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Abstract 

The monotopic membrane protein alMGS, a glycosyltransferase catalyzing 
glucolipid synthesis in Acholeplasma laidlawii, was overexpressed in Es-
cherichia coli. Optimization of basic growth parameters was performed, and 
a novel method for detergent and buffer screening using a small size-
exclusion chromatography was developed. This resulted in a tremendous 
increase in protein yields, as well as the unexpected discovery that the pro-
tein induces intracellular vesicle formation in E. coli. This was confirmed by 
sucrose density separation and Cryo-TEM of membranes, and the properties 
of the vesicles were analyzed using SDS-PAGE, western blot and lipid com-
position analysis. It is concluded that both alMGS and alDGS, the next en-
zyme in glucolipid pathway, have the ability to make the membrane bend 
and eventually form vesicles. This is likely due to structural and electrostatic 
properties, such as the way the proteins penetrate the membrane interface 
and thereby expand one monolayer. The highly positively charged binding 
surfaces of the glycosyltransferases may bind negatively charged lipids, such 
as Phosphatidylglycerol (PG), in the membrane and withdraw it from the 
general pool of lipids. This would increase the overall lipid synthesis, since 
PG is a pace-keeper, and the local concentration of nonbilayer prone lipids, 
such as Phosphatidylethanolamine, can increase and also induce bending of 
the membrane. The formation of surplus membrane inside the E. coli cell 
was used to develop a generic method for overexpression of membrane pro-
teins. A proof-of-principle experiment with a test set of twenty membrane 
proteins from E. coli resulted in elevated expression levels for about half of 
the set. Thus, we believe that this method will be a useful tool for overex-
pression of many membrane proteins. By engineering E. coli mutants with 
different lipid compositions, fine-tuning membrane properties for different 
proteins is also possible. 
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AD93 Mutant lacking the lipid PE 
alDGS Diglucosyldiacylglycerol synthase from A. laidlawii 
alMGS Monoglucosyldiacylglycerol synthase from A. laidlawii 
atDGD2 Digalactosyldiacylglycerol synthase from A. thaliana 
atMGD1 Monogalactosyldiacylglycerol synthase from A. thaliana 
CAZy  Carbohydrate-Active enzymes database 
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CL Cardiolipin (diphosphatidylglycerol) 
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DDM Dodecylmaltoside 
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DPC Dodecylphosphocholine  
DPPC Dipalmitoylphosphatidylcholine 
FTIR Fourier transform infrared spectroscopy 
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GalDAG Monogalactosyldiacylglycerol 
GalGalDAG Digalactosyldiacylglycerol 
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Glc Glucose 
GlcDAG Monoglucosyldiacylglycerol 
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GT Glycosyltransferase 
IM Inner membrane 
IMAC  Immobilized metal ion affinity chromatography 
LB Luria Broth 
LDAO Lauryldimethylamine oxide 
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MD Molecular dynamics 
MP Membrane protein 
OD600 Optical density at 600 nm 
OG Octyl glucoside 
OM  Outer membrane 
PDB Protein Data Bank (URL: http://www.rcsb.org/pdb/) 
PE Phosphatidylethanolamine 
PG Phosphatidylglycerol 



 

POPC Palmitoyloleoylphosphatidylcholine 
POPE Palmitoyloleoylphosphatidylethanolamine 
SDS Sodium dodecyl sulphate 
SDS-PAGE SDS-Polyacrylamide gel electrophoresis 
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TB Terrific Broth 
TCEP Tris(2-carboxyethyl)phosphine 
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Introduction 

Excessive body fat is dangerous to health and people often avoid fat in their 
diet. Others know that fats are essential ingredients of the diet and can pro-
vide a tastier meal. In life science fats are called lipids. Lipids are key com-
ponents of the membranes that build up all living cells. These biological 
membranes are essential for all living organisms because they are the struc-
tural framework for the boundary between the surrounding environment and 
the interior of the cell, and also between various intracellular sub-
compartments.  

Proteins that are integrated or closely associated with the membrane are 
collectively referred to as membrane proteins. These are distinct from their 
soluble counterparts due to their complex interaction with the surroundings. 
The typical lipid membrane provides an amphiphilic environment for the 
membrane proteins, thus shield their hydrophobic regions from the hydro-
philic surrounding. This feature of membrane proteins makes them a great 
challenge for research. 

For in vitro studies, isolation from the native membrane is usually re-
quired. Detergents are used to solubilize the proteins from the lipids in the 
membrane, and obtaining the proteins in solution. Detergent is also required 
for keeping the target protein stable and active. The same detergent or con-
centration used for solubilization, might however not work for stabilization. 
Therefore, finding the optimal conditions is often a time-consuming proce-
dure. In Paper I, a rapid and efficient method for this optimization is de-
scribed.  

Due to their characteristics, membrane proteins are difficult to overex-
press, i.e. produce in large quantities. One of the most widely used hosts for 
overexpression is Escherichia coli, a common bacterium in the intestinal 
tract of warm-blooded animals. Quantities in the range of 2-15 mg of mem-
brane protein per liter of growth culture have been reported, but usually only 
a few mg are obtained. This thesis describes how optimization of basic cell 
culture parameters such as growth media, temperature, bacterial strain and 
induction time, may increase the expression levels considerably (Paper I). It 
also describes a novel method for membrane protein overexpression (Paper 
III). This method takes advantage of the discovery that E. coli can be stimu-
lated to produce vast amounts of intracellular membrane in the form of vesi-
cles (Paper II). Several lipid mutants were also created to study how differ-
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ent lipid compositions affect important functions of E. coli membrane pro-
teins (Paper IV). 

The Ph.D. thesis project 
An initial goal of my Ph.D. thesis project was to increase the amounts of the 
monotopic glycosyltransferase membrane protein alMGS, in order to enable 
detailed structural studies. The previously obtained expression level was ~2 
mg/L culture and with optimization of the growth conditions, such as tem-
perature, media, induction time and expression strain, the expression level 
was increased to ~170 mg of pure and concentrated protein/L culture. Thus, 
the first goal of the project was definitely reached.  

Another important goal was to obtain stable and monodisperse protein by 
finding optimal detergent conditions for both solubilization and stabilization. 
Various screening procedures were evaluated and a fast and efficient method 
was developed for finding the best final detergent. The selected screening 
method was used both for detergent and other buffer components. It is based 
on the well-known size-exclusion chromatography (SEC) method, but here a 
very small Superdex 200 column of only 3 ml was used. The required vol-
ume of protein sample per run was only 10 µl. The use of small volumes of 
buffers saved time and money, especially when screening detergents. This 
SEC-method was used to screen for different detergents able to keep the 
protein stable and monodisperse, but also the concentration of the detergents 
was found to be important. Although the differences in detergent concentra-
tions seem small, such as 0.1 mM Dodecylmaltoside (DDM) compared to 
0.4 mM DDM (cf. Fig. 1 in Paper I), the lower amount of detergent gener-
ated more monodisperse protein as well as lower amounts of aggregated 
protein.  

A conclusion of the study described in Paper I was that this monotopic 
protein does not need as many detergent molecules to shield the hydrophobic 
parts as transmembrane proteins do, due to its smaller interaction surface 
with the membrane. Although excellent conditions for obtaining large 
amounts of stable and monodisperse protein were found, no useful protein 
crystals for X-ray structural determination have, as of today, been obtained.  

The high expression level after optimization was compared to similar pro-
teins, and the amounts obtained were at least 10-fold larger than previous 
studies. An interesting problem was the maximum number of protein mole-
cules that could be accommodated in the inner membrane of a normal E. coli 
cell. Based on a yield of ~330 mg/L culture pure alMGS protein before con-
centration, we estimated this number to be around 220,000 molecules. This 
estimate could be compared to a literature value of ~200,000 proteins mole-
cules in the inner membrane of E. coli [1]. The amount of phospholipids in 
the inner leaflet of the plasma membrane is ~8,000,000 molecules [1] and 
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they cover a surface of ~480,000,000 Å2, while all the alMGS molecules by 
themselves would need an interface surface of 440,000,000 Å2. Microscopy 
images of E. coli cells, overexpressing alMGS and stained with a membrane 
stain (cf. Fig. 1, Paper II) showed an E. coli cell with an astonishing striped 
pattern. This led to the exciting hypothesis that E. coli produces additional 
membranes inside the cell.  

The hypothesis was investigated with separation of membranes using su-
crose density gradient centrifugation (see Methodology section). In addition 
to the expected pattern of an inner membrane fraction at ~32% sucrose and 
an outer membrane fraction at ~43% sucrose [2], at least one fraction of very 
low density material was found in, or sometimes above, the 27% sucrose 
layer. This low density membrane fraction contained high amounts of lipids 
compared to protein. With further analysis using cryo-transmission electron 
microscopy (cryo-TEM), the fraction was found to contain intracellular 
membrane vesicles. These vesicles are pinched-off from the inner membrane 
into the cytosol. There are probably several mechanisms involved. Our hy-
pothesis is that highly positively charged binding surfaces on alMGS will 
attract and bind to negatively charged lipids (phosphatidylglycerol (PG) and 
cardiolipin (CL)). This may up-regulate overall lipid synthesis, since PG is a 
pace-keeping lipid, and in addition the shape of the protein and the binding 
itself may cause the membrane to bend (Paper II).  

The phenomenon leading to formation of additional membranes was suc-
cessfully used to overexpress other membrane proteins to higher levels, since 
lack of membrane space is one of the limitations for membrane protein pro-
duction. A method was developed and tested, as a proof-of-principle ex-
periment, on a small set of membrane proteins from E. coli. All selected 
proteins were known to be expressed at similar intermediate levels [3]. The 
selected proteins were of various sizes and had different number of mem-
brane-spanning helices. Each protein in the test set also had a GFP-protein 
fused to the C-terminus, which was used to monitor the expression levels. 
The proteins were expressed in cells producing intracellular vesicles and the 
expression was compared to expression in a control strain. About half of the 
tested proteins showed an increase in produced quantities of properly folded 
protein. Based on the success rate of this small test set we predict that this 
method will be applicable to and useful for many more membrane proteins 
(Paper III). Lipid composition is also an important factor for the success of 
overexpression of recombinant membrane protein. One possible way to fur-
ther develop the new expression method could be to use the knowledge ob-
tained from the different E. coli lipid mutants created and analyzed in Paper 
IV. 
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Lipids and membranes 

Lipids constitute an extensive group of naturally occurring molecules which 
includes fats, waxes, sterols, fat-soluble vitamins, monoglycerides, diglyc-
erides, phospholipids, and others. The biological functions of lipids include 
energy storage and cellular signaling, but their primary role is to form the 
lipid bilayer permeability barrier of cells and organelles [4]. Major parts of 
the cell membrane are comprised of phospholipids and glycolipids. In addi-
tion, the membranes of some animal tissue and Archea bacteria also contain 
ether lipids (phospholipids with ether-linked chains) [5]. Sterols (e.g. choles-
terol) are present in all eukaryotic cells and in a few bacterial membranes 
[4]. Membrane lipids are amphipathic molecules with a very hydrophobic 
tail area, which does not interact with water, and a more hydrophilic head-
group, which readily interacts with water. The head-groups vary in charge 
and size. The tail is of various length and saturation. The phospholipids and 
glycolipids are built from a glycerol or sphingosine molecule acting as a 
backbone to which one or several fatty acid tails are attached. Depending on 
the composition of the specific lipid, it will obtain a certain packing shape 
and occupy different space in the membrane. One general type is bilayer-
prone lipids, which are of cylindrical shape where the head-group and fatty-
acid tails occupy similar lateral areas. Such lipids do spontaneously assemble 
into bilayer structures. The other type is nonbilayer-prone lipids, which are 
of conical shape and have a head-group whose lateral area is either smaller 
or larger than the area of the fatty-acid tail/s [6] (cf. Fig. 1).  

