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Introduction 

The processes localized to biological membranes are of great interest, both 
from a scientific and pharmaceutical point of view. Understanding aspects 
such as the detailed mechanism and regulation of these processes requires 
investigation of the structure and function of the membrane-bound proteins 
in which they take place. The study of these processes is often complicated 
by the need to create in vitro systems that mimic the environment in which 
these proteins are normally found in vivo. This thesis describes some of the 
methods available for membrane-protein studies in membrane-mimetic sys-
tems, as well as our work aimed at developing such systems. Furthermore, 
results from studies using these systems are described.  
 
In the first two studies, described in Papers I & II, we investigated the use of 
silica particle-supported lipid bilayers, both for membrane-protein studies 
and as possible drug-delivery vehicles. Successful reconstitution of a multi-
subunit proton-pump, cytochrome c oxidase is described and characterized. 
Initial attempts to develop drug-delivery systems with two different targeting 
peptides are also described in the thesis. 
 
The second part of this thesis revolves around our work with membrane-
protein dependent pathways. Results from studies of systems where the pro-
ton-pump bo3 oxidase and ATP synthase work in concert are described. The 
results show a surprising lipid-composition dependence for the coupled bo3-
ATP-synthase activity (Paper III). 
 
Finally, a new system utilizing synaptic vesicle-fusion proteins for co-
reconstitution of membrane proteins is described, showing successful co-
reconstitution of a small respiratory chain, delivery of soluble proteins to 
preformed liposomes and reconstitution of ATP synthase in native mem-
branes (Paper IV). 
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The biological membrane 

One of the prerequisites for life is the separation of the interior of a living 
organism from the outside world. Nevertheless, all organisms are to a greater 
or lesser extent dependent on communication with and transport of sub-
stances from their environment. In all cells, even those that have an outer 
cell wall, the final barrier between the outside and the inside of the cell con-
sists of a lipid membrane. In eukaryotic cells, lipid membranes form the 
barriers between different compartments in the cell, such as mitochondria 
and chloroplasts. Some of the substances transported within and to the out-
side of the cell are also enclosed by membranes. Transport and communica-
tion across all of these membranes is orchestrated by membrane proteins. 

Lipid bilayers 
In addition to forming the barrier to the outside, the lipid bilayer is also cen-
tral to the processes that take place in the membrane, such as transport, sig-
naling and a variety of biochemical reactions. While most of these processes 
are localized to membrane proteins, the lipid membrane and its composition 
play an important role in them due to interactions between the lipids and 
both membrane proteins as well as their substrates. 
 
The typical phospolipids of the lipid bilayer are amphipathic molecules that 
self-assemble in aqueous solutions, such that the hydrophilic head groups of 
the lipids face the aqueous environment, shielding the hydrophobic acyl 
chains from the solution. Lipid bilayers are generally roughly 40-50 Å thick, 
with the hydrophobic region typically accounting for 25-40 Å of the total 
thickness [1]. The properties of the lipid head groups differ with regards to 
net charge, hydrogen bonding capability and size. In addition, the hydropho-
bic tail of individual lipids has different properties such as length, saturation 
and number of acyl chains. The combination of the head group size and acyl 
chain shape affects the overall shape of the lipid, leading to some lipids hav-
ing a cylindrical shape and others a more conical one. The shape influences 
the ability to form lipid bilayers. For example, conical lipids are less prone 
to form bilayers than cylindrical lipids. Biological membranes contain a 
mixture of conical and cylindrical lipids. Some phospholipids that are com-
monly found in biological membranes are: phosphatidylglycerol (PG), phos-
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phatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 
(PS), phosphatidic acid (PA) and cardiolipin. Four of these (PG, PS, PA & 
cardiolipin) carry a negative net charge under biological conditions (pH ~7). 

Membrane proteins 
Membrane proteins are estimated to account for 20 – 30 % of all proteins 
encoded in most genomes [2]. The importance of studying membrane pro-
teins can be highlighted by a study from 2006 showing that roughly 60 % of 
all known pharmaceutical drugs have membrane proteins or membrane asso-
ciated proteins as their targets and that the mechanism by which many of 
these drugs work is unknown [3].  
 
Proteins in lipid membranes can be divided into peripheral and integral 
membrane proteins. Peripheral membrane proteins are associated with the 
membrane, but neither permanently bind to nor span it. Many peripheral 
membrane proteins are involved in cell signaling or have regulatory func-
tions. Integral membrane proteins reside permanently in the membrane and 
most of them are transmembrane proteins that span the entire membrane. 
Transmembrane proteins can interact with both sides of the membrane as 
well as with lipids, other proteins and hydrophobic molecules within the 
membrane. These proteins have many different roles: they transport mole-
cules to and from the cell/organelle, serve as channels for ions and other 
molecules, participate in cell metabolism or are essential for transmission of 
information to and from the outside world. In some cases, for example in the 
respiratory chain, multiple membrane proteins are part of large and complex 
metabolic pathways. 
 
The general structure of integral membrane proteins is influenced by their 
interactions with the lipid membrane. To prevent hydrophobic mismatch 
with the interior of the lipid bilayer, the membrane-integral part of these 
proteins has a predominantly hydrophobic surface. The secondary structure 
of this integral part can consist of either one or more α-helices, or β-sheets 
packed as a β-barrel. β-barrel proteins are only found in the outer mem-
branes of mitochondria, chloroplasts and gram-negative bacteria and α-
helical membrane proteins are found in all other membranes. The studies in 
this thesis have been performed solely with α-helical membrane proteins. 
The α-helical bundle of these proteins has an abundance of hydrophobic 
residues on the membrane-facing sides of its α-helices. The core of the α-
helical bundle often has a higher concentration of hydrophilic or charged 
residues, especially in ion channels or proteins involved in transport. The 
loop regions of the integral membrane proteins form soluble regions on both 
sides of the membrane. In many proteins the soluble parts on one or both 
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sides of the membrane can be substantial and contain both α-helices and β-
sheets as well as different co-factors.  

Protein-lipid interactions 
Lipids and proteins in the membrane interact in multiple ways. Many struc-
tures of membrane proteins show specific interactions with lipids, either 
where the lipids act as cofactors or where they bind in the interfaces between 
subunits of protein complexes. These lipids, referred to as non-annular li-
pids, are often essential for maintaining the activity of a membrane protein 
[4]. 
 
The lipids that surround a membrane protein and form its solvation layer, 
called annular lipids, are required for activity of most membrane proteins 
[5]. These lipids must be exchanged for other amphipathic molecules, such 
as detergent molecules if the protein is to maintain full functionality upon 
removal from the lipid membrane. The remaining lipids of the membrane, 
the bulk lipids, while not in direct contact with the membrane proteins, also 
have effects on the processes in and around the membrane, e.g. by their in-
teraction with different substrates. The lipids that are not bound to specific 
sites on membrane proteins, i.e. bulk and annular lipids, are in constant ex-
change with one another [5]. 
 
Lipids and membrane proteins tend to match their surface properties such 
that the hydrophilic lipid head groups align to polar regions of the membrane 
protein and that the acyl chains of the lipids match the hydrophobic surface 
of the membrane protein. This phenomenon can manifest itself both as an 
increase or compression of the membrane thickness and as tilting of the 
transmembrane helices of membrane proteins relative to the membrane [4]. 
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Membrane-mimetic systems 

Studies of membrane proteins can be conducted in many different ways. In 
some cases the protein can be studied in its native membrane, either in 
whole cells or in membrane vesicles from plasma membranes or organelles. 
However, in many cases it is desirable to isolate the protein for detailed 
studies of its function. Therefore, the membrane is solubilized in a detergent 
solution and the protein purified. The purpose of the detergent is to protect 
the hydrophobic membrane-exposed segments of the protein from the aque-
ous surrounding by replacing the annular lipids around the protein with de-
tergent molecules. A multitude of detergents with varying properties such as 
chain length, polarity or charge, critical micelle concentration (CMC) and 
detergent micelle size have been used for membrane-protein studies. Studies 
of detergent-solubilized membrane proteins are common since they repre-
sent the most straightforward method of study. Other methods used include 
lipid micelles or bi-celles and lipid cubic phase, often used e.g. in NMR [6-
8] and crystallographic studies [9-11]. 
 
While the above-mentioned systems have yielded significant amounts of 
information about membrane proteins, they cannot be used to address all 
questions regarding membrane proteins. Many transmembrane proteins are 
involved in transport or communication across the membrane, therefore 
requiring two separate compartments between which they can transport their 
substrates or facilitate communication. Furthermore, in many cases it has 
been shown that a detergent-solubilized protein, while functional, has differ-
ent functional or structural properties than its membrane-reconstituted coun-
terpart. Studies have also shown that for many membrane proteins the lipid 
membrane and its properties such as composition, structure, curvature and 
charge have a large effect on the protein [12,13]. To be able to study mem-
brane proteins in a controlled environment that mimics the characteristics of  
the native membrane, different types of membrane-mimetic systems have 
been developed, some of which are described below. 

Liposomes 
The eukaryotic cell contains many different membrane compartments, such 
as mitochondria and the endoplasmic reticulum. Some of the compartments 
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(e.g. endosomes, lysosomes) and the containers used for transport systems 
inside the cell (e.g. transport vesicles) and to the outside of the cell (e.g. 
synaptic vesicles) are variants of vesicles. A vesicle is a relatively small (30 
nm – 1.5 µm) membrane-enclosed compartment that can both contain mem-
brane integral components and enclose soluble components. Vesicles that 
are created in vitro are often referred to as liposomes or proteosomes if they 
contain membrane proteins. 
 
