membranes. PS has been reported to bind non-specifically to many types of membrane associated proteins [200, 201, 202, 203]. Thereby it is thought to contribute to the targeting
and retention of basic regions in proteins to the plasma membrane [197]. In this project
SLBs doped with PS were used as (unspecific) control system to test the specificity of the
investigated protein domain to the phosphoinositide head group.

Protein binding to phosphoinositides
For a long time lipids were thought to have only a structural role within the cell. But now
there is evidence that lipids have very specific roles in signal transduction as well [204].
Proteins associate with the surface of intracellular membranes to carry out a wide variety
of cellular functions. As a consequence there is an ever-growing number of lipid binding domains detected. These domains show great variability in binding mechanisms and
can therefore be precisely controlled in different manners [184]. The interaction of some
cytosolic proteins and cytosolic domains of membrane proteins is mediated by the head
group of the phosphoinositides. Interaction of phospholipid binding domains of proteins
with membranes can be either highly specific and involve stereospecific recognition of
membrane compartments or are non-specific and act through general physical properties
of the membrane (charge, amphiphilicity and curvature) [184]. Electrostatic interactions
between the negatively charged phosphates on the inositol head groups and basic amino
acids in the protein domains are the dominant binding forces. For some proteins adjacent
hydrophobic amino acids penetrate partially into the lipid bilayer and strengthen the interaction [205, 206]. The interaction sites of proteins are thus mostly basic amino acid
clusters in unstructured regions (e.g. in profilin [207]) or folded structures (e.g. pleckstrin
homology domain [205, 206, 208]). The association of cytosolic proteins with phosphoinositides is thereby mostly of low affinity. Through cooperative binding to one or
more additional binding sites of the proteins within the membrane higher affinity and
more stable association with the membrane can be achieved. Since the phosphoinositides
are heterogeneously distributed in the subcellular membranes an effective coincidence
detection code for the regulation of membrane-cytosol interactions is realized by a dual
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or multiple key based recognition mechanism of the protein domain to the lipid head
groups[181, 183, 209]. Typically detailed interaction studies of the binding kinetics of
these weakly adhering proteins have not been made for most cases since adequate combinations of model systems and analytical methods have not yet been developed.

7.2.2

Pleckstrin homology domain

The pleckstrin homology domain (PH domain) was first described by Haslam et al.
and named after the hematopoietic protein pleckstrin where this domain was discovered [210]. Over the years this 100-120 residue homology sequence has been found
in many proteins involved in signalling, cytoskeletal organization and many other processes [211, 212, 213]. 13 different PH domains have been identified by NMR and X-ray
crystallography [214, 215, 216, 217, 218, 219]. These structures all have a common characteristic core β -sandwich fold (see figure 7.6) and share more a structural homology
than a sequence homology (sequence homology is often only around 10% to 30%) [220].
All proteins which carry a PH domain have a functional requirement for membrane association [221]. The PH domains are electrostatically polarized. They interact through
electrostatic interactions mediated by basic amino acids in the three variable loops between the beta sheets. The three variable loops form a positively charged surface which
contains the phosphoinositide binding site in the center. Most of the PH domains exhibit
weak specificity for their ligands. However, certain binding sites are well defined and
allow for specific and strong ligand binding, as for example the phospholipase Cδ 1 PH
domain (PH-PLCδ 1) which has been inmplicated to show specificity for binding to PIP2
and its free head group Ins(1,3,5)P3 (IP3 ) [221, 222, 223, 224].
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Figure 7.6: PLCδ 1 PH domain with PIP2 in binding pocket (model representation from Ferguson et al.
[225]). The C-terminal α-helix and the seven stranded β -sandwich of two orthogonal β -sheets are the
characteristic structural features shared by all PH domains. In PLCδ 1 the typical core β -sandwich structure
is intermitted by a short α-helix in the β 3/β 4 loop in the amino terminal half of the domain. The two β sheets form a sandwich around the hydrophobic core of the domain. Electrostatic interaction with PIP2
occurs through basic amino acid residues in the loops between the β -sheets. The domain is electrostatically
polarized, with the three variable loops pointing towards the most positive charged surface [221].

CHAPTER

8

Scope of the Phosphoinositide Containing Supported Lipid
Bilayer Platform

The aim of this work was to create an in vitro platform of supported lipid bilayers (SLBs)
in order to perform surface sensitive measurements to study the interaction between specific phosphoinositides (PIP2 and PIP3) and potential protein interaction partners exemplified by PH-PLCδ 1 in a quantitative, label free manner. Since the interaction of phosphoinositides with proteins and certain classes of protein domains was discovered a lot
of effort has been put into elucidating specific interactions of these proteins with distinct
phosphoinositides. It has been observed that some proteins only interact with a particular
phosphorylation pattern and do not interact with phosphoinositides in general. Steinem,
Janshoff and co-workers have investigated interaction of ezrin with PIP2 in a SLB environment incorporating PIP2 [155, 163]. However, they did not address or describe the
formation and characterization of the PIP2 SLB model system, which is crucial to extend PIP2 SLBs as model system for further investigations. Especially the quality of the
formed SLB and the accessibility and mobility of incorporated phosphoinositide lipids are
of crucial importance for interpretation of interaction measurements, in particular since
many phosphoinositide interactions have low affinity and hence multivalent binding and
low background noise become important considerations.
The presented platform incorporating PIP2 and PIP3 is formed on standard biosensor
surfaces (glass, QCM-D and waveguide sensors with SiO2 coating) that allow for protein
interaction studies with a selected protein domain (e.g. PH-PLCδ 1). In chapter 10 the
formation and characterization of the PIP2 and PIP3 SLB platforms at physiologically
relevant phosphoinositide concentrations and buffer conditions are described. The PIP2
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SLB platform was further demonstrated for protein interaction studies with PH-PCLδ 1.
In chapter 11 detailed kinetics and affinity determined by a surface sensitive technique
(dual polarization interferometry, DPI) in a time resolved manner are presented. In this
chapter we also aimed to demonstrate how DPI can be used with SLB as a highly sensitive
and novel technique to look at detailed weak peptide interactions with lipid membranes.

CHAPTER

9

Materials and Methods

All materials and general methods used for SLB formation and peptide interaction studies
are introduced here.

9.1

Water

Ultrapure water was used for all buffers and suspensions. Regular tap water was cleaned
in a Milli-Q system Gradient A 10 from Millipore (Switzerland). It was equipped with
the Elix 3 (three step purification process) and an ultraviolet lamp for photo-oxidation.
The resistivity and TOC level were in the range of 18.2 MΩcm and <5 ppb, respectively.
In this work thus filtered water will be abbreviated as MilliQ.

9.2

Chemicals

Buffer
TBS. 2-Amino-2-hydroxymethyl-propane-1,3-diol (Tris) was obtained from SigmaAldrich. Tris buffered saline (TBS) was prepared at 10 mM concentration with additional
150 mM NaCl (VWR BDH Prolabo) and adjusted to pH 7.4 with 2 M HCl (SigmaAldrich). Before use in experiments the buffer solution was filtered (0.22 µm syringe
filter). In this work the described buffer will be abbreviated as TBS.
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DYT. DYT medium Bacto TM Yeast Extract, Technical(Becton, Dickinson and Company, France) Bacto-Trypton (Becton, Dickinson and Company, France) NaCl Merck. 16
g Trypton, 10 g Bacto TM Yeast Extract, 5 g NaCl were used per 1 L aqua bidest and
autoclaved.

Lipids
All lipids were purchased from Avanti Polar Lipids, USA. All lipids were purchased
from Avanti Polar Lipids, USA. 1-Acyl-2-Acyl-sn-Glycero- 3-Phosphocholine (POPC),
L-α-Phosphatidylinositol-4,5-bisphosphate (Brain, Porcine Triammonium Salt) (PIP2),
1-Stearoyl-2-Arachidonoyl-sn-Glycero-3-Phosphoinositol-3,4,5-trisphosphate
(Tetra-ammonium Salt) (PIP3) and the fluorescently labeled lipids 1-Oleoyl-2-[12-[[6[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoyl]amino]dode-canoyl]sn- Glycero-3Phosphoinositol-3,4,5-trisphos-phate (Tetra-ammonium Salt) (PIP3-NBD), 1-oleoyl-2[6-[4-(dipyrromethene-borondifluoride)butanoyl]amin]hexano-yl-sn- glycero-3-phosphoinositol-4,5-bisphosphate (ammonium salt) (TopFluorPIP2) and 1-Palmitoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-snGlycero-3-Phosphocholine (16:0-12:0) (NBD-PC).

9.3

Substrates

Quartz crystals sensors for QCM-D measurements (Type QSX 303, SiO2 -coated, QSense, Sweden) were cleaned first by sonication in 2% sodium dodecyl sulfate (SDS)
for at least 30 minutes, subsequently rinsed with MilliQ, then sonicated in EtOH (SigmaAldrich) for 30 min, dried with a stream of filtered nitrogen and exposed to UV-ozone
(ProCleaner PlusTM, BioForce Nanosciences, Inc., Ames, IA, USA) for 30 minutes before use.
The glass cover slips (Menzel GmbH, Braunschweig, Germany) for FRAP microscopy experiments were stored in EtOH (Sigma-Aldrich). Before use the slips were
sonicated in EtOH (Sigma-Aldrich) for 20 min, dried in a stream of filtered nitrogen and
exposed to UV-ozone for 30 minutes (ProCleaner PlusTM, BioForce Nanosciences, Inc.,
Ames, IA, USA).
DPI waveguides (silicone oxynitride sensor chips type FB80, Farfield Sensors, UK)
were sonicated in aceton (Sigma-Aldrich) for 30 min, then in EtOH (Sigma-Aldrich) for
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30 min, dried with filtered nitrogen and then exposed to UV-ozone for 40 min before
first use. To clean the waveguides in between experiments they were sonicated in 2%
SDS for 20 min, rinsed with MilliQ water, sonicated in EtOH (Sigma-Aldrich) for 20
min, dried with filtered nitrogen and exposed to UV-ozone for 30 minutes (ProCleaner
PlusTM, BioForce Nanosciences, Inc., Ames, IA, USA). This cleaning procedure results
in a SiO2 surface on the silicone oxynitride sensor chip.
SiO2 wafers (purchased from Silicon materials, Germany) were used for the XPS
measurements. The wafers were cleaned by 20 min sonication (ULTRAsonik 104H,
NEY) first in toluol (Sigma-Aldrich) then in EtOH (Sigma-Aldrich) and subsequently exposed to UV-ozone for 30 min (ProCleaner PlusTM, BioForce Nanosciences, Inc., Ames,
IA, USA).

9.4
9.4.1

Analytical techniques and preparation protocols
Protocols for vesicle preparation

Vesicle preparation for QCM-D and FRAP experiments
The lipids were mixed to the desired composition in CHCl3 to a total lipid mass of 0.5
mg. After evaporation of the CHCl3 under steady N2 flow for 1 h the lipid film was rehydrated with TBS to a final lipid concentration of 0.5 mg/ml. After solubilisation in the
buffer at room temperature for 1 h the lipid mixture was extruded 31 times through two
stacked polycarbonate membranes (pore size 100 nm, Avestin, Canada) using a Liposofast
extruder (Avestin, Ottawa, Canada). Vesicle size was measured by dynamic light scattering at 90◦ in a Zetasizer (Zetasizer 3000 HS (Malvern, USA)) and the average measured
vesicle diameter was 109 ± 12 nm for all vesicles.

Vesicle preparation for DPI and XPS experiments
The lipids were mixed to the desired composition in CHCl3 . After evaporation of the
CHCl3 under constant N2 flow for 1 h the lipid film was rehydrated with 1 ml TBS to
a final lipid concentration of 0.5 mg/ml. After redispersion in TBS at room temperature
the lipid mixture was sonicated for ca. 20 min in a sonication bath (ULTRAsonik 104H,
NEY) until the solution was clear. Vesicle size was measured by dynamic light scattering
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at 90◦ (Zetasizer NanoZS, Malvern Instruments Ltd., UK) and the measured Z-averages
for the sonicated vesicles were 110.12±22.7 nm. Please note that the molar percentages
of 7%, 3.5% and 0.7% correspond accordingly to the weight percentages 10%, 5%and
1% used in chapter 10 to prepare PIP2 containing vesicles.