 
 
 
 
 
 
 
 
 

Figure 1. Lipid shape and curvature. Lipids to the left have zero curvature and are 
also of bilayer-prone shape. The lipids with negative and positive curvature possess 
a nonbilayer-prone shape. Adopted from A. Georgiev [7]. 



  5 

The nonbilayer-prone lipids give curvature to the membrane (often referred 
to as curvature stress or packing stress) [8] and are essential lipids in many 
organisms [9]. The curvature can be either negative (small head-group) or 
positive (large head-group) (Fig. 1) [4]. In this thesis ‘nonbilayer-prone lip-
ids’ refers to the type that generates negative curvature.   

In 1972 Singer and Nicholson proposed a model of a fluid mosaic mem-
brane [10]. This model envisioned a sea of lipids in which membrane pro-
teins, as undefined globular structures, were freely floating around in two 
dimensions. This model stimulated research on membrane proteins, but de-
graded lipids only to be a matrix in which membrane proteins could reside 
and function. The current view is that the role of lipids in the cell function is 
as important as the membrane proteins [4, 11]. There are at least two ways in 
which lipids can affect protein structure and function, and thus cell function. 
First, via specific lipid-protein interactions, which depend on the chemical 
and structural composition of the lipids (head-group, backbone, chain length, 
saturation etc.). The second way to affect protein function is mediated by the 
unique self-association properties of lipids resulting in specific membrane 
structures, which depend on collective properties such as fluidity, bilayer 
thickness, shape, and packing [4].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

              © David S. Goodsell ‘99 
Figure 2. Artistic illustration of parts of an Escherichia coli cell. The light green 
illustrates the crowded inner and outer membrane, with green membrane proteins. 
The long green molecules extending the outer membrane are lipopolysaccharides 
(LPS). In the cytoplasmic area the large purple molecules are ribosomes and the 
small, L-shaped maroon molecules are tRNA, and the white strands are mRNA. The 
blue molecules are enzymes and the yellow a long DNA circle wrapped around 
bacterial nucleosomes. The orange molecules illustrate the replication fork with 
DNA polymerase. Reproduced, with permission from D. S. Goodsell.  
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The membrane is indeed a mosaic structure, most biological membranes 
consist of more proteins than lipids, with typical protein:lipid mass ratio of 
around 60:40 [12]. The view of today is that the membrane is patchy with 
segregated regions of structure and function, and the lipid regions have vari-
able thickness depending on the lipids and their composition. The patches 
can be assemblies of protein, lipids, or complexes of both. The membrane is 
fluidic, and lipids and proteins can move rapidly in the lateral plane, but the 
membrane is also crowded (Fig. 2), which can inhibit or slow down the lat-
eral motions. The lipids and the membrane proteins are constantly adjusting 
to each other, by distortion of the proteins to match the bilayer or distortion 
of the lipids to match the proteins. If this distortion is asymmetric across the 
bilayer, curvature can be induced [11].      

Membrane protein classification 
Membrane proteins (MP) are believed to account for up to 30% of the pro-
teins encoded in most genomes [13, 14]. In the term membrane proteins, 
generally both integral and peripheral proteins are included. The peripheral 
membrane proteins do not span the membrane and are associated with the 
membrane on one side, typically with only electrostatic interactions between 
the negatively charged lipid head-groups and positively charged amino acids 
[15]. Peripheral membrane proteins can usually be released from the mem-
brane by washing with a salt-containing (e.g. NaCl) buffer.  

Integral membrane proteins possess extended hydrophobic surfaces. This 
is the reason why they associate with the protecting hydrophobic environ-
ment of the lipid membrane. Currently less than 1% of the deposited struc-
tures in PDB (the protein data bank) are membrane proteins (201 unique 
structures August 2009) [16, 17]. This gives an indication of the difficulties 
faced when working with membrane proteins.  

The integral membrane proteins have been classified into three groups 
based on the extent to which the protein interacts with the membrane: 
monotopic, bitopic and polytopic (Fig. 3) [18]. Bitopic membrane proteins 
span the bilayer once while polytopic proteins span the membrane more than 
once. These two are typical transmembrane proteins and need detergent to be 
solubilized from the lipid membrane. The monotopic proteins do not span 
the membrane, they penetrate only one of the leaflets of the bilayer and are 
associated to the membrane with both electrostatic and hydrophobic interac-
tions [19]. Monotopic membrane proteins also require detergent for the iso-
lation of the protein.  

There are only a few structures of monotopic proteins determined (14 
unique structures, as of August 2009) [17], as compared to the total number 
of membrane proteins (201 unique structures, as of August 2009) [17]. This 
indicates that they are either difficult to produce and study, hard to crystal-
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lize, or just rare. Given the few structures in combination with the fact that 
very few crystal structures actually contain information of interactions with 
the intact bilayer, the knowledge of their interaction with the membrane is 
rather poor. Therefore, computer simulations may be a valuable tool, and 
both atomistic and coarse-grained molecular dynamics (MD) simulations 
comparing monotopic proteins of known structure have been performed [19, 
20]. These studies have given some insight into the interactions between the 
membrane and the protein. In a coarse-grained MD simulation a total of 
eleven proteins classified as monotopic membrane proteins were analyzed. 
The amino acid residues in the proteins were divided into basic, hydrophobic 
and other. They were studied with respect to interactions with phospholipids 
(DPPC and POPE/POPC) including the head-group and tail regions. The 
conclusions were that the proteins could be divided into two main classes. 
Most (i.e. ACO, FAAH, P450, OSC and CrAT) did not insert deeply into the 
bilayer, not substantially beyond the head-group region of the closest leaflet. 
The other class (i.e. COX-1, COX-2, 11-β HSD, and SHC) inserted more 
deeply into the bilayer, leading to local deformations of the bilayer. The 
latter group inserted beyond the upper head-group region into the hydropho-
bic core of the bilayer. The key residues causing the insertion into the bilayer 
were located on the “foot” of the monotopic proteins and were basic (Lys, 
Arg, and His to some extent) and/or hydrophobic side chains (especially Phe, 
Leu, Ile, and Val). Proteins with more basic residues were inserted deeper 
into the bilayer and the basic residues seemed to play a key role in the local 
bilayer distortions [19]. 

 

 

 

 

 

 
 

Figure 3. Membrane protein classification. Schematic illustration showing how a 
monotopic, bitopic and polytopic membrane protein can span the membrane. 
Adopted from G. Blobel [18]. 
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The model organisms and their lipids 

In this Ph.D. project the main model organism was Escherichia coli, which 
was used as the expression host and also as the host in which the lipid mu-
tants were created. Proteins and lipids from Acholeplasma laidlawii and 
Arabidopis thaliana were studied using E. coli. 

E. coli 
The Gram-negative bacterium E. coli belongs to the kingdom Eubacteria. 
The E. coli cell is rod-shaped and of ~2 µm length and ~0.8 µm diameter, 
yielding a total volume of 1 × 10-15 liter. It divides by binary fission and is 
one of the most commonly used organisms for expression of recombinant 
proteins. Rapid division and ability to grow to high cell densities in inexpen-
sive media are some factors making E. coli a popular choice. A wide number 
of expression vectors/plasmids and strains are commercially available for E. 
coli, which is convenient. The expression vectors contain at least one origin 
of replication that controls the copy number, a selectable marker, to insure 
plasmid stability in the cell and facilitate selection for the transformed cells, 
a promoter, and a transcription terminator [21, 22]. 

E. coli has an inner and outer cell membrane (cf. Fig. 2). The outer mem-
brane (OM) consists of a lipid bilayer where the outer leaflet mainly contains 
lipopolysaccharide (LPS) and the inner leaflet mainly contains phospholip-
ids. The thickness of the outer membrane is about 8-15 nm. The LPS in the 
outer membrane is highly immunogenic and frequently toxic. Another large 
component of the outer membrane is proteins (~300,000 molecules), which 
to a large extent are porins (~60,000 molecules). The porins are channels that 
allow passive diffusion of hydrophilic molecules up to a size of 800 Da (i.e. 
nutrients). The overall function of the outer membrane is as a defense barrier 
for the cells. The outer membrane is quite impermeable to chemicals and 
hydrophobic compounds, including antibiotics [1].  

The space in-between the inner and outer membrane is called the perip-
lasmic space and it contains both proteins and a cell wall. The cell wall con-
sists of a very thin peptidoglycan layer covalently bound to the OM. The cell 
wall is important for the shape of the bacterium and protects it from osmoly-
sis. The thickness of the periplasm is about 10 nm and it can occupy ~10% 
of the volume of a normal E. coli cell.  The periplasm contains approxi-
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mately 80,000 protein molecules, which are involved in a number of impor-
tant processes, for example degradation, peptidoglycan synthesis and chemo-
taxis [1].  

The inner membrane, also referred to as the plasma membrane, consists of 
a lipid bilayer composed of ~40% (wt/wt) phospholipids (~16,000,000 
molecules) and 60% (wt/wt) proteins (~200,000 molecules). The average 
area of the membrane surface that one phospholipid molecule occupies is 
~60 Å2. The thickness of the inner membrane is approximately 8 nm. The 
inner membrane is also very important as an osmotic barrier for the cell, and 
it is also the site for lipid synthesis [1]. The distribution of the phospholipids 
is ~75% phosphatidylethanolamine (PE) that has a zwitterionic head-group 
and a nonbilayer-prone shape, ~20% phosphatidylglycerol (PG) that has 
negatively charged head-group and bilayer-prone shape, and ~5% cardiolipin 
(CL) that has two negative charges in the head-group and mainly a bilayer-
prone shape [23]. The shape of CL can change slightly towards nonbilayer-
prone in certain conditions, such as high concentration of cations [24]. The 
composition of the bilayer membrane has been shown to greatly affect the 
folding and function of membrane proteins [25-30]. 