Liposomes consist of a lipid bilayer enclosing an aqueous solution and can 
be created in a wide range of sizes: small (25-50 nm), large (50-500 nm) and 
giant (>500 nm). The lipids used for liposome formation can be either puri-
fied lipids from a natural source (commonly soybean or Escherichia coli) or 
synthetic analogs of natural lipids. While a huge variation of lipid combina-
tions are able to form liposomes, some lipid compositions are less suitable 
for liposome formation than others, e.g. pure dioleoyl-PE (DOPE) liposomes 
do not form unless the pH is increased above 8-9 [14]. 
 
Common methods for liposome formation include sonication and extrusion 
through a porous membrane. The choice of method is dependent on many 
factors, such as which protein is to be reconstituted, what liposome size and 
size distribution are desirable and what lipid composition is used. Sonication 
typically yields liposomes with diameters between 20-50 nm and extrusion 
will, depending on the pore-size of the membrane used, yield liposomes in 
the 50-400 nm size-range.  

Reconstitution 
Reconstitution of membrane proteins into liposomes was first reported by 
the Racker lab at Cornell University when they showed successful reconsti-
tution of mitochondrial cytochrome c oxidase and chloroplast ATP synthase 
in the early 1970s [15-17]. Protein reconstitution can be achieved by differ-
ent methods. The protein can either be included during liposome formation 
[18], added to mixed detergent-lipid micelles [19] or to preformed liposomes 
destabilized by a low concentration of detergent. Protein reconstitution gen-
erally involves removal of detergent molecules from the solution, either by 
gel-filtration, dialysis or by binding the detergent to hydrophobic particles. 
The choice of method for detergent removal is partly governed by the pro-
tein being studied, but also by the detergent used. In many cases, the choice 
of technique can influence both the activity of the protein and the final orien-
tation of the protein in the membrane [20,21]. 
 
Liposomes may be stable for days with regard to aggregation. However, 
functional studies requiring tight membranes, e.g. measurements of proton 
pumping [22,23], may be more sensitive to changes in the membrane lipids 
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and require fresh liposomes. Factors such as lipid charge, liposome size and 
protein content affect the stability of liposomes [24-27]. Liposome stability 
is also affected by the ion concentration of the buffer used [24]. Divalent 
ions such as Ca2+ tend to accelerate aggregation of liposomes [14]. 
 
The main advantage of using liposome reconstitution to study membrane 
proteins is the relative simplicity with which one can achieve a compartmen-
talization along with an incorporation of proteins into an environment simi-
lar to the native membrane. 
 
While liposomes are widely used, especially in transport studies, they do 
have some drawbacks. For example, when using optical spectroscopy, lipo-
somes scatter light, which reduces the signal-to-noise ratio. 
 
The orientation of the protein in the membrane is critical for studies of 
transport activity. Membrane proteins are often reconstituted into liposomes 
in mixed orientations [20]. While in some studies the proteins reconstituted 
in the undesirable orientation may be selectively inhibited, typically this is 
not possible. In some cases the orientation can be pushed towards unidirec-
tionallity by optimization of the protocol for reconstitution [21], but in gen-
eral it is very difficult to obtain completlely unidirectional orientation. One 
of the exceptions where unidirectional orientation can be achieved is the 
F1Fo ATP synthase [28]. This protein orients almost exclusively with its 
soluble part facing the outside of the liposome when reconstituted into pre-
formed liposomes. Similar unidirectional reconstitution has been shown for 
other proteins with large or substantial soluble domains, e.g. the lactose 
transport system of Streptococcus thermophiles [29] and the E. coli 
Na+/proline transporter [30]. One proposed explanation for these observa-
tions is that proteins, when reconstituted into preformed liposomes, are in-
serted in the membrane with their most hydrophobic domain first [20]. Lipo-
some-reconstituted bacteriorhodopsin has been shown to preferentially ori-
ent with its hydrophilic C-terminal, rather than its hydrophobic N-terminal 
domain towards the outside of the liposomes, which supports the above hy-
pothesis [20]. In general, unidirectional orientation has been observed more 
often when proteins have been reconstituted into preformed liposomes, than 
when mixed micelle reconstitution has been used [20].  
 
The separation of the two sides of the membrane can sometimes prove prob-
lematic. It is often desirable to add molecules to the inside of the liposome, 
either as substrates for a protein being studied or as reporter molecules (e.g. 
fluorescent probes). Sometimes this can be achieved by using molecules that 
are hydrophobic enough to cross the membrane or, by including the desired 
molecules during liposome formation. 
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Two aspects in which the liposome membrane generally differs from the 
native membrane of a transmembrane protein are curvature and lipid-to-
protein ratio.  
In most studies, the difference in size between the liposome and the native 
membrane should not lead to sufficient curvature differences to influence the 
protein. However, in very small liposomes, the difference in membrane cur-
vature stress may affect the activity of the protein [31]. 
The lipid-to-protein ratio of liposomes varies greatly between different stud-
ies. In some studies, less than one protein per liposome has been used, while  
in others multiple proteins per liposome. A 30 nm liposome with one 200 
kDa protein would have a protein content of ~3 w/w %. This number can be 
compared to the ratios of the E. coli (~67 %) [32] and eukaryotic (30-60 %) 
[33] plasma membranes or the mitochondrial inner membrane (~75 %) [33], 
which all have a much higher protein content than is generally used in lipo-
some reconstituted membrane protein studies. While this may not always be 
an crucial factor, it is important to keep in mind, especially when studying 
lipid-protein interactions in membranes.  

Nano-discs 
As mentioned above, liposomes can be problematic to use when using opti-
cal spectroscopy due to light scattering. One fairly recent method used to 
study membrane proteins in lipid bilayers that can circumvent this problem 
is nano-discs. 
 
Nano-discs are planar lipid bilayers that are formed by interactions with two 
membrane-scaffold proteins that combine and form a belt around the lipid 
disc. The discs can vary in diameter between 10 and 17 nm depending on the 
membrane-scaffold proteins used [34]. Membrane proteins are incorporated 
during formation of the nano-discs. One disc contains at most one or possi-
bly two membrane proteins, depending on the size of the disc and the mem-
brane protein used. Successful nano-disc reconstitution of a wide range of 
proteins, such as bacteriorhodopsin [35], ATP synthase [36] and cytochrome 
c oxidase [37] have been reported. 
 
Due to their small size the light-scattering of nano-discs is negligible and 
more closely resembles that of detergent solubilized proteins than that of 
liposomes [37]. In addition, the lipid-to-protein ratio in nano-discs is closer 
to that in native membranes compared to the ratio in typical proteolipo-
somes. However, there is no compartmentalization of the two sides of the 
bilayer in nano-discs. Therefore, they can not replace liposomes as a method 
for studying transport and communication across membranes, but rather they 
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complement other methods for membrane protein study in a native-like envi-
ronment that are already available. 

Supported lipid membranes 
One type of membrane mimetic system that is used both in membrane pro-
tein study and in a variety of other studies, is supported lipid membranes. 
Many different variants of supported lipid membranes have been described, 
among them are solid-supported [38-44], tethered [45-48] or polymer cush-
ioned [49-51] lipid bilayers and supported vesicular layers [52,53]. All these 
systems are based either on anchoring lipid bilayers to solid supports via 
different molecular anchors or on interactions between the lipid bilayer and a 
surface. The work on supported lipid bilayers presented in this thesis has 
dealt exclusively with solid-supported membrane systems, using silica as the 
solid support. 

Lipid bilayers on planar silica 
Formation of supported lipid bilayers (SLBs) on silica surfaces was first 
reported by Tamm and McConnell in the 1980s [42]. These systems are 
based on the ability of liposomes to adsorb to, rupture, and form planar bi-
layers on different types of silicon-based solid supports such as silica 
[38,43], mica [39,44] and glass [40]. 
 
On silica, the mechanism of SLB formation can roughly be described as  
three intermediate steps: adsorption, rupture of liposomes and spreading of 
the SLB along the surface [38,54]. The detailed mechanism is dependent on 
a multitude of factors, such as liposome surface charge and ionic strength of 
the solution [38].  
 
Depending on the overall charge of the liposome surface, the process of SLB 
formation can follow different routes (Figure 1). Liposomes in which nega-
tively charged lipids are in majority do not adsorb to the silica surface and 
therefore do not form SLBs (Figure 1C) [55]. In some cases, adsorption of 
negatively charged liposomes can be facilitated by an increase in ionic 
strength and/or addition of divalent cations such as Ca2+ [55]. Liposomes 
with zwitterionic or a small (< 30%) amount of negatively charged lipids 
(Figure 1A) will adsorb to the surface, but do not immediately rupture 
[54,55]. After additional adsorption a critical vesicular concentration (CVC) 
is reached and the liposomes start to rupture. The CVC appears to be de-
pendent on factors such as the surface potential of the liposomes, the ionic 
strength of the solution and properties of the silica surface, e.g. surface po-
tential and roughness [38]. The spreading of the SLB often starts at 
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“hotspots” on the surface, which represent rupture of single liposomes 
[38,56]. The edge of the newly formed bilayer patch undergoes a structural 
rearrangement that shields the hydrophobic region of the at the edge of the 
patch membrane from contact with solution, leading to a micelle-like struc-
ture that is energetically strained. This strained edge-region interacts with 
and causes rupture of neighboring liposomes [57,58]. This phenomenon is 
often referred to as the “active edge” effect. Positively charged liposomes 
tend to rupture immediately upon adsorption to the silica surface (Figure 1B)  
[55]. 
 