The 50 nm vesicles used in the tethering experiment on the DPI were extruded 31
times through two polycarbonate membranes (pore size 50 nm, Avestin, Canada) instead
of sonication and Z-averages obtained by dynamic light scattering at 90◦ were 55.08±0.91
nm .

9.4.2

Protocol for PLCδ 1 PH domain expression in E.coli

The PLCδ 1 PH domain used in this study was obtained from rat PLCδ 1 (corresponding
residues 11-140). A pET11a expression vector carrying the according gene sequence was
kindly supplied by Mark Lemmon, Department of Biochemistry and Biophysics, University of Pennsylvania, School of Medicine, Philadelphia, USA. The Plasmid was transformed into Escherichia coli BL21 (DE3) cells, plated on LB agar containing 100 µg/ml
ampicillin and incubated at RT. Single colonies were picked and three pre-cultures (DYT
medium containing 100 µg/ml ampicillin and 1 % D-(+)-glucose) were inoculated and incubated over night at 25 (140 rpm). Next morning six 1.5 L liquid cultures (DYT medium
containing 100 µg/ml ampicillin and 1 % glucose) were each inoculated with 32 ml of
the overnight cultures, and were grown at 25 (120 rpm). Expression was induced by
adding isopropyl-β -D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM at
an OD(600) of 0.7. The protein was purified first by using an anionic exchange column
(QA 52, MOPS buffer pH 7, 1 mM EDTA) followed by elution over an ionic strength
gradient (buffer A 10 mM MOPS, 1 mM EDTA , pH 7; buffer B 10 mM MOPS, 500
mM NaCl, 1 mM EDTA , pH 7). The protein was further subjected to a cationic exchange column (CM 52) and finally small impurities (DNA fragments) were removed by
gel filtration and elution in phosphate buffer (100 mM Na PO4 , 150 mM NaCl, pH 7).
Fractions were pooled and stored at -80◦ C. The mass spectra and the sequence analysis
of the purified protein can be found in the appendix section B.
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Quartz crystal microbalance with dissipation monitoring

Quartz crystal microbalance with dissipation monitoring (QCM-D) records the mass of
adsorbed molecules by measuring the resonance frequency shifts of an oscillating piezoelectric quartz crystal resonator [169]. The rigidity of the adsorbed films can be probed
through changes in energy dissipation of the resonator. By measuring the change in resonance frequency, ∆f, and the change in dissipation, ∆D, of the piezoelectric quartz crystal
adsorbed mass including structural water (roughly proportional to ∆f ) and supramolecular conformation (sensed through changes in ∆D) can be simultaneously deduced [170].
Mass increase on the surface results in a reduction of the resonance frequency and thus
produces a negative frequency shift while more energy is dissipated through the adsorbed
film and therefore an increase in dissipation is observed. This technique has been extensively used to measure kinetics of vesicle adsorption and to monitor the formation process
of supported lipid bilayers [170, 226, 227]. An E4 QCM-D (Q-Sense AB, Sweden) was
used to monitor the formation of supported lipid bilayers with various fractions of phosphoinositides on SiO2 surfaces. During the measurements the 3rd, 5th, 7th, 9th and 11th
overtones were recorded. Only ∆f and ∆D recorded at the 5th overtone normalized to
the fundamental resonance ∆f = ∆ f5 /5 are presented in the figures for simplicity and
consistency.
QCM-D experiments were performed at 37◦ C. 357 µl of lipid vesicles solution (50
µ g/ml lipid concentration in TBS) were injected into the liquid chamber at 100 µl/min
flow rate and adsorbed at no flow until formation of the SLB was detected. The bilayers
were subsequently rinsed at 50 µl/min with TBS to remove excessive lipid material.

9.4.4

Fluorescence recovery after photo bleaching

Fluorescence recovery after photo bleaching (FRAP) experiments were performed to assess the mobility of the lipids in the SLBs. Therefore fluorescently labeled lipids were
incorporated into the SLB. By bleaching the fluorescence in a defined spot by laser and
monitoring the recovery rate of the fluorescence in the bleached area mobility of the lipids
in the SLB as well as the diffusion coefficients can be obtained.
FRAP experiments were performed on a confocal laser scanning microscope (CLSM,
LSM 510, Zeiss Germany) equipped with an argon laser (30 mW, λ = 488 nm) and using a
63x (oil, 1.4 NA) objective. 0.1% of fluorescently labeled lipids were used in the bleaching experiments. The protocol for the FRAP experiments was adapted from Lopez et al.

72

9. M ATERIALS AND M ETHODS

[228]. SLBs were formed in a confocal microscopy fluid cell on a glass slide (Menzel
Gläser, Braunschweig, Germany) cleaned by 20 min sonication in EtOH (sonication bath,
ULTRAsonik 104H, NEY) and subsequently by 30 min exposure in a UV-Ozone cleaner
(ProCleaner PlusTM, BioForce Nanosciences, Inc., Ames, IA, USA). After mounting the
glass slide into the confocal microscopy fluid cell, 1 ml of 50 µg/ml vesicle solution was
pipetted into the fluid cell, covered with aluminium foil and incubated at 37◦ C. The incubation time for formation of the SLBs was deduced from QCM-D experiments and set to
2 h (to have a safety margin of at least 50 min) for all the vesicle solutions. Then the SLBs
on the glass slides were rinsed by exchanging the solution on top of the bilayers with TBS
10 times. Special care was taken to not ever let the surface dry out. Then the fluid cell was
mounted on the temperature chamber of the confocal microscope. The time delays used
during the measurements were 0 s, 10 s and 1 min and were set manually depending on
the recovery rate. The size of the images was 256 × 256 pixels and the circular bleached
area had a diameter of 100 pixels. The diffusion coefficients and recovered fractions were
obtained by analysis of the bleached areas according to Jönsson et al. [229].

9.4.5

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) probes the surface composition and electronic
state of a sample by photo-ionization and analysis of the kinetic energy distribution of
photon-excited electrons from atoms in the surface region of the substrate [230].
The XPS method is based on a single photon in - electron out process, the so-called
photoelectric effect. X-rays are focused onto the specimen surface. Al Kα (1486.6eV) or
Mg Kα (1253.6eV) sources are most often used to generate the X-rays. The atoms or
molecules in the surface layers get photoionized which leads to excitation of electrons
and subsequent ejection of low-energy electrons [230]. The emitted kinetic energy of the
so called photoelectrons leaving the sample are detected using a concentric hemispherical
analyzer. A spectrum with a series of peaks corresponding to binding energies is obtained.
Electrons in each element and each chemical state of the atom have characteristic binding
energies. Thus, with the help of a reference database and evaluation software, analysis of
the peak positions and areas allows to determine quantitatively the elemental composition
and chemical state of the surface material. The XPS technique is highly surface specific
due to the short mean free path of the excited photoelectrons which can only escape the
specimen from within a few nanometers of the surface.
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The XPS experiments were performed with a Theta Probe (Thermo Electron Corporation, Waltham MA, USA) equipped with a radian lens and a two-dimensional detector.
A monochromatic, microfocused AlKα source with a spot size of 300 µm was run at
a power of 70 W. The pass energy was 25 eV for the detail and 100 eV for the survey
spectra. Data were analyzed using the CasaXPS software (CasaXPS software Version
2.3.15dev52, Software Ldt, UK). A Shirley background was subtracted before the peak
areas were integrated and corrected for the cross section using the Scoffield factors [231],
inelastic mean free path, attenuation length [232] and the energy dependent transmission
function.
The percentage of PIP2:POPC was assessed by quantifying the atomic ratio of the
N1s:P2p peak. To account for phosphorous contaminations in the SiO2 wafers, the fraction of phosphorus corresponding to a constant P:Si ratio measured on clean control SiO2
wafers, was first subtracted from the total measured phosphorus. The remaining P was
assigned to P of phospholipids and taken to calculate the atomic ratio of N:P. The N:P
ratio of POPC bilayers, which theoretically have a molar ratio of N/P=1, were used to
normalize the resulting N/P ratios. Statistics was done on 5-6 independent identical samples.
The SLBs for XPS analysis were prepared on SiO2 wafers (purchased from Silicon
materials, Germany). Lipid vesicles solutions (50 µg/ml in TBS) were adsorbed on the
wafers for 3 h at RT. After exchanging the solution on top of the bilayers with water
(Milli-Q grade) 10 times the wafers were taken out of the water and the SLBs were dried
under laminar flow.

9.4.6

Dual polarization interferometry

With dual polarization interferometry (DPI) molecular layers adsorbed onto a waveguide
surface can be probed by using the evanescent wave of a laser beam propagating in a
waveguide. In DPI the laser is focused into two stacked waveguides, a so called dual slab
waveguide (figure 9.1), one being the "sensing" waveguide with the adsorbed molecular
layer on top, the other functioning as reference [233]. By combining the two light paths
after passing through the waveguide an interference pattern is formed. DPI probes the
spatial changes of this interference pattern as material is adsorbed on a waveguide in the
region of the evanescent field.
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Figure 9.1: Schematic drawing of a dual slab polarization interferometry waveguide with an adsorbed SLB
on the sensor surface (on top of the sensing layer). Molecules adsorbing to the sensing waveguide surface
are detected as changes in the positions of the interference fringes in the far-field. From the fringe movement
phase changes can be calculated that arise from the different propagation of the light in the sensing and in the
lower reference waveguide resulting from interaction of the evanescent field of the propagating light with
the adsorbed molecules. Thickness and refractive index as well as anisotropy if one of the other parameters
is known can thus be resolved (scheme adapted from Terry et al.[234]).

The chip used for the experiments consists of a four-layer dielectric stack of silicon
oxinitride with a silicon wafer surface (22 mm × 6 mm). The reference waveguide is
buried beneath the sensing waveguide with a thick spacerlayer in between (figure 9.1).
The dual slab waveguide sensor chip is illuminated with an alternating polarized laser
beam (wavelength 632.8 nm in an Analight BIO200 (Farfield Group Ltd., United Kingdom)) (figure 9.1). The propagated light exits the chip and diffracts. Since the sensing
and the reference waveguide are closely stacked (∼ 4 µm) in the DPI chip the diffracted
wavefronts generate Young’s interference fringes in the far-field after the chip end.
Adsorption of molecules onto the sensing waveguide changes the effective refractive
index and the optical path length at the waveguide which leads to a corresponding change
in the phase of the light exiting the waveguide [235]. These phase variations translate
into shifts in the positions of the interference fringes which are recorded by a CCD camera. The information from the absolute and relative changes in the optical path length
for propagation of two waveguide modes recorded through the shifts of the interference
fringes are used to calculate the thickness and the refractive index of an adsorbed layer
with high resolution [236]. If either the thickness of the adsorbed layer or the refractive
index of the adsorbed material is known the degree of optical anisotropy can be determined as well which is of interest for probing anisotropic layers such as SLBs [55]. The
alignment and packing of the lipids in the SLB on the sensor surface can be quantified
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by analysis of the birefringence and refractive index of the adlayer [55, 234]. An initial
increase of the birefringence values upon vesicle adsorption to the waveguide surface is
followed by a marked decrease of the birefringence to a stable value [55]. This peak in
birefringence has been shown to correlate with the ∆D peak observed in QCM-D indicating maximum vesicle adsorption before fusion [55]. When proteins adsorb (which are
commonly assumed to be isotropic) onto a SLB the binding and possible insertion into
the bilayer can be determined by careful modeling and analysis of the birefringence and
the adsorption height of the protein layer [55, 236]. Thus changes in the lipid alignment
can be deduced that help to model the mode of the protein interaction (e.g. insertion or
superficial adsorption).
The adsorbed mass on the chip was calculated using the method described by
Mashaghi et al., assuming 4.7 nm thicknesses for the SLB and a specific refractive index (dn/dc) of 0.135 cm3 /g for the lipid layer [55]. To model the PH-PLCδ 1 adsorption
and calculate the adsorbed mass a (dn/dc) of 0.182 cm3 /g for the protein domain was used
[237].
DPI experiments were performed at 20◦ C and 37◦ C on an Analight BIO200 (Farfield
Group Ltd., United Kingdom) instrument. The cleaned chip was fixed in the sample
holder, mounted on the DPI and incubated in TBS at 5 µl/min flow rate over night. The
long incubation of the waveguide in buffer was found to be necessary to reduce drift after
the UV-ozone cleaning. Next day, a baseline was recorded (typically 30 min) and 500 µl
of lipid vesicles solution (100 µg/ml lipid concentration in TBS) were used to load the
injection loop (capacity 200 µl). 170 µl vesicle solution was injected at 50 µl/min flow
rate and the flow stopped for 30 min during which a SLB was formed. Excess liposomes
were rinsed with 200 µl TBS at 50 µl/min flow rate after which the flow rate was reduced
to 5 µl/min. After a constant baseline (less than 0.01 radians drift / 30 min) was reached
for the SLB 170 µl of the PH-PLCδ 1 were injected with 5 µl/min (yielding a 34 min
exposure of the SLB to the protein solution). The bilayer was subsequently rinsed at 5
µl/min with TBS.
The control experiments for PH-PLCδ 1 membrane binding with DNA-tethered liposomes were performed using the Membrane Protein Analysis Kit from Layerlab (Layerlab
AB, Göteborg, Sweden) according to the manufactures’ instructions (Layerlab AB, Göteborg, Sweden [238]). Hybridization of complementary single stranded DNA (ssDNA)
tethers were used to bind the liposomes to the modified chip surface. After recording
of the baseline in TBS 170 µl NeutrAvidin/Biotin-ssDNA solution was injected at 10
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µl/min and subsequently rinsed with TBS (figure 9.2). 170 µl of cholesterol-ssDNA
tagged 7% PIP2 vesicles were injected at 5 µl/min and the vesicles were tethered to
surface bound NeutrAvidin/Biotin-ssDNA by hybridization of the complementary DNA
strands (the cholesterol DNA tag has one long and one short strand with an overlapping
complementary part attached to two cholesterol moieties on one end and on the other a
complementary sequence to the single strand attached to the Biotin-ssDNA on the substrate surface). The system was rinsed with TBS and 2 µM PH-PLCδ 1 were injected with
5 µl/min. After 30 min of adsorption the system was rinsed with TBS.

