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Abstract 

α-helical membrane proteins constitute 20-30% of all proteins in a cell and 
are involved in many essential cellular functions. The structure is only 
known for a few hundred of them, which makes structural models important. 
The most common structural model of a membrane protein is the topology 
which is a two-dimensional representation of the structure. 

This thesis is focused on three different aspects of membrane protein 
structure: improving structural predictions of membrane proteins, improving 
the level of detail of structural models and the concept of dual topology. 

It is possible to improve topology models of membrane proteins by in-
cluding experimental information in computer predictions. This was first 
performed in Escherichia coli and, by using homology, it was possible to 
extend the results to 225 prokaryotic organisms. The improved models cov-
ered ~80% of the membrane proteins in E. coli and ~30% of other prokary-
otic organisms. 

However, the traditional topology concept is sometimes too simple for 
complex membrane protein structures, which create a need for more detailed 
structural models. We created two new machine learning methods, one that 
predicts more structural features of membrane proteins and one that predicts 
the distance to the membrane centre for the amino acids. These methods 
improve the level of detail of the structural models. 

The final topic of this thesis is dual topology and membrane protein evo-
lution. We have studied a class of membrane proteins that are suggested to 
insert either way into the membrane, i.e. have a dual topology. These protein 
families might explain the frequent occurrence of internal symmetry in 
membrane protein structures.  
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2D Two-dimensional 
3D Three-dimensional 
ATP Adenosine triphosphate 
BLAST Basic local alignment search tool 
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Introduction 

4 billion years ago, the first living cell appeared. Mother earth had been 
waiting patiently for at least 10 billion years for this to happen and ever 
since that day, nothing has been quite the same. The cells replicated and 
replicated and finally a group of cells wrote this thesis.  

In order to have a functional, living cell some of the basic things that are 
needed are: 
 
• Some way of converting and utilizing energy, for instance chemical en-

ergy or the rays from the sun. 
• Self-replication and self-assembly. The first cells might have used RNA 

as the information carrier and as molecular machines. Nowadays, modern 
cells have DNA as the information carrier and RNA as an intermediate 
step towards proteins but sometimes it also functions as molecular ma-
chines. 

• One less obvious thing is that molecules need to be located at the right 
place at the right time. One thing that aids this is compartmentalisation, 
when molecules are kept separated by different kinds of barriers. For in-
stance, the DNA molecule of a cell needs to be located inside the cell, if it 
is outside, it will rapidly get degraded.  

 
My research has been focused on the proteins that are located in the mem-
brane that surrounds cells and compartments. These proteins are responsible 
for transport through the membrane, they are involved in cell-to-cell signal-
ling, they are crucial for generating and converting chemical and sun rays 
into useful energy.  

In order to be able to understand these processes in detail, a 3D structure 
of the protein is needed. Unfortunately, structure determination of membrane 
proteins is very time-consuming and difficult so there are considerably fewer 
structures available than for water-soluble proteins. There are millions of 
proteins with known amino acid sequence and tens of thousands of proteins 
with known structure but only a few hundred of these structures are mem-
brane proteins. Therefore, theoretical approaches that give structural insight 
from the amino acid sequence hold great potential since computing time is 
very cheap. However, since computational predictions are just predictions, it 
is also important to validate the theoretical results with practical experi-
ments. 
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This thesis consists of three parts. The first part describes how it is possible 
to create better structural models of membrane proteins by including ex-
perimental information to computer predictions. In the second part, a foun-
dation is laid by examining the currently available membrane protein struc-
tures. Based on the results from this study it was possible to create new ma-
chine learning methods that predicted novel structural features of membrane 
proteins. The third part consists of studies of a particular class of membrane 
proteins that behaved oddly, but might hold important clues about the evolu-
tion of membrane proteins.  

 11 



Background 

From sequence to structure to function 
The revolutionary discovery of the molecular structure of DNA by Watson 
and Crick 1953 made a tremendous impact on science (Watson and Crick, 
1953). Never before had it been possible to study and understand the mo-
lecular details of how genetic information was stored. It could be seen that 
the DNA double helix was stabilized by hydrogen bonds between Adenine 
(A) – Thymine (T) and Guanine (G) – Cytosine (C). The problem was that 
no one knew how the DNA sequences were translated into proteins.  

The genetic code was finally broken by the Nirenberg laboratory in 1961-
66 (Nirenberg, 2004). It was discovered that each DNA nucleotide triplet 
stands for one of the 20 different amino acids that are the building blocks of 
peptides and proteins. These events lead to the birth of molecular biology.  

There are two main events involved in going from DNA to protein. The 
first step is the transcription, copying, of DNA into complementary RNA by 
the enzyme RNA polymerase. This enzyme is essential for life and present in 
all organisms and also in some viruses. The second step is the translation of 
the mRNA into an amino acid chain that forms the protein. This step is per-
formed by the ribosome, which translates the genetic code to an amino acid 
chain. 
 
One of the remaining unsolved problems of molecular biology is how the 
linear amino acid chain folds into a three-dimensional protein. All informa-
tion about how a protein structure will look like is present in its amino acid 
sequence (Anfinsen, 1973).  

A water-soluble protein folds within fractions of a second and that makes 
it impossible to explore all different conformations that exist for the amino 
acids. The Levinthal paradox states that due to the large amount of degrees 
of freedom in the protein chain the molecule has an astronomical number of 
possible conformations (an estimate is 10143) (Levinthal, 1968). If the protein 
would have to explore all conformations it would take longer time than the 
universe has existed. Thus, there exist folding pathways, yet the details of 
them remain unclear.  
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The key to a detailed understanding of protein function lies in its structure. A 
high resolution structure is needed to be able to study the protein function at 
a molecular level. The most common method to determine the structure is to 
use X-ray crystallography.  

Computational biology and bioinformatics 
The amount of available genetic information continues to increase at a 
steady pace. Ever since GenBank, a sequence database, started 1982 it has 
doubled its size every 18 months. The latest release (v160) contains 
77,248,690,945 bases. To put this enormous number into perspective, the 
number of bases that was sequenced from April to June 2007 was 42,880 
each second. The DNA sequencing technology also gets faster and faster, 
e.g. a 454 gene sequencer can sequence 25 million bases with 99% accuracy 
in 4 hours, which makes it possible to sequence a bacterial genome during 
the course of a day (Margulies et al., 2005). 