The interactions between the lipids in the SLB and the silica surface are not 
fully understood. The adhesion energy between the silica and the lipid bi-
layer has been found to be higher than what is expected by theoretical calcu-
lations of van der Waals interactions [59]. Due to the large effects of ionic 
strength and the surface charge that have been observed, electrostatic inter-
actions are thought to be important for SLB formation [38,55,59]. In SLBs 
containing positively charged lipids, there is charge attraction between the 
silica surface, which has a negative surface potential and the positively 
charged lipid head groups. This attractive force explains why the liposomes 
in such systems rupture and form SLB patches immediately on liposome 
adsorption. The interactions in SLBs from neutral or weakly negatively 
charged lipids are more complex. At low ionic strength or at a pH where the 

No adsorptionAdsorption
and rupture
of liposomes

Adsorption
of liposomes

Repeated
adsorption

Repeated
adsorption
and rupture

Repeated
 rupture

(active edge)
Rupture of
liposomes

A B C

Figure 1. Overview of supported lipid bilayer formation from liposomes with differ-
ent lipid compositions. A) Zwitterionic or weakly charged lipids. B) Positively 
charged lipids. C) Negative lipids in majority. 
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silica surface has a large negative surface potential, repulsive electrostatic 
forces between the silica and a negatively charged bilayer prevent SLB for-
mation [59]. However, at higher ionic strength and/or at a pH where the 
silica surface has a less negative surface potential, electrostatic forces be-
tween a neutral or weakly charged bilayer and the silica surface have been 
suggested as the dominant interaction that causes SLB formation [59]. 
 
In many cases a thin layer of water, typically with a thickness of 10 Å, has 
been observed between the SLB and the silica surface. The thickness of the 
water layer appears to be dependent, at least in part, on the hydrophilicity of 
the silica surface [60]. The hydrophilicity of the surface can either be con-
trolled during synthesis of the silica or adjusted after synthesis e.g. by expo-
sure to high temperature or basic solutions [38]. A decrease in hydrophilicity 
leads to a thinner water layer and an increase in SLB formation rate [60]. 
While an increase in formation rate may be beneficial, a thick water layer is 
important for studies of integral membrane proteins. Proteins have been 
shown to interact with silica surfaces, sometimes to the extent that they sub-
stantially change their structure [61-63]. Therefore the water layer may be 
important in preventing interaction between the silica surface and membrane 
proteins, especially those that contain large soluble domains. When studying 
membrane proteins that function as channels or transporters, it is also essen-
tial that the protein has access to water on both sides of the membrane. In 
order to create SLB systems with access to bulk water on both sides of the 
membrane the ability of SLBs to span holes in the silica surface has been 
investigated. The results from these studies showed that SLBs are able to 
span holes in the surface of at least 6 nm [64,65]. 

Lipid bilayers on spherical silica particles 
In addition to using planar silica as support for SLBs, different types of sili-
ca particles have also been used as SLB support. These systems have been 
used to study membrane proteins [66-69] as well as in attempts to design 
drug-delivery [70,71], cellular imaging [72] and bio-sensing [73] systems. 
The formation of SLBs on spherical silica supports has been found to de-
pend on the same overall lipid composition and ionic strength dependencies 
as on planar supports [74,75]. SLBs containing membrane proteins have 
been formed around silica particles with diameters ranging from 50 nm to 
several micrometers [66,74,75]. 
 
One challenge when working with SLBs on silica particles is to obtain for-
mation of an SLB around the particles while maintaining monodispersity of 
the particles [76]. Aggregation can occur either directly between bare silica 
particles or between particles partially covered by either adsorbed vesicles or 
SLBs. The aggregation of bare silica particles can be minimized by optimi-
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zation of pH and ionic strength of the solution in order to maximize the sur-
face potential of the silica and minimize shielding of electrostatic repulsion 
between the particles. However, adsorption of liposomes made from zwitter-
ionic or anionic lipids require shielding of the electrostatic repulsion be-
tween the lipid bilayer and the silica surfaces. For example, in the systems 
studied in Paper I & II, the silica particles were fully monodisperse in 
ddH2O at pH 9, where the surface potential of the silica particles was largest 
and there were no ions that could shield electrostatic repulsion. In an un-
published study, we found that an ionic strength of at least 50 mM was re-
quired for successful bilayer formation on the same particles. Similar obser-
vations have been made in previous studies on planar silica supports [59]. 
 
The choice of method for studies of formation of SLBs on silica particles is 
very dependent on the size of the particles. Microscopy methods such as 
confocal microscopy are well suited for following the formation of SLBs on 
large particles (>1 µm), but less suited for studies of smaller particles where 
the typical resolution of the microscope (>300 nm) is insufficient to separate 
the SLB on the surface of the particle from the interior of the particle. Elec-
tron microscopy has sufficient resolution to study features of individual par-
ticles in great detail, but is less suited for studies of the overall SLB for-
mation in an entire population.  

In our work with solid silica particles we used flow cytometry to study the 
overall formation of the SLB (Paper I). Flow cytometry allows simultaneous 
statistical analysis of light scattering, which is partly related to size [77], and 
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Figure 2. SLB formation on solid silica particles. A) Fluorescence and side-
scattering of bare silica particles. The green population is considered as monodis-
perse particles. The apparent “fluorescence” of the silica particles is due to light 
scattering. B) Fluorescence and side-scattering of silica particles after formation of 
SLBs at a liposome-to-particle surface area ratio of 290. The green population is 
considered to be monodisperse. C) Fluorescence distribution of the monodisperse 
particle population in a sample with a liposome-to-particle surface area ratio of 
0.75. The population colored grey is considered to lack SLB or adsorbed liposomes 
and the yellow considered to be at least partially coated with an SLB and/or ad-
sorbed liposomes. The monodisperse populations from (A) and (B) are shown in 
light grey and yellow, respectively. See Paper I for a detailed description. Adapted 
with permission from Paper I. © (2009) American Chemical Society.   
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fluorescence, of particles with diameters above 150 nm [77]. Traditionally, 
flow cytometry has mainly been used in immunology studies, but a number 
of additional applications of this technique have been reported [78-80]. In 
our study, dioleoyl-PC (DOPC) liposomes, formed by sonication, were used 
to form SLBs around solid silica particles with an average diameter of 500 
nm. A trace amount of fluorescent lipid was included in the lipid mixture. 
Flow cytometry allowed us to analyze the size, which gave an indication of 
particle aggregation, and fluorescence, which related to lipid coverage, of 
individual particles in the whole particle population. We were able to deter-
mine the liposome-to-particle surface area ratio that would give full for-
mation of an SLB, while maintaining at least partial monodispersity. The 
optimal liposome-to-particle surface area ratio found in this study (~20) was 
in the same range as had been reported earlier for smaller (~100 nm) silica 
particles [74]. We were able to confirm SLB formation, as opposed to lipo-
some adsorption, by determining the fluorescence of a lipid-bound and a 
liposome-trapped fluorophore before and after interaction with the particles. 
Our results also suggested that the formation of the SLB followed the pro-
cess described above where formation of the bilayer is accelerated by the 
“active edge” of an already formed bilayer patch. This suggestion was based 
on the co-existence of fully SLB-coated particles and bare silica particles in 
samples where the liposome concentration was insufficient for coating of all 
particles (Figure 2). 

Protein reconstitution 
There are many reports on formation of particle-supported SLBs containing 
membrane proteins [69,70,81,82]. In many of these studies, various types of 
porous silica particles were used as support to increase the access to water 
on the inside of the membrane and minimize protein-silica interactions 
[69,70,81]. Protein incorporation has generally been achieved at the lipo-
some stage and proteoliposomes have been used the form the SLB. In some 
studies, membrane proteins have been anchored to the silica surface before 
SLB formation [82]. 
 
In Paper II we studied 500-nm mesoporous silica particles with an SLB con-
taining the multi-subunit proton pump cytochrome c oxidase from Rhodo-
bacter sphaeroides. Liposomes were formed from a lipid mixture that was 
chosen to resemble the lipid composition of E. coli and R. sphaeroides 
(9:6:4:1, PE:PC:PG:cardiolipin). Cytochrome c oxidase was reconstituted 
into liposomes prior to SLB formation.  
We were able to show that the SLB-reconstituted enzyme was fully func-
tional both with regards to catalysis of the reduction of O2 to H2O and trans-
location of protons (Figure 3A, B). Furthermore, we showed that the mem-
brane around the particle was free from defects that would result in proton 
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conduction across the membrane. This conclusion was based on the fact that 
the enzyme was able to generate a proton gradient across the membrane.  

In addition, based on determination of the enzyme orientation in liposomes 
and SLBs (Figure 3C, D), our results indicated that the orientation of the 
enzyme in the membrane was conserved during formation of the SLB.  
Although the mechanism for liposome rupture is not known [59], the con-
served enzyme orientation was surprising as it suggested a mechanism 
where the inner leaflet of the liposome membrane would form the inner leaf-
let of the SLB. However, it should be noted that the orientation observed in 
our experiments could be due to a higher adhesion propensity for one of the 
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Figure 3. Activity, RCR and orientation of cytochrome c oxidase in liposomes (A,C) 
and in an SLB on mesoporous silica particles (B,D). Oxygraph measurements of 
oxygen consumption and RCR for liposomes (A) and SLB covered particles (B). 
The difference in activity is due to concentration differences. The increase in activity 
upon addition of valinomycin and FCCP shows that cytochrome c oxidase is able to 
generate an electrochemical gradient across both the liposome membrane and the 
SLB. C and D show flash photolysis measurements of liposomes and SLB covered 
particles respectively. Cytochrome c oxidase was reduced by ascorbate (black traces, 
reduction of the enzymes with their cytochrome c binding sites facing the bulk) or 
dithionite (red traces, reduction of the whole population) in the presence of CO. The 
increase in absorbance upon laser induced CO dissociation is proportional to the 
number of reduced enzymes. The ratio between the two traces is an indication of 
enzyme orientation. See Paper II for details. Adapted with permission from Paper II. 
© (2009) American Chemical Society.   
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liposome populations. In a related unpublished study we imaged the SLB 
covered mesoporous silica particles using STED (stimulated emission deple-
tion) microscopy and could see successful SLB formation and encapsulation 
of a hydrophilic fluorescence marker (Figure 4). 