E. coli is commonly found in the human gastrointestinal system where it 
usually is harmless. However, there are pathogenic strains of E. coli which 
may cause severe diseases. The first organism to be suggested for whole 
genome sequencing was E. coli K12, a non-pathogenic laboratory strain, and 
the full sequence was published in 1997, revealing a genome size of 4.6 Mbp 
[31]. The quite large genome in combination with relatively advanced mem-
brane system makes E. coli a good model for larger and more complex or-
ganisms.  

A. laidlawii  
A. laidlawii is a Gram-positive parasite that belongs to the group Mollicutes 
(mycoplasmas). Mycoplasmas are the smallest free-living organisms known, 
with a diameter of only 0.5 –1 μm. The genomic size of A. laidlawii is 
~1,500 kbp with a low G + C content (~31 mol %) (NCBI-Genbank number 
CP000896). About 20-30% of the 1380 encoded proteins are membrane 
proteins, and about 200 membrane proteins can be observed on a 2D-gel, 
[32, 33]. Roughly 50% of the 300-450 membrane proteins in A. laidlawii are 
peripheral, i.e. can be released with low-ionic strength buffer. A. laidlawii 
has only a single membrane bilayer (plasma membrane) and no cell wall. 
This makes it easy to vary membrane properties and obtain a pure mem-
brane. Thus, it is an excellent model organism for membrane studies. Several 
major findings of general biological importance were first revealed using A. 
laidlawii as the biological model system, including 1) Solubilization of 
membranes to micelles by common detergents, and the reappearance of a 
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bilayer upon dialysis; 2)  The presence of a gel-to-liquid-crystalline phase 
transition for the lipids, the temperature region of which could be dramati-
cally modified by the type of fatty acids incorporated in vivo as lipid acyl 
chains, and by incorporation of cholesterol and; 3) The strong influence of 
the type of lipid acyl chains, and cholesterol, on the passive transmembrane 
diffusion (permeability) of several small molecules, with a nice correlation 
between in vitro liposome models and the cell [34].  

Glycolipids are lipids with a sugar head-group and are present in bacteria, 
yeast, algae, higher plants, and in animals. They are important for e.g. cellu-
lar recognition and immune responses. Glycolipids with a diacylglycerol 
(DAG) backbone are common in Gram-positive bacteria such as A. laid-
lawii, bacilli, streptococci, enterococci, lactobacilli, and mycobacteria, but 
are rare in Gram-negative bacteria. The sugar moieties in the glycolipids can 
be glucose, galactose and mannose, which are all isomers of the same six-
carbon sugar. The glycolipid fraction can constitute almost 50% of the total 
lipid content in certain mycoplasma and Gram-positive species [35].  

The major lipids in A. laidlawii are the nonbilayer-prone glucolipid 
monoglucosyldiacylglycerol (GlcDAG) and the bilayer-prone diglucosyldia-
cylglycerol (GlcGlcDAG), which are synthesized in reactions catalyzed by 
the glycosyltransferase enzyme monoglucosyldiacylglycerol synthase 
(MGS) and diglucosyldiacylglycerol synthase (DGS), respectively. GlcDAG 
and GlcGlcDAG are crucial for the packing properties in the membrane of A. 
laidlawii. The synthesis of these lipids is regulated to keep a nearly constant 
spontaneous curvature and similar phase equilibrium, close to a potential 
bilayer to nonbilayer phase transition. Accordingly, the amount of GlcDAG 
in the membrane of A. laidlawii varies from 5-50% as a response to different 
conditions [36-38].  

A. thaliana 
A. thaliana is a plant commonly used to for example study many areas of 
plant development. The internal (thylakoid) membranes of the chloroplast 
contain large amounts of the galactolipids, monogalactosyldiacylglycerol 
(GalDAG) and digalactosyldiacylglycerol (GalGalDAG), which are not pre-
sent in animals, yeast and most bacteria [39, 40]. Structurally, the galactolip-
ids are built in a way similar to the A. laidlawii glucolipids but have gala-
cotose as the sugar head-group. Other differences include the orientation of 
the sugar (β for inner galactoses and α for the glucoses), and in the GalGal-
DAG the second sugar is attached with an α 1’ → 6’ linkage, compared to 
the GlcGlcDAG α 1’ → 2’ linkage (cf. Fig. 1 in Paper IV). 
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Glycosyltransferases and the target proteins 

Glycosyltransferases (GTs) are enzymes that catalyze the transfer of sugar 
moieties from activated donor substrates to specific acceptor substrates, 
forming glycosidic bonds. GTs can be associated with cellular membranes, 
and involved in the synthesis of protein oligosaccharides, membrane glyco-
lipids, bacterial lipopolysaccharides, cellulose, peptidoglycan, and capsules. 
In this project the main target protein was the glycosyltransferase alMGS 
from A. laidlawii but also alDGS, atMGD1, and atDGD2 were studied, the 
latter two from A. thaliana.  

In the reaction, catalyzed by alMGS or alDGS, the sugar moiety of the 
sugar donor (UDP-glucose) is transferred to the acceptor molecules DAG 
and GlcDAG respectively, resulting in the final products GlcDAG and 
GlcGlcDAG [41], Fig. 4. Both GTs are membrane-associated, by electro-
static and hydrophobic interactions [42-45].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Glucolipid pathway. Illustrates the catalysis of the nonbilayer-prone 
GlcDAG and bilayer-prone GlcGlcDAG by alMGS and alDGS enzymes, respec-
tively. 
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Glycosyltransferases have been organized and classified in a database 

called CAZy (Carbohydrate-Active enZymes). The individual CAZy fami-
lies consist of structurally related catalytic and carbohydrate-binding mod-
ules (or functional domains) of enzymes that degrade, modify, or create gly-
cosidic bonds. The GTs are divided into 91 families within the CAZy data-
base [46, 47] (Carbohydrate-Active Enzymes database at 
http://www.cazy.org). GTs are classified to a specific CAZy family accord-
ing to their amino-acid sequence [48]. alMGS, alDGS, and atDGD2 belong 
to the CAZy GT-4 family, and atMGD1 to CAZy GT-28 [46, 47]. 

GTs can be assigned into two established folds consisting of partial 
Rossman fold domains: GT-A with one domain of anti-parallel beta sheets 
and GT-B with two domains of parallel beta sheets [49]. GT-B is the pre-
dicted fold for alMGS and alDGS in A. laidlawii and for GTs in some Gram-
positive pathogens such as Streptococcus pneumoniae or Enterococcus fae-
cium, and in lactobacteria such as Lactococcus lactis [43, 44]. This structural 
group includes the known structures of membrane-bound glycosyltransferase 
MurG (PDB-ID 1F0K, CAZy 28), several structures for soluble vanomycin 
enzymes Gtf A, B, D (PDB-IDs 1PN3, 1PNV, 1IIR, 1RRV, CAZy 1), as 
well as a GlcNAc epimerase (PDB-ID 1F6D), which were used for building 
the models of alMGS and alDGS (Fig. 5) [44]. Structurally analogous GTs 
are found in plant chloroplasts where they synthesize the galactolipids for 
the thylakoid membrane bilayer housing the photosynthetic machineries, e.g. 
atMGD1 and atDGD2 [50]. alMGS and alDGS have also sequence analogs 
in many Gram-positive pathogens and in several archaea, but not in any of 
the sequenced Mycoplasma genomes [34].  

 

 

 

 
Figure 5. Models of alMGS and alDGS. Both enzymes possess two Rossmann like 
folds with the N-terminal domain in blue and the C-terminal domain in green. 
alMGS, on the left shows a pink amphipathic helix with known membrane binding. 
The molecule on the right is alDGS. 
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Previous results indicate that the activity of the A. laidlawii enzyme 
alMGS is regulated by the surface charge density of the lipids, whereas the 
activity of alDGS is more dependent upon the specific properties of the ani-
onic phosphatidylglycerol (PG) [45]. Both enzymes are proposed to have 
large positively charged domains that should preferably bind anionic lipids 
(such as PG) (Fig. 6) [43, 44]. Not only the strength of binding affects the 
activity, a proper orientation/conformation of alMGS seems to be important 
for activity as well, indicating that the active site must be correctly posi-
tioned in relation to the membrane. Both enzymes, and alDGS in particular, 
are stimulated by a small amount of nonbilayer-prone lipids. alDGS is there-
fore looked upon as the most important enzyme regulating membrane curva-
ture [42, 51, 52]. 

 

 
 

Figure 6. Charge distribution on the binding surface of alMGS and alDGS. 3D 
models of alMGS (on the left) and alDGS (on the right) with lysines in dark blue, 
arginines in light blue, glutamic acid in red and aspartic acid in maroon.  
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The E. coli lipid mutants 

The major lipid in the E. coli membrane is the nonbilayer-prone phosphati-
dylethanolamine (PE) (~75%). To investigate the role of PE in vivo, our 
collaborator W. Dowhan at the University of Texas, Houston, generated an 
E. coli mutant by inactivating a gene encoding phosphatidylserine synthase 
(pss), which catalyzes the committed step in the synthesis of PE (cf. Fig. 1, 
Paper IV). The mutant is referred to as AD93 (pss-). PE is essential for E. 
coli but certain divalent metal ions (e.g. Mg2+) at millimolar concentrations 
can make it grow without PE [53]. The lack of PE in E. coli results in activa-
tion of the Cpx stress response pathway, and leads to an alteration of the cell 
envelope structure and other physical properties [54]. Cell division is 
strongly defective in AD93 (pss-) resulting in very long cell filaments, 
probably partly due to misfolding of the cytokinetic protein FtsZ [55]. An-
other striking feature of this E. coli lipid mutant is that the protein lactose 
permease (LacY) is ‘misfolded’. The first seven transmembrane helices are 
inserted in the opposite direction in the membrane compared to wild-type, 
whereas the last five are correctly inserted. This LacY misfolding makes the 
protein inactive regarding active transport (although facilitated diffusion is 
possible) [25].  