There is clearly a need for methods that can make sense out of all this vast 
amount of genetic information and this is where bioinformatics and compu-
tational biology steps in. The difference in definition between the two terms 
is that computational biology refers to hypothesis-driven investigations of 
biological problems using computers while bioinformatics is more tech-
nique-driven and concerns development of algorithms and computational 
and statistical techniques. Many times the two terms are used interchangea-
bly. Bioinformatical methods that are used for the research in this thesis are 
described in gray.  

 
The unifying topic for all the papers included in this thesis is that they all are 
about membrane proteins. I will continue with a brief overview about the 
environment that membrane proteins reside in, the membrane. 

Membranes 
One of the things that is needed for life to exist is the membrane. Membranes 
are fluid, semipermeable barriers separating the interior of the cell from the 
exterior. The basic building block of a typical biological membrane is a 
phospholipid molecule (Figure 1A). It consists of a hydrophilic headgroup 
which is often slightly negatively charged, and several long, carbon rich fatty 
acid chains which are nonpolar. This dual nature of lipids, amphilicity, 
makes them aggregate and spontaneously form a membrane or a micelle 
when placed in water. The membranes are self-sealing if they get broken.  
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Figure 1. A. An example of a single lipid molecule. The two long, fatty acid hydro-
carbon chains are green lines and the atoms belonging to the polar headgroup are 
depicted as balls. Carbon is colored green, oxygen red, phosphorus orange and oxy-
gen blue. B. A snapshot of a computer simulation of a part of a fluid membrane. The 
length in Ångström is shown to the right. The colors are the same as in A. 

 
The membrane is a bilayer, where the two outer surfaces consist of the polar 
headgroups and the interior of nonpolar, hydrophobic fatty acids (Figure 
1B). This is the simplest solution to avoid having water molecules close to 
the fatty acids since they are unable to hydrogen bond to water. The length 
of the fatty acids determines the width of the membrane, most are around 50-
80 Å thick. In biological membranes there are many different kinds of lipids 
and the lipid composition gives different membranes different characteristics 
such as curvature, rigidity, fluidity etc.  

The membrane is capable of upholding an ion gradient and this is very 
important, since the ion gradient is a form of potential energy that can be 
used by the cell. For instance, in mitochondria and chloroplasts, a proton 
gradient is responsible for the chemiosmotic potential, the proton motive 
force that is used for the synthesis of ATP. 

Membrane proteins 
Inside the membrane there are membrane proteins with many diverse func-
tions. They are responsible for selecting which substances allowed to pass 
through the membrane, they are important for transmitting signals, cell-to-
cell communication, and numerous other functions. More than half of all 

 14 



drugs are targeting membrane proteins (Russell and Eggleston, 2000; Hop-
kins and Groom, 2002). 

An example of a membrane protein structure, archaerhodopsin from a 
halobacterium, is shown in Figure 2A. Halobacteria can be found in extreme 
salinity environments such as the Dead Sea or the Great Salt Lake. The pro-
tein gives the archaeabacteria a reddish colour and is responsible for creating 
chemical energy from light.  

The amount of membrane proteins inside the lipid bilayer vary from or-
ganism to organism, from cell type to cell type. For instance, membrane 
proteins make up 75% of the mass of the membrane in E. coli while only 
30% for human myelin sheath cells. 

There are three main classes of membrane proteins: 

α-helical membrane proteins 
α-helical membrane proteins have their amino acids arranged in tightly 
packed helices in the transmembrane regions (Figure 2A). The reason behind 
the α-helical arrangement is to have as large hydrophobic outer surface area 
as possible that can interact with the hydrophobic fatty acids of the lipids. At 
the same time, it also satisfies all its internal backbone hydrogen bonds.  

α-helical membrane proteins typically make up 20-30% of the encoded 
proteins of an organism (Krogh et al., 2001). Most often they are located in 
the inner membrane but recently one example, a polysaccharide transporter, 
has been found that resides in the outer membrane of E. coli (Dong et al., 
2006).  

β-barrel membrane proteins 
The other possibility of spanning the membrane while satisfying internal 
backbone hydrogen bonds and maintaining a large hydrophobic surface area 
is the β-barrel fold (Figure 2B). Since a β-strand always hydrogen bonds to 
another β-strand, these proteins consist of β-hairpins through the membrane. 
Thus, this class always has an even number of β-strands. Every second resi-
due in the transmembrane region is facing the inside of the barrel whereas 
the other is facing the outside, towards the lipids. This alternating pattern is 
reflected in the amino acid sequence where one amino acid is non-polar and 
hydrophobic (and directed towards the lipids) and the next one more polar 
(and directed towards the interior of the barrel) etc. Since a β-strand is ex-
tended compared to the coiled α-helix, the transmembrane regions are 
shorter and typically consist of 8 to 15 amino acids (Wimley, 2002). The β-
barrel membrane proteins can be found in the outer membrane of bacteria, 
mitochondria and chloroplasts. 

Around 2-3% of a genome encodes β-barrel membrane proteins (Garrow 
et al., 2005) but that is an uncertain number given the difficulties of identify-
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ing them. The main reason for this is that β-strands are more difficult to pre-
dict than α-helices since they consist of fewer residues and contain more 
long range interactions. There are also fewer structures of β-barrel mem-
brane proteins than α-helical. 

 
Figure 2. Example of membrane protein structures with the membrane depicted as a 
pink rectangle. A. An α-helical membrane protein with 7 transmembrane helices. B. 
A β-barrel membrane protein with 8 transmembrane β-strands. C. A monotopic 
membrane protein. 

Monotopic and peripheral membrane proteins 
Monotopic membrane proteins are only associated to one of the two leaflets 
of the membrane. Prostaglandin H2 synthase-1 is one example and is shown 
in Figure 2C (Picot et al., 1994). The helices that are associated to the mem-
brane are amphiphilic (Gupta et al., 2004) and the protein is only removable 
from the membrane by detergents, organic solvents or denaturants that inter-
fere with the hydrophobic interactions. 
 
A peripheral membrane protein is more loosely attached to the membrane, 
mainly through electrostatic interactions and hydrogen bonding with the 
polar headgroup of lipids or with hydrophilic domains of other integral 
membrane proteins. Peripheral membrane proteins can be dissociated from 
the membrane by treatment with solutions of high ionic strength or elevated 
pH.  

 
Hereafter, the term “membrane protein” will refer to α-helical membrane 
proteins since they have been the focus of this thesis. 
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Improving the accuracy of topology 
prediction of membrane proteins 

This first part of the thesis will describe the background behind paper I and 
II. Structural models of membrane proteins are usually produced by either 
sequence-based prediction or time-consuming experimental approaches. The 
main idea presented here is that by combining large-scale, limited biochemi-
cal experimental data with bioinformatical methods we gain better structural 
predictions of membrane proteins. A correct structural model is crucial for 
functional analysis of the protein.  