ssDNA

DNA linker
biotin
NeutrAvidin

cholesterol anker
vesicle

DNA tethered vesicles
SiO₂ substrate surface

Figure 9.2: DNA tethered vesicles. NeutrAvidin/biotin complexes carrying a ssDNA linker are adsorbed to
the waveguide surface. Incubation of lipid vesicles tagged with ∼3 complementary ssDNA strands (linked
to cholesterol in the bilayer) leads to hybridization of the DNA strands and tethering of the vesicles to the
surface.

CHAPTER

10

Formation of SLBs with Varied Phosphoinositide Compositions
and Their Properties

Phosphoinositides are involved in many signalling cascades (section 7.2) at cell membranes and thus have a high turn-over in vivo. In this chapter the construction and characterization of an in vitro platform incorporating two different phosphoinositides, PIP2 and
PIP3, at physiologically relevant concentrations is presented.

10.1

SLBs with different fractions of PIP2

The investigated phosphoinositide concentration range in the lipid mixtures was selected
to provide a sufficiently high surface coverage close to the physiologically relevant range
[155] to be able to measure detailed kinetics and to present enough binding sites to study
protein interactions. POPC bilayers with 1%, 5% and 10% PIP2 incorporated were produced in TBS on SiO2 coated QCM-D crystals. The typical phases of (1) vesicle adsorption, (2) rupture and lateral association and (3) formation of the SLB are indicated along
the corresponding frequency and dissipation changes of the QCM-D response in figure
10.1 A. The maximum frequency shift and time to reach the maximum upon vesicle adsorption as well as the final frequency shift measured for the assembled SLB increased
with increasing PIP2 content compared to pure POPC vesicles (diamond symbols, figure
10.1 A). The final frequency shift observed for the different vesicle compositions were
-24.72±0.76 for 1% PIP2, -27.04±2.87 for 5% PIP2 and -29.57±1.82 for 10% PIP2.
Dissipation values observed after SLB formation were also higher for increasing PIP2
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fractions, but the final dissipation values were for all cases below 1 × 10−6 which is characteristic for formation of a high quality SLB from negatively charged liposomes [156].
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Figure 10.1: A. Formation of POPC bilayers containing fractions of PIP2 was monitored by QCM-D
on SiO2 crystals at 37◦ C in TBS. ∆D and ∆ f of the representative 5th overtone are shown. Changes in
dissipation (∆D, open symbols) and frequency (∆ f , filled symbols) correspond to typical kinetics of vesicle
injection (1) and adsorption onto the SiO2 crystal surface, followed by vesicle rupture (2) and supported
lipid bilayer formation (3). Legend:  1% PIP2 (POPC:PIP2 [99:1]),
5% PIP2 (POPC:PIP2 [95:5]),
4 10% PIP2 (POPC:PIP2 [90:10]), ♦ POPC (pure). B. ∆D vs. -∆ f plots of QCM-D measurements for
PIP2 SLBs. The tilted parabolic curve is typical for vesicle adsorption followed by vesicle rupture and
subsequent SLB formation. 1% PIP2 (green), 5% PIP2 (red), 10% PIP2 (blue), POPC (pure) (black).

Vesicle deformation, which can be estimated from the ∆D/∆f ratio [174] (figure 10.1
B), as well as adsorption rate (figure 10.1 A) were not significantly different for different molar fractions of incorporated PIP2 and consequently the surface interaction of the
vesicles seems to be dominated by the POPC fraction. However, the fusion and rupture
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of the vesicles were significantly slowed down with increasing PIP2 fractions. Therefore,
the differences seen in higher liposome surface coverage before rupture of the vesicles
seem to be due to a higher barrier to vesicle-vesicle fusion, e.g. as a consequence of
stronger long-range repulsion from the increased negative surface charge with increasing
PIP2 fraction. Additionally, if the initial adsorption of liposomes results in expulsion of
PIP2 from the adhesion zone with resultant redistribution of counter ion pairs on both
sides of the lipid membrane, one can imagine an entropic mechanism as that described
by Weitz and co-workers leading to a higher repulsive barrier to similarly charged objects through accumulation of charges on opposing vesicle membranes [239]. With an
increased entropic penalty for separating sufficient amount of (PIP2) charges from the liposome fusion zone with increasing total PIP2 concentration the kinetic barrier given by
this intermediate state will further increase.

10.1.1

Diffusion coefficients and mobile fractions of PIP2 in SLBs

FRAP experiments were used to test the mobility of fluorescently labeled lipids in the
SLB and to calculate the lipid diffusion coefficient, D [240] (figure 10.2, table 10.1). Fluorescently labeled vesicles were incubated on UVO cleaned glass cover slips and excess
lipid solution was removed by exchange with pure TBS before fluorescence was bleached
in a small area and the recovery of the fluorescence monitored. The mobile fractions and
diffusion constants were determined by the method of Jönsson et al. [229].
For all three cases with 1%, 5% and 10% PIP2 SLBs with NBD-labeled POPC, recovery of the fluorescence in the bleached area was observed and the mobile fractions were
found to be above 90% supporting the results from the QCM-D measurements of forming
a high quality SLB (figure 10.2 a-c). FRAP experiments performed on PIP2 SLB with
TopFluor-labeled PIP2 revealed a mobile fraction of only 30-40% indicating that most of
the PIP2 is immobile in the otherwise fluid SLB (figure 10.2 d-f). A low mobile fraction
of 20-30% of PIP2 in SLBs was also observed by Wagner and Tamm in incomplete planar
bilayers supported on a tethered 3 mol % DMPE-PEG-triethoxy (DPS) PEG cushion with
compositions DOPC:DPS (97:3)/POPC:PIP2(100-X:X) with X ranging from 0 to 5 mol%
(with 1% NBD-PIP2) [241, 242].
The reasons for the low PIP2 mobility are not yet clear. The negative charge of the
head group and steric demands thereof could play a role. Interaction with the underlying rough surface could lead to lower mobility of the PIP2 in the proximal layer. It is
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also possible that the immobile fraction is mainly sterically pinned in the lower leaflet
by interactions with the rough, likewise charged, substrate. However, we do not observe
the strong binding of the lipids to the surface as observed by Rossetti et al. for Ca2+ mediated PS binding to TiO2 substrates which caused all lipids to flip and bind to the
substrate surface [156]. A significant mobile fraction was always observed despite sufficient time for transbilayer lipid flip to occur during SLB formation [168, 243]. Rossetti
et al. also documented by FRAP experiments that the distribution of PS is not affected
by the negatively charged SiO2 substrate surface in contrast to for TiO2 substrates, which
demonstrates that the mechanism for PS immobilization on TiO2 was specific and Ca2+ mediated [157]. A non-uniform SLB with varying local curvature could also influence
the fluidity. A self-organized curvature pattern could form due to the mismatch in lipid
size and shape, where curved regions are separated by flat areas hosting the immobile and
mobile fractions of PIPx respectively. Obviously any curved island will have a periphery
with an opposite curvature sign (relatively lipid free). This would lead to a compartmentalized bilayer with impaired, non-uniform fluidity due to higher drag forces of the
structured regions. ∆D shifts in the QCM-D measurements for successful SLB formation
close to zero suggest that any such structure is on the low nanometer scale and that the
SLB is essentially macroscopically planar and in close proximity to the sensor surface,
but the data is compatible with an SLB locally curved on the lipid size scale..
Table 10.1: Mobile fractions and diffusion coefficients deduced by the method of Jönsson et al. from
FRAP experiments for POPC bilayers containing increasing amounts of PIP2 [229]. In all experiments
0.1% labeled lipids of the component marked with (? ) were used.

bilayer composition
1%PIP2,99% ? POPC (PC-NBD)
5% PIP2, 95% ? POPC (PC-NBD)
10% PIP2, 90% ? POPC ( PC-NBD)
1% ? PIP2, 99% POPC (TopFluor-PIP2)
5% ? PIP2, 99% POPC (TopFluor-PIP2)
10% ? PIP2, 99% POPC (TopFluor-PIP2)

mobile fraction
(%)
91.44 ± 4.54
84.24 ± 1.63
90.75 ± 1.52
29.30 ± 4.93
42.61 ± 4.78
31.41 ± 5.44

diffusion coeff.
D [µm2 /s]
2.44 ± 0.06
2.46 ± 0.09
1.84 ± 0.56
2.09 ± 0.77
3.14 ± 0.36
2.79 ± 0.37

The diffusion coefficients found for the mobile fraction of TopFluor-PIP2 (2-3 µm2 /s
depending on PIP2 concentration and similar to the POPC in the same membranes) are
in the same range as the coefficients measured by Golebiewska et al. for giant unilamellar vesicles (GUV) with PC and Bodipy-TMR-PIP2 in PC/PS/PIP2 (D=3.3±0.8 µm2 /s)
[244] and are close to agreement with diffusion coefficients found for labeled BodipyTMR-PIP2 in blebs formed on Rat1 cells (D=2.5±0.8 µm2 /s) [245]. The coefficients are
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distinctly higher than the coefficients found by Wagner and Tamm for NBD-PIP2 (1%
PIP2: D=1.2±0.2 µm2 /s, 5% PIP2: D=0.85±0.15 µm2 /s) and egg-PE (D=0.6 µm2 /s)
in PEG-supported SLBs [242] and are as well higher than the coefficients measured by
Golebiewska et al. in the inner leaflet of native fibroblasts and epithelial cells for BodipyTMR-PIP2 (D= 0.8±0.2 µm2 /s) [245].
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Figure 10.2: FRAP experiments on supported POPC lipid bilayers containing increasing amounts of PIP2
with fluorescently labeled fractions of NBD-POPC (a 1% PIP2, b 5% PIP2, c 10% PIP2) and TopFluor-PIP2
(d 1% PIP2, e 5% PIP2, f 10% PIP2). Images before bleaching (left), immediately after bleaching (middle)
and 300 s post bleaching (right) are shown.
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X-ray photoelectron spectroscopy of PIP2 SLBs

In the SLB literature it is always implicitly taken for granted that the lipid compositions
mixed to form liposomes directly correlates with the composition in the SLB formed by
liposome fusion. For lipid compositions where one or more species impede SLB formation as demonstrated by FRAP and QCM-D measurements for the PIP2/POPC mixture,
the possibility of heterogeneity in the liposome solution leading to a surface induced selection and resulting different composition of the SLB should be considered. To further
investigate the influence of the molar ratio of phosphoinositides to POPC in the formed
SLBs relative to that of the bulk liposomes compositional analysis using X-ray photoelectron spectroscopy (XPS) was performed. For analysis of the PIP2 content in the
investigated SLBs the ratio of nitrogen to phosphorous (N:P) was analyzed (see chapter
9.4.5 for a detailed description).