These and other studies of AD93 indicate a strong dependence on PE for 
a number of functions in the membrane of E. coli. To determine whether 
these functions really are dependent on PE and not on nonbilayer-prone lip-
ids in general, the gene for alMGS was added to AD93 on a plasmid (AD93 
(pss-) + pTMG3 (MGS)) [30]. This strain is referred to as the GlcDAG-
mutant, since the alMGS protein catalyzes the formation of the nonbilayer-
prone neutral sugar lipid GlcDAG (cf. section A. laidlawii). By replacing PE 
with GlcDAG it was possible to study if GlcDAG could substitute for PE in 
the dysfunctional membrane-associated processes of AD93 [30]. A similar 
mutant was created with the enzyme from A. thaliana where the gene for 
atMGD1 was added to AD93 on a plasmid (AD93 (pss-) + pTMG3 (MGD1) 
(Paper IV) to analyze if the source of nonbilayer-prone lipid mattered. This 
strain is referred to as the GalDAG-mutant (Paper IV).  

To distinguish if the nonbilayer-prone character of the lipids or the dilu-
tion by neutral glycolipids of the highly negatively charged surface of the 
AD93 membrane is more important, two other lipid mutants were con-
structed. These mutants were made by addition of the alDGS and the 
atDGD2 genes to a pACYC-T7 plasmid. The plasmids were transferred into 
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the AD93/pTMG3 strains (GlcDAG and GalDAG, respectively). These 
strains are referred to as GlcGlcDAG-mutant and GalGalDAG-mutant (Pa-
per IV).  

To summarize, a total of six E. coli lipid strains were used to study the in-
fluence of charge and shape of the lipids in the E. coli membrane (Table 1). 
Note that for the control wild-type strain the pss gene was genetically in-
serted on a plasmid.  

Table 1. Lipid mutants in E. coli.  

Name Strain + plasmids Inserts – deletions Changed lipids 

Wild-type AD93 + pDD72 + pss + PE 
AD93 AD93 - pss - PE 
GlcDAG AD93 + pTMG3 - pss; + alMGS - PE; + GlcDAG 
GalDAG AD93 + pTMG3 - pss; + atMGD1 - PE; + GalDAG 
GlcGlcDAG 
 

AD93 + pTMG3  
+ pACYC-T7 

- pss; + alMGS;  
+ alDGS 

- PE; + GlcDAG;  
+ GlcGlcDAG 

GalGalDAG AD93 + pTMG3  
+ pACYC-T7 

- pss; + atMGD1;  
+ atDGD2 

- PE; + GalDAG;  
+ GalGalDAG 
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Overexpression in E. coli 

E. coli is one of the most commonly used hosts for overexpression of re-
combinant proteins (see E. coli section). A practical advantage with E. coli is 
the possibility to store the strains as glycerol-stocks in the freezer from 
which it is straightforward to transfer cells to agar-plates or liquid-cultures. 
The growth can be monitored by measuring the optical density at 600 nm 
and thereby obtaining a growth curve is simple. The optimal growth tem-
perature is 37ºC, at which division occurs every 20-30 min. However, E. coli 
can be grown at much lower temperatures (<15ºC) albeit with a much slower 
division rate.  

General limiting factors for overexpression in E. coli are inclusion body 
formation, lack of specific chaperones, and different codon usage. Proteins 
of eukaryotic origin that need post-translational modification can not be cor-
rectly folded in a prokaryotic host such as E. coli, which lacks the post-
translational modification machinery. 

When overexpressing membrane proteins, the lipid environment might be 
a limiting factor. Human cell membranes do for example contain consider-
able amounts of phosphatidylcholine (PC) and glycosphingolipids, which E. 
coli does not possess.  Some membrane proteins depend on specific lipids 
for their activity and structure. Since the lipid composition varies among 
species, this should be considered during heterologous expression. Such 
considerations are especially important when expressing eukaryotic proteins 
in a prokaryotic host, or when changing source and host organisms within 
eukaryotes or prokaryotes that have a very different lipid composition. 
Therefore, using a host where the lipid composition can be varied is very 
useful [25, 56, 57]. In Paper IV the construction of E. coli lipid mutants with 
different membrane lipid composition is described. The information and 
knowledge gained when constructing these mutants could be used to further 
optimize the lipid composition of an overexpressing E. coli host.   

Another liming factor is the potential lack of specific helper proteins 
needed for transcription, translation and folding. One protein complex that is 
very important for membrane proteins is the translocon complex. There are 
different theories on how the translocon machinery works in detail [58-67], 
but in the end most membrane protein have to pass through it to be inserted 
into the membrane. Overexpression can generate a shortage of translocons, 
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which may be a limiting factor when overexpressing recombinant membrane 
proteins [68].  

When overexpressing membrane proteins one should also add lack of 
membrane space to the list of potential limitations. The E. coli inner mem-
brane consists of at least 60% (wt/wt) of proteins, and the average lateral 
distance between proteins is fairly similar to distances in the crowded cyto-
plasm (cf. Fig. 2) [69, 70], or even smaller. The mean centre-to-centre dis-
tance between transmembrane proteins has been estimated to be ~10 nm 
[12]. An obvious solution to this problem would be to promote the synthesis 
of additional membrane (lipids) that could accommodate the overexpressed 
proteins. Most convenient would be to exploit a naturally occurring mecha-
nism that regulates the balance between lipids and protein in the membrane. 
Interestingly, such a mechanism based on the electrostatic properties of cer-
tain membrane proteins may actually exist, as will be discussed below.   

Both the crowdedness of the inner membrane in E. coli and the need for 
membrane proteins to use the translocon machinery are two factors that may 
be important for the successful outcome of overexpression of membrane 
proteins. The novel method for overexpression of membrane proteins, devel-
oped during this project, took advantage of the ability of the monotopic 
membrane protein alMGS to increase the membrane space by pinching off 
intracellular membrane vesicles to the cytoplasm and thereby creating more 
membrane space (see Paper III).  
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Vesicle formation  

Gram-negative bacterial cells, e.g. E. coli, have an outer and inner mem-
brane and a cell wall but do not normally possess any intracellular mem-
brane structure or organelles. Some photosynthetic bacteria, e.g. Synechocys-
tis sp. PCC 6803 and Rhodobacter sphaeroides, are exceptions to this since 
they require extensive internal membrane systems for their photosystem and 
antenna assemblies [71-73]. Eukaryotic cells on the other hand, have several 
intracellular organelles surrounded by membranes. Vesiculation in eu-
karyotic cells, for transport between the organelles and membranes, is a cen-
tral feature but will not be further described here. This section will instead 
briefly deal with vesicle and intracellular membrane formation in bacteria, 
mainly in E. coli, which was discovered in this project (Paper II).  

Intracellular vesicles in E. coli 

Here, major internal membrane formation was observed in E. coli when 
overexpressing a specific glycosyltransferase, alMGS. Only a few other 
cases of limited formation of internal membranes have been reported previ-
ously. Overexpression of the endogenous integral membrane proteins fu-
marate reductase, ATP synthase or its b-subunit, sn-G3P-acyltransferase 
PlsB, or the chemotaxis receptor Tsr in E. coli, resulted in membrane stacks 
or tubules close to the inner membrane [74-78]. All these proteins have an 
extending cytoplasmic domain, substantially larger and more laterally space-
requiring than the transmembrane domain. Steric interactions between the 
cytoplasmic domains may induce bending, invagination, and potentially also 
pinching off from the E. coli inner membrane. Overexpression of some het-
erologous viral membrane proteins and an alkane hydroxylase has been ob-
served to give rise to a small number of membrane stacks and tubules [79-
81]. Deletion mutants for some proteins involved in cell division, cell shape 
maintenance, and protein secretion as well as the thermosensitive E. coli 
strain 0111a have also been shown to induce formation of a few membrane 
vesicles, membrane stacks or whorls [75, 82-85].   

The discovery of extensive formation of intracellular membrane during 
overexpression of a glycosyltransferase has led to novel and exciting infor-
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mation about the interactions of lipids and proteins in the inner membrane of 
E. coli. The closed vesicles that pinched off into the cytoplasmic space were 
approximately 50-100 nm in diameter (cf. Cryo-TEM images, Fig. 3 & 4 in 
Paper II). They were found to have a high lipid content of ~60% (wt/wt) or 
more, in a sucrose density gradient (cf. [86]). In comparison, inner mem-
brane fractions usually have ~40% (wt/wt) lipids. In the vesicles obtained 
from the overexpression of alMGS, the lipid composition was ~40% 
GlcDAG, ~10% CL, ~10% PG and ~40% PE. Normally E. coli has ~75% 
nonbilayer-prone lipids (PE) and ~25% bilayer-prone lipids (CL and PG). In 
the vesicles the proportions between NB and bilayer lipids were basically the 
same, but PE shared the nonbilayer fraction with GlcDAG. The predominant 
protein in the vesicles was alMGS, but many other proteins were also present 
(cf. SDS-PAGE, Fig. 5 in Paper II).  

 
Figure 7. Schematic overview of the mechanisms for vesiculation by 
alMGS/alDGS. Penetration of the membrane, the lateral expansion and the interac-
tion of the positively charged amino acids in the binding surface of the glycosyl-
transferases with negatively charged PG/CL lipids (that up-regulates lipid synthesis) 
together yields membrane bending.  

Several hypotheses for the mechanism of vesiculation are presented in 
Paper II. First of all, alMGS is not the only protein that is able to induce 
vesicle formation. The second enzyme in the glucolipid pathway in A. laid-
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lawii, alDGS, can not catalyze the synthesis of glucolipids in E. coli, since 
its acceptor substrate is missing. Still, its overexpression filled the cytoplasm 
with vesicles. This suggests that the formation of a glucolipid (GlcDAG) is 
not the reason for vesiculation. We conclude that the explanation lies within 
the overall structure of the enzymes rather than the catalytic functions. Both 
alMGS and alDGS are monotopic proteins with an interfacial penetration of 
the inner monolayer. This causes a lateral expansion of that monolayer, 
which in turn induces more curvature in the membrane. Also, the highly 
positively charged binding surfaces of the proteins are involved in strong 
attractive interactions with the membrane and the negatively charged lipids 
(PG and CL) (Fig. 7). PG has been shown to be a pace-keeper in membrane 
lipid synthesis in E. coli [87], by up-regulating the lipids in that pathway to 
keep up with demands (Fig. 8). The concentration of other lipids, such as the 
major component PE, is governed by the surface charge of the interface 
given by PG and CL [88, 89], hence more PG will also yield more PE. When 
the positively charged glycosyltransferases bind PG, they will be laterally 
withdrawn from the general pool of lipids in the membrane and thereby po-
tentially signal for increased lipid synthesis. This has been reported for PlsB 
(cf. above) [90]. When the vesicles are formed it is likely that the general 
demand for lipids will increase. The relative increase of the nonbilayer-prone 
lipids, such as PE and GlcDAG, may also induce higher curvature of the 
membrane and facilitate vesicle formation. These abilities (penetra-
tion/lateral expansion/positively charged binding surfaces) of the alMGS and 
alDGS are together believed to be the reasons for inner membrane vesicula-
tion to occur in E. coli. This results in vesicles with alMGS or alDGS en-
zyme on the outside and a periplasmic interior.  