Topology – a structural model of a membrane protein 
It is extremely difficult to obtain a three dimensional structure of a mem-
brane protein. As of 1 January 2007, membrane proteins were 0.5 % of the 
Protein Data Bank (Berman et al., 2002), even though they constitute 20-
30% of a typical proteome. The reasons for the low number include various 
experimental difficulties such as: inclusion bodies (cytoplasmic aggregates 
of membrane proteins that are not inserted into the membrane), toxicity, lack 
of raw material for crystallisation trials, problems with solubilisation etc 
(Granseth et al., 2007).  

Given the small amount of available membrane proteins, what can one do 
when there is no available structure of a membrane protein? The next best 
alternative is having the topology of it. The topology is like a crude two-
dimensional projection of a membrane protein structure. It depicts where the 
transmembrane helices are situated and on which side of the membrane the 
connecting loops and the N- and C-termini are located (Figure 3). This in-
formation is useful both for structural and functional classification of the 
protein (von Heijne, 2006). A topology model also provides information in 
order to plan site-directed mutagenesis experiments and is invaluable as a 
first step towards full 3D structure prediction (Yarov-Yarovoy et al., 2006). 
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Figure 3. The structure and topology of bacteriorhodopsin with 7 transmembrane 
helices (TM). The C-terminal is located in the cytoplasm and the N terminal is lo-
cated in the periplasm. The protein thus has a Nout-7TM-Cin topology. 

The topology of a membrane protein is determined by the amino acid se-
quence; all information about how many transmembrane helices and orienta-
tion is present there from the beginning. What is known is that the trans-
membrane helices are consecutive regions of around 25 hydrophobic amino 
acids, but the lengths can vary between ~15 and ~40 residues (Granseth et 
al., 2005). The loops are hydrophilic and often consist of glycines and proli-
nes, residues that induce turns (Monne et al., 1999).  

The sequence factors that determines if a helix is inserted or not into the 
membrane are still not completely understood but much work has been fo-
cused on cracking the insertion code (Hessa et al., 2005). By using an in 
vitro system, Hessa et al. created a biological hydrophobicity scale by meas-
uring the insertion efficiency for each of the 20 amino acids. Isoleucine, 
leucine, phenylalanine and valine promoted membrane insertion, cysteine, 
methionine and alanine were intermediate and the remaining polar and 
charged amino acids opposed membrane insertion. These results are in good 
agreement with statistical analyses of known membrane protein structures 
(Ulmschneider and Sansom, 2001; Beuming and Weinstein, 2004). 

Topology prediction 
The first topology prediction methods were based on the observation that 
membrane protein sequences contain regions of 18-25 amino acids that are 
hydrophobic. Predictions were improved in 1992 when the "positive inside" 
rule was used to decide which loops that were located on the inside or the 
outside of the membrane (von Heijne, 1992). In the late 1990s more ad-
vanced machine learning methods came into use, examples are TMHMM 
(Sonnhammer et al., 1998), HMMTOP (Tusnady and Simon, 2001) and 
PhDHTM (Rost et al., 1996). These dramatically improved the accuracy of 
the predictions and lead to possibilities of rapidly screening the complete 
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genomes that were released. Typically, the earliest methods predicted the 
correct topology, i.e. all transmembrane helices and the correct position of 
the loops, for ~30-40% of the membrane proteins while the more advanced 
methods were correct ~50-60% (Moller et al., 2001; Viklund and Elofsson, 
2004). More recent topology predictors make use of evolutionary informa-
tion in their predictions which increases the performance to ~70-75% 
(Viklund and Elofsson, 2004; Jones, 2007). 

 

Topology mapping 
In order to have a correct topology model of a membrane protein it has to be 
verified by experiments. It is relatively easy to determine the regions that are 
located in the membrane by computational methods since they are more 
hydrophobic than other regions. However, many times the predicted topol-
ogy is wrong, for instance by missing a helix that is not very hydrophobic. 
The solution to this is to experimentally determine the location of specific 
amino acids, whether they are located in the membrane, the cytoplasm or the 
extra-cytoplasmic space. Sometimes antibodies, biochemical agents are used 
to do this (Kimura et al., 1997). However, the most common method is fus-
ing a protein domain to a loop, a domain that only is active  when it is lo-
cated on one side of the membrane but not on the opposing side (Manoil, 
1991; Moller et al., 2000; Ikeda et al., 2003). In paper I and VI the fusion 
proteins Green Flourescent Protein (GFP) and alkaline phosphatase (PhoA) 
were attached to the C terminus of membrane proteins. 

PhoA 
PhoA was one of the first topology mapping reporters (Manoil and 
Beckwith, 1985). The protein normally catalyses hydrolysis of phosphate 
groups located in the periplasmic space of bacteria. It contains an essential 
cysteine disulfide bridge that is required for proper folding of the protein. 
These cysteine disulfide bridges can only be formed in the periplasm, if the 
protein is located in the cytoplasm the bridge will not get formed and the 
protein remains inactive. In order to use PhoA as a topology reporter, it is 
fused to a membrane protein and a substrate that changes colour upon hy-
drolysis is added. If there is a change of colour, the region in question must 
be located in the periplasm, if there is no colour change, the region can be 
located either in the cytoplasm or the membrane. 

GFP 
Green Flourescent Protein (GFP) is a protein that originally comes from the 
jellyfish Aequorea victoria where it fluoresces green when exposed to blue 
light. It was first cloned 1994 and immediately became very popular in mo-
lecular biology, especially for making animals green (Chalfie et al., 1994). 
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GFP is only fluorescent if it is properly folded and it can only do that in the 
cytoplasm, it behaves opposite of PhoA. One advantage with GFP is that it is 
possible to measure protein overexpression since only properly folded mem-
brane proteins can fluoresce (Drew et al., 2001).  

Using GFP/PhoA to aid topology determination 
Ideally, for a perfect topology model, many positions in the amino acid se-
quence should be mapped so that all the locations of the loops are experi-
mentally determined. This is however unfeasible since it is too time-
consuming. To speed things up, Rapp et al. attached GFP and PhoA to the C 
termini of different membrane proteins. The rationale behind this was that a 
combination between limited experimental information together with topol-
ogy predictions leads to more accurate topology models (Rapp et al., 2004). 
Since the fusion proteins are rather large, the risk is less that they interfere 
with the insertion mechanism if they are placed at the C terminus compared 
to other sites.  