Figure 10.3: Weight percent ratios of PIP2 to POPC in SLBs scale close to linearly with the
phospholipid ratio mixed in the liposomes as measured with XPS from the ratio N:P. The error
bars (SEM with n(POPC)=6, n(1% PIP2)=9, n(5% PIP2)=7, n(10% PIP2)=6) mainly result from
inhomogeneities in the drying procedures prior to XPS analysis.

SLBs were fused from POPC liposomes containing 0, 1, 5 and 10 wt% PIP2 on SiO2
wafers and measured with XPS to determine the PIP2 fractions (see figure 10.3). Despite
the large error bars which result from sample inhomogeneities caused by inhomogenous
drying of the SLBs on the scale of the XPS beam spot (nearly 300 µm), a near linear
increase of PIP2 concentration averages in the SLBs with increasing amounts of phosphoinositide added to the lipid film prior to liposome formation was evident. Although
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the standard errors are large the average measured PIP2 concentrations are even higher
than the mixed ratios, which indicates that the incorporation efficiency of PIP2 into the
SLBs (and thus supposedly also into the liposomes the SLBs are formed from) is at least
the expected within the investigated range of molar mixtures. Consequently, the SLB
composition can be controlled by the lipid molar ratios of the liposomes from which the
SLB is formed.

10.2

SLBs with different fractions of PIP3

Vesicles with 1%, 2.5% and 5% PIP3 were produced for SLB formation. Lower percentage of the PIP3 than for PIP2 were incorporated to mimic the lower abundance of PIP3 in
nature and because the higher charge per PIP3 head group could hinder SLB formation.
The expected QCM-D kinetics for liposome adsorption and SLB formation could only be
observed for 1% PIP3 containing liposomes (figure 10.4).
At higher PIP3 percentage only small, monotonous changes in frequency and dissipation were observed, indicating a low adsorbed total mass. Since the ratio -∆D/∆f is a
good indicator of whether planar membrane patches are formed (ratio close to zero) or,
alternatively, liposomes are adsorbed (high ratio), it can be concluded from the obtained
data that the highest PIP3 concentration leads to adsorption of sub mono-layers of liposomes (figure 10.4 B) [174]. For 2.5% PIP3 the kinetic curve indicates partial rupture of
adsorbed liposomes through a slight maximum in the dissipation shift, resulting in part of
the surface being covered by intact liposomes, part by SLB patches and part possibly bare
(figure 10.4 A & B). In particular for 5% PIP3 the low ∆f and high -∆D/∆f indicate a low
surface coverage of liposomes.
In view of the PIP2 liposome results, electrostatic repulsion between the vesicles
may be a contributing reason for the lower total vesicle adsorption although the overall
charge of the SLB did not exceed the charge assumed for a 10% PIP2 SLB. The increased
local repulsion forces between the negatively charged surface and the anionic vesicles
could prevent the vesicles from approaching close enough to the surface for successful
adsorption and necessary initial deformation preceding the vesicle rupture. Electrostatic
repulsion between the vesicles may also be a reason for the lower total vesicle adsorption
and a larger vesicle separation which precludes liposome fusion and rupture. The triphosphoinositide group could thereby lead to charge-stabilized vesicle layers by keeping the
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Figure 10.4: A. PIP3 SLB formation was monitored by quartz crystal microbalance with dissipation monitoring (QCM-D) on SiO2 crystals at 37◦ C in TBS. ∆D (open symbols) and ∆ f (filled
symbols) of the representative 5th overtone are presented. The expected kinetics for liposome adsorption and SLB formation was only observed for 1% PIP3 containing liposomes, while higher
PIP3 concentrations led to only partial SLB formation. Legend:  1% PIP3 (POPC: PIP3 [99:1]),
2.5% PIP3 (POPC: PIP3 [97.5:2.5]), 4 5% PIP3 (POPC: PIP3 [95:5]), ♦ POPC (pure). B.
∆D vs. -∆ f plots of QCM-D measurements for PIP3 SLBs. The typical tilted parabolic curve
associated with SLB formation can only be observed for 1% PIP3 incorporated. Legend: 1%
PIP3 (green) , 2.5% PIP3 (red), 5% PIP3 (blue), POPC (pure) (black).

PIP3 head groups evenly distributed. With a similar -∆D/∆f ratio during liposome adsorption for PIP2 and PIP3 vesicles of all mixtures it is likely for the case of high PIP3
content that a too low surface coverage of liposomes is reached, insufficient to propagate
SLB formation.
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10.2.1

Diffusion coefficients and mobile fractions of PIP3 in SLBs

a

55 µm

b

c

55 μm
Figure 10.5: FRAP experiments on supported POPC lipid bilayers containing increasing amounts of PIP3
(a 1% PIP3, b 2.5% PIP3, c 5% PIP3). Images before bleaching (left), immediately after bleaching (middle)
and after 300 s post bleaching (right) are shown. In line with the QCM-D experiments vesicles containing
more than 1% PIP3 were not able to form continuous SLBs and therefore did not recover completely after
photo bleaching (b and c).

FRAP experiments with NBD-POPC confirmed a SLB with a mobile fraction of 91%
(figure 10.5, table 10.2) for SLB with 1% PIP3 in agreement with QCM-D data. SLB
incorporating 2.5% and 5% PIP3 did not show full recovery and mobile fractions around
50% were deduced with good agreement with only partial SLB formation observed by
the QCM-D technique. The fluorescence in the micrographs of the PIP3 SLBs was also
more inhomogeneous than the one of the PIP2 SLBs in the corresponding micrographs.
Furthermore, the overall fluorescence detected after photo bleaching was also reduced
in the low fraction PIP3 SLBs. These two observations indicate a preference for intact
vesicle adsorption on the surfaces, in contrast to the observation of SLB formation for the
PIP2 system, and in line with the QCM-D data. As expected for partial SLB formation,
experiments with NBD-labeled PIP3 in 1% PIP3 SLB revealed a mobile fraction of only
13% indicating even lower mobility of the triphosphoinositide in the fluid POPC SLB
than for the diphosphoinositide.
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As already mentioned in the QCM-D results electrostatic repulsion between the vesicles may be a contributing reason for the lower total vesicle adsorption and the absence of
SLB formation at higher PIP3 concentrations, although the overall charge of these lipid
compositions was lower than or did not much exceed the charge for a 10% PIP2 SLB. We
can only speculate along the same lines as outlined for the PIP2 concentration dependence
for fusion above about the origin of this apparent difference between PIP2 and PIP3 liposome adsorption and fusion. The redistribution of PIP3 lipids to form a depletion zone
for surface adhesion could be more difficult because of the higher compartmentalization
effect due to curvature and also higher entropic penalty for the larger number of charges
that have to be redistributed which are expected for the bulkier and higher charged PIP3
compared to PIP2.
Table 10.2: Mobile fractions and diffusion coefficients calculated by the method of Jönsson et al. from
FRAP experiments for POPC bilayers containing increasing amounts of PIP3 [229]. In all experiments
0.1% labeled lipids of the lipid component marked with (? ) were used.

bilayer composition
1% PIP3, 99% ? POPC (PC-NBD)
2.5% PIP3, 97.5% ? POPC (PC-NBD)
5% PIP3, 95% ? POPC (PC-NBD)
1% ? PIP3, 99% POPC (PIP3-NBD)
2.5% ? PIP3, 97.5% POPC (PIP3-NBD)
5% ? PIP3, 95% POPC (PIP3-NBD)

10.3

mobile fraction
(%)
91.02 ± 2.02
49.19 ± 4.85
49.54 ± 4.86
13.64 ± 2.15
16.30 ± 4.63
28.65 ± 1.71

diffusion coeff.
D [µm2 /s]
2.16 ± 0.35
1.43 ± 0.19
1.79 ± 0.30
1.45 ± 0.74
1.09 ± 0.20
2.25±0.32

Influence of calcium ions on bilayer formation

In a first approach to form SLBs, TBS supplemented with 2 mM Ca2+ was used with
the aim of enhancing surface interactions which has been demonstrated to promote SLB
formation for negatively charged liposomes containing PS lipids by Rossetti et al. and for
strongly negatively charged supported lipid membranes mimicking aspects of bacterial
membranes by Merz et al. [54, 156]. However, these buffer conditions did not result in
reproducible SLB formation on SiO2 coated crystals for all investigated concentrations
although for 1% PIP2 the ∆f and ∆D values associated with SLB formation were nearly
reached (see figure 10.6). The enhanced surface interaction through cation mediation
to form PIP2 containing SLB in buffer (20 mM Tris/HCl, 50 mM KCl, and 0.1 mM
EDTA, pH 7.4) supplemented with 2 mM Ca2+ as reported by Herrig et al. could not
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be reproduced [155]. No conclusive reason for the observed differences between our
experiments and those of Herrig et al. was found.
Carvalho et al. showed that Ca2+ concentrations of 30 µM can induce clustering of
PIP2 in giant unilamellar vesicles [200]. Clustering of PIP2 lipids in the vesicles could
be a reason for the impeded SLB formation in presence of Ca2+ and this hypothesis was
tested by attempting SLB formation in TBS without Ca2+ which resulted in formation of
SLB as shown above. All further experiments were performed without addition of Ca2+ to
the buffer. For further use of the SLBs to perform protein-lipid interaction studies it is an
advantage to have a SLB platform that can be established in a Ca2+ free environment since
some protein domains have Ca2+ binding sites that induce conformational changes. With
the protocol developed here the buffer can always be exchanged for a Ca2+ containing
one once the SLB is established on the sensor surface if a Ca2+ containing environment
is desired.

∆f (Hz)

∆D (10¯⁶)

time (min)

Figure 10.6: Adsorption of  1% PIP2 (POPC: PIP2 [99:1]),
5% PIP2 (POPC: PIP2 [95:5])
and 4 10% PIP2 (POPC: PIP2 [90:10]) POPC vesicles on SiO2 coated QCM-D crystals in
TBS supplemented with 2 mM Ca2+ . ∆D, (open symbols) and ∆ f (filled symbols), of the fifth
overtone are presented. For illustration of successful SLB formation a curve of ♦ POPC (pure)
vesicles in TBS has been added showing the corresponding frequency and dissipation shifts for
this well-established reference system.
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Conclusion

In summary, we have successfully established protocols for the production of negatively
charged POPC SLBs on SiO2 surfaces by vesicle fusion, incorporating physiologically
relevant fractions of PIP2 (up to 10 wt% PIP2) and PIP3 (up to 1 wt%) in TBS buffer in
the absence of calcium. Higher concentrations of PIP3 did not result in complete SLB
formation and even prevented significant liposome adsorption. We could for the first time
verify by XPS analysis that the molar ratio of POPC to PIP2 in the SLBs scaled consistently with the molar ratio used for liposome extrusion. The content of incorporated
phosphoinositides into the POPC liposomes affected SLB formation kinetics in terms
of longer adsorption times and a higher surface coverage needed for vesicles containing higher PIP2 content. The same was true for the mobility of the lipid species in the
SLBs (reduced mobility for phosphoinositides compared to the POPC moieties). It was
concluded that a higher fraction of PIP2 mainly increased the barrier to liposome fusion.
Liposomes incorporating PIP3 resulted in lower adsorbed mass on the substrate surfaces
and therefore reduced SLB formation. Despite the low maximum concentration of 1%
PIP3 that could be incorporated into SLBs this is still a physiological relevant amount to
study protein binding as PIP3 also has a low abundance in biological membranes.
The diffusion coefficients found for PIP2 were in the same range as those previously
reported. However, it is important to note that the detected low mobility of the phosphoinositides in the SLBs detected by FRAP experiments can affect protein-lipid interaction
studies; the mobile fraction of the incorporated phosphoinositides might be altered compared to native cell membranes and therefore special attention has to be paid in cases
where mobility might play a role, e.g. for multivalent interactions or for determining
maximum packing densities. With this platform the composition of the membrane mimicking surface as well as the buffer environment for the interaction studies with proteins
can be precisely tailored and applied to a range of silica based measurement techniques
such as QCM-D, scanning probe techniques and waveguide spectroscopy (including DPI),
as will be described in the next chapter.