 
Figure 8. Overview of membrane lipid synthesis in E. coli. The major lipids pro-
duced are PE in one branch and PG and CL in the other. In presence of alMGS, 
nonbilayer-prone GlcDAG can be formed. PG is a pace-keeper and can regulate the 
overall synthesis. 
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Outer membrane vesicles 

It has been known for at least 40 year that membrane vesicles are released 
from the outer membrane of Gram-negative bacteria [91], but the mechanism 
is still not fully understood [92]. E. coli is one of the most studied organisms 
in this field. Membrane vesicles are released to the surrounding environment 
from the outer membrane. Since vesiculation has been observed in a wide 
variety of species and environments, it is believed to have an important role 
for growth and survival in Gram-negative bacteria [91]. The vesicles re-
leased are usually 50-250 nm in diameter and mainly composed of outer 
membrane components such as phospholipids, proteins (e.g. OMPs) and 
lipopolysaccharide (LPS). The interior of the vesicles are periplasmic com-
ponents [91]. Outer membrane vesicles are found in both laboratory cultures 
and natural environments such as freshwater and biofilms [91, 93, 94]. The 
outer membrane vesicles have been observed in various processes such as 
delivery vehicles for bacterial toxins [95], cell-cell communication [96], 
transmission of virulence factors into host cells [95], inhibition of 
phagosome-lysosome fusion during macrophage infection [97], and DNA 
transfer [98]. The vesicles are also rich in antigens that serve as initial targets 
for innate and adaptive immune recognition [99] (Fig. 9).   

 

 
Figure 9. Roles of outer membrane vesicles of Gram-negative bacteria. Identi-
fied functions of OM vesicles include toxin delivery, transfer of antigen, DNA, and 
virus, and cell-cell communication. Adopted from Mashburn-Warren [100]. 

Outer membrane vesicles share several features with the inner membrane 
vesicles found in this project. For example they are of similar size (50-250 
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nm), and both are pinched off from a membrane and thus obtaining a peri-
plasmic interior. However, the functions of the different types of vesicles 
appear to be distinct. The outer membrane vesicle formation is known to be 
a natural process occurring in vivo, whereas the formation of inner mem-
brane vesicles seems to be a completely artificial process, occurring only 
during overexpression of proteins. Nevertheless, the mechanism behind the 
formation of the inner membrane vesicles can be explained by natural pro-
tein-lipid interactions.   
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Methodology 

In this section some important methods used in this project will be high-
lighted and discussed, but most of the details can be found in the papers. 

Growing E. coli 
Growing E. coli is generally straightforward but there are many parameters 
that may affect the outcome, both with respect to the amount of cells ob-
tained and the amount of functional protein. My work has mainly dealt with 
overexpression of a monotopic membrane protein that initially had fairly low 
expression levels, about 2 mg/L culture. With some modifications of pa-
rameters the expression level was increased many folds. Below are some 
factors which may be useful to consider. For many people in the field these 
are well-known, albeit rarely published.  

One of the most important parameters is temperature. E. coli prefers to 
grow at 37ºC but this might not be the most favorable temperature for a spe-
cific protein of interest. Lowering the temperature to at least 30ºC is very 
common, but even lower temperatures, such as 15-25ºC can be optimal for 
protein expression. At lower temperatures the cells grow slower and the ex-
pression rate of the protein is slower, which generally is a huge advantage, 
although a longer expression time might be required. Before inducing the 
expression, a higher temperature can be used, such as 37ºC, to obtain a high 
cell density before starting the protein production. Doing so, it is important 
that the expression system used has a tight regulation of transcription, so that 
the protein production will not start before induction with the inducing 
chemical. At sufficiently high OD600, the cell culture should be moved to the 
lower temperature to cool down before induction, otherwise a higher tem-
perature will be kept for the first 30 minutes or so of the protein production 
phase. It is initially important to follow the growth of cells and the amount of 
functional protein produced over time, ideally with a functional assay, to 
determine the time and temperature optimal for the specific protein. 

Providing sufficient oxygen for the cells to grow continuously is also im-
portant. With standard culturing flasks, the flask-to-culture ratio should be 
large, at least 8 times and the use of baffled flasks is preferred. Shaking these 
flask vigorously, at least 250 rpm, will improve oxygenation. Under these 
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conditions cells grow to a higher density and survive for a longer time. Of 
course, it is still important to follow the behavior of the specific protein. One 
commercially available culturing system, LEX biorectors™, initially devel-
oped by the Structural Genomics Consortium in Toronto, is based on this 
knowledge. The LEX system is basically a standard glass flask to which an 
oxygen bubbling device is connected. This gives sufficient aeration even 
without shaking. Large volumes can be used in each flask, for example 1.8L 
in a 2L flask. (http://www.harbingerbiotech.com/lexbioreactors.php) [101-
103].  

Since E. coli is a well established expression model, there are many dif-
ferent strains and vector systems commercially available. There are strains 
that are good for toxic proteins (e.g. Overexpress™ C43 (DE3), 
www.lucigen.com), for proteins from other organisms with rare codons (e.g. 
Rosetta™, www.novagen.com), and strains with extra tight promoter regula-
tion (e.g. BL21-AI™, www.invitrogen.com) etc. It can be worthwhile testing 
several of them. Most of them are based on the BL21 system and are often 
compatible with the same vectors.  

In the third paper of this thesis, a new method and type of strain is de-
scribed. It is based on BL21-AI™ and called BL21-AI-alMGS. The extra 
intracellular membrane formed in this strain generates more membrane space 
for membrane proteins. This new strain was found to be very useful for 
overexpression of membrane proteins, with a success-rate of about 50% for 
the tested target proteins in the proof-of-principle experiment.   

The most widely used growth medium is Luria Broth (LB), but it may 
definitely be worthwhile to try richer media such as Terrific Broth (TB) or 
Super Broth. In Paper I some of these are tested and their content is de-
scribed in detail. In that study, the amount of cells and time of growth was 
increased when using a richer medium (TB) and thereby the amount of pro-
tein produced also increased substantially. However, one should be aware 
that not all media or additives will work. For example, when overexpressing 
the human adenosine A2a receptor  the addition of 0.2% glucose to 2 × TY-
growth media increased the cell density and also the amount of active recep-
tor per cell, whereas addition of 0.4% glucose decreased the amount of ac-
tive receptors [104]. Ideally, the function and/or activity of the protein in 
different media or additives should be followed, or at least solubility should 
be monitored by SDS-PAGE/western blot.     
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Detergents 

Detergents are necessary for studying membrane proteins. They serve as 
tools to isolate, solubilize, and stabilize membrane proteins and they are 
required to maintain the membrane protein in a functional and folded state 
outside the lipid membrane. The choice of detergent, its concentration and 
other experimental conditions, will have an enormous impact on whether a 
specific technique can be applied to the protein of interest [105]. Many bio-
chemical and biophysical techniques typically require solubilized and mono-
disperse membrane protein, and a common source of frustration is protein 
aggregation and denaturation, due to loss of function in the detergent-
solubilized state [106].        

Detergents are generally molecules with a hydrophobic tail and hydro-
philic (polar/charged) head that self-associate and interact with hydrophobic 
surfaces in a concentration-dependent manner. Most detergents can be clas-
sified to belong to one of three groups: ionic (cationic or anionic), non-ionic, 
or zwitterionic, depending on their head-group structure. The behavior of 
detergents is due to the character and stereochemistry of both the head-group 
and the tail [105]. Detergents differ from biological lipids in the sense that 
they self-associate into relatively small, well-defined assemblies called mi-
celles, instead of the comprehensive structure of lipid bilayers. The average 
number of monomers participating in a micelle (i.e. aggregation number) 
and the molecular mass of the detergent monomer are related to the molecu-
lar mass of the whole micelle [106]. The physical and chemical properties of 
a detergent determine the micelle size and shape but also the size and shape 
of the detergent layer on the protein [105]. The minimal monomer concen-
tration required for the formation of micelles is known as critical micelle 
concentration (CMC). The concentration of monomers stays constant over 
the CMC as more detergent is added; only the concentration of micelles in-
creases. The size of the micelle is concentration independent [107]. The mi-
celle is usually considered to be spherical, but this is only an average shape. 
The true micelle is likely to have a rough surface where the hydrophobic 
tails are packed in a disorganized but compact fashion. The micelles are also 
quite fluid and can rapidly exchange components with the solvent. They are 
not the static and uniform structures as generally considered [105]. The 
shape of the micelles may change from spherical to ellipsoidal with many 
pure detergents, but this is even more common when using detergent mix-
tures or mixing with lipids or protein [105]. For example, it is more likely 
that the detergent will form a monolayer wrapped around the protein, than a 
“classical” micelle [108].       

Detergent concentrations higher than the CMC are generally needed to ef-
ficiently solubilize a membrane protein from the lipid membrane. The CMC 
of a specific detergent will depend on the size, shape and stereochemistry of 
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the monomer as well as solvent properties [105]. The CMC of purchased 
detergents are usually provided by the supplier (such as Anatrace 
(http://www.anatrace.com), Fluka/Sigma (http://www.sigmaaldrich.com), or 
Calbiochem/EMD/Merck (http://www.emdbiosciences.com)), but generally 
refer to water or low salt solutions (such as 0.15-0.2 M NaCl). The true 
CMC in the specific buffer used may be determined by Fourier-transform 
infrared spectroscopy (FTIR) [109], thin layer chromatography [110], refrac-
tive index [111] or static light scattering [112]. A typical detergent concen-
tration for solubilization is 10-20 × CMC. Due to the various physio-
chemical properties of the detergents it can vary considerably, therefore a 
screening procedure is usually required to find a suitable concentration as 
well as type of detergent [108]. The same is true for stabilization conditions. 
Both detergent and concentration might depend on the application in which 
the membrane protein should be used [105, 106, 108, 113, 114], (Paper I). 
For membrane protein crystallization, a detergent with small micelles, such 
as octyl glucoside (OG) or lauryldimethylamine oxide (LDAO) are popular 
choices because they are believed to form smaller belts around the trans-
membrane region of the protein. This should allow for more intermolecular 
contacts between the exposed polar surfaces of the protein, and consequently 
stronger lattices and better diffracting crystals. Unfortunately, these deter-
gents may often destabilize the protein [106]. Solution NMR studies for 
structural determination of membrane proteins generally use small micelle 
detergents with small or charged head-groups, such as sodium dodecyl sul-
phate (SDS), OG, dodecylphosphocholine (DPC) or 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC). These detergents result in minimal in-
crease of protein-detergent complex size, which is preferable for NMR, but 
still they may double the mass of the protein particle. The most important 
success factor for structural studies in general is to find condition in which 
the protein is stable with the chosen detergent [106].           