Combining experimental data with topology prediction 
The topology prediction method that was used in paper I, II and VI was 
TMHMM. The reason for this was that it was easily available, fast and has 
good overall performance.  

TMHMM 
TMHMM is one of the most popular topology prediction methods. Its accu-
racy is reported to be 77.5% correct when predicting the full topology 
(Krogh et al., 2001). However, independent benchmarks report the accuracy 
to be 49-63% correct (Viklund and Elofsson, 2004; Jones, 2007). This dis-
crepancy shows that it is important to perform independent tests, since the 
performance reported in the original articles most often is too high. 
TMHMM contains 7 compartments that are designed to recognize different 
regions of a transmembrane protein (Figure 4). For instance, the helix core 
compartment is trained to recognize the hydrophobic regions, while the in-
side loop compartment recognizes cytoplasmic loops. The HMM has been 
trained on the currently available 3D structures and experimentally verified 
topology models. Each compartment consists of states with probability dis-
tributions (emission probabilities) of the 20 different amino acids. Between 
the states there are transition probabilities that control how likely it is to go 
from one state to another or stay in the same state. 

When TMHMM is presented with an unknown amino acid sequence it 
finds the optimal way through the model for this sequence. The path through 
the different states in the compartments is the predicted topology of the se-
quence. 
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Figure 4. The architecture of TMHMM. The boxes shows the compartments and 
inside the compartments there can be one or more states. Parts of the model with the 
same text are tied, i.e. their parameters are the same. The permitted transitions be-
tween the compartments are shown as arrows. 

 

Increasing accuracy of topology models: constraining predictions 
To improve the prediction accuracy of TMHMM, it is possible to include 
experimental information about where certain parts of the protein are lo-
cated. For instance, by attaching a flourescent probe to the C terminus of the 
protein, it is possible to see if it is located in the cytoplasm. This information 
can be included in the predictions by constraining which paths the HMM 
chooses. TMHMM allows for choosing the probability of an amino acid to 
belong to a certain class a priori. If the membrane protein has its C terminus 
in the cytoplasm, TMHMM is constrained so that the prediction must end in 
the cytoplasmic compartment (Figure 4). This both raises the accuracy of the 
predictions and forces the predictions to fit the experimental evidence. 
  
In paper I, the C-terminal location was determined by GFP/PhoA experi-
ments for the majority of the membrane proteins in Escherichia coli. This 
information was then used in constrained TMHMM predictions. The ex-
pected increase in accuracy of the topology models when using experimental 
information about the C-terminal location was expected to increase from 
~70% to ~80% (Rapp et al., 2004).  
 
In order to have as many improved topology models as possible, we 
searched for membrane proteins in 225 organisms that were similar to those 
we studied in E. coli (paper II). This is called a homology search and is ex-
plained below. 
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Increasing coverage with homology 
All life on earth is related to each other. Genetic information is inherited and 
passed on from generation to generation but is under constant evolutionary 
pressure, either by changes in the environment or by random mutations. 
When comparing genetic sequences from a generation to another generation, 
the changes are subtle, but given enough time, we get as diverse organisms 
as we can observe today. Since it is only possible to sequence DNA from 
living organisms, we can only get a snapshot of how life and organisms look 
like today and we have to make educated guesses about the past. 

The term homology is used to describe similarity caused by shared ances-
try. For a protein sequence, this means that if you have a sequence with un-
known function you can search for homologous sequences in a database such 
as GenBank. If you find a sequence with high sequence similarity to your 
unknown sequence, they probably have similar function. However, a search 
in a sequence database is not a trivial problem due to the enormous amounts 
of data stored in them. Therefore many different search methods have been 
developed, either slow and accurate, or fast and less accurate. 

BLAST and PSIBLAST 
BLAST (Basic Local Alignment Tool) is a rapid method to find local simi-
larities between an unknown query sequence and a database of sequences 
(Altschul et al., 1990). It is possible to use both DNA and protein sequences. 
It calculates the statistical significance for each of the matches in the data-
base. 

PSIBLAST (Position-Specific Iterated BLAST) uses BLAST to create a 
Position Specific Scoring Matrix (PSSM) (Altschul et al., 1997). All statisti-
cally significant matches from a BLAST run are aligned in a multiple se-
quence alignment. For each position in the alignment, the amino acid fre-
quencies are calculated, this is the PSSM. What PSIBLAST then does is to 
use this PSSM and search with it again in the sequence database. For each 
iteration, a new PSSM is calculated and used to search the database. 

Since the PSSM contains more evolutionary information than the initial 
query sequence does, it is possible to find more distantly related sequences 
than a traditional BLAST run.  
 
To make the improved topology models for the membrane proteins from the 
225 prokaryotic organisms, we first made a sequence database with all the 
proteins present in the 225 organisms. Then we searched the database with 
the proteins that had experimentally verified C-terminal location (from paper 
I and other sources). Proteins that were homologous at their C-terminal end 
were assigned to have the same C-terminal location as the experimentally 
verified proteins. This made it possible to run constrained TMHMM predic-
tions for ~30% of the membrane proteins from the 225 organisms.  
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Improving the level of detail of the structural 
models of membrane proteins 

As more and more membrane protein structures become known, it is clear 
that traditional topology models only provides a simplified picture of a 
membrane protein. It is clearly sufficient for proteins like bacteriorhodopsin 
(Figure 3) but for proteins like the glutamate transporter (Figure 5) a tradi-
tional topology model would miss much of the structural detail present in the 
structure. In the glutamate transporter, some transmembrane helices are 
tilted, other contains kinks, and there are also regions that go inside the 
membrane and then back again, from the same side as it came from. It is 
clear that new prediction methods are needed that can incorporate these 
kinds of structural features. 

 

     
Figure 5. The glutamate transporter with its complex topology. The blue mesh de-
picts a 30 Å wide membrane. 

Structural features of membrane proteins 
The lipid environment that membrane proteins reside in put many constraints 
on their structure. As James U. Bowie so nicely cited the book “The bound 
man” by Ilse Aichinger in a review (Bowie, 2005): 

“’A man awakes from a coma to find himself bound by ropes. He learns to 
move gracefully within these constraints and eventually becomes a circus 
performer.’ Similarly, membrane proteins must perform complex signaling 
and transport functions within the strict confines of a lipid bilayer. This re-
quires elegant structural adaptations to their environment.” 
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There are many different structural features that characterize membrane pro-
teins. Here I will first describe some general structural characteristics of 
membrane proteins and then continue with the regions that challenge the 
traditional view of membrane protein topology. 