CHAPTER

11

Interaction Studies of PLCδ 1 PH Domain with
PIP2 Containing SLBs

Lipids have been shown to also have very specific roles in signal transduction. Protein domains as e.g. the pleckstrin homology (PH) domains have been identified as specifically
binding to lipids and participating in signal transduction at the membrane (also section
7.2.1). Interaction studies with the well characterized PH domain of rat phospholipase
C1 (PH-PLCδ 1) which is known for specific binding to PIP2 (section 7.2.1) were performed (section 7.2.2). Figure 11.1 shows a model of the PH-PLCδ 1 binding to a PIP2
lipid [246]. In this chapter the potential of the phosphoinositide SLB platform presented
in chapter 10 is explored as a tool to investigate protein-lipid interactions. The interaction
was monitored by dual polarization interferometry (DPI) which allows for greater sensitivity in detection of low molecular weight molecules than other techniques as e.g. the
QCM-D or optical waveguide lightmode spectroscopy (OWLS). In addition to the higher
sensitivity changes in the lipid layer such as membrane insertion of proteins can also be
probed by DPI as shown by Mashagi et al. and Swann et al. [55, 61].
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Figure 11.1: Simulated PH-PLCδ 1 binding to PIP2 (purple). The protein domain interacts with the negatively charged lipid head group through 8 basic amino acid residue in the loop regions (arrows) between
the β -sheets forming the core structure (model adapted from [246]).

11.1

Specific interaction of PLCδ 1 PH domain with PIP2

11.1.1

SLB formation on the DPI waveguide

Figure 11.2 a shows a typical time evolution of the TE phase shift in radians (corresponding to molecule adsorption on the chip, see section 9.4.6) upon injection of the PIP2
containing POPC vesicle suspension and subsequent exposure of the resulting SLB to the
protein domain. After chip calibration a baseline is recorded. At time point A, injection
of the lipid vesicles (with 7 mol% incorporated PIP2) starts and an increase in radians is
observed due to adsorbed molecules (and therefore optical path length difference) on the
SiO2 chip surface. After a sufficient vesicle density is reached on the chip surface the
vesicles start to rupture and fuse (incline along time point B) to form a laterally mobile
planar bilayer (time point C) [143]. Excess lipid material is removed by subsequent rinsing. The adsorbed mass of lipids per square centimeter was calculated [55] as control for
SLB formation and found to be 441±46 (ng/cm2 ) for 7 mol% PIP2, 498±56 (ng/cm2 ) for
3.5 mol% PIP2, 414±66 (ng/cm2 ) for 0.7 mol% PIP2 and 494±29 (ng/cm2 ) for POPC
using (dn/dc)lipid =0.135 (cm3 /g) and an assumed SLB thickness of 4.7 nm. Some variability from partial SLB formation when PIP2 is mixed in could be a possible explanation
for the larger error bars obtained for the mass of SLBs incorporating PIP2 compared to
pure POPC SLBs.
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Figure 11.2: Phase changes (correlating to adsorbed mass on the chip) measured by DPI for the formation
of an SLB via vesicle fusion and subsequent peptide interaction. a Typical time evolution of SLB formation
followed by PH-PLCδ 1 exposure in a DPI experiment. 7% PIP2 containing lipid vesicles are injected (A)
and adsorb on the SiO2 chip surface, start to rupture and fuse (along incline B) to form a SLB (C). After
rinsing with buffer PH-PLCδ 1 is injected (D) over 34 min at constant flow (5 µl/min). At the end of the
protein adsorption (E) buffer is injected again. Analysis of PH-PLCδ 1 mass adsorption was done at the
peak value (1) and before buffer rinse (2). b Adsorption of 2 µM PH-PLCδ 1 on 0.7%, 3.5% and 7% PIP2
SLBs and on POPC SLBs .  7% PIP2 (POPC: PIP2 [90:10]), N 3.5% PIP2 (POPC: PIP2 [95:5]),• 0.7%
PIP2 (POPC: PIP2 [99:1]), ? POPC. PH-PLCδ 1 (2 µM in TBS) was injected with 5 µL/min for 34 min
over the SLB surface. For PIP2 containing SLB a pronounced peak behavior shortly after injection start
(time point 1) with gradual decrease to a plateau value (time point 2) was detected.
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11.1.2

Increased PLCδ 1 PH domain concentration leads to more adsorption on PIP2 SLBs

Influence of protein domain bulk concentration on the adsorption was tested on POPC
SLBs containing 7% PIP2. High PIP2 concentration was selected, for ease and reliability of detection, and for presenting enough binding sites for formation of a dense protein
layer while still being in the physiologically relevant range of PIP2 in membranes [155].
Adsorption was tested with 0.5 µM, 1 µM and 2 µM PH-PLCδ 1. Figure 11.2 b shows
the time evolution of PH-PLCδ 1 adsorption onto PIP2 containing SLBs ( corresponds
to 7% PIP2). After injection (D, figure 11.2 a) the adsorption reaches a maximum (1,
figure 11.2 a and b) followed by a gradual decrease to a plateau value (2, figure 11.2 a
and b) before buffer rinsing (E, figure 11.2 a). This behavior was found at all investigated
concentrations as well as to a much smaller extent in the POPC control experiment (figure 11.2 b). Since the peak in adsorption is a transient event, the plateau values observed
for the adsorption of PH-PLCδ 1 were assumed to best reflect the equilibrium binding of
the protein domain to the SLBs and were therefore used in further analysis of the kinetic
curve. The end value for 2 µM PH-PLCδ 1 adsorption on 7% PIP2 was used as well
despite that the equilibrium adsorbed mass was not yet fully reached. The experimental
set up with the limited volume capacity of the injection loop for the DPI did not allow
for longer PH-PLCδ 1 interaction times. An extrapolation of the desorption curve to an
equilibrium value was considered, but with an unknown functional dependence of the
desorption curve it was decided that the last recorded value would be a better approximation. However, as a result the Ka value for 2 µM PH-PLCδ 1 adsorption on 7% PIP2 was
slightly overestimated.
Affinity constants were calculated using the Langmuir isotherm for adsorption kinetics:
m=

mmax · K · c
,
1+K ·c

(11.1)

where m is the adsorbed PH-PLCδ 1 mass [ng/cm2 ], mmax is the PH-PLCδ 1 mass for
maximal surface coverage [ng/cm2 ] and c is the concentration of PH-PLCδ 1 in solution
[mM].
As expected, the adsorbed mass increased with increasing PH-PLCδ 1 concentration
(tables 11.1 and 11.2). The maximum surface coverage for a monolayer with PH-PLCδ 1
was calculated assuming hexagonal close packing of the PH-PLCδ 1 with an average domain diameter of 30 Å [246] and found to be 208.7 ng/cm2 . This latter value lies above
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the calculated adsorbed mass (172.2 ng/cm2 ) for saturation of 1:1 binding of the domain
[221] on 7% PIP2 SLBs. Therefore the theoretical mass for total binding saturation of
the calculated amount of PIP2 in the respective SLB (7% PIP2: 11.3 pmol/cm2 ; 3.5%
PIP2: 5.6 pmol/cm2 ; 1% PIP2: 1.1 pmol/cm2 ) was used for estimating mmax in the affinity constant calculations for all tested SLB compositions. Thus, the affinity constants are
based on the assumption of full accessibility and optimal distribution of half of the PIP2
lipid binding sites in the lipid bilayer on the time scale of the experiments. We point
out that a lower number of accessible binding sites, e.g. at high concentration of PIP2,
through asymmetric distribution of PIP2 between the lipid leaflets or steric blocking of
neighboring, non-diffusing PIP2 will lead to an underestimated Ka with our model assumptions. The complete set of calculations also assuming body centered cubic packing
of the domain can be found in Appendix C (table A.1 - A.4).
Table 11.1: PH-PLCδ 1 adsorption at increasing concentration on 7% PIP2 containing POPC SLBs measured with the DPI technique. The adsorbed mass on the lipid bilayer increases with rising protein concentration. The adsorption peak corresponds to time point 1, adsorption plateau corresponds to time point
2 (used for Ka calculations) and the value after rinsing corresponds to time point E in figure 11.2. The
calculated (theoretical) maximal mass given is based on the assumption of a 1:1 binding of PH-PLCδ 1 to
the incorporated PIP2 head groups in the SLBs.

PHPLCδ 1
[µM]

mmax
[ng/cm2 ]

m peak
[ng/cm2 ]

m plateau
[ng/cm2 ]

ma f ter rinse
[ng/cm2 ]

Ka
[105 × M −1 ]

0.5 µM
1 µM
2 µM

172.2
172.2
172.2

14.4±2.7
31.4±7.2
82.0±1.9

11.2±0.6
22.9±4.3
27.1±9.5

9.9±0.5
18.1±1.4
16.2±3.2

1.4±0.1
1.5±0.3
0.9±0.4

Table 11.2: PH-PLCδ 1 adsorption at increasing concentration on 7% PIP2 containing POPC SLBs. nPIP2
is the number of moles per unit surface area of PIP2 in a 7%PIP2 SLB calculated with the same assumptions
as in table 11.1. n peak , n plateau and na f ter rinse are the adsorbed amounts of PH-PLCδ 1 measured by DPI at
the corresponding time points.

PHPLCδ 1
[µM]

nPIP2
[pmol/cm2 ]

n peak
[pmol/cm2 ]

n plateau
[pmol/cm2 ]

na f ter rinse
[pmol/cm2 ]

0.5 µM
1 µM
2 µM

11.3
11.3
11.3

0.1±0.2
2.1±0.5
5.4±0.1

0.73±0.04
1.5±0.3
1.8±0.6

0.65±0.03
1.2±0.1
1.1±0.2
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To test the influence of variations in the PIP2 concentration on the membrane adsorption of PH-PLCδ 1, POPC SLBs containing 0.7 %, 3.5 % and 7 % of PIP2 were assembled
on the DPI sensor chips and exposed to 2 µM PH-PLCδ 1. The PH-PLCδ 1 domain was
injected (D, figure 11.2 a) into the flow chamber to interact with the SLB surface. Figure 11.2 b shows the time evolution of 2 µM PH-PLCδ 1 adsorption onto three different
bilayer compositions (• 0.7 % PIP2, N 3.5 % PIP2 and  7 % PIP2). With increasing
PIP2 fractions in the SLB, higher adsorbed protein mass values were detected. For higher
PIP2 fractions in the SLBs (3.5 % and 7 %) the initial amount of adsorbed protein domain
and the subsequent decrease was more pronounced than for SLBs with 0.7 % PIP2 lipids
where the 1:1 binding saturation was reached at the peak in adsorption (table 11.3).
Table 11.3: 2 µM PH-PLCδ 1 adsorbed on SLB with increasing PIP2 content. nPIP2 is the number of PIP2
in the respective SLBs calculated with the same assumptions as in table 11.1. n peak , n plateau and na f ter rinse
are the adsorbed amounts of PH-PLCδ 1 measured by DPI at the corresponding time points.