The selection of detergent is not a simple task and depends very much on 
the target protein. Often one detergent is very efficient for solubilizing the 
protein from the membrane, but too harsh for stabilization of the protein, 
hence lead to loss of function or even precipitation of the protein. Examples 
of such detergents are the FOS-CHOLINE® (FC) series, SDS, OG or LDAO 
(Paper I). Some guidance to which properties of detergents are important 
may be found in Fig. 10, but is not valid for all detergents and proteins. Mal-
tosides are typically considered mild detergents. One examples is dodecyl-
maltoside (DDM), but its disadvantage is that it forms large micelles (~60 
kDa), which results in large protein-detergent complexes [106]. Exchange of 
detergent between solubilization and purification steps is usually a good 
suggestion. If this is done using an affinity chromatography column, excess 
of new detergent is added to the protein sample before loading it on the col-
umn, and added to the wash buffer. The final detergent concentration of in-
terest should be used for the elution step. This is the most efficient way. Ex-
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change can also be performed using size-exclusion chromatography purifica-
tion, and excess of new detergent should also be added beforehand to both 
the protein sample as well as the equilibration buffer, in order to facilitate 
the exchange and then the final detergent concentration at elution (Paper I) 
[115]. Dialysis is another alternative, but it should be noted that this method 
is not well suited for exchanging detergents with low CMC and high mo-
lecular mass. Low CMC detergents are bound more tightly to the protein 
than detergents with high CMC values, and the high molecular mass deter-
gents will not easily pass through the dialysis membrane. The strength of the 
binding will also affect the time of the exchange [115]. The ratio of micelle 
to purified membrane protein should be relatively small, e.g. 1.5-2 [116]. 
Too much detergent will generate too many protein-free micelles together 
with monomers and protein-detergent complexes. The excess detergent may 
be denaturing [108].    

 
Figure 10. Guide to detergent characteristics. Harsh/effective detergents usually 
possess small, charged head-groups and short tails, while mild detergents usually 
possess large, neutral head-groups and long tails. Adopted from G. Privé [106]. 

Reproducibility between sample preparations is crucial. Some issues dis-
cussed that should be considered for increasing the success-rate are, as fol-
lows: (1) Concentration of purified membrane protein with centrifugal filtra-
tion or stirred-cell may increase the detergent concentration, since the deter-
gent micelles are usually too large to pass through the membrane but will 
allow the monomers to pass through. This is particularly complicated for 
detergents in which the micelles have a larger mass than the proteins of in-
terest. Care should be taken when performing this step not to increase the 
detergent concentration too much. The membrane used in the concentrating 
cell should have as large molecular mass cut-off as possible, because that 
can avoid variation in the final concentration between preparations [106, 
108]. (2) Complete removal of essential bound lipids from the membrane 
proteins is not preferred. Several structures of membrane proteins have been 
shown to have specific lipids bound, and many of them are required for 
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structure and function. Usually, complete removal of lipids is not achieved 
but care should be taken not to use too high concentrations of harsh deter-
gents [105, 106]. To measure the amount of lipids remaining in the protein 
solution FTIR [117] or TLC [110] may be used. (3) Another concern for 
reproducibility is the purity of the detergents. This is often not considered, 
but even if the detergent is 99% pure, this may result in many (e.g. 10-20) 
contaminating molecules per protein molecule, depending on the detergent 
concentration. These impurities usually arise from the manufacturing process 
and there is usually no information on what they are [106]. Thus, it is impor-
tant to always use detergents with the highest purity and from the same 
manufacturer to ascertain reproducibility between runs.      

Purification and the SEC method 

Protein purification is an extremely useful and a well-developed method in 
life sciences. Some assays may be performed in whole cell extracts, but in 
many applications pure protein is required.  

In Paper I the purification of a 45 kDa monotopic membrane protein, 
alMGS is described. A commonly used capturing step for recombinant pro-
teins is IMAC (Immobilized metal ion affinity chromatography), where the 
protein has a Histidine-tag that can bind to an immobilized divalent metal 
(e.g. Ni2+, Co2+) resin. This was the method used for the alMGS. When 
working with membrane proteins requiring detergent, it is important to make 
sure that the resin of choice is stable with the selected detergent and concen-
tration.  

Figure 11 is an overview scheme of how the collection of the membrane 
fraction and His-purification of alMGS were performed. The extraction of 
the protein itself from the membrane can be an efficient purification step 
depending on the way it is performed. As described in Fig. 11, all soluble 
proteins and aggregates were removed before solubilization of the mem-
brane, yielding ~40% less contaminating proteins. Further purification of the 
membranes (see sucrose gradient separation below) could also have been 
performed for even higher purity, but was not done in the interest of time. 
More details can be found in Paper I.  

For membrane proteins, the optimal detergent is a key factor to consider 
when screening for purification conditions. In Paper I, a method using a 
small size-exclusion chromatography (SEC) column is described. Size-
exclusion columns are commonly used both as a final purification step [118-
120] and for quality control [121]. The SEC technology is designed to sort 
molecules with respect to globular size. The largest proteins are eluted first 
because they will just pass between the beads in the column while the small-
est will migrate into the pores of the beads, and thereby take longer time to 
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pass through the column. To obtain optimal separation a SEC matrix suitable 
for the protein of interest should be chosen. This method is normally per-
formed under native conditions and is therefore useful to study the monodis-
persity and homogeneity of the protein sample. From the chromatogram it 
can be seen if the protein elutes as monomers or dimers, or if there are sev-
eral different folds, aggregates or compositions present. This serves as a 
good quality control of the protein sample, and is especially important if the 
protein is to be used in structural studies. If there are several forms of the 
protein, the chance of obtaining crystals for X-ray diffraction is low.  

 

 
Figure 11. Schematic overview of the protein isolation and His-purification 
procedures. From the upper left the procedure starts with a liquid culture of cells 
expressing the target protein with a His-tag, which is collected by centrifugation. 
Cells are broken and only the membrane fraction is collected. Membrane proteins 
are solubilized with one detergent and thereafter exchanged to another on the IMAC 
column. The target protein is eluted together with the new stabilizing detergent.   

Usually SEC is a time-consuming purification step, since long columns 
and slow flow rates are required for good separation. In Paper I, a fast and 
efficient way of using the SEC for quality control screening purposes is de-
scribed [113, 114, 122]. In Fig. 12, an overview of the methods is given. The 
Sephadex 200 5/150 GL column had a volume of only 3 ml and the required 
amount of sample only a few µg (~10 µl). The small column volume also 
allows for the use of small amounts of buffer, which is very cost-efficient, 
especially when working with detergents. Different buffer conditions may 
easily be screened with this column and each run takes only ~30 min, includ-
ing column equilibration. The fractions may be monitored with antibody 
detection using dot-blots to determine in which fractions the target protein is 
present. The greatest advantage of the method is that many samples can be 
screened and analyzed within a short period of time and at low cost. There is 
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no need for large amounts of protein, which is usually a severe limiting fac-
tor for membrane proteins.   

 
Figure 12. Schematic overview of the SEC method. The 3 ml SEC column is pre-
equilibrated with an candidate screening buffer before the sample is loaded. The 
protein is eluted with the same buffer and collected in small fractions in a 96-well 
plate. The fractions are analyzed using dot-blot technique. 

Sucrose gradient separation  

Sucrose density gradient centrifugation is very useful for separation of 
membrane fractions. The method was used it both Paper II and III to analyze 
the membrane composition. Each fraction has a unique buoyant density de-
pending on the proportion of lipids vs. proteins [123]. More lipids will create 
a fraction with lower density, i.e. higher up in the tube [86, 124].  

The method used was based on standard procedures [125] and was not 
optimized to suit the cells used in particular. The buoyant densities were 
obtained from Sigma Aldrich (http://www.sigmaaldrich.com). Figure 13 
shows the overall scheme of the procedure. E. coli cells were disrupted by 
e.g. French press and the whole cell debris was removed by low-spin cen-
trifugation. The supernatant was added on top of a two-step gradient, 8.8%-
55% sucrose, to separate the soluble proteins from the membrane proteins. 
This was done by an ultracentrifugation step at 210,000 × g for 2 h. The 
membrane fraction, resting on top of the 55% sucrose cushion, was with-
drawn and added on top of a new 6-step sucrose gradient (55-49-43-37-32-
27%). The tubes were centrifuged at 210,000 × g for at least 16h. Our result 
after the overnight centrifugation was unusual. Normally an inner membrane 
(IM) fraction is obtained in the 32% layer and an outer membrane (OM) 
fraction in the 43% layer [2]. Here also an additional fraction above the inner 
membrane fraction was obtained, in the 27% layer or sometimes even above 
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that. This new fraction had a very low buoyant density, thus high proportion 
of lipids. It was characterized to consist of intracellular vesicles, which were 
pinched off from the inner membrane to the cytosol.  

 
Figure 13. Schematic overview of sucrose density gradient separation. The bro-
ken cell suspension is added to a 2-step gradient to separate soluble and membrane 
proteins by ultracentrifugation. The membrane proteins are transferred to a 6-step 
gradient and after overnight ultracentrifugation, membranes of different densities 
have been separated (vesicles, IM, and OM fractions).   

The sucrose density gradient is a fairly straightforward tool for separating 
membrane compartments. One should remember that the fractions will not 
solely consist of the intended membrane-type [125, 126]. It was for example 
discovered using cryo-TEM that whole cells were still present in the mem-
brane fraction, and coincided with both IM and OM fractions. Inclusion bod-
ies or other aggregates are known to often end up in the OM fraction [126]. 
Frequently two OM fractions as well as two vesicle fractions were observed, 
probably due to the different composition of proteins vs. lipids, and for the 
OM fractions, depending on the sizes of the aggregates. The specific protein 
of interest in my studies, alMGS, which should only be attached to the inner 
membrane, was still seen in the OM fractions. This could be either because 
the OM fraction still contained some whole cells, or because this hydropho-
bic protein binds to any membrane available after disruption of the cells. It 
could also be due to contamination during handling of the samples. Still, the 
overwhelming majority of the protein did end up in the vesicle and IM frac-
tions and in the vesicle fraction it was the dominant protein. 