The transmembrane helices 
The initial view was that membrane proteins simply consisted of membrane 
penetrating ideal helices. But as more and more structures are solved this 
view gets more and more revised. Almost 60% of the helices contain signifi-
cant bends or are distorted (Yohannan et al., 2004). One particular case is 
proline-induced kinks. Proline is a special amino acid since its side-chain 
loops back to the amide nitrogen of the backbone. This makes it rigid and, if 
placed in an α-helix, results in a loss of a backbone hydrogen bond in the 
helix (Reiersen and Rees, 2001). If placed in a transmembrane helix, the 
helix gets kinked. Other elements that disturb the simple picture of ideal 
helices include 310- and π-helices. In an α-helix, the hydrogen bonds are 4 
amino acids apart, in a 310-helix the hydrogen bond is between each 3rd resi-
due and in a π-helix each 5th. This also causes distortions.  

The positive inside rule 
Apart from the hydrophobic transmembrane helices, the best known se-
quence characteristic of a membrane protein is the ‘positive inside’ rule. It 
states that the majority of the arginines (Arg) and lysines (Lys) in the loops 
are located on the cytoplasmic side of the membrane (Figure 6). 

 

 
Figure 6. The side chain atoms of arginine and lysine are depicted as lines. As can 
be seen from the figure, there are more arginine and lysine located in the cytoplas-
mic side of the membrane. 

When studying known membrane protein structures almost twice as high 
fraction of Arg and Lys are on the cytoplasmic side compared to the extra-
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cytoplasmic can be found (Granseth et al., 2005). Genome-wide studies con-
firms that the bias is present in almost all organisms (Wallin and von Heijne, 
1998; Nilsson et al., 2005).  

Aromatic residues 
Tryptophan (Trp) and tyrosine (Tyr) are most often found in the membrane-
water interface region located around ±15 Å from the centre of the mem-
brane. This is often referred to as the “aromatic belt” (Wallin et al., 1997). 
Experiments with artificial transmembrane helices show that Trp flanking 
the transmembrane helix positions it so that the Trp are at their preferred 
locations near the lipid-carbonyl region (Braun and von Heijne, 1999; de 
Planque et al., 1999). However, this behaviour can not be seen for the aro-
matic phenylalanine. 

Snorkelling 
Lys and Arg have long aliphatic side chains with a positively charged amine 
or guanidium group at the end. The aliphatic hydrocarbon part of the side 
chains prefer to be located in hydrophobic region of the bilayer. The posi-
tively charged amine or guanidium groups, on the other hand, prefer the 
more polar interface region. This behaviour is described as snorkelling 
(Chamberlain et al., 2004). The same kind of behaviour can sometimes be 
observed in Trp and Tyr (de Planque et al., 1999). Trp is capable of forming 
hydrogen bonds with its NH group, but it also has the largest non-polar sur-
face of all amino acid residues.  

Loop lengths 
The loops that connect the transmembrane helices can vary a lot in length, 
but are on average 9 amino acids long. If the loops are longer than this, they 
often change from having irregular structure to contain short helices that are 
approximately parallel to the membrane surface. These are called interface 
helices. If an interface helix is present between two transmembrane helices, 
the average number of amino acids between them rises to 27 (Granseth et al., 
2005). 

Interface helices 
The first example of a structural region that is not modelled in traditional 
topology models is the interface helix. An interface helix is a helix running 
parallel with the membrane surface, almost perpendicularly to the trans-
membrane helices (Figure 7). The reasons for these helices are not well un-
derstood, but they might be needed for structural reasons such as positioning 
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the transmembrane helices. In photosystem I, they are thought to shield co-
factors from the aqueous phase (Jordan et al., 2001) and in the MscS mech-
anosensitive channel they might be involved in channel gating by transfer-
ring mechanical force (Bass et al., 2003).  

Interface helices are on average 9 amino acids long, similar to the average 
length of helices in globular proteins. They contain a higher amount of Trp 
and Tyr than other parts of the protein (Granseth et al., 2005). 

 
Figure 7. Example of a membrane protein structure that contains both reentrant 
regions (dark blue) and interface helices (green). 

Re-entrant regions 
The second example of a structural element that disturbs the traditional to-
pology model is the re-entrant region. A re-entrant region is a membrane 
penetrating part of the protein that goes into the membrane and then out 
again, from the same side as it came from. Two typical examples from aq-
uaporin-0 is shown in Figure 7, where the two "half-TM" helices meet each 
other in the middle of the membrane (Harries et al., 2004). These are respon-
sible for the channel gating, function as selectivity filters for water mole-
cules and prevent protons from passing through the channel. Other examples 
include the protein conducting channel SecY (Van den Berg et al., 2004), the 
chloride ion channel (Dutzler et al., 2003) and the glycerol conducting chan-
nel (Fu et al., 2000). 

Many times the re-entrant regions contain amino acids that are responsi-
ble for the function of the protein (Lasso et al., 2006) which has lead to in-
creasing efforts of predicting these regions, both by us in paper V and by 
Lasso et al. 
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Problems with topology and structural features 
Paper V addresses the need for more structural complexity in the topology 
prediction models. However, we also made a novel prediction method which 
looks at the problem from a different angle. We created a method that pre-
dicts the distance to the membrane centre for all amino acids in the protein 
sequence. This is sort of a 2.5 dimensional structural prediction since we get 
a structurally meaningful measure. It might be useful as an intermediate step 
towards full 3D structure prediction. In order to understand how this kind of 
prediction works, the Z-coordinate need to be explained. 

The Z-coordinate 
The 3D structures of membrane proteins do not usually contain any informa-
tion of how the proteins are situated in the membrane. The reason for this is 
that for structure determination, the protein is taken out from the membrane 
and crystallized by adding amphiphilic detergent molecules. These are most 
of the time disordered and impossible to assign coordinates for. However, 
sometimes a few of the lipids and/or detergent molecules can be seen in the 
X-ray picture that can facilitate the determination of the positioning in the 
membrane. 

 

  
Figure 8. Before (left image) and after (right image) the membrane protein has been 
subject to rotation and translation to a common coordinate system. The blue mesh 
represents the end of the hydrophobic region at Z=±15 Å. 

In order to be able to compare different membrane protein structures to each 
other they need to have a common coordinate system. This leads to possibili-
ties of statistical studies and comparisons between different structures. To be 
able to do this, the atom coordinates from the original structure need to be 
changed so that the structure is positioned in a theoretical membrane (Figure 
8).  