% PIP2

nPIP2
[pmol/cm2 ]

n peak
[pmol/cm2 ]

n plateau
[pmol/cm2 ]

na f ter rinse
[pmol/cm2 ]

0.7%
3.5%
7%

1.1
5.6
11.3

1.1±0.1
3.4±0.3
5.4±0.1

0.48±0.04
1.5±0.3
1.8±0.6

0.14±0.05
0.7±0.4
1.1±0.2

Affinity constants were as well calculated for the plateau values (2) using the Langmuir isotherm model and assuming hexagonal close packing of the PH-PLCδ 1 (table
11.4). The calculated affinity constants are in the range of previously reported affinity
constants that have been obtained with different methods with which detailed binding kinetics as for DPI could not be recorded. Our calculated affinity constants are close to
those obtained for whole PH-PLCδ 1 binding to large unilamellar vesicles (LUV) with
2% PIP2 incorporated (Ka =4 ± 2 x 105 M−1 , Hummel-Dreyer filtration technique and
centrifugation assay with sucrose loaded LUVs) by Rebecchi et al. and similar to the Kd
of PH-PLCδ 1 and PIP2 obtained by isothermal titration calorimetry (ITC) by Lemmon
et al. [202, 221]. The ITC was performed at 25◦ C in MBS (50 mM MOPS, 100 mM
NaCl, pH 6.8) by injecting PH-PLCδ 1 (120 µM) aliquots to a sonicated vesicle suspension of DMPC with 5% PIP2 present (Kd =1.7 µM measured gives Ka =0.6 x 105 M−1 )
[221]. Our measurements demonstrated a clear decrease in the affinity constant with increasing PIP2 concentration in the SLBs. This trend towards lower affinity constants for
higher incorporated PIP2 in the SLBs can also be observed by comparing the two literature values for 2% PIP2 and 5% PIP2 (obtained with different techniques) reported
above. The difference observed in DPI measurements between the peak and the plateau
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value in adsorption increases with increasing PIP2 concentration in the SLBs. Two tentative explanations for this behavior can be formulated. First, with increasing amount of
PIP2 in the SLBs the difference increases between adsorbed mass (plateau value) and the
maximum calculated possible surface coverage. Assuming PH-PLCδ 1 domain clusters
in solution larger spacing between the PIP2 head groups for lower incorporated fractions,
would allow for aggregated peptide domains being adsorbed to the SLB whereas with
higher PIP2 in the SLB these domains would to a larger degree be expelled due to steric
repulsion. The possibility of binding of peptide multimers to the PIP2 containing SLB
is further discussed in the analysis of the detailed binding kinetics in section 11.3. The
second possible scenario would be PIP2 sequestering during binding of the PH-PLCδ 1
to the SLB surface. Although, no clustering has been reported for PH-PLCδ 1 adsorption
and no ordered domain formation of PIP2 was found in membranes [155, 247, 248, 249]
(section 11.3 for details) accumulation of some PIP2 in vicinity of the adsorbed peptide
domain could mask them for interaction with PH-PLCδ 1 and thus depress the calculated
affinity constants, since the maximum number of binding sites would not be correctly estimated. In chapter 10 a high fraction of immobile PIP2 was furthermore observed. With
increasing PIP2 fraction it is statistically more likely that an immobile PIP2 would be in
the vicinity of an already occupied PIP2 binding site and thus more likely to be entirely
blocked or close enough to lead to steric repulsion of co-adsorbed aggregated PH-PLCδ 1.
In either case the apparent Ka would decrease with increasing PIP2 content and the observation should lead to caution about the interpretation of affinity constants obtained when
single-reaction processes might not be observed or when a mixture of mobile and immobile binding sites might be present. We stress that this is likely to be true also in native
systems.

Table 11.4: Affinity constants for 2 µM PH-PLCδ 1 adsorbed on SLBs with increasing PIP2 content. The
affinity constant Ka was calculated using the plateau value (time point 2 in figure 11.2).

% PIP2

mmax
[ng/cm2 ]

m peak
[ng/cm2 ]

m plateau
[ng/cm2 ]

ma f ter rinse
[ng/cm2 ]

Ka
[105 × M −1 ]

0.7%
3.5%
7%

17.2
86.1
172.1

16.8±1.7
52.0±4.0
82.0±1.9

7.4±0.7
22.8±4.5
27.1±9.5

2.1±0.7
10.0 ±6.1
16.2±3.2

3.7±0.6
1.8±0.5
0.9±0.4
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11.2

Unspecific adsorption of PH-PLCδ 1 to SLB with incorporated PS

The possibility was considered that adsorption of PH-PLCδ 1 to a PIP2 containing supported lipid bilayer can be explained by non-specific electrostatic interactions, since the
high negative charge of PIP2 is likely to attract the positively charged loops of the PHPLCδ 1 (figure 11.3).

Lys Arg

Arg
Lys
Ser
Lys

Ser
Arg

Figure 11.3: Left: 3D structure of PH-PLCδ 1 with highlighted hydrophobic (red) and hydrophilic (blue) regions binding the second messenger IP3 (free head group of PIP2). Right:
Basic residues in the variable loops of the PIP2 binding pocket of PH-PLCδ interacting with the
free IP3 ligand (adapted from [246]).

To investigate the degree of specificity of the adsorption, SLBs doped with anionic PS
were formed to obtain a similar average membrane surface charge as in a PIP2 containing
SLB. At pH 7.4 PS carries a net charge of -1 [250]. 25 % PS were incorporated into
POPC lipid vesicles to mimic the same surface charge as in 7% PIP2 vesicles assuming
-3.5 negative charges per PIP2 molecules at pH 7.4 [250, 251]. The distribution of both
negatively charged lipids (PIP2 and PS) between the SLB leaflets is not thought to be
strongly affected by the negative surface potential of the silicon oxide substrate as Rossetti
et al. have shown by FRAP experiments for PS on SiO2 [157], probably as a consequence
of strong screening in the high ionic strength buffer.
Much lower PH-PLCδ 1 adsorption was found on the PS containing SLBs (peak:
12.1±1.0 ng/cm2 , plateau: 12.2±1.0 ng/cm2 ) compared to the 7% PIP2 containing SLBs
(peak: 82.0±1.9 ng/cm2 , plateau: 27.1±9.5 ng/cm2 ) carrying the same negative surface
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charge (figure 11.4). Although the adsorption on 25% PS was higher when compared to
the pure POPC control (peak: 4.4±1.7 ng/cm2 , plateau: 2.9±2.1 ng/cm2 ) (figure 11.4 A),
the values were closer to 0.7% PIP2, which indicates only weak electrostatic association
of the PH-PLCδ 1 with the negatively charged PS SLB surface. The adsorption on the
similarly charged bilayers with PIP2 incorporated goes through a pronounced initial peak
in adsorbed mass (82.0 ng/cm2 triangles, figure 11.4 B) which after desorption reaches
a plateau value (27.1 ng/cm2 dots, figure 11.4 B). In contrast, this pronounced peak is
missing and the initial and final adsorbed mass are similar for bilayers lacking PIP2 (figure
11.4 A).
The observed higher adsorption of PH-PLCδ 1 to PIP2 SLBs (compared to PC/PS
SPBs) is in good agreement with the documented specific binding of PH-PLCδ 1 to IP3
(IP3 has the same phosphorylation pattern as the PIP2 head group) measured by spincolumn competition assay and additional isothermal titration calorimetry measurements
(ITC) with PIP2 and PH-PLCδ as well as Hummel and Dreyer equilibrium gel-filtration
experiments with PIP2 containing vesicles and PH-PLCδ by Lemmon et al. [221].
Rebecchi et al. also reported only weak binding of full PLCδ 1 protein to LUVs incorporation PS (POPC:PS [2:1], partition constant K=0.4 µm) whereas 2% PIP2 in POPC enhanced binding (K=18 µm) measured by centrifugation experiments with sucrose-loaded
LUV’s as well as with Hummel and Dreyer type measurements yielding similar results.
The partition constants were calculated for PLCδ 1 binding to a vesicle surface (moles of
bound PLCδ 1 per unit surface area of a vesicle assuming 0.7 nm2 as area per lipid). Rebecchi et al. also reported that vesicles containing PS (POPC:PS [2:1]) and additionally
2% PIP2 showed the highest partition constant (K= 62 µm) [202]. As a possible explanation they discuss increased electrostatic accumulation of the PLCδ 1 at the vesicle surface
due to increased negative surface potential produced by PS and binding of PLCδ 1 to both
PS and PIP2, in the vesicles [202].
Importantly, in addition to the difference in affinity (equilibrium adsorbed amount of
peptide) we also observe qualitatively different adsorption kinetics for the stronger binding to PIP2 than for the weaker binding to PS. The difference observed in the adsorption
kinetics with no pronounced change in adsorbed mass for 25% PS SLBs in contrast to
high adsorption with subsequent mass loss for 7% PIP2 is also compatible with the view
of initial electrostatic attraction and later specific adsorption of the PIP2 on the 7% PIP2
SLBs and only electrostatic association of the domain on the PS SLBs. The origin of
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Figure 11.4: Adsorbed mass of PH-PLCδ measured with DPI on POPC SLBs incorporating
different fractions of anionic lipids (PIP2, PS) to determine the binding specificity of the peptide
domain. A. Adsorption of 2 µM PH-PLCδ 1 on 25% PS (M). For comparison 7% PIP2 (),
0.7% PIP2 (•) and POPC (?) are displayed as well. PH-PLCδ 1 (2 µM in TBS) was injected with
5 µL/min for 34 min onto the SLB surface. The pronounced peak in adsorption is only observed
for PIP2 containing SLBs. B. 2µM PH-PLCδ adsorbed on bilayers mimicking different surface
charge densities. Triangles correspond to the peak of adsorption and circles to the plateau values
of adsorption before rinsing. With increasing PIP2 lipid concentration in the SLB increasing
mass adsorption of the protein domain was detected. SLBs with 25 mol% PS have the same
surface charge as 7 mol% PIP2 SLBs (average charge for the PIP2 head group at pH 7.4 is -3.5).
The adsorbed mass difference is interpreted as specific binding of the protein domain to the PIP2
head group in contrast to non-specific electrostatic association with PS containing membranes.
Adsorption of 1µM PLCδ 1 on a bare SiO2 DPI waveguide leads to a peak value of 9.82 ± 2.98
ng/cm2 and a plateau value of 3.90 ± 0.10 ng/cm2 .
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the apparent observed mass loss after initial PLCδ 1 adsorption to the equilibrium bound
mass on PIP2 containing SLBs will be further addressed in the following section.

11.3

Kinetics of PH-PLCδ 1 interaction with PIP2

The observed kinetics of PH-PLCδ 1 adsorption to the PIP2 SLBs (11.2 b) indicate a mass
loss of initially bound peptide . However, since the DPI phase shifts measure the average
adsorbed mass per unit area without direct chemical information about the origin of a decrease in average mass several scenarios can be used to describe such a process depending
on the system under investigation. Thus the decrease in apparent adsorbed peptide mass
could have several different origins as illustrated in figure 11.5. Four hypotheses can be
formulated to explain this observation: (i) Mass loss by removal of the PH-PLCd1 and its
PIP2 interaction partner from the SLB caused e.g. by the shear flow (figure 11.5 A), (ii)
insertion of the PH-PLCδ 1 into the SLBs (figure 11.5 B), (iii) PIP2 clustering during PHPLCδ 1 adsorption to force desorption of peptide (figure 11.5 C) and (iv) mass loss due
to desorption of initially weakly bound PH-PLCδ 1 e.g. from adsorbed peptide multimers
(figure 11.5 D). In this section these scenarios are addressed in detail.

A

B
supported
lipid bilayer

(sensor) substrate

C

D

Figure 11.5: Models for PH-PLCδ 1 (green) adsorption on PIP2 (outlined with red phosphate groups) in
POPC (black head group) SLBs. A Mass loss by rip out of the PIP2 lipid from the SLB. B Insertion of the
PH-PLCδ 1 into the SLBs. C PIP2 clustering during PH-PLCδ 1 adsorption forces desorption of peptide. D
Desorption of initially bound PH-PLCδ 1 multimers.
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Figure 11.6: Phase changes (correlating to adsorbed mass on the chip) measured by DPI for two subsequent
peptide adsorptions on an SLB. 2 µM PH-PLCδ 1 were injected (A) over a 7% PIP2 SLB and subsequently
rinsed with TBS (B, plateau: 14.8 ng/cm2 , irreversible bound fraction after rinsing (1): 9.2 ng/cm2 ). A
second injection of 2 µM PH-PLCδ 1 (C) resulted in further adsorption of the protein domain and a similar
adsorbed plateau mass (D, plateau: 14.5 ng/cm2 , irreversible bound fraction after rinsing (2): 13.8 ng/cm2 ).