Membrane covered particles as drug carriers 
Encouraged by our results with mesoporous silica beads we also investigated 
the possibility of using similar systems for drug-delivery. SLB covered silica 
particles have been suggested as potential candidates for use in drug delivery 
[70,71]. There have been some reports of at least partially successful designs 
of such systems in recent years [71]. The potential advantage of using these 
types of systems lies in the increase in stability of the bilayer due to its inter-
action with the silica particle and in the use of porous silica particles that 
allow therapeutic molecules to be trapped inside or bound to the surface of 
the particle in large quantities. The are however many challenges in design-
ing successful drug-delivery systems [70]. For example, the particles must 
be  able to pass the cell membrane e.g. by fusion of the SLB and the cell 
membrane. In addition, the therapeutic molecules must be released inside the 
cell after internalization.  
 
In our attempts we tried two different systems that we felt had the potential 
to overcome these challenges. In one approach we used mesoporous silica 
particles with supported lipid bilayers containing cell penetrating peptides 
(CPPs) coupled to the SLB via a sterayl linker on the CPP. These peptides 
have the ability to penetrate membranes and carry cargo molecules attached 
to them across the membrane [83-85]. There are many types of CPPs. Many 
of them are short peptides, containing a large number of positively charged 
amino acids that are thought to be involved in the interaction with the mem-
brane [86]. The CPP used in our study, PepFect6, is described in reference 
[87]. While CPPs have long been proposed as candidates for drug-delivery, 
they have shown a tendency to become trapped in endosomes upon internal-
ization, which hampers release and targeting of therapeutic drugs [84]. Our 

Figure 4. SLB on mesoporous silica. STED microscopy image of mesoporous silica 
particles covered with an SLB. The SLB contains fluorescein DOPE (green) and 
atto-647N phalloidin (red) has been trapped inside the particles. 
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hope was that the size of the particle would block full internalization of the 
particle, letting the CPP facilitate only partial fusion of the cell membrane 
and the SLB, thus enabling release of therapeutic molecules into the cyto-
plasm. 
 
The second system that was investigated was similar to the first, but we used 
hemagglutinin (HA) from influenza for the interaction with the cell mem-
brane instead of CPPs. HA is a glycoprotein that is found in the viral enve-
lope of influenza particles. It facilitates both binding to cell membranes con-
taining sialic acid [88] and fusion of the viral envelope with the endosomal 
membrane. According to the current understanding of the HA fusion mecha-
nism, the low endosomal pH (pH 5-6), leads to a conformational change in 
HA, exposing the hydrophobic “fusogen” helix that proceeds to embed itself 
in the endosomal membrane. This is followed by an additional conforma-
tional change in HA that pulls the hydrophobic helix and thus the endosomal 
membrane closer to the viral envelope. The resulting close proximity of the 
two membranes facilitates their hemifusion and subsequent fusion leading to 
release of the viral RNA into the cytoplasm [89,90]. Our goal was to use the 
functionality of HA both for fusion and release of drug molecules, and as a 
method for targeting drugs to tumor cells. The latter of these two goals was 
based on the observation that the pH is often lowered around tumor cells due 
to changes in their metabolic activity [91-93]. The hope was that this proper-
ty of the tumor environment would enable us to create drug-containing parti-
cles that would preferentially fuse with and release their cargo into tumor 
cells, around which the pH is sufficiently low to activate HA. 
 
Both of the above described systems were incubated with a variety of cell 
lines and internalization of the particles was investigated using confocal 
microscopy, STED microscopy and epifluorescence. Fluorescent lipids 
(DOPE-fluorescein) and a fluorescently labeled variant of the F-actin bind-
ing toxin phalloidin (ATTO-647N phalloidin) were used as markers to visu-
alize the localization of the SLB and the drug. While we could see localiza-
tion of the particles to the cells or cell membranes (Figure 5), we were una-
ble to find clear indications of drug release into the cytoplasm and the pro-
ject was finally abandoned. 
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A B

DC

Figure 5. Phase contrast and epifluorescence images of HELA cells incubated for 30 
minutes with SLB-covered particles containing CPPs (A, B) or HA (C, D) as target-
ing peptides. In (B, D) the actin-binding atto-647N phalloidin is red and fluorescein  
DOPE is green. 
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Membrane proteins working in concert 

The study of membrane proteins has mostly been focused on understanding 
the function, regulation and mechanism of single membrane proteins, some-
times also extending to the interaction between membrane proteins and the 
lipid membrane. Many of the most studied membrane proteins take part in 
complex metabolic or signaling pathways involving both soluble proteins, 
hydrophobic membrane-confined molecules and multiple membrane pro-
teins. Examples of such pathways include the mitochondrial and bacterial 
respiratory chains, photosynthesis and to some extent certain biosignaling 
pathways, such as G-protein coupled receptors. In many cases the properties 
of the separate proteins involved in these pathways are fairly well under-
stood. Some studies, for example whole-cells or inverted membranes have 
also been made on most of these systems. However, controlled in-vitro stud-
ies e.g. of the interactions of key proteins participating in these pathways or 
of the effects of single substitutions in one protein on the other proteins are 
few or missing entirely. This section describes one of the most central of 
these pathways, gives a description of the methods available for study of the 
proteins involved in such pathways and finally describes a method we have 
developed for this purpose and some of our results from studies of mem-
brane proteins working in concert. 

The respiratory chain 
The respiratory chains found in the inner membrane of aerobic bacteria and 
in the mitochondrial inner membrane of eukaryotic organisms play a central 
role in energy conversion. In this process chemical energy stored as reduc-
tion equivalents (derived from oxidative breakdown in e.g. glycolysis and 
the citric acid cycle) is converted into an electrochemical gradient.  Oxida-
tion of electron donors, such as NADH and succinate, generation of the elec-
trochemical gradient and reduction of O2 to water is linked to the respiratory 
enzymes. These enzymes utilize membrane bound or soluble electron carri-
ers for the protein-protein electron transfer. The synthesis of ATP, driven by 
the electrochemical gradient, is catalyzed by an ATP synthase. 
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Composition 
The composition of the eukaryotic respiratory chain, together with the ATP 
synthase is shown in (Figure 6). While the composition differs between dif-
ferent organisms, all aerobic respiratory chains contain some variant of 
NADH dehydrogenase (Complex I) and/or succinate ubiquinone reductase 
(Complex II) and one or multiple different oxidases (Complex IV). In sys-
tems that contain a cytochrome c oxidase, the bc1 complex (Complex III) is 
also present. The two sides of the membrane are often referred to as the neg-
ative side (N-side: mitochondrial matrix, bacterial cytoplasm) and positive 
side (P-side: intermembrane space, bacterial periplasm) in discussions of the 
respiratory chain. 
 

NADH dehydrogenase 
NADH dehydrogenase (Figure 7) is one of the entry points for reduction 
equivalents into the respiratory chain. It couples the electron transfer from 
NADH to ubiquinone (Q) to translocation of protons across the membrane, 
thus contributing to the generation of the electrochemical gradient. The 
structure of nearly the full enzyme, from different organisms, was solved by 
two groups in 2010 [94,95]. In 2013, a full structure of the Thermus ther-
mophilus complex I was solved [96]. This structure included the subunit that 
was missing from the earlier structures and is part of the quinone binding 
site. Complex I is a very large protein complex. The T. thermophilus com-
plex contains 16 subunits with a total molecular mass of roughly 500 kDa 
and the mammalian complex is even larger with 44 subunits and a molecular 
mass close to 1 MDa. Structurally, the complex has an “L-shape” with a 
large transmembrane (TM) region containing 64 transmembrane helices in 
T. thermophilus. Proton translocation is thought to occur in three of the 
transmembrane subunits that resemble sodium-proton antiporters. The solu-
ble domain faces the N-side and contains a flavin mononuclotide (FMN) and 
9 iron-sulphur (Fe-S) clusters. Two electrons are transferred from NADH to 
the FMN. From the FMN, one electron at a time is transferred via the Fe-S 
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Figure 6. Schematic representation of the mitochondrial respiratory chain. 
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clusters to the ubiquinone binding site, which is located in the interface of 
the soluble and transmembrane domains. The length of the isoprenyl tail of 
ubiquinone differs between organisms; Q10 in mitochondria and Q8 in many 
bacteria, such as E. coli. The coupling of ubiquinone reduction and proton 
translocation is not understood, but is thought to involve structural rear-
rangements [96]. The number of protons pumped per oxidation of NADH 
has been shown to be 3 - 4 [97]. 