One simple solution is to calculate a theoretical transmembrane helix that 
is the average of all transmembrane helices (Wallin et al., 1997). The struc-
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ture is rotated to this theoretical vector. Then the average hydrophobicity of 
the amino acids in 1 Å wide slabs perpendicular to the vector is calculated. 
The coordinates for the amino acids is then moved so that the hydrophobic 
maximum is in the middle of the membrane (Z=0 Å) and a positive value of 
the Z-coordinate is directed to the non-cytoplasm and a negative to the cyto-
plasm. The Z-coordinate is thus the distance of an amino acid relative to the 
membrane. More advanced methods have recently been constructed, for 
instance TMDET (Tusnady et al., 2004) and OPM (Lomize et al., 2006).  

TMDET is an automated algorithm that first calculates the membrane ex-
posed surface area and then the most probable positioning of the membrane 
planes is calculated by an objective function. The objective function consid-
ers hydrophobicity in 1 Å slabs together with structural factors. 

The other method, Orientations of Proteins in Membranes (OPM), uses a 
similar methodology (Lomize et al., 2006). 
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Dual topology 

In the global topology analysis (paper I), it could be seen that most mem-
brane proteins either had high GFP fluorescence or high PhoA activity. 
However, since some proteins had both GFP and PhoA levels above back-
ground, we suggested that these aberrant proteins might have dual topology, 
i.e. they can insert either way into the membrane (Figure 9). The suggested 
dual topology proteins have a weak “positive-inside” bias; there is approxi-
mately the same number of Arg and Lys on the cytoplasmic side as the pe-
riplasmic. 

 

 
Figure 9. A dual-topology protein inserts into the membrane in two opposite orien-
tations. As nearly all helix-bundle membrane proteins have a higher number of ly-
sine and arginine residues in cytoplasmic (in) than in periplasmic (out) loops (the 
‘positive-inside’ rule), dual-topology proteins are expected to have very small 
(Lys+Arg) biases. 

Dual topology proteins are interesting because they are attractive model sys-
tems for studying membrane protein evolution (Rapp et al., 2007). 

Evolution of membrane proteins 
Given the vast difference in the number of transmembrane helices between 
membrane proteins, how can they increase in size and complexity?  
One clue to this question lies in the available membrane protein structures. 
Many of the proteins have internal symmetry; if the protein is divided in two 
halves then the two halves can be superimposed on each other with an al-
most perfect fit. Examples include Lactose permease (Abramson et al., 
2003), EmrD (Yin et al., 2006), BtuCD (Bass et al., 2003) and the chloride 
ion channel (Dutzler et al., 2002).  
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Figure 10. The structure of lactose permease. If the protein is divided into two 
halves (orange and green) and these are superimposed on each other, the internal 
structural symmetry can be seen (RMSD 3 Å). 

Figure 10 shows lactose permease before and after superimposing the two 
halves. If we look at the sequence level and align the sequences of the two 
halves, the sequence identity between them is around 20%. It seems that 
even though the two halves share the same structure they do not have very 
similar sequence. The hypothesis behind internal symmetry is that an inter-
nal gene duplication event creates two copies of the gene (Figure 11). These 
two genes are then finally fused and encode a twice as large protein. 
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Figure 11. Suggested evolutionary scenario of internal structural symmetry for a 12 
TMH protein. A gene duplication event of a gene encoding a 6 TMH protein creates 
two adjacent genes encoding the same protein. The two genes diverge from each 
other and finally fuse into a single gene encoding a 12 TMH protein. 

The evolution of transmembrane topology has also been studied by detecting 
partial sequence homology in membrane proteins (Shimizu et al., 2004). 
Even though the study only used predicted topologies, it could be seen that 
~1% of the 38,124 membrane proteins contained internal homology. It seems 
plausible that at least some membrane proteins have evolved by either partial 
or full internal gene duplications.  

In paper VI, we studied the identification and evolution of dual topology 
membrane protein families. 

Families and folds 
When comparing two structures of proteins, they belong to the same fold if 
they are similarly ordered in three dimensions, i.e. their secondary structures  
(α-helices and β-strands) match and they have a similar topological arrange-
ment (Murzin et al., 1995). Even if two proteins share the same fold, that 
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does not imply that they are evolutionary related. A deeper level of structural 
similarity is achieved on the family level: two proteins belong to the same 
family if they are evolutionary related, in which case they typically have a 
pair-wise sequence identity of ≥ 30% (Murzin et al., 1995). In paper VI, 
Pfam was used to scan 225 genomes for dual topology family members.  

PFAM 
Pfam is one of the most useful tools that exist in bioinformatics. It uses mul-
tiple sequence alignments for proteins belonging to the same family to train 
HMM profiles. The HMM profiles can later be used to identify new mem-
bers to the family. Given a sequence for a protein with unknown function, it 
is thus possible to use Pfam to see if the sequence belongs to any of the 
known families. Pfam contains 7973 families (v. 18.0) and these cover 60-
84% of the proteins in a proteome (Finn et al., 2006). 

There are two different versions of Pfam, Pfam-A and Pfam-B. Pfam-A is 
manually curated and contains well-characterised protein domain families 
with high quality alignments. Pfam-B is automatically generated by cluster-
ing and aligning all sequences that do not belong to any Pfam-A family 
(Sonnhammer et al., 1997). New protein families are not allowed to overlap 
with existing Pfam entries. Thus, one specific region of a sequence may only 
exist in one Pfam family.  
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Summary of papers 

The papers in this thesis have been divided into two major topics and one 
minor. The first two papers create more accurate traditional topology models 
by incorporating information about where the C termini are located, first in 
E. coli then in 225 completely sequenced prokaryotic organisms. 

The next major topic consists of redefining the traditional view of topol-
ogy. The idea came after a statistical study of known membrane protein 
structures (paper III), where we could see that there was much structural 
complexity besides the transmembrane helices. This was not modelled in the 
traditional topology prediction methods that existed, so it was incorporated 
into the topology predictor described in paper IV. In the fifth paper, we 
wanted to get away from topology and create novel ways of predicting struc-
tural features. We therefore created a method that predicts the distance to the 
membrane centre for the amino acids.  A successful prediction of this dis-
tance is a good starting point for more detailed 3D structure predictions. 

Finally, the last topic is about dual topology membrane proteins. In paper 
I we could see that the GFP/PhoA activities were behaving strange for a few 
of the proteins. These were further studied in paper VI, both by biochemical 
experiments and by genome-wide predictions.  