To investigate wether the same number of lipid head group binding sites in the SLB
is preserved after interaction with PH-PLCδ 1, repeated injections to the same SLB with
an intermediate buffer rinsing step were performed (figure 11.6). The first injection of
2 µM PH-PLCδ 1 yielded 14.4 ng/cm2 adsorption for the plateau value. The SLB was
subsequently rinsed with TBS and kept for 30 min under TBS buffer flow. An irreversible
bound fraction remained on the SLB after buffer rinsing (figure 11.6, time point 1, 9.2
ng/cm2 ). Subsequent injection of 2 µM PH-PLCδ 1 lead to a plateau value of additionally
14.4 ng/cm2 of peptide bound to free PIP2 in the SLB top monolayer. The irreversibly
bound fraction also increased to 13.8 ng/cm2 .
Repeated injections of the PH-PLCδ 1 to the same SLB thus did not lead to a significant reduction in the amount of equilibrium bound peptide for subsequent adsorptions,
which indicates an equal number of accessible PIP2 binding sites in the SLB and demonstrates that PH-PLCδ 1 binding and rinsing did not remove PIP2 from the SLB. The slight
reduction in additional adsorption for the second injection is readily explained by the
blocked binding sites of the irreversibly bound peptide fraction as previously reported by
Reimhult et al. [141]. According to this model a 2.7% (=9.2 ng/cm2 /(2· 172.1 ng/cm2 ))
loss of binding sites is expected, leading to a proportional decrease in additional adsorbed
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mass for the second injection according to the Langmuir model. Similar results were
obtained in repeated experiments.

phase change [radians]

Insertion of PLCδ 1 PH domain

B

Figure 11.7: Phase changes measured by DPI for formation of a tethered vesicle array and
subsequent peptide interaction. 2µM PH-PLCδ 1 adsorbed on 7% PIP2 DNA tethered vesicles.
After recording of the baseline in TBS NeutrAvidin/biotin-ssDNA solution was injected (A) and
subsequently rinsed. Then cholesterol-dsDNA tagged 7% PIP2 vesicles (55.08±0.91 nm) were
injected (B) and the vesicles were tethered to surface bound Biotin-ssDNA by hybridization of
the complementary DNA strands (the cholesterol DNA tag has one long and one short strand
with an overlapping complementary part attached to two cholesterol moieties on one end and on
the other a complementary sequence to the single strand attached to the Biotin-ssDNA on the
substrate surface). After rinsing with TBS 2 µM PLCδ 1 were injected (C) and after 30 min of
adsorption the system was rinsed with TBS (D).

A possible second scenario for the apparent mass loss after the initial adsorption of
PLCδ 1 onto PIP2 containing SLBs is that hydrophobic moieties of the peptide insert into
the hydrophobic membrane core and thus expand the membrane outside the sensing area
resulting in a lowering in the mass per area unit measured by the DPI and corresponding
changes in layer properties. Such membrane expansion outside the sensing region is not
possible if the adsorption experiment is performed on tethered liposomes and a similar behavior will have to be attributed to actual (peptide) mass loss from the membrane. Figure
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11.7 shows the DPI response obtained for tethering DNA tagged vesicles to the chip surface with the method developed by Höök and co-workers [252], followed by PH-PLCδ 1
adsorption (see section 9.4.6 for details). First a NeutrAvidin/biotin-ssDNA solution was
injected (A) and subsequently rinsed with TBS. The NeutrAvidin/biotin moiety tethers
the DNA strands to the chip surface. Next cholesterol-dsDNA tagged 7% PIP2 vesicles
(55.1±0.9 nm in diameter) with an extending free ssDNA complementary to the surfaceimmobilized strand were injected (B) and the vesicles were attached to the surface bound
NeutrAvidin/biotin-ssDNA by hybridization of the complementary DNA strands. After
rinsing with TBS, 2 µM PH-PLCδ 1 were injected (C) and after 30 min of adsorption the
system was rinsed with TBS (D). Control experiments with adsorption of 2 µM PLCδ 1
on 7% PIP2 tethered vesicles gave peak values of 83.0±3.1 ng/cm2 and plateau values of
24.1±5.5 ng/cm2 (figure 11.7), and thus very similar kinetics compared to the adsorption
of the peptide to 7% PIP2 SLBs (peak: 82.0±1.9 ng/cm2 and plateau: 27.1±9.5 ng/cm2 ).
The almost identical kinetics observed for tethered liposomes and SLBs demonstrates
that peptide insertion into the SLB cannot account for the large relative transient mass
loss recorded by DPI during PH-PLCδ 1 interaction with PIP SLBs.

Clustering of PIP2
If clustering occurs during the investigated PH-PLCd1-PIP2 interaction phase it is conceivable that weakly adhering peptide is expelled by several PIP2 instead clustering to
strongly bound PIP2-peptide pairs. Clustering of PIP2 in membranes has repeatedly been
discussed in literature but as van Rheenen et al. showed by electron microscopy and fluorescence energy transfer (FRET) measurements PIP2 is homogeneously distributed along
the plasma membrane [247]. Furthermore Fernandes et al. showed by FRET measurements that PIP2 does not form domains when it is in a fluid PC membrane in the pH
range of 4.8 - 8.4 and Herrig et al. demonstrated by AFM that PIP2 is distributed uniformly in POPC SLBs [155, 248]. There is evidence that basic peptides can reorganize
and sequester polyvalent acidic lipids such as PIP2 in membranes [160, 201, 253, 254].
However, Gokhale et al. found no clustering of PIP2 in giant unilamellar vesicles (GUVs)
upon interaction with PH-PLCδ 1 by fluorescence microscopy measurements [249]. Although most of these observations can be said to rule out clustering of PIP2 into raft-like
structures, they do not necessarily rule out formation of smaller aggregates beyond the
resolution of the used techniques, it is not likely that smaller aggregates are formed. The
FRET assays employed by Fernandes et al. should detect also such clusters and interac-
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tions of multiple PIP2 to one PH-PLCδ 1 should be weaker than for each PIP2 to bind
to its own interaction partner. PIP2 aggregation leading to expulsion of peptide from the
SLB interface is thus not a likely scenario to explain the observed transient mass adsorption and excess mass desorption.

Desorption of PH-PLCd1 multimers
The observed unusual adsorption kinetics, the peak in PH-PLCδ 1 mass adsorption, is
almost exclusively observed for specific interactions with PIP2 containing SLBs (in contrast to peptide adsorption on PS SLBs). Possible scenarios to explain this behavior, the
desorption of PIP2 lipids with PH-PLCδ 1 from the SLB over the time of the adsorption
or insertion of the protein domain into the SLB were addressed above. Loss of PIP2 from
the SLB was ruled out by repeated injections of the PH-PLCδ 1, which led to additional
adsorption of comparable amounts of peptide as for the first adsorption. This demonstrates insignificant loss of binding sites, which leads to the conclusion that the amount
of PIP2 in the SLB stayed the same also after complete peptide desorption. Insertion of
the PH-PLCδ 1 into the SLB was also rejected by the DNA tethered vesicle experiment,
where the same adsorption kinetics was observed as for an SLB of the same composition.
The most probable explanation for the observed kinetics is therefore actual mass loss
due to desorption of weakly bound peptide. It is possible that the PH-PLCδ 1 clusters
in bulk solution and that after initial weak electrostatic association with the membrane,
loosely bound peptide is expelled upon stronger specific binding of the PH-PLCδ 1 to the
PIP2 head groups. Weak association of peptides containing hydrophobic residue patches
are often observed.
Table 11.5: Birefringence (BF) values for different adsorption models. The adsorption of the PH-PLCδ 1
was modeled assuming an adlayer of 3 nm for the protein domain (BFPH -PLCδ 1 ) and once neglecting the
contribution to the layer thickness from the PH domain (BFSLB+(PH−PLCδ 1) - BFSLB ) using the same overall
layer thickness of 4.7 nm (as for the SLB).

% PIP2 in SLB

BFPH -PLCδ 1

BFSLB+(PH -PLCδ 1) -BFSLB

0.7%

-0.0001±0.0002

0.0005±0.0004

3.5%

-0.0010±0.0008

0.0020±0.0010

7%

-0.0007±0.0002

0.0035±0.0023
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DPI can be used to in detail probe the layer structure of adsorbed biomolecule films
and in particular reorientation of optically anisotropic molecules such as lipids in a well
defined layer [55]. It can thus be used to compare whether PH-PLCδ 1 is likely to penetrate into the SLB or PIP2 lipid loss from the SLB which both should lead to observed
changes in the SLB structure (optical birefringence), or if the peptide is likely to adsorb
on top of the SLB as predicted for the desorption of excess peptide from the surface scenarios described above. Using such modeling of the DPI data and analysis of the obtained
birefringence (BF) values (table 11.5)was shown to the adsorbed PH-PLCδ 1 to mainly
reside on top of the membrane. The birefringence was first calculated for the SLB in
each experiment (BFSLB =0.0149±0.0055) with the method described by Mashaghi et
al. [55] (see section 9.4.6). The modeling of the adsorbed PH-PLCδ 1 was performed
in two different ways. First it was assumed that the peptide adsorbed as a 3 nm thick
adlayer (corresponding to the approximated PH-PLCδ 1 dimension from the crystal structure [246]) on top of the SLB with the SLB unperturbed by the binding. The obtained
birefringence values (BFPH -PLCδ 1 , table 11.5, column 1), are in the range of -1×10−3 . A
peptide layer can be assumed to be isotropic and the slightly negative values thus indicate that either the thickness of the layer was overestimated, which could be due to low
coverage (only 20%) of the peptide domain with respect to the uniform peptide layer assumed by the model, or that the peptide binding causes an effective reduction in vertical
alignment of lipids and corresponding decrease in birefringence [55]. However, assuming
that the PH-PLCδ 1 inserts into the SLB leads to a model where a total layer thickness
of 4.7 nm as used for the SLB calculations is retained to calculate the birefringence. The
obtained value was used to calculate the change (BFSLB+(PH -PLCδ 1) - BFSLB ) in birefringence relative to the original SLB, which increased with increasing PIP2 concentration
in the SLB from 0.5 × 10−3 to 3.5 × 10−3 (table 11.5, column 2). Since insertion of
an optically isotropic peptide, which is shorter than the membrane thickness, is expected
to lower the birefringence, a concentration dependent increase is best interpreted as an
artifact from underestimation of the true layer thickness. Thus, finally assuming that an
optically isotropic peptide layer is adsorbed on top of the 7% PIP2 SLB yields an effective
thickness of the peptide of 1.40± 0.22 nm in the supposedly low density layer (plateau
value). Comparing the results from the modeling an isotropic peptide layer on top of
the SLB with a slight distortion of the lipid alignment or density seems to fit best (as a
combination of the first and the last approach would suggest). A significant amount of
lipid loss from the SLB by PIP2 removal by desorbing PH-PLCδ 1 would have led also to
a large reduction in birefringence as lipids in the SLB would assume a more disordered

11.4. D ISCUSSION

107

alignment due to the lower density. Thus, also the birefringence analysis supports the
adsorption of peptides on top of the SLB followed by desorption of only weakly adsorbed
peptide as the plausible interpretation of the unusual binding kinetics.

11.4

Discussion

Dual polarization interferometry (DPI) is an excellent technique for assessing bilayer
quality and therefore granting the same conditions for all protein adsorption experiments.
Protein adsorption on only partially formed SLBs lead to irreproducible and false results.
Therefore, evaluation of the quality of SLBs before protein adsorption by calculating
the adsorbed mass proved to be vital in our case since complete SLBs were not readily
formed in the DPI at all times in contrast to corresponding experiments performed with
the techniques QCM-D and FRAP. The higher surface roughness and the slightly different
underlying surface chemistry (SiOx Ny vs. SiO2 ) might explain this difference in reproducibility. SLB formation with vesicles produced via the described sonication protocol
(in section 9.4.1) led to better reproducibility than vesicles produced by extrusion through
100 nm size polycarbonate membranes (data not shown), possibly due to less multilamellar vesicles in the sonicated solutions as observed by less turbid solutions for the sonicated
vesicles.
DPI allowed for studying the kinetics of the peptide domain binding to the SLB in
great detail. In contrast to QCM-D, DPI does not only allow for higher sensitivity in
detection of adsorbed mass but mass is also measured without coupled water making
affinity analysis possible [141, 255]. DPI, in contrast to other waveguide techniques that
are commercially available as e.g. OWLS, has been shown to be sensitive enough to detect
changes in SLB structure and thus enables to probe strong and weak binding or insertion
into the SLB by analysis of lipid orientation [55, 61]. In addition to binding specificity
and affinity constants important information on the kinetics of peptide binding was gained
due to the high sensitivity (few ng/cm2 ) granted by this method.
Without the possibility to observe the characteristic maximum in the adsorption of
PH-PLCδ 1 to the PIP2 platform followed by slow desorption, insufficient insight into
the mechanistic aspect of this important biomolecular interaction would have been gained
and wrong conclusions been drawn. Affinity constants determined with techniques that
are not sensitive enough to detect these variations might therefore not truly describe the
nature of such versatile interaction partners as proteins and lipids and in the worst case
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result in incorrect quantification from assuming incorrect equilibrium adsorbed mass. It
is noteworthy that the DPI not only made it possible for us to distinguish non-specific
electrostatic interaction with PS lipids from specific interaction with PIP2 lipids from the
adsorbed peptide mass, but also from the kinetics of adsorption. Another advantage of
using DPI is the possibility of studying these interactions in a label-free fashion as well
as the possibility of using the SLB platform that has been established for silica surfaces
on the QCM-D.