Succinate ubiquinone reductase 
The second entry point to the respiratory chain is complex II, succinate 
ubiquinone reductase (SQR) (Figure 8). This enzyme is involved in the citric 
acid cycle, where it oxidizes succinate to fumarate. The electrons from suc-
cinate are used to reduce ubiquinone to ubiqionole.  
The structures of E. coli SQR and its homolog expressed during anaerobic 
conditions, quinol:fumarate oxidoreductase (QFR), are known [98-100]. 
SQR (Figure 8) is composed of 4 subunits arranged in a 2-subunit hydro-
philic domain and a 2-subunit membrane integral region. The hydrophilic 
region consists of a flavoprotein and an iron-sulfur protein that connects the 
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Figure 7. Structure (A) and schematic representation (B) of NADH dehydrogenase 
from T. termophilus (PDB id: 4HEA). 
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flavoprotein to the two integral subunits. Succinate binds to the flavoprotein 
and flavin adenine dinucleotide (FAD) is reduced to FADH2 in the oxidation 
of succinate to fumarate. The electrons are then transferred from FADH2, via 
the Fe-S clusters in the iron-sulfur protein in the TM subunits, to the ubiqui-
none binding site where ubiquinone is reduced. The protons needed for re-
duction of ubiquinone are taken from the N-side of the membrane. Complex 
II does however not contribute to the generation of the electrochemical gra-
dient [99]. 

Cytochrome bc1 complex 
Complex III, the cytochrome bc1 complex is present in respiratory chains  
that utilize the soluble heme-protein cytochrome c for electron transfer to 
complex IV, such as those found in mitochondria and in the bacterium R. 
sphaeroides. It is also present in photosynthetic bacteria and is similar to the 
b6f complex in the photosynthetic electron transfer chain of chloroplasts. The 
bc1 complex catalyzes the reduction of cytochrome c by oxidation of ubiq-
uinol and releases the protons from ubiqionol to the P-side of the membrane, 
contributing to the generation of the electrochemical gradient.  
The structures of both mitochondrial [101-103] and bacterial [104] bc1 com-
plexes have been solved. The enzyme (Figure 9) consists of 3 - 11 subunits, 
depending on organism. Three of these subunits contain redox-active pros-
thetic groups and are highly conserved [105]. The cytochrome b subunit is 
the main membrane spanning subunit of the catalytic domain in the enzyme 
and contains two heme-groups (bL and bH) and two ubiquinol binding sites 
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Figure 8. Structure (A) and schematic representation (B) of succinate ubiquinone 
reductase from E. coli (PDB id: 1NEK). 
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(Qo and Qi). The cytochrome c1 subunit contains a c1-heme in its hydrophilic 
domain and has one TM helix. The Fe/S or Rieske protein subunit contains 
one TM helix and an iron-sulfur cluster (2Fe/2S) in its hydrophobic region. 
The functional mechanism of the bc1 complex is referred to as the Q-cycle. 
In summary, two QH2 molecules bind to the Qo-site and are oxidized to Q, 
releasing their 4 protons to the P-side of the membrane. One electron from 
each QH2 is used to reduce a ubiquinone bound to the Qi-site. The two re-
maining electrons are transferred, via the Fe/S cluster of the Rieske protein, 
to reduce two soluble cytochrome c that associate to the cytochrome c1 sub-
unit. The protons needed for reduction of ubiquinone at the Qi-site are taken 
from the N-side of the membrane. For each reduced cytochrome c, 1 H+ is 
taken from the N-side and 2 H+ are released to the P-side of the membrane. 

Quinol and cytochrome c oxidases 
The final destination for electron transfer in the respiratory chain is one of 
the many variants of heme-copper oxidases. The type of oxidase depends on 
the organism and, in bacteria, on growth conditions. Mitochondria have an 
aa3-type cytochrome c oxidase, many bacteria have quinol-type oxidases 
and some bacteria such as R. sphaeroides and E. coli have multiple oxidases. 
The oxidases use electrons from either reduced cytochrome c or ubiquinol to 
reduce molecular oxygen, O2, to water and this reaction is coupled to trans-
location of protons across the membrane.  
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Figure 9. Structure (A) and schematic representation (B) of one monomer of the 
dimeric the bc1 complex from Paracoccus denitrificans (PDB id: 2YIU). 
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Cytochrome c oxidase 
The cytochrome c oxidases found in bovine heart mitochondria and R. 
sphaeroides show great similarity both in structure and sequence for the 
three central catalytic subunits [106-108]. Since the sequences of the bovine 
and human cytochrome c oxidases are very similar, the R. sphaeroides en-
zyme is often used as a model protein for studies of the human cytochrome c 
oxidase. The R. sphaeroides oxidase (Figure 10) contains four TM subunits, 
two of which (subunits I & II)  contain the catalytic domains. Subunit II has 
two TM helices and a hydrophilic region containing a binuclear cupper cen-
ter (CuA) and the cytochrome c binding site. Subunit I is composed of 12 
TM helices and contains two heme groups, hemes a and a3. The catalytic 
binuclear center consists of heme a3 and a cupper ion (CuB). The catalytic 
cycle involves electron transfer from reduced cytochrome c and uptake of 
substrate protons from the N-side of the membrane through two channels in 
the protein. Both protons and electrons are transferred to the catalytic site 
where molecular oxygen binds. The O2 reduction is coupled to translocation 
of protons from the N-side to the P-side at a 1 H+/e- ratio. The mechanism by 
which the enzyme couples the transfer of electrons to proton pumping is not 
known. 

Quinol-type oxidases 
E. coli and many other bacteria contain quinol-type oxidases either as their 
only oxidases or in addition to cytochrome c oxidases. These enzymes use 
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Figure 10. Structure (A) and schematic representation (B) of cytochrome c oxidase 
from R. sphaeroides (PDB id: 1M56). 
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ubiquinol as their source of electrons for the reduction of O2 to H2O. The 
structure of the E. coli quinol-type bo3 oxidase has been determined at low 
resolution [109]. The enzyme has a general architecture similar to that of 
cytochrome c oxidase, with two key differences: it lacks the cytochrome c 
binding site and the CuA center, and has a ubiquinol binding site situated in 
subunit I. Electrons from ubiquinol are transferred, via heme b, to the cata-
lytic center composed of heme o3 and CuB. 

ATP synthase 
Synthesis of ATP is catalysed by the F1Fo ATP synthase (Figure 11), utiliz-
ing the energy stored in the electrochemical gradient built up by the respira-
tory enzymes. Although the full structure of ATP synthase has not been 
solved, the position of its subunits in relation to each other and the structure 
of all subunits except for subunit a and parts of subunit b, is known [110-
113]. The enzyme is composed of two multi-subunit parts: F1 and Fo. Fo is 
situated in the membrane and consists of subunits a, b and c. A variable 
number of c subunits (8-15 depending on organism) form a ring to which 
subunit a is associated. Subunit b connects the Fo domain to the soluble F1 
domain of the enzyme. Protons bind to and are released from c-subunits in 
the interface between the c-ring and subunit a. The proton-binding and pro-
ton-release pathways are not directly linked. Proton translocation is achieved 
by rotation of the c-ring, moving protonated c subunits from the binding site 
to the release site. The soluble F1 part of the enzyme consists of subunits α, 
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Figure 11. A composite structure (A) and schematic representation (B) of  the mito-
chondrial ATP synthase (PDB ids: 2XND, 2CLY, 1B9U (b-subunit membrane do-
main from E. coli) and 2A7U (subunit ∂ from E. coli)). The outline of the electron 
microscopy density for the entire yeast-mitochondria enzyme (PDBe id: EMD-2091) 
is shown in A. 
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β, γ, δ and ε. A hexamer of alternating α and β subunits forms a ring around 
the central γ and ε subunits that connect to the center of the c-ring of Fo.  
Subunit δ sits on top of the αβ hexamer and connects to subunit b of Fo. The 
downhill flow of protons from the P-side to the N-side of the membrane 
drives ATP synthesis via the stepwise movement of the c-ring and the at-
tached γ subunit of F1 in relation to the rest of the enzyme, causing confor-
mational changes in the αβ subunits that trigger the formation of ATP from 
ADP and Pi [114]. 

Coupling electron transfer to ATP synthesis 
As previously mentioned, the coupling of electron transfer in the respiratory 
chain to synthesis of ATP is in the form of an electrochemical gradient, gen-
erated by proton transporters (complexes I, III & IV) and used by proton 
consumers (ATP synthase).  
This coupling was first suggested by Mitchell in the chemiosmotic theory 
[115]. He postulated that energy was stored as a proton motive force (pmf) 
composed of an electrical component (∆Ψ) and a component corresponding 
to the difference in proton concentration across the membrane (∆pH). Ac-
cording to Mitchells theory, the translocation of protons is considered to be 
between the two bulk solutions on each side of the membrane and the mem-
brane is only considered as a permeability barrier. 
An alternate, though similar model, where the membrane has a more im-
portant role, was suggested by Williams [116]. In this model the protons are 
not transferred to the bulk solution on the P-side, but instead remain in asso-
ciation with the membrane and proton transfer from the respiratory enzymes 
to the ATP synthase occurs laterally along the membrane, leading to a more 
efficient process where protons are not lost to the bulk solution.  