Improving the accuracy of topology models 

Global topology analysis of the Escherichia coli inner membrane 
proteome (Paper I) 
This paper describes the results from the first proteome-wide membrane 
protein topology mapping of an organism. Earlier results from a pilot study 
(Rapp et al., 2004) revealed that the C-terminal location is the most benefi-
cial position for making constrained TMHMM predictions. Together with 
earlier results that described a methodology to use GFP/PhoA as topology 
reporter (Drew et al., 2005), the first large-scale topology analysis was per-
formed for all multispanning membrane proteins in an organism. 

Out of Escherichia coli’s 4288 open reading frames, 737 were predicted 
by TMHMM to have more than 2 transmembrane helices and be longer than 
100 amino acids. It was possible to assign a C-terminal location for 502 of 
the proteins and by using homology we could increase the coverage to 601 
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proteins. The criteria for assigning the homologous proteins was that the 
BLAST alignment should be present close to the C termini of both se-
quences and the e-value should be lower than 10-4. 

We used a recently developed TMHMM version to force the topology 
prediction to be consistent with the experimental results. By doing this, 80% 
of the predicted topology models were expected be correct instead of 70% 
without the experimental information (Rapp et al., 2004).  

The majority (~80%) of the membrane proteins had their C-terminal lo-
cated in the cytoplasm and ~60% had both the N- and C-terminal inside the 
cytoplasm. 

The results also included a large-scale data set of overexpression potential 
for membrane proteins that had their C-terminal located in the cytoplasm. 
Unfortunately, no sequence characteristics that correlated with over-
expression potential could be found. The reasons for the difficulties of over-
expressing membrane proteins are probably caused by many interacting fac-
tors.  

Experimentally constrained topology models for 51,208 bacterial inner 
membrane proteins (Paper II) 
We wanted to create better topology models for as many as possible of the 
completely sequenced prokaryotic organisms. This was done by searching 
for homologs to the 502 E. coli membrane proteins that we had assigned the 
C-terminal location for. We also included 106 prokaryotic membrane pro-
teins with known topology from other sources. The 608 proteins were used 
as queries in BLAST searches against 225 bacterial genomes. 

It was possible to create 51,208 much improved topology models, and 
these covered ~30% of all the predicted membrane proteins in the organisms. 
The topology models were assigned in a 2 step model, the first round found 
30,744 homologs to the 608 proteins. The second round used these 30,744 
proteins as queries and then an additional 17,111 proteins were found. 
Lastly, 3353 homologous proteins were found when we relaxed the criteria 
that the alignment should be all the way to the C-terminal end for both query 
and subject. 

Intuitively, the gammaproteobacterias, which E. coli belong to, had a lar-
ger fraction of assigned membrane proteins while archaeabacteria had the 
lowest fraction. 

The initial, unconstrained TMHMM topologies had the C-terminal loca-
tion correctly predicted 69% of the times and it was mainly small (1-2 TMH 
proteins) that were mispredicted. 
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Improving the detail of structural predictions 

A study of the membrane-water interface region of membrane proteins 
(Paper III) 
In order to create new prediction methods, a statistical study is first often 
performed to see whether there are any specific things to consider. There 
have been many statistical studies of membrane proteins, but almost all of 
them have focused on the transmembrane α-helices inside the hydrophobic 
membrane region. This paper instead focused on the membrane-water inter-
face region located just outside the hydrocarbon core. This region has often 
been neglected, but it could immediately be seen that it contained more 
structural complexity than previously believed. 

The region is enriched in irregular structure (~70%) and interface helices 
(~30%) running roughly parallel with the membrane surface, while β-strands 
are extremely rare. 

The average amino acid composition is different between the interfacial 
helices, the end-parts of the transmembrane helices located in the interface 
region, and the irregular loop structures. 

In the membrane-water interface region, hydrophobic and aromatic resi-
dues tend to point toward the membrane and charged/polar residues tend to 
point away from the membrane. The same general features could be seen in 
monotopic membrane proteins suggesting that common evolutionary forces 
shape all different kinds of protein surfaces exposed to the membrane-water 
interface.  

The interface region thus imposes different constraints on protein struc-
ture than do the central hydrocarbon core of the membrane and the surround-
ing aqueous phase. 

Structural classification and prediction of re-entrant regions in α-
helical transmembrane proteins: Application to complete genomes 
(Paper IV) 
The motivation behind this paper was that in paper III we could see quite a 
lot of structural elements in the membrane-water interface region that current 
topology prediction methods missed. These elements were located between 
two transmembrane helices and were interface helices if running parallel 
with the membrane or were re-entrant regions if dipping inside the mem-
brane. 

The method that was created was called TOPMOD and it uses a hidden 
Markov model for its predictions. Its underlying architecture resembles the 
standard TMHMM architecture but with new, additional compartments for 
interface helices and re-entrant regions (Figure 12). The new compartments 
had as few free parameters as possible because of the low amount of training 
data. This avoids the problem of overfitting. 
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It was very difficult for TOPMOD to get any reasonable performance of 
identifying interface helices, it often confused them with re-entrant regions. 
It seems that the sequence signals characteristic for re-entrant regions are 
stronger and more consistent. 

Under the theoretical situation that the transmembrane helices are known, 
TOPMOD had a sensitivity of 69% and a specificity of 72%. This situation 
is however quite artificial since it is only with an completely experimentally 
verified topology map that this would be possible. A more realistic situation 
is when the transmembrane helices are predicted, under these circumstances 
the sensitivity is 47% and the specificity 72%.  
 

 
Figure 12. The architecture of the TOPMOD hidden Markov model. The arrow in 
the bottom of the figure shows the Z-coordinate axis in Ångström. 

The final part of the project consisted of applying TOPMOD on 3 com-
pletely sequenced genomes, E. coli, S. cerevisiae and H. sapiens. 10 % of the 
membrane proteins of S. cerevisiae were predicted to have reentrant regions 
whereas E. coli 16.7% and H. sapiens 15%. 
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ZPRED: Predicting the distance to the membrane center for residues in 
α-helical membrane proteins (Paper V) 
As more and more membrane protein structures become known, it is clear 
that traditional topology information/prediction only provides a simplified 
picture of a membrane protein. The structural complexity in a membrane 
protein can not be modelled by conventional topology prediction algorithms. 
For instance, there are instances of re-entrant regions where the amino acid 
sequence dips into the membrane and out again on the same side as it origi-
nated from (red and blue in Figure 13). The transmembrane helices can also 
be tilted and/or contain structurally significant irregularities (green and cyan 
helices in Figure 13). If a re-entrant region is mistaken as a transmembrane 
helix by a topology prediction algorithm, the topology model of the protein 
will be erroneous. In order to overcome these limitations, ZPRED, a predic-
tor of the distance from a residue to the membrane centre was created. 