GFP - an in vivo quality control analysis tool 

As already described, size-exclusion chromatography is a great in vitro tool 
for quality control of purified protein. During the last decades the use of 
Green Fluorescent Protein (GFP) as an in vivo quality control tool has been 
developed. In 2008 the discoverers and developers of GFP; Osamu Shimo-
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mura, Martin Chalfie and Roger Y. Tsien received the Nobel Prize in Chem-
istry (http://nobelprize.org/nobel_prizes/chemistry/laureates/2008/, 
http://www.conncoll.edu/ccacad/zimmer/GFP-ww/history.html).  

GFP may be used in numerous ways; one useful method is to fuse GFP to 
the C-terminal of the protein of interest [127]. Since GFP will only be fluo-
rescent when it is correctly folded, it can be used as a quality control tag for 
the target proteins expression and folding [127-129]. This method has been 
widely used and special vectors have been designed e.g. [127]. Several 
methods based on GFP for monitoring folding and expression in vivo have 
been developed, for example in-gel fluorescence in which the presence of 
correctly folded protein can be observed directly on an SDS-gel. [130].  

The method of fusing GFP to the C-terminal was used in Paper III, where 
a set of target membrane proteins were screened for expression levels in 
different strains and the expression was monitored by using the intensity of 
the fluorescence in whole cells [3, 131, 132]. An overall schematic illustra-
tion of the method is shown in Fig. 14.  

 
Figure 14. Schematic overview of the GFP method. The target membrane protein 
with a C-terminal GFP-tag is grown in 24-well plates. Part of the culture is removed 
for optical density (OD600) measurement, while the remaining culture is collected by 
centrifugation. The cell pellet is resuspended in buffer and diluted into a black 96-
well plate. After 4h of incubation in the dark, the fluorescence is measured. Note 
that one well (lower right corner) only contains buffer, as a control.   

Localization studies of a target protein fused to GFP can be performed in 
whole cells using a fluorescent microscope. Such studies can reveal in which 
parts of the cell the target protein is located. This has been done for the tar-
get protein alMGS, and association with the inner membrane was observed 
[30, 44]. Studies of prokaryotes mainly show if the protein is localized to the 
membrane or soluble in the cytoplasm. In eukaryotic cells, GFP fusions can 
be used to monitor the targeting of the protein to different compartments 
[133-136]. 
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GFP can also be used as a reporter in the SEC-based buffer optimization 
and protein quality control screening described above (see Purification and 
the SEC method section). With a C-terminal GFP-fusion the detection may 
be done by on-line fluorescence measurement in the chromatography sys-
tem, or the fluorescence of the SEC fractions may be measured afterwards, 
in order to monitor homogeneity [137]. This may be an even faster screening 
method compared to immunology scanning (dot-blot/western analysis). The 
disadvantage is that GFP has to be removed for later applications, such as 
crystallization. The removal may be time-consuming and may also lead to 
loss of material. 

Cryo-transmission electron microscopy 

Cryo-transmission electron microscopy (Cryo-TEM) is a commonly used 
technique for the study of lipid aggregates in aqueous solution [138].  In 
Paper II it was used to study both different membrane fractions from E. coli 
after sucrose density separation, as well as whole E. coli cells. The normal 
size of E. coli cells is at the resolution limit of what can be investigated by 
cryo-TEM, since the electron beam does not penetrate deeper than approxi-
mately 500 nm. Fortunately, most of the cells that produced intracellular 
vesicles were also slightly elongated and therefore easier to study with cryo-
TEM. 

A unique feature of this technique is that there is no need for chemical 
fixation, drying or staining of the sample.  Instead, the specimen is vitrified 
and kept at low temperature throughout the experiment. In short, a small 
volume (~1 µl) of sample is added to a holey polymer film supported by a 
copper grid. Thin films, <500 nm are formed by removing excess liquid by 
means of blotting with a filter paper, before the copper grid is rapidly 
plunged into liquid ethane at ~100K to vitrify the sample. The whole proce-
dure is performed in a temperature- and humidity- controlled chamber [138]. 
The rapid cooling avoids the formation of crystalline ice, which could oth-
erwise hamper sample investigation. The vitrified sample is thereafter trans-
ferred into the microscope and exposed to the electron beam. All steps are 
performed at temperatures below 108 K to avoid sample perturbation and the 
formation of ice crystals [139, 140]. However, when vitrifying large struc-
tures such as whole bacteria, the formation of ice crystals is difficult to 
avoid.  

The electron beam is scattered by the material in the sample and the dif-
ference in electron density of the lipid structures/cells and the vitrified sol-
vent/buffer enables the visualization of structures such as vesicles and/or 
whole cells with inner and outer membrane. Due to the scattering, it is cru-
cial that the vitrified sample is of maximum 500 nm thickness for the elec-
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trons to penetrate the sample. If the specimen is too thick the scattering will 
be too intense and the sample will appear black. The resolution of the micro-
graph therefore depends both on the differences in scattering caused by the 
solvent and the specimen, but also on the sample thickness [139, 140].  

Interpretation of 2D images or micrographs obtained from cryo-TEM re-
quires experience and knowledge of common artifacts or effects. Figure 15 
shows the translation of the vitrified sample to a 2D image. Some things to 
keep in mind are that the thickness of the vitrified film can be between 10-
500 nm and sorting of particles according to size may occur. Large particles 
are expected to end up in the vicinity of the polymer film where it is thickest, 
while only small particles can be found in the thinnest parts of the film. Fur-
thermore, since only a very limited area of the sample is examined during a 
cryo-TEM experiment, it is important to study many micrographs to get a 
representative picture [139, 140].   

 
                        © Göran Karlsson 

Figure 15. A schematic figure showing the 2D image obtained from a vitrified 
sample for Cryo-TEM. Figures to the left illustrates how a vitrified sample of dif-
ferent lipid structures will appear in a 2D image. The micrograph shows liposomes 
(vesicles) and disks of various size and orientation. The figure to the right illustrates 
the holey polymer film with vitrified sample films spanning the holes. Size sorting 
due to variation in the sample film thickness is also illustrated. Reproduced, with 
permission from G. Karlsson, Dept. Physical & Analytical Chemistry, Uppsala Uni-
versity.  
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Summary of papers 

Paper I - High-yield Expression and Purification of a 
Monotopic Membrane Glycosyltransferase 

The aim of this study was to find good conditions for overexpression as well 
as good stabilizing conditions for a monotopic glycosyltransferase. The tar-
get protein was monoglucosyldiacylglycerol synthase from A. laidlawii 
(alMGS), which catalyzes the synthesis of the first of two glucolipids, i.e. 
GlcDAG. Before optimization, the previously reported expression levels 
were approximately 2 mg protein/L culture. Screening for overexpression 
conditions such as expression strains, temperature, media, and induction 
time was performed and analyzed. The optimal protocol was found to be 
producing the protein in BL21-AI™ cells with TB medium, starting at 37ºC 
but lowering to 22ºC before induction, which then continued for 22 h. After 
optimization approximately 170 mg of pure and concentrated protein was 
obtained, an improvement of almost two orders of magnitude.  

In the second part of the paper conditions for which the alMGS protein 
was active, stable and monodisperse were determined. To find optimal con-
ditions in an efficient way, a method using a small size-exclusion column 
(SEC) was set-up. The column was a 3 ml Superdex 200 5/150 GL SEC. The 
method was run just like an ordinary SEC column, but only small volumes 
of protein (10 µl) and buffer were required. The fractions were analyzed with 
a dot-blot using a His-antibody. The combination of the small SEC column 
and the dot-blot made the method time and cost efficient. Buffer conditions 
such as salts, pH, detergent and detergent concentration, could easily be 
screened. A few examples are shown, where the conditions made differences 
for the monodispersity of the protein. The best buffer condition for alMGS 
was 50 mM HEPES, pH 8, 500 mM NaCl, 10 mM MgCl2, 10% glycerol, 1 
mM TCEP, and 0.1 mM DDM. A fascinating finding in this study was that 
the monotopic alMGS only required detergent to a concentration around 1 x 
CMC. This unexpectedly low concentration could be rationalized by the 
relatively small surface for membrane interaction.   
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Paper II - Massive Formation of Intracellular Membrane 
Vesicles in Escherichia coli by a Monotopic 
Membrane-associated Lipid Glycosyltransferase 

The aim of this study was to elucidate the cellular mechanism leading to the 
high protein yields of alMGS. Microscopic images of E. coli cells overex-
pressing alMGS stained with a membrane stain showed an interesting striped 
pattern. Our interpretation was that internal membrane compartments were 
formed inside the cell. Further investigations using sucrose density gradient 
centrifugation and Cryo-TEM lead to the discovery that the cytoplasma of 
these cells were entirely filled with intracellular membranes, mainly in the 
form of vesicles. In the isolated membrane fractions from the sucrose density 
separation, vesicles with a lower density were obtained. This fraction mainly 
consisted of vesicles of 50-100 nm in diameter. In the intact E. coli cells 
other membrane forms were also observed. The cells had a continuous outer 
membrane and several inner membrane compartments, which themselves 
were filled with the intracellular vesicles. During the investigation of the 
mechanism causing this phenomenon, it was discovered that also alDGS, a 
related glycosyltransferase catalyzing glucolipid formation, caused vesicle 
formation. Our hypothesis was that several factors might affect the mem-
brane formation process. The first factor is the way the monotopic proteins 
penetrates the membrane interface. The monotopic proteins are only embed-
ded into the inner monolayer of the plasma membrane, thus causing that 
monolayer to expand laterally, and thereby initiate bending of the mem-
brane. The second factor is the properties of the protein binding surfaces. 
These are rich in positively charged lysines and arginines, which will attract 
and bind to negatively charge phospholipids in the membrane. This leads to 
the third part in the mechanism, involving the regulation of lipid synthesis. 
Since more membrane is made, more lipids have to be synthesized. Phos-
phatidylglycerol (PG), a negatively charged phospholipid, has been shown to 
be a pace-keeper, meaning that lack of PG will up-regulate the synthesis of 
both PG and PE. When the positively charged proteins penetrate the mem-
brane they attract the negatively charged PG, and ‘collect’ PG from the sur-
rounding. The result is that the general “pool” of lipids is depleted of PG and 
thereby signals up-regulation of the lipid synthesis. More negatively charged 
PG and CL will be synthesized, as well as the nonbilayer-prone lipids, such 
as PE or GlcDAG. The local concentration of nonbilayer-prone lipids will be 
increased when PG/CL bind to the proteins and this may increase the curva-
ture of the membrane and thereby facilitate the formation of vesicles (cf. Fig. 
7 and 8). All these aspects will affect the formation of vesicles created by the 
monotopic glycosyltransferases. The conclusion of this paper was that spe-
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cific properties of the glycosyltransferases induce formation of vesicles, 
which were pinched-off from the inner membrane into the cytoplasm.     