Proton transfer in vitro 
Lateral transfer of protons along membrane surfaces has been extensively 
investigated. Experimental studies of purple membranes have shown that the 
lateral diffusion rate of protons along the membrane is roughly one order of 
magnitude faster that the rate of diffusion from the membrane to the bulk 
solution [117,118]. The proton transfer to a fluorophore bound to the surface 
of cytochrome c oxidase showed an increase in rate when the protein was 
reconstituted in dioleoyl-PG membranes [119]. The rate of lateral proton 
transfer has been shown to be affected both by buffer strength [120], pH and 
ion concentration [121] of the bulk solution.  
The composition of the lipid bilayer also influences the rate of lateral proton 
transfer [121-123]. Inclusion of lipids with negative charge or protonatable 
groups, such as PG [121], PS [123] and PA [122] all lead to an increase in 
rate. Membranes without either charged or protonatable groups such as pure 
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PC membranes show lateral proton transfer that is only slightly faster than 
proton transfer to the bulk [121,122]. 
Theoretical studies have suggested that these observed rate-differences are 
due to the differences in the properties of bulk water and water at the mem-
brane/water interface [124-126]. These differences arise from interactions 
with the polar lipid head groups, which lead to a potential barrier for the 
passage of a proton from the membrane/water interface to the bulk solution. 
Additionally, protons have been suggested to “hop” along the membrane via 
the lipid head-groups, [126-128]. 

Proton transfer in vivo 
In addition to theoretical and in vitro studies of lateral proton transfer, in 
vivo studies have tried to determine if lateral or localized proton transfer is 
relevant to cellular function. Mitochondria have been suggested to alternate 
between a purely chemiosmotic and a lateral, localized coupling [129].  
From experiments in inverted E. coli membrane vesicles, in which the P-side 
pH was varied while the N-side pH and ∆ψ was kept constant, the observed 
effective pmf was larger than would be expected from a purely chemiosmot-
ic proton coupling as described by Mitchell [130,131]. This was suggested 
to stem from a lower than expected P-side surface pH.  
Studies of certain alkaliphilic bacteria that are found in an environment 
where a pure bulk-to-bulk chemiosmotic proton coupling would not be pos-
sible have yielded additional insights into alternative proton-coupling mech-
anisms [132-134]. These alkaliphilic bacteria can grow in an environment 
where the pH can differ between 7.5 and 11. When one of these bacteria, 
Bacillus firmis, was grown at pH 10.5, the cytoplasmic pH was estimated to 
8.3, leading to a ∆pH of  - 2.2. Nevertheless, these bacteria were able to 
produce ATP utilizing a proton-driven ATP synthase. Estimation of the 
number of protons needed per ATP synthesized, based on the calculated pmf 
of bacteria grown at pH 7.5 and 10.5 gave 3 and 10 H+/ATP, respectively 
[134,135]. Such a change would require a change in the stoichiometry of the 
ATP synthase c-ring, which could not be observed [136]. One suggested 
explanation for these observations was that, under high-pH growth condi-
tions, the bacteria could use an ATP synthase which directly associated to 
the cytochrome c oxidase. In such a system, ATP synthesis would be driven 
by protons taken directly from the oxidase, not from the bulk [133-135]. 
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Methods for studies of membrane-protein dependent 
pathways 
As mentioned above, the separate enzymes in the respiratory chain as well as 
the ATP synthase have been studied extensively. However, there are still 
many aspects of the respiratory chain are not fully understood, especially 
regarding interactions between the proteins involved. For example, the ex-
tent of and mechanisms for regulation of the respiratory chain [137] is not 
understood. Furthermore, many specific respiratory-protein substitutions 
have been found in various cancer cells [138-144] and also in other diseases 
[145-147]. In many cases, the effect of these substitutions, both on the pro-
tein itself and on the whole respiratory chain is not known. In addition, it is 
not yet understood to what extent lateral proton transfer is important for the 
coupling of proton transport and ATP synthesis or how that coupling is af-
fected by the lipid composition. Answering these questions will in many 
cases require simultaneous study of more than one of the involved enzymes, 
situated in the same membrane. Some of the methods available for perform-
ing such studies are discussed below. 

Whole-cell, organelle and inverted membrane studies 
Many studies of respiratory chain malfunctions related to various diseases 
have been performed in whole organisms, cells, purified mitochondria or 
inverted membrane vesicles from either cells or mitochondria. Such studies 
have yielded a better understanding of processes such as the generation of 
reactive oxygen species in respiration. However, the large number of un-
known factors introduced by other membrane proteins and, in whole-cell or 
organelle studies, soluble proteins and processes such as enzyme regulation, 
make detailed study of the proteins involved difficult. In studies requiring 
overexpression of disease-related variants of proteins, the expression may 
lead to unexpected effects that stem from the stress of overexpression and 
are in fact unrelated to enzymatic activity [148]. Methods for in vitro-study 
of systems such as the respiratory chain are required for a detailed under-
standing of the interactions in them. 

Co-reconstitution into liposomes 
Studies of the interaction of multiple membrane protein can be performed in 
proteoliposomes by co-reconstituting the enzymes of interest. The feasibility 
of such an approach depends on the properties of the enzymes, such as their 
requirements for successful reconstitution, in what detergents they are stable 
and active, and how critical the individual and relative orientations of the 
enzymes are for the intended measurements. Some studies of 
co-reconstituted membrane proteins have been reported. The most common 
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of these is the co-reconstitution of the light activated proton-pump bacteri-
orhodopsin and the F1Fo ATP synthase [149]. Other examples include a re-
cent co-reconstitution of the NapA sodium-proton antiporter from T. ther-
mophilus and the F1Fo ATP synthase from E. coli [150].  
 
We have studied co-reconstituted systems with the E. coli F1Fo ATP syn-
thase and either the quinol-type bo3 oxidase from E. coli or the R. 
sphaeroides cytochrome c oxidase. The studies have aimed at trying to un-
derstand the relative rates of proton-pumping and ATP synthesis (von Ball-
moos et. al., personal communication) and the effect of lipid composition on 
the ATP synthesis driven by proton pumping in the bo3 oxidase (Paper III). 
The method used for co-reconstitution was developed and optimized by 
Christoph von Ballmoos at our department. ATP synthase and an oxidase 
were added to preformed liposomes (100 nm or larger) in the presence of 50 
g/l sucrose (to stabilize ATP synthase) and the detergent sodium cholate at 
around critical micelle concentration (0.6 - 1%). After mixing, the detergent 
was rapidly removed by gel-filtration. The use of large liposomes allowed 
for the incorporation of multiple enzymes per liposome. 
Stable, continuous ATP synthesis could be observed upon addition of the 
electron donor/mediator couples dithiothreitol (DTT)/ubiquinone Q1 or 
ascorbate/phenazine methyl sulphate (PMS) depending on which oxidase 
was used. Analysis of the km of cytochrome c and Q1 as well as the effect of 
inhibitors were in agreement with previous studies on the single enzymes. 
Tentative rates for the ATP synthesis and oxygen reduction were also calcu-
lated. Exact calculation of the relative rates was complicated by the fact that 
both the bo3 oxidase and the cytochrome c oxidase reconstituted in mixed 
orientations. This meant that precise determination of the number of en-
zymes contributing to the generation of the electrochemical gradient was not 
possible. 
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The effect of lipid composition on ATP synthesis driven by a bo3 
oxidase-generated electrochemical gradient 
In Paper III, we investigated the coupled bo3 proton pumping and ATP-
synthase driven ATP production as a function of the membrane lipid compo-
sition. ATP synthase and bo3 oxidase were co-reconstituted in liposomes 
from pure dioleoyl-PC (DOPC), and liposomes containing DOPC and either 
DOPG, dioleoyl-PA (DOPA), cardiolipin or DOPE at different ratios. ATP 
production driven by bo3 oxidase proton pumping was measured for all lipid 
compositions in a luminometer using a luciferin/luciferase assay (Figure 
12A). For the different DOPG:DOPC liposomes, the activity of the individ-
ual enzymes was also determined. For measuring ATP synthesis driven by a 
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Figure 12. Measurements of coupled and single enzyme activity of ATP synthase 
and bo3 oxidase. A) ATP synthesis driven by an electrochemical gradient generated 
by bo3 oxidase. The reaction was started by addition of ubiquinol Q1 to liposomes 
with co-reconstituted ATP synthase and bo3 oxidase in the presence of DTT, ADP 
and phosphate. The reaction was stopped by addition of potassium cyanide. B) ATP 
synthesis driven by an electrochemical gradient created using different pH buffers. 
C) Oxygen consumption by bo3 oxidase in 20/80 % DOPG:DOPC in the presence of 
DTT, valinomycin and FCCP. D) ACMA fluorescence changes by acidification of 
liposomes by ATP hydrolysis. The tightness of the membrane was calculated as the 
ratio of the rates before and after addition of valinomycin. See Paper III for details 
about the measurements. 
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proton gradient created by incubation of liposomes at different pH, a lucifer-
ase/luciferein assay was used (Figure 12B) and for bo3 oxidase activity an 
oxygraph was used to measure oxygen consumption (Figure 12C). The pro-
ton leakage of different DOPG:DOPC ratios was measured by determining 
the distribution of the fluorophore ACMA (9-amino-6-chloro-2-
methoxyacridine) during proton translocation coupled to ATP-hydrolysis in 
different DOPG:DOPC compositions (Figure 12D).  

To our surprise, inclusion of any of the negatively charged lipids (DOPG, 
DOPA or cardiolipin) lead to a substantial decrease in coupled 
bo3-ATP-synthase activity, even at low concentrations of the added lipid 
(Figure 13). Introduction of DOPE also resulted in a decreased activity, but 
to a much lesser degree (Figure 8). The activities of the single enzymes were 
not affected by changes in lipid composition from pure DOPC to 40/60 % 
DOPG/DOPC. Both the measurement of ATP synthesis driven by a proton 
electrochemical gradient established using different pH buffers and the 
measurements of ACMA distribution indicated that the differences in cou-
pled bo3-ATP-synthase activity were not due to an increase in proton leak-
age. Due to mixed bo3 oxidase orientation and the use of multiple enzymes 
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per liposome, determination of the RCR was difficult for these liposomes. 
Nevertheless, the RCRs that could be obtained (1.2 – 1.5) did not show any 
variations that correlated with the changes in coupled bo3-ATP-synthase 
activity. This lack of variation in RCR suggested that there were no signifi-
cant changes in bo3 oxidase orientation. 
 