The right part of Figure 13 shows the distance to the membrane centre 
(Z=0 Å) for the amino acids of the structure to the left. Initially, the full Z-
coordinate was predicted but with little success. Therefore it was decided 
that the absolute value of the Z-coordinate should be predicted instead, since 
this both simplifies the problem and doubles the amount of training data for 
the machine learning methods. The range was also narrowed to 5-25 Å since 
this is the region where the environment of the amino acids changes the 
most. 

We benchmarked artificial neural networks, hidden Markov models and 
combinations of both. In the end, we used the output from an HMM topol-
ogy predictor combined with evolutionary profiles as input to a neural net-
work, and this predictor was named ZPRED. It could predict this distance to 
the membrane centre with an average error of 2.55 Å, and was also quite 
successful at predicting the protrusion of loop regions (see Figure 14 for an 
example of a prediction). 
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Figure 13. Left: The glutamate transporter homolog and the membrane border 
(Z=±15 Å) depicted as a blue mesh. The reentrant regions are colored blue and red, 
while transmembrane helices with structural irregularities are colored green and 
cyan. Right: The distance to the membrane center (which corresponds to the abso-
lute value of the Z-coordinate) for the amino acids of the glutamate transporter. The 
coloring is the same as in the structure. 

 
Figure 14. Example of the output of a prediction from ZPRED. Left: All the amino 
acids that were predicted to be inside the membrane (Z<15 Å) are colored red, and 
those that predicted to be outside the membrane are colored green. The prediction is 
in well agreement with the structure except for the transmembrane helix that con-
tains irregularities located to the left. Top right: The true topology with reentrant 
regions colored green and the PRODIV-TMHMM prediction below. Top bottom: 
The correct Z-coordinate from the structure corresponds to the green line whereas 
the prediction is the red. 
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Dual topology 

Identification and evolution of dual-topology membrane proteins 
(Paper VI) 
In paper I we suggested that some membrane proteins might adopt a dual 
topology, i.e. they could insert either way into the membrane (Figure 9).  
In this paper, we showed that the topology of 5 of the candidates from paper 
I was sensitive to changes in the Lys+Arg bias (the difference in positively 
charged amino acids between the cytoplasmic and periplasmic loops), that 
these families either existed as pairs or singletons in the genome and that the 
pairs encode two oppositely oriented proteins whereas singletons encode 
dual-topology candidates.  

As usual, GFP and PhoA were used to track the topological changes that 
occurred when the Lys+Arg bias was altered. SugE, EmrE, CrcB, YnfA and 
YdgC were highly sensitive to Lys+Arg alterations with large differences in 
C-terminal locations. YdgE and YdgF were used as controls to the experi-
ments since these are proteins with stable topologies. As expected, these 
proteins were insensitive to Lys+Arg alterations. 

The main reason for choosing YdgE and YdgF as controls is that they are 
members of the same family as EmrE and SugE, the Small Multidrug Resis-
tance (SMR) family. They are all ~100 amino acids long and have 4 trans-
membrane helices. Interestingly, YdgE inserts into the membrane with its C 
terminus in the periplasm while in YdgF it is in the cytoplasm. The ydgE and 
ydgF genes are also located next to each other in the chromosome. This led 
us to investigate the genome arrangement for dual topology candidates in 
other organisms than E. coli. The family members were located by Pfam in 
174 fully sequenced bacterial genomes. Remarkably, for both the SMR and 
CrcB family a consistent pattern emerged where genes either occured as 
closely spaced pairs or as singletons. Closely spaced pairs encode homolo-
gous proteins with opposite topology (red bars in Figure 15) whereas single-
tons encode proteins with a Lys+Arg bias close to zero (green bars in Figure 
15). The simplest explanation of this pattern is that that the SMR and CrcB 
family proteins form antiparallel dimers (or higher oligomers) composed 
either of two separately expressed and oppositely oriented homologs or of a 
single dual-topology protein. The YnfA and YdgC families were only en-
coded by singleton genes with a Lys+Arg bias close to zero. 

 
The last thing studied was whether other dual-topology families could be 
discovered. One good candidate was found, the DUF606 family. The pro-
teins in this family mostly consisted of 5TM proteins following the same 
pattern as we could see for the SMR and CrcB families. However, we found 
examples of DUF606 family members which were internally duplicated 
(blue bars in Figure 15), where the first and second half of the protein had 
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opposite orientations in the membrane. The sequence identity between the 
two halves was as high as 36%. 

Taken together, the results might explain the existence of symmetry in the 
first and second halves of membrane protein structures and a possible way of 
how membrane proteins increase in size: The dual topology encoding gene is 
duplicated and eventually, through re-distribution of positively charged 
amino acid, the two resulting homologous proteins become fixed in opposite 
orientations in the membrane. Finally, the two genes fuse into a one single 
gene encoding a protein with internal symmetry. 

 

 
Figure 15. Distribution of genes coding for SMR, CrcB, YnfA, YdgC and DUF606. 
Green, proteins encoded by singleton genes; red, those encoded by closely paired 
genes; blue, DUF606-family genes encoding internally duplicated proteins. 
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Final thoughts 

Computer prediction methods hold great promise since it is both time-
consuming and expensive to determine the structure of a protein. However, 
protein folding is still an unsolved problem and ab initio structure prediction 
methods are only successful for small proteins. The usual bioinformatical 
excuse is to say that the methods will get better in the future, because then 
there will be more data available to make assumptions and build theories 
from. But what happens when the new data does not fit into the old model? 
This is what has happened during my 5 years as a PhD student. The more 
new structures that became available, the more I realised that we did not 
know much. First, re-entrant and interface helices occurred, then the dual 
topology concept. Suddenly, the old fact that α-helical membrane proteins 
are only located in the inner membrane gets crushed by a new protein that is 
located in the outer membrane. I guess that we will be surprised over and 
over again but that is what makes science so fun.  

Membrane protein structure determination is still a difficult problem, but I 
suspect that new technological advancements will increase the number of 
structures dramatically. During the meantime, topology prediction will suf-
fice. The more detailed prediction attempts presented in this thesis will con-
tinue to improve and maybe not replace the traditional topology prediction 
methods but work as a complement to them. 
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