Paper III - Increased Amounts of Overexpressed 
Membrane Proteins in Escherichia coli by Co-
expression with a Foreign Vesicle-inducing Protein 

In this paper an application for the use of the discovered vesicles was devel-
oped, and a proof-of-principle of this was shown. A generic method for 
overexpression of an arbitrary but selected membrane protein together with 
the vesiculating protein was developed. The alMGS protein was co-
expressed together with the target proteins in one compatible vector system. 
The expression level of the target proteins was monitored in whole cells by 
the GFP-fluorescence of a C-terminal GFP-tag. A set of 20 membrane pro-
teins from E. coli was chosen from the collection of Dan Daley and co-
workers, Stockholm University. The proteins had between two and twelve 
predicted transmembrane segments, and all had shown intermediate expres-
sion levels in earlier studies [3]. The result showed that about half of the 
twenty proteins yielded higher expression level together with alMGS, with-
out adjusting the conditions for overexpression for the individual proteins. A 
few proteins were analyzed further by sucrose density centrifugation, SDS-
PAGE, and western blot, and to a great extent they appeared to be localized 
in the vesicles. This was true for the correctly folded fluorescent proteins as 
well as for misfolded proteins. Our conclusion was that this method is indeed 
very useful for overexpression of membrane proteins, although the vesicles 
with higher curvature do not suit all proteins.       

Paper IV - Lipid-engineered Escherichia coli 
Membranes Reveal Critical Lipid Headgroup Size for 
Protein Function 

In this study the main issue was to investigate which properties of the lipids 
that are most important for the membrane, and for the proteins in the mem-
brane to function properly. To this end, several lipid-mutants were con-
structed and analyzed. Four lipid glycosyltransferases from A. laidlawii and 
A. thaliana were introduced into the initial lipid mutant AD93, lacking the 
major E. coli lipid phosphatidylethanolamine (PE). These mutants had the 
ability to synthesize large amounts of gluco- and galacto-lipids of both non-
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bilayer-prone and bilayer-prone types, replacing the nonbilayer-prone PE. 
The mutants were GlcDAG, GlcGlcDAG, GalDAG, and GalGalDAG with 
one (nonbilayer) or two (bilayer) glucose or galactose head-groups, respec-
tively. Earlier studies of GlcDAG had shown that it can actually substitute 
for PE by increasing the proportion of nonbilayer-prone lipids as compared 
to the ‘sick’ (PE deficient) mutant AD93. The GlcDAG-mutant with its neu-
tral lipid also dilutes the highly negatively charged lipids, which dominate 
the AD93 mutant (PG & CL). The chemical properties of the head-group of 
GlcDAG lipid are also similar to PE. All these features can help restore the 
AD93 mutant to be more wild-type like. By including more mutants in the 
study, having the same neutral head-group but different other properties, the 
goal was to investigate exactly which properties of lipids that are the impor-
tant ones.  

In all mutant strains the concentration of foreign glycolipids reached ap-
proximately 50 mole % or more. The acyl chains increased in length and 
degree of unsaturation compared to wild-type, most prominently in the Gal-
GalDAG strain. This resulted in increased curvature stress (according to the 
experiments using pyrene probes), probably to compensate for the properties 
that could not fully be restored with the foreign lipids. The fraction of the 
negatively charged cardiolipin (CL) was increased in the mutant strains. An 
important feature of CL is the ability to interact with divalent cations, to 
increase the curvature stress (CL will become more nonbilayer-prone) and 
this will also reduce the negative charge of the surface. When examining the 
chain ordering, it was concluded that the strains with the mono-glycolipids 
increased chain ordering compared to wild-type, while the strains containing 
di-glycolipids decrease the chain ordering.  

The mutant AD93 is completely dependent on divalent cations for sur-
vival, probably because these ions enable CL to restore the curvature stress 
of the membrane. Studies of the dependence of these mutants on Mg2+ 
showed that GalGalDAG was basically as dependent of Mg2+ as AD93, 
while the strains producing nonbilayer-prone lipids, as well as GlcGlcDAG, 
were much less dependent on Mg2+. This definitely shows that cations affect 
bilayer curvature properties in vivo.    

The cell division machinery of the AD93 mutant is strongly affected and 
these mutants were also affected by the change in lipid composition. The cell 
length was measured, and surprisingly the GlcGlcDAG cells were the least 
affected followed by GalDAG, GlcDAG, and finally GalGalDAG. This may 
be explained by the greater ability of GlcGlcDAG to dilute the negative lipid 
surface charges.  

The osmotic stress responses were studied by addition of NaCl and KCl, 
and the results showed that the growth of the GlcGlcDAG strain was the 
least affected - it performed as well as the wild-type. However, the amounts 
of glucolipid decreased with increased salt concentration. The membrane 
permeability of all mutants was studied by observing the effect of different 
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antibiotics which act on different cellular targets. The conclusion was that 
PE is indeed important for reducing passive membrane permeability and 
foreign lipids can not replace PE. GalGalDAG was found to be the most 
leaky, and thereby most sensitive to antibiotics. In general, the lipid chain 
ordering in the bilayer seemed to affect the passive membrane diffusion, 
since lower ordering (increased degree of unsaturation and head-group size) 
leads to increased passive diffusion.    

The function and topology of the 12 TM transporter LacY was also inves-
tigated. In the AD93 mutant the topology of this protein is affected and the 
active transport function is not working. Here GlcDAG and GlcGlcDAG 
mutants were analyzed, and both appeared to yield correct topology and 
downhill transport functionality, but only GlcDAG also supported uphill 
transport. The conclusion was that LacY requires a critical curvature stress 
to be fully functional. 

The nonbilayer-prone properties of membrane lipids, which restore the 
curvature stress, as well as the dilution of negatively charged lipids, are very 
important for the proper function of E. coli membrane proteins. The dilution 
of the negatively charged lipids in the GlcGlcDAG mutant could restore 
most but not all of the features in wild-type E. coli. Increased acyl chain 
length and increased degree of unsaturation of the chains also affected the 
lipid strains. Increased amounts of cardiolipin together with addition of diva-
lent cations (Mg2+) helped to restore the curvature features of the wild-type 
strains in the mutants. No single lipid feature can restore all the functions of 
E. coli when PE is lacking. However, knowledge obtained from these lipid-
engineered clones may be useful for the overproduction of heterologous 
membrane protein having preferences for glycolipids, e.g. from pathogenic 
bacteria or nerve membranes.  
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Populärvetenskaplig sammanfattning på 
svenska 

Livet är fett! Fett finns i många former och dess byggstenar kallas inom 
naturvetenskapen för lipider. Lipider är icke vattenlösliga (hydrofoba) 
molekyler, och är livsviktiga eftersom de är den huvudsakliga beståndsdelen 
i det skyddande membran som omsluter alla levande celler, från bakterier till 
växter och vår egen kropp.  

Membranet består, förutom lipider, också till en stor del utav speciella 
proteiner, sk. membranproteiner. Dessa har både vattenlösliga och fettlösliga 
delar och trivs därför bäst mer eller mindre nedsjunkna i membranet, se 
Figur 2. Membranproteiner har många viktiga funktioner i cellen, 
exempelvis som vakter och pumpar som avgör vad som ska komma in eller 
släppas ut.  

När man studerar proteiner vill man oftast isolera ett specifikt protein för 
att kunna studera detta i detalj. Vid isolering av membranproteiner måste 
man använda tvålliknande substanser som kallas detergenter. Dessa används 
för att ersätta de skyddande lipidmolekylerna, så att de hydrofoba delarna på 
proteinet inte behöver komma i kontakt med vattenlösning när membranet 
tas bort. Att hitta den perfekta detergenten och den rätta koncentrationen för 
ditt specifika protein kan vara en tidskrävande process. I den första artikeln i 
avhandlingen beskrivs en metod som utvecklades och användes för att kunna 
göra detta på ett tids- och kostnadseffektivt sätt.  

Det membranprotein som huvudsakligen studerats i detta projekt sitter i 
ytan på insidan av cellmembranet hos många organismer. En vanlig 
tarmbakterie som heter Escherichia coli (E. coli) används här som 
värdorganism för att producera proteinet i större mängder, sk överuttryck. 
Studierna inleddes med försök som syftade till att optimera sättet att 
överuttrycka detta protein. Dessa försök var framgångsrika och mängden 
rent protein ökades runt 100 gånger (Artikel I).   

En spännande upptäckt gjordes när vi undersökte hur det var möjligt för 
cellen att producera såna mängder protein som det faktiskt blev efter 
optimeringen. Det visade sig att proteinet hade förmågan att påverka 
membranet, som det sitter bundet till, att böja sig så mycket att det knoppas 
av små bollar av membran, sk vesiklar. Vesiklarna fyllde hela utrymmet 
inuti cellen. Detta fenomen har aldrig tidigare observerats till denna grad i E. 
coli (Artikel II). Dessa membranvesiklar medför således mycket större 
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membranyta i cellen, och denna yta skulle kunna användas som extra 
utrymme för andra membranproteiner man vill producera.  

Brist på utrymme i membranet är nämligen ett vanligt problem då man 
vill producera överuttrycka membranproteiner. Detta beror på att membranet 
redan är fullt med membranproteiner som behövs för cellens vanliga 
funktioner, jämför Figur 2, och det finns därmed inte plats för flera hundra 
gånger mer av ett specifikt protein. Upptäckten av vesiklarna ledde därför till 
försök att producera andra membranproteiner från bakterien E. coli i celler 
med vesiklar. Dessa proteiner var av den typ som sträcker sig rakt igenom 
membranet (jmf Figur 3). De tjugo som valdes ut hade olika många (2-12) 
segment som gick genom membranet men hade tidigare producerats i 
liknande protein mängder. Resultatet av försöket var att nästa hälften av 
proteinerna kunde produceras i större mängd tillsammans med vesiklarna än 
utan. Denna nya metod att överuttrycka  membranproteiner förutspås därför 
vara mycket användbar även för många andra membranproteiner (Artikel 
III). 

I den sista artikeln beskrivs försök att studera vilka egenskaper hos 
lipiderna som är viktiga för att proteinerna i membranet ska fungera korrekt. 
Sex olika mutanter har konstruerats där olika typer av lipider har använts. 
Slutsatsen var att ingen egenskap kan ensam ersätta de som de naturligt 
förekommande lipiderna i E. coli’s membran har (Artikel IV). 
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