Assuming that the above-mentioned trivial explanations for the changes in 
coupled bo3-ATP-synthase activity observed in Paper III can be ruled out, 
the changes could be due to effects on lateral proton transfer along the mem-
brane. As mentioned earlier, studies of lateral proton transfer have shown 
increased transfer rates in membranes containing negatively charged or pro-
tonatable lipids [117-122], seemingly contradictory with our results. The 
lateral transfer of protons can be seen as separate transfer steps (illustrated in 
Figure 14), with different rates. Starting at the N-side of the bo3 oxidase, 
protons taken up from a protonatable group on the membrane (𝑘!",!), trans-
located and released from a protonatable group on the surface of the enzyme 
to the P-side of the membrane (𝑘!"#,!). Lateral proton transfer along the 
membrane (𝑘!"#,!), is followed by uptake of protons from the membrane by 
protonatable groups on the ATP synthase (𝑘!",!). After translocation in ATP 
synthase, protons are released to the N-side of the membrane (𝑘!"#,!). In 
combination with previous studies of lateral proton transfer, our results, 
again excluding trivial explanations, suggest that the lateral proton transfer 
rate (𝑘!"#,!) is not the rate-limiting step in the systems studied. Further inves-
tigation will be required to determine the cause of the observed effect. 

Enzyme orientation 
As mentioned above, one problem that we encountered in our studies of 
co-reconstituted systems was mixed enzyme orientation. While the ATP 
synthase orients exclusively with the F1-part facing the outside of the lipo-
some [28], the oxidases do not orient in a uniform manner [21,151]. Cyto-
chrome c oxidase can to some extent be reduced in an orientation specific 
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Figure 14. Schematic representation of lateral proton transfer in the system stud-
ied in Paper III. 
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manner by adding cytochrome c to only one side of the membrane. Such an 
approach works well in systems where the preferred orientation is that where 
the cytochrome c-binding site faces the outside of the liposome. In such 
systems cytochrome c can be reduced by ascorbate and only the correctly 
oriented oxidases will be reduced. Because of the orientation of ATP syn-
thase, the preferred orientation was the opposite in our system, requiring the 
use of phenazine metyl sulfate (PMS) as an electron mediator between the 
ascorbate on the outside of the membrane and cytochrome c on the inside. 
However, in addition to reducing cytochrome c, PMS also directly reduces 
both orientations of cytochrome c oxidase, although at a slower rate. In the 
bo3 oxidase system, where ubiquinol Q1 was used to reduce the enzyme, 
selective reduction of only one of the populations was not possible. 
 
Previous attempts to obtain uniform orientation of cytochrome c oxidase 
have been made, in our lab and others, however these attempts have all 
aimed for an orientation with the cytochrome c binding site on the outside of 
the liposome and were therefore not suited for our studies.  
Two previously published studies reported successful enrichment of prote-
oliposomes with uniform enzyme orientation by binding of a polyhistidine-
tag (his-tag) on the protein, used for protein purification. In the first of these 
studies Ni-NTA (nitrilotriacetic acid) Sepharose columns were used to bind 
cytochrome c oxidase liposomes in which the protein presented its his-tag to 
the outside of the liposome [152]. In the second study, the his-tag on prote-
orhodopsin was bound to Ni-NTA groups on silica beads prior to reconstitu-
tion [153]. The size of the particle was found to force an orientation with the 
his-tag of the protein facing the outside of the liposomes. 
 
In our attempts to obtain homogeneous orientation we also focused on these 
two approaches. Both binding of liposome-reconstituted enzymes and recon-
stitution of pre-bound enzymes, were tested. We used a large range of parti-
cles with Ni-NTA groups, such as standard Ni-NTA Sepharose and magnet-
ic, silica or polystyrene beads in the 200 nm – 1 µm size-range with different 
levels of Ni-NTA content. Unfortunately, we were unable to reproducibly 
detect any significant improvement of enzyme orientation in any of our ex-
periments. We did however notice a substantial loss of enzyme activity in 
many of the samples, possibly due to interactions between the lipids and the 
Ni-NTA leading to aggregation of liposomes. Work to obtain uniform en-
zyme orientation is still ongoing. 

Membrane fusion driven reconstitution 
As described above, in our work with co-reconstitution of membrane pro-
teins, we encountered problems due to mixed enzyme orientations. As a step 
in solving this issue we set out to design a system that would allow us to 
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study the interactions of membrane proteins in liposomes, but separate the 
reconstitution of the membrane proteins involved to allow for optimizations 
of the reconstitution procedure of each enzyme. This system, which is de-
scribed in Paper IV, relies on fusion of preformed proteoliposomes, mediat-
ed by synaptic membrane fusion proteins, SNAREs. 

SNAREs 
Synaptic transmission in animals is achieved by the rapid fusion of synaptic 
vesicles and the presynaptic membrane of a synapse, releasing neurotrans-
mitters to the postsynaptic membrane of a neighboring cell [154-156]. The 
fusion is achieved by interactions between proteins into the synaptic vesicle 
membrane and in the presynaptic membrane. These proteins are called 
SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein 
receptors).  
 
Although many different SNAREs are known [154], synaptobrevin, syntaxin 
and SNAP-25 (synaptosome-associated protein) are best characterized [156]. 
All SNAREs contain a long coiled-coil region, referred to as the SNARE 
motif, that is the basis for the membrane fusion mechanism. Synaptobrevin 
sits in the membrane of synaptic vesicles and is composed of a single TM 
helix connected by a short loop region to a SNARE motif [156]. The struc-
ture of syntaxin is similar, but it contains an additional region, referred to as 
the Habc domain, connected to the end of the SNARE motif. SNAP-25 con-
tains two connected SNARE motifs, but does not contain a TM domain. 
SNAP-25 and syntaxin both sit in the presynaptic membrane and combine to 
form a three-helix bundle in the membrane.  
 
The general process of SNARE fusion can be described as follows. Upon 
interaction, synaptobrevin and the SNAP-25/syntaxin bundle associate, 
forming a four-helix trans bundle, in a process of often referred to as a “zip-
pering”, starting from the N-terminal ends of their respective SNARE mo-
tifs. This process is sufficiently exergonic to force the synaptic vesicle 
membrane and presynaptic membrane close together and initiate fusion of 
the two membranes [155,156]. After fusion, the SNAREs are regenerated via 
an ATP-driven dissociation of the four-helix bundle that is catalyzed by the 
ATPase NSF (N-ethylmaleimide-sensitive factor) together with various sol-
uble NSF attachment proteins (SNAPs) that act as cofactors. 
 
The fusion of the synaptic vesicles with the presynaptic membrane and re-
lease of neurotransmitters in synapses is a synchronized and fast (~ 1 ms) 
process that is triggered by an influx of calcium ions. Many different pro-
teins are involved in the regulation of this triggering, among them are vari-
ous Sec1/Munc18-like (SM) proteins, complexin and synaptotagmin 
[154,156].  
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The SM proteins, are thought to be involved in regulating the interactions of 
the SNAP-25/syntaxin complex and synaptobrevin, possibly by inhibiting 
the zippering of the two, either entirely or at an intermediate stage.  
The role of complexin is not clear, but it is thought to function either to sta-
bilize partially zippered SNARE complexes or to be involved in arresting 
zippering at an intermediate stage and has also been shown to be involved in 
the calcium-dependent triggering of fusion [156].  
The protein thought to be responsible for the Ca2+-dependent triggering of 
the fusion is synaptotagmin [156]. This protein, which is attached to the 
synaptic vesicle membrane via a TM-helix and contains a group of calcium-
binding loops able to bind 2 - 3 calcium ions. The soluble part of the protein 
is very flexible, thus allowing for large movements. Deletion strains lacking 
synaptotagmins lack rapid calcium triggered membrane fusion, showing that 
synaptotagmin is central to this process. The mechanism behind this trigger-
ing is still unclear, but the two main suggested models involve either interac-
tions between synaptotagmin and specific lipids in the membrane or synap-
totagmin acting to displace proteins arresting the zippering of the SNARE 
complex. 
 
In vitro studies of SNAREs reconstituted into liposomes have revealed suc-
cessful fusion [157-163]. One study has shown that only one four-helix 
SNARE complex needs to form for successful fusion to occur [157,164], 
while others have reported numbers in the range of 3-15 [159,165]. The 
observed rate of fusion when using only synaptobrevin and SNAP-
25/syntaxin has been in the range of minutes to hours [157,159,166-169], as 
compared to the millisecond timescale at which fusion occurs in the synaptic 
membrane. This huge difference has been proposed to stem partly from the 
formation of SNAP-25/syntaxin 1:2 complexes where an additional syntaxin 
binds to the complex and blocks interaction with synaptobrevin [157,159]. 
The rate of fusion can be accelerated by more than one order of magnitude 
by incubating the SNAP-25/syntaxin complex with a fragment of synap-
tobrevin (Syb49-96) [157,160]. The binding of the Syb49-96 fragment pre-
vents formation of the 1:2 complex, but the fragment can be displaced by the 
full-length synaptobrevin. The remaining discrepancy between the observed 
in vitro and in vivo rates can be explained by the fact that the in vitro rate is 
dominated by the diffusion and docking of liposomes [159].  
Studies of single-vesicle fusion with supported lipid bilayers, where single 
fusion events could be distinguished, have shown fusion rates in the order of 
10 - 200 ms [157,166-169]. Furthermore, the fusion rate in vivo is often 
defined as the time from calcium influx to full fusion. Since the SNARE 
complex is generally considered to be at least partly “zippered” at the time 
of calcium influx, direct comparison of the rates might not be possible [157]. 
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SNARE-mediated fusion of preformed proteoliposomes 
In Paper IV we show successful co-reconstitution of membrane proteins of 
the respiratory chain by using SNARE proteins to fuse preformed prote-
oliposomes.  