11.5

Conclusions

Using DPI to monitor SLB formation and protein adsorption allowed for detecting the
affinity and kinetics of protein domain binding to a lipid head group in a time-resolved
and label-free manner. Monitoring the detailed time evolution of the adsorption led to important information on the lipid-peptide interaction and allowed to select an optimal time
point for affinity analysis corresponding to the equilibrium bound PH-PLCδ 1 mass of the
adsorption. The obtained affinity constants (Ka =1-3.5 105 × M −1 ) scale with both PIP2
and peptide concentration [202, 221]. By using DPI a three phase binding process for the
PH-PLCδ 1 on SLBs was for the first time elucidated. The peak in adsorption was verified
as true mass loss of initially associated peptide upon specific binding to PIP2 by control
measurements excluding loss of PIP2 binding sites and peptide insertion into the SLBs as
possible causes. Applying a novel analysis of SLB birefringence changes to interaction
of peptides also resulted in a best fit with assuming a model where PH-PLCδ 1 adsorbs
on top of the SLB. Control measurements with SLBs of similar surface charge (with incorporated PS as anionic component) allowed to link this three phase adsorption process
to specific binding of the PH-PLCδ 1 to PIP2. However, despite reports documenting
no clustering of PIP2 in membranes and no cluster formation of PIP2 upon interaction
with PH-PLCδ 1 multivalent binding of the domain to the surface cannot be conclusively
dismissed and especially desorption of clustered peptide seems plausible from the new
type of kinetic analysis using SLBs. A decrease was observed for the affinity constants
calculated from the peptide mass adsorbed at equilibrium for increasing fractions of PIP2
in the SLBs. This may indicate a more complex interaction between peptide clusters and
lipids in the membrane which could mean that affinity constants calculated based on a
simple one-rate affinity constant analysis as the Langmuir model are not fully appropriate
for describing these interactions. However, a three-phase binding processes, the location
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of the peptide relative to the membrane and a clear kinetic and affinity discrimination of
PIP2 binding vs. non-specific electrostatic association to a similarly charged membrane
(qualitatively and quantitatively) could all be clearly demonstrated through the straight
forward use of an SLB functionalized DPI chip.

CHAPTER

12

Conclusions and Outlook

In this thesis two systems formed by biomimicking self-assembly were characterized in
detail. As the process of using self-assembly as an in vitro tool to generate precisely
engineered 3D structures is not new itself the focus was set on careful characterization of
the investigated assembly and final structures of the systems.
For the short amphiphilic peptide systems we found a common fiber-like structure for
the macromolecular assemblies but with significant differences in supramolecular structure (rods vs. ribbons) and secondary structure of the peptides upon changing the hydrophobic amino acid forming the tail. The originally chosen design parameter, i.e. helix
propensity, was found to be less relevant for the adopted supramolecular structures than
the presence or absence of a β -sheet hydrogen bonding pattern between the monomers
upon aggregation. This illustrates the need for model systems where systematic changes
of single parameters can be observed to help gain further understanding for the complex
process of secondary and tertiary structure formation of proteins and peptides observed in
vivo.
This field has gained increasing interest in recent years due to the discovery of diseases associated with protein misfolding and peptide fragment aggregation (e.g. Amyloidosis, Alzheimer’s disease and Creutzfeldt-Jakob disease). In this respect further investigations of these fiber and tape like peptide-based materials could cover interaction studies
with cell membrane mimics using the SLB platform presented in chapter 10. Thereby
it would be of great interest where and how the supramolecular aggregates interact with
the lipid bilayer as well as if the peptide amphiphile monomers themselves perturb the
SLB structure. For using such peptide aggregates as e.g. drug carriers cellular uptake and
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localization experiments with labeled amphiphilic peptide structures and labeled intracellular membranes could also help understanding how such artificial amino acid-based
materials are degraded or accumulated in cells.
Precisely known and tunable fractions of lipids that are subjected to high turnover
and concentration fluctuations in native cell membranes in vivo were incorporated into an
SLB platform. With this platform also other proteins (e.g. myelin basic protein (MBP),
RhoA (small GTPase)) could be studied in a stable environment for their interaction with
a phosphoinositide head group and a differentiated view on the adsorption kinetics can be
gained. In situ phosphorylation of the PIP2 head group by PI3K kinase to yield higher
amounts of incorporated PIP3 in the SLB would also be an interesting addition both in
terms of experimental performance in the DPI as well as to establish a SLB platform
with higher amounts of PIP3 than could be obtained via vesicle fusion. The characterized platform for phosphoinositide binding studies using surface sensitive analytical techniques enables real-time monitoring of detailed protein-lipid binding kinetics that goes
beyond traditional dissociation constant determination, and thus enables understanding
of complex regulatory mechanisms such as coincidence detection of protein domains and
multi-valent binding.

APPENDIX

A

Appendix

A.1

Appendix A

A.1.1

Peptide synthesis and purification

(As provided by Protein and Chemistry Facility, Institute of Biochemistry, University of
Lausanne)
All amino acid derivatives were obtained from Merck, Novabiochem (Läufelfingen
Switzerland) and other reagents from Fluka and Sigma Chemie (Buchs, Switzerland).
Peptide synthesis. The peptide was chemically synthesized using solid phase Fmoc chemistry on an Applied Biosystems 433 A Synthesizer. The peptide was prepared using the
Rink Amide MBHA Resin (Merck, Novabiochem, Switzerland). The synthesis was performed using a five-fold excess of Fmoc amino acid derivatives, DCCI and HOBt as
activating agents and a 60 min coupling time. Side chain protecting groups included: tbutyloxycarbonyl group for Lys. The peptide was deprotected and cleaved from the resin
by treatment with 2.5% H2O, 5% triethylsilan in TFA for 2h at room temperature. After
removal of the resin by filtration, the peptide was precipitated with tert-butyl methyl ether,
centrifuged and the pellet resuspended in 50% acetic acid/ H20 (v/v) and lyophilized. The
lyophilized material was then subjected to analytical HPLC and MALDI-TOF MS analysis. Peptide purification. Crude peptide was reconstituted in 5 ml 50% acetic acid in
H2O and low molecular weight contaminants were removed by gel filtration on Sephadex
G-25. The materials eluted in the void volume were lyophilized, reconstituted in 5 ml
50% acetic acid in H2O and subjected to RP-HPLC on a Vydac column (250 x 22 mm,
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10-15 µm). The column was eluted at a flow rate of 9 ml/min by a linear gradient of
0.1%TFA/acetonitrile on 0.1%TFA/H2O, rising within 60 min from 10% to 100%. The
optical density of the eluate was monitored at 220 or 280nm. Fractions were collected
and analyzed by mass spectrometry. Fractions containing the peptide of the expected
molecular weight were pooled and lyophilized. The purified material was then subjected
to MALDI-TOF MS and analytical HPLC on a C18 nucleosil column (250 x 4mm, 5
µm). The lyophilized peptide was dissolved in 50% acetic acid/ H20 (v/v) at a concentration of 1 mg/ml and 50 µl of this peptide solution was subjected to analytical HPLC
on a C18 nucleosil column (250 x 4mm, 5 µm). The column was eluted at 1ml/min
by a linear gradient of acetonitrile on 0.1%TFA/H2O, rising within 30 min from 0 to
100%. The detection was performed at 220 and 280 nm using a Waters 991 photodiode
array detector. Mass Spectrometry (as provided by Protein and Chemistry Facility, Institute of Biochemistry, University of Lausanne). Materials. α-cyano-4-hydroxycinnamic
acid was purchased from Sigma (Sigma Chemical Co., St. Louis, Mo, USA). High performance liquid chromatography (HPLC)-grade trifluoroacetic acid was purchased from
Fluka (Buchs, Switzerland), HPLC-grade H2O from Romil Ltd (Amman Technik SA,
Kölliken, Switzerland) and acetonitrile was purchased from Biosolve Ltd (Chemie Brunschwig, Basel). All other chemicals were of highest purity and were used without further
purification. MS analyses were performed using a Perseptive Biosystems MALDI-TOF
Voyager DE-RP Mass Spectrometer (Framingham, MA, USA) operated in the delayed
extraction and linear mode. The lyophilized peptide was dissolved in 50 acetic acid/ H20
(v/v) at a concentration of 1 mg/ml , mixed with the matrix (α-cyano-4-hydroxycinnamic
acid) at 1:20 (v/v) and was then subjected to analysis by MALDI-TOF.

A.1. A PPENDIX A

A.1.2

Analytical HPLC elution profiles and MS

A

B

Figure A.1: (A) MS of HPLC purified V6K2 (MW 910.2). (B) Analytical HPLC elution profile
of HPLC purified V6K2.
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Figure A.2: (A). MS of HPLC purified L6K2 (MW 994.4). B. Analytical HPLC elution profile
of HPLC purified L6K2.
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A

B

Figure A.3: A.MS of used fraction I6K2 (MW 994.4). B Analytical HPLC elution profile of
I6K2. Due to the hydrophobic nature of the peptide amphiphile it was impossible to isolate I6K2
with reverse phase HPLC. Since the MALDI-ToF of the gathered fraction shows the expected
mass peaks and no major impurities the authors are confident with the sample quality.
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A.2

Appendix B

A.2.1

Edman degradation analysis of PH-PLCδ 1

Figure A.4: Edman degradation analysis of purified PH-PLCδ 1 (Protein Analysis Group, fgcz,
Functional Genomic Center Zurich)

A.2. A PPENDIX B

A.2.2

Mass spectra of purified PH-PLCδ 1

Figure A.5: MALDI of purified PH-PLCδ (Protein Analysis Group, fgcz, Functional Genomic
Center Zurich) Matrix: sinapinc acid in 0.1% TFA, 50% acetonitrile, 1 µl sample mixed with 1
µl matrix, spotted on target. Fractions C10-12 and 61-64 were pooled and used for this study.

119

120

A. A PPENDIX

A.3

Appendix C

A.3.1

Affinity constant calculation for PH-PLCδ 1 - PIP2 interaction

Calculations for hexagonal closed packed structures as well as for body centered cubic
arrangements of the lipids are shown for sake of completeness. However, the constants
obtained by assuming hexagonally close packing are thought to describe the system best
and are used in the evaluation.

Table A.1: 2µM PH-PLCδ 1, hexagonal close-packed

% PIP2

mmax [ng/cm2 ]

mads [ng/cm2 ]

Ka

7%

172.2

27.1

9.3 104

3.5%

86.1

22.8

1.8 105

0.7%

17.2

7.4

3.7 105

Table A.2: 2µM PH-PLCδ 1, body centered cubic

% PIP2

mmax [ng/cm2 ]

mads [ng/cm2 ]

Ka

7%

158.2

27.1

1.03 105

3.5%

79.1

22.8

2.03 105

0.7%

15.8

7.4

4.34 105

Table A.3: 7% PIP2 SLBs, hexagonal close-packed

mmax [ng/cm2 ]

mads [ng/cm2 ]

Ka

0.5

172.2

11.2

1.39 105

1

172.2

22.9

1.54 105

2

172.2

27.1

9.32 104

PH-PLCδ 1
[µM]
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Table A.4: 7% PIP2 SLBs, body centered cubic

mmax [ng/cm2 ]

mads [ng/cm2 ]

Ka

0.5

158.2

11.2

1.52 105

1

158.2

22.9

1.69 105

2

158.2

27.1

1.03 105

PH-PLCδ 1
[µM]
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