 
In our initial attempt, liposomes containing the E. coli quinol-type bo3 oxi-
dase and synaptobrevin were incubated with liposomes containing the E. coli 
F1Fo ATP synthase and the SNAP-25/syntaxin complex (Figure 15A). By 
following ATP synthesis activity during fusion we were able to show both 
functional co-reconstitution and fusion rates in the ranges reported in other 
studies [160] (Figure 15B). It should be noted that the SNAP-25/syntaxin 
complex was not incubated with Syb49-96 in these studies. 
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To further investigate the potential of the fusion approach, bo3 oxidase, ATP 
synthase and SNAP-25/syntaxin was reconstituted into one set of liposomes 
and E. coli QFR and synaptobrevin into another set (Figure 16A). The hy-
drophobic ubiquinone Q10 was included during liposome formation. We 
were able to show ATP production upon addition of succinate, demonstrat-
ing that all the enzymes were reconstituted in the same membrane (Figure 
16B). Note that the reaction of fumarate reductase does not contribute to the 
electrochemical gradient. 
 

 
Fusion of liposomes containing ATP synthase and the R. sphaeroides cyto-
chrome c oxidase with liposomes containing the water soluble protein cyto-
chrome c (Figure 17A) showed a roughly five-fold increase in ATP produc-
tion compared to ATP synthase/cytochrome c oxidase liposomes fused with 
empty liposomes (Figure 17B), demonstrating that a 15 kDa protein could be 
delivered to a preformed proteoliposome by liposome fusion. 
 
Finally, after confirming that synaptobrevin could be added to preformed 
proteoliposomes by stabilizing the protein with a small amount of detergent 
during addition, we attempted to perform reconstitution of ATP synthase 
into a native membrane by SNARE fusion (Figure 18A).  
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Inverted membranes were prepared from two E. coli strains: BL21 and DK8, 
the latter of which lacks the entire atp operon. The inverted membrane vesi-
cles from DK8 showed NADH dehydrogenase and bo3 oxidase activities 
similar to that of the BL21 vesicles, but no ATP synthesis upon addition of 
NADH or DTT/Q1 (Figure 18B). After both types of inverted membrane 
vesicles were doped with synaptobrevin and fused with liposomes contain-
ing ATP synthase the DK8 vesicles showed 10% of the BL21 ATP synthesis 
activity when NADH was added and 40% of the activity upon addition of 
DTT/Q1 (Figure 18B). 
 
The results in Paper IV show that SNARE proteins can be a powerful tool 
for co-reconstitution of membrane proteins in both synthetic and native 
membranes, as well as for introduction of soluble molecules into preformed 
liposomes. Additionally, the system could probably be used to deliver lipids 
or fluorescence markers to native membranes vesicles. 
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Concluding remarks 

This PhD project started out as an investigation of membrane proteins in 
supported lipid bilayers on silica particles. A method for statistical analysis 
of formation of supported lipid bilayers on silica particles was described in 
Paper I. Incorporation of the multi-subunit proton-pump cytochrome c oxi-
dase into supported lipid bilayers on porous silica particles was reported and 
analyzed in Paper II.  
 
After a failed attempt to design drug-delivery systems using supported-
bilayer systems, my work shifted focus to co-reconstitution of membrane 
proteins.  
 
Paper III describes our data from measurements of co-reconstituted bo3 oxi-
dase and ATP synthase in liposomes with different lipid compositions. Sur-
prisingly, the coupled bo3-ATP-synthase activity drastically decreased with 
increasing concentrations of negatively charged lipids. Elucidating the 
cause, at the molecular level, of this intriguing relation between the coupled 
activity and lipid composition will require additional investigation. Ongoing 
work in our lab will hopefully allow us to create liposomes with a uniform 
oxidase orientation, which would be beneficial for further studies. The pro-
ton permeability of the liposomes, as well as the liposome concentration and 
composition will have to be investigated further. 
 
The, in my eyes, most interesting study of this thesis is presented in Paper 
IV. In this paper, we reported SNARE assisted co-reconstitution of a fully 
functional respiratory chain from E. coli through fusion of preformed prote-
oliposomes. Additionally, we show that cytochrome c can be delivered to the 
inside of preformed liposomes and that a large multi-subunit membrane 
protein, ATP synthase, could be reconstituted into the membrane of inverted 
E. coli membrane vesicles through fusion. Further optimization of this tech-
nique, by including the Syb49-96 fragment to increase the rate of fusion, 
should be performed. Additional increase in fusion rate may be achieved by 
using synaptotagmin and Ca2+.  
 
The fusion technique was partly developed to assist in obtaining uniform 
protein orientation in liposomes (and partly because it was thrilling and 
fun…). Hopefully, a generally applicable technique for orienting reconstitut-
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ed membrane proteins in lipid membranes will be developed in the near 
future, thus letting us investigate the full potential of the SNARE-fusion 
approach. 
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Svensk Sammanfattning 

De processer som är lokaliserade till biologiska membraner är av stort in-
tresse, både ur vetenskaplig och läkemedelssynvinkel. För att förstå detalje-
rade mekanistiska och regulativa aspekter av dessa processer, krävs kunskap 
om struktur och funktion för de membranbundna proteiner som deltar i dem. 
För att studera dessa proteiner krävs ofta konstgjorda system som efterliknar 
den miljö där proteinerna påträffas naturligt. Denna avhandling beskriver ett 
flertal av de metoder som används för detta ändamål, samt vårt arbete för att 
utveckla nya sådana metoder och resultat från studier där vi har använt dessa 
metoder för att studera membranproteiner.  
 
I de första två studierna, beskrivna i Artikel I & II, studerade vi lipidmem-
braner som var ankrade till kiseldioxidpartiklar. Vi visade att ett komplext 
membranenzym, cytokrom c oxidas, bestående av flera separata proteiner, 
kunde sättas in i dessa membran med fullt bibehållen funktion. Vidare besk-
rivs försök att utveckla system för målinriktad läkemedelsleverans med hjälp 
av membrantäckta kiseldioxidpartiklar och olika målsökande proteiner.  
 
Den andra delen av avhandlingen fokuserar på vårt arbete med att studera 
metaboliska vägar kopplade till membranproteiner. Resultat från studier av 
två membranproteiner som samverkar i andningskedjan presenteras i Artikel 
III. En förvånande koppling mellan de två enzymernas samverkan och lipid-
kompositionen i membranet beskrivs. 
 
Slutligen beskriver vi ett nytt system för studier av membranproteiner som 
samverkar. Denna metod beskrivs i Artikel IV och baseras på funktional-
iteten hos fusionsproteiner från nervceller som utnyttjas för att på ett kon-
trollerat sätt kunna sätta in olika membranproteiner i samma konstgjorda 
eller naturliga membran. 
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work. 
 
Linda, thank you for all your help over the years, for your work to keep eve-
rything in the lab organized, for listening to my random ramblings and for 
reminding me when I sometimes talk just a tiny bit too much… 
 
Emelie, thank you for always listening, for your work in our lab, for your 
help over the years and for contributing to make our group so great. Good 
luck with finishing up your PhD!  
 
Rosa, thanks for the help with and idea for the FACS measurements at the 
start of all this, for listening to my ideas and for the times we hung out with 
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Ann-Louise, thanks for your help and support. Thank you for our talks, for 
your work to keep everything up and running and for making our group so 
great. 
 
Maria, thank you for your input and help during the time we shared pro-
jects. Thank you for making our office nice and good luck with your thesis 
and motherhood!  
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Joachim and Peter, thank you for the great times we had when we shared 
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Gisela, Håkan, Henrik, Hyun Ju, Ida, Jacob, Johanna, Josy, Kristina, 
Laila, Lina, Nathalie, Ullis and Yafei, thank you for making our groups so 
great!  
 
Camilla, Tobias and Leonidas, you have all been students of mine, thank 
you for you hard work, for your input and for being great students. Camilla 
and Tobias – thank you for all the hard work you put into the lipid effect 
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Rob, thank you for showing me how to deal with cell cultures, for helping 
me purify HA and for your input. Thanks for some great discussions in the 
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Åke Wieslander, who has sadly passed away, was a huge help due to his 
vast knowledge of lipids and a great source of interesting anecdotes and 
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Martin and Susanna thank you for all the great times we have had, both in 
and out of DBB. Martin -  thanks for all the fun we had while teaching and 
for all the random talks we have had over the years. Now I might be able to 
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attitude and for all the nice times we have had. 
 
Isolde, thank you for all the random talks we have had over the years and 
for your great attitude. Good luck with your future! 
 
David, thank you for the fun and interesting talks we have had and for your 
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Jörg, thanks for the fun we had while teaching and the talks we have had 
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Ann, thank you for all the work you do to keep DBB in shape and for your 
great, fun attitude. 
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